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1. MODEL CATEGORIES

In this section we recall the definition of a model category, following [Hov], with the
modified definition of “functorial factorization” from the Errata to [Hov]. We review the
basic notions of model categories: lifting properties, cofibrant generation, etc. We also
discuss the notion of a weak model category, which I have introduced as a convenient
formalism for derived functors, Ken Brown’s Lemma, etc. We will use the formalism of
model categories throughout the text, though our use of the actual theory / machinery of
model categories will be rather limited, so one can largely take this whole section as a list
of definitions.

1.1. Definitions. For a category C, we let
Map C := Homcat (e — o, C)

denote the category of morphisms in C, whose morphisms are commutative squares in C.
The category Map C comes with two obvious functors

Dom : MapC — C
Cod: MapC — C,

taking a morphism to its domain and codomain.

Definition 1.1.1. We say that a C morphism f’: X’ — Y is a retract of a C morphism
f:X = Y iff f'is a retract of f as objects of Map C.

In other words, f’ is a retract of f iff there is a commutative C diagram

X ‘o x-_Pox

ool b

x 2-x-1-x
with pi = Id and ¢j = Id. In such a diagram note that 4, j are monic and p, g are epic.

Definition 1.1.2. A functorial factorization on a category C is an ordered pair («, )
of endofunctors of Map C with Coda = Dom § satisfying 5(f)a(f) = f for every C
morphism f.

Definition 1.1.3. We say that a C morphism f : X — Y has the left lifting property
(LLP for short) with respect to a C morphism g : U — V and that g has the right
lifting property (RLP) with respect to f iff there is a completion as indicated in any solid
(commutative) C diagram as below.

X —U

fl e

Y —>
Definition 1.1.4. A model structure on a category C (typically assumed to have all direct
and inverse limits, or at least all finite direct and inverse limits) consists of two functorial

factorizations («, ), (v,d) and three subcategories called weak equivalences, fibrations,
and cofibrations satisfying the following axioms:
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(2-out-of-3) If f, g are composable C-morphisms and two out of three of f,g,gf are
weak equivalences, then so is the third.

(Retracts) Weak equivalences, fibrations, and cofibrations are closed under retracts.
(Lifting) Call a morphism a trivial fibration (resp. trivial cofibration) iff it is both a
fibration (resp. cofibration) and a weak equivalence. Then trivial cofibrations have the
LLP with respect to all fibrations and cofibrations have the LLP with respect to all
trivial fibrations.

(Factorization) For every C-morphism f, a(f) is a trivial cofibration, 8(f) is a
fibration, v(f) is a cofibration, and J(f) is a trivial fibration.

A model category is a category equipped with a model structure.

Definition 1.1.5. An object X of a model category C is called fibrant (resp. cofibrant)
iff the map to the terminal object (resp. from the initial object) is a fibration (resp.
cofibration).

Lemma 1.1.6. Let C be a model category. A C-morphism is a cofibration (resp. a trivial
cofibration) iff it has the LLP property with respect to all trivial fibrations (resp. all fibra-
tions). Similarly, a map is a fibration (resp. a trivial fibration) iff it has the RLP with
respect to all trivial cofibrations (resp. all cofibrations).

Proof. [Hov, 1.1.10] O

1.2. Homotopy category. Given a category C equipped with a subcategory of weak
equivalences satisfying 2-out-of-3, one can form the homotopy category Ho C, modulo set-
theoretic issues, characterized by the property: there is a functor ic : C — Ho C taking
weak equivalences to isomorphisms which is initial in the 2-category of categories under
C where weak equivalences are taken to isomorphisms. In the case of a model category
C, one can show that the homotopy category Ho C is equivalent to the category whose
objects are objects of C which are both fibrant and cofibrant, where a morphism between
such objects is an equivalence class of C morphisms under the equivalence relation of
homotopy (which we will not define here). The relation of homotopy for maps of fibrant
and cofibrant objects of C is stable under composition.

1.3. Basic constructions. One can make new model categories from old as in the fol-
lowing examples.

Example 1.3.1. If C is a model category, then C°P has a natural model structure where
a C°P-morphism f : X — Y is a cofibration (resp. fibration, weak equivalence) iff the
corresponding C-morphism f : Y — X is a fibration (resp. cofibration, weak equivalence).
This is the sense in which the model category axioms are “self-dual” so that any theorem
about model categories has a corresponding dual theorem obtained by applying the original
theorem to the opposite model category.

Example 1.3.2. If C is a model category and X is an object of C, then category X/C
of objects of C under X admits an obvious forgetful functor

F:X/C—C

(X—=Y)—Y

Declare an X/C morphism f to be a fibration (resp. cofibration, weak equivalence) iff F f
is a fibration (resp. cofibration, weak equivalence) in C. Then X/C is a model category.
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In [Hov, 1.1.8] this is stated and proved in the case where X is the terminal object, but
there is no need to restrict to that case. Dually, the category C/X = X/C°P inherits a
model structure from C in a similar manner.

1.4. Properness. The various concepts of properness are certain stability properties for
weak equivalences which do not follow from the model category axioms, but are never-the-
less enjoyed by many model categories and which play a role in the theory of homotopy
limits (§1.8).

Definition 1.4.1. A model category C is called right proper iff weak equivalences are
closed under base change along fibrations. That is, in any cartesian diagram

W*f>X

T

A

where p is a fibration and ¢ is a weak equivalence, f is a weak equivalence. Dually, C is
called left proper iff weak equivalences are closed under pushouts along cofibrations. We
say C is proper iff it is both left and right proper.

One can often prove that a model category is left or right proper by using the following;:

Lemma 1.4.2. (Reedy’s Lemma) In any model category, a pushout of a weak equiva-
lence between cofibrant objects along a cofibration is a weak equivalence. Dually, a pullback
of a weak equivalence between fibrant objects along a fibration is a weak equivalence.

Proof. [Hir, 13.1.2] or [Red]. The proof uses, in an essential way, the “abstract homotopy
theory of model categories,” (c.f. [Hov, 1.2], [Hir, 7.3-7.9], or [Red]) which I do not want
to explain in the present notes. An unfairly dismissive, though roughly correct, point of
view would be that this result is just a collection of formal diagram lemmas motivated by
the basic constructions of classical algebraic topology. O

Proposition 1.4.3. (Reedy) If C is a model category where every object is cofibrant,
then C is left proper. Dually, if every object of C is fibrant, then C is right proper.

Proof. [Hir, 13.1.3]. This is immediate from Reedy’s Lemma. O
For more on proper model categories, see [Hir, Ch. 13].

1.5. Cofibrantly generated model categories. Most model categories used in prac-
tice are constructed through the same “general nonsense” surrounding the Small Object
Argument. Here we give a brief summary of the basic notions and results (originally due
to Kan) following [Hov, 2.1].

Definition 1.5.1. Let C be a category, S a set of morphisms in C. Let A be an ordinal
(isomorphism class of well-ordered sets), regarded as a category where there is a unique
morphism o — § iff @ < . A A-sequence in C (resp. in S) is a direct limit preserving
functor {X, : @ € A} from A to C (resp. such that for each o € A, the transition function
Xo = Xoq1 is in S). Given a A-sequence {X,} in S with direct limit X, the structure
maps X, — X are called transfinite compositions of maps in S. Dually, if {X, : @ € A} is
an inverse limit preserving functor from A°P to C with inverse limit X and structure maps
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Xo+1 = X, in S, the structure maps X — X, are called inverse transfinite compositions
of maps in S.

In particular, note that a composition of morphisms in S is both a transfinite compo-
sition and an inverse transfinite composition of morphisms in S (take A = {0,1,2}). The
basic reason for introducing the notion of a “transfinite composition” is the following:

Lemma 1.5.2. Fiz a C-morphism f. Then the set of C-morphisms with the LLP w.r.t.
f is closed under retracts, pushouts, and transfinite compositions. Dually, the set of C-
morphisms with the RLP w.r.t. f is closed under retracts, pullbacks, and inverse transfinite
compositions.

Proof. This is a straightforward diagram exercise. O

Definition 1.5.3. Fix a cardinal k. An object Y of C is called k-small relative to S iff
the natural map

lim Hom¢(Y, X,) = Homg (Y, lim X,)
— —

is an isomorphism for each A-sequence {X,} in S where the cofinality of X is larger than
k. The object Y is called small relative to S (or just small when S is the set of all
C-morphisms) iff Y is x-small relative to S for some cardinal .

Definition 1.5.4. Let C be a category. A class of morphisms in C is called saturated
iff it is closed under pushouts, transfinite compositions, and retracts. Let I be a class of
morphisms of C. Let I-cell denote the class of C-morphisms expressible as a transfinite
composition of pushouts of maps in I. Let I-sat denote the smallest saturated class of
C-morphisms containing I. Let I-inj (resp. I-proj) denote the class of C-morphisms with
the RLP (resp. LLP) w.r.t. every map in I. Set I-cof := (I-inj)-proj.

Fix a class of C-morphisms I. From the definitions it is clear that I C I-cof. By
Lemma 1.5.2, I-proj is closed under pushouts, retracts, and transfinite compositions. In
particular, I-cof is closed under pushouts, retracts, and transfinite compositions, so we
have I-cell C I-sat C I-cof.

Remark 1.5.5. The dual concepts “I-cocell” and “I-cosat” are, in practice, not partic-
ularly useful. See the discussion after [Hov, 2.1.18].

In the language of Definition 1.5.4, Lemma 1.1.6 says that

{ cofibrations } = { trivial fibrations }-proj
{ trivial cofibrations } = { fibrations }-proj
{ fibrations } = { trivial cofibrations }-inj
{ trivial fibrations } = { cofibrations }-inj

and hence:

{ cofibrations } = { cofibrations }-cof
{ trivial cofibrations } = { trivial cofibrations }-cof.

Proposition 1.5.6. Let C be a model category. The cofibrations (resp. trivial cofibrations)
in C are saturated—i.e. closed under retracts, pushouts, and transfinite compositions.
Dually, the fibrations (resp. trivial fibrations) are cosaturated—i.e. closed under retracts,
pullbacks, and inverse transfinite compositions.
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Proof. Combine Lemmas 1.5.2 and 1.1.6. O

Definition 1.5.7. Let C be a model category with all direct and inverse limits, I (resp.
J) a set of cofibrations (resp. trivial cofibrations) in C. We say that C is cofibrantly
generated by I, J (or with generating cofibrations I and generating trivial cofibrations J)
iff the following hold:

(1) The domains of the maps in I are small relative to I-cell.
(2) The domains of the maps in J are small relative to J-cell.
(3) The class of fibrations is J-inj.

(4) The class of trivial fibrations is I-inj.

Lemma 1.5.8. (Small Object Argument) Suppose C is a category with all direct
limits and I is a set' of C-morphisms whose domains are small relative to I-cell. Then
any C-morphism f can be functorially factored as f = ip where i € I-cell and p € I-inj.

Proof. [Hov, 2.1.14] or [Hir, 10.5.16] O

Lemma 1.5.9. Let C be a model category cofibrantly generated by the set I (resp. J)
of generating cofibrations (resp. genmerating trivial cofibrations). Let f : X — Y be a
cofibration (resp. trivial cofibration) in C. Then we can find a C-diagram

= X=X

R

y .z Y.y

with ps = 1d and i € I-cell (resp. i € J-cell). It follows that:

{ cofibrations } = I-sat
{ trivial cofibrations } = J-sat.

Proof. By the Small Object Argument, we can factor fasi: X — Z followed by p: Z — Y
where 7 is in I-cell (resp. J-cell) and p is in I-inj (resp. J-inj). In other words, p is a trivial
fibration (resp. fibration) in our cofibrantly generated model category. By the Lifting
axiom for our model category we can lift as indicated in

X—'>7
17
Y —— VY

to build the desired retract diagram. For the “It follows that:” We have the containments
D because the sets on the left are saturated by Proposition 1.5.6, and we have the contain-
ments C because the first part of the lemma says any cofibration (resp. trivial cofibration)
is a retract of a map in I-cell (resp. J-cell), hence is in I-sat (resp. J-sat). O

The introduction of all this convoluted terminology is justified by the following:

Iwe really mean “set” here and not “class” because the proof involves various direct limit constructions
“ ”
over I.
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Theorem 1.5.10. Suppose C is a category with all direct and inverse limits, W is a
subcategory of C, and I and J are sets of maps in C. Then C admits a model category
structure cofibrantly generated by I, J with W as the subcategory of weak equivalences iff
the following hold:

(CG1) W satisfies “2-out-of-3” and is closed under retracts.
(CG2) The domains of I are small relative to I-cell.

(CG3) The domains of J are small relative to J-cell.

(CG4) J-sat €W N I-cof.

(CG5) I-ing C W N J-inj.

(CG6) Either W N I-cof C J-cof or W N J-inj C I-inj.

Proof. [Hov, 2.1.19] or [Hir, 11.3.1] O

Remark 1.5.11. In most model categories the “smallness” hypotheses (CG2) and (CG3)
hold trivially because all objects are (absolutely) small. The one notable exception is the
category of topological spaces (§2), where not every object is small.

1.6. Weak model categories. If C is a model category and I is a category, then the
category of functors C! := Homga¢ (I, C) may not have any natural model category struc-
ture.

Remark 1.6.1. Actually, in [Hir, 11.6.1], Hirschhorn constructs a model category struc-
ture on C! under the assumption that the model category C is cofibrantly generated. The
discussion in the present section is basically designed to circumvent the need to discuss
the latter.

In any case, C! inherits most of the model category axioms from C when we declare
f X — Y to be a weak equivalence (resp. fibration, cofibration) iff f; : X; — Y; is a
weak equivalence (resp. fibration, cofibration) in C for each object ¢ of I. The only model
category property that will be lost is the lifting property, because even if one can lift
“at each object of i of I,” there is no reason to expect these lifts to be natural in i. To
formalize the amount of structure we retain, we introduce the following

Definition 1.6.2. A weak model category is a category C with all finite direct and in-
verse limits equipped with three subcategories called weak equivalences, cofibrations, and
fibrations, and two functorial factorizations («a, 3), (y,0) satisfying the following axioms:

(2-out-of-3) If f and g are composable C morphisms and two out of three of f,g,gf
are weak equivalences, then so is the third.

(Retracts) Weak equivalences, cofibrations, and fibrations are closed under retracts.
(Factorization) For any morphism f, a(f) is a cofibration, 5(f) is a trivial fibration,
~v(f) is a trivial cofibration, and §(f) is a fibration.

(Push-pull) Fibrations are closed under pullback and cofibrations are closed under
pushout.

We can define left proper and right proper for weak model categories as in Defini-
tion 1.4.1.

Example 1.6.3. Any model category can be regarded as a weak model category. Propo-
sition 1.5.6 yields the Push-pull axiom.
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Example 1.6.4. If C is a weak model category and I is an arbitrary category, then C’
becomes a weak model category as discussed in the beginning of the section. This is
straightforward to check. In particular, Map C becomes a weak model category.

1.7. Derived functors. Here we briefly recall the construction of derived functors be-
tween homotopy categories of weak model categories.

Lemma 1.7.1. (Ken Brown) Suppose C is a weak model category and D is a category
with a subcategory of weak equivalences satisfying 2-out-of-3. Then any functor F : C — D
that takes trivial cofibrations between cofibrant objects to weak equivalences takes all weak
equivalences between cofibrant objects to weak equivalences.

Proof. The usual proof [Hov, Lemma 1.1.12] of Ken Brown’s Lemma when C is a model
category goes through verbatim when C is merely a weak model category. O

The reader should formulate the dual form of Ken Brown as an exercise.

Definition 1.7.2. A functor F' : C — D between weak model categories is called a left
Quillen functor iff ' preserves finite direct limits, cofibrations, and trivial cofibrations.
Similarly, F'is called a right Quillen functor iff F' preserves finite inverse limits, fibrations,
and trivial fibrations.

Suppose now that C is a weak model category and D is a category equipped with a
subcategory of weak equivalences satisfying 2-out-of-3. Suppose F : C — D is a functor
taking weak equivalences between cofibrant objects to weak equivalences. For example, a
left Quillen functor between weak model categories has this property in light of Ken Brown.
Then, by the universal property of the homotopy category, F' descends to a functor

HoF : HoC. — HoD,

where C,. denotes the full subcategory of C consisting of cofibrant objects. Let Q : C — C,
denote the cofibrant replacement functor for C. It follows easily from 2-out-of-3 that Q)
takes weak equivalences to weak equivalences, so () descends to

Ho@ : HoC — HoC..
We define the left derived functor
LF:HoC — HoD
to be the composition: LF := (Ho F')(Ho Q). That is, we set LF(X) := FQ(X) for X € C.
The diagram
c_F
HoC —~ HoD

does not commute, but there is a natural transformation n : LFic — ipF obtained by
applying F' to the natural trivial fibrations QX — X. The pair (LF,n) is characterized
up to unique isomorphism by noting that (LF,n) is a terminal object in the category
whose objects are pairs (G, «) consisting of a functor G : HoC — Ho D and a natural




SIMPLICIAL METHODS IN ALGEBRA AND ALGEBRAIC GEOMETRY 11
transformation « : Gic — ipF and whose morphisms (G,a) — (G',a’) are natural

transformations ¢ : G — G’ such that

Cigx

GicX G'icX

k o

inFX

commutes for every object X of C. This is straightforward to prove. The upshot is that,
up to unique isomorphism, the pair (LF,7n) does not depend on the particular choice of a
cofibrant replacement functor.

1.8. Homotopy limits. Let C be a category with pushouts, f : X — Y a C-morphism.
The pushout functor

(1.8.1) Y]] - :X/Cc > v/C
X

is left adjoint to the “forgetful” functor
Y/C — X/C
(g: Y —=2)— (9f : X = Z).
Dually, if C has pullbacks, then the base change
(1.8.2) Xxy - :C/lY - C/X
is right adjoint to

C/X - C/Y
(9g: Z—=>X)— (fg:Z—=Y).

Now assume that C is a weak model category, so that X/C, C/X, etc. become weak
model categories much as in Example 1.3.2. We would like to describe some circumstances
in which we can form the left derived pushout and right derived pullback—we will con-
centrate on the former and let the reader formulate the dual statements. As we saw in
the last section, to form the left derivative of (1.8.1), we need to know that whenever
a:X — Zand ' : X — Z' are cofibrations in C and ¢ : Z — Z’ is a weak equivalence in
C with ga = d’, the induced map

Y[[g:Y][Zz-Y]]Z
X X X

is a weak equivalence. In practice, we typically check the following condition (which
implies the latter condition by Ken Brown) instead:

Lemma 1.8.1. For a weak model category C, the pushout functor (1.8.1) takes cofibrations
to cofibrations. If trivial cofibrations in C are stable under pushout?®, then (1.8.1) is a left
Quillen functor.

2Note that cofibrations are always stable under pushout by definition of a weak model category. This
condition is a variant of “left proper” (Definition 1.4.1).
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Proof. Suppose a : X — Z and a’ : X — Z' are objects of X/C and g : Z — 7' is a
cofibration in X/C—i.e. a cofibration in C with ga = a/. The key point is that the C
diagram

g

Z 7
]
Yl Z Hx Yy 2’

is also a pushout, so Y [y ¢ is also a cofibration in C (hence in Y/C) because cofibrations
in a weak model category are stable under pushout. Similarly, if g is a trivial cofibration in
X/C then the second hypothesis implies that Y [[y g is a trivial cofibration in C (hence
in Y/C). O

When it can be formed, the left derived pushout will be denoted
YH : Ho(X/C) — Ho(Y/C).

The right derived pullback will be denoted
X x® _ :Ho(C/Y) — Ho(C/X).
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2. TOPOLOGICAL SPACES

Perhaps the best example of a model category is “the” model category of topological
spaces Top. Actually, there are several different model category structures on Top, but
only the so-called Quillen model structure of §2.1 will be used in the present notes. After
giving the basic definitions and results concerning this model structure, we will discuss
path spaces and cylinders (§2.3) and prove Whitehead’s Theorem (§2.4). Many of the
formal arguments of these later sections will be recycled in our treatment of simplicial sets
(§4) and, by extension, the entirety of these notes.

2.1. Model structure. Throughout, we let S™, D™, and I denote the n-dimensional
sphere, the n-dimensional disk, and the closed interval [0, 1], respectively. Whenever we
refer to a map of topological spaces S"~! — D", the map is understood to be the usual
inclusion of the boundary. Similarly, D™ — D™ x I is always understood to refer to the
map z — (z,0).

Definition 2.1.1. Call a map f : X — Y of topological spaces a weak equivalence iff f
induces a bijection 7y (f) on path components and

Tn(f) : T (X, 2) = mp (Y, f())

is an isomorphism for all z € X and all n > 0.

Theorem 2.1.2. The category Top of topological spaces admits a cofibrantly generated
model category structure with the above weak equivalences and where

I:={S"'— D":necN}
J:={D"— D" xI:necN}

are the generating cofibrations and trivial cofibrations. Every topological space is fibrant.
(Apologies for the double usage of the notation “I.” Hovey avoids this mistake.)

Proof. [Hov, 2.4.19] (c.f. [Q1, I1.3]). This is proved by appeal to the Recognition Theorem
(1.5.10). Most of the effort goes into checking the containment W N J-inj C I-inj (every
Serre fibration which is also a weak equivalence has the RLP w.r.t. the maps S"~! < D)
in (CG6) of that theorem. For the smallness hypotheses (CG2) and (CG3), we first note
that the maps in I and J are injective, so by the second part of Lemma 2.1.3 below, I-sat
and J-sat are contained in the class of injective maps. By the first part of Lemma 2.1.3,
all topological spaces (in particular the domains of the maps in I and J) are small relative
to injective maps. To see that every topological space is fibrant, one checks directly that
the map to a point is in J-inj using the fact that each map in J has a retract. O

Lemma 2.1.3. FEvery topological space is small relative to injective maps. The set of
injective maps of topological spaces is saturated.

Proof. The first part is [Hov, 2.4.1]. For the second statement, we reduce to the corre-
sponding statement in Sets since all direct and inverse limits in Top commute with the
forgetful functor to Sets. The statement in Sets is easy. O

Note that the fibrations (i.e. the maps J-inj) in this model structure on Top are the
Serre fibrations: maps with the RLP with respect to the maps D™ — [ x D",
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Theorem 2.1.4. The model category Top is proper (Definition 1.4.1).

Proof. [Hir, 13.1.11]. Right proper is also [Hov, 2.4.18]. Both Hovey and Hirschhorn give
a direct proof of the right properness, though it follows formally from Proposition 1.4.3
because every topological space is fibrant. For the left properness one uses the structure of
cofibrations in Top from Lemma 1.5.9, to reduce to proving stability of weak equivalences
under pushouts along S"~1 — D", O

2.2. Function spaces. Recall that for topological spaces X and Y, the set of continuous
maps f : X — Y can itself be given the structure of a topological space YX, called the
function space, by giving it the compact-open topology. For a fixed X, the formation of
the topological space Y is covariantly functorial in Y and we have:

Lemma 2.2.1. If X is locally compact Hausdorff, then ( _)X is right adjoint to the
product functor _ x X so that we have a natural bijection
Homop(U x X,Y) = Hommep (U, Y)

for any topological spaces U, Y. In particular, the “product with X7 functor _ x X
preserves direct limits.

Proof. [Mun, 7.5.4] or [Hat, A.14] O

In other words, when X is locally compact Hausdorff, the topological space YX repre-
sents the functor

Top°® — Sets
U — Homrep(U x X,Y).

The right adjoint to a product functor in any category is often called the function space,
internal Hom or Weil restriction, and is of interest in many different categories.

Later, in §4.6, we will discuss the right adjoint to the product functor in the category
of simplicial sets—the so called function complex. We will also give the analogs, for
simplicial sets, of the topological results of the next few sections. The reader can take this
as motivation for the “topological digression” which constitutes the remainder of §2.

2.3. Path spaces and cylinders. Since the unit interval I = [0, 1] is compact Hausdorff,
Lemma 2.2.1 says that for any topological space Y, the path space Y of Y has the property
that there is a natural bijection

(2.3.1) Homop (X, V') = Hommpep(X x I,Y)
for any topological space X.

We have a natural map iy : Y — Y/ given by the constant path; iy corresponds to
71 Y xI — Y under (2.3.1). The inclusions of the endpoints 0, 1 of I induce two evaluation
morphisms eg, ey : Y1 — Y (we have made the canonical identifications Y10 = y{l} =y
with
(2.3.2) eply = eriy = Idy .

If f,g: X = Y are two maps of topological spaces, then a homotopy H : X x I —» Y
from f to g is the same thing (via the bijection (2.3.1)) as a map of topological spaces
H: X — Y! such that egH = f and e; H = g.
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The maps ep and e; are both deformation retracts of iy : Y — Y. For example, to see
that eg is a deformation retract of iy, consider the map

H:Y'xI—Y!
H("%t)(s) = {7(0)7 Sgt

v(s—t), s>t.
This map satisfies
H|(Y! x {0}) =1d
H|(YT x {1}) = iyeo

and sits in a commutative diagram as below.

(2.3.3) Y xI—>Y

inIi \Liy

yIixr oyl

eoxli leo

YxI -2y

In particular, ix, eg, and e; are all homotopy equivalences.

For a topological space X, we refer to the maps

eoxe X 5 X xX
(@ @,0) [z (@1): X[ X = X xT

as the evaluation at the endpoints and the the boundary inclusion, respectively.

Lemma 2.3.1. For any topological space X, the constant path ix : X — X! followed
by the evaluation at the endpoints ey x e; : X! — X x X factors the diagonal map
A: X — X x X as a homotopy equivalence followed by a (Serre) fibration. (In fact, one
can lift as indicated in any solid diagram

(2.3.4) Y x {0} ———= X!

epXxXel

Y x1 X x X

where Y is locally compact Hausdorff, hence in particular when' Y = D™ is a disk.)

Dually,® for any cofibrant topological space X, the boundary inclusion X [[X < XxI
followed by the projection w1 : X x I — X factors the codiagonal (fold) map X [[X — X
as a cofibration followed by a homotopy equivalence (which is also a fibration).

3To think of this as dual to the first statement, note that all topological spaces are fibrant (Theorem 2.1.2).
We wish to emphasize the analogy with the corresponding statement for simplicial sets (Lemma 4.7.5).
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Proof. Define the topological space J as the pushout

{0} x {0,1} —— T x {0,1}

| |

{0} x I ————J

so J consists of three sides of the unit square I x I. The inclusion J < I x I obviously
has a retract v : I x I — J (in fact a deformation retract).

Since Y is locally compact Hausdorff, taking products with Y preserves direct limits
(Lemma 2.2.1), hence

Y x {0} x{0,1} —=Y x I x{0,1}

| l

Y x {0} xI Y xJ

is a pushout diagram in Top. If, in (2.3.4), we view F asamap F : Y x {0} x I — X and
Hasamap H:Y xIx{0,1} - X, then the commutativity of the solid square says that
F and H agree on Y x {0} x {0,1}, so they correspond via the pushout square above to
a map

FUH: Y xJ—=X

and the lift [ is the same thing asamap ! :Y x I x I — X restricting to FUH onY x J.
We can easily find such an [ using our retract r by setting

1Y xIxI— X
(y,s,t) — (FUH)(r(s,t)).

The dual statement requires a little more work. Since X is cofibrant and the model
category structure on Top is cofibrantly generated with

I={S""1— D":neN}
as the set of generating cofibrations (Theorem 2.1.2), we can find a diagram of spaces
X—2sz-2ox
with ps = Idx where ) — Z is in I-cell (Lemma 1.5.9). This diagram yields a diagram

s]Is pllp

X]IX Z112

|

XXxI——7Zx1

XTI

|

pxId X x

displaying the boundary inclusion map for X as a retract of the boundary inclusion map
for Z. Since cofibrations are closed under retracts, we thus reduce to proving the second
statement under the assumption that () < X is in I-cell. We begin with the following;:
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Claim: Suppose we have a pushout diagram of topological spaces as below.

Sn—l Dn

| |

X Y

Then, given any solid commutative diagram of topological spaces

flg

(2.3.5) VY >
L/

where S — T is a trivial fibration and any commutative diagram

XI[X fIX1IglX g
H|XxI
X x I T,

we can extend L to a lift L’ as indicated in (2.3.5).

To prove the claim, consider the diagram

(DI D") U (S" " % ) —— S

7

= H(bXT)
D" x I T

where j is the obvious inclusion and the top horizontal arrow is

(fo]Job) U H(ax 1)

17

This map j is nothing but the inclusion S™ < D"*! so we can lift as indicated. Since

product with I preserves pushouts, we have
YxI=(X][[DY)xI
Snfl

=(xxI [ "x1).

Sn—1x]

Using this description of Y x I, the map L’ := LUK will do the job. The claim is proven.

Now suppose A is an ordinal and {X,, : @ € A} is a A-sequence in Top such that Xy = ()
and each map X, — X,+1 (o € \) is a pushout of a map in /. We need to show that the

direct limit X, has the property that

XAHX,\—>X,\ x I
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is a cofibration. By transfinite induction, it will suffice to prove the following statement:
Given any v € A, any commutative diagram of topological spaces

(2.3.6) X, [1x, 1 - S
X, x1—T 7

with S — T a trivial fibration, and any set of maps
{Lo: XoxI = S:a<n~}
compatible with the structure maps X, — Xz for a < 8 < v and making the diagrams

f1Xa I19lXa
- >

Xo 1 Xa 5

o
.v._,.-‘»'mxaxl
Xog X ———=T,
commute for a < v, there is a lift L, as indicated in (2.3.6) compatible with the L, and
the structure maps X, — X,. This statement is trivial when v = 0 since Xy = . When
~ is a limit ordinal, we can simply take

L, :ZH_H>1{LO[ICJL<’7}
using the fact that
L,Yxlzli_r>n{La><I:a<7}

because { X, } is a A-sequence (direct limit preserving functor) and product with I preserves
direct limits. When v = a + 1 is a successor, the result follows from the Claim applied
with X — Y given by X, — X, = Xq441.

The projection map 71 : X x I — X is a fibration since all topological spaces are fibrant
and fibrations are stable under base change. O

Lemma 2.3.2. Suppose f : X — Y is a map of topological spaces. Let iy : Y — Y
denote the constant path and e, e1 : Y — Y the evaluations. Then we have a commutative
diagram

e (Idx iy f) e ><§9 v
f
Y

N

where (Idx, iy f) is a homotopy equivalence (in fact it admits a deformation retract) and
eim is a (Serre) fibration.

Dually, if f: X =Y is a map of cofibrant topological spaces, then we have a commu-
tative diagram

x> (z,1)

X

YI[x(X x1I)

X Al

Y
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where x — (x,1) is a cofibration and IdUfm; is a homotopy equivalence. (The pushout
over X is defined using the maps f and x — (z,0).)

Proof. The diagram commutes because ejiy = Idy. To see that (Idx,iy f) admits a
deformation retract, take the base change of (2.3.3) along f. To see that ey is a fibration,
notice that we have a cartesian diagram:

YI

X xPy!

Id XEI\L leoxel
d
Xxy 2 vy

The left vertical arrow Id xe; is a fibration because ey x e; is a fibration (Lemma 2.3.1)
and fibrations are stable under base change. The map ejms is the composition of Id xe;q
and the projection po : X x Y — Y. Since a composition of fibrations is a fibration, ejmo
is a fibration provided ps is a fibration; this is the case because ps is a base change of the
map from X to a point, which is a fibration (all topological spaces are fibrant).

For the dual statement, we have a pushout diagram:

fxId

XIIx Y[ X

| iﬂ'

X xI——=Y][[x(X x1I)

Since X is cofibrant, the left vertical arrow (the boundary inclusion for X) is a cofibration
by Lemma 2.3.1, hence the map labelled j is a cofibration. The map = — (x,1) is the
composition of the structure map X — Y J[ X (which is a cofibration since Y is cofibrant)
and j. O

2.4. Whitehead’s Theorem. There are many theorems in algebraic topology that might
be called “Whitehead’s Theorem.” Here is a typical one:

Theorem 2.4.1. (Whitehead) In the model category Top:

(1) Any trivial cofibration admits a deformation retract.

(2) Any trivial fibration p : Z — Y between cofibrant spaces Z, Y is a homotopy
equivalence. More precisely, any such p has a section s such that sp and Idz are
homotopic via a homotopy J : Z x I — Z sitting in a commutative diagram as

below.
Zx1—1~7
.
z—Lr .y

(8) Any weak equivalence between cofibrant spaces is a homotopy equivalence.
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Proof. (1): Suppose j : X — Z is a trivial cofibration. By Lemma 2.3.2 the map e;my in
the diagram

Idiizj
X&X X?ZI

ﬁ Oﬂk,y &m

7 = Z
is a fibration, so we can lift as indicated by the Lifting axiom. This (r, H) can be viewed
as the desired deformation retract, with rj = Idx and the abusively denoted map H :
Z x I — Z corresponding to H under the path space adjunction (2.3.1) providing the
homotopy rel X between jr and the identity of Z.

(2): Since Y and Z are cofibrant, the map z — (z,1) in the diagram
Z Z

7

Y{[,(Z x 1) — 2™y

is a cofibration by Lemma 2.3.2, so we can lift as indicated. This s and J can be interpreted
as the desired section and homotopy.

(3): By either part of the Factorization axiom and 2-out-of-3 for weak equivalences,
we can factor an arbitrary weak equivalence f : X — Y of cofibrant objects as a trivial
cofibration j : X — Z followed by a trivial fibration p : Z — Y. Since j is a cofibration and
X is cofibrant, Z is also cofibrant. Now we combine (1) (applied to j) and (2) (applied to p)
for the desired result: The homotopy p* H xs provides a homotopy between pjrs = frs and
Idy = ps. The homotopy 7 * J * j provides a homotopy between rspj = rsf and Idx = rj.
We conclude that f is a homotopy equivalence with homotopy inverse rs: Y — X. O
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3. SIMPLICIAL OBJECTS

3.1. The simplicial category A. Fora nonnegative integer n, let [n] := {0,...,n}. Let
A denote the category whose objects are the finite sets [0], [1], ... and where a A-morphism
[m] — [n] is a nondecreasing function. For each i € [n], let &% : [n—1] — [n] be the unique
A-morphism whose image is [n] \ {i}. That is:

8;:[71—1] — [n]

je
g+l =i
For each i € [n], let o], : [n + 1] — [n] be the unique surjective A-morphism with
(02)~Y(i) = {i,i + 1}. That is:

n

ob i n+1] — [n]

n
. Py
jodd s
j—1, 7>

We will denote morphisms in A by the Greek letters p,o,7,....

Lemma 3.1.1. The maps 0%, : [n — 1] — [n] and 0%, : [n + 1] — [n] defined above satisfy
the following relations:
8£+187iz = fwla%_l 1<
h10n = 0h o0 1<
0h 10 = 0107, 5 1 <]
= Idp—1 J<i<g+1

g

Every morphism o : [n] — [m] in A factors uniquely as a composition

0= O O 1Oy ON SO
with 0 <ig<---<i1<mand0 < j; < -+ < jr <n. The morphisms 8@ and ofl generate
the category A and the relations above generate all relations between them.

Proof. 1t is straightforward to check the claimed relations. For the second part, take
the i to be the elements of [m] not in the image of o, listed in decreasing order. Take
J1 < --- < j¢ to be the elements j of [n] with o(j) = o(j + 1). The final statement can be
obtained from the second, or see [GZ, Page 24]. O

3.2. Simplicial objects. Let C be a category. A simplicial object in C is a contravariant
functor from the simplicial category A to C. Simplicial objects in C form a category

sC := Homcat (AP, C),

which evidently contains C as a full subcategory by identifying C with the constant
simplicial objects in sC. For X € sC, we will write X,, for X([n]), &}, : X, — Xp_1
for X(0%). The maps d', are called the (basic) boundary maps of X. Similarly, we will
write st : X, — X,.1 as abuse of notation for X (o%). The maps s!, are called (basic)
degeneracy maps of X.
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One motivation for considering simplicial objects stems from Cech theory in topology:
this is thoroughly discussed in [Con, §1-2]. Another motivation is that, as we will see
later (§5), simplicial objects in an abelian category are essentially the same thing as chain
complexes, so we can use simplicial objects in an arbitrary category as a “non-abelian”
analog of chain complexes which will allow us to do “homological algebra.” Quillen [Q1]
calls this “homotopical algebra.” For example, in §7, we will be particularly interested in
simplicial rings and various non-abelian analogs of the usual homological concepts: injec-
tive/projective objects, resolutions, quasi-isomorphisms, derived functors, and so forth.

Example 3.2.1. Any object X of C determines a constant simplicial object in sC (also
denoted X)) via the constant functor [n] — C which takes every A°P morphism to Idx.

More generally, for any surjective A morphism o : [m] — [n], the map X (o) : X;,, — X,
is often called a degeneracy map. Notice that every surjective A morphism o has a section
(any set-theoretic section of a A morphism is again a A morphism), so every degeneracy
map X (o) of a simplicial object has a retract; in particular, the degeneracy maps are
monomorphisms in C. Similarly, for any injective A morphism o, we will often call X (o)
a boundary map. Any injective A morphism has a retract, hence any boundary map has
a section in C, hence is, in particular, an epimorphism.

Lemma 3.2.2. To give a simplicial object X in C it is equivalent to give objects X,, of
C, together with boundary and degeneracy maps

d X, = X,_1, i=0,...,n
Syt Xpn = Xpy1, 1=0,...,n

satisfying the simplicial relations

di_ydy = & dl, i<

; +1 i L
331+13% = sgz+15%> 1<
S i1 . .
dpsy_y = Sy ady_q, 1<
= Idp-1, J<i<j+1
=5 Ldl, j+1<i
Proof. This follows from Lemma 3.1.1. O

Example 3.2.3. Suppressing subscripts, let us spell out explicitly all the simplicial re-
lations among the face and boundary maps between X5, X, and Xy. First we have the
following equalities of maps Xo — Xo:

(3.2.1) d°d’ = d°d*
(3.2.2) d'd® = d°d?
(3.2.3) d'd* = d'd?

We next have

(3.2.4) s95% = 5150 Xp = Xy
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and finally the relations between the face and boundary maps are:

) d's® =1d: Xg — X
) d’s =1d : Xo — Xo
3.2.7) d?s® = %' X, — Xy
) st =1d: X; — X,
) dis' =1d: X; - X3
3.2.10) d’st = s%d° : X1 — X1,

The category sC, like any functor category, inherits various properties from C. For
instance, if C has all (inverse, say) limits indexed by a category D, then so does sC, and
the inverse limit of a functor F': D — sC is given by in the obvious way:

(lim F), = lim F(D),.
DeD

We can also define cosimplicial objects in a category C to be functors X : A — C.
The category csC of cosimplicial objects in C arises less frequently than sC, but plays an
important role in geometric realization (§4.3).

Example 3.2.4. Let X x G — X be a right action of a group object G (in some category
C—really a monoid object will suffice) on an object X of C. To this action, one can
functorially associate a simplicial object X, of C with

Xo=X
X1:X><G
XQZXXGXG

X, =X xG".
The boundary maps d!, : X,, — X,,_1 for X, are given by

d’IQL(x7gla"'7gn) = (mgthv"wgn)
d111(x7gla"'7gn) = (3379192,93,...,gn)

dz_l(%gla e agn) = (xagl’ v 7gn727gnflgn)
dZ(xmgla s 7971) = (37791’ <. 7gTL—1)

and the face maps s : X,, — X, ;1 are given by

S?z(magl?"'vgn) = (malaglv"-vgn)
S’}L($7gla"'7gn) = (xaglalag%"'agn)

32(1'7917 o 7gn) = (xaglv -5 9n, 1)
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Supressing subscripts, these maps are given for small n by:

d(z,9) = zg
d'(z,9) =
d’(z,g,h) = (wg,h)
d'(z,9,h) = (z,gh)
d*(z,g,h) = (z,9)
s'(x) = (x,1)
s'(z,9) = (z,1,9)

s'(z,9) = (2,9,1).
The relations among the low order boundary maps as in in Example 3.2.3 are the following;:

(3.2.11) d°d® = d°d" : (x,g,h) — xgh
(3.2.12) d'd® = d°d* : (z,9,h) — xg
(3.2.13) d'd' = d*d?*: (z,9,h) —
The low order degeneracy map relations are

(3.2.14) §960 = 5150 s (2,1, 1)

and finally the relations between the face and boundary maps are:

( ) d's"=1d: X - X

( ) A" =1d: X - X

(3.2.17) d?s® = 5% : (z,g9) — (,1)

( ) st =1d: X; - X

( ) d's' =1d: X; —» X

(3.2.20) d’s' = s°d° : (z,9) — (2g9,1).

The equality (3.2.11) uses the compatibility of the action with multiplication for G and
the equality (3.2.16) uses the fact that “the identity of G acts trivially on X”. All of the

other equalities above use only the fact that G is a group object and have nothing to do
with the fact that X x G — X is an action.

3.3. Examples of cosimplicial objects. In this section we give some examples of cosim-
plicial objects.

For a non-negative integer n, let Al C R™*! denote the convex hull of the standard
basis vectors eq, ..., ey,:

ATTL = {toeo + -+ ipen € R t; € [0, 1], Zti = 1}.
A morphism o : [m] — [n] in the simplicial category A induces a morphism of topological
spaces
AT(o):A] = AT
(toeo + -+ + tmem) = Z teo+ > tien),
i€o—1( i€o—1(n)

so we can regard AT as a cosimplicial topologlcal space called the standard (topological)
sitmplex.
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The algebraic analog of the standard topological simplex is the following: For a non-
negative integer n, let A, denote the ring

Ap = Dty ..t /(1 —tg —t1 — -+ — ).
A A-morphism o : [m] — [n] induces a ring homomorphism
A(o) : A, — A,
tie Yt
jeo=1(i)

so that the A, form a simplicial ring A, and hence the AZE Spec A,, form a cosimplicial
scheme A# called the standard (algebraic) simplex.

3.4. Bisimplicial objects. We can also consider “simplicial simplicial objects” in a cat-
egory C. We have natural isomorphisms

ssC = Hom(A°?, Hom(A°P, C))
= Hom(A°? x A°P C).
We will always view the category of “simplicial simplicial objects” as the category
ssC = Hom (AP x A°? C),
which we will also call the category of bisimplicial objects of C. The diagonal inclusion
AP — AP x AP

[n] = ([n]; [n])
induces, via restriction of functors, a functor

A :ssC — sC.

For a bisimplicial object X € ssC, the simplicial object A(X) € sC is called the diagonal
of X. The diagonal construction will make an appearance in §5.8.

3.5. Truncations and (co)skeleta. For a nonnegative integer n, let A,, denote the full
subcategory of A whose objects are [0],...,[n]. An n-truncated simplicial object in C is a
functor AP — C. Let

s,C := Homcat (AP, C)
be the category of n-truncated simplicial objects in C. The inclusion AP < A°P induces
a restriction functor
tr, : sC — s,,C
X = X|pop,
which we call the n-truncation. For any m > n we have analogous functor
try, : $,,C — s, C.

Given an n-truncated simplicial object Y € s,C and a simplicial object X € sC (or a
truncated simplicial object X € s,,C for some m > n) we say that X is a lift of Y if
tr, X =Y. We have similar notions of lifting morphisms of n-truncated simplicial objects.

Let A™O™ (resp. AM°") denote the subcategory of A (resp. A,) with the same objects,

but where a morphism [m] — [k] is also required to be monic. Define A®P' and A
similarly.
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Assume C has finite inverse limits. By the Kan Extension Theorem [Mac, X.3], the
truncation tr, : sC — s,,C admits a right adjoint

Cosky, : s,C — sC
called the n'h coskeleton functor, defined by
(Cosky X o= lim {X.: ([m] = [K]) € [m] L A)
= lim { Xy, : ([] = [m]) € An | [m]}
= lim { X}, : ([] = [m]) € AZ" | [m]}.
The first equality is the usual “formula” for Kan extension [Mac, X.3.1]; the second is a

translation of it. To be clear, we emphasize that the inverse limit is the inverse limit of
the functor

(A L [m])P — C
([k] = [m]) — X.

The third equality is by cofinality of A" | [m] in A,, | [m]: every object ([k] — [m]) in
A, | [m] admits a map to an object ([[] — [m]) where [[] — [m] is monic.

In particular, notice that X,,, = (Cosk,, X),, for m < n. Indeed, when m < n, Id :
[m] — [m] is the terminal object of A,, | m.

The adjunction isomorphism
Homg, ¢ (tr, X,Y) — Homgc (X, Cosk, Y)

takes a map f : tr, X — Y to the map X — Cosk, Y given in degree m by the map
X — (Cosky, Y),, obtained as the inverse limit of the maps

feX(o) : Xpy — Y
over all o : [k] = [m] in A, | [m].
For X € sC, we use the abusive notation
Cosk,, X := Cosky,(tr, X).
For m < n, we have a natural map
(3.5.1) Cosk,,, — Cosky,
corresponding to the natural isomorphism
tr,, Cosk,, X = tr, X
under the adjunction isomorphism
Homgc (Cosk,, X, Cosk,, X) = Homg c(tr, Cosk,, X, tr, X).
Since the maps (3.5.1) are isomorphisms in degrees < n, we have

(3.5.2) X = @{Cosan :n € N}

(the inverse limit is computed degreewise).

Dually, if C has finite direct limits, then the Kan Extension Theorem implies that
truncation tr, admits a left adjoint

Sk, : s, C — sC
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called the n't skeleton functor, given on X € s,,C by the formula,
(Skn X)m = Tim { X, : ([m] — [K]) € [m] | An}
= tim { X : ((m] — [k]) € [m] | AP},
The structure map
(Sky, X) (o) : (Skyy X)m — (Sk, X);

induced by a A morphism o : [I] — [m] is the map on direct limits induced by the following
commutative diagram of functors:

([m] 4 An)P —T2TT s ([I] | A,)°P
(T:[m]ﬁm - k)X
C

As with the coskeleton functor, we use the abusive notation
Sk, X := Sk, tr, X

for X € sC. Reasoning much as with the coskeleton functor, we see that there are natural
maps

Sk X - Sk X —» - —> X
and that

(3.5.3) X = lim {Sk, X : n € N}.

Example 3.5.1. Note that soC is naturally isomorphic to C, so we can regard Skg
and Coskg as functors C — sC. With this understanding, Sko X is the constant simplicial
object and Coskg X is the simplicial object with (Coskg X ), = X[ (the n+1 fold product
of X in C) whose boundary maps are the natural projections X ] — XIn=1 “forgetting
one coordinate” and whose degeneracy maps X™ — X[+l are the diagonals given by
“repeating one coordinate”.

3.6. Latching and matching objects. The latching and matching objects we are about
to define arise naturally in many inductive constructions with simplicial objects. The
matching objects also arise in the theory of fibrations of simplicial sets (§77?), and hence
in many other model categories where fibrations are defined in terms of an underlying
simplicial set.

Fix k,n € N with k < n We call the categories
LE = [n] | AP
M, = A" | [n]

the (k,n)-latching and -matching categories, respectively. Explicitly, an object of Lfl is a
surjective A-morphism o : [n] — [m] with m < k and a morphism 7 in L¥ is a commutative

triangle
]
[ ]/ s \U;[ ']
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of surjective A-morphisms. Similarly, an object of ME is an injective A-morphism o :
[m] < [n] with m < k and a morphism 7 in M¥ is a commutative triangle

T

N

of injective A-morphisms. The case where k = n — 1 is especially common /useful; we will
simply call

[m] [m]

Ln == Lp—"
M,, = M~
the n' latching and matching categories.

If X is a simplicial object in a category C with finite direct limits, then the (k,n)
latching object object of X is defined by

LECX) = T (X (o2 ] = ) € L}
= (Skj, X)y.
Notice that L?(X) = X,, (the identity [n] — [n] is the initial object in L?) and L?(X) =
[}y Xo (the category LY is just the set Homa ([0], [n]) = [n]). When k = n — 1, we simply
call
Ln(X) = Ly H(X)

the n' latching object of X. Notice that L¥(X) depends only on the restriction of X

to AP i__that is, it depends only on the degeneracies of try X. By restriction, we obtain
natural maps

[[Xo=LX) 5 Ly(X) = = L 1(X) = Li(X) = X,
(n]
which one may think of as successively better approximations of X,

Similarly, if C has finite inverse limits, the (k,n) matching object of X is the object of
C defined by

ME(X) = @{Xm (0 : [m] = [n]) € MF}
= (Coskg X)p.
We have ME(X) = X, and MO(X) = X([)n}. Notice that M%(X) depends only on the
boundary maps for try X. When &k =n — 1, we simply call
M (X) = Mp~H(X)
the n'" matching object of X. Restriction yields maps

X, =MYX) = M LX) o oo ME(X) = MO(X) = X,

In practice it isn’t really so important that the limits used to define latching and match-
ing objects actually ezist in C (be representable), since we really just use them as short-
hand for their universal properties, so to speak. They just provide a way of packaging
certain finite diagrams of C-morphisms.
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The morphisms
(3.6.1) L(X) = X, = M, (X)
can often be described quite explicitly.

For example, we can use the simplicial relations (Lemma 3.2.2) to give the following
explicit descriptions of the latching and matching objects associated to a simplicial set X:

(3.6.2) LX) = J] Xn-1)i]/~
i€[n—1]
Mn(X) = {(z0,...,2n) € X 1d 2, = d L2 Vi < j}.

In the formula for L, (X), the subscript i in (X,-1); is used to distinguish between the
different copies of of X,,_1 and ~ is the smallest equivalence relation such that s’ ,(y) €
(Xn—1); is equivalent to s%,_,(y) € (Xn—1)j41 foreachy € X,,_pandeach0 <i < j <n—-2.

In terms of the formulas (3.6.2), the morphism L, (X) — X, in (3.6.1) is given by taking
the equivalence class of z € (X;,,—1); to s!,_;(z) € X,. The morphism X,, = M, (X) is
given by

x> (... d'z).

Notice that these maps are well-defined in light of the simplicial relations (Lemma 3.2.2).

The formulas (3.6.2) (or appropriate variations) will of course be valid in many other
categories where there is some notion of “underlying set” so that, say, the set underlying
a finite inverse limit is the inverse limit of the underlying sets. For example, the formula
(3.6.2) for L, (X) is equally valid in simplicial groups, simplicial rings, etc. For an abelian
category A and a simplicial object A € sA, the object L, (A) of A is given by the cokernel

of an appropriate map
@ (Aj-2)ij — @ (An—1)i,
0<i<j<n—2 i€ln—1]

though in practice it is generally easier to work directly with the direct limit description.
The adjunction morphism Sk, (X) — X need not be injective:

Example 3.6.1. Consider the simplicial set X with Xy = {z} and X,, = {z,y} for all
n > 0. The map s : Xo — X takes x to x and for any A-morphism o : [m] — [n] with
m,n > 1, the map X (o) is the identity. The map Sk;(X) — X will not be an isomorphism
in degree 2. Note that Ski(X)2 = L2(X) is the second latching object of X, and the degree
two part of Sk;(X) — X is the natural map La(X) — X2 mentioned in (3.6.1). Using
the explicit description of Ly(X) in (3.6.2), we see that Lo(X) = (X1 ][ X1)/ ~, where ~
simply identifies  in the first copy of Xy with = in the second copy of X;. In particular,
L2(X) has three elements, while X5 only has two elements.

Example 3.6.2. In Example 4.1.2 we will consider, for a fixed N € N, the simplicial set
A[N] with

A[N],, = Homa ([n], [N]).

For a A-morphism o : [m| — [n], the structure map A[N](¢) : A[N],, = A[N],, is o*.
Using the factorization statements in Lemma 3.2.2, one can show that

L (AIN]) — A[N],
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is the inclusion of the subset of those 7 € A[N], = Homa([n],[N]) where |Im7| < k.
Indeed, Ski A[N] is the sub simplicial set of A[N] consisting of the A-morphisms to [N]
with image of cardinality at most k.

3.7. Simplicial homotopy. Let f,g: X — Y be sC morphisms. A homotopy h from f
to g consists of a C morphism A(¢) : X,, — Y, defined for each morphism ¢ : [n] — [1] of
A, satisfying the conditions:

(1) For any commutative triangle

m] —— =[]
¢\H/
1

in A, the square

x, "0y
XWL Y(¥)
PN CN

commutes in C.
(2) For any n, if ¢ : [n] — [1] is the constant map to 0 € [1], then h(¢) = f,, and if ¢
is the constant map to 1 € [1], then h(¢) = g,.

The relation consisting of pairs
(f,9) € Homgc(C, D) x Homgc(C, D)

defined by “there is a homotopy from f to ¢” is not generally an equivalence relation.
It is clearly reflexive, but not generally symmetric or transitive. However, if there is a
homotopy h from f to g, and k,l: D — E are sC morphisms with a homotopy A’ from k
to I, then there is a homotopy from kf to lg, obtained by composing h and h':

(¢:[n] = [1]) = (K(@)h(¢) : Cn — En).

We let ~ be the equivalence relation generated by this relation and we say f is homotopic
to g if f ~ g. In other words, f ~ g means there is a finite string of morphisms f =
fo, f1,.-., fn = g such that, for every i, either there is a homotopy from f; to f;11 or there
is a homotopy from f;11 to f;.

An sC morphism f : C — D is a homotopy equivalence if there is an sC morphism
g: D — C such that fg ~Idp and gf ~ Idc.

Remark 3.7.1. More generally, for any X,Y € sC, there is a naturally associated simpli-
cial set Hom(X,Y") with Hom(X,, Ys), given by the set of functions h assigning to every
A-morphism o : [m] — [n], a morphism h(o) : X,, — Y, in such a way that for any
commutative triangle
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in A (i.e. any morphism in A/[n]), the square

h(o’)

X, e Y

X(T)J/ iY(T)
h(o)

X —= Y
commutes in C. For a map ¢ : [n] — [n/] the simplicial set structure map
Hom(X,Y)(¢) : Hom(X,Y),, - Hom(X,Y),

is defined by taking h € Hom(X,Y'), to the function ¢*h € Hom(X,Y),, assigning h(¢) :
X — Y, to a A-morphism v : [m] — [n/].

Notice that A/[0] = A and Hom(X,Y )y = Homgc(X,Y) (a moment’s thought shows
that the commutativity condition above amounts to the assertion that h,, := h([n] — [0])
is a natural transformation).

In this language, a homotopy from f to g is an element of Hom(X,Y); mapping to
f,9 € Hom(X,Y)o = Homsc(X,Y)
under the maps
Hom(X,Y); = Hom(X,Y)o

induced by the two injective A morphisms [0] =2 [1]. We will revisit this again in §?7 for
simplicial sets, where it is a little more concrete.

Remark 3.7.2. Sometimes one encounters the following definition of a homotopy from

f to g: There are morphisms h : X, — Y11, for i = 0,...,n, satisfying the following
conditions:
(1) dpyyh) = fo and dy iR = g

WA, i<
(2) dipihty = di bl Vi=35#0

R qditi> g +1
Ritlst i<

3) st hd = AT
(3) shafm {hiwls%_l P>
To see the equivalence of the two definitions, observe that the maps [n] — [1] in A are
the unique maps af (i = 0,...,n + 1) with a; *(0) = {0,...,i — 1}. To go from the first
definition of homotopy to the second, set

hf1 = Ua?JrlS% Xy =Y 1=0,...,n.
To go from the second definition to the first, set

Ugn = diq bl Xy > Y, i=0,...,n+1

n

One can check by drawing diagrams that the two sets of conditions are exchanged.

Once we have a notion of (simplicial) homotopy, we can define many of the usual
homotopy notions from topology. For example, if i : X — Y is an sC morphism with a
retract 7 : Y — X, then we say that r is a deformation retract of ¢ iff there is a homotopy
fromId:Y — Y toir: Y — Y restricting to the identity on X.
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The following example of a simplicial homotopy arises “in nature” and is useful in
topology.

Lemma 3.7.3. Suppose C has products and X € C is such that the unique map f : X — 1
to the terminal object (empty product) admits section s (i.e. there is some map 1 — X ).
Then

Coskg f : Coskg X — 1

1s a homotopy equivalence in sC with homotopy inverse

Coskg s : 1 — Coskg X.

Proof. Certainly (Coskg f)(Coskg s) = Cosko(fs) is the identity of Coskg1l = 1 because
Coskg is a functor and fs = Id; by definition of “section”. We need to show that

F := (Coskg s)(Coskq f) = Coskg(sf)
is homotopic to the identity of Coskg X. The map F' is given by

F,: X"t 5 xntl

(@0, xn) = (sf(z0), ..., 5f(2n))-

We define a homotopy to the identity by associating to ¢ : [n] — [1] the “straight line
homotopy” map

h(g) : X" — X

- F200

When ¢ is the constant map onto 0 € [1], obviously h(¢) = F,, and when ¢ is the constant
map to 1 € [1] obviously h(¢) is the identity. To finish the proof that h is the desired
homotopy, we must show that, for any commutative square

| — )
x[/
1

[m

in A, the square

Xn+1 h(6) Xn+1
h(¢)

Xm—H Xm+1

commutes in C.
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Here 9* is short for (Cosko X)(v). It is given by ©* (w0, ..., 2n); = Ty(;). The commu-
tativity we want is now a simple computation:

(W h(0)) (20, - .-, Tn)i = { sf (@), 92
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4. SIMPLICIAL SETS

In this section we study the category sSets of simplicial sets. Much of the theory of
simplicial objects in an arbitrary category is based on the theory of simplicial sets.

For a simplicial set X, we refer to the elements of X, as simplicies of X of dimension
n. Fix a simplex © € X,. For any injective A morphism o : [k] — [n], the simplex
X(o)(z) € Xj is called a face of x. For any surjective A morphism o : [k] — [n], the
simplex X (0)(z) € X}, is called a degeneracy of x. Recall that the degeneracy map X (o)
corresponding to a A surjection o always has a retract, so in particular it is injective. The
simplex x is called non-degenerate if it is a degeneracy only of itself. It is easy to see that
any simplex = € X, is a degeneracy of a unique non-degenerate simplex y: just choose [
minimal such that there is a A surjection o : [m] — [I] and a y € X; with X (0)(y) = =.

4.1. Examples. Here we mention several examples of simplicial sets. The n-simplex of
Example 4.1.2 and its cousins in the examples that follow will be used throughout our
study of simplicial sets.

Example 4.1.1. (Simplicial complexes) An easy way to describe simplicial sets is in
terms of the simplicial complexes one may be familiar with from topology (c.f. [Hat], for
example). Recall that a simplicial complex consists of a set X of finite sets such that for
any A € X and any B C A, we have B € X. Any element of any set belonging to X is
called a vertexr of X. An ordered simplicial set is a simplicial set X together with a total
ordering of the set of vertices of X.

Given an ordered simplicial complex X, we define a simplicial set X*° € sSets by letting
X35 be the set of nondecreasing sequences (zo, . .. , &, ) of vertices, such that {zo,...,x,} €
X. Note that there may be repeats in the sequence. For a A-morphism o : [m] — [n], we
define

X%(0): X3 — X3
(1‘0, e ,{L‘n) — (xa(O)a e ,{L‘U(m)).

This is well-defined because o is non-decreasing and because X is closed under passage
to subsets. The nondegenerate n simplices of X are the strictly increasing sequences
(xo, ..., xy); such simplices are in bijective correspondence with the sets in X of cardinality
n+ 1.

Example 4.1.2. (Standard simplices) For each n € N we have the n-simplex A[n] €
sSets defined by setting

An)y = {(ioy -« yim) : 0<ig < -+ <y, <n}
The boundary maps for A[n| are given by
& Aln)ym = Anlpm1
(205 -y im) = (10 -y Tj—15 %5415 -+ im)

and the basic degeneracy maps for Aln| are given by
sl Aln)m — Aln]mit

(io, - ,Zm) — (io, - ,’ij_l,ij,ij,ij+1, - ,Zm)
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It is easy to check that for any X € sSets, the map
Homggets(A[n], X) — X,
f—= fu((0,1,....n))
is bijective.
In the language of Example 4.1.1, the n-simplex Aln] is the simplicial set associated to

the ordered simplicial complex X consisting of all subsets of [n], with the obvious ordering
on X° = [n].

Notice that a sequence (i, ..., im) € A[n]y, may be viewed as a A morphism
[m] = [n]
i i
Indeed, we could alternatively define A[n] by setting
An]py, := Homa ([m], [n]).

For a A-morphism o : [m] — [m/], we can define the corresponding structure map for A[n]
by the formula

A[n](o) : Homa([m'], [m]) — Homa([m], [n])

f— fo
It is clear from this description that a A-morphism o : [m] — [n] gives rise to map of
simplicial sets A[o] : A[m] — Aln] in a functorial manner, so that A[e] forms a cosimplicial
simplicial set, called the standard cosimplicial simplicial set.

It is worth emphasizing that the formula

(4.1.1) Homggets(A[m], Aln]) = Alnlp,

= Homa([m], [n])
shows that the standard cosimplicial simplicial set

Ale] : A — sSets

is a fully faithful functor, so that we can regard the simplicial category A as a full sub-
category of sSets via the standard cosimplicial simplicial set.

One sees immediately from the description of maps out of A[n] that the functor

Sets — sSets
X = [[AR
X

is left adjoint to the forgetful functor

sSets — Sets
Y —»Y,.

That is, we have

(4.1.2) Homgsets(] [ Aln], X) = Homgets(W, X»).
w
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Example 4.1.3. (Boundary of the n-simplex) For each n € N we also have the

boundary 0A[n| of A[n], which is the sub-simplicial set of A[n] generated by
(1,2,...,n),(0,2,...,n),...,(0,1,...,n — 1) € Aln]p_1.

Denote the natural inclusion by i,, : dA[n] < A[n]. The map

HornsSets(aA [n]7 X) — HomSets([n]a Xn—l)
fr(i— fno1(0,...,i—1i+1,...,n))

induced by i, is a bijection onto the set of f € Homgets([n], X;—1) satisfying
A f(5) = &L (@) forall0<i<j<n.
This set is nothing but the n'® matching object M,,(X) (§3.6) of X, so we have a bijection
Homggets(0A[n], X) = M, (X)

natural in X.

In terms of the alternative definition of A[n|, OA[n] can be viewed as the subobject
where

(OA[)m € (Aln])m = Homa([m], [n])

is the subset consisting of A-morphisms o : [m] — [n| which are not surjective.

In the language of Example 4.1.1, OA[n]| is the simplicial set associated to the ordered

simplicial complex X consisting of all proper subsets of [n], with the obvious ordering on
X0 = [n].

Example 4.1.4. (Horns) For each n € N and each k € [n], the k-horn A¥[n] is the
sub-simplicial set of OA[n] generated by the n — 1 simplices

(L,2,...,n),...,(0,....k—2,k,...,n),(0,...,k,k+2,...,n),(0,1,...,n—1).
The map

Homsggets (Ak [TL], X) — HomSets([nL anl)
fr(i— fno1(0,...,i—1i+1,...,n))

is a bijection onto the set of f € Homgets([n] \ {k}, Xn—1) satisfying
di 1 f(j) = 73 f() forall0<i<j<n ij#k

Denote the natural inclusion by i¥ : A¥[n] < A[n].

In terms of the alternative description of A[n] in Example 4.1.2, the subobject A*[n]
can be viewed as the subobject where

(A*[n])m € (A[n])m = Homa(m], [n])

is the subset consisting of A-morphisms o : [m| — [n] where k ¢ Im(o).
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4.2. Presentations. The basic properties of the simplicial sets introduced in §4.1 allow us
to give various descriptions of arbitrary simplicial sets in terms of direct limits, typically of
simplicial sets of the form A[n] for various n. We will refer to these direct limit decriptions
as “presentations.”

The disjoint union, over n € N, of the maps corresponding to Id : X,, — X,, under the
adjunction (4.1.2) is a surjection of simplicial sets

H HA[n] — X.
neN X,

Call the domain of this surjection X’ and note that the formation of the surjection X’ — X
is functorial in X. Notice also that the two projections define a coequalizer diagram

(X' xx X)= X' =X

in sSets (since direct limits in sSets are formed degree-wise, the fact that this is a co-
equalizer diagram is immediate from the fact that this diagram would be a coequalizer
diagram in Sets when X’ — X is a surjection of sets). Since the natural surjection

X'=(X'"xx X" = X' xx X'
is an epimorphism in sSets, the induced diagram
(4.2.1) X'=X - X

is also a coequalizer diagram, which we will call the first presentation of X. It is functorial
in X. Notice that X’ and X" are disjoint unions of copies of various A[n] and that the
maps X’ = X' are constructed by mapping summands A[m] of the coproduct X" to
summands A[n] of the coproduct X’ via a map of the form Alg] for some A-morphism
o : [m] — [n]. We can thus write the first presentation in the form

(4.2.2) X =lim | [TAR] = []AR] |,
JjeJ iel

where I and J are certain index sets depending functorially on X and the parallel arrows
are specified by maps ¢, : J = I of the index sets together with A-morphisms

¢(J) : [nj] = [ng()

$(3) = [ngl = [yl
The upshot is that we can express an arbitrary simplicial set X as a direct limit of copies
of standard n-simplices A[n] for various n € N.

Another way to do this is as follows. For X € sSets, let Hom(A[e], X)) denote the
category whose objects are maps of simplicial sets = : A[n] — X (for some n € N) and
whose morphisms are the obvious commutative triangles

Aln] Alm)
N

in sSets. Observe: Such a map x is the same thing an element of X,, (Example 4.1.2),
and, in such a commutative triangle, the map A[n] — A[m)] is necessarily of the form A[o]
for some A-morphism o : [n] — [m] (c.f. (4.1.1)), so the commutativity of this triangle
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is equivalent to saying that z = X (0)(y) € X,,. It follows easily from these observations
that we have

(4.2.3) X = hin{A[n} :(z: Aln] - X) € Hom(Ale], X)}.
We will call (4.2.3) the second presentation of X. It is also clearly functorial in X.

Recall the skeleton functors Sk, : sSets — sSets from §3.5. For X € sSets, we have
natural maps of simplicial sets

0 =: Skle—>Sk0X—>Sk1X—> e X
and
(4.2.4) X = li)n{San :n € N}
We also have a natural map
(4.2.5) Xn — Mp(X) = (Skp—1 X)n,

where the set M,, X is the n*® matching object of X discussed in §3.6. By the description
of maps out of 0A[n] in Example 4.1.3, we can view each element of M,,(X) as a map
of simplicial sets 0A[n] — X. Recall (§3.6) that M, (X) depends only on tr,_;(X). The
natural maps

Sky—1(X) — Sk, (X) = X
induces isomorphisms
trp—1 Sky—1 X = tr,—1 Sk, X = tr,,—1 X
(§3.5) and hence also isomorphisms
M., (Sky,—1 X) = M,,(Sky, X) = M,,(X).

Each element x € X, hence determines a commutative diagram of simplicial sets

(4.2.6) dA[n] — = Aln]

ami l

Skyp—1 X — Sk, X

where Oz denotes the image of z (viewing = as an element of X,,) under (4.2.5). The map
Oz is called the attaching map for X.

Taking the coproduct of the top parts of (4.2.6) over the non-degenerate elements X124
of X,,, we obtain a commutative diagram of simplicial sets as below.

(4.2.7) [aexna 0A[R] — [L e xna Aln]
Skp—1 X Sk, X

Lemma 4.2.1. For any X € sSets, n € N, (4.2.7) is a pushout diagram in sSets.

Proof. The n-skeleton Sk, is characterized as the left adjoint to the truncation Y — tr, Y
(83.5), soamap f : Sk,—1 X — Y is the same thing as a map of (n—1)-truncated simplicial
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sets f :tr,_1 X — tr,_1Y. By the universal property of coproducts and the description
of maps out of the A[n] in Example 4.1.2 and maps out of dA[n] in Example 4.1.3, a map

(4.2.8) [T ARl - Y

reXnd

is the same thing as a map of sets f, : X24 — ¥}, and the condition that the map f and
the map (4.2.8) agree on [ [, yna OA[n] is equivalent to saying that the diagram of sets

In
5 Y,

]

My (X)) —2 My, (Y)

(4.2.9) X

commutes—both vertical arrows in (4.2.9) are given by

2 (d2,...,d"2)

(§3.6). The lemma can thus be reinterpreted as the following statement: Suppose X and
Y are simplicial sets and f : tr,—1 X — tr,—1Y is a map of (n — 1)-truncated simplicial
sets. Then

fo (far X0 = Y,)

establishes a bijection between the set of liftings of f to a(n abusively denoted) map
f:tr, X — tr, Y of n-truncated simplicial sets and the set of maps of sets f,, : X24 =Y,
making (4.2.9) commute. (We will prove a similar, but fancier, statement in Lemma 7.9.2).

The basic point is that, given the (n — 1)-truncated map f, there is only one possible
way to define f, : X, — Y, on the subset Xgeg C X, of degenerate elements in a
manner compatible with the degeneracies for tr, X and tr, Y and, furthermore, when
fn: Xes Y,, is defined in this manner, the diagram

(4.2.10) xdes Iy
L

Mn(X) - Mn(Y)

will commute. To see this, suppose x € X9, so that we can write 2 = X (o)(z’) for some
surjective A-morphism o : [n] — [m], with m < n maximal w.r.t. to this property, so that
z' € X,, is non-degenerate. Since we need

Jm

Xnm —Y,

X(o) l lY(U)
In

X, —Y,

to commute, there is no choice but to define f,(x) := Y (0)fn(z’). The resulting map
fn: X3 5y, is compatible with the boundary maps di for X and Y (i.e. makes (4.2.10)
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commute) because we compute
fordyr = foady, X (U)

= Y(ff@l)( m(x’))

= d,,Y (0)(fm(2))

= di fox
using the fact that our f was a well-defined map of (n — 1)-truncated simplicial sets for
the key third equality. Now if we have a map f,, : X?4 — Y;, making (4.2.9) commute, we
define f, : X,, — Y,, by defining it as above on the degenerate subset. By writing every
element as a degeneracy of a non-degenerate element, it is straightforward to check that

this f, is compatible with all the boundaries and degeneracies for tr,, X and tr, Y, hence
yields the desired lift. O

/
T

4.3. Geometric realization. The fundamental geometric realization construction asso-
ciates, to a cosimplicial object Z € ¢sC in a category C, a functor

(_)?:C — sSets,
called the singular simplex (with respect to Z) and, assuming C has direct limits, a left
adjoint

| - |z :sSets — C
to the singular simplex functor, called the geometric realization (with respect to Z ).

For X € C, the singular simplex XZ € sSets is defined by
X7 := Homg(Zn, X).
For a A-morphism o : [m] — [n], the structure map
X%(0) : Homg(Zn, X) — Homg(Zm, X)

for the simplicial set XZ is defined by f ~ Z(0)(f), where Z(0) : Z,, — Z, is the

structure map for Z.

Proposition 4.3.1. Fixz Z € csC. Assume C has direct limits. Then the singular simplex
functor X + X7Z admits a left adjoint X +— |X|z. Aside from being characterized as the
left adjoint to the singular simplex functor, the geometric realization is also characterized
(up to unique isomorphism of functors) by the following properties:

(1) Geometric realization preserves direct limits.
(2) The composition of the standard cosimplicial simplicial set Ale] : A — sSets and
the geometric realization | _ |z : sSets — C is (isomorphic to) Z : A — C.

Proof. From the calculation
Homggets(An], X7) = X7
= Homg(Z,, X)
we see that |Afe]| := Z will indeed define a left adjoint to the singular simplex on the
full subcategory Ale](A) of sSets (and indeed, up to unique isomorphism, this is the only

possible way to define the geometric realization of the standard simplices and the maps
between them). Using the fact that C has direct limits, we can promote this recipe for
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the geometric realization of the standard simplices (and the maps Alo]| between them) to
a recipe for the geometric realization of an arbitrary X € sSets by making use of, say,
one of the functorial presentations of X as a direct limit of standard simplicies from §4.2.
The point is that we can write

X = lim{Afnj] : i € Ix}

for some direct limit system of simplicial sets {A[n;] : i € Ix} functorial in X. We can
then define |X|z functorially in X by the formula

‘X|Z = h_r}n{an ZiEI)(}.

Notice that the structure maps for the direct limit on the RHS are determined by the
cosimplicial structure of Z because each map A[n;] — A[n;] in the direct limit system
defining X is necessarily of the form A[o] for some A-morphism o : [n;] — [n;] by (4.1.1).
The fact that the functor X — |X|z, thus defined, actually yields a left adjoint to the
singular simplex is just a formal calculation with the universal property of direct limits
using the fact that we know this to be the case for the standard simplices. O

For example, the geometric realization sSets — sSets with respect to the standard
cosimplicial simplicial set A[e] is the identity functor.

Recall the standard topological simplex AT € csTop from §3.3. The singular simplex
with respect to AT is a functor usually denoted

(4.3.1) Sing : Top — sSets.
The corresponding geometric realization is a functor
(4.3.2) | - | : sSets — Top

usually called, simply, the geometric realization functor (or, if there is any possible chance
of confusion, the standard topological geometric realization functor).

Let us make a few general remarks about this particular geometric realization.

Lemma 4.3.2. For any simplicial set X, the geometric realization | X| € Top is a CW
complex whose n-cells correspond to non-degenerate elements of X,,.

Proof. First note that
|A[n]]| = D"
0A[n]| = 5771,

where D" is the n-dimensional disk and S™ is the n-dimensional sphere, and the isomor-
phisms are such that

lin : OA[n] — Aln]|
is the usual inclusion S”~! — D" of the boundary of the disk. Since geometric realization
commutes with direct limits, the result we want follows from the (geometric realization
of the) formula (4.2.4) and the fact that (4.2.7) (hence also its geometric realization) is a
pushout diagram (Lemma 4.2.1). O

Definition 4.3.3. Let X be a topological space. A subset U C X is called compactly
open iff f~1(U) is open in K for each compact (Hausdorff) space K and each continuous
map f: K — X. A topological space X is called a Kelley space iff every compactly open
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subset of X is open. The full subcategory of Top consisting of Kelley spaces is denoted
K.

The inclusion K — Top has a right adjoint, left inverse obtained by endowing an
arbitrary space X with the “Kelley topology” where a subset U C X is declared open iff
it is compactly open.

From the construction of | X| in the proof of Proposition 4.3.1, we see that |X| can be
written as a coequalizer

X = lim (X" = X'),
—

in Top, where X’ and X" are disjoint unions of copies of standard topological n-simplices
A, for various n. Certainly such X’ and X" are Kelley spaces and it is a general fact
that a direct limit of Kelley spaces (taken in Top) is again a Kelley space [Hov, 2.4.22(3)],
so |X| € K. Similarly, if X is a finite simplicial set (i.e. X has only finitely many non-
degenerate simplices), then we can present X as a coequalizer

X =lim | [TAR) = []AR] |,
jeJ il
where I is the (finite) set of non-degenerate simplices in X. (Compared to the standard
presentations of §4.2, the latter presentation has the slight disadvantage that it is not
functorial because the set of non-degenerate simplices of X isn’t functorial in X.) Geo-
metric realization preserves coequalizers, so | X| is a quotient of a finite disjoint union of
standard topological simplices, so | X| is compact because a quotient of a compact space
is (quasi-)compact. (The geometric realization |X| of any simplicial set is Hausdorff.)

We can view the geometric realization | _ | as a functor
(4.3.3) | - |:sSets — K.

The category K has inverse limits, obtained by taking the inverse limit in Top, then
endowing the result with the Kelley topology.

Lemma 4.3.4. The functor (4.3.3) preserves finite inverse limits.
Proof. [Hov, 3.2.4] O
Since we will require a certain complement of this result, let us recall how Hovey proves
this. (We will just discuss the preservation of finite products.) First [Hov, 3.1.8] he proves:
Lemma 4.3.5. For any m,n € N, the natural map
|A[m] x Aln]| = |A[m][ x [Aln]]

is an isomorphism. (On the RHS it doesn’t matter whether the product is taken in K or
Top since the spaces |Alm]| = A} and |Aln]| = Al are both compact.)

Definition 4.3.6. Let C be a category with products and direct limits. We say that
products commute with direct limits in C iff, for all direct limit systems ¢ — X; and
Jj = X; in C, the natural comparison map

(4.3.4) lim (X; x X;) = (lim X;) x (lim X))

is an isomorphism.
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For example, it is elementary to see that products commute with direct limits in Sets,
and hence also in sSets, since this can be checked “degree-wise.” In Top, however, prod-
ucts do not commute with general direct limits, though it is elementary to see that they
commute with coproducts (direct sums). However, the natural comparison map (4.3.4) is
at least bijective, because the underlying set of a direct or inverse limit in Top coincides
with the direct or inverse limits of the underlying sets and we have already mentioned
that products commute with direct limits in Sets. Isomorphy for (4.3.4) in Top is hence
equivalent to saying that a subset of the codomain is open whenever its preimage in the
domain is open. The situation is better in K:

Proposition 4.3.7. Products commute with direct limits in K.

Proof. 1 assume Hovey found this in [Lew, Appendix A], which is the standard reference
for basic facts about K and related categories. In any case, this is fairly elementary. [

With these observations in hand, the fact that geometric realization commutes with
finite products is a formal computation, as follows. Suppose X and Y are simplicial sets.
Using, say, the standard presentation, we can write X = lim A[m;], ¥ = lim A[n;] for

— —

some appropriate direct limits systems of simplicial sets. Then we compute
(4.3.5) ] x Y] = [lim Afmi]| x [lm Aln]|

= (hg ]A[mi]\)) x (hg IA[njH)
= lim (JA[mi]| x |A[ny]])

= lim |A[m;] x Alny|

= [lim (A[mi] x Afn;])|

=|X xY]

using the fact that geometric realization commutes with direct limits, Lemma 4.3.5, and
the fact that products commute with direct limits in sSets and K (the products of Kelley
spaces here are taken in K).

Proposition 4.3.8. For a fixed locally compact space Y, the “product with Y’ functor
Top — Top commutes with direct limits.

Proof. This is Lemma 2.2.1, but we can also argue directly as follows. As mentioned
above, it is easy to see that “product with Y” commutes with coproducts (even without
hypotheses on Y'), so we reduce to treating coequalizers. We need to show that when

X'"=2X' X
is a coequalizer diagram, so is
X'"xY =2 X'xY - X xY,

when the products are given the product topology. Let f : X’ — X denote the quotient
map for the original coequalizer diagram. Since we know the product with ¥ commutes
with coequalizers on the level of underlying sets, the issue is to show that the product
topology on X X Y actually coincides with the quotient topology on X x Y induced by
the continuous surjection

fxId: X'xY — X xY.
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That is: we need to show that any subset U C X x Y with (f x Id)~}(U) open in X’ x Y is
open in X x Y. It is enough to show that for any topological space W and any map of sets
g: X XY — W for which the composition h := g(f xId) : X’ x Y — W is continuous, the
map ¢ is continuous. (In fact, the property we want for f x Id is equivalent to this latter
assertion and both are equivalent to the special case where W is the Sierpinski space, which
represents the “open subsets” functor.) Anyway, the result we want is [Bre, 13.19]. T will
repeat the argument here for the reader’s convenience: Consider an open subset U C W
and suppose g(xo,yo) € U for some (xp,y0) € X x Y. To show that g is continuous, we
want to show that there is a neighborhood A of zp in X and a neighborhood V of yg in
Y such that g(A x V) C U. Since the quotient map f is surjective, we can pick a point
xy € X' with f(z() = xo. Then h(x(,yo) = g(zo,y0) € U, so since h is continuous and Y is
locally compact, there is a compact neighborhood K of yg in Y such that h(z( x K) C U.
Set

A={reX gl xK)CU}.

Then 9 € A, so A and V := K (or the interior of K if V is to be open) will do the
job provided we can show A is open in X. Since f is a quotient map, it suffices to show
f71(A) is open in X’. Notice that

fHA) = {2’ e X' :h(z x N) = g(f(2') x K) C U},
so that
X' — fHA) = (W YW - U)n (X' x K)).

This set is closed in X’ because the projection 7 : X’ x K — X’ is proper since K is
compact. O

Corollary 4.3.9. If X is a finite simplicial set (finitely many non-degenerate simplices),
then the “product with X 7 functor sSets — sSets commutes with the geometric realization
functor

| _|:sSets — Top.
That is, the natural map
|X xY| = |X|x|Y]
is an isomorphism for any simplicial set Y, where the product on the RHS is the usual

product of topological spaces.

Proof. Repeat the formal computation (4.3.5) using the fact that |X| is compact, so we
can commute the product with | X| and the direct limit spaces in (4.3.5) (in Top, not just
in K) using Proposition 4.3.8. O

Remark 4.3.10. In the above corollary, we could replace the condition that X is finite
with the condition that | X| is locally compact. However, a simplicial set with infinitely
many non-degenerate simplices will rarely have a locally compact geometric realization.

For more on geometric realization, see [Mil], [GJ, 1.2].
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4.4. Model structure. In this section we recall “the” model structure on sSets.

Definition 4.4.1. A map f: X — Y of simplicial sets is called a ...

. weak equivalence iff its geometric realization |f|: |X| — |Y]| is a weak equivalence
of topological spaces (Definition 2.1.1).

. fibration iff it has the RLP w.r.t. the inclusions ¥ : A¥[n] < A[n] of k-horns (c.f.
Example 4.1.4) for all n > 0 and all k € [n].

. cofibration iff it is injective.

Theorem 4.4.2. The category sSets of simplicial sets is a model category with the weak
equivalences, fibrations, and cofibrations defined above. This model structure is cofibrantly
generated (Definition 1.5.7) by the set I of cofibrations and the set J of trivial cofibrations
below.

I := {0A[n] — A[n] : n € N}
J = {i* : AF[n] = An] :n >0, k € [n]}

Proof. [Q1, 11.3], [Hov, 3.2]. The fact that a map of simplicial sets is a cofibration iff it is
injective is [Hov, 3.2.2]. O

Theorem 4.4.3. Simplicial sets, with the above model category structure, is proper (Def-
inition 1.4.1).

Proof. [Hir, 13.1.13] Since all simplicial sets are cofibrant, left properness follows from
Proposition 1.4.3. Right properness follows formally from the following facts: 1) The
geometric realization functor (§4.3) takes fibrations of simplicial sets to fibrations of
topological spaces (i.e. Serre fibrations) [Hov, 3.6.2]. 2) Geometric realization preserves
fibered products, at least when viewed as a functor to the category K of Kelley spaces
(Lemma 4.3.4). 3) The model category Top (§2) is right proper (Theorem 2.1.4). We
use 2-out-of-3 for weak equivalences in Top and the obvious fact that the map from the
fibered product in K to the fibered product in Top is always a weak equivalence (both
spaces receive the same maps from spheres). [l

Let us make a few remarks about fibrations of simplicial sets. By definition, f : X — Y
is a fibration iff there is a lift as indicated in any solid diagram

Af[p] —= X

Aln| —=Y

of simplicial sets (n > 0, k € [n]). According to the description of maps out of A¥[n]
and A[n] given in Examples 4.1.2 and 4.1.4, the solid part of this diagram corresponds to
elements

Ly oy L1, Lhglsr--s Ty € X, 1, yey,
satisfying:
(4-4.1) & gz =d \w, 0<i<j<n ij#k
dhy = faoo1mi, 0<i<n, i#k



46 W. D. GILLAM

Similarly, a lift as indicated corresponds to an element x € X, satisfying diz = x; for
i=0,....,k—1,k+1,...,n and f,z = y. In other words, if we let

ME(X/Y)C X" | xY
be the set of all

(T0y e vy Tho1y Tty - - -5 Ty Y) € X XY
satisfying the relations (4.4.1), then we have a natural map
(4.4.2) X, — MF(X/Y)

z— (O, .. .,dﬁflx,dfflx, o drx, frx).

The map f is a fibration iff the maps (4.4.2) are surjective for all n > 0, k € [n].

Remark 4.4.4. When n = 0, A¥[n] = 0 is the initial object; the RLP with respect
to 0 — AJ0] is equivalent to surjectivity of fo : X9 — Yo, but we emphasize that this
surjectivity is not required for f to be a fibration.

The following “corollary of Theorem 4.4.2” is often useful (actually one usually proves
some result to this effect before proving Theorem 4.4.2):

Proposition 4.4.5. For a map f: X — Y of simplicial sets, the following are equivalent:

(1) f is a fibration (Definition 4.4.1).
(2) f has the RLP w.r.t. the inclusions

(0A[n] x A[1]) U (Aln] x {e}) < Aln] x A[1]

for alln e N, e € {0,1}.
(3) f has the RLP w.r.t. the inclusion

(K x A1) U (L x {e}) < L x A[1]

for any injective map of simplicial sets K — L and any e € {0, 1}.
(4) f has the RLP w.r.t. K — L whenever K — L is an injective map of simplicial
sets for which |K| — |L| is a weak equivalence of topological spaces.

Proof. The equivalence of the first three statements is [GZ, IV.2.1] (one proves this “from
first principles”). The equivalence of the first and last statements is the statement that
fibrations in the model category sSets have the RLP w.r.t. trivial cofibrations, so it is
part of the assertion in Theorem 4.4.2 that sSets is a model category with the definitions
of Definition 4.4.1. 0

Proposition 4.4.6. For a map f: X — Y of simplicial sets, the following are equivalent:

(1) f is a trivial fibration (Definition 4.4.1).
(2) f: X —Y has the RLP w.r.t. the inclusion iy, : OA[n] < Aln] for any n € N.
(3) f: X =Y has the RLP w.r.t. all injective maps of simplicial sets.

Proof. (C.f. [Q1, I1.3.2.1]) The equivalence of the first two statements is part of the cofi-
brant generation assertion in Theorem 4.4.2—mnamely the assertion that I-inj is the set
of trivial fibrations. The equivalence of the first and third statements is the assertion
that trivial fibrations have the RLP w.r.t. cofibrations, which is part of the assertion in
Theorem 4.4.2 that sSets is a model category with the definitions of Definition 4.4.1. [
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Recall (Definition 1.1.5) that a simplicial set is called fibrant iff the map to the terminal
simplicial set is a fibration. (All simplicial sets are cofibrant since the map from the empty
simplicial set is certainly injective.) Let us unravel this a bit. Let M, (X/Y) denote the
set of

(o, ..., Tn,Y) € X}Zﬂl x Yy,
satisfying the relations
(4.4.3) d_yxj = dzl__lla;i, 0<i<ji<n
d;y = fo_1%i, 1€ [n].
Then a solid diagram
0An] —= X

Aln]| —Y

is the same thing as an element of M, (X/Y) and a lift as indicated is the same thing as
an element = € X,, with d!,x = z; for all i € [n] and f,z = y. Evidently then, f is a trivial
fibration iff the natural map

(4.4.4) X, = M, (X/Y)
= (... d", f,x)
is surjective.

Notice that M, (X/Y) is a relative version of the n'" matching object M, (X) of §3.6.
Indeed, when Y is the terminal object, M,,(X/Y) = M, (X) is the n*® matching object of
§3.6.

4.5. Homotopy groups. In this section we define the homotopy sets 7, (X, 1) of a fibrant,
based simplicial set X.

A basepoint of a simplicial set X is a map from the terminal simplicial set 1 to X. The
terminal simplicial set is the constant simplicial set associated to a one-element set, so

Homggets(1, X) = Homgets(1, tro X)
= Xp
(c.f. Example 3.5.1). That is, a basepoint of X is the same thing as an element 1 € Xj.
A based simplicial set is a simplicial set X equipped with a basepoint. By slight abuse
of notation, we write 1 € X,, for the image of the base point 1 € Xy under the map
Xo — X, induced by the unique A morphism [n] — [0]. Note that for any A-morphism

o : [m] — [n], the structure map X (o) : X,, = X,,, takes 1 to 1, so this abuse of notation
should be harmless.

For a based simplicial set X and an n € N, we let
Z,(X) ={zec X, :dax=1fori=0,...,n}

(note Zo(X) := Xp). Define a relation ~ on Z,(X) by declaring x ~ y iff there is some
z € Xp41 such that d%Hz =1fori=0,...,n—1and d;, , =, dﬁﬂz =y.

Recall from the previous section that for n > 0, we let

MZ(X> = {(.Z'(), oy Tl—15 Th41y - - - ,fEn) € ngl : d;ilflxj = d‘ZI_—llxlvz < j}a
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so we have a natural map

(4.5.1) X, — MF(X)

z— (..., dﬁ_lx,dﬁﬂx, oo dr).

The simplicial set X is fibrant iff (4.5.1) is surjective for all n > 0.

Proposition 4.5.1. If X is fibrant, then the relation ~ is an equivalence relation.

Proof. Reflexive: Perhaps surprisingly, this is the most difficult property to establish.
Given z € Z,,(X) C X,,, we seek a z € X, 41 such that

4 1, :=0,...,n—1
dz 5 = } 9 )
ntl {x, i=n,n-+1

Since we can see easily that (1,...,1,2) € My ,(X), by fibrancy there is a y € X1
such that d’,_,y =1 for i € [n — 1] and d"T ]y = = (we know nothing about d" ;). Next
observe that (1,...,1,y,y) € MZI%(X), so by fibrancy there is a w € X,, 12 such that

- 1, i=0,...,n—1
dz w = 9 ) )
2 {y, t=n,n+1

(we know nothing about dgigw) I claim z := dgigw € Xy41 is as desired. Indeed, for

i € [n — 1], we compute
, i o
dyy12 = dyyydyTow

_ m+1 51
= d, 11 dpyow
_m+1
- dn+11
p— 17
and for i € {n,n + 1}, we compute
i _ g n-+2

dn+1z - dn+1dn+2w
_ m+1 51
= d, 11 dpyow
_m+1
- dn+1y
= z.

Symmetric: Suppose x,y € Z,(X) are such that there is some z € X, with
1, i=0,....n—1
d;ilﬂz =<4, i=n
Yy, 1 =n-+1.
By reflexivity proved above, there is r € X,,11 such that

; 1, i=0,...,n—1
dz r = I ) )
e {y, t=mn,n+ 1.
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Since dZiir = dfliiz it follows that (1,...,1,2,r) € I\/IZI%(X), so by fibrancy there is
some v € X490 with

1, i=0,...,n—1
dpjou =<z, i=n
r, 1=n+1.

Now we check, just as above, that w := dﬁﬁu satisfies
1, i=0,...,n—-1
delw =Qy, i=n
z, 1=n+1.

Transitive: Suppose z,y,2z € Z,(X) have z ~ y and y ~ z. We know ~ is symmetric so,
since y ~ x, there is some u € X,, 1 with

1, i=0,....,n—1
d%-‘rlu: Y, t=n
x, t=n-+1
and since y ~ z there is some v € X, 11 with
1, +=0,...,n—1
diH»lv: Y, 1=n
w, t=n+1

From the equality dj: . yu = dj, . v it follows that (1,...,1,u,v) € MZi%(X), so by fibrancy,
there is some w € X,, 2 with

1, i=0,...,n—1
dfl+2w =qu, it=n
v, 1=n+1
and one checks easily that dZigw € Xy 41 witnesses x ~ z. O

Definition 4.5.2. The quotient sets
T (X) 1= Zp(X)/ ~
are called the homotopy sets of the based, fibrant simplicial set X.

Remark 4.5.3. The set mo(X) of path components of X does not depend on the choice
of basepoint, and can be defined without requiring X to be fibrant by the formula

mo(X) = hgl(d(f,di : X1 = Xo).

Theorem 4.5.4. Let f,g : X =3 Y be homotopic maps of fibrant simplicial sets. Then
the maps

7o(f),m0(g) : mo(X) = mo(Y)

coincide, as do the maps

Tn(f), m(g) : T (X, 2) = (Y, f(2))
for any base point x of X and any n > 0.
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Proof. Exercise. O

4.6. Function complexes. Our first task is to describe the analog of the function space
(i.e. the space of continuous maps Y — Z between topological spaces Y and Z discussed
in §77) in the category of simplicial sets. Given simplicial sets Y, Z, we will define a new
simplicial set ZY called the function complex of Y and Z characterized (up to unique
isomorphism) by the existence of a bijection

(4.6.1) Homgsets(X, Z¥) = Homggets(X X Y, Z),

natural in X € sSets. The construction will be covariantly functorial in Z and contravari-
antly functorial in Y:

(4.6.2) sSets x sSets’” — sSets
(Z2,Y) — Z¥.

Notice that the situation in simplicial sets is slightly nicer than the one in Top since we
do not need any hypotheses on X.

To construct ZY, we make use of the standard simplices A[n] of Example 4.1.2. Recall
that

Alnl, = Homa([m], [n]).
We let
ZY = Homggets (Y x Aln], Z).

For a A-morphism o : [n] — [m], recall (Example 4.1.2) that we have a natural map
Alo] : A[n] — A[m] of simplicial sets. We define the structure map

(4.6.3) Z¥(0): 2} — Z)
by taking an sSets morphism f : Y x A[m] — Z to the sSets morphism
f(Idy xAlo]) : Y x A[n] — Z.

Proposition 4.6.1. For simplicial sets X,Y, Z, we have a natural bijection (4.6.1).

Proof. Define

U : Homggets(X, Z¥) — Homggets(X x Y, Z)
® : Homggets(X X Y, Z) — Homggets(X, ZY)

by the following formulas:

V(g)n(z,y) := gn(z)(y,1d : [n] = [n])

S(f)n(@)m(y,0 : [m] — [n]) := fr(X(0o)(2),y).
We leave it to the reader to check that:

(1) For every n € N and every © € X, ®(f)n(x) : Y X A[n] — Z is a map of simplicial
sets.

(2) ®(f): X — ZY is a map of simplicial sets.

(3) ¥(g): X XY — Z is a map of simplicial sets.



SIMPLICIAL METHODS IN ALGEBRA AND ALGEBRAIC GEOMETRY 51

The fact that WO (f) = f for all f amounts to the following:

YO(f)n(z,y) = ®(f)n(2)(y,1d : [n] = [n])
= fo(X(1d)(2),y)
= f(z,y)
and the fact that ®U(g) = g for all g amounts to the following:

QU (g)n(x)m(y, 0 : [m] = [n]) = V(g)n(X(0)(2),y)
= gm(X(0)(2))n(y,1d : [n] — [n])
= 2" (0)(gn(2))m(y,1d : [n] — [n])
= gn(@)m(y,1d o : [m] — [n])
= gn(@)m(y, 0 : [m] = [n]).
In the third equality we use that g is a map of simplicial sets, so it is compatible with the

structure maps associated by X and by ZY to ¢ and in the fourth equality we use the
definition of the maps (4.6.3). O

4.7. Simplicial homotopy revisited. For simplicity, we introduce the notation [ :=
A[1] for the standard 1-simplex (Example 4.1.2). Recall that I,, = Homa([n], [1]). For a
simplicial set Y, the function complex (§4.6) Y/ € sSets is called the path space of Y, in
analogy with the topological situation (§?7). Via the functoriality of function complexes
(4.6.2), the two maps ig,i1 : A[0] = A[l] induce two evaluation maps eg,e1 : Y = Y
(note A[0] is the terminal simplicial set with |A[0],| = 1 for every n, so Y2[J = Y"). The
common retract 7 : I — A[0] of the i; induces a map iy : Y — Y/ called the constant
path map. We have

eoiy = eliy = Idy .

Proposition 4.7.1. Let f,g : X = Y be maps of simplicial sets. There are natural
bijections between the following sets:

(1) the set of simplicial homotopies h from f to g in the sense of §3.7
(2) the set of morphisms of simplicial sets H : X x I —Y with Hig = f, Hi; =g
(3) the set of morphisms of simplicial sets H : X — YT with egH = f, e1H = g.

Proof. Recall (§3.7) that such an h consists of maps h(¢) : X,, — Y, defined for each
A-morphism ¢ : [n] — [1] (i.e. for each element ¢ € Homa ([n], [1]) = I,,, satisfying various
conditions. It is straightforward to check that those conditions are equivalent to saying
that the maps

Xy x Iy = Yy
(z,¢) = h(¢)(z)

define a map of simplicial sets H : X x I — Y and it is straightforward to see that
such an H gives maps h(¢) by the formula h(¢)(x) := Hy,(x,¢). This gives the bijection
between the first two sets. The bijection between the second and third sets follows from
the adjointness (4.6.1). O

Similarly, we can reformulate the definition of deformation retract from §3.7 as follows:
If f: X — Y is a map of simplicial sets we say that r is a deformation retract of f iff



52 W. D. GILLAM

rf =Idx and there is a commutative diagram of simplicial sets

(4.7.1) XxI-2sX

|

yxI-H.y

with Hig = fr, Hi; = Idy. (This H is the same thing as a homotopy rel X from fr to
the identity of Y in the sense of §3.7.) Using (4.6.1) we see that such an H is the same
thing as a map of simplicial sets H : Y — Y making

(4.7.2) X X xT

1

y Aoyl

commute and satisfying egH = fr, eiH = Idy.

Starting only with f, we see similarly that a pair (r, H) consisting of a retract r of f and
a homotopy H rel X from fr to the identity of Y is the same thing as a lift as indicated
in the commutative square of simplicial sets below.

Idy,i
(4.7.3) x M)y peoy
f mael

(Note that flix =iy f.)

Proposition 4.7.2. If f,g: X =Y are simplicially homotopic maps (§3.7) of simplicial
sets, then the geometric realizations |fl,|g| : |X| = |Y| are homotopic maps of topological
spaces in the usual sense. Similarly, if r :' Y — X is a deformation retract of f: X — Y
in the “simplicial” sense of §3.7, then |r| is a deformation retract of |f| in the usual
topological sense.

Proof. The geometric realization of the simplicial set I = A[1] is the standard topological
lI-simples A{ (i.e. the usual closed interval I from topology). Similarly, the geometric
realizations of the maps i, : A[0] — A[l] (e = 0,1) are the usual inclusions of the endpoints
of the interval I. According to Proposition 4.7.1, we can view a simplicial homotopy from
f to g as a map of simplicial sets H : X x I — Y with Hig = f, Hi; = g. Since I = A[l]
is a finite simplicial set, Corollary 4.3.9 says that the geometric realization of H can be
viewed as a map of spaces |H| : | X| x I — |Y| (where I = |A[1]] is the usual topological
interval) with |Hig| = |H||io| = |f|, |Hi1| = |H]||i1| = |g|, which is a homotopy from f to
g in the usual sense. The statement about deformation retracts is obtained similarly by
considering the geometric realization of (4.7.1). O

Lemma 4.7.3. The retract r : A[l] — A[0] is a deformation retract of both inclusions
’io,il : A[O] — A[l]

Proof. On symmetry grounds, it will be enough to treat the case of i;. We already have
rip = Id, so it remains only to produce a strict homotopy H : A[l] x A[1l] — A[l] from
the identity of A[1] to the map 17 : A[1] — A[1l]. An n simplex of A[1] x A[1] is a pair of



SIMPLICIAL METHODS IN ALGEBRA AND ALGEBRAIC GEOMETRY 53

A morphisms o, 7 : [n] — [1], while an n simplex of A[1] is just a A morphism [n] — [1].
Observe that

is a map of ordered sets, so
(o,7) — h(o x T)
defines a map

(A >x Alt)n — All]n

which is clearly contravariantly functorial in n for A morphisms, hence we can view this
as a map of simplicial sets H as above. From the fact that h|[1] x {0} : [1] — [1] is
the identity, and h|[1] x {1} : [1] — [1] is the constant function 1, we see that H is as
desired. 0

Lemma 4.7.4. For any simplicial set Y, the evaluation maps ey, e1 : Y — Y are both
deformation retracts of the constant path map iy : Y — Y.

Proof. We can view the deformation retract of ig constructed in the previous lemma as a
commutative diagram of simplicial sets

{0} x T — {0}

R

IxI—2 o7

with Hig = igr and Hi; = Id, as in (4.7.1). If we apply the contravariant functor Y -
to this diagram and note that Y%/ = (Y1)! the resulting diagram is of the form (4.7.2)
with K := YH gsatisfying eg K = iyeg and e; K = Id. O

We would like to establish analogs of the topological results of §77 for simplicial sets.
The argument used in the proof of Lemma 2.3.1 does not carry over verbatim to simplicial
sets: the analogous inclusion J < A[l] x A[l] does not have a retract. However, the
analogous result will hold in simplicial sets under the additional assumption that X is
fibrant (§4.4):

Lemma 4.7.5. If X is a fibrant simplicial set, then the product of the evaluation maps
eo X e1: XT — X x X is a fibration of simplicial sets (§4.4).

Proof. The map X! — X x X in question is the one induced by the inclusion of the
boundary i : {0,1} < I. The lemma is then a special case of [Hov, 3.3.1] where p is the
map from X to the terminal object. The result we want is not hard to prove directly using
basic facts about the model category of simplicial sets from §4.4. Consider an injective
map of simplicial sets K < L whose geometric realization |K| < |L| is a weak equivalence
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of topological spaces (so K < L is an arbitrary trivial cofibration of simplicial sets) and
a commutative diagram

K% . x/!

Lt XxxX
of simplicial sets. We must show that there is a lift [ as indicated. By the adjointness
(4.6.1), the map a can be viewed as a map a : K x I — X and the map b can be viewed as
amap L x {0,1} — X and the commutativity of the solid square can be viewed as saying
that a and b agree on K x {0,1}. Let W be the union of K x I and L x {0,1} inside of
L x I, so we have a pushout diagram

K x{0,1} — L x {0,1}

l i

KxI w

of simplicial sets, an inclusion j : W — L x I, and a map f = (a,b) : W — X. Since
weak equivalences of simplicial sets are closed under products,* the top horizontal arrow
is a weak equivalence. Since the left vertical arrow is a cofibration (i.e. is injective) and
sSets is left proper (Theorem 4.4.3), the bottom horizontal arrow is a weak equivalence.
The map j is hence a trivial cofibration because it is injective and is a weak equivalence
by 2-out-of-3. Using the adjointness (4.6.1) we see that a lift [ in the original diagram is
the same thing as a lift in the diagram below.

=(a,b
W f=(a,b) X

LxIT

Such a lift exists because X is fibrant and j is a trivial cofibration. O

Lemma 4.7.6. Suppose f : X — Y is an arbitrary map between fibrant simplicial sets.
Let iy : Y — Y denote the constant path and eg,e1 : Y — Y the evaluations. Then we
have a commutative diagram

Idx,i
X ( XZYf) X><§/9YI

}\/ﬁ
Y

where (Idx, iy f) is a homotopy equivalence and ey is a fibration.

Proof. Argue exactly as in the proof of the topological analog Lemma 2.3.2, replacing the
use of Lemma 2.3.1 there with the use of Lemma 4.7.5 (this is where we need Y fibrant).
Note that iy : Y — YT is a homotopy equivalence by Lemma 4.7.4. One uses the fact
that X is fibrant to know that the projection ps : X X Y — Y is a fibration. O

4This follow from the following facts: 1) geometric realization (to K) preserves products (Lemma 4.3.5)
and 2) a product of weak equivalences in Top is a weak equivalence between formation of homotopy groups
commutes with products.
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4.8. Whitehead’s Theorem. There are various results in algebraic topology that go by
the name “Whitehead’s Theorem.” In this section, we recall some of these results.

Theorem 4.8.1. (Whitehead) Any trivial cofibration between between fibrant simplicial
sets admits a deformation retract. Any weak equivalence between fibrant simplicial sets is
a homotopy equivalence.

Proof. For the first statement: Suppose j : X — Z is a trivial cofibration and X and Z
are fibrant. By Lemma 4.7.6 the map ejmy in the diagram

s
x 4D X x% 71

jl (T’H) -7 l(ﬂﬂ?

7= P

is a fibration, so we can lift as indicated. As discussed above, this (r, H) can be viewed
as the desired deformation retract, with rj = Idx and the abusively denoted map H :
Z x I — Z corresponding to H under the adjunction (2.3.1) providing the homotopy
between jr and the identity of Z.

For the second statement: Suppose f : X — Y is a weak equivalence of fibrant simplicial
sets. Factor f as a trivial cofibration j : X — Z followed by a fibration p: Z — Y. Note
that p is in fact a trivial fibration, by 2-out-of-3 for weak equivalences. Notice also that Z
is fibrant since Y is fibrant and fibrations are closed under composition. Since Y (like any
simplicial set) is cofibrant, we can find a section s : Y — Z of p by lifting in the diagram
below.

) —Z
7

l S J{p

Y ——Y

The section s is a trivial cofibration (it is injective since it has a retract p and it is a weak
equivalence by 2-out-of-3) so we can lift as indicated in the diagram

(izs)

Y A

SJ/ J l(eo,el)
7 ~(Id,sp)

A

because (e, e1) is a fibration by Lemma 4.7.5 since Z is fibrant. Note that the solid square
commutes since

(eo,€e1)izs = (s,8)
= (s, sps)
= (Id, sp)s.
This lift J can be viewed as a homotopy between sp and the identity of Z.
To finish the proof of the second statement, we combine the result of the first statement
with what we did immediately above. The homotopy p * H % s provides a homotopy
between pjrs = frs and Idy = ps. The homotopy 7 * J * j provides a homotopy between

rspj = rsf and Idx = rj. We conclude that f is a homotopy equivalence with homotopy
inverse rs : Y — X. O
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Remark 4.8.2. The most general variant of “Whitehead’s Theorem” is perhaps the state-
ment that, in any model category, a map between fibrant and cofibrant objects is a weak
equivalence iff it is a “homotopy equivalence” in the sense of the abstract homotopy theory
of model categories ([Hov, 1.2.8] or [Hir, 7.5.10]). In any given model category one can
usually unravel the abstract homotopy equivalence notion into something recognizable by
the “man on the street” (ha!) who has no knowledge of model categories. I prefer to give
the unravelled result in these notes whenever possible.

Theorem 4.8.3. (Whitehead) If f : X — Y is a trivial cofibration of simplicial sets,
then |f] : |X| — |Y| admits a deformation retract. If f : X —'Y is any weak equivalence
of simplicial sets then |f|:|X]| — |Y| is a homotopy equivalence of topological spaces.

Proof. Since | X| and |Y| are CW complexes by Lemma 4.3.2, this follows by applying the
“usual formulation” (c.f. [Hat, 4.5]) of Whitehead’s theorem to each connected component
of | X| (the connected componenents of |X| are bijective with those of |Y| via the weak
equivalence |f]). O

Corollary 4.8.4. Suppose f : X — Y is a weak equivalence of simplicial sets. Then
the induced map of degree-wise free simplicial abelian groups ®x7Z — ®yZ is a weak
equivalence of simplicial abelian groups.

Proof. By construction of simplicial homology, the homology of the chain complex C(® xZ)
of free abelian groups computes the simplicial homology of |X|. (Depending on your
particular definition of singular homology, this might be more easily recognizable as the
homology of the normalized chain complex N(@®xZ).) By the basic relationship between
simplicial and singular homology (c.f. [Hat, 2.1]), this simplicial homology coincides with
singular homology, which is homotopy invariant [Hat, 2.10]. Since |f| is a homotopy
equivalence by Theorem 4.8.3, the map |f| induces isomorphisms on singular homology
groups, hence the maps of simplicial homology groups must also be isomorphisms, whence
the result. O

4.9. Quillen’s Theorem. Quillen’s theorem on simplicial sets and topological spaces
says that the model categories of simplicial sets (§4.4) and topological spaces (§2) are
very closely related via the singular simplex functor Sing in (4.3.1) and the geometric
realization functor | _ | in (4.3.2).

We first mention an easy result on the singular simplex and geometric realization con-
structions of §4.3:

Lemma 4.9.1. Let C be a category with all direct limits, Z € csC, X% : C — sSets the
singular simplex functor, | _ |z : sSets — C its left adjoint geometric realization functor
(Proposition 4.3.1). Suppose that for eachn > 0 and each k € [n], the geometric realization

linlz © |A*[n]lz — |A[n]lz

of the inclusion of the k-horn has a retract in C. (This is the case for the standard
topological geometric realization.) Then the singular simplex X% € sSets is fibrant for
every X € C.

Proof. For the parenthetical remark: The standard topological geometric realization of i¥
is the inclusion of all but one of the codimension one faces of the standard simplex A.
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This map clearly admits a retract, even a deformation retract. For the main statement of
the lemma: By adjointness, a lift in the diagram of simplicial sets

Ak[n] — > X7

is the same thing as a lift in the C-diagram

[A*[n]l; —= X

Zﬁzl

|Aln]|z
which can certainly be found if |i%|; has a retract. O
Theorem 4.9.2. (Quillen) The singular simplex functor
Sing : Top — sSets
and its left adjoint, the geometric realization functor
| - |:sSets — Top
satisfy the following properties:

(1) A map f in sSets is a weak equivalence iff |f| is a weak equivalence in Top.

(2) | - | takes cofibrations to cofibrations and trivial cofibrations to trivial cofibrations.
That is: | _ | is a left Quillen functor.

(8) Sing takes fibrations to fibrations and trivial fibrations to trivial fibrations. That
1s: Sing is a right Quillen functor.

(4) For a fibrant simplicial set X, and a base point 1 € X, the homotopy sets (X, 1)
of Definition 4.5.2 are naturally isomorphic to the homotopy sets of | X| with the
corresponding base point.

(5) For any X € Top, Sing X € sSets is fibrant and for any © € X, the usual
homotopy set m,(X, ) is naturally bijective with m,(Sing X, x), the latter defined
by Definition 4.5.2.

(6) If f is a fibration in sSets, then |f| is a fibration in Top.

(7) A map f in Top is a weak equivalence iff Sing f is a weak equivalence in sSets.

(8) For any simplicial set X, the adjunction morphism X — Sing | X| is a weak equiv-
alence of simplicial sets.

(9) For any topological space Y, the adjunction morphism |SingY| — Y is a weak
equivalence in Top.

(10) The functors
Ho Sing : Ho Top — HosSets
Ho| _|: HosSets — Ho Top
yield an equivalence of homotopy categories Ho Top = Ho sSets.
(11) For every X € sSets and every Y € Top, a map |X| — Y in Top is a weak

equivalence iff the adjoint map X — SingY is a weak equivalence of simplicial
sets.
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Proof. (1) holds by definition of a weak equivalence of simplicial sets (Definition 4.4.1).

For (2), the only issue, in light of (1), is to show that | _ | takes cofibrations to cofibra-
tions. Recall (Theorem 4.4.2, Lemma 1.5.9) that the cofibrations in sSets are the smallest
saturated class of sSets morphisms containing the set

I = {0A[n] — A[n] : n € N}.

Since the left adjoint | _ | preserves direct limits and the cofibrations in Top are a saturated
class of maps (as is the case in any model category by Proposition 1.5.6), it suffices to
note that

|0A[n] — Aln]| = |S" ! — D"
is a cofibration in Top (c.f. Theorem 2.1.2).
(3) follows formally from (2) by adjointness and the characterization of fibrations (resp.
trivial fibrations) as maps with the RLP w.r.t. trivial cofibrations (resp. cofibrations).
(4) is [Hov, 3.6.3].

(5) We established fibrancy of Sing X in Lemma 4.9.1. The other part is just a matter
of staring at the definition of m, (Sing X, 1) until you agree that it coincides with whatever
you think is the “usual definition” of homotopy sets. (In a sense there is really nothing to
prove since we can take this as the “usual definition.”) First note that

(Sing X )p = HomTop(Ag,X)
= X7

so the chosen basepoint x € X is the same thing as a choice of base point 1 for Sing X. An
element of Z,,(Sing X)) is the same thing as an element f € (Sing X),, with all boundaries
equal to 1, which is the same thing as a map of topological spaces f : AP — X contracting
the boundary of AP to the basepoint z. The equivalence relation ~ on Z,(Sing X) is
given by declaring fsin f’ iff there is a map g : A:’fl — X which contracts all but the
last two codimension one facts to z and is given on these last two faces by f and f’. This
should clearly be equivalent to any other definition of homotopy sets.

(6) is [Hov, 3.6.2]. This fact won’t be necessary to establish the other parts of Quillen’s
theorem, though it is an important result originally due to Quillen. Hovey proves this en
route to proving that sSets is a model category.

(7) By (5) and the definition of a weak equivalence in Top, f : X — Y is a weak
equivalence in Top iff

(4.9.1) 7 (Sing f) : m,(Sing X) — 7, (Sing Y)

is bijective for all n (and all choices of basepoint when n > 0). But Sing X and Sing Y are
fibrant, so the map (4.9.1) is naturally identified, via (4), with the map

(4.9.2) 7 (| Sing f|) : mp(] Sing X|) — (| Sing Y1)

whose isomorphy (for all basepoints when n > 0) is, by definition, equivalent to Sing f
being a weak equivalence in sSets.

For (8), we need to show that
T (1X) = (] Sing [ X))
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is bijective (for all choices of basepoint when n > 0). But the LHS is naturally bijective
with 7, (Sing | X|) by (5) and the RHS is naturally bijective with 7, (Sing | X|) by (4), since
Sing | X| is fibrant.

(9) is similar to (8)

For (10), first note that the functors Sing and | _ | are well-defined on the homotopy
categories since they preserve weak equivalences by (1) and (7). The fact that the resulting
functors are equivalences is immediate from (8) and (9), since the adjunctions become
isomorphisms in the homotopy categories.

(11) is a formal consequence of (10).

O

Corollary 4.9.3. A map f: X =Y of fibrant simplicial sets is a weak equivalence iff
Wn(f) : 71'n(){) - ﬂn(Y)

is an isomorphism for all n (and all basepoints when n > 0).

Proof. Use (4) and the definition of weak equivalence of simplicial sets. O

Remark 4.9.4. Hovey replaces Top with K in his version of this statement [Hov, 3.6.7],
but his proof makes perfect sense for arbitrary spaces, as far as I can tell. (He does a much
better job of actually keeping track of how various isomorphisms are given rather than
just mumbling “A is naturally identified with B” as I did.) Also, if you want to reconcile
his “Quillen equivalence” statement with the statement above, you will want to keep track
of the fact that this particular Quillen equivalence is much nicer than a typical Quillen
equivalence, in that the functors involved both already reflect arbitrary weak equivalences.
In fact, Hovey makes an implicit use of this fact in establishing his Quillen equivalence
via the criterion of [Hov, 1.3.16(b)]: instead of checking that FQUY — Y is a weak
equivalence (as he should in that criterion), he actually checks that FUY — Y (i.e. the
map |Sing Y| — Y for a space Y) is a weak equivalence. The two statements are equivalent
because FQUY — Y factors as FQUY — FUY — Y and the first map is F' applied to
the trivial fibration QU X — UX, which is part of the “cofibrant replacement of UX”
(the functorial factorization of the map from the initial object ) to UX as a cofibration
) — QUX followed by a trivial fibration QUX — UX) and we already know F' will take
the weak equivalence QUX — UX to a weak equivalence FQUX — FUX (this is all
trivial because F' is the geometric realization functor, so it takes weak equivalences to
weak equivalences by definition).

Also note that there is a typo in [Hov, 1.3.13(b)] (the FQX should be FUX) and a
confusing double usage of R in [Hov, 1.3.6.2] both for the “right-derived” and the “fibrant
replacement,” so in a sense he defines RU := U R, where the R’s on the two sides have the
two different meanings.
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5. THE ABELIAN SETTING

Here we briefly review the theory of simplicial objects in an abelian category A. The
basic theorem of Dold-Kan-Puppe (Theorem 5.3.1) asserts that there is an equivalence of
categories

N:sA — ChzoA

between simplicial objects in A and the category of chain complexes in A supported in
non-negative degrees. Furthermore, if A is the category modules over a ring (or any other
abelian category with a reasonable notion of underlying sets), then the equivalence N
identifies the homotopy groups of the simplicial set | M| underlying a simplicial module M
with the homology of the corresponding complex (§5.4):

(| M) = Hp(N(M)).

Furthermore, the equivalence N takes homotopies in the sense of chain complexes to homo-
topies of simplicial objects in the sense of §3.7. The upshot is that the theory of simplicial
objects in an abelian category A is essentially the same as the theory of chain complexes
in A supported in non-negative degrees.

5.1. Associated chain complexes. Given an A € sA and an n € N, we define a chain
complex C(A) € Ch>o(A) by setting C(A),, := A,, with boundary map

dp : C(A)y, = C(A)p—1
defined by

d, = Z(fl)idf; c A, — A, 1.
i=0
Lemma 5.1.1. d,,_1d, =0

Proof. Fix 4,j with 0 < i < j < n. Let 9 : [n — 2] < [n] be the unique monic A
morphism whose image contains neither i nor j. Then d can be factored as 0 = 970!

or as 0 = 87282:11 (Lemma 3.1.1). In the formal sum d,,_1d,, of maps from A, — A, _o,
the map A(Q) appears once for each of these two factorizations, with opposite signs. [

The complex C(A) is called unnormalized chain complex associated to A. We define a
subcomplex N(A) C C(A) called the normalized chain complex (c.f. [DP, 3.1]) by setting

Nn(A) := () Ker(d}, : Ay — Ap_1).
i=1
(Note that the intersection is over the kernels of all but the zeroth boundary map d2 :
A, — A,_1.) By convention, Ng(A) := Ag. It is easy to check that d,|N,(A) = d° takes
N, (A) into N,,—1(A), so that N(A) C C(A) is a subcomplex. Formation of C(A) and N(A)
is clearly functorial in A, so we have functors
C:sA — ChzoA

N:sA — ChzoA.
We can compose either of these with the homology functors
Hn : ChzoA — A
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to define functors abusively denoted
H,:sA — A.

As the notation suggests, it does not matter which chain complex we use to compute the
homology:

Lemma 5.1.2. The inclusion i : N(A) < C(A) admits a retract p : C(A) — N(A) such
that ip is homotopic to the identity. In particular, i is a homotopy equivalence and hence

Hn(N(A4)) = H,(C(A))
for all n.
Proof. 1t is easiest to see this if we pass from C(A) to N(A) “one step at a time” instead

of “all at once.” To do this, we define a decreasing filtration

- CN?(4) © N'(4) € N°(4) = C(A)

by setting
min(k,n)
N*(A), = [ Ker(dpt'™F: A, — Ay 1)
i=1
so that
NO(A), := A,
K mn
NI(A), = erdy, n>0
A(], n=>0
(Kerd?) N (Kerd?!), n>1
N?(A), = { Kerd!, n=1
Ao, n = 0,

and so forth. It is easy to see that this is a filtration by subcomplexes, finite in each
degree, and that NEN*(A) = N(A).

Consider the map p) := (Id—s""1d?) : A, — A,. (We adopt the convention that
st = 0 when i < 0.) Using the simplicial identities from Lemma 3.2.2 one sees that p;
takes values in N*(A) and in fact defines a map of chain complexes N°(A4) — N!(A) which
clearly retracts the inclusion N'(A) < N°(A). Define a homotopy operator H! on N°(A)
by setting

H! .= (=D)"sh Ay — Apta.

n
Using the simplicial identities
—1 3 .
g - sp_1dy, i< n

nlon Id, i=n,n+1
we see that

dyp1 Hy + Hy_ydy = =537,

= p1 — Id,
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so the homotopy H' shows that the inclusion N'(A) € N°(A) is a homotopy equivalence
with homotopy inverse p;. Similarly, one sees that the map

p2 = (Id —s""2d"" 1) : N'(A), — A,

in fact defines a chain complex map ps : N'(A) — N2(A) retracting the inclusion N?(A4) —
N'(A). Furthermore, the homotopy operator H? on N'(A) defined by

H? = (—1)" 1771 NY(A),, — NY(A)pay

satisfies

dp1Hyy + Hyy_ydy = pa — 1d,
so N2(A) C N(A) is a homotopy equivalence. Continuing in this manner, we see that
i : N(A) C C(A) is a homotopy equivalence with homotopy inverse p : C(A) — N(A)
defined by

pn = (Id =82 db) - (Id —s" 32 1) (Id —s"1d2) : A, — N(A)p.
O

Example 5.1.3. For example, consider the constant simplicial object (Example 3.2.1)
A € sA associated to an object A € A. Then C(A), = A for every n € N, and C(4)
has boundary map C(A),, — C(A),—1 given by the alternating sum of n + 1 copies of the
identity of A, which is zero when n is odd and the indentity of A when n is even, so

CA) =[—A—>A-A4—>A4-"54],

which clearly has homology

A n=0
0, n>0.

On the other hand, N(A) is just the subcomplex of C(A) consisting solely of the A in
degree zero—this obviously has the same homology as C(A) and it is not particularly hard
in this example to see that N(A) < C(A4) is a homotopy equivalence.

Remark 5.1.4. Some authors (e.g. [Wei, 8.3.6]) define the normalized chain complex® by

n—1
N(A), = (| Ker(dl, : An — Ap_y).
=0

The homology of this complex is the same as the homology of the normalized complex as
we have defined it here. For one thing, trivial modifications of the proof of Lemma 5.1.2
show that this version of the normalized complex is also homotopy equivalent to C(A).
Alternatively, one can use the “front-to-back” duality in [Wei, 8.2.10].

SWeibel also calls the normalized chain complex the Moore compler whereas Goerss and Jardine [GJ] call
the unnormalized chain complex the Moore complex.
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5.2. Degenerate subcomplex. For A € sA, the degenerate subcomplex D(A) of the
unnormalized chain complex C(A) is defined by

D(A)y == > Tm(A(0) : Ay — Ay),
o:[n]—[m]
where the (non-direct!) sum is over surjective A-morphisms o : [n] — [m] with n > m.
Since all such A morphisms factor though one of the A-morphisms ¢?,_; : [n] — [n — 1]
(Lemma 3.1.1) whose images under A are the degeneracies sz—l : A1 — A, we could
alternatively define the degenerate subcomplex by

n—1
D(A), = Zlm(s;_l A1 — Ap).
=0

To see that D(A) is a subcomplex (i.e. to see that dD(A),, C D(A),—1), it suffices to prove
that, for any fixed j € [n — 1],

(i(—l)idi) (Ims7,) € D(A)y-1.

i=0
This follows immediately from the simplicial relations of Lemma 3.2.2—the terms in the
sum with ¢ = j and ¢ = j + 1 cancel out and the others are degeneracies.

Lemma 5.2.1. The unnormalized complex C(A) splits naturally as a direct sum of the
normalized chain complex N(A) and the degenerate subcomplex D(A).

Proof. ® First we show that D(A) N N(A) = 0. The key is to make use of the map
p=(1d—=sh_ydy) - (Id—sp~dy ) (Id —sp77dyy) = Ay — Ay
of Lemma 5.1.2. It is clear that p is the identity on N(A),, so it suffices to show

that D(A), C Kerp. From the simplicial relations concerning d7s’_; and s"”1s’ ,

(Lemma 3.2.2) we see that the image of any s, under the map p; = (Id—s""1d?)
is again in the image of s!,_; and we see that the image of sz:i is in the kernel of p;.
Using this, and the simplicial identities concerning d?"~'s! | and s""%s! _, we then see

that the image of any s’ _; under the map
p2 = (ld—s;Z3dy ")

is again in the image of s’ ; and the images of both st and st are in the kernel of
p2. Continuing in this manner we find that the image of any s?,_; is in the kernel of p.

Next we show that D(A) + N(A) = C(A). This is already clear from the fact that p
takes values in N(A),, as we saw in Lemma 5.1.2 because it is clear from the formula for p
that p is equal to the identity modulo morphisms factoring through one of the s: O

n—1°

The proof shows that the projection C(A) — N(A) corresponding to the splitting of
Lemma 5.2.1 coincides with the map p of Lemma 5.1.2.

Proposition 5.2.2. The degenerate subcomplex D(A) is contractible.
Proof. [DP, 3.22] O

6Weibel’s proof of this in [Wei, 8.3.7] seems to be wrong. ‘Besides the typo with the subscripted j (should
be an 4), the third sentence contains the false assertion dyy = ;.
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5.3. Dold-Kan-Puppe. In this section we will prove that the normalized chain complex
functor N of §5.1 is an equivalence of categories. We begin by defining the inverse functor

K: ChzoA — sA
KB)n:= &5 B,
o:[n]—[k]

where the direct sum is over all surjective A morphisms o : [n] — [k]. For such a o, we
let @ : By — K(B),, denote the structure map to the direct sum. The degeneracy map

K(B)(7) : K(B)ym — K(B),
associated to a surjective A morphism 7 : [n] — [m] is defined tautologically by requiring

(B)(7)

K(B)m = K(B)»

g

By,
to commute for each surjective A morphism o : [m] — [k]. The boundary map
d: :K(B), — K(B)n_1

associated to the A morphism ), : [n — 1] — [n] is defined as follows: For any surjective
A morphism o : [n] — [k], if the composition 0], is also surjective, then we require

di,o = 00;,. Otherwise, we can write 08}, = ;7 (uniquely) for a surjective A morphism
7:[n—1] = [k — 1] and an injective A morphism &Y : [k — 1] — [k]. In this case we let
dio be the boundary map By — By followed by 7 : By_1 — K(B)p—1 if j = 0, and we
let dio :=0if 7 > 0.

Theorem 5.3.1. The functor N : sA — Chx(A) is an equivalence of categories with
inverse K.

Proof. See [DP, 3.6] or [Wei, 8.4.1]. O

Lemma 5.3.2. The functor N takes simplicial homotopies to homotopies of chain com-
plexes and the functor K takes homotopies of chain complezes to simplicial homotopies.

Proof. This is a straightforward exercise with the definitions and the formulas for N and
K. See [Wei, 8.3.13], for example. O

5.4. Homology and homotopy. We now fix a ring A and specialize to the case where
our abelian category A = Mod(A) is the category of A modules. Then we can pass to
underlying sets to define a functor

|| : Mod(A) — Sets,
and hence also a functor
|| : sMod(A) — sSets.

Lemma 5.4.1. For any M € sMod(A) we have m,(|M|) = H, (M) for any base point of
|M].
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Proof. First note that M has a simplicial abelian group structure, so |M]| is a fibrant
simplicial set (Corollary 5.6.6) and it makes sense to speak of the simplicial homotopy
sets of |M|. Next we claim, quite generally, that the homotopy sets of a simplicial set
|G| underlying any simplicial group G have no dependence on the choice of basepoint
(84.5). The point is that for any choice of basepoint 1 (i.e. for any choice of an element
go € Gyp), multiplication by g, L and its degeneracies yields an isomorphism of simplicial
sets |G| — |G| taking the base point gy to the basepoint 1 € Gy. That is, we have an
isomorphism (|G|, go) = (|G|, 1) of based simplicial sets and hence an isomorphism of the
corresponding homotopy groups. Now we compute the homotopy sets of |M| using the
basepoint 0 € M, (whose degeneracies are just the zeros of the other M,,). It is clear that
the subset Z,(|M|) defined in §4.5 is nothing but

{m e M, :d' (m)=0fori=0,...,n},

which is nothing but the group of cycles Z,,(N(M)) in the normalized chain complex N(M ).
We will denote this subset of M, by Z,,(M) in the rest of the proof.

It remains only to prove that the equivalence relation ~ on Z, (M) defined in §4.5 is
equivalent to the relation of “differing by a coboundary” used to define homology as a
quotient of Z,,(M). For z,y € Z,,(M), if x ~ y then there is z € M,,+1 with

0, +=0,...,n—1
dy1z=14x, i=n
Yy, 1 =n-+1.

Using the simplicial relations

g sPTidh, i=0,...,n—1
Lo 1d, i=n,n+1

(Lemma 3.2.2), we then see that 2’ := sz — z satisfies

; 0 1=0,....n
dz Z/: ) ) ’
ntl {x—y, 1=n+1,

hence 2z’ is an element of N(M),41 (in its “front-to-back” incarnation as in Remark 5.1.4)
whose coboundary therein is z — y (up to a sign). This process can clearly be reversed to
go from 2’ to z so that differing by a coboundary implies ~ equivalence. O

5.5. Model structure on connective complexes. Throughout this section we let A
be an abelian category with functorial projective resolutions: i.e. for each object A € A,
there is a projective object P4 of A and a surjection P4 — A, which is functorial in A in
the evident sense (any A-morphism A — B lifts functorially to an A-morphism P4 — Pp
making the obvious square commute). For example, if A = Mod(R) for a ring R, one
obtains such a functorial projective resolution by letting P4 be the free R-module on the
underlying set of A.

In practice, most abelian categories “encountered in nature” with enough projectives
will have functorial projective resolutions because Grothendieck’s general criterion [T,
1.10.1] for the existence of enough projectives in a nice abelian category also yields the
existence of functorial projective resolutions.
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We will now discuss the projective model structure on the category ChxoA of non-
negatively graded (aka connective) chain complexes in A.

Definition 5.5.1. A morphism h: B — C' in Ch>pA is called a ...

. weak equivalence (quasi-isomorphism) iff H,,(h) is an isomorphism for all n € N.
. fibration iff h, : B, — C, is surjective for all n > 0.

. cofibration iff h, : B, — C}, is injective with projective cokernel for all n € N.

. trivial fibration iff it is both a fibration and a weak equivalence.

. trivial cofibration iff it is both a cofibration and a weak equivalence.

An object A of Chx(A is called cofibrant (resp. acyclic) iff 0 — A is a cofibration (resp.
a weak equivalence—i.e. H,(A) = 0 for all n € N).

Theorem 5.5.2. Suppose A is an abelian category with functorial projective resolutions.
Then ChxoA is a model category with the weak equivalences, fibrations, and cofibrations
in Definition 5.5.1.

Proof. The details will occupy the remainder of the section. It is obvious that weak
equivalences satisfy 2-out-of-3. It is also easy to see that weak equivalences, fibrations,
and cofibrations are closed under retracts (exercise). We will establish the necessary lifting
properties in Lemmas 5.5.6 and 5.5.11 and the factorizations in Theorem 5.5.8. U

Remark 5.5.3. If, in the definition of model category, one drops the requirement that the
factorizations be functorial, then the above theorem continues to hold under the weaker
assumption of the existence of projective resolutions which are not necessarily functorial.
For example, we can take A to be the category ADb'® of finitely generated abelian groups.

Definition 5.5.4. For A € A and n € N, we let D"(A) € Ch>9A denote the complex
which is A in degrees n and n — 1, zero in other degrees, and with boundary map in
degree n given by the identity A — A. To be clear, our convention is that D°(A) is the
complex which is A in degree zero and zero in all other degrees. The complex D™(A) is
called the n-dimensional disk on A. Similarly, we let S"(A) denote the complex—called
the n-dimensional sphere on A—which is A in degree n and zero in all other degrees. The
convention S~!(A) = 0 is convenient.

Notice that, for n > 0, D™(A) is acyclic for any A. We have a natural bijection
(5.5.1) Homcn,,a(D"(A), B) = Homa (A, By)

(given by f +— f,) expressing the fact that the n-disk functor D" is left adjoint to the
“degree n” functor B — B,. We also have a natural bijection

(5.5.2) HomChZOA(S”(A),B) = Homa (4, Z,(B)),

where Z,,(B) = Ker(d,, : B, — Bp—1) denotes the object of n-dimensional cycles in the
complex B. For each n € N, we have a natural map of chain complexes S"~!(A) — D"(A)
given by the identity in degree n — 1 and zero in other degrees.

We will often be interested in the case where A = Mod(R) for aring R. The case R = Z
is of particular interest, for then Ch>¢gA = Ch>oAb is the category of non-negatively
graded chain complexes of abelian groups. We set D" := D"(R) and S™ := S™(R). The
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bijections (5.5.1) and (5.5.2) specialize to

(5.5.3) Homep  Mod(R) (D",B) = B,

(5.5.4) Homen, oMod(r) (5™ B) = Zy(B),

(given by f +— fn(1)) for each B € Ch>Mod(R) and each n € N.

Lemma 5.5.5. For a map h: B — C in ChxoA, the following are equivalent:

(1) h is a trivial fibration (Definition 5.5.1).

(2) The map hy, : By, — C,, is surjective for everyn € N and h is a quasi-isomorphism.

(8) The map (d,hy) : By — Zn—1(B) Xz, _, () Cn is surjective for every n € N. (When
n =0, this map is just the map ho : By — Cy.)

When A = Mod(R) for a ring R, these conditions are equivalent to:
(4) The map h has the RLP with respect to the maps S"~1 < D" for every n € N.

Proof. (2) implies (1) is trivial. For the converse, consider some ¢ € Cy = Zo(C'). Since
Hy(h) is surjective, thereis a b € By and a ¢’ € Cy with ¢ = hob+dc’. Since h; is surjective,
¢ = hyl/ for some V' € B and then we see that ¢ = ho(b+ db').

We will give an “element theoretic” proof of the remaining implications; the reader can
translate it into a more abstract argument if desired.

For (2) implies (3), consider some
(by¢) € Zp—1(B) Xz,_,(c) Cn,
so hp_1b = de. Since h,, is surjective, there is a ¥ € B, such that h,b’ = c¢. Then
db' —b e Z,_1(B) (because b € Z,_1(B)) and we have
hp—1(db —b) = dhpb’ — hy_1b
= dc — dc
= 0.
Since h is a surjective quasi-isomorphism, the complex Ker h is acyclic so there is some
b" € Ker h,, C B, with db” = db’ —b. The image of b’ — b" under the map in (3) is (b, ¢).

For (3) implies (2), first argue that each map Z,,(B) — Z,(C) is surjective by consider-
ing, for ¢ € Z,(C), the element (0,¢) € Z,_1(B) Xz, ,(¢) Cn and using surjectivity of the
map in (3). Once it is known that the maps Z,,(B) — Z,(C) are surjective, surjectivity of
B, — C,, is immediate from surjectivity of the maps in (3). Since each Z,(B) — Z,(C)
is surjective, so is each H,(h), so it remains only to prove the injectivity of the maps
H,_1(h). To see this, suppose b € Z,,_1(B) has h,—1(b) = dc for some ¢ € C,. Then
(b,c) € Zn—1(B) Xz,_,(c) Cn and surjecitivity of the map in (3) says that b is a boundary
in B.

For the equivalence of (3) and (4), use the natural bijections (5.5.3) and (5.5.4) to see
that a solid commutative diagram

Snfl — - B

D — s (C
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in Ch>oMod(R) is the same thing as an element of Z,,_1(B) Xz, ,(c) Cn, and a lift as
indicated is a preimage of this element under the map in (3). O

Lemma 5.5.6. Cofibrations in Ch>oA have the LLP w.r.t. trivial fibrations.

Proof. Consider a commutative diagram

(5.5.5) A-t.B

where h is a trivial fibration and 7 is a cofibration. We must construct the lift [ as indicated.
We do this inductively. Assume we have constructed maps I : P, — By for k < n which
are compatible with the boundary maps and make the diagrams

(5.5.6) AL By

[ ]

Py ——=Ck

commute. We can certainly get started since our complexes are supported in non-negative
degrees, so we need only construct a map I, : P, — B, compatible with the boundary
maps and making

(5.5.7) A, B,

T

commute. Since ¢ is a cofibration, we can find a projective subobject F C P, so that the
inclusion i, : A, — P, induces a splitting P, = A,, ® F. We already have a unique way
(namely f,) of defining [,, on the summand A,, compatibly with the boundary maps, so we
need only produce an A-morphism [ : F — B,, so that the following diagram commutes:

an
(5.5.8) gl .p "¢
dl ld id
lnfl hnfl

The issue is only to make the left square and upper triangle commute; in particular, the
“big square” already commutes and a moment’s thought shows that finding such an [ is
equivalent to producing a lift in the following A-diagram:

E dl"*l yIn
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This can be done because E is projective and the vertical arrow is surjective since h is a
trivial fibration (Lemma 5.5.5). O

Lemma 5.5.7. For any B € ChxoA, there is a map q : E — B (functorial in B) where:

(1) The complex E is acyclic.
(2) E, € A is projective for all n € N.
(8) Gn : En — By, is surjective for all n > 0 (i.e. q is a fibration).

Proof. For each n > 0 choose (functorially in B) a surjection p, : P, — B, with P,
projective. This surjection corresponds, via the adjunction (5.5.1), to a Ch>¢A-morphism
D"(p,) : D"(P,) — B given by p, (hence surjective) in degree n. The sum over n > 0 of
the D" (p,,) will do the job since each D"(FP,) with n > 0 is acyclic. O

Theorem 5.5.8. Suppose A is an abelian category with functorial projective resolutions.
Then each morphism f: A — B in Ch>oA admits two functorial factorizations:

(1) f =ip where i is a trivial cofibration and p is a fibration.
(2) f =ip where i is a cofibration and p is a trivial fibration.

Proof. For the first factorization, pick ¢ : E — B as in Lemma 5.5.7 and factor f as the
inclusion i : A — A@F followed by p = (f,q) : A©OFE — B. The map i a trivial cofibration
because each E, is projective and the complex E is acyclic. The maps p,, are surjective
when n > 0 because the maps ¢, are surjective when n > 0.

For the second factorization, we build up the factorization inductively. Assume we have
constructed a factorization of f in degrees 0,...,n asi: A — P followed by p: P — B
with the following properties:

(1) For each k € {0,...,n} there is a projective subobject Ej C Py so that i, induces
a splitting P, = A & Ey.

(2) For each k € {0,...,n}, pg : P, — By is surjective.

(3) For each k € {0,...,n — 1}, the map Hg(p) is an isomorphism.

(4) The map py, : Z,(P) — Z,(B) is surjective.

Functorially choose the following:

(1) a surjection a : X" — Ker(Z,(P) — H,(B)) with X" projective. Define X’ by the
cartesian diagram

™2
X' 5B,

1
x" 2% B, (B)

and choose a surjection X — X’ with X projective. The map d in this diagram is
surjective, so m is also surjective, as is the induced map

@: X — Ker(Z,(P) — Ha(B)).

We will abusively write mo : X — Bj,4+1 for the composition of our chosen surjection
X — X’ and the map w5 in the diagram.
(2) a surjection b : Y — Z,,11(B) with Y projective.
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(3) asurjection ¢ : Z"” — Bj4+1 with Z” projective. Define Z’ by the cartesian diagram

T2

7' —= P,

d,
Z/l HC- Bn

and choose a surjection Z — Z’' with Z projective. The map p, is surjective, so
71 is also surjective and the induced map ¢: Z — B, 41 is also surjective. We will
abusively write m : Z — P, for the composition of our chosen surjection Z — Z’
and the map m9 in the diagram.

Set En+1 =X D Y D Z, Pn+1 = An+1 D En+1 and let in—‘,—l : An+1 — Pn+1 be the
natural map. Our constructions of X, Y, Z ensure that the diagram

Pnt+1:=(fnt1,72,b,C)

A1 @ XY B Z Bt
(d’azo’WQ)l id
P, b B,

commutes (the left vertical arrow here is the differential P11 — P, for our lifted complex
P) and it is straightforward to see that our choices of X, Y, Z yield a factorization of f
in degrees 0,...,n + 1 with all the properties above (replacing n by n + 1). O

Lemma 5.5.9. An object E of Ch>oA is acyclic and cofibrant iff E is a direct sum of
projective disks of positive dimension—i.e. we can write

oo
E = D"(P,)
n=0
for projective objects Py, Py, ... of A.

Proof. 1t is clear that such a direct sum of projective disks is acyclic and cofibrant. Suppose
E is acyclic and cofibrant. Since E is cofibrant, each E, is projective. Since Ho(F) = 0,
the boundary map E; — Ep must be surjective, so it has a section s : Fy — FEj since Fj is
projective. Via the formula (5.5.1), this s determines a map D!(Ey) — E which is given
by s in degree 1 and is an isomorphism in degree zero (because ds = Id); so D!(Ey) — E
is injective. Note that, since Ej is also projective, the quotient F4/s(F)p) is also projective,
so the quotient F := E/D'(Ey) is also cofibrant, and has Fy = 0. This F is also acyclic
since D'(Ep) and E are acyclic. The quotient map E — F is surjective and both E and
F are acyclic, so E — F'is a trivial fibration, hence it has a section because F' is cofibrant
(apply Lemma 5.5.6 to the diagram below).

-

Since ChxpA is an abelian category, this section yields a splitting E = D(Ey) @ F. This
F has Fy = 0 and is acyclic, so the boundary map F» — F} is surjective and since F} is
projective, we can split off another projective disk by the same process: F = D?(F}) @ G.
Continuing in this manner yields the desired direct sum decomposition of F into a sum
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of projective disks (only finitely many steps are needed to get the desired direct sum
decomposition in any given degree, so there is no issue in “taking the limit”). O

We eventually want to prove that trivial cofibrations have the LLP w.r.t. fibrations. We
first prove this in a special case:

Lemma 5.5.10. If0 — E is a trivial cofibration, then 0 — E has the LLP w.r.t. fibrations.

Proof. We have to construct a lift in any diagram

B

ELC

where h is a fibration (i.e. hy, is surjective for all n > 0). By the previous lemma, E =
@2 ,D"T(P,) is a sum of positive dimensional projective disks. By the universal property
of direct sums and maps out of disks (5.5.1), it is equivalent to lift in each A-diagram

Bn+1
T
’ hn+1

}%L“‘%>(jn+1

(n € N), which we can do because h,, 1 is surjective and P, is projective. O

Now we give the structure of trivial cofibrations in Ch>oA and prove that they have
the LLP w.r.t. fibrations.

Lemma 5.5.11. For any trivial cofibration i : A — P there is a splitting P = A® E where
E = Coki is acyclic and cofibrant. Trivial cofibrations have the LLP w.r.t. fibrations.

Proof. For the first statement: Since ¢ is a trivial cofibration, £ = Coki is acylic and
cofibrant. To obtain the splitting, we need to find a section of the projection P — F,
which we can do by the previous lemma because P — FE is certainly a fibration. The
second statement follows easily from the first using the universal property of direct sums
and Lemma 5.5.10. Il

Theorem 5.5.12. Let R be a ring. Then the model structure on Ch>oMod(R) from
Theorem 5.5.2 is cofibrantly generated (Definition 1.5.7) by the set I of cofibrations and
the set J of trivial cofibrations below.

I:={S"!'< D":ncN}
J:={0<= D" :n>0}

Proof. First: It is clear from the definition of “cofibration” (Definition 5.5.1), the defini-
tions of the complexes S™ and D" (Definition 5.5.4), and the acyclicity of the D" with
n > 0 that the maps in I are cofibrations and the maps in J are trivial cofibrations. The
smallness conditions in Definition 1.5.7 hold trivially since one can easily show that every
object of Ch>¢oMod(R) is small (c.f. [Hov, 2.3.2]). It is immediate from the definitions of
“fibration” (Definition 5.5.1) and “J-inj” (Definition 1.5.4) and the description (5.5.3) of
a map out of D" that J-inj is the set of fibrations. The equivalence of the first and last
conditions in Lemma 5.5.5 says that [-inj is the set of trivial fibrations. O
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Remark 5.5.13. One could also prove Theorem 5.5.12 using the Recognition Theorem
(1.5.10). This is a good exercise for the reader. One can follow Hovey’s proof of the analog
for unbounded complexes in [Hov, 2.3].

Remark 5.5.14. One could also obtain a cofibrant generation statement similar to The-
orem 5.5.12 for any abelian category A with all direct limits, functorial projective resolu-
tions, and a generator in the sense of [T, 1.9].

5.6. Inherited model structure on simplicial objects. Let A be an abelian category
with functorial projective resolutions (§5.5). Using the inverse equivalences

N:sA — ChZOA
K: ChZOA — sA
of Theorem 5.3.1 and the model structure on Ch>gA of Theorem 5.5.2, we formally obtain
a model structure on sA. It is not so obvious a priori that this model structure on sA
has anything much to do with the simplicial nature of sA. It turns out, however, that
when A = Mod(R) for a ring Mod(R), a map f : A — B is a fibration (resp. weak
equivalence) in sMod(R) for this “formally obtained” model structure iff the underlying

map of simplicial sets f : A — B is a fibration (resp. weak equivalence) in the model
category sSets of simplicial sets (§4.4).

Definition 5.6.1. A morphism f: A — B in sA is called a weak equivalence (resp. fibra-
tion, cofibration) iff the map N(f) : N(A) — N(B) is a weak equivalence (resp. fibration,
cofibration) in the model structure on Ch>gA of Theorem 5.5.2.
Proposition 5.6.2. The category sA is a model category with the definitions above. If
A = Mod(R) for a ring R, this model category is cofibrantly generated by the set I of
cofibrations and the set J of trivial cofibrations below.

I:={K(S" '~ D") :necN}

J = {K(0 <= D"):n >0}

Proof. This is immediate from Theorems 5.5.2 and Theorem 5.5.12 because N and K are
inverse equivalences by Theorem 5.3.1. U

Recall from §4.4 that a map of simplicial sets f is called a fibration iff it has the RLP
with respect to the inclusions of k-horns iy, : A¥[n] < A[n] for all n > 0, k € [n).

Proposition 5.6.3. For a map f: A — B of simplicial abelian groups, the following are
equivalent:

(1) The underlying map f: A — B of simplicial sets is a fibration.
(2) The map N,(f) : Np(A) = N, (B) is surjective for n > 0.
(3) The map An — By, xuy ) Ho(A) is surjective for n > 0.

Proof. This is [Q1, Proposition I1.3.8.1]. O

Corollary 5.6.4. A map f: A — B of simplicial groups is surjective in each dimension
iff it is a fibration and Ho(f) is surjective.

Corollary 5.6.5. A weak equivalence f : A — B of simplicial abelian groups is a (trivial)
fibration iff it is surjective (in each degree).
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Corollary 5.6.6. Any simplicial set underlying a simplicial abelian group is fibrant.

Corollary 5.6.7. Any map between constant simplicial abelian groups is a fibration.

Remark 5.6.8. The word “abelian” isn’t necessary in the results of this section, but we

will only use this abelian case in what follows.

5.7. Shuffles. Fix non-negative integers m,n € N. We begin by observing that there is a

bijection between surjective A-morphisms [m + n] — [m] and increasing sequences
1<oi <o < <opn<m-+n

given as follows: To the sequence o1, ..., 0,, we associate the surjective A-morphism

[m +n] — [m]

0,....,01.—1—=0

01,...,00—1 —1
Om—1y-++30m—1 —>m—1

Omy---sM+MN = Mm,

and to a surjective A-morphism o : [m + n| — [m] we associate the increasing sequence
1<oi <o < <opn<m-+n

defined by o; := mino~!(i). Our convention when m = 0 is that the unique A-morphism
[m + n] — [0] corresponds to the “empty sequence”.

An (m,n)-shuffle (o,7) is a permutation
(O1ye e ey Omy iy ey Tn)

of {1,2,...,m +n} such that 0y < 09 < -+ < oy, and 71 < -+ < 7,,. Write Shuff(m,n)
for the set of (m,n)-shuffles. The sign of an (m,n) shuffle

sign(o,7) € {1,—-1}

is, by definition, the sign of the corresponding permutation. An (m,n)-shuffle (o, 7) gives
rise to surjective A-morphisms

o:[m+n] — [m]

T:[m+n] — [n]
via the aforementioned bijection. Note that an (m,n)-shuffle is uniquely recovered from
the set of o;’s (just list everything in increasing order), so (m, n)-shuffles are in bijective
correspondence with subsets

Y CA{l,...,m+n}
of cardinality m.

There is an obvious bijection
Shuff(m,n) — Shuff(n,m)
(0,7) = (7,0)

and we have

sign(o,7) = (—1)™"sign(7,0).
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The rest of this section will be devoted to establishing similar, but slightly more elaborate,
bijections with similar “sign rules.”

If p € N is a third nonnegative integer, then we can also consider (m,n, p)-shuffles,
which are of course permutations

(ala"'7am7517"'75’n7717'"7f>/p)

of {1,...,m+n+ p} where the «; are increasing with 4, the 3; are increasing with 4, and
the v; are increasing with . Such a shuffle gives rise to three surjective A-morphisms

a:m+n+pl — [m]
B:m+n+p — [n]
v:m+n+pl = [p]
using the correspondence discussed at the beginning of the section, and a sign
sign(a, 8,7) € {1,-1}

(the sign of the corresponding permuation). Quite generally, we can consider the set
Shuff (myq,...,my) of (mq,...,my,)-shuffles for any mq,...,m, € N.

Lemma 5.7.1. For m,n,p € N, there is a bijection
Shuff(m,n) x Shuff (m + n,p) — Shuff(m,n, p)
((0,7), (p,0)) = (op,7p,0)
with
sign(o, 7) sign(p, 0) = sign(op, 7p,0)
and a bijection
Shuff(m,n + p) x Shuff(n,p) — Shuff(m,n, p)
((0,7), (p,0)) = (0, p7,07)
with
sign(o, 7) sign(p, ) = sign(o, pt, 07).

Proof. We will just discuss the first bijection; the second is similar. First of all, if we write
out the first map in terms of permuatations, I claim that it is given by

((0,7), (P, 0) = (Pors- - Poms Pris- -+ s Pras 01, Op).
This latter map is clearly bijective with the indicated sign relationship. To prove the
claim, note that, since o, p are non-decreasing, we have
(0p)i = min(op) (i)
— minp~} (o~ 1(i))
= minp~ ' (mino (7))
— min p~(0,)
= Po;
and similarly with o replaced by 7. O
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Lemma 5.7.2. Fizm,n € N with m+n >0 and i € [m+n]. Let
§ =060, Im+n—1] = [m+n]

m+n

denote the unique injective A-morphism whose image misses i. For every (m,n)-shuffle
(o,7) exactly one of the following occurs:

(1) Both o6® and 78" are surjective, i € {1,...,m +n — 1}, and exactly one of the
following occurs:
(a) i = oy for somep € {1,...,m} and i +1 =1, for some g € {1,...,n}
(b) i+1=o0p for somepe{l,...,m} and i =7, for some g € {1,...,n}.
In either case, if (¢/,7") is obtained from (o,7) by interchanging i and i + 1, then

0’6t = o'
7’80 = 14t
(2) There is a unique j € [m] and a unique (m — 1,n)-shuffle (¢’,7") such that

[m—l]T[n’H-n—l]

A

[m] [m +n] ——[n]

o
commutes and we have
(—1)'sign(o, 7) = (—1)’ sign(o’, 7).
FEvery pair
((o',7"),4) € Shuff(m — 1,n) x [m]
arises in this manner from a unique (m,n)-shuffle (o,7) for which j is not in the

image of od".
(3) There is a unique j € [n] and a unique (m,n — 1) shuffle (o, 7") such that

m+n—1] —[n—1]
T
/ J{si iéfb

[m] <——[m +n] ———[n]

commutes and we have
(—1)'sign(o, 7) = (—=1)™" sign(o’, 7).

FEvery pair

((o',7"),7) € Shuff(m,n — 1) x [n]
arises in this manner from a unique (m,n)-shuffle (o,7) for which j is not in the
image of T6".

Proof. When i = 0, the number 1 appears somewhere in the permuatation

(O1ye ey Omy Ty e oy Tn)s

so it must be that 1 = oy or 1 = 7. If, say, 1 = o1, then 0=(0) = {0}, so ¢d° isn’t
surjective (but 76° is surjective since 71 > 1) and it is straightforward to check that

(o', 7)i=(0a—1,05—1,....0m — 1,71 —1,...,7 — 1)
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is as desired. When ¢ = m + n, we either have m +n = g, or m +n = 7,. In, say, the
former case, o~1(m) = {m + n}, so 6™ isn’t surjective and it is straightforward to
check that

(o', 7") = (01, O 1, TLy ooy Th)
is as desired.
Suppose i € {1,...,m+n—1} and, say, o' isn’t surjective. Since o is surjective and &
only misses i, this means that there is some j € [m] for which o~1(j) = {i}, hence o; =i
and 041 =i+ 1. Then we set o’ := (01,...,0j-1,0j41 —1,0j42—1,...,0m, — 1), and we

obtain 7/ from 7 by subtracting 1 from each 7, which is greater than 7. It is straightforward
to check that this (o/,7’) is as desired and that the indicated sign relationship holds. Tt
is also clear that the recipe we are describing for producing ((¢/,7’),j) from (o, 7) with
j ¢ Imod® can be inverted.

On the other hand, suppose i € {1,...,m+n — 1}, but 06° and 7° are surjective. The
number ¢ appears somewhere in the permutation (o1,...,0m,71,...,7,). Say i = o, for
some p. The number ¢ + 1 also appears somewhere in this partition, but it cannot be
one of the o}, for then it would have to be 0,41, but then we would have o1 (p) = {i},
contradicting surjectivity of o6°. We conclude that i + 1 = 7, for some ¢q. If (¢/,7') is
obtained from (o, 7) by permuting 7,7 + 1, then the claimed equalities 06’ = ¢’ and
76° = 76 are straightforward to check. O

5.8. Eilenberg-Zilber. One use of shuffles (§5.7) occurs in the Eilenberg-Zilber Theorem,
which we will now describe.

Let A be an abelian category and let V' € ssA be a bisimplicial object of A (§3.4).
By applying the (unnormalized) chain complex functor (§5.1) twice we obtain a functor
abusively denoted

C:ssA — ChzoChzoA

from bisimplicial objects in A to first-quadrant double complexes in A. We have C(V),, , =
Vp.q- We can compose this with the total complex functor

Tot : ChZOChZOA — ChZOA
to associate a chain complex Tot C(V') to our bisimplicial object V' with
(Tot C(V))n = €D Vg
ptg=n

We can also apply the diagonal functor (§3.4), followed by the unnormalized chain complex
functor to obtain another chain complex C(A(V)) from V with C(A(V)),, = Vi n. The
Eilenberg-Zilber Theorem asserts that the chain complexes Tot C(V) and C(A(V)) are
homotopy equivalent via natural maps which we now describe.

First we have the shuffle map
(5.8.1) Tot C(V) — C(A(V))
given in degree n by the sum, over p,q € N with p + ¢ = n, of the maps
Z sign(o, 7)V(o,7) : Vpq = Vin,

(0,7)



SIMPLICIAL METHODS IN ALGEBRA AND ALGEBRAIC GEOMETRY 7

where the sum here is over all (p, ¢)-shuffles (o, 7) and V(o,7) is of course the structure
map that V associates to the A x A morphism

o x 1 :[n] x[n] = [p] x [q].

Next we have the Alexander-Whitney map
(5.8.2) C(A(V)) — Tot C(V)
given in degree n by the product,” over p, ¢ € N with p 4+ g = n, of the maps
V(onps Tng) : Van = Vg,

where o0, , and 7, 4 are the A morphisms defined below.

Onp: 0] — [p] Tnp © 1] = [q]

0— 0 0,....n—q+—20

(5.8.3) : n—qg+1lm—1
p—1—=p—1 :

Py, D n=n-—-q+q+— q.

Theorem 5.8.1. (Eilenberg-Zilber) The shuffle map is a homotopy equivalence of com-
plexes with the Alexander Whitney map as its homotopy inverse.

Proof. This is [DP, 2.15]. O

In practice, one is often interested in knowing something about the homology of C(A(V)),
which is identified, via Eilenberg-Zilber with the homology of Tot C(V'). The good thing
about the latter homology is that it is calculated as the homology of the total complex
associated to a double complex, hence it comes with two spectral sequences:

(5.8.4) "BV =Hp(Vayg) = Hpig(Tot C(V))
(5.8.5) "EP =H,(Vye) = Hpyq(Tot C(V)).

We will be most interested in this general result in the following situation. Let A be a
ring and let M, N € sMod(A) be two simplicial A modules. There are various possible

meanings of the tensor product M ® N. For one thing, we can form a bisimplicial (§3.4)
A module M @ N € ssMod(A) with

(M & N)mm = My, @ Ny,
For a A x A morphism
o x7: ([}, [l]) = ([m], [n]),
the structure map
(M ®N)(o,7) : My, ® N, = My ® N,
is of course given by M (o) ® N(1), where
M(o) : M, — M,
N(1): N, —» N,

"The product in question is finite, so it is also the sum, but I prefer to call it the product since we are
defining the map using the categorical property of the product.
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are the structure maps for M and N. From the bisimplicial A-module M ® N, we can
form the complexes Tot C(M ® N) and C(A(M ® N)) with

(Tot C(M @ N))n = P M, ® N,
pt+q=n
C(A(M ® N)), :== M, @ N,.

Using Eilenberg-Zilber, we can view the spectral sequences (5.8.4) and (5.8.5) as spectral
sequences

(5.8.6) '"EP? =Hy(Me ® N;) = Hpo(C(A(M ® N)))
(5.8.7) "B =Hy(My ® No) = Hpyq(C(AM ® N))).

With these spectral sequences in hand, we can prove the following lemma, which will be
useful later.

Lemma 5.8.2. Let A be a ring, L a simplicial A module, f : M — N a quasi-isomorphism
of simplicial A modules. If L (or both M and N ) is (are) degree-wise flat, then

A(foL): AMM®L) - A(N® L)

is also a quasi-isomorphism of simplicial A modules.

Proof. We want to prove that
Hn(C(A(f @ L))) : Hao(C(A(M @ L))) — Ha(C(A(N ® L)))

is an isomorphism of A modules for all n. As discussed above, by Eilenberg-Zilber, we can
view this map as the abutment of two different maps of spectral sequences induced by the
map of double complexes

C(f®L):C(M®L) - C(N®L).
On EP? terms the first map of spectral sequences is the natural map
Hy(Me ® Ly) — Hp(Ne ® Ly).

When each L, is flat, the homology commutes with the tensor product so these maps are
just the maps

H,(f) ® Ly : Hy(M,) ® Ly — Hy(Ne) @ Ly,

which are isomorphisms by the assumption that f is a quasi-isomorphism, hence the map
on abutments is also an isomorphism and we’re done. When both M and N are degree-
wise flat, we instead look at the other map of spectral sequences and argue similarly that
it is given on EP? by

fo®@Hg(Le) : My @ Hy(Le) — Np @ Hy(La).

Of course these maps need not be isomorphisms, but if we now look at the map on E}*
terms (that is, we take homology in the p direction), using that all the M, and N, are
flat, we find that this map is nothing but the map

Hy(f) ® Hg(Le) : Hp(M) @ Hy(Le) — Hp(IV) ® Hy(La),

which is an isomorphism since f is a quasi-isomorphism, hence the map on abutments is
also a quasi-isomorphism. O
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6. HOMOTOPY RINGS SURVEY

In §7 and §8, we will spend a considerable amount of time discussing the categories of
simplicial rings and differential graded rings. These categories are both used to accomplish
the same basic goal: We seek some category of “ring complexes” that will play roughly the
same role that the category of chain complexes plays in the usual homological algebra of
abelian categories. There should then be some corresponding “homotopy category” (“the”
homotopy category of rings) playing the role played by the derived category in the abelian
setting.

For abelian categories there really is only “one” homotopy category, the derived cate-
gory. It doesn’t matter whether we think about it in terms of simplicial objects or (non-
negatively graded) complexes. (Throughout the rest of this discussion, all “complexes” are
understood to be chain complexes with non-negative grading and all “differential graded
objects” are understood to be “connective,” meaning “graded by N”.) This is perhaps
an extreme example, because the category of simplicial objects is already equivalent to
the category of complexes; it is not merely the case that the two homotopy categories are
equivalent. Perhaps a better example to keep in mind would be simplicial sets versus topo-
logical spaces, where the two model categories in question are not equivalent categories,
but are merely “Quillen equivalent” model categories, so they have equivalent homotopy
categories.

The situation for “ring complexes” is much more complicated. The basic point is that
there are several possible choices for the category of “ring complexes” with a notion of
“weak equivalences.” It is not entirely clear which of these categories can be endowed with
a model structure, and it is not clear which of the corresponding homotopy categories are
equivalent.

The two “classical” candidates for the category of “ring complexes” are simplicial rings
and differential graded rings, to be discussed in the next sections. For mot necessarily
commutative rings the situation is, perhaps surprisingly, simpler:

Theorem 6.0.1. (Schwede-Shipley) [SS| There are model category structures on the
category of simplicial (not necessarily commutative) rings and on the category of (not
necessarily commautative) differential graded rings, and a Quillen equivalence between these
two model categories.

In fact, in the above theorem the fibrations and weak-equivalences are “as expected,”
meaning that they the ones inherited from the underlying (additive) simplicial abelian
group (c.f. Proposition 5.6.3) and the underlying “differential graded abelian group” (com-
plex of abelian groups), respectively. Even the functors yielding this equivalence are “as
expected” on the level of underlying simplicial/differential abelian groups.

Theorem 6.0.2. (Bousfield-Gugenheim) [BG] There is a model category structure on
the category of (commutative) differential graded Q-algebras with the “expected” fibrations
and trivial fibrations.

Theorem 6.0.3. (Stanley) [Sta] There is a model category structure on the category of
(commutative) differential graded rings where the weak equivalences and the cofibrations
are “as expected.”
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To say that the cofibrations are “as expected” here means that they are retracts of “free
morphisms.” (C.f. §27 and §7.12 for various kinds of “free morphisms.”) It turns out that
in Stanley’s model category, the fibrations are not as expected: a map can be a fibration
without the corresponding map of normalized chain complexes being surjective in each
positive degree (c.f. Proposition 5.6.3).

There is yet another alternative category of “ring complexes,” namely the category of
so-called E, rings, the standard example being the complex of singular cochains in a
topological space X. An F..-ring doesn’t “commute on the nose,” but it “commutes up
to homotopy” in an appropriate sense.

Theorem 6.0.4. (Mandell) [Man| There is a Quillen equivalence between the model
category of simplicial Eo, Tings and the model category of differential graded Eo, Tings.

There are several more possibilities for the category of “ring complexes.” One can con-
sider topological rings, or A -rings. I am not aware of any results concerning model
structures or homotopy categories of these.

For further discussion of these issues, I recommend [DAG, 2.6] and the introductions to
[Ric2] and [SS].

7. SIMPLICIAL RINGS

Let An denote the category of commutative rings with unit. A simplicial object in An
is called a simplicial ring. Simplicial rings form a category

sAn := Homcat (AP, An)
(83.2) which we will study in detail in this section.

We begin in §7.2 with the basic theory of modules over a simplicial ring. In §7.4 we
explain how to view the homology of a simplicial ring as a graded-commutative ring—we
will give a more sophisticated treatment of this point in §8, but the treatment in §7.4 is
simpler and sufficient for our current purposes. We next describe “the” model category

structure on the category of simplicial rings (§7.5) and the category of modules over a
fixed simplicial ring (§7.12). This requires various factorization results established in §7.8.

7.1. Symmetric products. For lack of a better place, we will collect in this section some
basic facts about symmetric products of topological spaces.

Definition 7.1.1. Let X be a topological space, n € N. Then n'* symmetric product
of X, denoted Sym™ X, is the quotient of X™ by the action of the symmetric group .%,
permuting the coordinates:

O"(l’l,...,l‘n) = (xg(l),...,xg(n)) (UEyn).
Formally, this quotient is the coequalizer

Sym" X = &n(a,ﬂ‘giyn x X" = X")

of the action and projection.

From the universal property of the quotient, one see that X +— Sym” X is a functor
Top — Top.
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Lemma 7.1.2. If f,g: X =Y are homotopic maps of topological spaces, then
Sym” f,Sym" g : Sym" X = Sym"Y

are homotopic maps of topological spaces.

Proof. Say H: X x I — Y is a homotopy from f to g. The map
X"xI =YY"
(z1,...,2n,t) = (H(x1,t),..., (s, 1))
is clearly continuous and .¥;, equivariant (with .#, acting on X" x I by acting on the first
factor). The induced map of quotients by .7, will provide the desired homotopy. To be
precise, one uses Proposition 4.3.8 and the local compactness of I to ensure that
(X" x 1)/ = (Sym" X) x I.
0

7.2. Modules. Let A be a a simplicial ring. An A-module is a simplicial abelian group
M such that each M, is equipped with the structure of an A,, module compatibly with
the simplicial structures: that is, for each A-morphism o : [m] — [n], the map of abelian
groups M (o) : M,, — M,y, should be A(o) : A, — A, linear:

M(o)(a-m) = A(o) - M(c)(m)
for all a € A,,, m € M,,. A morphism of A-modules f: M — N consists of an A, module

homomorphism f,, : M, — N, for each n € N such that N(o)f, = fmM(o) for each
A-morphism o : [m] — [n].

Modules over A form an abelian category Mod(A) with all direct and inverse limits
constructed “degree-wise.” We will make use of the usual notations of projective and
injective objects in the abelian category Mod(A). Exactness of a sequence of A-modules
is equivalent to exactness in each degree. The category Mod(A) also has tensor products,
also constructed degree-wise.

Example 7.2.1. If A — B is a morphism of simplicial rings, then B becomes an A
module in an obvious manner and the modules of Kéhler differentials Qg /4, € Mod(B,,)
fit together to form a B module Qp/4 € Mod(B).

If A is the constant simplicial ring associated to a ring A (Example 3.2.1), then it is
clear from the definitions that we have a natural isomorphism of categories

(7.2.1) Mod(4) = sMod(A).

This is one situation where the abuse of notation given by writing A € sAn instead of
A € sAn could cause some confusion, because Mod(A) has ambiguous meaning. For a
constant simplicial ring A, the tensor product of A modules

® : Mod(4) x Mod(A) — Mod(A)
is identified under the isomorphism (7.2.1) with the functor
A(_- ® _):sMod(A4) x sMod(4) — sMod(A)
discussed in §5.8.

Definition 7.2.2. For an A-module M, we say that M is degree-wise flat (resp. finitely
generated, ...) iff M, is a flat (resp. finitely generated, ...) A, module for every n € N.
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The forgetful functor
Mod(A) — sSets

taking an A-module to the underlying simplicial set has a left adjoint, the free module
functor

@ _ A:sSets - Mod(A),

which associates to each simplicial set X, the A module @ x A given by ®x, A4, € Mod(A,)
in degree n. For a A-morphism o : [n] — [m], the structure map &x, A,, — ®x, A, for
@ x A takes the summand indexed by = € X, into the summand indexed by X (0)(z) € X,
via the map A(c). An A-module M in the essential image of this functor will be called
free and a chosen isomorphism ©&x A — M will be called a basis for M. Clearly a free
A-module is degree-wise flat.

Fix n € N. The forgetful functor
Mod(A) — Mod(4,,)

N — N,
is exact and has a left adjoint
(7.2.2) F.. : Mod(A,)) — Mod(A)
M — F, M.

To construct F,, M, we set
(FnM)k = @ M ®a4, Ap.
T:[k]—[n]

The direct sum runs over the (finite!) set of A-morphisms 7 : [k] — [n] and the tensor
product is of course defined using A(7) : A, — A. Write T : M ®4, Ar — (F,M); for
the structure map to the direct sum. In particular we have the structure map

(7.2.3) Id: M — (F,M),.

The adjunction isomorphism
Hom 4 (F,M,N) = Homyu, (M, N,,)

takes ¢ : F,M — N to g,0Id : M — N,,. The inverse takes f : M — N, to the map
®(f): F,M — N given in degree k using the universal property of the direct sum by

D(f)rT = N(7)f @4, Ar: M @4, A = Ny
m®a — a-N(T)f(m).

We leave it to the reader to verify that ®(f) is a well-defined map of A-modules and that
® is inverse to g — g,ld.

Lemma 7.2.3. Suppose M is a projective A,-module. Then F,M is a projective A-
module.

Proof. This follows formally from the fact that M — F, M is left adjoint to the exact
functor N — N,,. O
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7.3. Associated chain complexes. For a simplicial ring A, and an A module M, we set
N, (M) := NI Ker(d, : M,, — M,_1)
Z,(M) := Ny Ker(d', : M,, — M,_)
Ho (M) = Zu(M)/d N1 (M),
Note that N(M) is just the normalized chain complex (§5.1) associated to the underlying
simplicial abelian group of M, Z,(M) is the group of n-cycles in N(M), and H, (M) is

the homology of N(M). By Lemma 5.1.2, we can alternatively compute H, (M) as the
homology of the unnormalized chain complex C(M) = &5 M,, with differential

n+1

dpyr =Y (=1)'diyy : Myyy — M,
i=0
It is clear that all of the above constructions are natural in the A module M, so that a
map of A modules f: M — N in particular induces maps

H,(f) : Hy(M) — H,(N).

Notice that N, (M) and Z,, (M) are A,, submodules of M,. The subset d_;N,41(M) C
M, is also an A,, submodule because d%H : Mypy1 — M, has a section 32 My, — My
(83.2) so for a € A,, and m € Ny41(M) we have

ad9L+1(m) = d?LJrl(S(r)L(a))d?Hl(m)

= dy 1 (sp(a)m)

and s{j(a)m € Npi1(M) because Npi1(M) C M,y is a sub A,4; module. (In fact
this statement requires only the surjectivity of d¥ 41 Anp1 — Ay, not the existence of
a section.) Consequently, H, (M), being a quotient of two A, modules, is also an A,
module.

Remark 7.3.1. We defined H,,(M) to be the quotient of the A,-module Z,, (M) by the
the image of the (d,, : Ap41 — Ap)-linear map
(7.3.1) oy i N1 (M) — Z,(M).

As discussed above, the image of (7.3.1) is in fact an A,-submodule of Z,,(M). It follows
that the image of (7.3.1) is the same as the image of the corresponding A,-module map

(7.3.2) Np1 (M) ®a,,, An — Zn(M)

(the tensor product here is of course formed using d’,, ;). Evidently then, H,(}) is nothing
but the cokernel of the A,-module map (7.3.2).

The A,,-modules H,,(M) do not assemble into an A-module in any reasonable way. We
will see in §7.4 that the H, (M) carry some additional structures, but for the time being
we will view the H,, as functors

H, : Mod(4) — Mod(A4,),
which are “unrelated” for different n.

If each A,, is a noetherian ring and each M, is a finitely generated A,, module, then the

A, modules Z,,(M), dZﬂZnH(M ), Hy (M) are all finitely generated.
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We will often be interested in the case M = A. Note that Ho(A) = Ag/diZi(A) is
the quotient of Ag by the ideal diZ;(A), so it carries a natural ring structure making
Ay — Ho(A) a surjective ring homomorphism.

We will also often be interested in the case of a constant simplicial ring A associated to
a ring A, in which case the homology functors

H, : Mod(4) — Mod(4,,) = Mod(A)

are clearly identified under the isomorphism (7.2.1) of §7.2 with the usual homology func-
tors

H,, : sMod(A) — Mod(A)

defined for simplicial objects in the abelian category Mod(A), as discussed in §5.1. In
particular, we have

A, n=0
0, n>0.

as in Example 5.1.3.

A map f: M — N of A modules will be called a quasi-isomorphism iff H,(f) is an
isomorphism for every n € N. We are already in a position to prove the following;:

Lemma 7.3.2. Let A be a simplicial ring, f: M — N a quasi-isomorphism of A modules,
L an A module. Suppose that at least one of the following holds:

(1) M and N are degree-wise flat
(2) L is degree-wise flat

Then fQL: M®L — N ® L is a quasi-isomorphism of A modules.

Proof. This is [Ill, 3.3.2.1]. The proof there is terse and a bit tricky to follow without a
certain amount of familiarity with the techniques and machinery, so I will give a bit of
an explanation here. We first treat the special case where the simplicial ring in question
is a constant simplicial ring A associated to a ring A. In this case, the “coincidence”
Mod(A) = sMod(A) and the description of the tensor product of modules and homology
of modules under this coincidence (immediately above and §7.2) reduces us to a statement

purely about simplicial modules over a ring, which is nothing but Lemma 5.8.2 (Eilenberg-
Zilber).

In the general case, we will again end up working with simplicial A modules, even
though we are only trying to prove a statement about A modules. A simplicial A module
V carries the structure of a bisimplicial abelian group V' = (V) such that for each g € N,
the “row” Ve, is an A module, and for each p € N, the “column” V), is a simplicial A,
module. In particular, we have a functor

C: SMOd(A) — ChzoChzoAb

from simplicial A modules to double complexes of abelian groups; we can take the total
complex of the double complex C(V') and take its homology to attach to every simplicial
A module V homology groups Tot H,, (V') arising as the abutment of two different spectral
sequences. The constant simplicial A modules L, M, N of course have L.q =L, M g = M
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and N,, = N for all ¢ € N. The spectral sequence where we first take homology in the
vertical (i.e. the ¢) direction degenerates to yield

(7.3.3) Tot H,(E) = H,(E)

for any F € Mod(A), where H,(F) is the “usual” homology of E defined above. By
general nonsense, there exists a quasi-isomorphism of simplicial A modules F' — L such
that Fe, is a free A module (§7.2) for every ¢ € N, say with basis X, € sSets, so that

Foq @Al = (@XqZ) Rz E

for every A module E. The key point is that Fy; ® 4 I is naturally identified with the
result of tensoring a free (hence degree-wise flat) simplicial Z module (namely @ x,7Z) with
another simplicial Z module (namely, the simplicial abelian group underlying E) so we
can use the special case proved above (in the very special case where the ring is Z and
hypothesis (2) holds) to conclude that, for each ¢ € N, the functor

(7.3.4) Foy®a - : Mod(A) — Mod(A)
preserves quasi-isomorphisms.
Now we consider the following commutative diagram of simplicial A modules:

(7.3.5) M®F N®F

l l

M®L N®L

Here the tensor products ® are really the composition of the “bisimplicial tensor product”
- ® _ :sMod(A) x sMod(A) — ssMod(A)
(c.f. §5.8) and the diagonal functor
A : ssMod(A) — sMod(A4),

though we have suppressed the A to ease notation. Note that M ® L = M ® L and
similarly with M replaced by N. Now, for each fixed ¢ € N, the top horizontal arrow in
(7.3.5) is just

Foq®@af :Foqg®@aM — Foqg®a N,

which is the image of the quasi-isomorphism f under (7.3.4), hence is a quasi-isomorphism,
hence this top vertical arrow induces an isomorphism on Tot H,, for all n by degeneration
of spectral sequences.

For each fixed p € N, the left vertical arrow in (7.3.5) is the map of simplicial A,
modules

(7.3.6) M, @2, Fpe — My ®4, Ly.

Since F' — L is a quasi-isomorphism of simplicial A modules, Fje — L, is a quasi-
isomorphism of simplicial A, modules. Under hypothesis (1), the map (7.3.6) is hence
a quasi-isomorphism by the special case (and similarly with M replaced by N). On the
other hand, note that each Fj, is a flat (even free) A, module, so under hypothesis (2),
the map (7.3.6) is also a quasi-isomorphism by the special case (applied using hypothesis
(1)"). Either way, we conclude that the maps (7.3.6) (and their variants with M replaced
by N) are quasi-isomorphisms, hence the vertical arrows in (7.3.5) induce isomorphisms
on total homology. Since the top horizontal arrow also induces an isomorphism on total
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homology, so does the bottom horizontal arrow. But the map on total homology induced
by the bottom horizontal arrow is identified with the map on usual homology induced by
f ® L via (7.3.3), hence we conclude that f ® L is a quasi-isomorphism, as desired. O

7.4. Homology ring. The homology groups H,,(A) fit together into a graded-commutative
ring
H.(A) := @720 Hn(4),

which we will call the homology ring (or just the homology) of A. Similarly, for any A
module M, the homology groups H, (M) have a natural graded H,(A) module structure.

The fastest way to define the multiplication maps
H,(A) @ Hy,(A) = Hppgn(A)
is via geometric realization: we have
Hp(A) = mm(A)
= mm(|A]),

where |A| € K is the Kelley (compactly generated weak Hausdorff) space obtained as the
geometric realization (§4.3) of the simplicial set |A| underlying the simplicial ring A. The
space |A] is of course pointed by 0 € |A|. Since A is a ring object in simplicial sets and
geometric realization (viewed as a functor to K) preserves finite inverse limits, |A| is a
ring object in K. An element [f] of m,,(|A]) is represented by a map f : I"™ — A taking
the boundary of the cube I"™ to 0 € |A| and an element [g] of 7,(A) is represented by a
map g : I™ — A taking the boundary of I" to 0. Using the ring structure on A, we can
define a map

fg: 1M — |A]
(@,y) = f(@)g(y)
which also clearly takes the boundary of I"™*™ to 0 € |A|, hence represents a class
[f9] € mmsn(JA|). The multiplication [f][g] := [fg] is clearly well-defined; it is graded

commutative because the automorphism (z,y) — (y,z) of I™™ acts by (—1)™" on the
orientation of I, For any A module M, one can define the structure maps

H,,(A) @ H,(M) — Hppin(M)
in a similar manner.

Although this is the most expedient way to define the ring structure on H,(A) and the
H.(A) module structure on H. (M), we will see in §8 that H,(A) arises as the homology
ring of a differential graded ring, and, as such, is a graded-commutative ring. We will also
see that H.(M) is then the homology of a module over this differential graded ring.

7.5. Model structure. In this section, we describe “the” model category structure on
simplicial rings. The results of this section can be obtained from general results of Quillen
[Q1, I1.4]. Our aim here is mostly to spell out some of the constructions in [Q1] a bit more
explicitly. The finiteness results of Theorem 7.8.6 probably do not follow from Quillen’s
approach; they will be crucial in our applications to derived algebraic geometry (§9).

Definition 7.5.1. Let f : A — B be a morphism of simplicial rings. We say that f is
a weak equivalence iff Hy(f) : Hy(A) — H.(B) is an isomorphism. We say that f is a
fibration iff it satisfies the following equivalent conditions:
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(1) The underlying map of simplicial sets is a fibration.
(2) The map A — B Xy, (p) Ho(A) is surjective.

(Proposition 5.6.3). We say that f is a cofibration iff it has the LLP with respect to all
trivial fibrations.

The following facts are easy to see directly from the definitions:
(1) Weak equivalences satisfy 2-out-of-3.
(2) Fibrations and cofibrations form subcategories closed under retracts.

Theorem 7.5.2. The category of simplicial rings forms a model category (§1) with the
indicated weak equivalences, fibrations, and cofibrations.

This theorem will be proved in §7.9 using the results of the next two sections. In light of
the trivial facts mentioned above, it remains only to construct factorizations and establish
the lifting axioms. To do this, we first need a supply of cofibrations.

7.6. Supply of cofibrations. In this section we prove that various types of maps of
simplicial rings are cofibrations (i.e. have the LLP w.r.t. trivial fibrations). Unfortunately
our cofibrations will “come in two flavors.” These “two flavors” are enough to perform all
the necessary factorizations to prove Theorem 7.5.2. I wasn’t able to find a sufficiently
flexible class of cofibrations that would include “both flavors.”
Let A be a simplicial ring. The forgetful functor
A/sAn — Mod(A)

has a left adjoint given by taking an A-module M to the symmetric algebra Sym’ M.
This symmetric algebra is formed degree-wise and the fact that one has the purported
adjointness follows, say, from the analogous adjointess for usual rings. The forgetful functor

A/sAn — sSets
also has a left adjoint taking a simplicial set X to the free A-algebra A[X].
These constructions yield some “obvious” cofibrations:

Theorem 7.6.1. Let A be a simplicial ring, M a projective A-module, P := Sym’ M.
Then the structure map i : A — P is a cofibration.

Proof. We need to produce a lift in a diagram of simplicial rings

f

A B

, 1

7 = h
P—2.C

where h is a trivial fibration. By the universal property of the symmetric algebra such a
lift is the same thing as a lift in the following diagram of A-modules:
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Since h is a fibration, h : B — C Xy, (cyHo(B) is surjective and since h is a trivial fibration
(so Ho(B) — Ho(C) is an isomorphism), we see that h is surjective, so we can find the lift
above since M is projective. O

Corollary 7.6.2. Let A be a simplicial ring, n € N, M a projective A,-module, F, M
the associated A-module (§7.2), P := F,M. Then the structure map i : A — P is a
cofibration.

Proof. F,,M is a projective A-module by Lemma 7.2.3. 0

Corollary 7.6.3. Let A be a simplicial ring, X a simplicial set, P := A[X] the free
A-algebra on X. Then the structure map i : A — P is a cofibration.

Proof. One would like to say: The free A-algebra is the symmetric algebra on the corre-
sponding free module, so this “follows from” the theorem. The problem is that it is not
so clear that the free A-module on an arbitrary simplicial set X is actually a projective
object in Mod(A). It is better to directly establish the existence of a lift in a diagram
as in the proof of the theorem, as follows. By the universal property of the free algebra
P = A[X], it is equivalent to find a lift in the diagram

1] B
X C

glx

of simplicial sets. All simplicial sets are cofibrant, so () —+ X is a cofibration of simplicial
sets. By our definition of (trivial) fibrations, the forgetful functor sAn — sSets takes
fibrations to fibrations and trivial fibrations to trivial fibrations, so h is also a trivial
fibration of simplicial sets, hence such a lift exists. O

The next flavor of cofibration is more subtle ...

Recall from §3.6 that we let L,, denote the “latching category” whose objects are sur-
jective A-morphisms o : [n] — [m] with m < n and whose morphisms are the obvious
triangles of surjective A-morphisms.

Definition 7.6.4. A degenerate simplicial ring is a functor
A (AP 5 An
[n] — A,.
A simplicial ring determines an underlying degenerate simplicial ring by restriction of
functors. A degenerate module M over a degenerate simplicial ring A consists of an
Ap-module M, (for each n € N) and an A(c)-linear map M (o) : M,, — M, defined

functorially for each surjective A-morphism o : [n] — [m]. Given a degenerate module M
over a degenerate simplicial ring A and an n € N, we call the A,,-module

(7.6.1) D, = hi\n{Mm ®4a,, An i (0 [n] = [m]) € Ly},

the nth degeneracy module of M. The maps M,, ®a,, A, — M, determined by the
structure maps M (o) for M induce a natural A,-module map

(7.6.2) D, — M,.
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We say that M is split if the natural maps (7.6.2) are injective (in which case we refer to
D,, C M,, as the degenerate submodule) and, for each n € N, there is an A,-submodule

FE, C M, called a non-degenerate complement, inducing a direct sum decomposition
M,=D,dE,.

Lemma 7.6.5. Suppose M is a split degenerate module over a degenerate simplicial ring
A with non-degenerate complements (Eg, E1,...). Then for each n € N, the natural maps

(7.6.3) M(0)|Em : Ep ®4,, An — Dy,

for o € L, induce an isomorphism of A,-modules

(7.6.4) D, = B  Enca, A
(o:[n]—[m])ELn

Since M,, = D,, ® E,,, we hence have

(7.6.5) M, = B En®a, A

(o:[n]—=[m])€Ln

Proof. Note that when n = 0 we have Dy = 0 and all of the statements of the lemma hold
trivially. We prove the lemma by induction on n by constructing an inverse f to the map

(7.6.6) P En®a, A - D,
(o:[n]—=[m])ELn

induced by the natural maps (7.6.3). By the universal property of the direct limit D,
and the adjointness of extension and restriction of scalars, such an A,-module map f is
specified by giving A(p)-linear maps

(7.6.7) fo: M — @ Em®a, An
o€l

for each surjective A-morphism p : [n] — [I] with [ < n so that the diagrams

(7.6.8) ®U€Tn En DA, Ap
/ x
M(9)
M, My,

commute for each L,,-morphism as below.

But by induction we already know that the natural maps (7.6.3) yield an isomorphism
M, = @ Er ®4, Am
0:[l]—[k]
(where 6 : [I] — [k] runs over all surjective A-morphisms) and we can define our map

for B Eroa A= P En®a, A
0:[1]—[k] o€ln
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by taking the summand indexed by @ : [I] — [k] into the summand indexed by 6p : [n] — [k]
by the obvious map

Ey®a, Ai = B ®a, Ay
e®a— e® A(p)(a).

It is tautological to check that the diagrams (7.6.8) commute and that our f is an inverse
to (7.6.6). g

Definition 7.6.6. A morphism of simplicial rings ¢ : A — P is called semi-symmetric iff
there are A,-submodules M,, C P, (called a basis) for each n € N satisfying the following
properties:

(1) For each n € N, the induced map Sym} M, — P, is an isomorphism.

(2) For each surjective A-morphism o : [n] — [m], the corresponding degeneracy map
P(o) : Py, — P, takes M,,, C P,, into M,, C P,. (Recall that this degeneracy map
is injective, as it has a retract.)

The second condition above says that the degeneracy maps for P make the M, into a
degenerate module M over the degenerate simplicial ring underlying A. A semi-symmetric
morphism i is called symmetric iff it has a basis (Mg, M, ...) so that the corresponding
degenerate module M is split (Definition 7.6.4).

Definition 7.6.7. A morphism of simplicial rings is called projective (resp. free) iff it is
symmetric and has a basis (Mg, M1, ...) and non-degenerate complements (Ey, E1,...)
with each E,, a projective (resp. free) A,-module. Notice that, in light of the formulas
(7.6.4) and (7.6.5) in Lemma 7.6.5, this implies that each D, and each M, is also a
projective (resp. free) A,-module.®

One can equivalently define a free morphism to be a map 7 : A — P such that there are
subsets X,, C P, (called a basis) for each n € N satisfying the following properties:

(1) For each n € N, the induced map A4, [X,] — P, is an isomorphism (i.e. P, “is” a
polynomial ring over A4,,).

(2) For each surjective A-morphism o : [n] — [m], the corresponding degeneracy map
P(o) : Py, — P, takes X,,, C P,, into X,, C P,.

(3) Let D,, denote the direct limit of the X,, over (o : [n] — [m]) € L,. ? We
require the natural map D, — X, to be injective for every n. We call D,, C X,
the degenerate subset of X,, and we call its complement E,, := X, \ D,, the non-
degenerate subset of X,,.

We say that a free morphism is of finite type (or degree-wise finite type if there is any
chance of confusion) if we can take every set X, to be finite. A trivial free (resp. projective)
morphism is a morphism which is both free (resp. projective) and a weak equivalence.

Remark 7.6.8. The “one can equivalently define” in the above definition requires some
justification. Suppose i : A — P is a free morphism with basis (X, X1,...). For n € N,
we view D,, as a subset of X, via the natural map which is injective by hypothesis. We
call D,, C X,, the degenerate subset of X,. Let E, := X,, \ D,, be the non-degenerate

8Projective (resp. free) modules are stable under extension of scalars and direct sums.

INote that D,, “is” just the n' latching object L, (X) of “X,” though in §3.6 we discussed latching objects
only for simplicial sets, though the definition makes perfect sense for “purely degenerate simplicial sets”
such as the X here.
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complement. If we now let M, be the free A,,-module on the set X,,, then we have A,[X,,| =
Sym’ M, so i is certainly semi-symmetric with basis (Mo, M1,...). Furthermore, the
natural A,-module map (7.6.2) is nothing but the map of free A,-modules induced by the
inclusion of sets D,, — X,,, so it is clear that the free A,-module on the subset F,, will
serve as a (free) non-degenerate complement.

To go the other way, suppose i : A — P is a symmetric morphism with basis (Mg, M1, .. .)
and free non-degenerate complements (FEy, E1,...). Choose a basis Y,, C FE, for each
n € N. In light of the formula (7.6.5) of Lemma 7.6.5, we obtain a basis

X, = H Y,

(r:[n]—[l])ELn

of M, so that each surjective A-morphism o : [n] — [m] induces an inclusion M (o) :
X,, — X,. This inclusion is nothing but the obvious inclusion

I - I v
m:[m]—|

k] 7:[n]—[l]

taking the subset indexed by 7 : [m] — [k] bijectively onto the subset indexed by 7o :
[n] — [k]. (Note that, if 7,7’ : [m] = [k] are distinct, then 7o and 7’c are distinct because
o is surjective.) The natural map

li_rr}{Xm :(o:[n] = [m]) €Ly} = X,
is injective because the natural map
h_r)n{Mm ®A,, An (0 [n] = [m]) € Ly} = M,
is injective.

Remark 7.6.9. Suppose A is a simplicial ring and X is a simplicial set. The structure
map A — A[X] for the free A-algebra on X may not be a free morphism of simplicial
rings, because the natural map D,, — X,, (which is just the natural map L, (X) — X,, for
the simplicial set X) may not be injective (Example 3.6.1). Never-the-less, we have seen
in Corollary 7.6.3 that A — A[X] is a cofibration.

Similarly, if P is a projective A-module, A — Sym’ P need not be a projective
morphism. Indeed, when P = F,M for a projective A,-module M, the natural maps
D,, — X,, will not be injective for all m (unless M = 0). In Example 7.6.10 below,
we will give a very simple example showing that the map A — Sym¥ M, although semi-
symmetric, need not be symmetric, because (7.6.2) need not be injective.

Also note that not every free morphism A — P is of the form A — A[X] for a simplicial
set X—this is because in the definition of free morphism we do not require P(o) : P, — P,
to take X, into X, for all A-morphisms o : [n] — [m] (as would be the case if P = A[X]
for a simplicial set X), but rather only for surjective A-morphisms. This is why we have
“two flavors” of cofibrations. The cofibrations of the “first flavor” are good for factoring
a map as a cofibration followed by a surjection. The extra “flexibility” in the cofibrations
of the “second flavor” makes them suitable for factoring a map that is already surjective
as a cofibration followed by a trivial fibration.
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Example 7.6.10. Let s : Z — Z[z] be the unique ring map and let p : Z[z] — Z be the
unique ring map with p(xz) = 0, so we have a retract diagram of rings as below.

Ly

7 —"=77]
We can thing of this as a 1-truncated simplicial ring A with Ay = Z, A; = Z[z], s = s
and dj = d} = p. We can similarly view the diagram

Id

7 Id

7 ——17

as a module M over this 1-truncated simplicial ring. By general theory of coskeleta (§3.5),
there will exist a simplicial ring A and an A-module M which agree with our A and M in
degrees < 1. The map My ®4, A1 — M; (the natural map (7.6.2) when n = 1) is just the
map p—it is not injective, so the semi-symmetric map A — Sym’ M is not symmetric.

When i : A — P is a symmetric morphism with basis (M, M;,...) and p : P — B
is a map of simplicial rings, we usually write p,, : M,, — B, instead of the more correct
pn|M, : M, — B,,. Similarly for free morphisms.

Let us first observe that free morphisms of simplicial rings have some “stability” prop-
erties that are similar to the stability properties we would expect from cofibrations:

Lemma 7.6.11. Free morphisms of simplicial rings are stable under pushouts and com-
positions. If

A0 5 At 5 A%
is a diagram of free morphisms of simplicial rings indexed by N with direct limit A, then
the structure maps A™ — A are free morphisms.

Proof. Suppose i : A — P is a projective (resp. free) morphism with basis (Mg, M, . ..)
and projective (resp. free) non-degenerate complements (Ey, E1,...). Let A — B be an
arbitrary map of simplicial rings, B — ) = P ®4 B the pushout. It is straightforward
to see that B — @ is free with basis (M ® 4, Bo, M1 ®4, Bi,...) and non-degenerate
complements (Ey ®4, Bo, E1 ®4, Bi,...). Since each E, is projective (resp. free), so
is each E, ®4, B,. The degeneracy maps for the degenerate B-module M ®4 B are
injective because the degeneracy maps for M are inclusions of direct summands. The
other statements are similar and boil down to the fact that a “polynomial ring over a
polynomial ring is a polynomial ring” and “a sequential direct limit of polynomial rings is
a polynomial ring on the union of the variables.” O

The proof of the following technical lemma is elementary, though tedious, and is included
merely for the sake of completeness—the reader is urged to skip over it.

Lemma 7.6.12. Supposei: A — P is a symmetric morphism of simplicial rings with basis
(Mo, My, ...) and non-degenerate complements (Eo, E1,...), f: A — B is an arbitrary
morphism of simplicial rings, and p : tr, P — try, B is a map of n-truncated simplicial
rings with tr, f = ptryi. Then

p = (P12 Mps1 — Bpta)

establishes a bijection between the set of liftings of P to a map p : trpp1 P — trpe1 B of
(n+1)-truncated simplicial rings satisfying trp+1 f = ptrp+1i and the set of Ap,+1-module
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homomorphisms q : Fpy1 — Bpy1 making the diagrams

(7.6.9) Eni1 —> Byiq
| |
Py —— Bn
commute fori=0,...,n+ 1.

Proof. Set py, := p,, for m < n. Such a lifting p is certainly determined by the A,1-
algebra map pn11: Phy1 — Bpa1. Such an algebra map p,+1 will yield a lifting of p with
trp41 f = ptryyr ¢ iff the square S(o) below commutes for every A-morphism o : [m] — [£]
with m, k < n+ 1.

(7.6.10) P, - B,

P(U)l iB(a)

Py ——= B,

Notice that if o happens to factor as o = p7, then the square S(o) is obtained by con-
catenating S(p) and S(7) so we can check the commutativity of S(o) by checking com-
mutativity of §(p) and S(7). Since p was a map of n-truncated simplicial rings, we know
S(o) commutes whenever m, k < n. We thus see that the commutativity of all the S(o)

is equivalent to the commutativity of the squares S(0%,,) (i =0,...,n + 1) below
(7.6.11) Pop1 2% Byt
P(aiz+1):dil+1l \Ldiz+1:B(a7iL+l)
Pa Pn Bn

and the squares S(o) for o : [n + 1] — [m] for o € T', shown below.

Pm

(7.6.12) P,

Pn+1 m) Bpi1

By the universal property of the symmetric algebra P, = Sym*An+ My, the Ap -
algebra map p,41 is equivalent to the data of an A, i;-module map pp+1 @ Mpy1 —
Bp+1. Using the direct sum decomposition My 11 = Dp41 @ Epy1 into the degenerate
and non-degenerate summands, the universal property of direct sums, and the direct limit
description of D, 1, we see that the A, i-module map p,11 is determined by giving an
Apq1-module map q : E,41 — B,41 and A,yj-module maps py @ M, ®4,, An — Bnii
for each o € L, 4 satisfying the compatibility condition necessary to define a map out of
the direct limit D, (we will formulate this momentarily). By the adjointness of ® and
restriction of scalars, we will view p, as a map of A,,-modules p, : M,, = Bj,+1, regarding
By, +1 as an A,,-module by restriction of scalars along f,,+1A(0) = B(0) fm. The condition
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for the p, to define a map D,+1 — M,,+1 is that the diagram

(7.6.13) P

=X
M. P(6) M,

should commute for each L, i-morphism as below.

n+1]
[m]/ : \[k]

Using the universal property of P,, = Sym, _ M,,, we see that commutativity of (7.6.12)
is equivalent to the formula

(7.6.14) Do = B(0)pm.

Using our description of p,4+1 in terms of the p, (assuming these actually “glue”) and
g, we see that the commutativity of (7.6.11) is equivalent to the commutativity of the
diagrams (7.6.9) plus the commutativity of the diagrams

(7.6.15) My —"> Bps1
P(afwrl)P(U)l id:‘Hl:B(a:‘wﬁ
Py By

n

for each o € T'. The whole point of the lemma is that, as long as p, is defined by (7.6.14)
(as it must be in any lifting p), the diagrams (7.6.13) and (7.6.15) will commute as desired.
For the commutativity of (7.6.13), just compute
poP(0) = B(o)pmP(0)
= B(o)B(0)pr.
= B(7)pk
(the second equality uses the fact that p is a well-defined map of n-truncated simplicial

rings). For the commutativity of (7.6.15), let 7 : [n] — [m] be the composition of 9, ,; :
[n] = [n+ 1] and o : [n + 1] — [m], then compute

B(@fl+1)pg = B(afLH)B(U)pm

= B(7)pm

= paP(7)

= puP(8;,11)P(0)
(using the fact that p is a well-defined map of n-truncated simplicial rings for the third
equality). O

Theorem 7.6.13. Projective morphisms of simplicial rings are cofibrations.
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Proof. Suppose i : A — P is a projective morphism of simplicial rings. We need to show
that there exists a lift [ as indicated in any solid commutative diagram

A1 .p
A U
i h
p—2-C
of simplicial rings where h is a trivial fibration.
Fix a basis (My, M, ...) for i and a choice of non-degenerate complement E,, C M, for

each n € N. Recall from §?? that we let M,,(B/C) denote the set (in fact, A,-module) of

(bo, - --,bn,c) € B x C,,
satisfying
di by =d b, 0<i<j<n

dic = h,_1bi, i€ [n]
and that “h is a trivial fibration” is equivalent to surjectivity of each map

B, — M, (B/C)

b (dO,...,d"b, hyb).
We construct the lift [ inductively: To get started, we need to find a lift Iy in the diagram

of rings:

Ay —" B,
io lo_.-“" ho
PO ’ go C(]

By the universal property of the symmetric algebra Py = Sym’; Mo, this is the same thing
as finding a lift in the diagram of Ap-modules below.

By
7
lo
O ho
go
M Co

By definition of “projective module,” we can find such a lift since By — Cy = My(B/C)
is surjective because h is a trivial fibration. Now suppose that we have constructed the
solid diagram

try
tr, A ) tr, B

try 1
trnzi / ltrnh

try
tr,, P 9 tr, C
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of n-truncated simplicial rings and we want to lift it to a diagram

trny1 f

trp1 A trp41 B
! 7
try
trp41 lt +1 J]trn_;,_l h
trn+1 g
trp41 P trp1 C

of (n 4 1)-truncated simplicial rings. By Lemma 7.9.2, it suffices to find an A, ;1-module
homomorphism ¢ : E,4+1 — Bpy1 such that

gn+1 = hn+1q

and such that the following diagram commutes:

q
EnJrl — Bn+1

dzﬂi id;H

An fn Bn

The fact that try, [ is a map of truncated simplicial rings ensures that we have a map of
Ap41-modules

Eny1 — Mp1(B/C)
T > (lnd2+1x, e lndZﬂm,gon).

We can then find our ¢ by lifting in the diagram of A, i-modules below.

Bn+1

En+1..4> M, +1(B/C)

(Such a lift exists because E,, 4 is projective and By+1 — My41(B/C) is surjective.) O

7.7. Path space. If B is a simplicial ring, then the path space B! of §4.7 carries the
structure of a simplicial ring.

DISCUSS: simplicial homotopy (§3.7) is internal so sAn via path spaces

Replace “trivial free morphism” in Lemma 7.9.1 with “trivial cofibration” and elaborate
on the importance of this result: emphasize that the deformation retract is in sAn.

7.8. Factorizations. In this section, we will construct various factorizations of mor-
phisms of simplicial rings which, among other things, will be used in §7.5 to prove that
simplicial rings form a model category. The factorization construction in Theorem 7.8.6 is
a loose conglomeration of [Q1, I11.4.6-7], [And, 1.6], and [Beh, Proposition 1.9]. With the
possible exception of the finiteness statement in Theorem 7.8.6, the results of this section
can all be obtained from the general results of Quillen in [Q1, I1.4].

Lemma 7.8.1. Any morphism f : A — B of simplicial rings can be factored as f = qj
where j : A — Q is a homotopy equivalence and q : Q — B is a fibration.
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Proof. If B is a simplicial ring, then the path space B! of §4.7 carries the structure of a
simplicial ring. Indeed,

B! = Homggets(A[1] x Aln], B)
carries a natural ring structure because B is a ring object in simplicial sets. Furthermore,
the evaluation maps eg,e; : B — B and the constant path map i : B — B! are maps
of simplicial rings, and the homotopy equivalence B = B! is a homotopy equivalence of

simplicial rings. Since all simplicial rings are fibrant (Corollary 5.6.6), the factorization of
f from Lemma 4.7.6 is as desired. 0

We need another straightforward, though tedious, lemma.

Lemma 7.8.2. Suppose A is a simplicial ring and i : tr, A — tr, P is a symmetric
morphism of n-truncated simplicial rings. To lift i to a symmetric morphism of (n + 1)-
truncated simplicial rings, it suffices to give an Api1-module Ep i (which will be a non-
degenerate complement for the lifted morphism) and A(0;, . )-linear maps

gyt Eny1 — Py
fori € [n+ 1], so that we have an equality
(7.8.1)

of A(aiﬂa;) = A( ﬁLH@ffl)—lmear maps for 0 <i<j<n+1.

) _ gj—1q .
ndn+1 — Yn dn+1 . En—H — Pn—l

Remark 7.8.3. The data of A(9!,)-linear maps d’,; : Eny1 — P, satisfying (7.8.1) is
the same as the datum of an A, ;i-module map F,+1 — M;,1(P), where the (n + 1)-
matching object M,,11(P) (§3.6) is regarded as an A,,;1-module via the scalar multiplica-
tion

a - (pOa cee 7pn+1) = ((824-10')[)07 B (82111a)pn+1)

(there is an i,, suppressed in the notation).

Proof. Choose a basis (My,...,M,) for i, so that the M,, form a (split) n-truncated
degenerate module tr, M over the n-truncated degenerate simplicial ring underlying A.
Set

Dpy1 = h_r)n{Mm R4y Ant1 i (0 [n+1] = [m]) € Tnia}

and let @ : M,, — D,+1 denote the A(c)-linear structure map to the direct limit. Set
M1 := Dpi1 ® Eps1, Pog1 = Symjilwrl M, +1. For a T, 41-morphism o : [n + 1] — [m],
set M(o) : My, = My4+1 equal to & followed by the inclusion D41 < M,1i. By the
universal property of the direct limit, the maps M (o) are compatible with the structure
maps for the n-truncated degenerate module tr,, M, so we have constructed a (split) (n+1)-
truncated module M lifting tr,, M, where, as the notation suggests, Dp+1 C My is the
(n+1)% degenerate submodule. In particular, applying the symmetric algebra functor, we
obtain degeneracy maps for our lifted P compatible with the degeneracy maps for tr,, P
and those for A. In particular, our new degeneracy maps satisfy the simplicial relations

i o _ oJtlge ; ;
SnSn—1 = Sn  Sn—1 (Z é ])

expressing their compatibility with the degeneracy maps for tr,, P.

We now need to define boundary maps for our lifted P compatible with our degeneracies,
with the boundary maps for tr,, P, and with the boundary maps for A. For a A-morphism
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7 : [k] = [n+ 1], to say that P(7) : P41 — Py is compatible with A(7) is to say it is
obtained (using the symmetric algebra adjointness) from an A(7)-linear map

(7.8.2) P(1): Mp4q1 — Pg.

Since we want (7.8.2) to be compatible with our degeneracy maps P(c), there is no
choice about how to define the restriction P(7)p of (7.8.2) to D,4+1: We have to have
P(r)M (o) = P(oT) : My, — Pi. Thinking of M (o) as the structure map @ : M,,, — Dy 41,
it is straightforward (and rather tautological) to check that the universal property of the
direct limit does indeed yield a unique map P(7)p : Dyy1 — Py with P(7)pM (o) = P(oT)
for all 0 € T}, +1. Now, no matter how we define (7.8.2) on the non-degenerate complement
E,+1, it is clear from our construction of P(7)p that our maps P(7) will be compatible
with the degeneracies for P—that is, the simplicial relations

s, i<

djy 1), = 4 Idy, 0<j<i<j+1

sh o diTl g+ 1<
will hold. So, it remains only to define the boundary maps d’, = P9} 1) Enpr — Py
in such a way that they are compatible with the the boundary maps for tr,, P. Taking a
look at the simplicial relations in Lemma 3.2.2, we see that it is enough to arrange the
equalities in the statement of the lemma. O

To construct our factorizations of simplicial rings, we will make heavy use of the match-
ing objects
Mk

n

(4) = lim {Ap, : (0 < [m] = [1]) € ME}

discussed in §3.6. Recall (§3.6) that M is the category of injective A-morphisms o : [m] —
[n] with m < k whose morphisms are the obvious commutative triangles of injective A-
morphisms. We have “restriction” ring maps

(7.8.3) Ap =MA) = MPHA) = - = ML (4) = MO(X) = Al

We regard each M¥(A) as an A,-module via these restriction maps. If A, is noetherian,
then each M (A) is a finitely generated A,-module because M%(A) is a submodule of the
(finite!) product

[I{Am: (o :[m] = []) e Mz}
(regarding A, in the factor indexed by o as an A,-module via A(0)), each of whose factors
is a finitely generated A,-module (each of these A(o) is surjective because each o is an
injective A-morphism). In particular, when A, is noetherian, the ring homomorphisms

(7.8.3) are all finite type (since they are module finite), so, in particular, each M%(A) is
noetherian.

If f: A— B is, degree-wise, a finite type map of noetherian rings, then every in-
duced map ME(A) — ME(B) is a finite type map of noetherian rings because it sits in a
commutative diagram
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where the three other arrows are finite type.

Lemma 7.8.4. Any map of simplicial rings f : A — B can be factored functorially as
f =1ip wherei: A — P is a cofibration and p : P — B is surjective.

Finite version: If f is a degree-wise finite type map of noetherian rings and we fixr N € N
is finite, then we can can find a factorization f = ip (though not functorially) where i is
a finite type cofibration and py is surjective for k < N.

Proof. O

Lemma 7.8.5. Fizn € NU {co}. Suppose f: A — B is a map of simplicial rings which
is surjective in degrees < m. Then we can factor f asi: A — P followed by p: P — B
where:

(1) i is a free morphism.
(2) Hi(p) is an isomorphism for all k <n — 1.

Theorem 7.8.6. Any morphism f: A — B of simplicial rings can be factored as f =
where i : A — P is a free morphism and p : P — B is a trivial fibration.

Finite Version: Fiz some N € $ and suppose that each f is (degree-wise) a finite type
map of noetherian rings. Then we can factor f as f = ip such that:

(1) i is a finite type free map
(2) pr : P, — By is surjective for k < N
(3) Hi(p) is an isomorphism for k < n. (“p is n-connected”).

Proof. We will refer to the situation where each f, is a finite type morphism of noetherian
rings as the “noetherian situation.” For clarity, if A[X] is the free A-algebra on a set X,
we will write [z] € A[X] for the element corresponding to z € X.

We get started by choosing a subset Xy C By generating By as an Ag algebra. In the
noetherian situation, we choose Xy finite. We set Py := Ay[Xo], let ig : Ag — Py be the
natural map, and let py : Py — Bp be the unique Ay algebra map with pglz] = = for all
x € Xo, so fo = poio-

Now we proceed inductively. We assume that we have constructed an n-truncated
simplicial ring tr, P € s,An, a free map tr,i : tr, A — tr, P (of finite type in the
noetherian situation) with basis (Xo, X1,...,X,), and a map tr, p : tr, P — tr, B such
that:

(1) trp, f = (tr, p)(try 7)

(2) The map py : P, — By is surjective for & < n.

(3) The map pi, : Mg (P) — Mg(B) is surjective for k < n.

(4) The map py, : Hy(P) — Hg(B) is an isomorphism for k < n.
(5) The map py, : Z,(P) — H,(B) is surjective.

We will prove that it is possible to extend all of this to find the same data satisfying the
same conditions with n replaced everywhere by n + 1. The desired factorization will then
be the union, over all n, of these finite approximations (and the abusive notation tr, P,
try, 4, tr, p will be justified). The conditions above will ensure that p is a trivial fibration:
By definition, this can be checked on the underlying simplicial abelian groups, so we can
use Corollary 5.6.5.
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To construct the desired lift, we make several choices:

(1) Choose a subset W C B, 11 generating By, 11 as an A, algebra, taking W finite
in the noetherian situation.
(2) For each w € W C Byq, (%, w,... ,dgﬁw) € M, (B), so, since p,, : M, (P) —

M,,(B) is surjective, we can choose (wo, ..., wp+1) € My, (P) so that
(Prwo, -, prtnt1) = (dyyyw, ..., T jw).

(3) Choose some subset S C M;11(B) generating My 11(B) as a Bpyi-module (c.f.
Remark 7.8.3 for the module structure). Each map d, 11 Bny1 — By is surjective

and My +1(B) is a Bj41-submodule of BL"H] (regarding the latter as a Byj41-
module by using d’, 11 to define scalar multiplication on the ith factor), so we can
and do take S finite in the noetherian situation.

(4) For each s = (sg,...,Snt+2) € S € My41(B) and each pair (i,5) with 0 <i < j <
n + 2 choose some s;; € P, with

Pn(sij) = dh 15,
i1
(= dy15i)-

Such a choice is possible because p,, : P, — B, is surjective.
(5) Choose a subset

K C Ker(H,(p) : Zu(P) — Hy(B))

generating the kernel of this surjection as a P, module, taking K finite in the
noetherian situation.

(6) For each x € K C Py, pn(z) is zero in H,,(B), so we can choose some z; € Ny,+1(B)
with d2 |12, = pn().

(7) Choose a subset Y C Z,11(B) C B,41 whose image in H,y;(B) generates the
latter as a Bj+1 module. We can and do take Y finite in the noetherian situation.

For clarity, we now partially repeat the proof of Lemma 7.8.2. Let D, 1 be the direct
limit of the sets X,, over the latching category L, 11 (§3.6) of all surjective non-identity
A-morphisms o : [n + 1] — [m]. (Note that D,; is finite when all these X, are finite
because L, 1 is a finite category.) For such a o, let 7 : X,, — D,4+1 denote the structure
map to the direct limit.

Let T be the set of all formal symbols s; for s = (sg,...,8p42) € S and i € [n+2]. (We
say “formal symbols” to emphasize that s; and sg- are thought of as distinct elements of T'

whenever s # s’ or i # j, even though the elements s;, s;- € Bj,4+1 may very well coincide.)
Note that T is finite when §' is finite. Set

Eo =W][TTIE[]Y
Xnt1 := Dny1 HEnH-

We will often write @ : X,,, — X,,41 as abuse of notation for the composition of 7 : X,,, —
D,,11 and the inclusion D11 C X, 1. Let Poy1 = Apt1[Xnt1] and let i1 0 Appr —
P, +1 be the natural map.
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For a (o : [n+ 1] — [m]) € Ly41, we define the degeneracy map P(o) : Py, — Ppi1 to
be the unique ring homomorphism making

P(o)
P, 4>Pn+1

’im T Tinﬁ—l
Alo)

Am - An+1

commute and taking X,, C P,, into X,+1 C P,1; via o. These degeneracy maps are
compatible with the “old” degeneracy maps for the n-truncated simplicial ring tr,, P and,
as the notation suggests, Dp+1, Eny1 € Xp41 are the non-degenerate and degenerate basis
elements, respectively, in the sense of Definition 7.6.7.

For i € [n + 1], the boundary map d,,; = P(9., ) : Poy1 — P, is defined as follows:
First of all, we need

(7.8.4) Py s P,

to commute. The universal property of the free A, i-algebra Ppyq = Api1[Xnt1] says
that to give an A, ;-algebra map d;_ ; making (7.8.4) commute is the same thing as
giving a map of sets

(7.8.5) dq s X1 = P

By (the proof of ) Lemma 7.8.2, there is only one way to define the boundary maps (7.8.5)
on Dy compatibly with the degeneracy maps P (o) defined in the previous paragraph (we
must have d;, ;& = P(00,,,,)) and to define the maps (7.8.5) lifting tr,, i : tr, A — tr, P
to a free morphism of (n + 1)-truncated simplicial rings trp414 : trp41 A — trppq P it
suffices to define maps of sets

(7.8.6) iyt Epr1 — Py

(which, as the notation suggests, will be the restrictions of the maps (7.8.5) to Ej,11)
satisfying

(7.8.7) dyd) oy =d Ny By = Pooy, 0<i<j<n+l

We define (7.8.6) on the subsets W, K, and Y by setting

(7.8.8) L) = w, weW
o (z) =2, z€K
diq(z) =0, z€K,i>0
hii(y) =0, yev.
We define (7.8.6) on T by setting
(7.8.9) i1 (s5) = sy
for each s = (sg, ..., Snt2) € S and each pair (7,j) with 0 <i < j <n+2. It is important

to notice that this makes sense—i.e. that this definition actually defines d, 118 exactly
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once for each s € S and each (7, 7) € [n+ 1] x [n+ 2] (because either 0 <i < j <n+2 or
0<j<i+1<n+2).

As in the proof of Lemma 7.8.2, it is clear that our boundary maps d, 11, thus defined,
are compatible with the degeneracies for P. It remains only to check that they are com-
patible with the boundary maps d, for tr,, P. According to Lemma 7.8.2, we need to check
that

i _ qi—1 g .
ndn—|—1 = d% dn+1 : En+1 — Pn—l

for all 0 <4 < j < n+ 1. This completes the construction of the lift tr,41¢ : trp41 A —
trn+1 P.

To define pyi1 : Poy1 — Bpyi1, with foi1 = pryiingr making trpp1p o trpp P —
trp4+1 P an s, 11 An morphism extending tr, p satisfying

trp f = (trn+1 p) (trn—l—l '5)7
we need only define a function p,41 : Epy1 — Byt so that the diagram

A1

(7.8.10) Py 2 p,
pn+ll lpn
i1

Bny1 — By
commutes (Lemma 7.9.2). I claim that we can arrange this by setting
Pryi(w) = w, weWw
Pni1(x) = 2, €K
pnt1(y) =y, yey.
Indeed, commutativity of (7.8.10) on W C P, is equivalent to the equality

w1 (W) = pn(wi)

which we arranged by our choice of w; (and our definition d’,_;(w) := w; in (7.8.8)),
commutativity on x € K C P,41 holds when ¢ > 0 since both ways around the diagram

yield 0 and when ¢ = 0, this commutativity is equivalent to the equality

dp11(22) = pu(2)

we arranged by our choice of z,; commutativity on Y C P, 1 holds since both ways around
the diagram yield 0.

Now we argue that our extension to n + 1 has all the desired properties. The map
Pn+1 @ Pang1 — Bpy1 is surjective by our choice of W, since p,y1 is a map of A,41-
algebras and each w € W C P, ;1 is in the image of p,11. To see that the stage n+ 1 map
H, (P) — H,(B) is an isomorphism, first note that it was surjective at stage n and Z,(P)
is the same both at stage n and at stage n + 1. Next note that our definition of d’, in
(7.8.8) for v € K C Xy, 41 C P41 ensures that K is in fact contained in Ny41(P) C P41,
and our definition of d%, () for z € K ensures that Ny,11(P) — Z,(P) surjects onto the
kernel of the surjection Z,,(P) — H,(B). To see that Z,,+1(P) — H,+1(B) is surjective,
note that our definition d’, ,;(y) := 0 in (7.8.8) ensures that Y C P, is in fact contained
in Z,+1(P) and our choice of Y C Z,,11(B) and definition p,11(y) := y then ensure the
desired surjectivity.
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For the final statement of the theorem, first factor f = jq as in Lemma 7.8.1, then factor
j = ip as in the first part of the theorem. The free morphism 1 is also a weak equivalence
by 2-out-of-3 because j and p are weak equivalences. The resulting factorization f = i(pq)
is hence as desired because pq, being a composition of fibrations, is also a fibration. O

Remark 7.8.7. (Functoriality) The factorization described in the proof of Lemma 7.8.1
is clearly functorial in f. The factorizations described in the proof of Theorem 7.8.6 can
be made functorial at the cost of the finiteness statement by eliminating the choices made
in the above proof, as follows. We get started by taking Xo = By, Py = Ao[Bo], so that
our map pg : Py — By comes with a natural set-theoretic section sg : By — Py given
by so(b) := [b]. We then proceed inductively as in the proof above, assuming that each
Pk Pr — By also comes with a set-theoretic section s : By — Pi. Instead of making the
choices we made in that proof, we proceed as follows:

(1) We set W := By41. ‘

(2) For each w € W and each i € [n + 1], we set w; := snd,1(w) € P, so that
Pn(w;i) = ppsndy, 1 (w) = dj, ,(w) because s, is a section of p,.

(3) Define K as the fibered product

d
Zn+1(B) s Hn(B)
and set z, := m(x) € Zp41(B) for x € K. The image of the map m is clearly the
kernel of Z,,(P) — H,,(B).
(4) Set YV := Zn+1(B) - Bn+1~

It is clear that the sets W, K, Z and the definitions of w; and z, above are functorial in the
map of simplicial rings A — B. We then define P, 1, i,11, and the maps p,1 exactly as
in the above proof. The map p,11 comes with a tautological section s,41 : Bpr1 — Pt
given by s,+1(b) = [b] because of our choice of W = B, 1. We also define the boundary
maps d’, 11 Pay1 — Py as in the above proof, except we set

7 o 71—2(:’6)7 1 =0
nf2] = {o, i>0.

All of these constructions are also functorial in A — B.

In light of this remark, we have proved:

Corollary 7.8.8. Morphisms of simplicial rings admit two functorial factorizations:

(1) f = ip, where i is free (hence a cofibration by Theorem 7.6.13) and p is a trivial
fibration, and

(2) f = ip, where i is a trivial free morphism (hence a trivial cofibration) and p is a
fibration.

Remark 7.8.9. If one isn’t interested in the finiteness statement of Theorem 7.8.6, then
the first factorization of Theorem 7.8.6 can also be obtained formally by using the fact
that the free algebra functor is left adjoint to the forgetful functor from rings to sets. This
is what Illusie does in [I11].
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We can use Theorem 7.8.6 to say something about the structure of cofibrations of
simplicial rings:

Corollary 7.8.10. Suppose i : A — P is a cofibration of simplicial rings. Then the ring
map ig : Ag — Py has the LLP with respect to all surjective ring maps.

Proof. Suppose f: B — C is a surjective ring map and

Ay——B

Pyp——C

is a commutative diagram of ring maps. Regarding f as a map of constant simplicial rings
and using the fact that A — A is left adjoint to the “constant simplicial ring” functor,
we obtain a commutative diagram

A——B

P—>C
of simplicial rings. By Theorem 7.8.6 we can factor the map f of constant simplicial rings
as B — Q — C where B — () is a cofibration and ) — C' is a trivial fibration. It is clear

from the proof of that theorem that, since f is surjective, we can arrange that B — Q is
an isomorphism in degree zero. Since i is a cofibration, we can lift in the square

A——Q

pP——=C
of simplicial rings because Q — C is a trivial fibration; the degree zero part of this lift
then provides a lift in our original ring diagram. O

7.9. Proof of Theorem 7.5.2. Recall from §7.5 that the only model category axioms
(§1) for sAn not immediate from the definitions (Definition 7.5.1) are: The factorization
axiom and the lifting axiom. We established the factorization axiom in Corollary 7.8.8,
and “half” of the lifting axiom is immediate from the definition of “cofibration.” It remains
only to show that trivial cofibrations have the LLP with respect to fibrations, which we will
do in Lemma 7.9.4 after we prove the final statement of Theorem 7.5.2 as Lemma, 7.9.3.

Lemma 7.9.1. Every trivial free morphism of simplicial rings admits a deformation re-
tract.

Proof. We recycle the idea used to prove Lemma 7.8.1. Suppose i : A — P is a trivial free
morphism. Let P! be the path space for P, ip : P — P! the constant path, eg,e; : PL = P
the evaluations. Since all simplicial rings are fibrant (by our definition of fibration and
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Corollary 5.6.6), Lemma 4.7.6 says that we have a solid commutative square

d,ipt
A Dy e pr
7
(th)

7 o e1my

where (Id,ipi) is a homotopy equivalence (hence a weak equivalence) and e;ms is a fibra-
tion. Since i is a trivial free morphism, ejms is in fact a trivial fibration by 2-out-of-3,
hence we can find the lift (r, h) as indicated by Theorem 7.6.13. Unravelling the com-
mutativity of this diagram with Proposition 77, we see that r : P — A retracts ¢ and
h: P — P! can be viewed as a homotopy rel A from ir to the identity of P. 0

Lemma 7.9.2. Trivial free morphisms of simplicial rings have the LLP with respect to

fibrations.

Proof. This follows formally from the previous lemma using [Q1, I1.3.4]. T will spell out
the details here because I found Quillen’s proof a little confusing. Consider a diagram

A—? . p
. l_;ﬁ

I3 = V4
Pt ¢

where i : A — P is a trivial free morphism and p is a fibration; we must find a lift [ as
indicated. By the previous lemma, i has a deformation retract r : P — A. Let h: P — P!
be the homotopy witnessing this, so we have a commutative diagram

AA Al

1

p—".pl
with egh = ir, eth = Idp expressing the homotopy rel A from ir to Idp. The square

p Kk
i
B

kR ot
leo
.
commutes by the computation
eok!h = kegh = kir = pjr,

so we have an induced map

(jr,k'h) : P — B x% O



106 W. D. GILLAM

The solid square

A iBJ B!
T
i (607p1)
(k)

P—— s> Bx®C!
commutes by the computations
coipj = j = jri
and
pligj = pilia = k'iliy = k' hi.
We claim that the map (eg, p!) is a trivial fibration. Assuming the claim, we have the lift
H as indicated by Theorem 7.6.13. We obtain the desired lift [ in the original diagram by
setting [ := e H.

The claim follows from general facts about fibrations in the category of simplicial sets
(either [Hov, 3.3.1], or the discussion in [Q1, I1.2.3-4]), or slightly more directly by using
the characterizations of fibrations and trivial fibrations in §?7 as follows: To prove that
(eo,p’) is a trivial fibration it suffices (by Proposition 4.4.6) to prove that there is a lift
as indicated in any solid diagram

K B!
T
tl . l(eo,pl)
L Bx2C!
where t is an injective map of simplicial sets. But one translates this into finding a lift in

(K x A[l])U (L x {0}) —= B

| lp

L x A[l] C

(see the proof of Lemma 4.7.5 for a similar “translation”) which can be done because p is
a fibration (c.f. Proposition 5.6.3(3)). O

Lemma 7.9.3. A map of simplicial rings is a cofibration (resp. trivial cofibration) iff it
is a retract of a free morphism (resp. trivial free morphism).

Proof. We saw in Theorem 7.6.13 that free morphisms are cofibrations. Any retract of
a cofibration (resp. trivial cofibration) is a cofibration (resp. trivial cofibration) because
this follows formally from our definition of cofibration (Definition 7.5.1), as we already
mentioned in §7.5. This proves (<=). For (=), suppose j : A — B is a cofibration (resp.
trivial cofibration). Factor j = ip where i : A — P is a free morphism and p is a trivial
fibration (Theorem 7.8.6). If j is trivial, then so is ¢ by 2-out-of-3. Since j is a cofibration
and p is a trivial fibration, the diagram

A—.p
4

et

B ——

B



SIMPLICIAL METHODS IN ALGEBRA AND ALGEBRAIC GEOMETRY 107

admits a completion as indicated, hence the diagram
A A
"
P B

displays j as a retract of 4. ]

S

p

Lemma 7.9.4. Trivial cofibrations of simplicial rings have the LLP with respect to fibra-
tions.

Proof. We showed in Lemma 7.9.2 that trivial free morphisms have the LLP with respect
to fibrations and we showed in Lemma 7.9.3 that every trivial cofibration is a retract of a
trivial free morphism, so this follows from formal diagram arguments (Lemma 1.5.2). O

7.10. Properness. In this section we will prove, among other related things, that our
model structure on simplicial rings is both left and right proper, in the sense of Defini-
tion 1.4.1. We require some preliminary lemmas:

Lemma 7.10.1. A retract of a flat ring homomorphism is again flat.

Proof. Consider a commutative diagram of ring homomorphisms

Ao 4P oy

I

B—l.-p-%.p
where g is flat and pi = Id, g5 = Id. We must show that f is flat. It suffices to show that
for any injective map k : M — N of A modules, k ®4 B is also injective. Regard M, N as

A" modules and k as a morphism (still injective of course!) of A modules by restriction of
scalars along p. Then we have a commutative diagram

Id ®j Id®q

M@AB M®A/B, M®AB
k®AB\L lk@A/B/ ik@AB
Id ®j ) Id ®q
N®AB N®A’ B N@AB

(of abelian groups, say) where the compositions of the rows are identities (i.e. it is a retract
diagram—since ¢j = Id), hence k ®4 B is injective because k ® o+ B’ is injective as g is
flat. Note that we use pi = Id to check that Id ®j is well-defined (A bilinear) as follows:
the point is that, for a € A and m € M, the element a - m of M (now viewed as an
A" module via p) coincides with the element i(a) - M, because the latter is defined to be
p(i(a)) - M = a - M—one then computes
(ld@j)((a-m)®b) = (a-m)® jb)
= (i(a)-m) ®j(b)

m @ ((gi)(a)j(b))
m @ ((5f)(a)j(b))
= m® j(f(a)b)

= (Id@j)(m @ (f(a)b)).
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Lemma 7.10.2. A cofibration i : A — P of simplicial rings is degree-wise flat.

Proof. A free morphism of simplicial rings is clearly degree-wise flat and any cofibration is
aretract of a free morphism (Lemma 7.9.3), and is hence degree-wise flat by Lemma 7.10.1.
O

Theorem 7.10.3. The model category of simplicial rings (§7.5) is both left and right
proper in the sense of Definition 1.4.1.

Proof. Right properness follows formally from right properness of the model category
sSets (Proposition ?7?) in light of the fact that the forgetful functor sAn — sSets pre-
serves inverse limits (in particular pullbacks), takes fibrations to fibrations (by definition
of a fibration in sAn), and is faithful in the sense that a map of simplicial rings is a weak
equivalence iff the underlying map of simplicial sets is a weak equivalence.

For left properness, suppose f : A — B is a weak equivalence and i : A — P is a
cofibration. We want to show that P — B ® 4 P is a weak equivalence. But ¢ is degree-
wise flat by Lemma 7.10.2, so this follows from Lemma 7.3.2. U

There are several variants of the properness conditions satisfied by the model category
of simplicial rings:
Theorem 7.10.4. If f; : A — B; (i = 1,2) are cofibrations of simplicial rings, A — C
is an arbitrary map of simplicial rings, and g : By — By is a cofibration (resp. weak
equivalence) of simplicial rings with gfi = fa, then
g®4C:B1®aC — By C

is a cofibration (resp. weak equivalence) of simplicial rings.

Proof. First of all, a pushout of a cofibration in any model category is again a cofibration
[Hov, 1.1.11]—for simplicial rings one can see this explicitly using the characterization of
cofibrations in Lemma 7.9.3 by first noting that a pushout of a free morphism is clearly
free, then note that pushouts (like any functor) take retracts to retracts. Evidently then,
the only issue is the statement about weak equivalences, which follows from Lemma 7.10.2
and Lemma 7.3.2(1). O

Corollary 7.10.5. If f : A — B is a (trivial) cofibration of simplicial rings and A — C
is an arbitrary morphism of simplicial rings, then f @4 C : C — B ®4 C is a (trivial)
cofibration of simplicial rings.

Proof. Apply the previous theorem with By = A, g = f. O

7.11. Derived tensor product. Corollary 7.10.5 says that for any morphism A — C' of
simplicial rings, the pushout (tensor product) functor

(7.11.1) _®aC:A/sAn — C/sAn
is a left Quillen functor (§1.7), so we can form its left derived functor
_ ®4 C :Ho(A/sAn) — Ho(C/sAn),

the left derived tensor product of simplicial rings.
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7.12. Model structure on modules. In this section, we describe the model category
structure on the category Mod(A) of modules over a simplicial ring A (§7.2), fixed
throughout. The general ideas and proofs are similar, though easier, to what we did with
simplicial rings, so for the proofs we will generally just refer back to the corresponding
proofs for simplicial rings, letting the reader make the necessary modifications.

Definition 7.12.1. Let f : M — N be a morphism of A-modules. We say that f is a
weak equivalence (or quasi-isomorphism) iff Hy(f) : Hi(A) — H.(B) is an isomorphism.
We say that f is a fibration iff it satisfies the following equivalent conditions:

(1) The underlying map of simplicial sets is a fibration.
(2) The map A — B X, (p) Ho(A) is surjective.

(Proposition 5.6.3). We say that f is a cofibration iff it has the LLP with respect to all
trivial fibrations.

The following facts are easy to see directly from the definitions:

(1) Weak equivalences satisfy 2-out-of-3.
(2) Fibrations and cofibrations form subcategories closed under retracts.

Definition 7.12.2. A morphism ¢ : M — P is called semi-split iff there are A,-submodules
B,, C P, (called a basis) for each n € N satisfying the following properties:

(1) For each n € N, the map i, : M,, — P, is injective and we have a direct sum
decomposition of A,-modules P, = M, ® B,,.

(2) For each surjective A-morphism o : [n] — [m], the corresponding degeneracy map
P(o) : Py, = P, takes B,, C P, into B,, C P,.. (Recall that this degeneracy map
is injective, as it has a retract.)

Such a morphism 17 is called split iff, for each n € N, the induced A,,-module homomorphism
(7.12.1) @{Bm ®a,, An: (0 :n] = [m]) €T} — By

is injective (call its image D,, C M, the degenerate submodule of M,) and there is an
Ap-submodule E,, C B, (called a non-degenerate complement) inducing a direct sum
decomposition B,, = D,, ® E,. If, furthermore, B,, and E,, can be taken projective (resp.
free), then i is called projective (resp. free).

Theorem 7.12.3. The category Mod(A) forms a model category (§1) with the weak
equivalences, fibrations, and cofibrations as in Definition 7.12.1. A map of A-modules is
a cofibration iff it is a retract of a free morphism (Definition 7.12.2).

This theorem is proved in the same manner as Theorem 7.5.2. One begins by proving
that every projective morphism of A-modules (in particular every free morphism of A-
modules) is a cofibration (adapt the proof of Theorem 7.6.13). Then one makes use of the
following factorization results:

Theorem 7.12.4. Any morphism f : M — N of A-modules can be factored (functorially)
as f =1ip where i : M — P is a free morphism and p : P — N is a trivial fibration. If,
for allmn € N, A, is noetherian and M, and N, are finitely generated, then we can find
such a factorization where all the P, are also finitely generated. (Though the functorial
factorization won’t have this finiteness property.) We can also factor f (functorially) as
f = ip where i is a trivial free morphism and p is a fibration.
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Proof. Adapt Theorem 7.8.6. O

7.13. Cotangent complex.

Proposition 7.13.1. The functor ) : sMap An — sAnMod is a left Quillen adjunction
for the weak model structures above.
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8. DIFFERENTIAL GRADED RINGS

In §8.1 we will recall some basic definitions and facts concerning differential graded
rings (DGAs) and modules over them (c.f. [C1]). We will then explain how to equip the
total chain complex C(A) of any simplicial ring A with a (strictly) graded-commutative
multiplication using the shuffle product (§8.3), so that the usual differential on C(A) makes
C(A) into a DGA. We will see that the normalized chain complex N(A) C C(A) is a sub
DGA (quasi-isomorphic to C(A)). For an A-module M, we will see how to view C(M) as
a module over the DGA C(A), and N(M) as a module over N(A) (§8.4). In particular, we
will see that the homology H,(A) of a simplicial ring A (§7.3) carries the structure of a
strictly graded-commutative ring and the homology of an A-module carries the structure
of a module over H,(A).

We will also see that the DGA N(A) associated to a simplicial ring A is endowed with
a system of divided powers compatible with the differential (§8.5). We will also see that
this structure descends to the homology ring. It is unclear to me to what extent these
are “folk theorems.” Most of the statements proved here are alluded to, but not proved,

in [II, p. 59]. The results presented here on divided powers are due essentially to Birgit
Richter [Ric].

The results of this section can be summarized as follows.
Theorem 8.0.1. The normalized chain complex defines a functor

N:sAn — PDDGA

from the category sAn of simplicial rings to the category PDDGA of strictly graded-
commutative differential graded rings equipped with divided powers passing to homology.

8.1. Definitions. A graded-commutative ring is a graded ring A = ®2° ;A,, whose mul-
tiplication satisfies

(8.1.1) ab = (—1)""ba

for homogeneous elements a € A,,,b € A,. We will write (—1)® as abusive notation for

(—1)™ when a € A,,. In this notation, we would write (8.1.1) simply as ab = (—1)%ba. A
strictly graded-commutative ring is a graded-commutative ring with the additional prop-
erty that a®> = 0 for every homogeneous element a of odd degree. Note that graded-
commutativity implies that 2a? = 0 for such an a, so any graded commutative ring where
2 is a regular element is automatically strictly graded-commutative. Graded-commutative
rings form a category GrAn whose morphisms A — B are ring homomorphisms taking
A, into B, for every n € N.

Any ring can be viewed as a graded-commutative ring supported in degree zero. The
exterior algebra A% M on a module M over a ring A is a graded-commutative A algebra.

For a graded-commutative ring A, an A module is a graded abelian group M = ©72 (M,
equipped with an A module structure which respects the grading in the sense that scalar
multiplication A x M — M takes A,, x M,, into My,+,. Modules over A form an abelian
category Mod(A) whose morphisms are maps which are both A module maps in the usual
sense and maps of graded abelian groups. If f : A — B is a GrAn morphism, then B
becomes an A module with scalar multiplication a-b := f(a)b. The tensor product M @ N
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of two A modules M, N is the A module obtained by quotienting the graded abelian group
o
D[ @ o)
n=0 \p+qg=n
by the homogeneous (for the “outer” N grading) relations

(8.1.2) (am)®@n — (=1)""m ® (an).

A differential graded ring (for short: DGA) is a graded-commutative ring A equipped
with a differential d : Ay — Ao_1 satisfying d?> = 0 and the graded Leibnitz rule

(8.1.3) d(ab) = (da)b+ (—1)adb.

When discussing multiple DGAs we will often write d4 for the differential of a DGA
A. Differential graded rings form a category DGA where a morphism is a morphism of

graded-commutative rings commuting with the differentials. There is an obvious forgetful
functor DGA — GrAn.

A module M over a DGA A is a module M over the underlying graded-commutative
ring which is equipped with a differential

dM My — M.,l
which interacts with the differential d4 for A according to the graded Leibnitz rule
(8.1.4) dM(ab) = dAa-b—i-(—l)aa'dM(b).

If there is no chance of confusion we will simply write d instead of dj;. If f : A — B
is a DGA morphism, then B becomes an A module with the usual scalar multiplication
a-b:= f(a)b. The Leibnitz rule is obtained from the commutativity of d4, dp, and f as
follows:

dp(a-b) = ds(f(a)b)
= dp(f(a)b+ (=1)*f(a)dp(b)
— (da(a))b+ (~1)a- dp(b)
=da(a)-b+ (—=1)%a-dgp(b).

For modules M, N over a DGA A, the tensor product M ® N € Mod(A) is con-
structed by equipping the tensor product of underlying modules over the underlying
graded-commutative ring with the differential

d:(M®N)e = (MR N)e_1
dim®mn) = dym®n+ (—=1)"m  dyn.
To see that this is well defined we must check that it kills the relations (8.1.2). To this
end we compute
d((am)®@n — (=1)""m ® (an))

= dyr(am) @ n + (—=1)"(am) @ dyn — (=1)""dyrm @ (an) — (=1 ™m @ dy(an)

= (da(a)m) @ n + (=1)*(adprm) @ n + (=1)""(am) @ dn(n)

—(=1)""dprm @ (an) — (=) T™m @ (da(a)n) — (—=1)*" T m @ (adyn).
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We see that these six terms cancel in pairs by using the following three instances of the
relations (8.1.2):

(da(a)m) @n — (—1)(“*1)mm ® (da(a)n)
(am) @ dyn — (—=1)""m ® (adyn)
(adym) @n — (=)™ Ddym @ (an).

Similar (easier) calculations show that d?> = 0 and that this d satisfies the Leibnitz rule
(8.1.4). For a map of dgas f : A — B, multiplication defines a B module homomorphism

B®sB — B
b1 ® by > b1bs.
For any DGA A and any A module M, the homology of M is defined, as a graded
abelian group, by
H, (M) := Ker(d : My, = M,_1)/Im(d : Mp+1 — M,).

In particular case A = M, the homology groups H,,(A) can be assembled into a graded-
commutative ring

H(A) = 952 Hy(4)

whose multiplication is given by [a][b] := [ab] (it is easy to check that this is well-defined,
associative, graded-commutative, and so forth). Similarly, the homology H(M) of an A
module M becomes an H(A) module using the scalar multiplication [a] - [m] := [a - m].
Formation of homology is clearly functorial in the A module M, so we have a functor

H : Mod(A4) — Mod(H(A)).

We say that a map of A modules f : M — N is a quasi-isomorphism iff H(f) is an
isomorphism of H(A)-modules.

A morphism f: A — B of dgas induces a GrAn morphism
H(f) : H(A) — H(B)
by setting H(f)[a] := [f(a)]. Thus we define a functor
H:DGA — GrAn.

We say that f is a quasi-isomorphism iff H(f) is an isomorphism.

8.2. Examples. ADD: free DGA on a chain complex
In this section we will give several examples of DGAs.

First of all, we can view any graded-commutative ring A as a DGA by giving it the zero
differential. This defines a functor

1: GrAn — DGA.
The functor ¢ admits a right adjoint
Kerd: DGA — GrAn
taking a DGA A to the graded-commutative ring
Kerdy = @Ker(d A, = Ana).

n=0
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The point is that there is an obvious inclusion map of DGAs i Kerd4 < A which is initial
among maps from a dga with zero differential to A.

In particular, we can view any ring as a DGA supported in degree zero. When A is a
ring, we use “differential graded A-algebra” as a synomnym for “differential graded ring
under i(A)”. If there is no chance of confusion, we will omit the ¢ and simply write i(A) for
A. This results in a similar conflict of notation for modules as we saw in §7.2 for modules
over a constant simplicial ring. We have a natural isomorphism of categories

(8.2.1) Mod(i(A)) = ChsoMod(A).

This isomorphism takes the tensor product of i(A) modules to the tensor product of
complexes of A modules.

For example, the de Rham complex
o
L(X,0%) = PT(X, %)
n=0

of, say, a smooth manifold is a differential graded algebra under exterior differential and
wedge product of forms. Similarly, if A — B is a ring map, then the de Rham complex

B4 = ED A" p/a
n=0

is a differential graded A algebra.

The other main example is the Koszul complex [EGA III.1.1]. Suppose A is a ring and
f = (f1,...,fn) € A". Then there is a unique differential d on the graded-commutative
ring

Ko(f, A) = éN‘(A")
=0

satisfying the graded Leibnitz rule and the formulas de; = f; € A = A°A, whereey, ..., e, €
A™ are the standard basis vectors.

The other main example is the symmetric algebra Sym? M on a module M over a dga
A. The forgetful functor

A/DGA — Mod(A)
(ftA—-B)— B
admits a left adjoint
Sym’ - :Mod(4) — A/DGA.
Here Sym’ M is the quotient of the tensor algebra
TM) =AeMe(MOIM)d(MMeM)®---

(this T'(A) is a non-commutative DGA under A) by the two sided ideal generated by all
expressions
my ® mo — (—1)|m1m2|m2 ®my

where mq1, mo are homogeneous elements of M.
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In the case of the DGA i(A) associated to a ring A, we can use the isomorphism (8.2.1)
to view the symmetric algebra as a functor

Ch>oMod(4) — i(A)/DGA = { differential graded A algebras }.
Running through the definitions, we see that, for a complex M € Ch>oMod(A), we have

(o)
Symjy M = (P D Sym? My @ AR My @ Sym?? My @ - - -
n=0 \Opo+1p1+2p2+--=n

The inner direct sum and tensor product here are finite. The differential
d: (Symj 4y M)e — (Symj 4y M)e—1
is characterized by the commutativity of the diagrams

My ——— (Symf(A) M)y

i |
My —— (Sym;k(A) M)n—l

where the horizontal arrows are the natural inclusions.

8.3. Shuffle product. Let A be a simplicial ring. In the rest of this section, we will
explain how to view C(A) := &2 Ay, as a DGA, with the same differential

n
(8.3.1) dp =Y (=1)'dl, : Ay — Ay

i=0
used to view C(A) is a chain complex (§7.3) . We will also see that N(A) = &2 (N, (A) is
a sub-DGA. The inclusion N(A) < C(A) is then a quasi-isomorphism by Lemma 5.1.2. In
particular, the homology H,(A) of A (§7.3) carries the structure of a graded-commutative
ring. The construction will be functorial in A, so we will obtain functors
(8.3.2) C:sAn - DGA
(8.3.3) N:sAn — DGA.
The dga C(A) associated to a simplicial ring enjoys various addition properties. It is

strictly graded commutative in the sense that a - a = 0 for every a € A; for every odd i.1°
We will also see in the next section that C(A) has a natural divided power structure.

The multiplication maps for C(A) are given by

(8.3.4) Am ® An = Amen
a®b— a-b
a-b:= Y sign(o,7)A(0)(a)A(r)(b),
(o,7)

where the sum runs over all (m, n)-shuffles (§5.7), and the juxtaposition on the right hand
side is the product in the ring A,,+,. For now, we will write o - b to emphasize that we
are refering to the product for C(A), to avoid possible confusion (when m = n) with the

10Graded commutativity in the usual sense only implies 2a - @ = 0, but of course there is no difference if 2
is a unit in one of the rings (equivalently all of the rings) A,.
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product for the ring A,,, which we will always denote simply by juxtaposition. Notice
that these multiplication maps are clearly natural in A.

If a,b € Ay, then the product a - b defined by (8.3.4) is just the usual product ab of a
and b in the ring Ag. More generally, if a € Ag and b € A, then
a-b= A(ln] = [0])(a)b

is just the usual product of the degeneracy A([n] — [0])(a) € A, of a and b in the ring
Ap. That is, the Ap module structure on A, defined using (8.3.4) coincides with the
usual Ay module structure defined by restriction of scalars along the degeneracy map
A([n] = [0]) : Ag — A,.

The multiplication (8.3.4) is graded-commutative because, for a € A,,, b € A,, we
compute

a-b= Z sign(o, 7)A(0)(a)A(T)(D)
(o,7)
— Z (=1)™"sign(r,0)A(T)(b)A(0)(a)

(o,7)

= (=1)™ ) sign(r, o) A(1)(b)A(0)(a)
(1,0)

=(=1)""b-a.

The first two sums are over (m, n)-shuffles and the third is over (n, m)-shuffles. We have
used the bijective correspondence (o, 7) — (7, 0) between the former and the latter (§5.7)
and the commutativity of A,,1+,. In the case where m = n is odd and a = b, the same
observation shows that, in the sum defining a - a, the summand indexed by (o, 7) cancels
with the one indexed by (7,0), thus we establish the strict graded commutativity.

To see that this multiplication is associative, fix a € A,,, b € A,, c € A,. We first
compute

(8.35) (a-b)-c=Y sign(p,0)A(p) (Z sign(U,T)A(a)(a)A(T)(b)) A(6)(c)
p,0 o,
=Y > sign(p,0)sign(a, 7) A(po)(a) A(p7) (b) A(6) (c)

p,0 o,
= > sign(a, B,7)A(a)(a) A(B) (D) A(y)(c).
a,B,y
Here, (p,0) runs over (m+n, p)-shuffles, (o, 7) runs over (m,n)-shuffles, and («, 5,~) runs
over (m,n,p)-shuffles. We have used the first bijection
((p,0),(0,7)) = (po, p7.,0)
and sign relationship in Lemma 5.7.1. Computing a - (b- ¢) using the second bijection and

sign relationship from Lemma 5.7.1 will yield the same result.

We will check that our multiplication and differential are compatible (satisfy the graded
Leibnitz Rule) in Lemma 8.3.2.

Lemma 8.3.1. If a € N,,(A) C A, and b € N,(A) C A, then a-b € Ay is in
Npin(A).
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Proof. Fix ani € {1,...,m+n} and let 6 := 6! , . : [m+n —1] — [m +n] be the unique

m—+n *
injective A-morphism whose image does not contain i. Assume a € N,,(A), b € N,,(A).

We want to show that

diypn(a-b) = A(§)(a-b)

8') (Z sign(o, T)A(cf)(a)A(T)(b))
= Z sign(o, ) A(c6') (a) A(16%) (b)

vanishes. Since ¢ is surjective and i > 0, we see that if 06’ isn’t surjective, then its image
misses some j > 0, so we can write 08 = 03,07, where 6%, : [m — 1] < [m] is the unique
injective A-morphism whose image misses j. We then see that

A(od")(a) = A(8],0")(a)
= A(0")(A(07,)(a))
= A(o")(d,a)
=0
because a € N,,(A). Similarly, if 76° fails to be surjective, then A(76%)(b) vanishes.
Therefore, in the sum calculating d?, ,,,(a - b) above, we need only sum over those (m,n)-
shuffles (o, 7) where ¢4’ and 7% are surjective. If i = m 4 n there are no such shuffles
(Lemma 5.7.2), so we're done. Otherwise ¢ € {1,...,m +n — 1}, and we see from the
first part of Lemma 5.7.2 that the summand indexed by (o, 7) cancels with the summand
indexed by the shuffle (¢/,7’) obtained by swapping i and 7 + 1 in the permutation
(01 ey Omy Ty e vy Tn)-
This is because
sign(o,7) = —o(o’,7)

while /8" = 0§ and T8¢ = 7/6°. O

The above lemma shows that N(A) is a sub-DGA of C(A). (It is easy to see, as mentioned
in §5.1, that the differential for C(A) takes N(A) into N(A).)

Lemma 8.3.2. For a simplicial ring A, the multiplication (8.3.4) and differential (8.3.1)
satisfy the graded Leibnitz rule

dmin(a-b) = dp(a) b+ (—=1)"a - dy,(b)
forallmneN, a€ Ay, be B,.

Proof. From the definitions, we compute

m—+n

dyman(a-b) Z > (—1)'sign(o, 7)A(06") (a) A(78°)(b),

=0 o,7

where (o, 7) Tuns over all (m,n)-shuffles and §° : [m +n — 1] < [m + n] is the unique
injective A-morphism whose image does not contain i. As in the previous proof, it follows



118 W. D. GILLAM

from the first part of Lemma 5.7.2 that the summands indexed by those (o, 7) for which
0d* and 76" are surjective cancel in pairs, so we can rewrite our sum as

m—+n

DD (—1)sign(o, 7)A(06")(a) A(r6) (b)
=0 o,7

m+n

+ 33 (1) sign(a, B)A(ad?)(a)A(B6) (b),

=0 o,

where (o, 7) runs over those (m,n)-shuffles for which od' isn’t surjective and (a, 3) runs
over those (m,n)-shuffles for which £0* isn’t surjective—these two sets are disjoint by
Lemma 5.7.2. Using the bijections and sign rules from Lemma 5.7.2 we can rewrite this
as

Z > (=1 sign(o’, 7) A(63,0") (a) A(7') (b)

7=0o',7'
" z; zﬁ:/ 1) sign(a’, ) A(a”)(a) A(5],8")(b),

where (¢, 7') runs over (m — 1, n)-shuffles and (¢, 8’) runs over (m,n — 1)-shuffles. Reor-
ganizing these sums in the form

> sign(o’, ™) A(") [ (=1 A(5,)(a) | A(T)()
O'/,Tl ]:0
™y sign(a’, 8)A() (@) A(B) [ D (=17 A@)(0) | |
o B j=0
we recognize the right hand side of the desired equality. O

8.4. Modules. Let A be a simplicial ring, M an A module (§7.2). The construction from
the previous section can also be used to endow C(M) = @©2° M, with the structure of
a module over the DGA C(A) using the expected formula >.(—1)%d" for the differential.
Scalar multiplication is given by

(8.4.1) Ay @ My — Myiq
almr—=a-m
m =Y sign(o,7)A(0)(a) - M(r)(m),
(o:7)
where the sum runs over all (p, ¢)-shuffles (§5.7). The proof that a - (b-m) = (a-b)-m is
identical to the associativity calculation (8.3.5). The proof of the Leibnitz rule (8.1.4) is

the same as the proof of Lemma 8.3.2. We also see that the quasi-isomorphic subcomplex
N(M) C C(M) is a module over N(A) C C(A) by the same proof we used for Lemma 8.3.1.

8.5. Divided powers. Let A be a simplicial ring. In this section we explain how to equip
the DGAs C(A) and N(A) of the previous section with a system of divided powers.
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Let A = &2 (A, be a graded-commutative ring. Write A,~¢ for the set of homogeneous

elements of A of positive degree. A divided power structure (or PD structure) on A is a
set of maps

Tt Ai = Ani,
defined for each n € N and each integer ¢ > 0 satisfying the following properties:

( ) v(a) =1, v1(a) = a for all a € A,p.

(PD2) For all odd i € N, all n > 1, and all a € A;, we have v,(a) = 0.
( ) (Aa) = A"y, (a) for all A € Ap and all a € A,~p.

( ) For all m,n € N and all a € A,~¢ we have

<m; ”) Ynn (@) = (@) ).

(PD5) For all a,b € A.>0 and all n € N we have

mla+b) = > y(a)w(b).

Jt+k=n
(PD6) For all a,b € A~ and all n € N we have

Tn(ab) = nlyn(a)yn(b) = a" 1 (b) = yn(a)d™.
(PD7) For all a € A,~0 and all m,n € N we have

(mn)!

Wan(G)~

Tn(ym(a)) =
For a DGA A, a divided power structure (or PD structure) on A is a divided power structure

on the underlying graded-commutative ring A satisfying the following compatibility with
the differential:

(PD8) dyn(a) = vp—1(a)da for all a € A~ and all n > 0.
A PD structure on a DGA A is said to pass to homology iff the following is satisfied:
(PD9) For any i > 1, any a € A;, and any n € N, ~,,(d(a)) = db for some b € Ap;q1.

Conditions (PD1) and (PD4) imply, by induction on n, that n!vy,(a) = a” for every a €
A0, 50if Q C A, then A has a unique PD structure given by setting v, (a) := a™/(n!). (It
is straightforward to check that this satisfies all of the properties above.) Condition (PD9)
implies, as the terminology suggests, that the homology H,(A) inherits a PD structure by
setting vn[a] := [yn(a)] for a € Hys0(A), this being well-defined in light of (PD9).

Let PDDGA denote the category of strictly graded-commutative DGAs equipped with
a PD structure satisfying (PD1)-(PD9) above. A morphism in PDDGA is a morphism
of DGAs compatible with all the maps 7,. The remainder of this section is devoted to
proving:

Theorem 8.5.1. For any simplicial ring A, the DGA N(A) (§8.3) is equipped with a PD
structure passing to homology. This structure is functorial in A, so that N can be viewed
as functor N : sAn — PDDGA..
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In fact we will construct a PD structure on C(A) satisfying all of the above axioms,
with the possible exception of (PD9), then we will argue that the maps -, take N(A) into
itself so that N(A) also had a PD structure satisfying (PD1)-(PD8), then finally we will
check the axiom (PD9) for N(A).

Discussion of Axiom (PD9). I do not know whether the axiom (PD9) holds for C(A)
itself, though I suspect that it does. The axiom (PD9) is rather restrictive and not as well-
behaved as one might hope. It should be viewed as only a shadow of the “right” divided
power axioms for DGAs with divided powers as “richly structured” as the divided powers
on the normalized chain complex of a simplicial ring—see Remark 8.5.5, for example.

Let us give an example of two “perfectly nice” “PDDGASs” (we put this in quotes to
mean we do not assume (PD9)); despite their common construction, only one will satisfy
(PD9).

Example 8.5.2. Fix n € N. As in Definition 5.5.4, we let D"*! denote the chain complex
of abelian groups given by Z in degrees n+ 1 and n and zero in other degrees, with degree
n + 1 differential d : Z — Z given by the identity. By “general nonsense” we can form the
free “PDDGA” on a chain complex of abelian groups. Our aim is to explicitly describe
the free “PDDGA” A, 1 on the disk complex D,1—this will depend heavily on the
parity of n. The “PDDGA” A, is generated by a generator y of degree |y| = n + 1
and a generator x of degree |x| = n; we have dy = = and dx = 0.

Let us first discuss the case where n is odd. Then
ATH-l = Z[$770(y)]/x27

where the notation 7y, (y) is shorthand for adjoining variables vo(y), 71 (y), v2(y), . .. (which,
as the notation suggests, will serve as the divided powers of y = ~v1(y)) subject to the
relations v (y) = 1 and

Y (Y)yn(y) = (m; n) Ym+n(Y)-

The notation dy = x means (c.f. (PD8)) that dvy,(y) = xy,—1(y) for each positive integer
n. This A,41 is freely generated as a graded abelian group by

1=2%(), z, y = 1), 271(¥), 12¥), 272(), 13(y), - -
The boundaries of these generators are given, respectively, by
07 Oa Zz, 07 ZB’)/l(y), Oa x%(l/)a ceee

Notice that (PD9) is satisfied by A,y+i;. We see that H*(A,+1) = 0 for n > 0 and
H(A,41) = Z.

Now consider the case where n is even. Then
Ant1 = Z[ye(2),y)/y?
has Z-module basis
L =190(z), z =m(x), y, 12(x), vy = n(x)y, 13(z), ...
with respective boundaries

0,0, z, 0, 2y2(x), 0, 3v3(x),....
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Notice that (PD9) is not satisfied: for example, y2(x) is not a boundary even though x is
a boundary. The homology algebra of A, is given by

o0

H*(An—i-l) = @(Z/mz)’)/m(x)

m=0

(note that the degree of 7, () is mn) with the multiplication rule

m+ k
m

’Yk(x)’ym(x) = < )’Ym—i—k(‘r)?

where the binomial coefficient is read modulo m + k. This ring certainly does not have
divided powers and is rather unusual.

We start by defining the maps ,,. By a calculation similar to the associativity calcula-
tion (8.3.5) for C(A), we see that the n'" power map

a—ad'=gag-a---a
~—
n
is given by
a" = > sign(o',...,0")A(c")(a) - A(c")(a),
ol,..,on
where the sum runs over all (4,4, ..., i)-shuffles (¢!, ..., ™). The symmetric group S,, acts
on such shuffles by
g-(ct,...,0") = (09N, ... g9M).

As long as ¢ > 0 or n =1 this is a free action.

Each g € S, acts by swapping blocks of size i in the permutation (¢?,...,0"), so we
have
(8.5.1) sign(g - (o,...,0")) = sign(a',... ") (7 even).
For even i > 0, we define
(8.5.2) (a) = Y sign(o!,...,0")A(c")(a)-- A(c™)(a),

[0’17.”70"”‘]

where the sum is over orbits [o!, ..., "] of the S,, action on Shuff(i,4,...,4). The point
is that the summand indexed by [o!,...,0"] is independent of the chosen representative

(ol,...,0™) of the orbit in light of (8.5.1) and the commutativity of the ring A,;. For
n = 0, we define v, (a) := 1 and for n = 1, we define (consistently with (8.5.2)) v1(a) = a.
For n > 1 and odd i > 0, we set 7y, (a) := 0.

The axioms (PD1)-(PD7) are established by straightforward combinatorial arguments
(counting the number of shuffles) that will be left to the reader. The first tricky axiom to
check is (PD8):

Lemma 8.5.3. For all even m alln > 0 and all a € A,,, we have

dmn(')/n(a)) = ’anl(a) : dm(a)
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Proof. From the definitions, we compute
mn

(8.5.3) dn(Yn(a)) = Z Z&gn H (c*6%)(a

=0
where 6° = 6% : [mn — 1] = [mn] is the monic map missing 7 and the sum is over
[@] = [¢,...,0"] € Shuff(m, ..., m)/S,.

For a fixed i € [mn], let us call [@] multisurjective for i iff each 6°c* is surjective (this is
obviously well-defined on S,, orbits). We first argue, as in previous proofs, that for any
fixed i, the terms in the second sum indexed by multisurjective [g] cancel in pairs. As in
the proof of Lemma 5.7.2, there are no multisurjective [¢] unless ¢ € {1,...,mn — 1}, and
in that case [7] is multisurjective iff ¢ and ¢ + 1 appear in different parts of the partition
7 of {1,...,mn}. Furthmore, swapping ¢ and 7 + 1 in a multisurjective [7] yields a new
multisurjective [¢/] with opposite sign (in particular they aren’t in the same .S, orbit) and
with the property 6‘c* = 6%(¢’)* for all k (after ordering the o appropriately, since we
work with orbits). Evidently then, the term indexed by [7] cancels with the one indexed
by [@].

For each i € [mn], let T; be the set of [¢] which are not multisurjective, so that the
second sum in (8.5.3) need only run over 7;. Consider some [g| € T; and choose some
representative (ol,...,0™) of this S,, orbit. Since [7] isn’t multisurjective, it must be that
(c")~1(4j) = {i} for a unique j € [m] (because o* itself is surjective and ¢ only misses
i). That is, Jf = ¢ and U;-“H = i+ 1. In particular, exactly one of the §'c* fails to
be surjective. (When i = 0 the unique ¢ that fails to be surjective is the part of the
corresponding partition @ of {1,...,mn} containing 1 and when i = mn, the unique o*
that fails to be surjective is the part of the partition containing mn.) We can then write
our one nonsurjective map as 6‘c* = §},7 for some surjective 7 : [mn — 1] — [m — 1]. Via
the bijection in the beginning of §5.7, we can view this 7 as an m — 1 element subset of
{1,...,mn — 1}, and we can then let o be the complementary mn — m element subset to
obtam a shuffle (o, 7) € Shuff(mn —m, m — 1). Now forget about the o for which §'c*
failed to be surjective, so we have n — 1 disjoint m-element subsets

1 k—1 _k+1 n
oy o ot e C{L, ... mn}.

Shifting these to replace the m elements of {1,...,mn} that were in 0¥, and reindexing,

we obtain a partition
{1,....,mn—m} = alﬂ---Han_l
into m element subsets: that is,
(a',...,a""!) € Shuff(m,...,m).
n—1
Ly fmn—m] — [m]
: [mn] — [m] and the surjection o : [mn — 1] — [mn — m)|

It is then straightforward to check that the corresponding surjections «
are related to the surjections o
above by

(8.5.4) oot =alo,..., "1 = oo, oF L6 = oFo, ... 0" = "o

(everything in sight is surjective so one need only look at minimal elements of preimages to
determine equality). It is clear that the S,,_; orbit [@] € Shuff(m,...,m)/S,—1 depends
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only on [] and not on our choice of representative, and that nothing else above depends
on this choice of representative, so we have described a map

(8.5.5) ﬁTZ — Shuff(mn — m,m — 1) x Shuff(m,...,m)/S,—1 x [m]
i=0
o] = ((o;7), [, 5)-

It is not hard to see that this map is bijective and that
(8.5.6) (—1)"sign[a] = (—1)’ sign(o, 7) sign[a].

Next we take a look at v,—1(a) - dp,(a), which is given by

> sign(o, 7)A(0) (Yn-1(a))A(7) | D (—1)7A(8,)(a)
(o7) j=0
n—1 m
= Z sign(o, 7)A(0) Zsign[@] H A(ak)(a) A(T) Z(_l)jA((;gn)(a)
[@] k=1 =0
n—1
= Z ZZ Isign(o, 7) sign[a] A(67,7)(a) H A(*a) (a),
(o0,7) [a] J=0 k=1

where (o, 7) € Shuff(mn —m,m — 1) and [@] € Shuff(m,...,m)/S,—1. As in the para-
graph above, the summands here are indexed by a set which is bijective correspondence
with with the set indexing the (non-cancelling) summands in (8.5.3), and the correspond-
ing summands are equal in light of (8.5.4) and the sign rule (8.5.6). O

The proof that the maps v, take N(A) into itself is almost identical to the proof of
Lemma 8.3.1 and will be left to the reader. Finally we check (PD9):
Lemma 8.5.4. Ifb € N;(A) is a boundary in N(A), then v, (b) € Nyp;(A) is also a boundary
in N(A).

Proof. This is trivial unless i is even, which we now assume. Say b = d ', 1a for some
a € Nj+1(A). By definition of 7, (b), we have

(b) = sign(@) (H A«ﬁ)(b))

= k=1
= Zsign (HA H1a>,
where the sum runs over all @ = (¢,...,0") € Shuff(i,...,4)/S, and we have implicitly

picked some representative of each S, orbit.

We view @ as a partition of {1,...,ni} into n subsets

of = {of <. < oF} (ke{l,...,n})
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of size i. The corresponding surjective A-morphisms o* are given by
ok [ni] — [i]
0,...,00 =10
J]f,...,agfl — 1
f,. SN > 4
Define a surjective A-morphism 7(o*) : [ni + 1] — [i + 1] by
(8.5.7) T(o®) i 4+1] — [i +1]
0—0
1,... ,a]f — 1
O'lf—|—1,...,0']2€ = 2
of L1, o

Ul- +1,....,nt+1—i+1.
Then the diagram

k

o
it o
[m’l+1] ) [Hi- 1]

commutes, so we have

A(Uk)dgﬂ = d2i+1A(T(0k))~
Then we have

It remains only to prove that the term x in the parentheses is in the normalized chain
complex Ny;i1(A)—i.e. that dﬁnH( ) = 0 for every j € {1,...,ni + 1}. We use our
usual tricks. For such a j, let T'(j) denote the set of those & for which the composition
T(ak)afﬁﬂ : [ni] — [i+1] is surjective for every k € {1,...,n}. Since j > 0, it is clear from
the formula (8.5.7) for 7(c*) that the image of T(U’I“)Gfm.+1 always contains 0 € [i + 1], so if
this composition fails to be surjective, then it will factor through some 07, ; : [i] — [i + 1]
with s > 0. So, if @ is not in T'(j), then there will be some k € {1,...,n} for which
leHlA(T(ok))(a) = 0 because dfﬂ(a) = 0 since a € N;11(A). Thus only the summands

with & € T'(j) will contribute to d?,, ,,(z), so we can write

i (2) = 72 sign(@) | [ A(r(0")07:4.1)(@).
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Now we argue that the terms in this sum cancel in pairs. First of all, the set T'(ni 4+ 1)
is empty: there must be some [ € {1,...,n} so that ni = of (because the ¢* form a
partition), and then T(al)aggj} won’t be surjective because ¢ + 1 € [i + 1] is not in its
image. For similar reasons we see that 7'(1) = (). So we can assume j € {2,...,ni}. Given

such a j and a fixed @ € T'(j), there is a unique [ € {1,...,n} and a unique s € {1,...,i}
!

for which j = ol. It cannot be that j — 1 = o!_;, because then T(al)aflm would not
be surjective (its image would not contain s). So j — 1 cannot be in the part o' of the
partition @, so there is some m € {1,...,n} not equal to [ and some t € {1,...,4} so that
j—1 = 0}". Now we argue as we have done in the previous proofs that we can obtain a new
0 € T(j) by swapping the positions of j and j — 1 in & (put j — 1 € 6" and j € ™). This
0 has sign() = — sign() and 7'((7"“)87];2-+1 = T(Ok)ﬁii+1 for every k, so that the summand

indexed by & cancels with the one indexed by 6. O

Remark 8.5.5. The proof actually shows much more than the statement of the lemma.
It shows that a choice of a with da = b gives a canonical choice of ¢ with dc = 7, (b). It
is not entirely clear that the formula for ¢ in terms of a is given solely in terms of the
PDDGA N(A), but it is certainly a universal formula natural in the simplicial ring A.
Even a typical PDDGA satisfying (PD9) might not come with such a “canonical choice”
of witnesses to (PD9). The upshot is that the divided power structure on the normalized
chain complex of a simplicial ring is much richer than one might initially suspect; it will
satify many axioms much more elaborate than (PD9).

8.6. Application to Tor. Suppose A is a ring and By, By are A-algebras. Then we can
forget that the B; are A-algebras and just think of them as A-modules, then form the
graded A-module

Tor’(By, By) := @P Tor; (B1, Ba).
n

In fact this graded A-module carries lots of additional structure: It is in fact a strictly
graded-commutative A-algebra equipped with divided powers—we will call this the Tor
algebra. A formal definition of this additional structure is as follows: Calculate “the”
derived tensor product B ®4 By in the derived category of simplicial rings (§7.11), then
take the homology of the simplicial ring B; ®1|;1 B, noting that the latter has various
additional structures by Theorem 8.0.1.

In the present text, we haven’t tried to construct a model category structure on the
category of (strictly graded-commutative) DGAs with divided powers; it is not so clear
that such a thing exists. If we had developed such additional structures, then we could
presumably argue that we could compute the Tor algebra using DGA resolutions instead
of simplicial resolutions. For the sake of the example discussed below, we are going to
assume that this is the case. That is, we will assume the Tor algebra Tor(By, By) can
be computed as follows: First, find a strictly graded-commutative differential graded A-
algebra C' (supported in nonnegative degrees, as always) with the following properties:

(1) Ho(C) = By and H,(C) = 0 for n # 0.

(2) C has divided powers compatible with the passage to homology (if ¢ is a boundary
then ~,(c) is a boundary).

(3) C is flat as an A-module (each C), is a flat A-module).
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Now form the differential graded A-algebra C'® 4 B2 and note that it is also equipped with
divided powers compatible with passage to homology, so that He(C ®4 Bs) is a strictly
graded-commutative graded A-algebra with divided powers. We want to assume that this
is the Tor algebra. Let us at least note that

H, (C ®4 By) = Tor’(By, By)

as A-modules because our assumptions on C' certainly imply that C (viewed just as a
complex of A-modules) is a flat resolution of B;. The issue is to prove that the strictly
graded-commutative graded A-algebra He(C' ® 4 Bs) is independent of the choice of C sat-
isfying the above properties. Our present machinery allows us to prove this only for those
C' which arise as normalized complexes of simplicial A-algebras. (We haven’t developed a
theory of derived tensor product of DGAs.) Anyway, let us ignore this issue for a moment
and consider a simple example.

Example 8.6.1. Let A = Z[e]/e? and let By = By = Z, regarded as an A-algebra via
€ — 0. We can easily find a resolution of Z by free A-modules: Just take the chain complex
which is A in every (non-negative) degree and where every boundary map is multiplication
by €. Tensoring this complex over A with Z yields the complex which is Z in every degree
with all boundary maps zero, so

Tor(Z,7) = Z

for all n. This describes Tor?(Z,Z) as a graded A-module, but we want to understand it
as a graded A-algebra. Consider the differential graded A-algebra

C = Alz, v (y)) /2
where |z| = 1, |y| = 2, do = ¢, dy = ex and 7.(y) is shorthand for adjoining variables
YY), v1(y),¥2(y), ... (which, as the notation suggests, will serve as the divided powers of
y = v1(y)) subject to the relations 7o(y) = 1 and

Ym (Y)yn(y) = (m; n) Ym+n(Y)-

The notation dy = ex is shorthand for dv,(y) = v,—1(y)ex for each positive integer n. As
a graded A-module, C' is free with basis

Y0() =1, z0) =z, 1Y) =y, 201(y) =2y, 12(Y), 72(), ...

This C is strictly graded commutative with divided powers compatible with passage to
homology. For n € N, the kernel of doy, 11 : Copyr1 — Coy, is generated as an A-module by
exyn(y). But (perhaps up to a sign) ez, (y) is equal to dy,+1(y), so C has zero homology
in odd degrees. In degree 2n for n positive, the kernel of ds,, is generated as an A-module
by €vn(y), which (possibly up to a sign) is the boundary of zv,(y); so N,(C) = 0 for
n # 0. In degree zero, Hy(C) = Z because the kernel of dy is A -1 = Cp, but the image
of di : C17 — Cy is A - e. The differential graded A-algebra C' ®4 Z is obtained from C'
by setting e = 0. The boundary maps are then zero, so this differential graded A-algebra
(with divided powers, etc.) is equal to its own homology. We find that

TorA(Z, Z) = 2z, *y.(y)}/xz.

Notice that the degree m part of this graded A-algebra is indeed isomorphic to Z as an
A-module for each m (generated by 7, (y) if m = 2n is even and by zv,(y) if m =2n + 1
is odd).
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9. DERIVED ALGEBRAIC GEOMETRY

The purpose of this section is to introduce the basic notions of derived algebraic geom-
etry: derived schemes, properties of morphisms of derived schemes, factorizations of maps
of derived schemes, derived fibered products, and the cotangent complex. We warn the
reader at the outset that we will make no attempt at all to give the most general possi-
ble treatment of derived algebraic geometry. In order to keep everything self-contained
(we will use only the basic notions from the theory of simplicial rings in §7) and as con-
crete as possible, we will ultimately limit ourselves roughly to the category of schemes
quasi-projective over some fixed noetherian base ring.

9.1. Affine morphisms. We begin by establishing some facts about affine morphisms of
schemes which we will need later. Although these results should be standard, they cannot
be found, in the generality we need, in [EGA, I1.1.6].

Recall [EGA, 11.1.6] that a morphism of schemes f : X — Y is affine iff f~1(U) is affine
for every affine open subscheme U C Y. Equivalently, f is affine iff f,Ox is quasi-coherent
and the natural map of Y-schemes

(9.1.1) X — Specy f.Ox

is an isomorphism. Affine morphisms are closed under composition (this is immediate from
the definition) and base change (the best way to prove this is to note that the formation
of Specy _ is compatible with base change, or apply [EGA, I1.1.6.2(ii)] with S =Y). The
question of whether f is affine is local on Y:

Lemma 9.1.1. Let f : X — Y be a morphism of schemes, {Y;} an open cover of Y. Then
f is affine iff each induced map f;: X; := f~1(Y;) — Y; is affine.

Proof. Since affine morphisms are stable under base change, the issue is to prove that
f is affine when each f; is affine. Since pushforward commutes with base change along
open embeddings and the question of quasi-coherence is local, f,Ox is certainly quasi-
coherent. Isomorphy for (9.1.1) can be checked locally on Y. Since the Specy  construction
is compatible with base change, the base change of (9.1.1) along Y; < Y is just the natural
map
XZ' — SpeCYi fi*OXiy

which is an isomorphism since f; is affine. O
Remark 9.1.2. Actually, one can form a locally ringed space Specy A over Y for any
Oy-algebra A—mnot necessarily quasi-coherent—and this more general relative spectrum

has all the expected properties (compatibility with base change, in particular), so the first
part of the argument in the above proof is not strictly necessary.

We will need the following generalization of [EGA, I11.1.6.3]:

Lemma 9.1.3. In any commutative diagram of schemes

N

where X — Z is affine and Y — Z is separated the map f is affine.

X Y
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Proof. (Lurie) Factor f as the graph morphism I'y = (Id, f) : X — X xz Y followed by
the projection mg : X Xz Y — Y. The diagrams

XxzV —" 2V and X ! Y

O L T

X A XXzgY ——=Y xzY

are cartesian and A is a closed embedding (hence an affine morphism) since Y — Z is
separated; affine morphisms are closed under composition and base change so f = mol'y is
affine. g

We will also need the following generalization of [EGA, 11.1.6.2(iv)]:
Lemma 9.1.4. Given a commutative diagram of schemes

Y/

N\

Y

X —=7

NN

X —7

where the diagonal arrows are affine, the induced map X' x 7 Y' — X x7 Y is affine.

Proof. The question is local on W := X xz Y (Lemma 9.1.1), so we can work near a
fixed point w € W. Let z,y, z denote the images of w in X,Y, Z, respectively. Pick affine
neighborhoods S,T,U of z,y,z in X,Y, Z so that X — Z takes S into U and ¥ — Z
takes T into U. Then S Xy T is an affine open neighborhood of w in W and it will suffice
to show that the preimage (S Xy T) of S xy T in X' x 2 Y is affine. Let S’, 7", U’ be the
preimages of S, T, U under the diagonal maps. These are affine since the diagonal maps
are affine, so S’ x¢ T" is affine, and so the proof is complete because it is easy to see that
the two open subschemes (S x T') and (S” xy T") of X' x 2 Y coincide. O

(The case Z = Z' is [EGA, I1.1.6.2(iv)].)

9.2. Simplicially ringed spaces. A simplicially ringed space is a pair X = (X, B) con-
sisting of a topological space X together with a simplicial sheaf of rings (called the structure
sheaf) B on X. Note that, in particular, each B,, is a Bp-module. Since B a simplicial
sheaf of rings, B(U) is a simplicial ring for each open subspace U C X and each stalk
B, is a simplicial ring. The pair Xy := (X, Bp) is a ringed space sometimes called the
underlying ringed space of (X, B). If Xy is a locally ringed space (i.e. each stalk By, is a
local ring), we say that X is a local simplicially ringed space.

A morphism of simplicially ringed spaces from X = (X,B) to Y = (Y, A) is a pair
(f, %) consisting of a map of topological spaces f : X — Y and a map f*: f7'A — B of

simplicial sheaves of rings on X. If X and Y are local, then in the definition of a morphism
from X to Y we also demand that the map of ringed spaces

(f, 15 - Xo — Yo
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be a map of locally ringed spaces (stalks of fg should be local maps of local rings). We
denote the category of local simplicially ringed spaces by sLRS, though we emphasize
that this is probably bad notation, for sSLRS is certainly not the same as the category of
simplicial locally ringed spaces.

We can (and will) regard any (locally) ringed space X as a (local) simplicially ringed
space by taking the constant simplicial sheaf of rings for the structure sheaf.

If X = (X, B) is a local simplicially ringed space, we can consider the ideal I C By
given by the image of

d?—d%:BlﬁBo

(recall that this image is an ideal because the degeneracy map By — Bj is a section of
both df and d}). We let i : mo(X) — X denote the corresponding closed embedding of
locally ringed spaces, with ideal I; we write mo(B) for the structure sheaf of 7y(X), so that
i«mo(B) = By/I = Ho(B). The homology sheaves H, (B) (defined for simplicial sheaves of
rings exactly as they were defined for simplicial rings in §7.2 and §7.4) are modules over
mo(B) (in fact they form a strictly graded-commutative graded my(B)-algebra). Formation
of mo(X) and the modules H,,(B) is functorial in the local simplicially ringed space X in
the sense that an sLRS map

f:(X,B) = (Y, A)

induces a map of locally ringed spaces

(9.2.1) mo(f) : mo(X) — mo(Y)
and maps
(9.2.2) H,(f) : mo(f)* Ho(A) — Hn(B)

of my(B)-modules.

Definition 9.2.1. An sLRS map f: (X, B) — (Y, A) is a quasi-isomorphism iff the map
(9.2.1) and all the maps (9.2.2) are isomorphisms.

It is immediate from the naturality of the maps (9.2.1) and (9.2.2) that quasi-isomorphisms
satisfy “two-out-of-three”.

9.3. Spec of a simplicial ring. Let A be a simplicial ring. Let X := Spec Ay. Each A,
is an Ag algebra via the structure map Ay — A, corresponding to the unique A-morphism
[n] — [0]; in particular, each A, is an Ap module. Then A™ is a simplicial sheaf of rings
on the topological space X and each A is quasi-coherent as an Ox-module. The pair
(Spec Ag, A™) is hence a simplicially ringed space (§9.2), which will be denoted Spec A.
The underlying ringed space (Spec Ao, A7) is just the scheme X, so, in particular, Spec A
is a local simplicially ringed space. The construction of Spec A is contravariantly functorial
in the simplicial ring A and in fact defines a fully faithful functor

Spec : (sAn)°? — sLRS.

For the fullness: If
(f, fﬁ) : Spec B — Spec A
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is a map of local simplicially ringed spaces, then certainly the induced map of underlying
locally ringed spaces

(Spec By, By') — (Spec Ao, A7)

is Spec(Ag — By) for a ring map Ag — By. The map f* : f~1A~ — B™ of simplicial
sheaves of rings is the same as a map of simplicial sheaves of rings f#: A~ — f,B~ on
the scheme Spec Ag. But f.(B"™) is just B™, regarding the B,, as Ap-modules by

A0—>BQ—>Bn

so the fﬁb : Ay — B; are maps of quasi-coherent Ag-algebras, hence they correspond to
ring maps A,, — B, and the compatibility of the ffL with the boundaries and degeneracies
for A~ and B™ is equivalent to the compatibility of the maps A,, — B,, with the boundaries
and degeneracies for A and B.

9.4. Derived schemes. An object (X, B) of sLRS isomorphic (in sLRS) to Spec A (for
a simplicial ring A) is called an affine derived scheme. A derived scheme is an object
(X, B) of sLRS which is locally an affine derived scheme—i.e. the topological space X
admits an open cover {U;} such that each local simplicially ringed space (U;, B|U;) is an
affine derived scheme. Morphisms of derived schemes are, by definition, morphisms in
sLRS, so that derived schemes form a full subcategory DS C sLRS.

Example 9.4.1. For example, every scheme X can be viewed as a derived scheme (X, A),
where A is the constant simplicial sheaf of rings associated to the sheaf of rings Ox.

If X = (X,B) is a derived scheme, then the underlying locally ringed space Xy =
(X, By) is a scheme and each B,, is a quasi-coherent By-module (the question is local and
it is clearly true for an affine derived scheme). In fact, derived schemes are characterized by
these two properties: If (X, B) is a local simplicially ringed space such that Xy = (X, By)
is a scheme and each B,, is quasi-coherent, then (X, B) is a derived scheme: Indeed, the
question is local, so we can assume Xy = Spec Ag for some ring Ay (in fact Ag := By(X)
is a canonical choice). Since the category of quasi-coherent sheaves on X is equivalent to
the category of A-modules, each we can write B = A™ for some simplicial ring A (in fact
A := B(X) is a canonical choice), so X = Spec A.

It is clear from this latter characterization of derived schemes that if X = (X, B) is a
derived scheme and U C X is an open subspace, then (U, B|U) is also a derived scheme,
denoted simply by U if there is no chance of confusion. Furthermore, if the scheme
Uy = (U, By|U) is affine, then U is an affine derived scheme. If x € U C X, then we will
say that U is a neighboorhood of x, or an affine neighborhood of x if U is an affine derived
scheme. With this notion of affine neighborhoods, it is clear that affine neighborhoods of
x in the derived scheme X are in bijective correspondence with affine neighborhoods of x
in the usual scheme Xy = (X, By).

Suppose f : X — Y is a morphism of derived schemes and x € X. We can find an affine
neighborhood V' 2 Spec A of f(z) in Y and an affine neighborhood U 2 Spec B of x in
f~YV) (indeed, the data of such U and V is the same data as an affine neighborhood of =
in the usual morphism of schemes fj : Xo — Yj). The morphism of affine derived schemes
flU : U — V then corresponds to some map of simplicial rings A — B (§9.3). Evidently
then, a morphism of derived schemes can be “covered by Spec of simplicial ring maps” in
the same way that a morphism of (usual) schemes can be “covered by Spec of ring maps”.
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9.5. Cosimplicial approach. If (X, B) is a derived scheme, then Xy = (X, By) is a
scheme and we can form the schemes X,, := Specy, B, noting that B, is a quasi-coherent
Ox, = Bo-algebra, so the X,, are schemes, affine over Xj3. We denote the structure map
by pp, : X5, — Xo, or simply by p if there is no chance of confusion. We have p,.Ox, = B,.
The simplicial structure on B endows these X,, with the structure of a cosimplicial scheme,
which we denote

Xo = SpecX0 B..

For a A-morphism o : [m] — [n], the structure map X (o) : X,, — X, is the morphism of
affine Xg-schemes defined by

X (o) := Specy,(B(0) : Bn — Bn).

We will often write o instead of X (o) if there is no chance of confusion. By Lemma 9.1.3
the morphism X (o) is itself an affine morphism because we have a commutative diagram

X (o) X,
Xo

where p,,, and p,, are affine morphisms (note that affine morphisms are separated).

Xm

The derived scheme (X, B) can be recovered from the cosimplicial scheme Xo by the
formula

B = p,Ox,.

Indeed, we could equivalently define a derived scheme to be a cosimplicial scheme X,
where every structure morphism X (o) : X,,, — X,, is an affine morphism.

The formation of the cosimplicial scheme X, is functorial in the derived scheme X,
so that a map of derived schemes f : X — Y induces a map of cosimplicial schemes
fo: Xe 2 Y.

Example 9.5.1. For example, if we view a (usual) scheme X as a “constant” derived
scheme as in Example 77, then X, is the constant cosimplicial scheme associated to the
scheme X.

9.6. Properties of maps of derived schemes. If P is a property of maps of schemes
(e.g. “closed embeddings,” “smooth maps,” etc.) and f : X — Y is a map of derived
schemes then we say that f has P degree-wise iff each map of schemes f, : X,, — Y, has
property P. For example, we can speak of degree-wise smooth and degree-wise flat maps
of derived schemes. In fact, we will generally drop the “degree-wise” and simply speak of
smooth, flat, affine, finite type, ... maps of derived schemes. We similarly define properties
of derived schemes “degree-wise,” so that, for example, a derived scheme X is noetherian
iff each scheme X,, is noetherian.

If (X, B) is a derived scheme, the ideal I C By defined in §9.2 is quasi-coherent (it is
the image of a map of quasi-coherent sheaves), so mo(X) is a scheme. For similar reasons,
the H, (B) are quasi-coherent sheaves on my(X). (We will return to this point in §9.7.)
We define quasi-isomorphisms for derived schemes exactly as we did for local simplicially
ringed spaces in Definition 9.2.1.
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We now clarify some issues related to the definitions of “degree-wise flat” and “degree-
wise affine.”

Lemma 9.6.1. Consider a commutative diagram of schemes
x —1sx
A
a7
where p and q are affine morphisms. Then f' is flat iff the induced map
(9.6.1) P Oyr) = ¢.Ox

1s a flat map of sheaves of rings on X.

Proof. Both questions of flatness are local on f, so we can assume that X and Y (hence
also X’ and Y’) are affine, so our commutative diagram is Spec of a diagram of rings as
below.

(9.6.2) B<l_B
f’T Tf
A<t A

We first prove that if f’ is flat, then (9.6.1) is a flat map of sheaves of rings on X = Spec B.
This can be checked on stalks. The stalk of f~!(p.Oy~) at a point x € X (a prime ideal
of B) with image y = f(x) in Y (we view y as a prime ideal of A) is given by

(fT (POv))a = (p:Oy)y

= lim Oy/ (p_lU)
—

= lim Oy (p~ " U,)
e

= lim Oy (Uj(a))

T !
= lim Aj(q)
= i(A\y) A
Some explanation is needed. The first direct limit runs over open neighborhoods U of y in

Y = Spec A; we then immediately replace this direct limit with the direct limit over the
cofinal set of such neighborhoods given by the basic opens

Uy == {w € Spec A : a ¢ w}
= Spec(A4,)

with a € A\ y, then we note that the preimage p~'U, of such a basic open in Y’ = Spec A’
is just the basic open Uy, in Y. We write S ~1 A to denote the localization of a ring A at
a multiplicative subset S C A. A similar calculation shows that

(4:Ox1)s = j(B\z)"'B'
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so that the stalk of (9.6.1) at = is just the bottom arrow in the commutative square of
ring maps below.

(9.6.3) A ! B

l l

i(A\y)tA ——j(B\2)"'B'

The corresponding pushout square is given by:

(9.6.4) A d B

| |

(AN y) A —— fli(A\y) "' B

The bottom arrow in (9.6.4) is flat because f’ is flat by hypothesis and flatness is stable
under base change. By commutativity of (9.6.2) and the fact that y = f~!(z), we see that

fi(A\y) Cj(B\ =),

so the induced map f'i(A\y)'B’ — j(B\z)~'B’is alocalization, so it is flat. The bottom
arrow in (9.6.3) is the composition of the bottom arrow in (9.6.4) and this localization, so
it is a composition of flats hence is flat.

For the converse, it suffices to prove that for any prime ideal z € B’ (point of X'), the
composition

(9.6.5) A= B'—= B.=(B"\2)"12
is flat. Let 2 := ¢(z) = j~!(2). Then j(B\ z) C B'\ z, so (9.6.5) will factor as the
composition
A = i(A\y) A = j(B\2)'B' = B, = (B'\ 2)" 2.
The first and final maps in this latter composition are localizations, so they are flat, and

the middle map is the stalk of (9.6.1) at z, so it is flat by hypothesis, hence (9.6.5) is flat
as desired. O

Lemma 9.6.2. Let f : (X,B) — (Y, A) be a map of derived schemes. The induced map
of schemes fn, : X, — Y, is flat iff f,ﬁl . f71A,, — B, is a flat map of sheaves of rings
on X. In particular, f is degree-wise flat iff f*: f~'A — B is a degree-wise flat map of
simplicial sheaves of rings on X.

Proof. Apply the previous lemma to the commutative diagram of schemes

X, —= X

W

Y, ——=Y,

noting that the horizontal maps are affine and B,, = p.Ox,, A, = p«Oy,. (Also note
that, on the level of topological spaces, fy coincides with the map f: X — Y.) O
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The next lemma says that the whole theory of derived schemes is just the theory of
schemes with “extra data in the structure sheaf” (“higher nilpotents”)—all the “topology”
of a scheme or map of schemes is in Xy (of fp).

Lemma 9.6.3. A morphism f : X — Y of derived schemes is degree-wise affine iff
fo: Xo — Yo is affine.

Proof. Obviously fp has to be affine for f to be degree-wise affine; to see that this is
sufficient, note that we have a commutative diagram

X,—Xp

T

Y, —Y)

where the horizontal arrows and fy are affine, hence the composition X,, — Y} is affine
and we conclude that f, is affine by Lemma 9.1.3. g

Lemma 9.6.4. Let i : X — V be a morphism of derived schemes. The following are
equivalent:

(1) The map i is a quasi-isomorphism and a (degree-wise) closed embedding.

(2) The map i is affine and for every affine open derived subscheme U = Spec P of
V, the map i : i Y (U) — U is given by Spec(P — B) for a trivial fibration of
simplicial rings P — B.

(3) The map i is affine and each point v of V' has an affine open neighborhood U =
Spec P of V' such that the map i : i *(U) — U is given by Spec(P — B) for a
trivial fibration of simplicial rings P — B.

Proof. For (1) implies (2), first note that 7 is affine by Lemma 9.6.3 since 79, being a closed
embedding, is affine. So for every affine open Spec P = U C V, we can write i ~}(U) — U
as Spec(P — B) for some map of simplicial rings P — B. Since i is a degree-wise closed
embedding, so is i 71 (U) — U, hence P — B is degree-wise surjective because

(ifl(U)n — U,) = Spec(P,, — By).
Since ¢ is a quasi-isomorphism, 7o(P) — mo(B) is a ring isomorphism and since
Hn(v)|U = Hn(U)
= Hn(P)N
(we will see this in §9.7 below) and similarly for i~*(U), we see that P — B is a quasi-

isomorphism of simplicial rings; since we just saw that it is also degree-wise surjective, it
is a trivial fibration by Corollary 5.6.5.

Clearly (2) implies (3). For (3) implies (1), note that the formation of m9 and H,, is
local in nature (§9.7), so the question of whether i is a quasi-isomorphism is local on V;
similarly, the question of whether ¢ is a degree-wise closed embedding is local on V. [

Definition 9.6.5. A map of derived schemes i : X — V satisfying the equivalent condi-
tions of the above lemma is called a trivial cofibration.

Every trivial cofibration is, in particular, a finite type affine morphism. Notice that
for a map of simplicial rings P — B, the corresponding map Spec B — Spec P of affine
derived schemes is a trivial cofibration iff P — B is a trivial fibration of simplicial rings.
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9.7. Modules and homology. Let (X, B) be a simplicially ringed space (§9.2). We
define a B-module exactly as we defined modules over a simplicial ring in §7.2: a B-
module M thus consists of B,-modules M, and, for each A-morphism o : [m] — [n], a
B(o)-linear map M (o) : M,, — M, functorial in o.

As in §7.2 and §7.4, the homology H,,(M) of a B-module M is defined by the following
formulas:

N, (M) := Ker (ﬁ di . M, — ﬁMn1>
i=1

i=1

Z,(M) := Ker (ﬁ d M, — ﬁBn_l)
1=0 =0
= Ker(d® : N,,(M) — Z,,_1(M))
Hp (M) = Zn(M)/dg—i-an—i-l(M)
= Cok(Np+1(M) ®p,,, Bn — Zn(M)).

Evidently N, (M), Z,(M), and H, (M) are B,-modules. Since the formation of kernels
and cokernels commutes with restriction to open subsets, we have

(9.7.1) N, (M|U) = Np(M)|U
Z,(M|U) = Z,(M)|U
Ho(M|U) = H, (M)[U.

Next suppose (X, B) is a derived scheme with associated cosimplicial scheme X, =
Specy, Be. Since the maps p, : X;, — X are affine morphisms, pushforward p,. gives
an equivalence of categories between quasi-coherent Ox, -modules and quasi-coherent B,,-
modules, with inverse given by the “relative” version of M +— M~. A B-module M is
called quasi-coherent iff each M, is a quasi-coherent B,-module (in the essential image
of pn« : Qco(X,) — Mod(B,)). If X,, is locally noetherian, we define a coherent B-
module by replacing “Qco(X,,)” with “Coh(X,)”. If each X,, is locally noetherian, then
we have an evident notion of coherent B-modules. Equivalently, a B,,-module M is quasi-
coherent (resp. coherent in the locally noetherian situation) iff, for each affine open derived
subscheme Spec A = U C (X, B), we have M |U = N~ for some A,-module N (resp. some
finitely generated A,-module N). (Note that N~ here is defined by regarding N as a
module over Ay via Ay — Ap; the resulting By = Aj-module has a natural B, = Aj-
module structure.) A B-module M is then quasi-coherent (resp. coherent in the locally
noetherian setting) iff, for each affine open derived subscheme Spec A = U C (X, B), we
have M = N~ for some A-module N (resp. some degree-wise finitely generated A-module
N).

Now suppose (X, B) = Spec A for a simplicial ring A and M = N~ for an A-module N

(§7.2). Then d', : M,, — M, is just (d%, : N,, — N,_1)~ and we see that
Np (M) = Np(N)™
Zn(M) = Zn(N)™
Hp, (M) = Hn(N)™.

If each A, is noetherian and each N, is a finitely generated as an A,-module, then each
of the A,-modules N,,(N), N,,(N), H,(N) is finitely generated.
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Lemma 9.7.1. Suppose (X, B) is a derived scheme (resp. locally noetherian derived
scheme) and M is a quasi-coherent (resp. coherent) B-module. Then N, (M), Z,(M),
and H,, (M) are quasi-coherent (resp. coherent) By,-modules for each n € N.

Proof. The question is local and the formation of these modules is local (9.7.1), so we
reduce to the discussion above. g

It is—for the author at least—easier to think about quasi-coherent sheaves on the
scheme X, than to think about quasi-coherent modules on the ringed space (X, B,,). We
will now give an explicit description of the homology modules H,(B) from this “more
geometric” point of view. This will be useful in §9.10.

For the A-morphism 9 : [n — 1] < [n], we usually just write 8% : X, 1 — X,
instead of X(0!). The map of schemes ¢, : X,,_1 — X, is a closed embedding because
B (8%) = dfl : B, — Bj_1 is a surjection of quasi-coherent sheaves of rings on the scheme
Xo (di has a section because the A-morphism 9!, has a retract). We will write

(9.7.2) d;, : Ox, = 8,,0x,,_,

for the surjection of quasi-coherent Ox,-modules (coherent if X, is locally noetherian)
corresponding to the closed embedding 0!, : X;,—1 — X,,. This notation is justified by the
fact that

(9.7.3) pax(d - Ox, — 0..0x, ) =d' : B, — Bp_1.
We will also write d?, for the map

(9.7.4) di : (9)*0x, — Ox, _,
corresponding to (9.7.2) under the adjunction ((0%)*, 9L, ).

Define
N, (X,e) := Ker (H d: - Ox, — H@fl*(’)xn1>
i=1 i=1

Z,(X,) := Ker (ﬁ di - Ox, — ﬁa;*oxn_1>

i=0 i=0
= Ker(d? : No(Xe) = 0°.Z,1(Xa))
Hn(Xe) = 0n 1. Zn(Xa) /dp 11 (Nny1(Xa))
— Cok(dyy : (0041) Nus1(Xa) = Zu(Xa)).
The last equality here is a sheafified version of the discussion in Remark 7.3.1. Notice
that Ny, (Xe), Z,(Xe), and H,,(X,) are all quasi-coherent sheaves on X,,, coherent if X, is

locally noetherian. It is clear from (9.7.3) and the fact that p,. is exact on quasi-coherent
sheaves that
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9.8. Fibered products. The category DS of derived schemes, like the category Sch of
schemes, has all finite inverse limits.

To form the fibered product (W, D) = (X, A) X (z¢) (Y, B), set Wy, := X;, Xz, Y,,. The
cosimplicial structure of X,, Y, and Z, endows W, with the structure of a cosimplicial
scheme with the structure map for a A-morphism o : [m] — [n] given by

(9.8.1) W(o) = X(0) Xz(0) Y (0) : Xp X7,, Yo — X5 X7, Yo

To show that this W is a derived scheme, we need to show that each map (9.8.1) is affine.
This is because X (¢), Y (o) and Z(o) are affine (Lemma 9.1.4). The structure sheaf D of
the fibered product (W, D) is given, as usual, by

Do = p*OWn'
It is trivial to see that this W has the correct universal property.

Let m; : (W, Do) — (X, AQ), T - (VV, Do) — (Y, Bo), (I (VV, D()) — (Z, C()) denote the
projections on the level of underlying schemes. Notice that the structure sheaf D is not
equal to T} A ®x«c m5B. But of course we don’t expect this, because this is not even true
in degree zero (i.e. it isn’t true for fibered products of schemes).

Notice that if P is a property of morphisms of schemes which is stable under base change,
then the corresponding property for maps of derived schemes (defined degree-wise) is also
stable under base change.

9.9. Resolution properties. A noetherian scheme X is said to have the resolution prop-
erty iff every coherent sheaf on X is a quotient of a bundle (locally free coherent sheaf).
Unfortunately, having the “resolution property” is not a particularly “robust” property.
We instead seek a stronger property which is more robust, yet is also enjoyed by a wide
class of (noetherian) schemes.

Given an invertible sheaf L on a scheme X and a global section s € I'(X, L), we let
Xs :={z e X:s(x)#0}

denote the non-vanishing locus of s. This X is an open subscheme of X and the inclusion
Xs < X is an affine morphism (see [EGA, I1.5.5.8] or [SGAG6, 11.2.2.3.1]).

Theorem 9.9.1. Let X be a noetherian scheme. The following are equivalent:

(1) The opens X, for s € I'(X, L), L an invertible sheaf on X, form a basis for the
topology of X.

(2) The opens X as in the previous part which are affine cover X.

(3) For every coherent sheaf . on X, there is a surjection V. — % of coherent Ox -
modules, where V is a finite direct sum of invertible sheaves on X.

(4) Same as the previous condition, but require F to be a coherent ideal sheaf.

Proof. Apply [SGAG6, 11.2.2.3] to the family of all invertible sheaves. O

A noetherian scheme X is called divisorial iff it satisfies the equivalent conditions of
the above theorem. Evidently a divisorial noetherian scheme has the resolution property.

Proposition 9.9.2. (1) Any noetherian affine scheme is divisorial.
(2) Any separated regular noetherian scheme (e.g. any quasi-compact scheme smooth
and separated over a field) is divisorial.
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(3) An open subscheme of a divisorial noetherian scheme is a divisorial noetherian
scheme.

(4) If f : X =Y is an affine morphism of noetherian with Y divisorial, then X is a
divisorial noetherian scheme.

(5) A closed subscheme of a divisorial noetherian scheme is a divisorial noetherian
scheme.

(6) If f : X — Y is a quasi-projective morphism of noetherian schemes and Y is
divisorial, then X is divisorial.

Proof. For (1), note that the second condition of Theorem 9.9.1 holds trivially since X =
X is affine, for 1 € I'(X, Ox). For (2), see [SGAG6, 11.2.2.7.1]. For (3), check the first or
second criterion in Theorem 9.9.1. For (4), check the second condition of Theorem 9.9.1,
noting that the formation of the nonvanishing locus Y; of a global section commutes with
pullback: X5 = f71(Y;). A closed embedding is an affine morphism so (5) is a special
case of (4). For (6), we can reduce, in light of (3) and (5), to proving that X is divisorial
whenever f : X — Y is a projective morphism of noetherian schemes with Y divisorial.
Pick an f-relatively ample invertible sheaf Ox(1). We will check the third condition
of Theorem 9.9.1. Let % be a coherent sheaf on X. By the Fundamental Theorem of
Projective Morphisms [EGA, I11.2.2.1], we can find n € N such that the natural map

[ (f(F () = F(n)

is surjective. The same theorem also says that f.(.%#(n)) is a coherent sheaf on Y, so,
since Y is divisorial, there is a surjection V — f.(%#(n)) with V a finite direct sum of
invertible sheaves on Y. Since f* preserves surjections, f*V — .Z(n) is surjective. Since
tensoring with an invertible sheaf preserves surjections, (f*V)(—n) — .Z is surjective.
Since (f*V')(n) is a finite direct sum of invertible sheaves on X, we’re done. O

Let X be a ringed space, B an Ox-algebra, f : M — B a map of Ox-modules. We say
that f generates B as an Ox-algebra iff the induced map Sym% M — B is surjective (has
surjective stalks).

Theorem 9.9.3. Let f: X — Y be an affine morphism of noetherian schemes.

(1) If f is finite type, then there is a coherent sheaf 4 on'Y and a map 4 — f.Ox
of quasi-coherent sheaves on Y generating f.Ox as an Oy-algebra. In fact, if
F' — f.Ox is any surjection of quasi-coherent sheaves on Y, we can choose
our 9 — f.Ox to factor through F' — f.Ox. Note that such a map yields a
factorization

X = Specy f«Ox — Specy Symy &4 — Y

of f where the first arrow is a closed embedding.

(2) For any coherent sheaf F on X, there is a coherent sheaf 9 on'Y and a surjection
[*9 — F of coherent sheaves on X. In fact, if F' — fo.F is any surjection of
quasi-coherent sheaves on'Y , we can arrange that the corresponding map 9 — fi.F
factors through F' — f..F.

(3) If Y has the resolution property we can take the 4 in the first two parts to be a
bundle. In particular, when f is finite type, we can factor f as a closed embedding
followed by the projection E —'Y for a vector bundle E overY .
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Proof. We will just prove (2); the proof of (1) is similar, but easier. Cover Y by finitely
many open affines {U; = Spec 4;}. Set
fi= (N0 ) = U, Fi=F N0, T = FU

Since f is affine, we can write f; = Spec(A; — B;) for some A;-algebra B; and .%; = M
for some finitely generated B;-module M;. In the formula .%#; = M7, M is the one for
Bj-modules; we also have (f;)«.%#; = M where M is the one for A;-modules and M;
is regarded as an A;-module by restriction of scalars along A; — B;. We can also write
F! = M/ for some A;-module M, (not necessarily finitely generated) so the surjection
F' — f..F corresponds to a surjection M; — M; of A;-modules. Since M] — M; is
surjective and M; is finitely generated, we can find, for each i, finitely many elements
m; ; € M] whose images in M; generate M; as an B;-module. (To prove (1), take m; ; € B;
generating B; as an A;-algebra.) Let S; C M/ denote the A;-submodule of M/ generated
by the m; ;, so that S; ® 4, B; — M; is a surjection of B;-modules. Then S}~ is a coherent
sheaf on U; contained in the quasi-coherent sheaf (M)~ = .%#] with the property that
587 — %; is surjective. By [EGA, 1.9.4.7], we can find coherent subsheaves 4; C %/
such that 4|U; = S7. Let ¥ := &%, 4 — f..# the natural map. This ¢ is a coherent
sheaf on Y and the map ¥ — f..% is as desired since the surjectivity of f*¢4 — % can
be checked locally on Y and it is clear on the U; because the image of 4 — f,.% on U;
contains the image of ST — fi..%;. If Y has the resolution property, then we can find a
surjection 4’ — ¢ with ¢’ and bundle and replace ¢ with ¥. O

9.10. Factoring maps of derived schemes. We need a “global” (and “finite type”)
analog of the “projective” maps of simplicial rings defined in §77 to use in our factorizations
of maps of derived schemes.

Definition 9.10.1. Say (Y, A) is a derived scheme. An A,-module M is called a bundle
(or an A,-bundle for emphasis) iff M = p,,, M’ for a bundle (locally free sheaf of locally
finite rank) M’ on Y;, = Specy, A,,. Equivalently, M is a bundle iff, for any affine open
derived subscheme Spec C' = U C (Y, A), there is a finitely presented projective C),-module
P so that M|U = P~ as A,|U-modules. (To make sense of P~ here, one views P as a
Co-module by restriction of scalars along Cy — C,,, noting that Spec Cy = (U, Ap|U), and
noting also that P~, thus defined, becomes a module over A,|U = C;".)

Definition 9.10.2. A map of derived schemes V' — Y = (Y, A) is called affine projective
ifft V' = Specy P (as a derived scheme over Y) for some map of sheaves of simplicial
rings A — P which is symmetric (Definition 7.6.6) with a basis (My, M1, ...) and non-
degenerate complements (Eo, F1,...) so that E, is an A,-bundle for each n € N. (By
Lemma 7.6.5, this implies that each M,, is also an A,-bundle.)

Let me try to explain this in more geometric terms—that is, let me reformulate this
definition entirely in terms of the corresponding map of cosimplicial schemes V4 — Y,. To
say that this map is affine projective is equivalent to the following:

(1) For each n € N, the map V,, — Y,, is the projection map for a vector bundle: i.e.
Vi, = Specy. Symy, M;, for a locally free locally finite rank sheaf M), on the scheme
Y, (this M] is related to the M, is the above definition by M,, = p,.M,).

(2) For each surjective A-morphism o : [n] — [m], the structure map o : V,, — V,
for the cosimplicial scheme V, is “induced by” (i.e. is Specy, Symj, of) a map
o*M)], — M] of locally free sheaves on Y,, (this latter o is the structure map o :
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Y, = Y, for Y,). (This condition corresponds to the condition that “degeneracies
take bases into bases” (i.e. that the M,, have the structure of a degenerate module
over the degenerate simplicial ring underlying A) in the definition of a symmetric
morphism of simplicial rings.)

(3) For each n € N, there is a locally free locally finite rank subsheaf E/, C M, so that
the maps o*M] — M/ from the previous part induce a direct sum decomposition

M;, = E;, @ lim 0" Mj,,

where the direct limit is over the category T, (§77) of surjective, non-identity A-
morphisms o : [n] — [m]. In geometric terms, this says that the vector bundle V/,
over Yy, in fact splits as a sum of two bundles V;,, = V. @ V.F (one might prefer
to write V,, = V,P xy, V.F), where VP = 1<£n 0*Vi. (This EJ, is related to the

non-degenerate complement E,, in the definition by E,, = pp.E},.)

Remark 9.10.3. It is clear from the definition that an affine projective morphism is
(degree-wise) affine, finite type, smooth, etc. Indeed, if 7 : V' — Y is affine projective,
then for any affine open derived subscheme U = Spec A C Y, the map 7~ 1(U) — U is
given by Spec(A — P) for a degree-wise finite type projective morphism of simplicial rings
A — P. (It might be worth recalling from Theorem 7.6.13 that projective morphisms of
simplicial rings are cofibrations.)

Theorem 9.10.4. Suppose Y = (Y, A) is a noetherian derived scheme such that Yy is
divisorial and f: (X, B) — (Y, A) is a finite-type affine map of derived schemes.

(1) We can factor f as j : X — V followed by q : V — Y, where j is a trivial
cofibration (Definition 9.6.5) and q is affine projective.
(2) Any two such factorizations map to a third such factorization.

Proof. Notice that every morphism of schemes involved here is affine and every sheaf is
quasi-coherent, so in principle nothing is lost by pushing everything forward to the scheme
Yy = (Y, Ag) and carefully factoring A — f, B using much the same factorization procedure
we used in Theorem 7.8.6. The issue is that one has to be very careful to make sure that
it is possible to use bundles everywhere we used (often very large) free modules in that
proof. I find it is easier to see that this can be done if we phrase the proof in rather more
geometric terms; in particular we will make use of the description of the homology sheaves
of a derived scheme in §9.7.

We first note that since Y is divisorial and the Y,, are affine over Y{, each of the
schemes Y, is divisorial (Proposition 9.9.2(4)), hence has the resolution property. The
map X,, — Y, is also affine, so each X, is also divisorial, hence has the resolution property.

As in the proof of Theorem 7.8.6, we are going to construct the factorization inductively.
Start by noting that fy : Xg — Yp is a finite type affine map of noetherian schemes and Yy
has the resolution property, so by Theorem 9.9.3(1), we can find a bundle My on Yy and a
map My — fo«Ox, generating f.Ox, as an Oy,-algebra—i.e. so that Symy, My — f.Ox,
is surjective. Then Specy, of this surjection yields a closed embedding

jo : Xo < Vo := Specy, Symy, Mo

of Xg into the bundle Vg over Yy so that fy factors as the closed embedding followed by
the projection ¢ : Vo — Yp.
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Assume we have constructed an n-truncated derived scheme V = (V, P) and a factor-
ization

(9.10.1) tra X 2oV T tr, Y
of tr,, f with the following properties:

(1) The map g : V — tr, Y is (truncated) affine projective with basis (Mo, ..., M)
and non-degenerate complements (Ey,...,FE,), each M} and each FEj an Aj-
bundle, say with Ej = pp.E}, My = ppMj, for locally free coherent sheaves
M}, and E; on Y.

(2) The map j is a (degree-wise) closed embedding.

(3) The map ji : Hp(Ve) — jr« Hi(X,o) is an isomorphism for k& < n.

(4) The map jp : Z,(Ve) = Jns Hp(X,) is surjective.

Our start above gives us all of this when n = 0. We need only prove that we can lift our
factorization (9.10.1) to an analogous factorization of tr,,1 f satisfying all of the above
properties with “n” replaced by “n + 17.

Let us remark that in light of (?77?), the surjectivity of the map in (??) is equivalent
to the surjectivity of its adjoint map jy : j Z,(Ve) — H,(Xe). We also note that since
Jjo is a closed embedding, isomorphy for the map in (??) when k£ = 0 says exactly that
mo(X) — mo(V) is an isomorphism.

For each i € [n + 1], we have a solid commutative diagram of schemes:

n+1
(9.10.2) X, X1
jn \L jn+1
o¢ v
n+1
fn Vn > Vn+1 fn+1
‘Inl/ dn+1
\
Yn i Yn+1
8n-&-l

We need to construct V11, etc. making the resulting diagram commute and satisfying
various properties.

Define a quasi-coherent sheaf W on Y, by the cartesian daigram of quasi-coherent
sheaves:

(9103) w ik H;:_Ol( %+1)*Qn*OVn

: |

(fn+1)+0x, 4 [T (Frs1)(0L 1)< Ox,

((fnJrl)*dil.H)

The right vertical arrow is a product of pushforwards under affine morphisms of the
surjection

(9.10.4) Jnt Ov, = jnsOx,

corresponding to the closed embedding j,, hence it is surjective, and hence 7 is also
surjective. By Theorem 9.9.3(1) we can find a locally free coherent sheaf W’ on Y41
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and a map W' — W of quasi-coherent sheaves on Y, ;1 so that the evident composition
abusively denoted my : W/ — (fn+1)«Ox,,., induces a surjection

(9.10.5) Symy. ., W' = (fu11):0x,,,;-
For i € [n+1], let
(9.10.6) T W = (0h41)+qnOv,

denote the composition of W’ — W, s, and the projection to the i*" factor of the product.

Next define a coherent sheaf K on X, ;1 by the cartesian diagram

(9.10.7) K —=— (00,1)«jnZn(Va)

4

Np+1(Xe) — (09,1)+Zn(Xa4)

n+1

of coherent sheaves on X, 1. The right vertical arrow is the pushforward under the closed

embedding 9° 41 of the map which is surjective by (?7), hence it is surjective, and hence

w1 is surjective. By Theorem 9.9.3(2) we can find a bundle K "on Y, 41 and a surjection
1K’ — K. The composition of this surjection and the map 7 in (9.10.7) yield a map
1K' — Npj1(X,). The composition of the map (fyr,;, (fn+1)«)-adjoint to the latter

and (fn41)« of the inclusion N, 1(Xe) € Ox,,,, is a map

(9.10.8) K' = (fn+1)«0x, -

Using the commutative diagram (9.10.2), we obtain a map

(9.10.9) K' — (09,1)+qnsOv,

by composing the (f;, , (fnt1)«)-adjoint of our chosen surjection, (f,41)« of the map o

in (9.10.7), and the appropriate pushforward of the inclusion Z,,(Vs) C Oy, .

Since Z,,1+1(X,) is a coherent sheaf on X,,;1, Theorem 9.9.3(2) says we can also find a
bundle S’ on Y;,11 and a surjection
(9.10.10) FrnS = Zpia (X).

n

(Actually we only need the composition f;, ;5" — Hy,11(X) to be surjective.)

Let D;, ., be the direct limit of the o*M], as o : [n 4 1] — [m] runs over the category
Thy1 (§77). (We will often use o as abuse of notation for Y(c).) Let @ : 0*M/, — D],
be the structure map to the direct limit. Since we can alternatively express D), 41 a8

Dy = @ o Ep,
(0:[nt1]=[m])€Tnt1
(c.f. Lemma 7.6.5) it is clear that D is a locally free coherent sheaf on Y;,;1, as are
1 =WaKaes
w1 = Dpp @ By
Let
Dri1 = (Pn+1)+Dpi

En1 = (pn+1)* ;L-‘rl
M1 = (Png1)«M;,
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be the corresponding A,,i-bundles. Let gn+1 : V41 — Y41 be the vector bundle defined
by

— * !
Vit1 1= Specy, . Symy, M.

For the A-morphism 9., : [n] — [n+ 1], the corresponding map 87,1 (V) : Vi, = Vi
for our (n + 1)-truncated derived scheme V' is defined as follows. We want the bottom
square of (9.10.2) to commute. This is equivalent to saying that our map 0,41(V) is
obtained from a map of quasi-coherent sheaves

(9.10.11) iz+1 M/+1 - (8ZL+1)*qn*OVn = (@iﬂ)* Symy;, M,
on Y, 1. Furthermore, for each (¢ : [n + 1] — [m]) € T,,11, we need the diagrams
ol v
(9.10.12) Vo, Dy,
qnl J(Qn-&-l J(Qm
T T

to commute. This commutativity is equivalent to saying that the composition of
G:0*M), —» D), C M,
and the map (9.10.11) must coincide with the map
o* M}, — (0} 11)«anOv,,
which is ((9%,1)*, (8%,1)s)-adjoint to the map
(00541) My = (05,41) 0" My = sV

corresponding to the “big square” in (9.10.12) (this big square is already defined for our n-
truncated simplicial objects). It is then tautological to check that we can define (9.10.11)
on the degenerate submodule D], ; C M) _; using the universal property of the direct
limit D], ; in a unique manner so that the diagrams (9.10.12) will commute. We can then
define the map d?, ,; in (9.10.11) on the non-degenerate complement E/,; C M, in any
way we see fit. On the summand W’ C E, ., we define d!,,; by setting d,_;|W' := n}
equal to the map 74 in (9.10.6). On the summand K’ C EJ,;, we define d,,|K’ to be
zero when i # 0 and we define d ,,|K’ to be the map (9.10.9). We declare d, ,|S" := 0
for all 7.

We next need to define the map jp41 1 Xpyr1 — Vir1. We want the “right triangle” in
(9.10.2) to commute. This is equivalent to saying that j,4+1 corresponds to a map

(9.10.13) g1 s Mgy = (fn41)+0x, 4

of quasi-coherent Oy, ,-modules. We also want the top square in (9.10.2) to commute.
This is equivalent to saying that the square

jn+1

(9.10.14)

'r/z—l-l (fn+1)*OXn+l

] |

(812-5-1)*%*0% ( n+1) JneOx,,
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of quasi-coherent Oy, ,-modules commutes. (The right vertical arrow in (9.10.14) is

(fn-l—l)* of
and the bottom horizontal arrow in (9.10.14) is the pushforward of (9.10.4).)

First of all, if we want (9.10.13) to be compatible with the maps X (o) and Y (o) for o €
Th+1, then there is no choice about how to define (9.10.13) on the degenerate submodule
D], ;. It is tautological to check that, using the universal property of the direct limit
D}, ., (and the fact that we started with a map of n-truncated simplicial objects!), if we
define the composition of & : 0*M], — D;,; and (9.10.13) in the unique way compatible
with X (o) and Y (o), then the resulting maps “glue” to a map

Jnt1| Dy s Dy = (fag1)+O0x,0p0

this map has the property that (9.10.14) commutes when restricted to D;, |, and, regard-
less of how we define j,41|E;, ;, the map j,1 will be compatible with the X (o) and
Y (o) for o € T),+1. We thus reduce to defining the map (9.10.13) on the non-degenerate
submodule £, | € M), and checking that (9.10.14) commutes on E}, ;.

We define (9.10.13) on the summand W’ C EJ, ;| to be the map we abusively denoted
71 when we constructed W’. We define (9.10.13) on the summand K’ C E, ;| to be the
map (9.10.8). We define (9.10.13) on the summand S’ € E],_; to be the composition of
the map S" — (fn41)+Znt1(Xe) which is (fr, 1, (fas1)s)-adjoint to (9.10.10) and the map
given by (fn4+1)« of the inclusion Z,,1(X,e) € Ox,,,. The commutativity of (9.10.14) on
W' follows from the definitions and the commutativity of (9.10.3). The commutativity of
(9.10.14) on K’ is trivial when ¢ # 0 (both ways around are zero) and follows from the
commutativity of (9.10.7) when i = 0. The commutativity of (9.10.14) on S’ is easy to

see from the definitions of the maps involved (both ways around are zero for all 7).

It remains only to check the properties (1)-(4). Certainly (1) holds by our construction
of V41 and ¢p4+1. Property (2) is equivalent to surjectivity of the map

(9.10.15) Symy, ., My = (fur1)«Ox, .,

induced by (9.10.13). Our construction of (9.10.13) on W' ensures that the restriction of
(9.10.15) to

Symy, ., W' C Symy, M,

is the surjection (9.10.5), so (9.10.15) is certainly surjective. For (3), we need to check
that

is an isomorphism. Since this map was surjective at stage n, it will remain surjective at
stage n + 1, so it is enough to check that the map

(9.10.17) A1 i N1 (Va) = (8941)4Zn(Va)
surjects onto the kernel of the map
(9.10.18) (O01)udin = (00410 Zu(Ve) = (0015 Ha(X).

A moment’s thought with the definition of homology shows that the kernel of (9.10.18) is
exactly the image of the map 7 in (9.10.7).
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Consider the map
K' — (Qn+1)*OVn+1 = Smen+1 M’r/L+1

including K " as a summand of the degree one part of the symmetric product. Since
the maps d},||K’ are zero for i # 0, the adjoint map ¢ K’ — Oy, factors through
Nyt1(Ve) € Oy, . Pulling back along jn41 : Xp41 < Vi41, we obtain a map

(9.10.19) fanK' = Gna@ha K = gnaNega(Va).
Because of the way we defined dY) |K’, the composition of (9.10.19) and

a1 doy t gn N1 (Va) = Gy 1(05,1)«Nu(Va) = (95 11)«iiNn(Va)

is nothing but the composition of the surjection f; K" — K and the map 7 in (9.10.7).
O

Theorem 9.10.5. Suppose Y is a degree-wise noetherian derived scheme and f : X —'Y
s a degree-wise finite-type map of derived schemes such that fo : Xo — Yo can be factored
as a closed embedding i : Xo — My into a divisorial noetherian scheme My followed by a
smooth finite type map po : My — Yy. (These hypotheses on fo are satisfied, for example,
if Yo is divisorial and fo is quasi-projective.) Then any such factorization can be extended
to a factorization f = pi where © is a trivial cofibration and p is degree-wise smooth and
degree-wise finite type. Any two such factorizations of f map to a third such factorization.

9.11. Derived fibered products.

9.12. Cotangent complex.
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