A somewhat gentle introduction to differential
graded commutative algebra

Kristen A. Beck and Sean Sather-Wagstaff

Abstract Differential graded (DG) commutative algebra provides powerful tech-
niques for proving theorems about modules over commutative rings. These notes
are a somewhat colloquial introduction to these techniques. In order to provide
some motivation for commutative algebraists who are wondering about the benefits
of learning and using these techniques, we present them in the context of a recent
result of Nasseh and Sather-Wagstaff. These notes were used for the course “Differ-
ential Graded Commutative Algebra” that was part of the Workshop on Connections
Between Algebra and Geometry at the University of Regina, May 29—-June 1, 2012.

Dedicated with much respect to Tony Geramita

1 Introduction

Convention 1.1 The term “ring” is short for “commutative noetherian ring with
identity”, and “module” is short for “unital module”. Let R be a ring.

These are notes for the course “Differential Graded Commutative Algebra” that
was part of the Workshop on Connections Between Algebra and Geometry held
at the University of Regina, May 29-June 1, 2012. They represent our attempt to
provide a small amount of (1) motivation for commutative algebraists who are won-
dering about the benefits of learning and using Differential Graded (DG) techniques,
and (2) actual DG techniques.
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DG Algebra

DG commutative algebra provides a useful framework for proving theorems about
rings and modules, the statements of which have no reference to the DG universe.
For instance, a standard theorem says the following:

Theorem 1.2 ([20, Corollary 1]) Let (R,m) — (S,n) be a flat local ring homo-
morphism, that is, a ring homomorphism making S into a flat R-module such that
mS C n. Then S is Gorenstein if and only if R and S/mS are Gorenstein. Moreover,
there is an equality of Bass series Is(t) = Ir(t)Is/ms(2).

(See Definition [09.2] for the term “Bass series”.) Of course, the flat hypothesis is
very important here. On the other hand, the use of DG algebras allows for a slight
(or vast, depending on your perspective) improvement of this:

Theorem 1.3 ([9, Theorem A]) Let (R,m) — (S,n) be a local ring homomorphism
of finite flat dimension, that is, a local ring homomorphism such that S has a
bounded resolution by flat R-module. Then there is a formal Laurent series Iy(t)
with non-negative integer coefficients such that Is(t) = Ig(t)1y(t). In particular, if S
is Gorenstein, then so is R.

In this result, the series Iy (7) is the Bass series of @. It is the Bass series of the
“homotopy closed fibre” of ¢ (instead of the usual closed fibre S/mS of ¢ that is
used in Theorem which is the commutative DG algebra S ®]1§ R/m. In particular,
when S is flat over R, this is the usual closed fibre S/mS = S®g R/m, so one recovers
Theorem I.2]as a corollary of Theorem[I.3]

Furthermore, DG algebra comes equipped with constructions that can be used to
replace your given ring with one that is nicer in some sense. To see how this works,
consider the following strategy for using completions.

To prove a theorem about a given local ring R, first show that the assumptions
ascend to the completion R, prove the result for the complete ring R, and show
how the conclusion for R implies the desired conclusion for R. This technique is
useful since frequently R is nicer then R. For instance, R is a homomorphic image
of a power series ring over a field or a complete discrete valuation ring, so it is
universally catenary (whatever that means) and it has a dualizing complex (whatever
that is), while the original ring R may not have either of these properties.

When R is Cohen-Macaulay and local, a similar strategy sometimes allows one to
mod out by a maximal R-regular sequence x to assume that R is artinian. The regular
sequence assumption is like the flat condition for R in that it (sometimes) allows for
the transfer of hypotheses and conclusions between R and the quotient R := R/(x).
The artinian hypothesis is particularly nice, for instance, when R contains a field
because then R is a finite dimensional algebra over a field.

The DG universe contains a construction R that is similar R, with an advantage
and a disadvantage. The advantage is that it is more flexible than R because it does
not require the ring to be Cohen-Macaulay, and it produces a finite dimensional al-
gebra over a field regardless of whether or not R contains a field. The disadvantage
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is that R is a DG algebra instead of just an algebra, so it is graded commutative (al-
most, but not quite, commutative) and there is a bit more data to track when working
with R. However, the advantages outweigh the disadvantages in that R allows us to
prove results for arbitrary local rings that can only be proved (as we understand
things today) in special cases using R. One such result is the following:

Theorem 1.4 ([32, Theorem A]) A local ring has only finitely many semidualizing
modules up to isomorphism.

Even if you don’t know what a semidualizing module is, you can see the point.
Without DG techniques, we only know how to prove this result for Cohen-Macaulay
rings that contain a field; see Theorem [2.13] With DG techniques, you get the un-
qualified result, which answers a question of Vasconcelos [41]].

What These Notes Are

Essentially, these notes contain a sketch of the proof of Theorem [[.4} see [5.32]
7.38] and [8.17)below. Along the way, we provide a big-picture view of some of the
tools and techniques in DG algebra (and other areas) needed to get a basic under-
standing of this proof. Also, since our motivation comes from the study of semid-
ualizing modules, we provide a bit of motivation for the study of those gadgets in
Appendix 0] In particular, we do not assume that the reader is familiar with the
semidualizing world.

Since these notes are based on a course, they contain many exercises; sketches
of solutions are contained in Appendix They also contain a number of exam-
ples and facts that are presented without proof. A diligent reader may also wish to
consider many of these as exercises.

What These Notes Are Not

These notes do not contain a great number of details about the tools and techniques
in DG algebra. There are already excellent sources available for this, particularly,
the seminal works [4}, |6} [10]]. The interested reader is encouraged to dig into these
sources for proofs and constructions not given here. Our goal is to give some idea of
what the tools look like and how they get used to solve problems. (To help readers
in their digging, we provide many references for properties that we use.)
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Notation

When it is convenient, we use notation from [11, |31]. Here we specify our conven-
tions for some notions that have several notations:

pdz(M): projective dimension of an R-module M

idg(M): injective dimension of an R-module M

leng(M): length of an R-module M

Sy: the symmetric group on {1,...,n}.

sgn(1): the signum of an element 1 € S,,.
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2 Semidualizing Modules

This section contains background material on semidualizing modules. It also con-
tains a special case of Theorem [I.4} see Theorem [2.13] Further survey material can
be found in [35] 38] and Appendix [9]

Definition 2.1 A finitely generated R-module C is semidualizing if the natural ho-
mothety map x&: R — Homg(C,C) given by r +— [c — rc] is an isomorphism and
Exth(C,C) = 0 for all i > 1. A dualizing R-module is a semidualizing R-module
such that idg(C) < oo. The set of isomorphism classes of semidualizing R-modules
is denoted Sy (R).

Remark 2.2 The symbol G is an S, as in \mathfrak{S}.
Example 2.3 The free R-module R' is semidualizing.

Fact 2.4 The ring R has a dualizing module if and only if it is Cohen-Macaulay and
a homomorphic image of a Gorenstein ring; when these conditions are satisfied, a
dualizing R-module is the same as a “canonical” R-module. See Foxby [19, Theorem
4.1], Reiten [34, (3) Theorem], and Sharp [40, 2.1 Theorem (i)].

Remark 2.5 To the best of our knowledge, semidualizing modules were first intro-
duced by Foxby [19]. They have been rediscovered independently by several au-
thors who seem to all use different terminology for them. A few examples of this,
presented chronologically, are:
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Author(s) Terminology Context

Foxby [19] “PG-module of rank 1” commutative algebra
Vasconcelos [41]] “spherical module” commutative algebra
Golod [23] “suitable module”ﬂ commutative algebra
Wakamatsu [43]] “generalized tilting module” representation theory
Christensen [14] “semidualizing module” commutative algebra

Mantese and Reiten [30] “Wakamatsu tilting module” representation theory
The following facts are quite useful in practice.

Fact 2.6 Assume that (R, m) is local, and let C be a semidualizing R-module. If R is
Gorenstein, then C =2 R. The converse holds if C is a dualizing R-module. See [14,
(8.6) Corollary].

If pdg(C) < oo, then C = R by [38], Fact 1.14]. Here is a sketch of the proof. The
isomorphism Homg(C,C) = R implies that Suppg(C) = Spec(R) and Assg(C) =
Assg(R). In particular, an element x € m is C-regular if and only if it is R-regular.
If x is R-regular, it follows that C/xC is semidualizing over R/xR. By induction
on depth(R), we conclude that depthy(C) = depth(R). The Auslander-Buchsbaum
formula implies that C is projective, so it is free since R is local. Finally, the isomor-
phism Homg(C,C) = R implies that C is free of rank 1, that is, C = R.

Fact 2.7 Let ¢: R — S be a ring homomorphism of finite flat dimension. (For ex-
ample, this is so if ¢ is flat or surjective with kernel generated by an R-regular se-
quence.) If C is a semidualizing R-module, then S ® C is a semidualizing S-module.
The converse holds when ¢ is faithfully flat or local. The functor S ®g — induces a
well-defined function Gy(R) — S (S) which is injective when ¢ is local. See [21]
Theorems 4.5 and 4.9].

Exercise 2.8 Verify the conclusions of Fact[2.7lwhen ¢ is flat. That is, let : R — S
be a flat ring homomorphism. Prove that if C is a semidualizing R-module, then the
base-changed module S ®g C is a semidualizing S-module. Prove that the converse
holds when ¢ is faithfully flat, e.g., when ¢ is local.

The next lemma is for use in Theorem which is a special case of Theo-
rem|[[.4] See Remark [2.10and Question [2.1T]|for further perspective.

Lemma 2.9 Assume that R is local and artinian. Then there is an integer p depend-
ing only on R such that leng(C) < p for every semidualizing R-module C.

Proof. Let k denote the residue field of R. We show that the integer p = leng(R) ,u]g
satisfies the conclusion where pu9 = rank;(Homg(k,R)). (This is the Oth Bass
number of R; see Definition [9.2]) Let C be a semidualizing R-module. Set f§ =
ranky (k®g C) and p = rank (Homg(k,C)). Since R is artinian and C is finitely gen-
erated, it follows that yu > 1. Also, the fact that R is local implies that there is an
R-module epimorphism R — C, so we have leng(C) < leng(R)B. Thus, it remains
to show that B < up.
The next sequence of isomorphisms uses adjointness and tensor cancellation:
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KR Homg(k,R)
= Homg (k, Homg (C,C))
>~ Homg(C Qg k,C)
=~ Homg (k @ (C®gk),C)

= Homy (C ®g k, Homg (k,C))

(
=~ Homy (kP kM)
o B

Since p > 1, it follows that B < By = pp, as desired. O

Remark 2.10 Assume that R is local and Cohen-Macaulay. If D is dualizing for R,
then there is an equality eg(D) = e(R) of Hilbert-Samuel multiplicites with respect
to the maximal ideal of R. See, e.g., [[L1, Proposition 3.2.12.e.i and Corollary 4.7.8].
It is unknown whether the same equality holds for an arbitrary semidualizing R-
module. Using the “additivity formula” for multiplicities, this boils down to the
following. Some progress is contained in [[17].

Question 2.11 Assume that R is local and artinian. For every semidualizing R-
module C, must one have leng(C) = len(R)?

While we are in the mood for questions, here is a big one. In every explicit
calculation of &y(R), the answer is “yes”; see [36} [39].

Question 2.12 Assume that R is local. Must |Sy(R)| be 2" for some n € N?

Next, we sketch the proof of Theorem [I.4] when R is Cohen-Macaulay and con-
tains a field. This sketch serves to guide the proof of the result in general.

Theorem 2.13 ([15, Theorem 1]) Assume that (R,m,k) is Cohen-Macaulay local
and contains a field. Then |Sg(R)| < eo.

Proof. Case 1: R is artinian, and k is algebraically closed. In this case, Cohen’s
structure theorem implies that R is a finite dimensional k-algebra. Since k is alge-
braically closed, a result of Happel [25] proof of first proposition in section 3] says
that for each n € N the following set is finite.

T,, = {isomorphism classes of R-modules N | Exty(N,N) = 0 and leng(N) = n}

Lemma [2.9|implies that there is a p € N such that G (R) is contained in the finite
set ngl T, so S (R) is finite.

Case 2: k is algebraically closed. Let x = x1,...,x, € m be a maximal R-regular
sequence. Since R is Cohen-Macaulay, the quotient R’ = R/(x) is artinian. Also, R’
has the same residue field as R, so Case 1 implies that Go(R') is finite. Since R is
local, Fact 2.7 provides an injection S (R) — So(R’), so So(R) is finite as well.

Case 3: the general case. A result of Grothendieck [24, Théorém 19.8.2(ii)] pro-
vides a flat local ring homomorphism R — R such that R/mR is algebraically closed.
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In particular, since R and R/mR are Cohen-Macaulay, it follows that R is Cohen-
Macaulay. The fact that R contains a field implies that R also contains a field. Hence,
Case 2 shows that Gy (R) is finite. Since R is local, Fact provides an injective
function Sy (R) — So(R’), so Sp(R) is finite as well. O

Remark 2.14 Happel’s result uses some deep ideas from algebraic geometry and
representation theory. The essential point comes from a theorem of Voigt [42] (see
also Gabriel [22] 1.2 Corollary]). We’ll need a souped-up version of this result for
the full proof of Theorem[T.4] This is the point of Section

Remark 2.15 The proof of Theorem [2.13] uses the extra assumptions (extra com-
pared to Theorem in crucial places. The Cohen-Macaulay assumption is used
in the reduction to the artinian case. And the fact that R contains a field is used in
order to invoke Happel’s result. In order to remove these assumptions for the proof
of Theorem|[T.4} we find an algebra U that is finite dimensional over an algebraically
closed field such that there is an injective function Go(R) — &(U). The trick is that
U is a DG algebra, and G(U) is a set of equivalence classes of semidualizing DG
U-modules. So, we need to understand the following:

(a) What are DG algebras, and how is U constructed?

(b) What are semidualizing DG modules, and how is the map Sy(R) < &(U) con-
structed?

(c) Why is S(U) finite?

This is the point of the rest of the notes. See Sections[3] [7} and [§]

3 Hom Complexes

This section has several purposes. First, we set some notation and terminology. Sec-
ond, we make sure that the reader is familiar with some notions that we need later
in the notes. One of the main points of this section is Fact

Complexes

The following gadgets form the foundation for homological algebra, and we shall
use them extensively.

Definition 3.1 An R—comple is a sequence of R-module homomorphisms

X X X
i+1 i i—1

2 Readers more comfortable with notations like X, or X, for complexes should feel free to decorate
their complexes as they see fit.



8 Kristen A. Beck and Sean Sather-Wagstaff

such that 9X9% | = 0 for all i. For each x € X;, the degree of x is |x| := i. The ith
homology module of X is H;(X) := Ker(d})/Im(d} ;). A cycle in X; is an element
of Ker(9X).

We use the following notation for augmented resolutions in several places below.

Example 3.2 Let M be an R-module. We consider M as an R-complex “concen-
trated in degree 0™
M= 0—-M-=0.

Given an augmented projective resolution

" oy af T
PP=--.=P —P—->M—=0

the truncated resolution

%

aP
P=-- 5P -5P—0

is an R-complex such that Hy(P) = M and H;(P) = O for all i # 0. Similarly, given
an augmented injective resolution

+ € 3({ 8£1
I= 0-M=>1)y—I1.,—---
the truncated resolution
ol o,
I= 0—=1y—11— -

is an R-complex such that Hyo(7) = M and H;(1) = 0 for all i # 0.

The Hom Complex

The next constructions are used extensively in these notes. For instance, the chain
maps are the morphisms in the category of R-complexes.

Definition 3.3 Let X and Y be R-complexes. The Hom complex Homg (X,Y) is de-
fined as follows. For each integer n, set Homg(X,Y),, := [1,cz Homg(X}, Y} +,) and
8,1H°mR(X7Y)({fp}) = {8},/+nfp - (—1)"fp,18;f}. A chain map X — Y is a cycle in

(8(?01111{ (XY) )

Homg(X,Y)o, i.e., an element of Ker . An element in Homg(X,Y)o is

null-homotopic if it is in Im(alH OmR (X’Y)). An isomorphism X =Y is a chain map

X — Y with a two-sided inverse. We sometimes write f in place of {f}}.

Exercise 3.4 Let X and Y be R-complexes.

(a) Prove that Homg(X,Y) is an R-complex.
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(b) Prove that a chain map X — Y is a sequence of R-module homomorphisms
{fp: X, = Y,} making the following diagram commute:

I X a3,
X; Xi 1
ﬁi fim1 l
ai};»l aiy al'lil
Y; Yy

(c) Prove that if {f,} € Homg(X,Y ) is null-homotopic, then it is a chain map.

(d) Prove that a sequence {f,} € Homg(X,Y)o is null-homotopic if and only if
there is a sequence {s,: X, — Y, } of R-module homomorphisms such that
fo= 8,f+lsp +s1,,18;f for all p € Z.

The following exercises contain useful properties of these constructions.

Exercise 3.5 (“Hom cancellation””) Let X be an R-complex. Prove that the map
7: Homg(R,X) — X given by 7,({f,}) = f»(1) is an isomorphism of R-complexes.

Exercise 3.6 Let X be an R-complex, and let M be an R-module.

(a) Prove that Homg(M,X) is isomorphic to the following complex:

@,

(%)«
(Xn)s — (

where (—), = Homg(M,—) and (9X).(f) = 9X f.
(b) Prove that Homg (X, M) is isomorphic to the following complex:

(9 1)+
Xn—l)* —

(ay)z()* X* <ari(+l)* * (ari(JrZ)*
: n n+1 U

where (—)* = Homg(—,M) and (9X)*(f) = foX. [Hint: Mind the signs.]
Exercise 3.7 Let f: X — Y be a chain map.

(a) Prove that for each i € Z, the chain map f induces a well-defined R-module
homomorphism H;(f): H;(X) — H;(Y) given by H;(f)(X) := fi(x).
(b) Prove that if f is null-homotopic, then H;(f) = 0 for all i € Z.

The following concept is central for homological algebra; see, e.g., Remark[3.11]

Definition 3.8 A chain map f: X — Y is a quasiisomorphism if for all i € Z the
induced map H;(f): H;(X) — H;(Y) is an isomorphism. We use the symbol ~ to
identify quasiisomorphisms.

Exercise 3.9 Prove that each isomorphism of R-complexes is a quasiisomorphism.

Exercise 3.10 Let M be an R-module with augmented projective resolution P* and
augmented injective resolution *I; see the notation from Example Prove that T
and € induce quasiisomorphisms P — M — I.
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Remark 3.11 Let M and N be R-modules. The fact that Ext,(M,N) can be com-
puted using a projective resolution P of M or an injective resolution I of N is called
the “balance” property for Ext. It can be proved by showing that there are quasiiso-
morphisms Homg(P,N) — Homg(P,1) < Homg(M,I). See Fact

Hom and Chain Maps (Functoriality)

Given that the chain maps are the morphisms in the category of R-complexes,
the next construction and the subsequent exercise indicate that Homg(Z, —) and
Homg(—,Z) are functors.

Definition 3.12 Given a chain map f: X — Y and an R-complex Z, we define
Homg(Z, f): Homg(Z,X) — Homg(Z,Y) as follows: each {g,} € Homg(Z,X), is
mapped to { f,4ngp} € Homg(Z,Y),. Similarly, define Homg(f,Z): Homg(Y,Z) —
Homg(X,Z) by the formula {g,} — {g,/»}

Remark 3.13 We do not use a sign-change in this definition because |f| = 0.

Exercise 3.14 Given a chain map f: X — Y and an R-complex Z, Prove that
Homg(Z, f) and Homg(f,Z) are chain maps.

Fact3.15 Let f: X S Ybea quasiisomorphism, and let Z be an R-complex. In
general, the chain map Homg(Z, f): Homg(Z,X) — Homg(Z,Y) is not a quasiiso-
morphism. However, if Z is a complex of projective R-modules such that Z; = 0 for
i < 0, then Z ®g f is a quasiisomorphism. Similarly, Homg(f,Z): Homg(Y,Z) —
Homg(X,Z) is not a quasiisomorphism. However, if Z is a complex of injective
R-modules such that Z; = 0 for i > 0, then Homg(f, Z) is a quasiisomorphism.

Homotheties and Semidualizing Modules

We next explain how the Hom complex relates to the semidualizing modules from
Section

Exercise 3.16 Let X be an R-complex, and let r € R. For each p € Z, let ,uf,('r: X, —
X, be given by x — rx. (Such a map is a “homothety”. When it is convenient, we
denote this map as X = X.)

Prove that X" := {uxX""} € Homg (X, X)o is a chain map. Prove that for all i € Z
the induced map H;(u*"): H;(X) — H;(Y) is multiplication by r.

Exercise 3.17 Let X be an R-complex. We use the notation from Exercise
Define x{ : R — Homg(X,X) by the formula xJ (r) := u*" € Homg (X, X)o. Prove
that this determines a chain map y*: R — Homg(X,X). The chain map x* is the
“homothety morphism” for X.
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Fact 3.18 Let M be a finitely generated R-module. We use the notation from Exer-
cise The following conditions are equivalent:

(1) M is a semidualizing R-module.
(ii) For each projective resolution P of M, the chain map x”: R — Homg(P,P) is
a quasiisomorphism.
(iii) For some projective resolution P of M, the chain map x”: R — Homg(P,P) is
a quasiisomorphism.
(iv) For each injective resolution I of M, the chain map x’: R — Homg(I,I) is a
quasiisomorphism.
(v) For some injective resolution I of M, the chain map x’: R — Homg(I,1) is a
quasiisomorphism.

In some sense, the point is that the homologies of the complexes Hompg (P,P) and
Homg(1,1) are exactly the modules Exty (M, M) by Factm

4 Tensor Products and the Koszul Complex

Tensor products for complexes are as fundamental for complexes as they are for
modules. In this section, we use them to construct the Koszul complex; see Defini-
tion In Section[7} we use them for base change; see, e.g., Exercise

Tensor Product of Complexes

As with the Hom complex, the sign convention in the next construction guarantees
that it is an R-complex; see Exercise [4.2] and Remark [4.3] Note that Remark [4.4]
describes a notational simplification.

Definition 4.1 Fix R-complexes X and Y. The tensor product complex X QrY is
defined as follows. For each integer n, set (X ®gY)n := @pczXp @r Yo—p and

let 9, %" be given on generators by the formula 9 “%” (... ,0,Xp @ Yn—p,0,...) =
(-,0,0X(xp) @ Yn—p (—1)Pxp @0y, (yn—p),0,...).

Exercise 4.2 Let X, Y, and Z be R-complexes.

(a) Prove that X ®pY is an R-complex.

(b) Prove that there is a “tensor cancellation” isomorphism R ®r X = X.

(c) Prove that there is a “commutativity” isomorphism X Qg Y =Y Qg X. (Hint:
Mind the signs. This isomorphism is given by x®y — (— l)"‘”y ly®x.)

(d) Verify the “associativity” isomorphism X Qg (Y ®rZ) = (X QrY) Qr Z.

Remark 4.3 There is a rule of thumb for sign conventions like the one in the hint
for Exercise whenever two factors u and v are commuted in an expression,
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you multiply by (—1)/"!. This can already be seen in 9HoMr(X-Y) and @X®rY  This
graded commutativity is one of the keys to DG algebra. See Section 5]

Remark 4.4 After working with the tensor product of complexes for a few mo-
ments, one realizes that the sequence notation (...,0,x, ® y,—p,0,...) is unneces-
sarily cumbersome. We use the sequence notation in a few of the solutions in Ap-
pendix [T0] but not for many of them. Similarly, from now on, instead of writing
(-,0,x, @ yn—p,0,...), we write the simpler x, @ y,_p. As we note in one
needs to be somewhat careful with this notation, as elements ¥ ® v and x ® y only
live in the same summand when |u| = |x| and |v| = |y].

Fact 4.5 Given R-complexes X!,...,X" an induction argument using the asso-
ciativity isomorphism from Exercise [4.2] shows that the n-fold tensor product
X' ®pg---®@g X" is well-defined (up to isomorphism).

Tensor Products and Chain Maps (Functoriality)

As for Hom, the next items indicate that Z ®g — and — ®g Z are functors.

Definition 4.6 Consider a chain map f: X — Y and an R-complex Z. We define
ZRrf: Z&rX — ZRgY by the formula zQy > z® f(y). Similarly, define the
map fQRrZ: X QrZ — Y Qg Z by the formula x®z — f(x) @z.

Remark 4.7 We do not use a sign-change in this definition because | f| = 0.

Exercise 4.8 Consider a chain map f: X — Y and an R-complex Z. Then the maps
ZRRf: ZRrX - ZRrY and f QrZ: X ®p Z — Y Qg Z are chain maps.

Fact4.9 Let f: X ZYbea quasiisomorphism, and let Z be an R-complex. In gen-
eral, the chain map Z®g f: ZQrX — ZRgY is not a quasiisomorphism. However,
if Z is a complex of projective R-modules such that Z; = 0 for i < 0, then Z Qg f is
a quasiisomorphism.

The Koszul Complex

Here begins our discussion of the prototypical DG algebra.

Definition 4.10 Letx =x,...,.x, € R.Fori=1,... nset
Kfx)= 0-REHR—0.
Using Remark [4.3] we set

KR(X) = KR(XI,...,X,,) = KR(XI) XR - ®RKR(xn).
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Exercise 4.11 Let x,y,z € R. Write out explicit formulas, using matrices for the
differentials, for K¥(x,y) and K®(x,y,7).

Exercise 4.12 Let x = x1,...,x, € R. Prove that K¥(x); = R() for all i € Z. (Here
we use the convention (}) =0 forall i <0 and i > n.)

Exercise 4.13 Letx=x,...,x, €R. Letc €S,, and set X’ =Xg(1),- -1 Xa(n)- PrOVE
that K®(x) = KR (x').

Given a generating sequence X for the maximal ideal of a local ring R, one con-
cludes from the next lemma that each homology module H;(K®(x)) has finite length.
This is crucial for the proof of Theorem|I.4]

Lemma 4.14 Ifx=x,...,x, € Rand a = (x)R, then aH;(K®(x)) =0 for all i € Z.

Proof (Sketch of proof). It suffices to show that for j =1,...,n and for all i € Z
we have x; H;(K®(x)) = 0. By symmetry (Exercise |4.13) it suffices to show that
x1 H;(KR(x)) = 0 for all i € Z for j = 1,...,n. The following diagram shows that

the chain map K& (x;) = K®(x;) is null-homotopic.

X1

A%

X1

It is routine to show that this implies that the induced map K% (x) =% K®(x) is null-
homotopic. The desired conclusion now follows from Exercise a

The next construction allows us to push our complexes around.

Definition 4.15 Let X be an R-complex, and let n € Z. The nth suspension (or shift)
of X is the complex ¥"X such that (£"X); := X;_, and 9> X = (—1)"9X . We set
X =X'X.

The next fact is in general quite useful, though we do not exploit it here.

Fact4.16 Let x = x1,...,x, € R. The Koszul complex KR(X ; 1s “self-dual”, that
is, that there is an isomorphism of R-complexes Homg (K (x),R) = ¥"K®(x). (This
fact is not trivial.)

Exercise 4.17 Verify the isomorphism from Fact forn=1,2,3.

The following result gives the first indication of the utility of the Koszul complex.
We use it explicitly in the proof of Theorem [I.4]

Lemma 4.18 Letx=xi,...,x, € R. Ifx is R-regular, then KR (x) is a free resolution
of R/(x) over R.
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Proof. Argue by induction on 7.

Base case: n = 1. Assume that x; is R-regular. Since K®(x|) has the form 0 —
R R — 0, the fact that x; is R-regular implies that H; (KR (x1)) = 0 for all i # 0. As
each module in K% (x;) is free, it follows that K% (x;) is a free resolution of R/ (x1).

Inductive step: Assume that n > 2 and that the result holds for regular sequences
of length n — 1. Assume that x is R-regular (of length n). Thus, the sequence x’ =
X1,...,%—1 is R-regular, and x, is R/(x')-regular. The first condition implies that
K’ := KR(x) is a free resolution of R/(x’) over R. By definition, we have K :=
KR(x) = K’ @ KR (x,). Further, by definition of K’ @& K®(x,,), we have

By o, (A D oK' (1) 2,
0o K Eé 0o oK Eiél 0o K,
: _—

! !
Kifl Ki72

K

I

(Note that the term K; @ K]_, is shorthand for (K] @g R1) @ (K]_, ®r Re).) Using
this, there is a short exact sequence of R-complexes and chain mapf]

0 K’ K K" 0
ok, 91 oK

0 K! K K, 0
aiK/ aiK ai’i/l

0 K, Kiy K, 0
oK, 9y oK,

where K" is obtained by shifting K’ E] Furthermore, it can be shown that the long
exact sequence in homology has the form

(=D~

— ix,, lxn
0% (K — Hi(K) — Hi(K') 2 Hi(K) — -

~H;(K')
Since K’ is a free resolution of R/(x’) over R, we have H;(K") = 0 for all i # 0, and
Ho(K') 2 R/(X'). As x, is R/(x')-regular, an analysis of the long exact sequence
shows that H;(K) = 0 for all i # 0, and Ho(K) = R/(x). It follows that K is a free
resolution of R/(x), as desired. O

3 Readers who know the mapping cone description of K should not be surprised by this argument.

4 Note that K" is technically not equal to the complex XK’ from Definition , since there is no
sign on the differential. On the other hand the complexes K” and K’ are isomorphic.
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Alternate Description of the Koszul Complex

The following description of K®(x) says that K*(x) is given by the “exterior alge-
bra” on R"; see Fact

Definition 4.19 Let x = x{,...,x, € R. Fix a basis ej,...,e, € R". For i > 1, set
NR" .= R() with basis given by the set of formal symbols e;, A---Aej; such that
1< ji <--- < ji <n. This extends to all i € Z as follows: /\IR" = R" with basis
el,...,en and A\’ R" = R with basis 1; for i < 0, set A’ R" —Rr() = 0.

~ ~ . R
Define K% (x) as follows. For all i € Z set K®(x); = \'R", and let al.K *) pe given
on basis vectors by the formula

1

KR L _1 —~
KM ej A nej) = Y (=1)Pxj e, Ao NG A A,
p=1

where the notation ¢, indicates that e;, has been removed from the list. In the case

R
i = 1, the formula reads as 81K x) (ej) =x;.

Remark 4.20 Our definition of A\'R" is ad hoc. A better way to think about it (in
some respects) is in terms of a universal mapping property for alternating multilinear
maps. A basis-free construction can be given in terms of a certain quotient of the
i-fold tensor product R" ®g - - - ®r R".

Exercise 4.21 Let X = xj,...,x, € R. Write out explicit formulas, using matrices
for the differentials, for K%(x) in the cases n = 1,2, 3.

Fact 4.22 Letx=x,...,x, € R. There is an isomorphism of R-complexes KR(x) =~
KR(x). (This fact is not trivial. For perspective on this, compare the solutions to Ex-

ercises . 11|and#.21]in[T10.13]and [T0.17]) In light of this fact, we do not distinguish
between K% (x) and K% (x) for the remainder of these notes.

Remark 4.23 A third description of K% (x) involves the mapping cone. Even though
it is extremely useful, we do not discuss it in detail here.

Algebra Structure on the Koszul Complex

In our estimation, the Koszul complex is one of the most important constructions in
commutative algebra. When the sequence x is R-regular, it is an R-free resolution
of R/(x), by Lemma In general, it detects depth and has all scads of other
magical properties. For us, one its most important features is its algebra structure,
which we describe next.

Definition 4.24 Letn € N and leteq,...,e, € R" be a basis. In /\ZR”, define
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e Ne = d T E Nej, whenever 1< j
J2 N T
0 1<

//\ //\

whenever

< Jj2
J1=Jj2

Extending this bilinearly, we define a A B for all a,f € A'R" = R": write a =
Y, 0pep and B =Y, B e,, and define

oA = (Za,,e,,) A (Zﬁqeq> =Y opBeep, Neg =Y (0pBy— 0yPp)e, Ney.
g q P4 P<q

This extends to a multiplication \' R" x /\’ R" — A R" using the following for-
mula, assuming that | <i<nand 1 < ji < ---<j,<n

0 if i = j, for some p
eiNej, N---Nej ifi<j

(=1D)Pejy Ao Nej, NeiN---Nej, i j, <i < jpy
(71)t€j1 N---Nej, Ne; if j, <.

This extends (by induction on s) to a multiplication A*R" x A’ R" — A**' R" using
the following formula wheni| < ... <ijand 1 < j; < --- < j, <m:

(eiy N Nei) Nejy A--Nej,) i=eiy N(eiy A== Nei) Nejy A= Nej,)].

This multiplication is denoted as (o, B) — ot A B. When s = 0, since A’ R" = R, the
usual scalar multiplication R x A’ R" — A’ R" describes the rule for multiplication
A°R" x A'R" — A'R", and similarly when ¢ = 0. This further extends to a well-
defined multiplication on AR" := @; NR".

Remark 4.25 According to Definition [4.24} for 0 € A*R" and € A\’ R", we have
OAB =0=BAO.

Example 4.26 We compute a few products in A R*:

(61/\62>/\<63 /\64) =ej1NexyNez3/Ney

(61/\62)/\(62 /\63) =0

(el /\63)/\(62/\64) =e /\[63/\(62/\64)]
=ej A[—ex Ae3 Aed]
= —e1NexNezNey.

Exercise 4.27 Write out multiplication tables (for basis vectors only) for A R" with
n=1,2,3.

Definition [4.24] suggests the next notation, which facilitates many computations.
The subsequent exercises exemplify this, culminating in the important Exercise[d.33)|
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Definition 4.28 Letn € N, let jj,...,j, € {I,...,n}, and letey,...,e, € R" be a ba-
sis. Since multiplication of basis vectors in A R" is defined inductively, the following
element (also defined inductively) is well-defined.

An it j, = j, for some p # ¢
ej, N+ Nej, 1=
/! / ej, Nej, \-+-Nej,) if j, # jg forall p#£gq

Exercise 4.29 Letn€ N, andletey,...,e, € R" be abasis. Let jj,...,j, € {1,...,n}
such that j, # j, for all p # ¢, and let 1 € S, such that 1 fixes all elements of
{1,...,n}~{J1,...,ji}. Prove that

e /N /\el(jt) = sgn(l)ejl N--Nej,

Exercise 4.30 Let n € N, and let ej,...,e, € R" be a basis. Prove that for all
ilyeeeslsy J1se-esJr € {1,...,n} we have

(eiy N---Nei) N(ej, A---Nej,) =ei, N---Neig Nejy A=+ Nej,

and that this is O if there is a repetition in the list iy, ..., i, ji,. .., j:- (The points here
are the order on the subscripts matter in Definition[4.24]and do not matter in Defini-
tion[4.28] so one needs to make sure that the signs that occur from Definition [4.24]
agree with those from Definition [4.28])

Exercise 4.31 Letn € N and letey,...,e, € R" be a basis. Prove that the multipli-
cation from Definition 4.24| makes /\ R” into a graded commutative R-algebra:

(a) multiplication in A R" is associative, distributive, and unital,

(b) for elements ¢ € A*R" and B € A'R", wehave a A B = (—1)"B A a;

(c) for a € A°R", if s is odd, then a A o = 0; and

(d) the composition R = AR =N AR" is a ring homomorphism, the image of
which is contained in the center of A R".

Hint: The distributive law holds essentially by definition. For the other properties
in (a) and (b)), prove the desired formula for basis vectors, then verify it for general
elements using distributivity.

Exercise 4.32 Letnc Nandletey,...,e, € R" beabasis. Letx=x1,...,x, €R, and
let ji,...,jr € {1,...,n}. Prove that the element e;, A---Ae;, from Deﬁnitionm
satisfies the following formula:

(=) xjej Ao NG A e,

™~

o Wi neney) =

i
1

R
(Note that, if j; < --- < j;, then this is the definition of 8,-K (x)(e j1 A\ Aej,). How-
ever, we are not assuming that j; < --- < j;.)
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Exercise 4.33 Let n € N and let eq,...,e, € R" be a basis. Let X = xq,...,x, € R.
Prove that the multiplication from Definition 4.24] satisfies the “Leibniz rule”: for
elements @ € A°R" and B € A\’ R", we have

KW@ nB) = @ (o) AB+(—1)anak ™ (p).

Hint: Prove the formula for basis vectors and verify it for general elements using
distributivity and linearity.

5 DG Algebras and DG Modules I

This section introduces the main tools for the proof of Theorem [I.4] This proof is
outlined in [5.32] From the point of view of this proof, the first important exam-
ple of a DG algebra is the Koszul complex; see Example However, the proof
showcases another important example, namely, the DG algebra resolution of Defi-
nition [5.29

DG Algebras

The first change of perspective required for the proof of Theorem [I.4]is the change
from rings to DG algebras.

Definition 5.1 A commutative differential graded algebra over R (DG R-algebra
for short) is an R-complex A equipped with a binary operation A X A — A, written
as (a,b) — ab and called the product on A, satisfying the following propertiesﬂ

- associative: for all a,b,c € A we have (ab)c = a(bc);

- distributive: for all a,b, ¢ € A such that |a| = |b| we have (a+ b)c = ac+ bc and
cla+b)=ca+ch;

- unital: there is an element 14 € A such that for all a € A we have 14a = a;

- graded commutative: for all a,b € A we have ba = (—1)‘“””‘611) € Ajq|+p|> and
a® = 0 when |a| is odd;

- positively graded: A; = 0 for i < 0; and

- Leibniz Rule: for all a,b € A we have

I+ vy (ab) = 9y ()b + (—1)adfy ().

5 We assume that readers at this level are familiar with associative laws and the like. However,
given that the DG universe is riddled with sign conventions, we explicitly state these laws for the
sake of clarity.
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Given a DG R-algebra A, the underlying algebra is the graded commutative R-
algebra A" = @7 ,A;. When R is a field and rankg(P;>0A;) < o, we say that A
is finite-dimensional over R.

It should be helpful for the reader to keep the next two examples in mind for the
remainder of these notes.

Example 5.2 The ring R, considered as a complex concentrated in degree 0, is a
DG R-algebra such that R? = R.

Example 5.3 Given a sequence X = xi, - , X, € R, the Koszul complex K = K (x)
is a DG R-algebra such that K* = A R"; see Exercises and In particular, if
n =1, then K* = R[X]/(X?) where |X| = 1.

The following exercise is a routine interpretation of the Leibniz Rule. It is also
an important foreshadowing of the final part of the proof of Theorem [I.4] which is
given in Section[§] See also Exercise[5.15]

Exercise 5.4 Prove that if A is a DG R-algebra, then there is a well-defined chain
map u: A®grA — A given by u(a®b) = ab, and that Ay is an R-algebra. (Inter-
ested readers may wish to formulate and prove the converse to this statement also.)

The next notion will allow us to transfer information from one DG algebra to
another as in the arguments for R — R and R — R described in Section

Definition 5.5 A morphism of DG R-algebras is a chain map f: A — B between
DG R-algebras respecting products and multiplicative identities: f(aa’) = f(a)f(a’)
and f(14) = lg. A morphism of DG R-algebras that is also a quasiisomorphism is
a quasiisomorphism of DG R-algebras.

Part (@) of the next exercise contains the first morphism of DG algebras that we
use in the proof of Theorem [I.4]

Exercise 5.6 Let A be a DG R-algebra.

(a) Prove that the map R — A given by r +—> r- 14 is a morphism of DG R-algebras.
As a special case, given a sequence X = x1,---,X, € R, the natural map R —
K = KR(x) given by r + r- 1 is a morphism of DG R-algebras.

(b) Prove that the natural inclusion map Ag — A is a morphism of DG R-algebras.

(c) Prove that the natural map K — R/(x) is a morphism of DG R-algebras that is
a quasiisomorphism if x is R-regular; see Exercise[3.10]and Lemmal4.18

Part (b)) of the next exercise is needed for the subsequent definition.

Exercise 5.7 Let A be a DG R-algebra.

(a) Prove that the condition A_; = 0 implies that Ay surjects onto Hy(A) and that
Hp(A) is an Ag-algebra.
(b) Prove that A; is an Ag-module, and H;(A) is an Hy(A)-module for each i.
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Remark 5.8 Let A be a DG R-algebra. Then the subset Z(A) := ;" Ker(d}!) is a
graded R-algebra. Also, the submodule B(A) := @ (Im(d7} ) is a graded ideal of
Z(A), so the quotient H(A) = B(A)/Z(A) = @7 (H;(A) is a graded R-algebra.

Definition 5.9 Let A be a DG R-algebra. We say that A is noetherian if Ho(A) is
noetherian and H;(A) is finitely generated over Hy(A) for all i > 0.

Exercise 5.10 Given a sequence X = xp,---,x, € R, prove that the Koszul complex
K& (x) is a noetherian DG R-algebra. Moreover, prove that any DG R-algebra A such
that each A; is finitely generated over R is noetherian.

DG Modules

In the passage from rings to DG algebras, modules and complexes change to DG
modules, which we describe next.

Definition 5.11 Let A be a DG R-algebra, and let i be an integer. A differential
graded module over A (DG A-module for short) is an R-complex M equipped with
a binary operation A x M — M, written as (a,m) — am and called the scalar multi-
plication of A on M, satisfying the following properties:

- associative: for all a,b € A and m € M we have (ab)m = a(bm);

- distributive: for all a,b € A and m,n € M such that |a| = |b| and |m| = |n|, we
have (a+b)m = am+bm and a(m+n) = am+ an;

- unital: for all m € M we have 14m = m;

- graded: for all a € A and m € M we have am € M|, 4|3

- Leibniz Rule: for all a € A and m € M we have

8@‘+‘m‘(am) = afll(a)m—i— (—1)‘”‘618% (m).

The underlying A*-module associated to M is the A*-module M? = D M;.

The ith suspension of a DG A-module M is the DG A-module ¥'M defined by
(X'M), := M,_; and H,FM := (—1)'9M . The scalar multiplication on ¥'M is de-
fined by the formula a % m := (—1)l%lam. The notation ¥M is short for X' M.

The next exercise contains examples that should be helpful to keep in mind.

Exercise 5.12

(a) Prove that DG R-module is just an R-complex.

(b) Given a DG R-algebra A, prove that the complex A is a DG A-module where the
scalar multiplication is just the internal multiplication on A.

(c) Given a morphism A — B of DG R-algebras, prove that every DG B-module is a
DG A-module by restriction of scalars. As a special case, given a sequence X =
X1, ,Xn € R, every R/(x)-complex is a DG K®(x)-module; see Exercise
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The operation X — A ®g X described next is “base change”, which is crucial for
our passage between DG algebras in the proof of Theorem [I.4]

Exercise 5.13 Let x = xq,-+-,x, € R, and set K = I(R(x). Given an R-module M,
prove that the complex K @z M is a DG K-module via the multiplication a(b®m) :=
(ab) ® m. More generally, given an R-complex X and a DG R-algebra A, prove that
the complex A ®g X is a DG A-module via the multiplication a(b® x) := (ab) ® x.

Exercise 5.14 Let A be a DG R-algebra, let M be a DG A-module, and let i € Z.
Prove that 2'M is a DG A-module.

The next exercise further foreshadows important aspects of Section 8]

Exercise 5.15 Let A be a DG R-algebra, and let M be a DG A-module. Prove that
there is a well-defined chain map u™: A ®@g M — M given by uM (a @ m) = am.

We consider the following example throughout these notes. It is simple but
demonstrates our constructions. And even it has some non-trivial surprises.

Example 5.16 We consider the trivial Koszul complex U = K%(0):

U= 0—Re>%R1—0.

The notation indicates that we are using the basis e € Uy and 1 = 1y € Uj.
Exercise[5.13|shows that R is a DG U-module. Another example is the following,
again with specified basis in each degree:

G=-5Rey BRIy 5 Rey & R1p— 0.
The notation for the bases is chosen to help remember the DG U-module structure:

1-13, =1, 1-exnt1 = ey

e-lo, = et e ey =0.

One checks directly that G satisfies the axioms to be a DG U-module. It is worth
noting that Hy(G) = R and H;(G) =0 for all i # OE]

We continue with Example but working over a field F instead of R.
Example 5.17 We consider the trivial Koszul complex U = K (0):
U= 0—FeXF1-0.
Consider the graded vector space W = @7, W;, where Wy = F1o = F with basis

Mo and W; = 0 for i # 0:
W= 0Fvpo.

© For perspective, G is modeled on the free resolution - -- < R[e]/(e?) < R[e]/(e?) — 0 of R over
the ring R[e]/(¢?).
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We are interested in identifying all the possible DG U-module structures on W, that
is, all possible differentials
0—Fvg—0

and rules for scalar multiplication making this into a DG U-module. See Section §]
for more about this.

The given vector space W has exactly one DG U-module structure. To see this,
first note that we have no choice for the differential since it maps W; — W;_; and
at least one of these modules is 0; hence d; = 0 for all i. Also, we have no choice
for the scalar multiplication: multiplication by 1 = 1y must be the identity, and
multiplication by e maps W; — W;| and at least one of these modules is 0. (This
example is trivial, but it will be helpful later.)

Similarly, we consider the graded vector space

W= 0opFnPFnpo.
This vector space allows for one possibly non-trivial differential
9] € Homg(Fny,Fno) = F.
So, in order to make W’ into an R-complex, we need to choose an element x| € F:
W.x))= 0—Fm 5 Fny—0.

To be explicit, this means that 9] (1) = x;7Mo, and hence 9] (rn;) = x;rnp for all
r € F. Since W' is concentrated in degrees 0 and 1, this is an R-complex.

For the scalar multiplication of U on the complex (W', x;), again multiplication
by 1 must be the identity, but multiplication by e has one nontrivial option

W, € Homg (Fno, Fny) = F

which we identify with an element xo € F. To be explicit, this means that eny =
xoM1, and hence erng = xorn; forall r € F.
For the Leibniz Rule to be satisfied, we must have

Ky1(e-m) =0 () - mi+(~1)e- 9/ (m;)

for i =0,1. We begin with i = 0:

di(e-10) = 9 (¢) - Mo+ (=1)le- g (mo)
81(x0n1) 20-1’]0—6-0
x00; (M) =0

)C()X]T[()ZO

so we have xpx; = 0, that is, either xo = 0 or x; = 0. For i = 1, we have
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A(e-m) =0 (e)-m+(~1)e-9{(m)
0=0-1—e-(x1M0)
0= —X1e- Mo
0= —x1x0M1

so we again conclude that xyp = 0 or x; = 0. One can check the axioms from Defini-
tion to see that either of these choices gives rise to a DG U-module structure
on W’. In other words, the DG U-module structures on W’ are parameterized by the
following algebraic subset of F? = A%

{(x0,x1) € A% | xox1 =0} =V (x) UV (x1)

which is the union of the two coordinate axes in AZ. This is one of the fundamental
points of Section [§] that DG module structures on a fixed finite-dimensional graded
vector space are parametrized by algebraic varieties.

Homologically finite DG modules, defined next, take the place of finitely gener-
ated modules in our passage to the DG universe.

Definition 5.18 Let A be a DG R-algebra. A DG A-module M is bounded below if
M, =0 for all n < 0; and it is homologically finite if each Hy(A)-module H, (M) is
finitely generated and H, (M) = O for |n| > 0.

Example 5.19 In Exercise the DG K-module R/(x) is bounded below and
homologically finite. In Example the DG U-modules R and G are bounded
below and homologically finite. In Example the DG U-module structures on
W and W’ are bounded below and homologically finite.

Morphisms of DG Modules

In the passage from modules and complexes to DG modules, homomorphisms and
chain maps are replaced with morphisms.

Definition 5.20 A morphism of DG A-modules is a chain map f: M — N between
DG A-modules that respects scalar multiplication: f(am) = af(m). Isomorphisms
in the category of DG A-modules are identified by the symbol =. A quasiiso-
morphism of DG A-modules is a morphism M — N such that each induced map
H;(M) — H;(N) is an isomorphism, i.e., a morphism of DG A-modules that is a
quasiisomorphism of R-complexes; these are identified by the symbol ~.

Remark 5.21 A morphism of DG R-modules is simply a chain map, and a quasi-
isomorphism of DG R-modules is simply a quasiisomorphism in the sense of Defini-
tion[3.8] Given a DG R-algebra A, a morphism of DG A-modules is an isomorphism
if and only if it is injective and surjective.
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The next exercise indicates that base change is a functor.

Exercise 5.22 Let x = xq,---,x, € R, and set K = K®(x). (See Exercise|5.13})

(a) Given an R-linear map f: M — N, prove that the chain map K Qg f: KQrM —
K ®gr N is a morphism of DG K-modules. More generally, given a chain map
of R-complexes g: X — Y and a DG R-algebra A, prove that the chain map
ARRrg: AQrX — A®pY is a morphism of DG A-modules.

(b) Give an example showing that if g is a quasiisomorphism, then A ®g g need not
be a quasiisomorphism. (Note that if A; is is R-projective for each i (e.g., if A =
K), then g being a quasiisomorphism implies that A ®g g is a quasiisomorphism
by Fact[4.9])

(c) Prove that the natural map K — R/(x) is a morphism of DG K-modules. More
generally, prove that every morphism A — B of DG R-algebras is a morphism
of DG A-modules, where B is a DG A-module via restriction of scalars.

Next, we use our running example to provide some morphisms of DG modules.

Example 5.23 We continue with the notation of Example
Let f: G — ¥R be a morphism of DG U-modules:

G= o Rey — %o R, — o Rey — 2RI, 0
| Lo
YR 0 R 0.

Commutativity of the first square shows that f = 0. One can also see this from the
following computation:

fi(er) = fi(e-1o) = efo(1o) = 0.

That is, the only morphism of DG U-modules G — ¥R is the zero-morphism. The
same conclusion holds for any morphism G — X2"*!R with n € Z.

On the other hand, for each n € N, every element r € R determines a morphism
g"": G — LR, via multiplication by r. For instance in the case n = 1:

1 0 1 0

G= Re3 R12 Re1 Rl() 0
gr,ll l g;’] l_r, i
YR= 0 R 0.

Each square commutes, and the linearity condition is from the next computations:
g (1) =g (L) =r=1-r=1-g5'(12)
g (erer)=g5'(0)=0=c-0=ec-g'(e1)
rl 1 rl
gy (e-ly)=g5 (e3)=0=e-r=e-g, (12).
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Further, the isomorphism Homg (R, R) 2 R shows that each morphism G — >R is
u,0
of the form g"". Also, one checks readily that the map G £ 4 Risa quasiisomor-

phism for each unit u of R.

Truncations of DG Modules

The next operation allows us to swap a given DG module with a “shorter” one; see
Exercise [5.27|(b).

Definition 5.24 Let A be a DG R-algebra, and let M be a DG A-module. The supre-
mum of M is
sup(M) :=sup{i € Z | H;(M) # 0}.

Given an integer n, the nth soft left truncation of M is the complex
(M) (<n):= 0— M,/ Tm(IM ) = My — My — -+

with differential induced by oM.

Example 5.25 We continue with the notation of Example [5.16] For each n > 1, set
i = |n/2] and prove that

T(G)(gn) = 0—Rly L)REQ,;l 3) L) Res E) R1, l>Re1 g)Rl() — 0.

Remark 5.26 Let P be a projective resolution of an R-module M, with P* denot-
ing the augmented resolution as in Example Then one has ’L'(P)(@) =M. In
particular, P is a projective resolution of 7(P) (<)

Exercise 5.27 Let A be a DG R-algebra, let M be a DG A-module, and let n € Z.

(a) Prove that the truncation 7(M) ) is a DG A-module with the induced scalar
multiplication, and the natural chain map M — 7(M) ) is a morphism of DG
A-modules.

(b) Prove that the morphism from part (&) is a quasiisomorphism if and only if
n > sup(M).

DG Algebra Resolutions

The following fact provides the final construction needed to give an initial sketch of
the proof of Theorem [I.4]

Fact 5.28 Let O — R be a ring epimorphism. Then there is a quasiisomorphism

A = R of DG Q-algebras such that each A, is finitely generated and projective over
Rand A; =0 fori > de(R). See, e.g., [4] Proposition 2.2.8].
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Definition 5.29 In Fact , the quasiisomorphism A = R is a DG algebra reso-
lution of R over Q.

Remark 5.30 When y € Q is a Q-regular sequence, the Koszul complex K2 (y) is a
DG algebra resolution of Q/(y) over Q by Lemma and Example[5.3] Section|[6]
contains other classical examples.

Example 5.31 Let Q be a ring, and consider an ideal / C Q. Assume that the quo-
tient R := Q/I has pd,(R) < 1. Then every projective resolution of R over Q of the
form A = (0 — A} — Q — 0) has the structure of a DG algebra resolution.

We conclude this section with the beginning of the proof of Theorem [[.4] The
rest of the proof is contained in and

5.32 (First part of the Proof of Theorem[1.4) There is a flat local ring homomor-
phism R — R’ such that R’ is complete with algebraically closed residue field, as
in the proof of Theorem Since there is a 1-1 function &y(R) — So(R') by
Fact we can replace R with R’ and assume without loss of generality that R is
complete with algebraically closed residue field.

Since R is complete and local, Cohen’s structure theorem provides a ring epi-
morphism 7: (Q,n,k) — (R,m,k) where Q is a complete regular local ring such
that m and n have the same minimal number of generators. Lety = yy,...,y, € nbe
a minimal generating sequence for n, and set X = xy,...,x, € m where x; := 7(y;).
It follows that we have K®(x) 22 K¢(y) ®¢ R. Since Q is regular and y is a minimal
generating sequence for 1, the Koszul complex K€(y) is a minimal Q-free resolution
of k by Lemma[.18]

Fact provides a DG algebra resolution A — R of R over Q. Note that
pdy(R) < oo since Q is regular. We consider the following diagram of morphisms of
DG Q-algebras:

R— KR(x) 2 K%(y) @R < K9(y) ®9A = kA =:U. (G321)

The first map is from Exercise[5.6] The isomorphism is from the previous paragraph.
The first quasiisomorphism comes from an application of K2 (y) ®gp — to the quasi-
isomorphism R < A, using Fact The second quasiisomorphism comes from an

application of —®gp A to the quasiisomorphism K9(y) = k. Note that k®oAisa
finite dimensional DG k-algebra because of the assumptions on A.
We show in [7.38|below how this provides a diagram

Go(R) — S(R) = &(K*(x)) < S(K°(y) ®0A) = &(U) (.322)

where = identifies bijections of sets. We then show in that S(U) is finite, and
it follows that G (R) is finite, as desired.
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6 Examples of Algebra Resolutions

Remark and Example provide constructions of DG algebra resolutions, in
particular, for rings of projective dimension at most 1. The point of this section is
to extend this to rings of projective dimension 2 and rings of projective dimension 3
determined by Gorenstein ideals.

Definition 6.1 Let / be an ideal of a local ring (R, m). The grade of I in R, denoted
gradeg (1), is defined to be the length of the longest regular sequence of R contained
in 1. Equivalently, we have

gradeg (1) := min {i | Extx(R/I,R) # 0}

and it follows that gradeg (1) < pdg(R/I). We say that [ is perfect if gradey(I) =
pdp(R/I) < oo. In this case, Exty(R/I,R) is non-vanishing precisely when i =
pdg(R/I). If, in addition, this single non-vanishing cohomology module is isomor-
phic to R/I, then [ is said to be Gorenstein.

Notation 6.2 LetA be a matri over R and J,K C N. The submatrix of A obtained
by deleting columns indexed by J and rows indexed by K is denoted A{(. We ab-
breviate A?i} as A;, and so on. Let I,(A) be the ideal of R generated by the “n x n

minors” of A, that is, the determinants of the n x n matrices of the form A{{.

Resolutions of length two

The following result, known as the Hilbert-Burch Theorem, provides a characteriza-
tion of perfect ideals of grade two. It was first proven by Hilbert in 1890 in the case
that R is a polynomial ring [27]; the more general statement was proven by Burch
in 1968 [|13, Theorem 5].

Theorem 6.3 ([13,27]) Let I be an ideal of the local ring (R, m).
(a) If pdg(R/I) =2, then

(1) there is a non-zerodivisor a € R such that R/I has a projective resolution of

the form 0 — R* 25 R'*1 2 R —5 0 where B is the 1 x (n+1) matrix with
ith column given by (—1)""'adet(A;),

(2) one has I = al,(A), and

(3) the ideal I,(A) is perfect of grade 2.

(b) Conversely, if A is an (n+ 1) X n matrix over R such that grade(I,(A)) > 2, then

R/I,(A) has a projective resolution of the form 0 — R" A R+ B R 5 0 where
Bis the 1 x (n+ 1) matrix with ith column given by (—1)~! det(A;).

7 While much of the work in this section can be done basis-free, the formulations are somewhat
more transparent when bases are specified and matrices are used to represent homomorphisms.
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Exercise 6.4 Use Theorem|6.3]to build a grade two perfect ideal / in R = k[[x, y].

Herzog [26] showed that Hilbert-Burch resolutions can be endowed with DG
algebra structures.

Theorem 6.5 ([26]) Given an (n+ 1) x n matrix A over R, let B be the 1 x (n+1)
matrix with ith column given by (—1)""'adet(A;) for some non-zerodivisor a € R.
Then the R-complex

n n+1
0— PR S PRt BRI 0
=1 =1

has the structure of a DG R-algebra with the following multiplication relations:
D el-2 =0= fifyxand e;fj = 0= fje; for all i, j,k, and
n
(2) ejej = —eje; :aZ(—1)’+/+kdet(Aﬁj)fkf0rall I1<i<j<n+ 1.
k=1

Exercise 6.6 Verify the Leibniz rule for the product defined in Theorem [6.5]

Exercise 6.7 Using the ideal I from Exercise build a (minimal) free resolution
for R/I, then specify the relations giving this resolution a DG R-algebra structure.

Resolutions of length three

We turn our attention to resolutions of length three, first recalling needed machinery.

Definition 6.8 A square matrix A over R is alternating if it is skew-symmetric and
has all 0’s on its diagonal. Let A be an n x n alternating matrix over R. If n is
even, then there is an element Pf(A) € R such that Pf(A)? = det(A). If n is odd
then det(A) = 0, so we set Pf(A) = 0. The element Pf(A) is called the Pfaffian of A.
(See, e.g., [L1}, Section 3.4] for more details.) We denote by Pf,,_1(A) the ideal of R
generated by the submaximal Pfaffians of A, that is,
Pf,_1(A):= (Pf(A) |1 <i<n)R.
Example 6.9 Let x,y,z € R. For the matrix A = [ _%3], we have det(A) = x%, so
Pf(A) = x, and Pf; (A) = 0.
0 x

For the matrix B = |:x 0 i] we have det(B) = 0 = Pf(B) and

-y —z

PE2(B) = (PR([_95]).PH(| 53 ]).PA([_251DR = (x.y.2)R.

8 Note that the sign in this expression differs from the one found in [4} Example 2.1.2].
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Buchsbaum and Eisenbud [12] study the structure of resolutions of length three.
Specifically, they characterize such resolutions and exhibit their DG structure.

Theorem 6.10 ([12, Theorem 2.1]) Let I be an ideal of the local ring (R, m).

(a) If I is Gorenstein and pdg(R/I) = 3, then there is an odd integer n > 3 and
an n x n matrix A over m such that I = Pf,_(A) and R/I has a minimal free

T
resolution of the form 0 — R B R & R B R — 0 where B is the | x n matrix
with ith column given by (—1)'Pf(A;).

(b) Conversely, if A is an n X n alternating matrix over wm such that rank(A) =n—1,
then n is odd and grade(Pf,_1(A)) < 3; if grade(Pf,—1(A)) =3 then R/ Pf,_1 (A)
has a minimal free resolution of the form

T
0RE R AR E RS0
where B is the 1 x n matrix with ith column given by (—1)"1 Pf(A;).

It follows from Theorem|[6.10]that the minimal number of generators of a grade-3
Gorenstein ideal must be odd.

0
Example 6.11 Let R = k[[x,y,z]] and consider the alternating matrix B = [x 0 g}
vz
from Example[6.9 with

0
1=Ph(B) = (PF([_931).PEC| 93 ]),PR( 2§])R = (xR
Theorem implies that a minimal free resolution of R/I over R is of the form
0
4 B
0 Rg 5 Rfi ORAH GRS~ ") Rey @ Res @ Rey = R1 0.

(Compare this to the Koszul complex K% (x, —y,z).)

The next two examples of Buchsbaum and Eisenbud [12] illustrate that there
exists, for any odd n > 3, a grade-3 Gorenstein ideal which is n-generated.

Example 6.12 ([12, Proposition 6.2]) Let R = k[x,y,z]]. For n > 3 odd, define M,,
to be the n x n alternating matrix whose entries above the diagonal are

x ifiisoddand j=i+1

y ifiisevenand j=i+1
(My)ij = e :

z ifj=n—i+1

0 otherwise.

For instance, we have
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0 x z
My=|—x 0 y Pfy(M3) = (x,y,2)R
|—z—y O
[0 x 0 0 z
—x 0 y z O
Ms=| 0—-y 0 x O Pfy(Ms) = (v*,xz,xy+2°,vz,x*)R.
0——z—x 0 vy
|-z 0 0—y O

Then Pf,,_; (M,) is an n-generated Gorenstein ideal of grade 3 in R.

Example 6.13 ([12, Proposition 6.1]) Let M, be a generic (2n+ 1) x (2n+ 1) al-
ternating matrix over the ring 0, := R[x; j | 1 <i < j <2n+1]. Thatis:

[0 X12 X130t X120+
—X12 0 x23 - X241

M, =| x5 —x3 0
| —X1 2041 —X2,2n+1 (U

Then, for every n > 1, the ideal Pf,,(M,,) is Gorenstein of grade 3 in Q,,.

The next result provides an explicit description of the DG algebra structure on
the resolution from Theorem[6.10] Note that our result is the more elemental version
from [4, Example 2.1.3]. It is worth noting that Buchsbaum and Eisenbud show
that every free resolution over R of the form 0 — F3 — F, — F] — R — 0 has the
structure of a DG R-algebra.

Theorem 6.14 ([12, Theorem 4.1]) Let A be an n X n alterna(ing mat_rix over R,
and let B be the 1 x n matrix whose ith column is given by (—1)"~! Pf(Al). Then the
graded R-complex

T n n
0—Rg 2 DRA 2 @Reg B R1 -0
=1 =1

admits the structure of a DG R-algebra, with the following products:
(1) €2 =0and eifj = fje; = §;jgforall 1 <i,j<n, and

(2) eiej = —eje; = Z (—1)i+j+kpijka(A§§i)fkfor all 1 <i# j<n, where pjx =
k=1
—1 wheneveri < k < j, and p;jx = 1 otherwise.

Exercise 6.15 Let R = k|[x,y,7] and consider the graded R-complex given by

z 0 x y
{_y] [_X : 5}
= | L
0—Re - RAGRA GRS 2" Rey @ Rey @ Res 2L R1 50
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Using Theorem|[6.14] write the product relations that give this complex the structure
of a DG R-algebra.

Longer resolutions

In general, resolutions of length greater than 3 are not guaranteed to possess a DG
algebra structure, as the next example of Avramov shows.

Example 6.16 ([4, Theorem 2.3.1]) Consider the local ring R = k[[w, x,y,z]]. Then
the minimal free resolutions over R of the quotients R/ (w2,wx,xy7 yz7z2)R and

R/(w*,wx,xy,yz,2%,wy®,x”,x52,y7)R do not admit DG R-algebra structures.

On the other hand, resolutions of ideals / with pdg(R/I) > 4 that are sufficiently
nice do admit DG algebra structures. For instance, Kustin and Miller prove the fol-
lowing in [28} Theorem] and [29, 4.3 Theorem].

Example 6.17 ([28,29]) Let ! be a Gorenstein ideal of a local ring R. If pdg(R/I) =
4, then the minimal R-free resolution of R/I has the structure of a DG R-algebra.

7 DG Algebras and DG Modules IT

In this section, we describe the notions needed to define semidualizing DG modules
and to explain some of their base-change properties. This includes a discussion of
two types of Ext for DG modules. The section concludes with another piece of the
proof of Theorem 1.4} see(8.17

Convention 7.1 Throughout this section, A is a DG R-algebra, and L, M, and N are
DG A-modules.

Hom for DG Modules

The semidualizing property for R-modules is defined in part by a Hom condition, so
we begin our treatment of the DG-version with Hom.

Definition 7.2 Given an integer i, a DG A-module homomorphism of degree n is an
element f € Homg(M,N), such that fiy;(am) = (—1)"af;(m) for all a € A; and
m € M;. The graded submodule of Homg(M,N) consisting of all DG A-module
homomorphisms M — N is denoted Homy (M, N).

Part (b)) of the next exercise gives another hint of the semidualizing property for
DG modules.
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Exercise 7.3

(a) Prove that Homy (M, N) is a DG A-module via the action

(af);(m) = a(f;(m)) = (=1)]VIf;, 14 (am)

and using the differential from Homg (M, N).

(b) Prove that for each a € A the multiplication map u™%: M — M given by m
am is a homomorphism of degree |a|.

(c) Prove that f € Homy (M, N)o is a morphism if and only if it is a cycle, that is, if

and only if (90H omy (M) (f)=0.

Example 7.4 We continue with the notation of Example From computations
like those in Example|5.23] it follows that Homy (G, R) has the form

Homy(G,R)= 0—-R—0—R—0—---

where the copies of R are in even non-positive degrees. Multiplication by e is 0 on
Homy (G, R), by degree considerations, and multiplication by 1 is the identity.

Next, we give an indication of the functoriality of Homy (N, —) and Homy (—,N).

Definition 7.5 Given a morphism f: L — M of DG A-modules, we define the
map Homy (N, f): Homy (N,L) — Homy (N, M) as follows: each sequence {g,} €
Homy (N, L), is mapped to {f,+n8p} € Homy(N,M),. Similarly, define the map
Homy (f,N): Homy (M,N) — Hom, (L,N) by the formula {g,} — {g,f»}

Remark 7.6 We do not use a sign-change in this definition because | f| = 0.

Exercise 7.7 Given a morphism f: L — M of DG A-modules, prove that the maps
Homy (N, f) and Homy (f,N) are well-defined morphisms of DG A-modules.

Tensor Product for DG Modules

As with modules and complexes, we use the tensor product to base change DG
modules along a morphism of DG algebras.

Definition 7.8 The tensor product M ®4 N is the quotient (M ®g N) /U where U is
generated over R by the elements of the form (am) @ n— (—1)l“"lm® (an). Given
an element m®@n € M @ N, we denote the image in M @4 N as m Q n.

Exercise 7.9 Prove that the tensor product M ®4 N is a DG A-module via the scalar
multiplication
a(m@n) = (am)@n= (=1)"me (an).

The next exercises describe base change and some canonical isomorphisms for
DG modules.
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Exercise 7.10 Let A — B be a morphism of DG R-algebras. Prove that B ®4 M has
the structure of a DG B-module by the action b(b' ® m) := (bb’) ® m. Prove that this
structure is compatible with the DG A-module structure on B ®4 M via restriction
of scalars.

Exercise 7.11 Verify the following isomorphisms of DG A-modules:

Homy (A,L) =L Hom cancellation
AR L=L tensor cancellation
LoaMEM®®uL tensor commutativity

In particular, there are DG A-module isomorphisms Homg (A,A) 2 A =2 A Q4 A.

Fact 7.12 There is a natural “Hom tensor adjointness” DG A-module isomorphism
Homy (L ®4 M,N) = Homy (M,Homy (L,N)).

Next, we give an indication of the functoriality of N ®4 — and — ®4 N.

Definition 7.13 Given a morphism f: L — M of DG A-modules, we define the
map N ®4 f: N®4 L — N ®4 M by the formula z®y — z® f(y). Define the map
S ®aN: LogN — M®4 N by the formula xRz f(x) Qz.

Remark 7.14 We do not use a sign-change in this definition because |f| = 0.

Exercise 7.15 Given a morphism f: L — M of DG A-modules, prove that the maps
N®g4 f and f @g N are well-defined morphisms of DG A-modules.

Semifree Resolutions

Given the fact that the semidualizing property includes an Ext-condition, it should
come as no surprise that we need a version of free resolutions in the DG setting.

Definition 7.16 A subset E of L is called a semibasis if it is a basis of the underlying
A-module L!. If L is bounded below, then L is called semi-free if it has a semibasisﬂ
A semi-free resolution of a DG A-module M is a quasiisomorphism F — M of DG
A-modules such that F' is semi-free.

The next exercises and example give some semi-free examples to keep in mind.

Exercise 7.17 Prove that a semi-free DG R-module is simply a bounded below
complex of free R-modules. Prove that each free resolution F of an R-module M
gives rise to a semi-free resolution F — M see Exercise

9 As is noted in [6], when L is not bounded below, the definition of “semi-free” is more technical.
However, our results do not require this level of generality, so we focus only on this case.
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Exercise 7.18 Prove that M is exact (as an R-complex) if and only if 0 = M is a
semi-free resolution. Prove that the DG A-module ¥ "A is semi-free for each n € Z,
as is @y, ¥"APr for all ng € Z and B, € N.

Exercise 7.19 Letx =x;,---,x, € R, and set K = K¥(x).

(a) Given a bounded below complex F of free R-modules, prove that the complex
K ®g F is a semi-free DG K-module.

(b) If F =5 M is a free resolution of an R-module M , prove that K Qg F =K ®rM is
a semi-free resolution of the DG K-module K @z M. More generally, if F — M
is a semi-free resolution of a DG R-module M, prove that K Qg F' S KQrMis
a semi-free resolution of the DG K-module K @g M. See Fact[4.9]

Example 7.20 In the notation of Example |5.16| the natural map ¢'*: G — Ris a
semi-free resolution of R over U; see Example[5.23] The following display indicates
why G is semi-free over U, that is, why Gt is free over U':

U= 0—Re>SRI—0
Ul = RePRI
G=-LRes S R1, L Re; S R19 =0

G* = (ResPR12) P(Re1 PRIy).

The next item compares to Remark [5.26]

Remark 7.21 If L is semi-free, then the natural map L — T(L)(<,) is a semi-free
resolution for each n > sup(L).

The next facts contain important existence results for semi-free resolutions. No-
tice that the second paragraph applies when A is a Koszul complex over R or is finite
dimensional over a field, by Exercise[5.10}

Fact 7.22 The DG A-module M has a semi-free resolution if and only if H;(M) =0
for i < 0, by [6, Theorem 2.7.4.2].

Assume that A is noetherian, and let j be an integer. Assume that each module
H;(M) is finitely generated over Hy(A) and that H;(M) = 0 for i < j. Then M has a
semi-free resolution F —» M such that F? & % j ¥(A")B for some integers f3;, and
so F; =0 for all i < j; see [, Proposition 1]. In particular, homologically finite DG
A-modules admit “degree-wise finite, bounded below” semi-free resolutions.

Fact 7.23 Assume that L and M are semi-free. If there is a quasiisomorphism L —
M, then there is also a quasiisomorphism M — L by [4] Proposition 1.3.1].

The previous fact explains why the next relations are symmetric. The fact that
they are reflexive and transitive are straightforward to verify.
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Definition 7.24 Two semi-free DG A-modules L and M are quasiisomorphic if
there is a quasiisomorphism L — M this equivalence relation is denoted by the
symbol ~. Two semi-free DG A-modules L and M are shift-quasiisomorphic if there
is an integer m such that L ~ > "M this equivalence relation is denoted by ~.

Semidualizing DG Modules

For Theorem [1.4] we use a version of Christensen and Sather-Wagstaff’s notion of
semidualizing DG modules from [16], defined next.

Definition 7.25 The homothety morphism xjy: A — Homy (M, M) is given by the
formula (xjy) 4/ (@) := pM, ie., (Xap) o) (@) (m) = am.

Assume that A is noetherian. Then M is a semidualizing DG A-module if M is
homologically finite and semi-free such that x4 : A — Homy (M, M) is a quasiiso-
morphism. Let G(A) denote the set of shift-quasiisomorphism classes of semidu-
alizing DG A-modules, that is, the set of equivalence classes of semidualizing DG

A-modules under the relation ~ from Definition [7.24]

Exercise 7.26 Prove that the homothety morphism xjy: A — Homy (M, M) is a
well-defined morphism of DG A-modules.

The following fact explains part of diagram (3:32]2).

Fact 7.27 Let M be an R-module with projective resolution P. Then Fact[3.18|shows
that M is a semidualizing R-module if and only if P is a semidualizing DG R-
module. It follows that we have an injection So(R) — G(R).

The next example justifies our focus on shift-quasiisomorphism classes of semid-
ualizing DG A-modules.

Example 7.28 Let B and C be semi-free DG A-modules such that B ~ C. Then B
is semidualizing over A if and only if C is semidualizing over A. The point is the
following. The condition B ~ ¥/C tells us that B is homologically finite if and only if
Y!C is homologically finite, that is, if and only if C is homologically finite. Fact
provides a quasiisomorphism B % Y!C. Thus, there is a commutative diagram of

morphisms of DG A-modules:

x x4
Homy (C,C) A Homy (B, B)
= Xéic l NlHomA (B.f)
. . H pxle .
Homy (X'C,X'C) % Homy (B, X'C).
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The unspecified isomorphism follows from a bookkeeping exercisem The mor-
phisms Homy (f,C) and Homy (B, f) are quasiisomorphisms by [4], Propositions
1.3.2 and 1.3.3] because B and X'C are semi-free and f is a quasiisomorphism.
It follows that x4 is a quasiisomorphism if and only if X)f:‘ic is a quasiisomorphism
if and only if xé is a quasiisomorphism.

The following facts explain other parts of (53.32[2).

Fact 7.29 Assume that (R,m) is local. Fix a list of elements x € m and set K =
K& (x). Base change K ®g — induces an injective map &(R) — &(K) by [16, A.3.
Lemmal]; if R is complete, then this map is bijective by [33) Corollary 3.10].

Fact 7.30 Let ¢: A = B be a quasiisomorphism of noetherian DG R-algebras. Base
change B ®,4 — induces a bijection from G(A) to G(B) by [32} Lemma 2.22(c)].

Ext for DG Modules

One subtlety in the proof of Fact is found in the behavior of Ext for DG mod-
ules, which we describe next.

Definition 7.31 Given a semi-free resolution F = M, for each integer i we set
Ext), (M,N) := H_;(Homy (F,N))["]

The next two items are included in our continued spirit of providing perspective.

Exercise 7.32 Given R-modules M and N, prove that the module Ext,(M,N) de-

fined in is the usual Ext, (M, N); see Exercise
Example 7.33 In the notation of Example[5.16] Examples[7.4] and [7.20]imply

R ifi>0iseven

Ext},(R,R) = H_;(Homy (G,R)) = _
0 otherwise.

Contrast this with the equality Ext’é]h (R,R) =R for all i > 0. This shows that U is

fundamentally different from U? = R[X]/(X?), even though U is obtained using a
trivial differential on R[X]/(X?) with the natural grading.

The next result compares with the fact that Exth(M,N) is independent of the
choice of free resolution when M and N are modules.

Fact 7.34 For each index i, the module Extf4 (M,N) is independent of the choice of
semi-free resolution of M by [4}, Proposition 1.3.3].

10 The interested reader may wish to show how this isomorphism is defined and to check the
commutativity of the diagram. If this applies to you, make sure to mind the signs.

! One can also define TorR (M, N) := H;(F ®4 N), but we do not need this here.
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Remark 7.35 An important fact about Exty(M,N) for R-modules M and N is the
following: the elements of Ext}e (M,N) are in bijection with the equivalence classes
of short exact sequences (i.e., “extensions”) of the form 0 - N — X — M — 0. For
DG modules over a DG R-algebra A, things are a bit more subtle.

Given DG A-modules M and N, one defines the notion of a short exact sequence
of the foorm 0 — N — X — M — 0 in the naive way: the arrows are morphisms of
DG A-modules such that for each i € Z the sequence 0 — N; — X; — M; — 0 is

exact. One defines an equivalence relation on the set of short exact sequences of this

form (i.e., “extensions”) in the natural way: two extensions 0 — N 5 X5M—0

! /
and0 - N L> X' 5 M —0are equivalent if there is a commutative diagram

0 N—Lox_S.n 0
l hl _
f , &
0 N X M 0

of morphisms of DG A-modules. Let YExt} (M,N) denote the set of equivalence
classes of such extensions. (The “Y” is for “Yoneda”.) As with R-modules, one can
define an abelian group structure on YExt/l4 (M,N). However, in general one has
YExt} (M,N) 2 Ext} (M, N), even when A = R, as the next example shows.

Example 7.36 Let R = k[X]], and consider the following exact sequence of DG
R-modules, i.e., exact sequence of R-complexes:

0 zi: X i z 0
0 I}e X 1}? 11% 0
bob

This sequence does not split over R (it is not even degree-wise split) so it gives
a non-trivial class in YExtk(k,R), and we conclude that YExth(k,R) # 0. On the
other hand, k is homologically trivial, so we have Ext,le (k,R) = 0 since 0 = kisa
semi-free resolution.

For our proof of Theorem [I.4] the following connection between Ext and YExt
is quite important; see [32, Corollary 3.8 and Proposition 3.12].

Fact 7.37 If L is semi-free, then we have YExt! (L, M) = Ext} (L, M); if furthermore
Ext}e (L,L) =0, then for each n > sup(L), one has
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YExt) (L,L) = 0= YExt} (T(L) (<n), T(L)(<n))-

We conclude this section with the second part of the proof of Theorem [I.4} The
rest of the proof is contained in

7.38 (Second part of the proof of Theorem[I.4) We continue with the notation es-
tablished in[5.32] The properties of diagram (5.322) follow from diagram (5.32[T))
because of Facts [7.29 and Thus, it remains to show that &(k®p A) is finite.
This is shown in[B.171

8 A Version of Happel’s Result for DG Modules

This section contains the final steps of the proof of Theorem see The
idea, from [2} 22} 25, !42]] is a bold one: use algebraic geometry to study all possible
module structures on a fixed set. A simple case of this is in Example[5.17] We begin
with some notation for use throughout this section.

Notation 8.1 Let F’ be an algebraically closed field, and let

v v, U
U:=(0—-U; > Ujy —> - —>Up—0)

be a finite-dimensional DG F-algebra. Let dimp (U;) = n; fori =0,...,q. Let

S
W :=Pw
i=0

be a graded F-vector space with r; := dimg(W;) fori =0,...,s.

A DG U-module structure on W consists of two pieces of data. First, we need
a differential . Second, once the differential d has been chosen, we need a scalar
multiplication u. Let ModY (W) denote the set of all ordered pairs (2, 1) making W
into a DG U-module. Let Endr (W) denote the set of F-linear endomorphisms of
W that are homogeneous of degree 0. Let GL(W ) denote the set of F-linear auto-
morphisms of W that are homogeneous of degree 0, that is, the invertible elements
of Endg (W)o.

We next describe a geometric structure on ModY (W), as in Example

Discussion 8.2 We work in the setting of Notation [8.1]

A differential d on W is an element of the graded vector space Homp (W, W)_| =
@;_,Homp (W;,W;_) such that dd = 0. The vector space Homp (W;,W;_;) has di-
mension r;r;_1, so the map o corresponds to an element of the affine space A‘}
where d := Y r;r;—1. The vanishing condition dd = 0 is equivalent to the entries of
the matrices representing d satisfying certain fixed homogeneous quadratic polyno-
mial equations over F. Hence, the set of all differentials on W is a Zariski-closed
subset of AZ.
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Once the differential d has been chosen, a scalar multiplication g is in particular
acycle in Homp (U @ W, W)y = D ; Homp (U; @ W;,Wjy;). For all i, j, the vector
space Hompg (U; @ W;, Wi ;) has dimension n;rjriy j, so the map u corresponds to
an element of the affine space A‘,’ff where d' := Y. jnir;ri+j- The condition that u be
an associative, unital cycle is equivalent to the entries of the matrices representing
0 and u satisfying certain fixed polynomials over F. Thus, the set ModV (W) is a
Zariski-closed subset of A4 x A? =~ A%+

Example 8.3 We continue with the notation of Example In this example, we
have ModV (W) = {1} (representing the non-trivial scalar multiplication by 1) and
ModY (W) = {(x1,%0) € F?| x1xo = 0}. Re-writing F" as A", we see that Mod" (W)
is a single point in AL and Mod" (W’) is the union of the two coordinate axes
V(x1xp) =V (x0) UV (x1).

Exercise 8.4 Continue with the notation of Example[5.17] Write out the coordinates
and equations describing Mod” (W”) and Mod" (W"") where

W= 0 Fw.,@PFwiPFwo0
w" = O@F@@(FZLI@FZLZ)@FZO@Q

For scalar multiplication, note that since multiplication by 1 is already determined
by the F-vector space structure, we only need to worry about multiplication by e
which maps W/ — W/, | and W/"" — W/, fori=0,1,2.

We next describe a geometric structure on the set GL(W)j.

Discussion 8.5 We work in the setting of Notation 8.1

A map a € GL(W)y is an element of the graded vector space Homp (W, W) =
@;_,Homp (W;,W;) with a multiplicative inverse. The vector space Homp (W;, W;)
has dimension rl.z, so the map o corresponds to an element of the affine space
A% where e 1=}, riz. The invertibility of « is equivalent to the invertibility of
each “block” o; € Homp (W;,W;), which is an open condition defined by the non-
vanishing of the determinant polynomial. Thus, the set GL(W )y is a Zariski-open
subset of A%, so it is smooth over F.

Alternately, one can view GL(W )y as the product GL(Wj) X - - - X GL(W;). Since
each GL(W;) is an algebraic group smooth over F, it follows that GL(W )y is also an
algebraic group that is smooth over F'.

Example 8.6 We continue with the notation of Example It is straightforward
to show that

W')o =Homg (Fny,Fny) DHomp (Fno, Fo) = F x F = A
GLr(W')o = Autp (F11) @D Autr (F1l) 2 F* x F* = Uy,y, C A}
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Here U, is the subset AL \ V(x), and Uy, = AZ \V (x1x0).

Exercise 8.7 With the notation of Example Give coordinates and equations
describing GLY (W")y and GLY (W"")y where W” and W"" are from Exercise

Next, we describe an action of GL(W )o on Mod" (W).

Discussion 8.8 We work in the setting of Notation[8.1]

Let o € GL(W)j. For every (2, 1) € ModY (W), we define o - (9, ) := (9, 1),
where 0; := o;_1 000 chl and [} j := 0y jo Uiy jo (U ®F Ot]-’l). For the multipli-
cation, this defines a new multiplication '

Uiqwj = Oy j(u;- Olj_l(Wj))
where - is multiplication given by y, as in Discussion [8.2} u; - w; 1= iy j(u; @ wj).
Note that this leaves multiplication by 14 unaffected:

Laawj = a(la-0g ' (w)) = a(a; " (w))) = w;.

It is routine to show that the ordered pair (5, ) describes a DG U-module structure

for W, that is, we have « - (9,u) := (d,11) € Mod” (W). From the definition of
- (9, ), it follows readily that this describes a GL(W )g-action on Mod” (W).

Example 8.9 Continue with the notation of Example

In this case, the only DG U-module structure on W is the trivial one (d,1) =
(0,0), so we have ot - (d,u) = (9, u) for all oc € GL(W)o.

The action of GL(W')g on Mod" (W) is a bit more interesting. Let xo,x; € F
such that xox; = 0, as in Example Identify GLr(W')o with F* x F*, as in
Example[8.3] and let @ € GLy (W) be given by the ordered pair (yy,yo) € F* x F*.
The differential d is defined so that the following diagram commutes.

d: 0 Fm Fno 0
J: 0 Fii — s Fr, 0

so we have 81(ﬁ1) zyoxlyl_lﬁo, ie., x| zyoxlyl_l. N

Since multiplication by 1 is already determined, and we have e -4 1) = 0 because
of degree considerations, we only need to understand e - 1. From Discussion
this is given by

€~aﬁo=a1(€'a6l(7~10)) = Otl(e'yalno) =y61a1(e-no)

= ya‘ ai(xon) = yal)’1x07~]1-
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Exercise 8.10 Continue with the notation of Example Using the solutions to
Exercise anddescribe the actions of GL(W" ) and GL(W"")o on ModY (W")
and Mod” (W), respectively, as in the previous example.

Next, we describe some properties of the action from Discussion[8.8]that indicate
a deeper connection between the algebra and geometry.

Discussion 8.11 We work in the setting of Notation[8.1]

Let o € GL(W)o. For every (9, 1) € Mod? (W), let - (9, ) := (9, 11) be as in
Discussion [8.8] It is straightforward to show that a map « gives a DG U-module
isomorphism (W,d, 1) = (W,d, [i). Conversely, given another element (9’, 1) €
Mod? (W), if there is a DG U-module isomorphism f: (W,d,u) — (W,d', 1),
then B € GL(W)g and (9’,1') = B - (9, u). In other words, the orbits in Mod? (W)
under the action of GL(W ) are the isomorphism classes of DG U-module structures
on W. Given an element M = (9, u) € Mod? (W), the orbit GL(W ), - M is locally
closed in ModU(W); see [18} Chapter II, §5.3].

Note that the maps defining the action of GL(W )y on Mod” (W) are regular, that
is, determined by polynomial functions. This is because the inversion map o —
a~!' on GL(W)y is regular, as is the multiplication of matrices corresponding to the
compositions defining d and (.

Next, we consider even more geometry by identifying tangent spaces to two of
our objects of study.

Notation 8.12 We work in the setting of Notation Let Fle] :== Fe@F be the

algebra of dual numbers, where €2 = 0 and || = 0. For our convenience, we write

elements of F[€] as column vectors: ag + b = [}]. We identify Ule] := Fle] @r U

with Ue QU = UPU, and Wle] := Fle] @ W with WePW = WEPW. Using
¥ o0

o)

Let Mod”[¥l(W e]) denote the set of all ordered pairs (9, 1) making W|e] into a
DG Ule]-module. Let Endg (¢ (W[€])o denote the set of F[¢]-linear endomorphisms
of W|e] that are homogeneous of degree 0. Let GL(W|¢])o denote the set of F[g]-
linear automorphisms of W] that are homogeneous of degree 0, that is, the invert-
ible elements of Endp ¢ (W[€])o.

this protocol, we have al.U le] _ [

U
Given an element M = (9, 1) € ModY (W), the tangent space T%Od ™) is the

set of all ordered pairs (3,1) € Mod!€l (W|e]) that give rise to M modulo €. The

SLW)o i< the set of all elements of GL(W|e])o that give rise to idy

tangent space T, dy

modulo €.

Remark 8.13 Alternate descriptions of the tangent spaces from Notation [8.12] are
contained in [32, Lemmas 4.8 and 4.10]. Because of smoothness conditions, the

M U . . . GL(W)o ModV (W)
map GL(W)o — Mod" (W) induces a linear transformation T;y """ — Ty,

whose image is TEL(W)O'M; see [32, 4.11. Proof of Theorem B].
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The next two results show some profound connections between the algebra and
the geometry of the objects under consideration. The ideas behind these results are
due to Voigt [42] and Gabriel [22| 1.2 Corollary].

Theorem 8.14 ([32} 4.11. Proof of Theorem B]) We work in the setting of Nota-
tion Given an element M = (d,11) € ModY (W), there is an isomorphism of
abelian groups

Tﬁl\;odU(W)/TAG/IL(W)U'M >~ YExt},(M,M).

Proof (Sketch of proof). Using Notation let N = (§,ﬁ) be an element of

U
T%Od ™) Since N is a DG U [€]-module, restriction of scalars along the natural

inclusion U — U €] makes N a DG U-module.

Definep: M — N and t: N — M by the formulas p(w) :=[¢]and ([ ]) :==w.
With [32, Lemmas 4.8 and 4.10], one shows that p and 7 are chain maps and that p
and 7 are U-linear. In other words, we have an exact sequence

0-MENEM-0
. . . tModY (W) 1
of DG U-module morphisms. So, we obtain a map 7: T, — YExt; (M, M)
where T(N) is the equivalence class of the displayed sequence in YExt}, (M, M). One
shows that 7 is a surjective abelian group homomorphism with Ker(7) = T]?,IMW)O'M
and the result follows from the First Isomorphism Theorem.
To show that 7 is surjective, fix an arbitrary element § € YExtb (M, M), repre-

sented by the sequence 0 — M L 785 M 0. particular, this is an exact sequence

of F-complexes, so it is degree-wise split. This implies that we have a commutative
diagram of graded vector spaces:

)

0 mM—t oz ¢

I Aj

0——>M—>W[e] —>M—->0

where p(w) = [§], #([*']) = w, and © is an isomorphism of graded F-vector

spaces. The map ® allows us to endow W [¢] with a DG U|[¢]-module structure (9, 1)
— U
that gives rise to M modulo €. So we have N := (d,ll) € T%Od ™) Furthermore,
we have T(N) = £, so 7 is surjective.
See [32] 4.11. Proof of Theorem B] for more details. O

Corollary 8.15 ([32, Corollary 4.12]) We work in the setting of Notation Let
C be a semidualizing DG U-module, and let s > sup(C). Set M = 1(C)(<y) and
W = M". Then the orbit GL(W)o - M is open in ModY (W).

U
Proof. Fact implies that YExt},(M,M) = 0, so T%Od W) = T}?,,L(W)O'M by The-
orem As the orbit GL(W)o - M is smooth and locally closed, this implies that
GL(W)o - M is open in ModU(W). See [32] Corollary 4.12] for more details. O



DG commutative algebra 43

We are now in a position to state and prove our version of Happel’s result [25]
proof of first proposition in section 3] that was used in the proof of Theorem [2.13]

Lemma 8.16 ([32, Lemma 5.1]) We work in the setting of Notation [8.1] The set
Gw (U) of quasiisomorphism classes of semi-free semidualizing DG U-modules C
such that s > sup(C), C; =0 for all i <0, and (t(C)(<y))" = W is finite.

Proof. Fix arepresentative C for each quasiisomorphism class in Sy (U), and write
[C] S Gw(U) and M¢ = T(C)(gs).

Let [C], [C/] S Gw(U) If GL(W)O -Mc = GL(W)() M, then [C] = [C/]Z indeed,
Discussion [8.8]explains the second step in the next display

C~Me =My ~C

and the remaining steps follow from the assumptions s > sup(C) and s > sup(C’),
by Exercise

Now, each orbit GL(W)o - Mc is open in Mod" (W) by Corollary Since
ModY (W) is a subset of an affine space over F, it is quasi-compact, so it can only
have finitely many open orbits. By the previous paragraph, this implies that there
are only finitely many distinct elements [C] € Gy (U). O

We conclude this section with the third and final part of the proof of Theorem|1.4

8.17 (Final part of the proof of Theorem[1.4) We need to prove that S(U) is fi-
nite where U = k®g A. Set s = dim(R) — depth(R) +n. One uses various ac-
counting principles to prove that every semidualizing DG U-module is equivalent
to a semidualizing DG U-module C’ such that H;(C") = 0 for all i < 0 and for all
i > s. Let L = C' be a minimal semi-free resolution of C’ over U. The conditions
sup(L) = sup(C’) < s imply that L (and hence C’) is quasiisomorphic to the trunca-
tion L := 7(L)<,. We set W := L and work in the setting of Notation

One then uses further accounting principles to prove that there is an integer A >0,
depending only on R and U, such that }7_,r; < A. Compare this with Lemma
(Recall that r; and other quantities are fixed in Notation ) Then, because there
are only finitely many (ro,...,7;) € N1 with Y'¥_,r; < A, there are only finitely
many W that occur from this construction, say W1 ... . w(®), Lemmaimplies
that S(U) = &, (U)U--- UGy, (U)U{[U]} is finite. O

9 Applications of Semidualizing Modules

This section contains three applications of semidualizing modules, to indicate why
Theorem [T.4] might be interesting.

Assumption 9.1 Throughout this section, (R, m, k) is local.
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Application 1. Asymptotic Behavior of Bass Numbers

Our first application shows that the existence of non-trivial semidualizing modules
forces the sequence of Bass numbers of a local ring to be unbounded. This partially
answers a question of Huneke.

Definition 9.2 The ith Bass number of R is ), := rank (Extk(k,R)). The Bass se-
ries of R is the formal power series Ig(t) = Yo | uit'.

Remark 9.3 The Bass numbers of R contain important structural information about
the minimal injective resolution J of R. They also keep track of the depth and injec-
tive dimension of R:

depth(R) = min{i > 0 | uk # 0}
idr(R) = sup{i > 0| pig # 0}.

In particular, R is Gorenstein if and only if the sequence { ,ulie} is eventually 0. If
R has a dualizing module D, then the Bass numbers of R are related to the Betti
numbers of D by the formula
iR — BR (D) -~ rank, (Exty (D, k)).
Viewed in the context of the characterization of Gorenstein rings in Remark [0.3]
the next question is natural, even if it is a bit boldPZ]

Question 9.4 (Huneke) If the sequence {uk} is bounded, must R be Gorenstein?
Equivalently, if R is not Gorenstein, must the sequence {{;} be unbounded?

The connection between semidualizing modules and Huneke’s question is found
in the following result. It shows that Huneke’s question reduces to the case where R
has only trivial semidualizing modules. It is worth noting that the same conclusion
holds when R is not assumed to be Cohen-Macaulay and C is a semidualizing DG
module that is neither free nor dualizing. However, since we have not talked about
dualizing DG modules, we only state the module case.

Theorem 9.5 ([38, Theorem B]) If R is Cohen-Macaulay and has a semidualizing
module C that is neither free nor dualizing, then the sequence { iy} is unbounded.

Proof (Sketch of proof). Pass to the completion of R to assume that R is complete.
This does not change the sequence { .U-zie} nor the assumptions on C. As R is complete,
it has a dualizing module D, and one has pj, = rankk(Ext};d(D,k)) for all i, where
d = depth(R). Thus, it suffices to show that the sequence {rank; (Ext(D,k))} is un-
bounded. With C' = Homg(C, D), one has rank; (Exti (C, k)), ranky (Exth(C' k) > 1
for all i > 0. Hence, the computation

12 As best we know, Huneke has not posed this question in print.
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i ) i
rank (Exty (D, k)) = Y rank; (Extg(C,k))rank; (Extf '(C',k)) > Y 1=p+1
p=0 p=0

gives the desired unboundedness. O

Application II. Structure of Quasi-deformations

Our second application shows how semidualizing modules can be used to improve
given structures. Specifically, one can use a particular semidualizing module to im-
prove the closed fibre of a given quasi-deformation.

Definition 9.6 ([8, (1.1) and (1.2)]) A quasi-deformation of R is a diagram of local

ring homomorphisms R LHRE Q such that ¢ is flat and 7 is surjective with kernel
generated by a Q-regular sequence. A finitely generated R-module M has finite CI-
dimension if there is a quasideformation R — R’ <— Q such that pd, (R’ ®r M) < oo.

Remark 9.7 A straightforward localization and completion argument shows that
if M is an R-module of finite CI-dimension, then there is a quasideformation R —
R’ < Q such that de(R’ ®g M) is finite, Q is complete, and R'/mR’ is artinian,
hence Cohen-Macaulay.

The next result is a souped-up version of the previous remark. In contrast to
the application of semidualizing modules in Theorem this one does not refer
to any semidualizing modules in the statement. Instead, in its proof, one uses a
semidualizing module to improve the quasideformation given by definition to one
satisfying the desired conclusions.

Theorem 9.8 ([37, Theorem F]) If M is an R-module of finite CI-dimension, then
there is a quasideformation R — R' < Q such that pdo (R' @rM) < oo and such that
R'/mR' is artinian and Gorenstein.

Proof (Sketch of proof). By Remark there is a quasideformation R %R 0
such that pd, (R’ ®g M) is finite, Q is complete, and R’ /mR’ is artinian. We work to
improve this quasi-deformation.

A relative version of Cohen’s Structure Theorem due to Avramov, Foxby, and
Herzog [[7, (1.1) Theorem] provides “Cohen factorization” of ¢, that is a commuta-
tive diagram of local ring homomorphisms

such that ¢ is flat, R”/mR" is regular, and @’ is surjective. Since ¢ is flat and
R /mR'is Cohen-Macaulay, it follows that R’ is perfect over R”. From this, we con-
clude that Extl, (R',R") = 0 for all i # ¢ where ¢ = depth(R”) — depth(R’), and that
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D? := Extg, (R',R") is a semidualizing R'-module. (This is the “relative dualizing
module” of Avramov and Foxby [5]].) This implies that Ext,ze, (D?,D?) =0, so there
is a semidualizing Q-module B such that D? = R’ ®¢ B. (This essentially follows
from a lifting theorem of Auslander, Ding, and Solberg [3, Proposition 1.7], since
Q is complete.)

The desired quasi-deformation is in the bottom row of the following diagram

R<~—0

b
R——=RxD?<~—QOxB

where Q x B and R’ x D? are “trivial extensions”, i.e., Nagata’s “idealizations”. 0O

Application I11. Bass Series of Local Ring Homomorphisms

Our third application of semidualizing modules is a version of Theorem|I.3]from [5]]
where @ is only assumed to have finite G-dimension, defined in the next few items.

Definition 9.9 A finitely generated R-module G is totally reflexive if one has G =
Homg (Homg (G, R),R) and Exti(G,R) = 0 = Exty(Homg(G,R),R) foralli > 1. A
finitely generated R-module M has finite G-dimension if there is an exact sequence
0— G, — --- — Gop — M — 0 such that each G; is totally reflexive.

Remark 9.10 If M is an R-module of finite G-dimension, then Exti(M,R) = 0 for
i > 0 and ExtoPM(R)=deptha() 3y p gy 2

Definition 9.11 Let R % § be a local ring homomorphism, and let S Y, § be the

natural map where S is the completion of S. Fix a Cohen factorization R LR Y
S of the “semi-completion of ¢”, i.e., the composition RAﬂ) s (see the proof of
Theorem . We say that @ has finite G-dimension if S has finite G-dimension
over R'. Moreover, the map ¢ is quasi-Gorenstein if it has finite G-dimension and
Exth(R',S) = 0 for all i # depth(R') — depth(S).

The next result is the aforementioned improvement of Theorem [I.3] As with
Theorem [0.8] note that the statement does not involve semidualizing modules.

Theorem 9.12 ([5} (7.1) Theorem]) Let (R,m) — (S,n) be a local ring homomor-
phism of finite G-dimension. Then there is a formal Laurent series Iy(t) with non-
negative integer coefficients such that Is(t) = Ig(t)Io(t). In particular, if S is Goren-
stein, then so is R.

Proof (Sketch of proof when @ is quasi-Gorenstein). Fix a Cohen factorization R g
R %5 § of the semi-completion of @, and set d = depth(R') — depth(S). Since ¢
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is quasi-Gorenstein, the S-module D’ = Ext4(R', §) is semidualizing. (Again, this is
Avramov and Foxby’s relative dualizing module [5].) If / denotes the residue field
of S, then the series Iy := Y rank;(Extigd' (D',1))¢t" satisfies the desired conditions
where d’ = depth(R) — depth(S). O

10 Sketches of Solutions to Exercises

10.1 (Sketch of Solution to Exercise2.8) As S is R-flat, there is an isomorphism
Exti(S@rC,S Qg C) = S @ Exth(C,C)
for each i. It follows that (1) if Ext (C,C) =0, then Exti(S®rC,S®gC) =0, and (2)

if @ is faithfully flat and Ext§(S @& C,S®g C) = 0, then Ext,(C,C) = 0. Similarly,
there is a commutative diagram

Sorx&
§s— ¢ . S@grHomg(C,C)

S
ngRcl

Homg(S®rC,S®rC)

IR

so (1) if )(g is an isomorphism, then so is x§®RC, and (2) if ¢ is faithfully flat and
x§®RC is an isomorphism, then so is xg . O

10.2 (Sketch of Solution to Exercise[3.4)

() It is routine to show that 8,1,{ omg(X.¥) is R-linear and maps Homg(X,Y), to
Homg (X,Y),—1. To show that Homg(X,Y) is an R-complex, we compute:

n—1

= NIy = (<1 fp19)Y)

= {0 n110psnfp = (1) 1951 = (=1)" [y i fp1 = (1) fp20p 1] 95}

= {a[ernfla}J;nf[’ _(_1)”a/§/+nfpfla;}z( - (—1)”’185“71]”,,,18;( +fp72 8;(718;](}
N—_——

=0 =0 =0

HHomr(XY) (ar?omR ) S

=0.

(@) For f ={f,} € Homg(X,Y)o, we have

8HomR(X,Y)

0 ({fp}>:{a};/fp_fp—la§}-



48 Kristen A. Beck and Sean Sather-Wagstaff

Hence, f is a chain map if and only if 9 b fp— fo— laX 0 for all p, which is equiv-
alent to the commutativity of the given d1agram

(c) This follows by the fact 8H°mR @xr) 81H omp(X.¥) _ 0, from part (a).
@ Since 9™ ") ({5,}) = {8, 5 +s5,-195 }. this follows by definition. O

10.3 (Sketch of Solution to Exercise[3.5) Let 7: Homg(R,X) — X be given by
T.({fp}) = fu(1). We consider R as a complex concentrated in degree 0, so for
all p A0 we have R, =0, and for all n we have dR = 0. It follows that, for all n and
all f={f,} € Homg(R,X), and all p # 0, we have f, = 0. Thus, for each n the
natural maps Homg (R, X), = Homg(R,X,) = X, are R-module isomorphisms, the
composition of which is 7,. To show that 7 is a chain map, we compute:

T (R REX (1) = T (9™ RN (0, £0,0,...)
= Tn— 1( ;0 aXan ( )nf()aleov)
1(-.+,0,95 £5,0,0,...)

(Note that these steps are optimal for presentation, in some sense, but they do not
exactly represent the thought process we used to find the solution. Instead, we

computed and simplified 7, 1(8HomR (RX) ({ f»})) and 9 (7,({f,})) separately and
checked that the resulting expression was the same for both. Similar comments ap-
ply to many solutions.) O

10.4 (Sketch of Solution to Exercise[3.6) Let X be an R-complex, and let M be an
R-module.
(&) Write X, for the complex

X ) Xy X )
X*:~~-—>(”“) (Xn)*_>(‘9") (Xn71)*—>( )

We consider M as a complex concentrated in degree 0, so for all p # 0 we have
M, =0, and for all n we have d} = 0. It follows that, for all n and all f = {f,} €
Homg(M,X), and all p # 0, we have f,, = 0. Thus, for each » the natural map

T,: Homg(M,X), =, Homg (M, X,) = (X.), is an R-module isomorphism. Thus, it
remains to show that the map 7: Homg(M,X) — X, given by f = {f,} — foisa
chain map. We compute:

Ty (ROmRMX) (e 1)) = g,y (A MX) (0, £,,0,..))
=Ty1(...,0,9) fo,—(—=1)"fo0",0,...)
= T,_ 1( ,0, 8 f0,0,0,. )



DG commutative algebra 49

This yields

Tt (M 1) = 05 fo = (99 (fo) = 9% (fo) = 0F (wm({f}))

as desired
(B) Write X* and X for the complexes

% (1@ e DO (=D)"2(9 )
X =... X + rf+1 2.

T (‘93()* (ar}l(+1)* (ari(-f—z)*
X' =... X’;‘ ;lk+l e

Note that the displayed pieces for X* are in degree —n, 1 — n, and similarly for X7,
We prove that Homg (X, M) = X* = X7,

As in part (@), for all p # 0 we have M, = 0, and for all n we have 9/ = 0. It
follows that, for all n and all f = {f,} € Homg(X,M), and all p # —n, we have

fp = 0. Thus, for each n the map 7,: Homg(X,M), = Homg (X_,,M) = (X*),
given by {f,} — f_, is an R-module isomorphism. Thus, for the isomorphism
Homg(M,X) = X*, it remains to show that T: Homg(X,M) — X* is a chain map.
We compute:

Tt (RmREM (£ 1)) = g,y (OO EM (0, £,.0,..))
=T 1(o 0,00 f o, —(—1)"f 007 ,,0,...)
=T 1(...,0,(=1)""'£,0%,,0,0,...)
=(-1 n_lffnafin
R (fon)

For the isomorphism X* 22 X T, we first observe that X' is an R-complex. Next, note
the following: given an R-complex Y, the following diagram describes an isomor-
phism of R-complexes.

(=119, (~=D)™*a),, (1)~ +toy (=025
Yoo ——— Yo 4n Y —————— Yap
l(1)4n+2 (71)4n+1 \L (1)4n+1l (1>4ni (1)4n2l
Yany2 ——— Yant1 ; Yan - Yoot ———Yan2
4n+2 a4n-¢— 1 a4n 4n—1

Now, apply this observation to XT. O

10.5 (Sketch of Solution to Exercise[3.7) (a) Let f: X — Y be a chain map. By
definition, we have f;0X | =9}, fi+1. It follows readily that f;(Im(d5 |)) CIm(d}" )
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and f;(Ker(d¥)) C Ker(d}). From this, it is straightforward to show that the map
Ker(9¥)/Im(9X ) — Ker(d))/Im(d} ;) given by X — f;(x) is a well-defined R-
module homomorphism, as desired.

(B Assume now that f is null-homotopic. By definition, there is an element s =
{sp} € Homg(X,Y); such that {f,} = 9™ ") ({s,}) = {97 s, +5p-19%}. It
follows that for each i and each ¥ € H;(X), one has

H;(f)(X) = fi(x) = 9} (s:(x)) +s1-_1<§§@> =0

€Im(dY, ) =0
in H,'(Y). O

10.6 (Sketch of Solution to Exercise[3.9) Let f: X = ¥ be an isomorphism be-
tween the R-complexes X and Y. Then for each i the map f; induces isomorphisms

Ker(d) =N Ker(d)) and Im(d% ) =N Im(a}, ). It follows that f; induces an iso-
morphism Ker(d)/Im(d} ) = Ker(9))/Im(d}, ), as desired. O

10.7 (Sketch of Solution to Exercise[3.10) Let M be an R-module with augmented
projective resolution P+,

%

aP
Pr=..Zp5%RpSM—0

It is straightforward to check that the following diagram commutes

% o
P P, Py 0
| Lo
M 0——M——0.

The exactness of P and the definition of P implies that H;(P) = 0 = H;(M)
for i # 0. Thus, to show that ¢ is a quasiisomorphism, it suffices to show that
Hy(¢): Ho(P) — Ho(M) is an isomorphism. Notice that this can be identified with
the map 7': Coker(d{) — M induced by 7. Since 7 is surjective, it is straightfor-
ward to show that 7’ is surjective. Using the fact that Ker(t) = Im(d}’), one shows
readily that 7’ is injective, as desired.

The case of an injective resolution result is handled similarly. O

10.8 (Sketch of Solution to Exercise[3.14) Fix a chain map f: X — Y and an R-
complex Z. Consider a sequence {g,} € Homg(Y,Z),. Note that the sequence
Homg(f,Z).({gp}) = {gpfp} is in Homg(X,Z),, so the map Homg(f,Z) is well-
defined and of degree 0. Also, it is straightforward to show that Homg(f,Z) is R-
linear. To verify that Homg(f,Z) is a chain map, we compute:
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afomR(X’D(HOIHR(f,Z)n({gp})) = 3r?omR(X’Z)({gpfp})
= {978ty — (=1)"gp1fp 195}
= {a;irngpfp - (_1)ngp—1a};fp}
= Homg(f, Z)n({%ingp - (—1)"g,,,18},/})
= Homg (. 2)u(4" ™" ({g,}))-

Note that the third equality follows from the fact that f is a chain map.
The computation for Homg(Z, f): Homg(Z,X) — Homg(Z,Y) is similar. O

10.9 (Sketch of Solution to Exercise[3.16) It is straightforward to show that p*-"
is R-linear. (Note that this uses the fact that R is commutative.) To show that u*" is
a chain map, we compute:

O (1" () = 9 (r2) = r0f (x) = B2 (9 ().
For the induced map H;(u*"), we have H;(u*")(x) = 7 = r¥, as desired. O

10.10 (Sketch of Solution to Exercise[3.17) Exercise[3.16shows that, forall r € R,
the sequence ¥ (r) = u*" is a chain map. That s, x{ (r) is a cycle in Homg (X, X )o.

It follows that the next diagram commutes
0
aHomR(X X) \L

0 R
l Homp (X,X) % l
om B
9, 'R o

Homg(X,X); —— Homg(X,X)g —— Homg(X,X)_,

so xX is a chain map. O

10.11 (Sketch of Solution to Exercise@ Let X, Y, and Z be R-complexes.
(a) It is routine to show that oX®rY is R-linear and maps from (X ®gY), to
(X ®gY)y—1. To show that X ®g Y is an R-complex, we compute:
A ERY (XERY (10,2, @ Yup,0,...))
= 0 (1.,0,0% (5p) @ Y (= 1)Pxp @Y, (u—p),0,..)
X@RY
=0, R (...,0,0) (xp) ®Yn—p,0,0,...)
+0, 5 (,0,0,(=1)Px, ® 9y, (¥a—p),0,...)
= (10,05 (OX (5)) E3a s (—1)P 10X (1) @Y (), 0.
—_———
=0
+ (5 0,(=1)P3) () ® 0y (yn—p), (= 1)Pxp @Iy, 1 (95—, (n—p)), 0, -)
] p\*p n—p\Yn—p)s p Q@0 p 1\ pYn-p))Y,;...).
=0

The only possibly non-trivial entry in this sum is



52 Kristen A. Beck and Sean Sather-Wagstaff

(=171 (xp) @0y, (y—p) + (=1)P ) () © 9y, (V)

= (1" 195 (xp) @9,y (yn—p) = 9 (xp) @ I,y (yn—p)] = O
so we have 8ff®lRY8,§®RY =0.

(B) The isomorphism X 5 R®grX is given by x — (...,0,1®x,0,...). Check
that this is an isomorphism as in[T0.3] using that R is concentrated in degree 0.

As the hint suggests, the isomorphism g: X Qg Y Sy ®g X requires a sign-
change: we define

gn(..,0,%p ®yp—p,0,...) :=(...,0, (—l)p("fp)yn_p®xp707...).

It is routine to show that g = {g, } is R-linear and maps (X ®gY), to (¥ ®g X),,. The
following computation shows that g is a chain map:
gn1 (9 R (1..,0,%) @ Yn_p,0,...))
:g,,,l(...,O,&ff(xp)@yn,p,( )P xﬂ®a —pn=p),0,...)
=gn-1(...,0, 8X(x,,)®yn ,,,O, .2)
+8n1(-,0,(=1)Px, © 9", (v p),

);0,. )
=(..-,0, ) Ne=ply, p®a (xp),
)
);0

(... 0
(- 0,..
+ (0, (=1)PPP NG () ©,0,. )
= (-.,0,(=1)PHVE=Ply, 09X (x,),0,...)
+(,0,(= ) " ”3Y p (- p)®xp,0, )
= (0., 0,(=1)PPIIY (v, p) @ xp, (—1)PTVPy, @ 9% (x,),0,...)
= (0,0, (=P PO () @2, (1P PRy, L @0 (x,),0,..)
= YR (L 0,(~1)P Py, ®x,,0,...)
:8,{®Rx(g,,(...,O,x,,®yn,p,0,...))

Similarly, one shows that the map /: ¥ @ X =X ®rY defined as
Bu(. 50,5 @ X0, 0,...) i= (...,0,(=1)P" Py, ®y,.0,...)
is a chain map. Moreover, one has

gn(hn(...,0,y, ®xy—p,0,...)) = gu(...,0, (—1)p("7p>xn_p®yp,0, o)
(e 0, (1P ()PP 0,
=(...,0, ((71)p(n—p))2yp®xn7mo7.“)
=(...,0,y,®x,—p,0,...)
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so hg is the identity on Y ®g X. Similarly, gh is the identity on X Qg Y. It follows
that £ is a two-sided inverse for g, so g is an isomorphism.

(d) For the isomorphism X ®g (Y ®rZ) — (X ®rY) ®r Z, we change notation.
The point is that elements of X ®g (Y ®g Z) are sequences where each entry is itself
a sequence. For instance, a generator in X ®g (Y ®g Z),, is of the form

(s (050,00, (-, 0,2 ® (g ®Zn—p—g),0,...), (-..,0,0,...),...)

which we simply write as x, ® (Y4 ® z,—p—q). One has to be careful here not to
combine elements illegally: the elements x, ® (V5 ® Zp—a—p) and x, @ (Vg ® Zn—p—q)
are only in the same summand of X ®g (Y ®rZ), if a = p and b = q.

Using this protocol, define f: X Qg (Y ®rZ) — (X @rY) ®r Z as

Fotqtr(xp @ (g ®@2r)) = (xp @yg) @2

(This has no sign-change since no factors are commuted.) As in the previous case,
showing that f is an isomorphism reduces to showing that it is a chain map:

JEERNINZ (o (5, (v D21))

X® Y)®QrZ
= IS ER (x, @yg) @ 21)

=0 (5 @ yg) ® 2+ (1) (x, @ y,) ® I (2,)
= (05 (xp) ©yg) ®2r + (—1)P(x, ® 9, (v)) @ 2r + (—1)P T (x, ®yq) ® 9/ (/)
:fp+q+r—1(a;):((xp) ®(g®z))+(—1)Fx,® (8;()/4) ®zr)

+ (=1, @ (v, © 97 (21))

Xor(YORZ
:fp+q+r—1(ap4glgrr®R )( »® (Vg ®2r)))

The last equality in the sequence follows like the first two. 0O

10.12 (Sketch of Solution to Exercise[d.8) Fix a chain map f: X — Y and an R-
complex Z. For each element z, @ x, € (Z®g X ),, the output (Z®g f)u(zp ®x4) =
2p ® fy(xq) is in (X ®rZ)p, so the map Z®p f: ZOrX — Z®RY is well-defined
and of degree 0. Also, it is straightforward to show that Z ®p f is R-linear. To show
that Z ®pg f is a chain map, we compute:

8§§;Y((Z®Rf)p+q(zp®xq)) 9fftfy( ® fq(xq))
:ap(zp)®fq( 7))+ (= l)pz,,®(9;(fq(xq))
:az(zp)@’fq(xq) + (= )”zp®fq71(8qx(xq))
= (ZRr ) p+q- 1(8 (zp) ®xq+(_1)pzp®‘9qx<xq))
(

Ipia (zp®xg).

= (Z®@rf)p+q-1(9p4

The proof for f ®g Z is similar. O
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10.13 (Sketch of Solution to Exercise d.11) We briefly describe our linear algebra
protocols before sketching this solution. For each n € N, the module R" consists

of the column vectors of size n with entries from R. Under this convention, the R-

module homomorphisms R Iy R are in bijection with the n X m matrices with

entries from R. Moreover, the matrix representing f has columns f(ey),..., f(en)
where e, ..., e, is the standard basis for R".
More generally, given free R-modules V and W with ordered bases vy,...,v,

and wy,...,w, respectively, the R-module homomorphisms V i> W are in bijection

with the n X m matrices with entries from R. Moreover, the jth column of the matrix
ai,j
a,j

representing f with these basesis [ . | where f(v;) =¥ a; jwi.
a,;" Jj
Note that these protocols allow for function composition to be represented by
matrix multiplication in the same order: if f and g are represented by matrices A
and B, respectively, then g f is represented by BA, using the same ordered bases.
Now for the sketch of the solution. By definition, we have

K®(x)= 0—Re Rl —0
Kfy)= 0=RfFSHR1I—0
K®(z)= 0—Rg>R1—0.

The notation indicates that, in each case, the basis vector in degree 0 is 1 and the
basis vectors in degree 1 are e, f, and g, respectively.

We have K®(x,y) = K®(x) @g K®(y), by definition. It follows that K®(x,y), =
Disjmn K®(x); @ K®(y);. Since K®(x); = 0= K®(y); for all i # 0, 1, it follows read-
ily that K®(x,y),, = 0 for all n # 0,1,2. In degree 0, we have

K®(x,3)0 = KR (x)o @k KR ()0 = R1 ©g R1 = R
with basis vector 1 ® 1. Similarly, we have
KR(x,y)1 = (Re@r R1) D (R1 @ Rf) = R?
with ordered basis e® 1, 1 ® f. In degree 2, we have
K®(x,y)» = Re@g Rf =R

with basis vector e ® f. In particular, K% (x,y) has the following shape:

KR(xy)= 05RER IR0

Using the linear algebra protocols described above, we identify an element re ® 1 +
s1® f € KR(x,y); =2 R? with the column vector (). It follows that d, is a 2 x 1
matrix, and d; is a 1 X 2 matrix, which we identify from the images of the corre-
sponding basis vectors. First, for d»:
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d(ef) =K V@)@ f+(~1)le@dX W (f) =x10f—yed 1.

This corresponds to the column vector (), and it follows that d, is represented by
the matrix (_xy). For d, we have two basis vectors to consider, in order:

di(e®1) =X Do) @1+ (~1)ewaX V(1) =x121
— oK*) ) oK 0 g =
di(lef)=d “(Hef+(-)"1@d “(f)=y1®l

It follows that the map d; is represented by the row matrix (x y), so in summary:

()

KRey)= 0—R-L R SR 0.

The condition dyd> = 0 follows from the fact that xy = yx, that is, from the commu-
tativity of R. Sometimes, relations of this form are called “Koszul relations”.
We repeat the process for KX (x,y,z) = KR (x,y) @z K®(z), showing

—y—z 0
,Zy x 0 —z
X 0 x vy

For all n, we have K®(x,y,2)n = @;, j—, KX(x,y)i @ K®(2);. As KR(x,y);i =0 =
K®(z); for all i #£ 0,1,2 and all j # 0, 1, we have K*(x,y,z), = 0 for n # 0,1,2,3.
In degree O,

Kf(x,y,2)= O0—R R B2 R 0.

K®(x,y,2)0 = KX (x,)0 @r KX (2)0 = R(1® 1) @g R1 = R

with basis vector 1 ® 1 ® 1. The other modules and bases are computed similarly.
We summarize in the following table:

i KR(x,y,2); ordered basis

3 R e®f®g

2 R enfelevlrglofeg
1

0

R3 e®1IRL1I®fR]LIQI®g
R! @11

In particular, K% (x,y,z) has the following shape:
R _ 43, p3 b p3 di
K*(x,y,z2)= 0—R—-R =R —R—0.

It follows that d3 is a 3 x 1 matrix, d; is a 3 x 3 matrix, and d; is a 1 x 3 matrix,
which we identify from the images of the corresponding basis vectors. First, for d3:

R(x o R
di(e®fg) =05 “(ew flog+(—1)ew foak @ ()
=xIRfRg—yeR1®g+ze® f®1.
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. z . .
This corresponds to the column vector (ﬂ’), and it follows that d, is represented
X

by the matrix ( —iy) . Next, for dy:

dre®fo1) = View o1+ (-1)ew ool (1)
=xl®f®1l-ye®1®1
h(ew1mg) =0 Ve og+ (- en1mal V(g
=xl®1Rg—z72x01x1
Rx R
b(lefg) :81[( ( ’y)(1®f)®g_|_(_1)\l®f\1®f®all( (Z)(g)
=ylelowg—zlofal.
-y -z 0

It follows that d, is represented by the following matrix dp = ( x 0 z). For d,

Xy
we have three basis vectors to consider, in order:

dlew1@1) =9 ea @1+ ex 12 V1)

=xl®l®l
a(lefel) = aanei+1"erea 1)
=ylel®l
h(1e1g) =0 1a)egt+ (-1 a0’ V()
=zl®1®l

It follows that the map d; is represented by the row matrix (x y z), as desired. O

10.14 (Sketch of Solution to Exercise[d.12) This is essentially a manifestation of
Pascal’s Triangle. We proceed by induction on n, where x = x1, ..., x,. The base case
n = 1 follows from directly from Definition[d.10] Assume now that the result holds
for sequences of length ¢ > 1. We prove the it holds for sequences xi,..., X, X;+1.
By definition, we have

KR(x1,. . x001) = KR (x1,. .. x) @ KR (x41)
Since K®(x,41); = 0 for all i # 0, 1, it follows that
KR(xp, .o )m = KR (x1, . x0) @r KR (x41)
= (KR®(x1,...,%)m ®RKR(Xt+1)0)@(KR()C1,...,xt)mfl @r K®(x:11)1)
(R @x R) PR 1) @k R)
)+ (1)

Hy;ll)

IR

1%

Rl
R(
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which is the desired conclusion. O

10.15 (Sketch of Solution to Exercise[d.13) This follows from the commutativity
of tensor product

K*(x) = K®(x1) @r -+ @R K® (x2) 2 KX (x6(1)) @k - @R K" (X)) = KX (X')
which is the desired conclusion. O

10.16 (Sketch of Solution to Exercise[d.17) Set (—)* = Homg(—,R). We use the
following linear algebra facts freely. First, there is an isomorphism (R")* = R".
Second, given an R-module homomorphism R™ — R" represented by a matrix A,
the dual map (R")* — (R™)* is represented by the transpose A™.

Let x,y,z € R. First, we verify that Homg(K®(x),R) = LK% (x), by the above
linear algebra facts with Exercise The complex K% (x) has the form

KRx)= 0—=R5R—0
concentrated in degrees 0 and 1. Thus, the shifted complex K% (x) is of the form
YKRx)= 0—=R-—SR—0

concentrated in degrees 0 and —1. By Exercise the dual Homg(K%(x),R) is
concentrated in degrees 0 and —1, and has the form

Homg(K®(x),R)= 0—R>R—0.
The following diagram shows that these complexes are isomorphic.

—X

Y KR (x) 0 R R 0
Ni -1 l l 1
Homg (KR (x),R) 0 R—>R 0

Next, we verify the isomorphism Homg(K*(x,y),R) = ¥2K®(x,y). By Exer-
cise[d.11] the complex K*(x,y) is of the form

-y
KR(ry)= 0o R, g2 p g

concentrated in degrees 0, 1,2. Thus, the shifted complex XK (x) is of the form
— '
TKR(y) = 0— R g2 p g

concentrated in degrees 0, —1, —2. By Exercise the dual Homg (K®(x,y),R) has
the form and is concentrated in degrees 0 and —1
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Homg (K% (x,y),R) = 0—R (’—’)>R2 R o,

The following diagram shows that these complexes are isomorphic.

-y
TKR(x,y) 0 R g 0
El 1 l (°9) l i 1
R 2 (=yx)
Homg (K" (x,y),R) 0 R———R R 0
()
Note that we found this isomorphism, as follows. Use the identity in degree 1. Con-

sider the matrix (? g) in degree 1, and solve the linear equations needed to make

the right-most square commute. Then check that the identity in degree 2 makes the
left-most square commute.

Lastly, we verify the isomorphism Homg (KR (x,y,7),R) = Z3K®(x,y,z). By Ex-
ercise the complex K% (x,y,x) is of the form

——
(), (i 95
X ¥ v/, p3 (xy2)
concentrated in degrees 0, 1,2, 3. The shifted complex ¥3KR (x,y,z) is of the form
_ y z 0
() (52s)

concentrated in degrees 0, —1,—2,—3. By Exercise the dual Homg (K% (x),R)
has the form and is concentrated in degrees 0,—1,—2,—3

-y x 0
; -z 0 x
Z 0 —zy

KR(x,y,z2)= 0—R R} R—0

TKR(ry)= 0-R R R R 40

Homg(K®(x),R)= 0—R R i

The following diagram
.0
DG
Y3KR(x,y,z2) 0—R - R} S gy ) R—0
J/ i 0 0-1 l 00-1
= 1 (0 ] 0> (0 1 0) 1
~10 0 -10 0
Homg(K®(x,y,z),R) 0—R R? R? R—0

shows that these complexes are isomorphic. O
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10.17 (Sketch of Solution to Exercise[d.21) Letx =x;,...,x, €R.
By definition of K®(x), the first differential is given by d) (¢;) = x; fori=1,...,n,

represented in matrix form by R” M R. In particular, we have

Kf(x))= 0-RLR—0.
For KR (x1,x2) this says that we only have to compute d5:

dy(e1 Nex) = x1ex — xze

so we have
=R (—;162) 2 (x1x2)
K%(x1,2)= 0—>R—>R —=R—0.
In comparison with Exercise .11} this says that
- -y
Ry = 05R LR R o)

For KR (x,y,2), we specify an ordering on the basis for KR (x,%,2)2
eiNey,e1 Nez,ex/Nes

and we compute:

d2(€1 /\62) = X1€2 — X281
dz(el /\63) =Xx1e3 — X3€]
dz(ez /\6’3) = Xp€3 — X362
d3(€1 Nep /\63) =x1ep Ne3z —xze1 Nez+xzep Nej.

In summary, we have the following:
X3 —X2 —X3 0
< —xp ) X1 0 —X3
X1 0 X1 X2

Again, this compares directly with Exercise .11} O

KR(XI,XZ,)B) = 0—R R3 R3 (x1 %2 x3) R 0.

10.18 (Sketch of Solution to Exercise[d.27) In the following multiplication tables,
given an element x from the left column and an element y from the top row, the
corresponding element in the table is the product xy.

AR 1 e er ejNes

/\R1 le 1 1 el e ejNe
11 e el| e 0 etNey 0
ele 0 el e2 —eiNey O 0

ei1\Nexleit Ney 0 0 0
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/\R3 1 el ) e3
1 1 €l en (%]
el el 0 et N\Nep eiNe3
e e —e1Ney 0 erNe3
e3 e3 —e1Nes —ey Nes 0
eitNey| ejNep 0 0 e1NexNes
egNe3| eiNe3 0 —ey1Nex Ne3 0
exNe3l exNey ejNexNes 0 0
et NeyNezleir Nex Ne3 0 0 0
/\R3 ei1N\ey et N\e3 ey Ney ey NexNe3
1| ejNep el Nes ey Ney ejNexNej
el 0 0 ei1Nex Ne3 0
e 0 —e1Nex Nes 0 0
ezler Nex Ne3 0 0 0
ei1N\ep 0 0 0 0
e1N\e3 0 0 0 0
ey N\es 0 0 0 0
et NexNes 0 0 0 0

10.19 (Sketch of Solution to Exercise[d.29) We proceed by induction on 7.

Base case: t = 2. The result is trivial if 1 is the identity, so assume for the rest of
this paragraph that 1 is not the identity permutation. Because of our assumptions on
1, in this case it has the cycle-notation form t = (j; j»). If j; < j, then by definition
we have

e(j) /\el(jz) =ej, Nej, = —ej Nej, = sgn(l)ej] Nej,.

The same logic applies when j; > j».

Induction step: Assume that # > 3 and that the result holds for elements of the
form e;; A--- Ae;, such that 2 < s < t. We proceed by cases.

Case 1: 1(j1) = ji. In this case, t describes a permutation of { j,, ..., j;} with the
same signum as 1; thus, our induction hypothesis explains the third equality in the
following display

ey New(jp) N Ne) = ey

)/\(e(-)/\-“/\el(»>)
EJ']/\
A

ey N Neyjp)
(sg ( Jej, N+ Nej,)
n(1)ej, (e]2 - Nej,)
gn(t)ej, Nej, A+ Nej,

and the other equalities are by definition and the condition 1(j;) = ji.
Case 2: 1 has the cycle-notation form 1 = (j; j2) and j, = min{ 2, j3,...,Jj: }. In
this case, we are trying to show that

ej, Nej Nejs N Nej, = —ejy Nejy Nejg N+ Nej. (T0.19,1)
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Let o be the permutation of { j3, ..., j:} such that a(j3) < --- < a(j;). Our assump-
tion on j, implies that j, < a(j3) < -+ < a(j).
Case 2a: j; < jo < a(j3) < --- < a(ji). Our induction hypothesis explains the
second equality in the following sequence
epNejNe - Nej =ej Aej Aej A= Nej))
=ej, Aej A (sgn(a)ea(j3) AR ea(jr)))
= sgn(a)ej, Ale)y Alea(y) A Aeaj))
=sgn(a)ej, A(ej; Neg(j) N Neg(j,))
== Sgn(a)eh Nejy Neg(jp) N Neagp)
and the remaining equalities are by definition, where the fourth and fifth ones use
our Case 2a assumption. Similar logic explains the next sequence:
—ejiNej, Nejs N Nejp = —ej Nej, Aej; A+ Nej))
= —eji Nep A(sgn(@eq(js) A+ Aeagp)))
= —sgn(@)ej A(ej, Aea(js) A Neag))
= —sgn(@)ej Nej Neg(j) A+ Nea,).
This explains equation (T0.19[1) in Case 2a.
Case 2b: jo < j1 < 0(j3) < --- < 0(j;). Our induction hypothesis explains the
second equality in the following sequence
ep e e N Nej=ej, Nejy Nej A---Nejp))
=ejp Nejy Asgn(@)eq(js) A Neag)))
=sgn(a)ej, A(ej; Aleq(jy) N+ Neagjy)))
=sgn(a)ej, Nej Neg(j) N+ Neggjp)
and the remaining equalities are by definition, where the fourth one uses our Case 2b
assumption. Similar logic explains the next sequence:
—ejiNejyNejs Ao Nej = —ej Nej, Aejs A---Aej))
—eji ey N (sgn(@)eq(p) A Aeagp))
= —sgn(a)ej, Alej, Aleq(j) N Neggp)))
= —sgn(a)ej, Aej, Aea(jy) A+ Aeay,))
=sgn(a)ej, Nejy Nea(js) A+ Aea()-

This explains equation (T0.19[1)) in Case 2b.
Case 2¢: jo < a(j3) <--- < a(jp) < j1 < &(jps1) < --- < a(jy). Similar logic
as in the previous cases explain the following sequences
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ej, Nejy Nejy N---Nej,
=ej, N(ej N(ej Ao Nejp))
N Neag))
N eag))
= sgn(@)ej, A((=1)"Peq(jy) A+ Aeagj,) Aejy Aeagj,,) A eais)
= (=1)"*sgn(at)ej, Aeg(jy) N Neggj,) Nejy Neg

=ej Nej A (Sgn(a)ea(
=sgn(a)ej, A(ej A (eoe(

jpe1) N Cal)
—ej Nej, Nej, N---Nej,

=—ej, Nej, N(ej; N+~ Nej,))

= —eji N(ej, A (sgn(@)eq(js) N+ Negj)))
N Neag))

= —sgn(a)ej, A(ej, Aeg(jy) A Aeggj)

= —sgn(a)ej; A(ej, A (ea(

= —(—I)IFI sgn(a)eh /\ea(js) /\--~/\ea(jp) Nej, /\ea(ij) /\-~-ea(m

= (=1)"2sgn(@)ej, Aeg(ip) A Aea(j,) Aejy Nea(j ) N eags)

This explains equation (T0.19[T) in Case 2c.
Case 2d: j» < a(j3) < --- < a(j;) < ji. This case is handled as in Case 2c.

Case 3: 1 has the cycle-notation form t = (j; j;) where j, = min{j2, j3,...,Jji }-
In this case, we are trying to prove the following:

e Nejp N Nej_ NejyNej N Nej
=—ej Nej, N---Nej_  Nej. Nej,_ . N---Nej,.
This follows from the next sequence, where the first and third equalities are by our
induction hypothesis
eiNep N Nej_ NejyNej N--Nej,
-2
= (=1 e Nejy Nejy Ao Nej_ Nej iy Ao Nej
=—(=1)"2ej, Aej Nejy \---Nej_, Nej. A Aej,
=—ej Nej, N---Nej_ Nej Nej  N---Nej,
and the second equality is from Case 2.
Case 4: 1 has the cycle-notation form 1 = (j; j,) for some g > 2. Set j, =
min{j27j37 LR ajt}*

Case 4a: ji < j.. In this case, we have ji =min{ja,..., jg—1, /1, jg+1,---»Ji } SO
Case 3 implies that

ejq/\ejQ/\”-/\qufl Nej, /\€jqul N---Nej,

= —ej /\e]‘z/\-“/\ej{rl /\ejq/\ejqﬂ N---Nej,.

which is the desired equality in this case.
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Case 4b: j, < j;. In this case, we have

min{j27j37' .- ajt} = jZ = min{jZa cee 7jq—17j1>jq+17~~ . 7j1‘}
so Case 3 explains the first and third equalities in the next sequence

€jgNep N Nej NejNej N Nej, y Nejy Nej, N Nej
= —ejz/\ejz/\-~~/\e]~2_71 /\ofqu/\ej'Zerl /\-~~/\€]'1171 Nej, /\equ N---Nej,
=ejNejp N---Nej_ Neji Nej N Nej, Nej Nej N+ Nej,

=—ejNep N Nej NejNej N Nej_ NejgNej N Ne,

and Case 1 explains the second equalityE-] This is the desired conclusion here.

Case 5: the general case. Cases 1-4 show that the desired result holds for any
transposition that fixes C := {1,...,n} ~{j1,...,j:}. In general, since 1 fixes C, it
is a product 1 = 7; - - - T, of transpositions that fix C. (For instance, this can be seen
by decomposing 1, considered as an element of S;.) Since the result holds for each
T;, induction on m shows that the desired result holds for 1. The main point is the
following: if the result holds for permutations d and o that fix C, then

eso(j) N Neso(j) = sgn(8)eq(j) A e
=sgn(d)sgn(c)ej, A---Aej,
=sgn(60)ej, A---Nej,

so the result holds for 6. O

10.20 (Sketch of Solution to Exercise[d.30) Eventually, we will argue by induc-
tion on s. To remove technical issues from the induction argument, we deal with
some degenerate cases first. If i, = i, for some p < g, then by definition, we have

(ei1/\"'/\eip/\"'/\eiq/\"'/\eis)/\(ej]/\"'/\ejr)
:O/\(ejl/\m/\ejt)
=0
=eij N Nej, N Nej, N NejgNejy N+ Nej,.

If j, = j, for some p < g, then the same logic applies.

For the rest of the proof, we assume that i, # i, and j, # j, for all p < gq. We
argue by induction on s.

Base case: s = 1. There are two cases to consider. If i = j, for some ¢, then

Definitions {.24] and [4.28]imply that

e /\(Ejl /\"'/\6‘1‘{):0161‘1 Nej Nej N---Nej,.

13 This visual argument assumes that z < ¢. The case g < z is handled similarly, and the case z = ¢
follows from Case 3.
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If i # j, for all g, then Definition [4.28] gives the desired equality directly

ei /\(ej1 /\"'/\Ej,) =ej, Nej,Nej, N---Nej,.

Induction step: assume that s > 2 and that
(Ekl /\ekz/\"'/\ekkl)/\(ej1 /\"'/\Ejt) =eg Negy N---Neg,_ Nej N---Nej,

for all sequences ki, ..., ks—; of distinct elements in {1,...,n}. Let a be the permu-
tation of {ij,...,is} such that a(i;) < --- < a(is), and let B be the permutation of
{J1,.--,Ji:} such that B(j1) <--- < B(j;). Exercise explains the first step in the
next sequence, and the second equality is from Definition .24}

(ei, /\~--/\eis)/\(ejl Nej,)
= (0‘) n(B)(eain) N Neaiy)) Nepiiny A Aepi)
= sgn(a) sgn(B)eq(i,) A(eati) N Neagiy)) Alepiy A Aepi))]
= sgn(a)sgn(B)egi,) A (€ain) N Neaiiy) Nepj) N Aep(j))-

The third equality follows from our induction hypothesis. If i, = j, for some p and
g, then a(i,y) = B(j,) for some p’ and ¢', so the first paragraph of this proof (or the
base case, depending on the situation) implies that

(ei, N---Nei)N(ej, N---Nej,)
= sgn(a) sgn(B)eaiy) A (a(in) N Neagi) Nepj) N Nep(i)
)
=ej N--NejgNejy N---Nej,.

Thus, we assume that i, # j, for all p and g. In particular, the permutations
o and B combine to give a permutation y of {ij,...,i, ji,...,J:} given by the
rules y(ip) = a(i,) and y(j,) = B(j,) for all p and g. Furthermore, one has
sgn(y) = sgn(a)sgn(B). (To see this, write « as a product & = 7 --- T, of trans-

positions on {ij,...,is}, write § as a product § = & --- 7, of transpositions on
{j1,.--,Ji}, and observe that y = 7, --- 7,7, - - - T, is a product of transpositions on
{i1,--+,is,j1,---,Jjr }.) This explains the second equality in the next sequence:

(ei, N---Nei)N(ej, N---Nej,)
= sgn(a)sgn(B)ea(i) A (€ali) N Neagiy) Nepi) N Nep(i))
= sgn(¥)ey(i) A eyiip) A== Aeyiy) Aeyj) N Yep(i)
= sgn(Y)ey(i) Aeyiin) N ANy Ny A Yep(i
=ej N---NejgNejy N---Nej,.

The third equality is by our base case. The fourth equality is by Exercise[#.29] O
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10.21 (Sketch of Solution to Exercise d.31) (a) Multiplication in AR" is distribu-
tive and unital, by definition. We check associativity first on basis elements, using
Exercise 4.30)

[(eiy A== Nei) N(ejy A== Nej ) A (ex, A=+ Nex,)
= (e A Neig Nejy A Nej ) Ale Ao Aer,,)
=ej N---NejgNejy N---Nej, Neg, N---Neg,
=ej N Nej Nej, N Nej, Neg, N+ Ney,)
=ej, N---Nej N[(ej, N---Nej, ) N(ex, A=+ Ney,)].

The general associativity holds by distributivity: if o, ..., 0, B1,---,Bp, Yis---»%
are basis elements in /A R, then we have

[(Tizior) A (X,9iB5) ] A (Erzkt) = Lijazivizel (06 A Bj) A ]
=Y jkaiyizeloa A (Bi AW)]
= (Liziog) A [(Zj)ﬁ'ﬁj) A (ZkaVk)] .

(B) As in part (a), it suffices to consider basis vectors &t = ¢;, A---Ae;, € A°R"
and B =ej, A---Aej, € N'R", and prove that a A B = (—1)* B A a. Note that we
are assuming that i} < --- <igand ji <--- < j;. If i, = j, for some p and ¢, then
Exercise [d.30implies that

aNB=0=(-1)"BAra

as desired. Thus, we assume that i, # j, for all p and g, that is, there are no repeti-
tions in the list iy, ..., 05, j1,-.., J-

We proceed by induction on s.

Base case: s = 1. In this case, the first and third equalities in the next sequence
are from Exercise [.30] using the condition s = 1:

OC/\ﬁ =ej; Nejy \---Nej,
= (_1)tej1 N Nej Nejy
— (—1)"BAa

The second equality is from Exercise [4.29]
Induction step: assume that s > 2 and that

(e Ao Aei) Alejy Ao Aey) = (=D (ej A Nej) Al Ao Aeyy).

The first, third, and fifth equalities in the next sequence are by associativity:
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NP =eiy Nei Ao Neig) Aejy A Aej)]
iy A [(*1)(3_1”(61'1 N Nej) N (e Ao Neiy)]

( ) [el (ejl /\"'/\ejr)]/\(eiz /\"'/\eis)
( 1) ( ) [(ejl/\"'/\ejz)/\eil]/\(eiz/\"'/\eix)
(=1)
(=1)

1) (ej, A-w-Neji) Aleiy Aeiy Ao Neiy)]
HYBAa.

The second equality is by our induction hypothesis, the fourth equality is from our
base case, and the fifth equality is by Exercise[4.30]

Let ¢ € A°R" such that s is odd. If & is a basis vector, then o A oc = 0 by
Exercise [4.30} In general, we have o = Y ;z;v; where the v; are basis vectors in
A’ R", and we compute:

ana=(Lizvi) A(Lizivi)
=3 ;%zZjVi\Vj
=Y jzVi AV + Xizj2ZjVi v
= ZiZ%W""ZKl‘ZiZj(Vi/\Vj+Vj/\Vi)

2
=Yic;zzj(viAvi+ (1) v Av))
=Yicjuzj(ViAvi—viAvj)
=0.

The vanishing v; A v; = 0 follows from the fact that v; is a basis vector, so the fifth
equality follows from part (B). The sixth equality follows from the fact that s is odd,
and the other equalities are routine.

(d) The map R — AR" is a ring homomorphism since our rule for multiplication
AR x N°R" — NPR" is defined as the usual scalar multiplication R x \°R" —
A’ R™. To see that the image is in the center, let r € R = AYR" and let z; € A’ R" for
i=0,...,n. Using part (b)), we have

rA(Lizi) = Li(rAz) = Lz Ar) = (Liz) Ar
so r in the center of AR". O

10.22 (Sketch of Solution to Exercise[d.32) We argue by cases.
Case 1: j, = j, for some p < q. In this case, we have

o W(es neney)=af M) =0

so we need to prove that Y, (—=1)*"1x;e;, A---Aej A+~ Aej, = 0. In this sum,
if s ¢ {p,q}, then we have ej, A---Aej A---Aej, = 0 since the repetition j, = j,
occurs in this element. This explains the first equality in the next sequence:
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(=15 xheh/\ “ANej N+ Nej,
= (=1)""xj e Ao Neg N Aej (1) T x e Ao AE N Ney,
=(= l)p+1x]pe]l N Nej,  Nejy N Nej, (NejuNej N Nej,
+ (=) xg e A Nej,  Nej, Nej, AN Nej, Nej NN,

= (=D g ANy, Nej Ao Mg Nejy ANejy A e,
(=D e ANy, Nej, N Aej Nej, Nej A A,

= (=D)P"xj e Ao Nej,  Nej Ao Nej, Nej, Nej . N e,
+(=1)Pxj,ej Ao Nej,  Nej, N Nej Nej, Nej . N Nej,

=0.

The second equality is just a rewriting of the terms, and the third equality is from

Exercise .29] The fourth and fifth equalities are routine simplification.

Case 2: j, # jy forall p #gq.
Claim. Given a permutation 1 of ji,..., j;, setting

/l\(jlw"ajl) = 2:](71)S+1xl<h) 1(j >/\ /\el( )/\ /\el( )

we have the following where id is the identity permutation.

/l\(jlw"»jl‘):Sgn(l)i/d(jlv"wjt) @1)

To prove this, write 1 as a product 1 = 7 --- T, of adjacent transpositions, that is,
T = (Jp; Jpi+1) for some p; <. We argue by induction on u.

Base case: u = 1. In this case, t = 7; is a transposition 1 = (j, j,+1) for some
p < t. In this case, we are proving the equality 1(ji,...,j;) = —iTi(jl, ooy i) We
write out the terms of 7(j, ..., ji), starting with the case s < p:

(fl)”lxl(j) 1 )/\ /\el( )/\ /\el( )/\el(j,,)/\el('

)N

Jp+2
+1
= (_1)5 xjsejl Nees /\Ejs AN /\ejp—l /\ejp+l /\ejp /\ejp+2 N /\ejt

YA Ne)

_ sty AL AGTA .. . . . . .
- _(_1) x]se]l A /\e]x A /\611)71 /\e]p /\e]erl /\e]p+2 A /\e]t'

This is the sth term of —1?1( J1,--+,Jjr) in this case. Similar reasoning yields the same
conclusion when s > p + 1. In the case s = p, the pth term of 1(ji,..., j,) is

(=P ey A Ae, ) MGy A, N

Jp+2

Jp+1) )N N

— +1 s~

= (=D xj, e AeeNej,  Aej L Nej, Nej,, N N,
— e, , AT Nes ,
= (=17 Xjppr€i N Nej,  Nej, Nej, Nej,p Ne--Iej

= —(—1)P2y. A Ae; e : o Ae;
- ( 1) x]p+lell/\ /\er—l/\er/\erJrl/\erJrZ/\ /\eJt'
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This is exactly the p + 1st term of —id(jy, ..., j,). Similar reasoning shows that the
p+1stterm of 1(ji,..., j;) is exactly the pth term of —id(jy, ..., j;). It follows that

equation (T0-22[T) holds in the base case.

Induction step: Assume that u > 2 and that the result holds for the permutation
1 := 1,---7,. Note that this implies that 1 = 71/, so we have sgn(1) = —sgn(1’).
This explains the first and last equalities in the next sequence:

T(jh"'mjl) = T]l/(jla“-)jl)

’?10/(]'1)’ RS l/(jf))
_id(l/(j1)7 [ERS) l/(jt))
=—V(j1,--Jr)
= —sgn()id(ju- -, jr)
= Sgn(l)i/a(jlvn . 7jl)'

The second and fourth equalities follow easily from the definition of *. The third
equality is from our base case, and the fifth equality is from our induction hypothe-
sis. This concludes the proof of the claim.

Now we complete the proof of the exercise. Let 1 be a permutation of jy,..., j
such that 1(j;) < --- < 1(j;). Exercise explains the first equality in the next
sequence, and the second, third, and fifth equalities are by definition:

=R < R X
SRE) 00X P ey A Ae)

i

(ejy A= Aej) = sgn

:]d(jh 7j1‘)
=X (=1 e A A A N

The fourth equality is by the claim we proved above. 0O

10.23 (Sketch of Solution to Exercise[d.33) It suffices to verify the formula for ba-
sis vectors o = e, A---Aej € N'R"and B =e; A---Nej,, € N'R".

AN @nB) =l M e e Aes)
=Y (=) e A AEL A Ny,
=Y (=D ei Ao AEg A Nej Nej A Aej,
AL (D) e A e Nej A NEL A Nej
=Y (=D ej A AEg A Nej Nej A Aej,

X (D) g ey A Aej Nej,, AN ANej L N Aej

u=1
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The first and second equalities are by definition, and the third equality is obtained
by splitting the sum. The fourth equality is by reindexing. Thus, the first equality in
the next sequence is by distributivity.

oK) (o n )

= [T (=D xmen/\"'/\eﬁ/\“'/\eﬂ/\(e/HlA'“Mjw)

( 1)s(ejl AN Ly (S 1) i e A NG A Nej
(e eNej ) N(ej . N Aejy,)

(1ﬂ% o nep) A0 e, A ne,)

xR
W) nB+ (-1and O p).
The second equality is by Exercise [4.32] and the last equality is by definition. O

10.24 (Sketch of Solution to Exercise[S.4) The fact that multiplication in A is dis-
tributive implies that the map u4: A ®r A — A given by u(a®b) = ab is well-
defined and R-linear. To see that it is a chain map, we compute:

I (W 101 (42 D)) = Oy (D)
=} (@)b+ (—1)adg (b)
= #@mbm (8(2,| (@®@b+(-1)a® 3@\ (b))
= b1 (%fiﬁ?\ (@a®b)).

Since the multiplication on A maps Ag X Ag — Ag+o = Ag, we conclude that A is
closed under multiplication. Also, the fact that Ag is an R-module implies that it is
closed under addition and subtraction. Thus, the fact that Ay is a commutative ring
can be shown by restricting the axioms of A to Ag. To show that A is an R-algebra,
we define amap R — Ag by r+—> rl4. Since Ay is a ring and an R-module, it is routine
to show that this is a ring homomorphism, so A is an R-algebra. O

10.25 (Sketch of Solution to Exercise[5.6) (g) It is straightforward to show that the
map R — A given by r +— r- 14 respects multiplication. The fact that it is a morphism
of DG R-algebras follows from the commutativity of the next diagram

R= 0 0 R 0
A= Ay Aq Ay 0

which is easily checked.
(B) Argue as in part (a).
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With Exercise[3.10jand Lemma[4.18] the essential point is the commutativity
of the following diagram

K = R() (1 - xn)

T T

R/(x) = 0 R/(x) ———

which is easily checked. O

10.26 (Sketch of Solution to Exercise[5.7) (&) The condition A_; = 0 implies that
Hp(A) = Ag/Im(9{!), which is a homomorphic image of Ag. To show that Ho(A) is
an Ag-algebra, it suffices to show that Im(94') is an ideal of A. To this end, the fact
that 97 is R-linear implies that Im(d{) is non-empty and closed under subtraction.
To show that it is closed under multiplication by elements of Ag, let ap € Ag and
d(a;) € Im(d{"), and use the Leibniz Rule

0 (apar) = 94 (ao)ar + (—1)°agdf (a1) = agdf (ar)

to see that agd! (a1) € Im(d?).

(B) To see that A; is an Ag-module, first observe that multiplication in A maps
Ap X A;j to A;. Thus, A; is closed under scalar multiplication by Ag. Since A; is an R-
module, it is non-empty and closed under addition and subtraction. The remaining
Ap-module axioms follow from the DG algebra axioms on A.

To show that H;(A) is an Ho(A)-module, the essential point is to show that the
scalar multiplication ay a; := apa; is well-defined. (Then the axioms follow directly
from the fact that A; is an Ag-module.) The well-definedness boils down to showing
that the products Im(d;') Ker(d#*) and Ker(d¢') Im(;} ;) are contained in Im(d}} ).
For the first of these, let ;' (a;) € Im(d{) and z; € Ker(d;}):

I (@iz) = o (a)zi+ (1) a1 91 (z1) = 9f (a1)z:.
=0

It follows that df(aj)z; = 9{{,(a1z;)) € Im(d4,), as desired. The containment
Ker(d§)Im(d |) € Im(d},) is verified similarly. O

10.27 (Sketch of Solution to Exercise[5.10) Assume that A is a DG R-algebra such
that each A; is finitely generated. Since R is noetherian, each A; is noetherian over
R. Hence, each submodule Ker(&f‘) C A; is finitely generated over R, so each quo-
tient H;(A) = Ker(9;')/Im(d}},) is finitely generated over R. In particular, Hy(A)
is finitely generated over R, so it is noetherian by the Hilbert Basis Theorem. Since
H;(A) is finitely generated over R and it is a module over the R-algebra Ho(A), it is
straightforward to show that H;(A) is finitely generated over Hy(A). O

10.28 (Sketch of Solution to Exercise[5.12) (a) By definition, every DG R-module
is, in particular, an R-complex. Conversely, let X be an R-complex. We verify the
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DG R-module axioms. The associative, distributive, and unital axioms are automatic
since X is an R-complex.

For the graded axiom, let r € R; and x € X;. If i # 0, then r € R; = 0 implies that
rx=0€ Xy ;. If i =0, then r € R; = R implies that rx € X; = Xp, ;.

For the Leibniz Rule, let r € R; and x € X;. If i # 0, then r € R; = 0 implies

8ﬁj(rx) = 85%(0) =0= al-)ij(O)x—i- (—l)ioaﬁj(x) =X (r)x+ (—l)irajx(x)
as desired. If i = 0, then r € R; = R, so the R-linearity of 8;‘ = 851 y implies that

O j(rx) = rdg (x) = 0x+ (= 1)} (x) = 9 (r)x+ (= 1)'rd} (x)

1

as desired.

(B) Directly compare the axioms in Definitions [5.1]and
Let f: A — B a morphism of DG R-algebras, and let Y be a DG B-module.

Define the DG A-module structure on Y by the formula a;y; := fi(a;)y;.
We verify associativity:

(aiaj)yk = fivj(aia)yk = [filai) fi(a)]ye = fi(ai) [ fi(a;)ye] = ai(ajyr)-

Distributivity, gradedness, and the Leibniz Rule follow similarly, as does unitality
(using the condition fy(14) = 1g). O

10.29 (Sketch of Solution to Exercise[5.13) Fix an R-complex X and a DG R-
algebra A. First, we show that the scalar multiplication a(b® x) := (ab) ® x is well-
defined. Let a; € A; be a fixed element. Since the map A; — A;; given by a; — a;a;
is well-defined and R-linear, so is the induced map A; ®g Xx — A4 j Qg X which is
given on generators by the formula a; ® x; — (a;a;) ® x;. Assembling these maps
together for all j, k provides a well-defined R-linear map

A®rX)n= P Aj@rXi — P AirjOrXi = (ARRX)itn
Jjt+k=n Jjt+k=n

given on generators by the formula a; ® x; — (aja;) ® x¢. In other words, the given
multiplication is well-defined and satisfies the graded axiom. Verification of asso-
ciativity and distributivity is routine. We verify the Leibniz Rule on generators:

ARpX
0r K laila; @)

= I (@) ©x)
=94 j(@iaj) @x+ (1) (aia)) @ I (xi)

= [0 (a)aj] @ x4+ (—1)'[@id} (a))] @ X+ (1) (aia)) @ O] (x)
=9 (a1)(aj @xx) + (—1)@i[97 (a)) @0+ (1) a; @ F ()]

= 0 (ar)(aj @ %)+ (— 1) 0 ¥ (a; @ xy). 0
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10.30 (Sketch of Solution to Exercise[S.14) Since scalar multiplication of A on M
is well-defined, so is the scalar multiplication of A on X'M. To prove that >'M is a
DG A-module, we check the axioms, in order, beginning with associativity:

s« (bxm) = (=D 1a((=1)"lpm) = (—=1)1a+1PD g (pm)
= (=)l (abym = (ab) xm.

Distributivity is verified similarly. For the unital axiom, recall that |14] = 0, so we
have 14 xm = (—1)"014m = m.

The graded axiom requires a bit of bookkeeping. Leta € A, and m € (Z'M )g =
M,_;. Then we have axm = (—1)Pam € My, ; = (£'M) . as desired.

For the Leibniz Rule, we leta € A, and m € (XM )qg = My_;, and we compute:

IEM (@xm) = (—1)'aM , ((~1)"am)
= (=P (38 (@)m+ (—1)Pad! (m)]
= (=P (3R (@)m+ (—1)PadF ™ (m)]
= (=13} (@)m+ (—1)7 T PadF ™M (m)
= 9% (a) xm+ (—1)Pax XM (m) O

10.31 (Sketch of Solution to Exercise[5.15) As for Exercise[5.4} cf.[10.24 O

10.32 (Sketch of Solution to Exercise[5.22) Fix a DG R-algebra A and a chain
map of R-complexes g: X — Y.

(&) To prove that the chain map A ®gg: AQgrX — A®gY is a morphism of DG
A-modules, we check the desired formula on generators:

(A®Rg)i+jrk(ai(a;j@xk)) = (ARR&)itj+k((@ia;) @ xi))
= (aia;) @ g (xk)
=aj(a; ® gk (xk))
= a;(A®Rg) j+k(a; @ xk).

(B) Let & be a field, and consider the power series ring R = k[[X]]. The residue
field k is an R-algebra, hence it is a DG R-algebra. The Koszul complex K = K®(X)
is a free resolution of k over R, so the natural map K — k is a quasiisomorphism. On
the other hand, the induced map k ®g K — k ®g k is not a quasiisomorphism since
H](k@RK) Xk£0= H,’(k@Rk).

Fix a morphism f: A — B of DG R-algebras. This explains the first equality
in the next display

flab) = f(a)f(b) = af(b).

The second equality is from the definition of the DG A-module structure on B. O

10.33 (Sketch of Solution to Exercise[5.27) We use the following items.
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Definition 10.34 Let X be an R-complex. An R-subcomplex of X is an R-complex
Y such that each ¥; is a submodule of X; and for all y € ¥; we have 9} (y) = 9% (y).
A DG submodule of the DG A-module M is an R-subcomplex N such that the scalar
multiplication of A on N uses the same rule as the scalar multiplication on M.

Lemma 10.35 Let X be an R-complex, and let Y be an R-subcomplex of X.

(a) The quotient complex X /Y with differential induced by 9% is an R-complex.

(b) The natural sequence 0 — Y H5x L x /Y — 0 of chain maps is exact.
(c) The natural map X — X /Y is a quasiisomorphism if and only if Y is exact.

Proof. (a) To show that the differential dX/¥ given as 8ix /" (x) == 9 (x) is well-
defined, it suffices to show that 81-X (Y;) C Y,_;. But this condition is automatic by
definition: for all y € ¥; we have 9 (y) = 9} (y) € Y;_. The remaining R-complex
axioms are straightforward consequences of the axioms for X.

(B 1t suffices to show that the following diagram commutes

& 7

0 Y; Xi XY —0
aYJ/ a.xl a.’f/yl
&i-1 T
0 Yi Xi1 Xi /Y1 —=0

where g; is the inclusion and 7; is the natural surjection. The commutativity of this
diagram is routine, using the assumption on @* and the definition of 9/ .
Use the long exact sequence coming from part (B). O

Lemma 10.36 Let N be a DG submodule of the DG A-module M.

(a) The quotient complex M /N with scalar multiplication induced by the scalar
multiplication on M is a DG A-module.

(b) The natural maps N HEmML M /N are morphisms of DG A-modules.

Proof. (a) Lemma[10.35|fa) implies that M /N is an R-complex. Next, we show that
the scalar multiplication am := am is well-defined. For this, it suffices to show that
an € N for all a € A and all n € N. But this condition is automatic by definition,
since N is closed under scalar multiplication. Now that the scalar multiplication on
M/N is well-defined, the DG A-module axioms on M/N follow readily from the
axioms on M.

(@ As N is a DG submodule of M, the inclusion € respects scalar multiplication;
and 7 respects scalar multiplication as follows: n(am) = am = am = an(m). O
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Now, we continue with the proof of the exercise. Consider the complex

M, M,
N=- "% My 5 Im(9 ) — 0.

() Using Lemmas[10.35]and[10.36] it suffices to show that N is a DG submodule
of M. By inspection, the differential on N maps N; — N;_ for all i. Since the differ-
ential and scalar multiplication on N are induced from those on M, it suffices to show
that N is closed under scalar multiplication. (The other axioms are inherited from
M.) For this, leta € A and x € N;. If p <0, then a =0 and we have ax =0 € Ny 4.
Similar reasoning applies if ¢ < n. Assume now that p >0andg>n. If p > 1 or
g > n, then ax € M, ; = Nj, 14, by definition. So, we are reduced to the case where
p=0and g = n. In this case, there is an element m € M, such that x = 9, (m).
Thus, the Leibniz Rule on M implies that

ax = 0+ax = 9§ (a)m+adl (m) = M, (am) € Im(dM ) = N,

as desired.

(b) Using Lemmas|[10.35]and [I0.3] it suffices to show that N is exact if and only
if n > sup M. For this, note that

H;(M) fori>n
0 fori < n.

H;(N) = {
It follows that the complex N is exact if and only if H;(M) = O for all i > n, that is,
ifand only if n > sup(M). O

10.37 (Sketch of Solution to Exercise[6.4) Note that I = (x,xy,y?) has grade two
as an ideal of R since x?,y? is an R-regular sequence. Also, I = I,(A), where

x0
A= |yx
Oy

Thus, [ is perfect by Theorem[6.3] O

10.38 (Sketch of Solution to Exercise[6.6) LetA = (a; ;), whichis (n+1) x n. Let
F denote the R-complex in question, and denote the differential of F by . First, we
check the easy products. The fact that F3 = 0 explains the next sequence.

A (fi) fe+ (=12 fi02(fi) = 0= Aa(fifi)
Next, we argue by definition and cancellation.
di(e;)e;+ (—1)161'(91 (ei) = (—l)ifladet(A,‘)ei — ei[(—l)ifladet(Ai)] =0=0(ee;)

The remaining products require some work.
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Let 1 <i< j<n+1, and consider the n X n matrices A; and A;. Expanding
det(A ;) along the ith row, we have

(ngE

det(A;) = ¥ (= 1) a; . det(Af ). (T0.38]1)

k

1

This uses the equality (A; ) A Wthh is a consequence of the assumption i < j.
On the other hand, we have (4; ) = = Ak ; since the (j— 1)st row of A; is equal to
the jth row of A; so when we expand det( ;) along its (j — 1)st row, we have

D=
D=

det(A;) = (—1)j71+kaj,kdet((Ai)]]{‘—1) =

1 k

(—1)/ " a;  det(Af ;). (103812)

k 1

Next, for £ # i, j we let A(¢) denote the matrix obtained by replacing the ith row of
A with the £th row. It follows that we have (A(¢);)¥ = A(¢) ii= = Ak, i j- Notice that the

matrix A(¢); has two equal rows, so we have det(A(¢) ;) = 0. Expanding det(A(¥) ;)
along the ith row, we obtain the next equalities:

0=Y (—1)**a, det((A(£),)¥) =

1 k

(ngE
(ngE

(—1)**ay, det(Af)). (10.38]3)

k 1

Now we verify the Leibniz rule for the product e;e;, still assuming 1 <i < j<n+1.

(agE

o (eiej) =a (—1)i+j+kdet(Aﬁj)82(fk)

k

I
-

L n+1
(— l)’+/+kdet(Aﬁj) Z ag xey
(=1

M:

a

3 =
+
LN

’+j+ka“ det(Aﬁli) e

Il

N}
1
M=

\
I

n n
=da |J; l+j+ka1kdet Z H_j+kaj=k det(AfJ) Ej
+“g§’ Z D" ay cdet(A7)) | e
i,j k=1
. L .
= (=1)Ja | Y (=1)"*a;det(A} ;) | e
k=1

N

€j

l+1 lz ] Hkaﬁkdet(Aﬁj)

-l—aZl 7

(#i,]

l+]+kag,k det(Afij) ey

I M:
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The above equalities are by definition and simplification. In the next sequence, the
second equality follows from (T0.38[1)—(T0.38[3)), and the others are by definition
and simplification.

n

(eiej) Z lﬂJrkdet Ak )aZ(fk)
k=1

= (—1)/adet(A;)e; + (—1)"adet(A)) (=1 aZOe;
C£Q, ]
= —di(ej)ei+i(ej)e;+0
¢ilg

=i (e)ej +(—1)ejdi (e))

Next, we show how the Leibniz rule for e je; follows from that of e;e;:

da(ejei) = da(—eiej) = —da(eie;) = —[di(ei)e; — eidi (e;)]
=e¢;di(ej) —di(ei)ej = di(ej)e; —e;oi(e;).

Next, we verify the Leibniz rule for products of the form e; f; for any 7 and j. To
begin, note that we have

Al ifk<i
(A)] = l l
AJ,C+1 ifk>i

and the k, j-entry of A; is

4 = [ ifk<i
ST gy itk

Using this, we expand det(A;) along the jth column:

det(a = Y (-1 den( (4

i—1

=Y (—1)/"det(a]) ak,+2 1)/ det(A], | )arr1,j
k=1
i—1 n+l

=Y (- )’*kdet(A,’” )ag j+ Z 1)/+k= ldet(Al’k)akj
k=1 k=i+1
i—1 ) . n+1 ) .

=Y (1) det(A] Jaj— Y, (—1)/"det(A] Jar ;. ([0.384)
k=1 k=it1

Similarly, for any ¢ # j, let A[¢] denote the matrix obtained by replacing the ¢th
column of A with its jth column. Thus, we have det(A[¢];) = 0. Expanding det(A[¢];)
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along the /th column as above implies that

i1 n+l
Y (—D) ™ det(A Jag; — ), (—1)"det(A]ar,; = 0. (10.385)
k=1 k=it+1

By definition, we have e; f; = 0. Thus, the Leibniz rule in this case follows from the
next computation where the final equality is a consequence of (10.38[4)—(T0.38[3):

n+1
di(ei)fj—eida(fy) = (=1)"adet(A) f; —e; Z . jek
n+1
= (—=1)"adet(A; Z ai, jeiex
) — n+1
= (—1)"adet(A) f; + Z ay, jexei — Z ar. jeiek
= k=i+1
:( )l+1adet f]+Zak]aZ k+l+édetA )f
n+1
o Z akjaz l+k+ldetA£ )f
=i+1 (=

n

= (71)i+ladet( )f] + a Z Z ak k+e det(Ail)

n+1

Y aw(—1) " det(Af,) | fo

k=i+1
=0.
The final case now follows from the previous one:
9 (fj)ei+ fioi(ei) = —eidx(fj) + di(ei) fj = di(ei) fj — eida(f) = 0.
This completes the proof. 0O

10.39 (Sketch of Solution to Exercise[6.7) The deleted minimal R-free resolution
of R/(x*,xy,y?) is the following:

xO}
y X
0 — Rfi ®Rf> —5 Re; @ Rey @ Res 2o =2l g1 0.

According to Theorem [6.3] the above complex has a DG R-algebra structure with
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ejer = —exe) = yfi
eje3 = —eze1 = —xfi+yf2
ere3 = —e3er = —xf>

ande? =0forall 1<i<3. O

10.40 (Sketch of Solution to Exercise[6.15) First, note that since A is a 3 x 3 ma-
trix, Pf(A ”k) =1 for all choices of i, j,k. Following the conditions specified by

Theorem one has the relations el2 =0forall 1 <i<3and

eley=—eze1=fi—fo+f3

elez=—eze1=—fi—fr—fz

ees=—eser=fi—fHr+f3
and eifj :fje,- = 0;;8 forall 1 < i,j <3. O

10.41 (Sketch of Solution to Exercise[7.3)
(a) To start, we let f = {f;} € Homy(M,N), and prove that 8,;1 omg(M:N) (f) is

in Homy (M,N)4_1, that is, that 8HomR (W,N) (f) is A-linear. For this, let a € A, and
m € My, and compute:

3y N (£),  (am) = Ip'sraq(fpi(am) = (1) fpi1-1 (9L, (am))

(
= (- )”‘IQII,VJqu(aﬁ(m))

— (D) fprrm1 (92 (@)m+ (~1)7adM (m))
= (—1)" (94(a) fy(m) + (—1)Pad} ,(fi(m)))

(D) fprpmt (92 (@)m) — (—1)7P fyr 1 (a0 (m))

= (—1)PM94(a) fy(m) + (~1)?*Padl ,(f(m))
— (=) r=D9gA @) f, (m) — (1) Paf,_y (M (m))
(- 1>M+PaaN< film)) = ()T PPaa g,y (9M (m))
(=P (B, (fi(m)) — (— )7 fi—1 (9 (m)))
(— 1)l g ome ) )

pi(m)
Th Homg(M,N)

e first and last equalities are from the definition of d, (f). The second
equality is from the A-linearity of f and the Leibniz Rule on M. The third equality
is from the Leibniz Rule on N and the A-linearity of f. The fourth equality is from
the A-linearity of f. The fifth equality is by cancellation since ¢+ (p — 1)g = pq.
And the sixth equality is distributivity.

This shows that 91 (MN) is well-defined. Since Homg (M, N) is an R-complex,
it follows readily that Homy (M, N) is also an R-complex.

With the same a and f as above, we next show that the sequence af := {(af);}
defined by the formula (af);(m) := a(f;(m)) is in Homy (M,N) ,14. First, this rule
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maps M; — N;ip4q since m € M, implies that f;(m) € N,y4, which implies that
a(fi(m)) € Nyyq+p. Next, we show that af € Homg(M,N) 44
(af):i(rm) = a(fi(rm)) = a(rfi(m)) = (ar) f,(m)
= (ra) fi(m) = r(afi(m)) = r(af):(m).

Next, we show that af is A-linear. For this, let b € A;:

(@f)s4:(bm) = a(fsr:(bm)) = (=1)%a(bfs1:(m))
= (=D Pb(afss(m)) = (= 1) b((af )ssr(m)).
The first and fourth equalities are by definition of af. The second equality follows
because f is A-linear. The third equality is from the graded commutativity and as-
sociativity of A. Since |b| = s and |af| = g+ p, this shows that af is A-linear.
Next, we verify the DG A-module axioms for Homy (M, N). The graded axiom

has already been verified. For associativity, continue with the notation from above.
We need to show that a(bf) = (ab)f, so we compute:

(@(bf))i(m) = a((bf)i(m)) = a(b(fi(m))) = (ab) fi(m) = ((ab)f):(m).

The third equality is by associativity, and the other equalities are by definition. Dis-
tributivity and unitality are verified similarly. Thus, it remains to verify the Leibniz
Rule. For this, we need to show that

Apeq "M af) = 0 (@) f+ (~1)ady ™ N (f).

ptq

For this, we evaluate at m:
aHomA (M,N) (af)t (m)

rtq
= 0p1q((af)e(m) = (=1)"*(af)e-1 (9} (m))
= 0N prgla(fi(m)) = (=1)" a(fi-1(9/" (m)))

=5 (@)fi(m)+ (= 1)Padl ,(i(m))) = (=1)"a(f;—1 (3} (m)))
= M @) fy(m) + (—1)PaloN ,(f:(m))) = (=) (fi-1 (9 (m)))]
:%m<m+<n[mmMN»wm

= (@2 (@) )i (m) + (= 1)? (@dy ™M™ (1)), (m))]

(
= (@) +(=1)7ad ™M (p)) (m)

The third equality is by the Leibniz Rule on N. The fourth step is by distributivity.
The remaining equalities are by definition.

(B)Letac A p- From the graded axiom for M, we know that the operation m — am
maps M; — Mp,,. The fact that this is R-linear follows from associativity:
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a(rm) = (ar)m = (ra)m = r(am).
To show that it is A-linear, let b € A, and compute:

wy's (bm) = a(bm) = (= 1)P*b(am) = (=1)"*b," (m).

Argue as in the proof of Exercise[3.4]in[10.2] O

10.42 (Sketch of Solution to Exercise[7.7) We prove that Homyu (N, f) is a mor-
phism of DG A-modules; the argument for Homy (f,N) is similar. To this end,
first note that since f is a chain map of R-complexes, Exercise [3.14| shows that
the induced map Homg(N, f): Homg(N,L) — Homg(N,M) is a chain map of R-
complexes. Also, note that Homg (N, f) and Homy (N, f) are given by the same
composition-with-f rule.

We need to show that Homy (f,N) is well-defined. For this, let g = {g;} €
Homy (N, L),. We need to show that Homy (f,N)(g) € Homy (N, M),, that is, that
Homy (f,N)(g) is A-linear. For this, let a € A, and n € N;. We need to show that
Homy (f,N)(g) p++(an) = aHomu (f,N)(g):(n). We compute:

Homy (f,N)(g)p+t(an) = fpiq+:1(8p+:(an))

(=) fpiq+1(ag:(n))
(=D™alfy1:(g:(n))]
(=1)Pa[Homy (f,N)(g):(n)]
(=1)P[aHoma (f,N)(g)l:(n).

The second equality is by the A-linearity of g. The third equality is by the A-linearity
of f. The remaining steps are by definition. since |Homy (f,N)(g)| = |g| = ¢ and
|a| = p, this is the desired equality.

Next, we need to show that Homy (N, f) respects multiplication on A. For this,
we use the same letters as in the previous paragraph. We need to show that

Homy (N, f)(ag) = a[Homu(N, f)(g)]

SO we compute:

Homa (N, f)(ag):(n) = fitpiq
= ft+p+q
=a(fi1q(8:(n)))
= a(Homy (N, f)(g):(n))
= a[Homu (N, f)(g)]:(n).

(ag):(n))

((ag):
(a(gi(n)))

The third equality is by the A-linearity of f, and the others are by definition. O

10.43 (Sketch of Solution to Exercise[7.9) We begin by showing that M ®4 N is
an R-complex, using Lemma [T10.35|{a). Thus, we need to show that U is a subcom-
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plex of M ®g N. For this, it suffices to show that the differential OM®rN maps each
generator of U into U. To this end, leta € A,, m € M, and n € Ny, and compute:

N (am) @ n— (=1)P'm @ (an))

= a‘ﬁq(am) @n+(=1)P"(am) @ " (n)

— (=1)"9Y (m) ® (an) — (—1)P""m® JY, (an)
= [aﬁ(a)m} ®n+ (fl)p[a%"’(m)] ®n

+(=1)P*(am) © 9, (n) — (=1)P19," (m) © (an)

— (=1 m@ (9 (a)n] = (= 1)P P me [ad (n)]
= [0 (@)m] @n— (1" m I (a)n]

+(=1)ady! (m)] @n— (=1)"0y! (m) ® (an)

+ (= 1) am) © 9 (n) — (~ 1) m o [adl (n)]
= [92(a)ym] @n— (—1)P"Vim® [0} (a)n]

+ (=17 [[ad) (m)] @n— (1)1 3} (m) & (an)|

+ (=1 [(am) © 9, (n) — (=1)"m® [ady" (n)]] .

Since each of these terms is a multiple of a generator of U, we conclude that

aﬁ%ﬁﬁ((am) ®@n—(—1)?"m® (an)) € U, as desired.

As in the solution to Exercise [5.13] contained in [T0.29] the R-complex M ®g N
has a well-defined DG A-module structure defined on generators by the formula
b(m®@n) := (bm) ®n. To show that the same formula is well-defined on M ®4 N,

we need to show that multiplication by b € A, maps each generator of U into U:
b((am) @ n—(=1)"m® (an)) = (b(am)) @ n— (=1)"(bm) @ (an)
(=1)"(a(bm)) ®n—(=1)"(bm) @ (an)
G [(a(bm)) @n— (=17 (bm) @ (an) | .

Since |bm| = g +1 and |a| = p, this is in U, as desired.

Now that we know that the differential and the scalar multiplication of A on
M ®4 N are well-defined, the other DG A-module axioms are inherited from M Qg N.
Finally, the formula (am) ® n = (=1)l¥"m @ (an) in M @4 N follows from the
condition (am) @ n— (—1)l"m e (an) cU. O

10.44 (Sketch of Solution to Exercise[7.10) Let /: A — B be a morphism of DG
R-algebras. The DG R-algebra B is a DG A-module via the scalar multiplication
aib := fi(a;)b, by Exercise[5.12|[c). So, we know from Exercise[7.9]that B®, M has
a well-defined DG A-module structure. It remains to show that it has a well-defined
DG A-module structure by the action b(b' @ m) := (bb') ® m. Notice that, once this
is shown, the compatibility with the DG A-module structure is automatic:
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ai(b@m) = (aib) @m = (fi(a;)b) ©m = fi(ai)(b&m).

Let U be the R-submodule of B ®g M generated by all elements of the following
form: (ab) @ m— (—1)1Plb @ (am).

We show that the DG B-module structure on B ®4 M is well-defined. For this,
note that B®@gr M has a well-defined DG B-module structure via the composition R —
A — B, by Exercise @ Thus, it suffices to let ¢ € B, and show that multiplication
by ¢ maps generators of U into U:
c((ab) @ m— (= 1) lp @ (am))

= (c(ab)) @m— (~1)l(cb) © (am)
e ey am)

= (-1 )Mla\ [( (cb))@&m—(— 1)‘“‘(|b‘+|c‘)(cb)®(am)}
= (= 1)l {(a(cb)) @m — (~1)/ 1) (cb) @ (am) | € U.
For the DG B-module axioms, the only one with any substance is the Leibniz Rule:

oMM (c(bom))

le|+[b]+(m]|
BoaM
=0 c\+A|b|+\m| ((Cb) ® m)

= a‘ 8 pl(cb) @m+ (=)l Pl(cb) @ Ol m)

(@) @m+ (=)o (b)) @m+ (—1) Tl (cb) @ 3 m)
—3\ (©)b@m)+(=1)le | (F (b)) ©m-+ (=) () @ Ijm)|
(

= () (b@m)+(~1)lcd AT (bam).

The third equality follows from the Leibniz Rule for B, and the fourth equality is by
distributivity. The remaining equalities are by definition. O

10.45 (Sketch of Solution to Exercise[7.11)

Hom cancellation. For each f = { f,} € Homy(A,L); we have fy: Ag — L;, hence
fo(1a) € L;. Define o;: Homy (A, L); — L; by the formula o (f) := fo(14). We show
that oc: Homy(A,L) — L is a morphism of DG A-modules and that it is bijective,
by Remark [5.21] To show that it is a chain map over R, we compute:

o197 (1)) = o1 ({8 iy — (1) fp-19X D)
=9 (fo(1a)) — (1) f-198 (1a)
=9 (fo(1a))
= I (0u(f))-

To show that ¢ is A-linear, let a € A; and compute:
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iy j(af) = (af)o(1a) = afo(1a) = avu(f).

To see that ¢ is injective, suppose that 0 = ;(f) = fo(14). It follows that for all
a€Aj we have

fila) = fi(alx) = afo(14) =a-0=0.
We conclude that « is injective. To show that « is surjective, let x € L;. As in the

proof of Exercise[7.3|[b) in [T0.41] the map v*: A — L given by a — ax is a homo-
morphism of degree i. Moreover, we have

Oli(Vx) = V())C(IA) =lsgx=x

SO « is surjective, as desired.
Notice that the special case L = A explains the isomorphism Homy (4,A) = A.
Tensor cancellation. Define n7: A®g L — L by the formula n;y j(a; @ x;) := a;x;.
This is a well-defined chain map by Exercise [5.15] Let U be the R-submodule of
A ®g L generated by the elements of the form (a;b;) ® x; — (—1)"b; ® (a;xi). For
each such generator, we have

i jak((aiby) @ xe— (=1)7b; @ (aixi)) = (aibj)xe — (—1)7bj(aixe) =0

since bja; = (—1)"a;b;. It follows that 1] induces a well-defined map v: AQs L — L
given by Vi j(a; ® x;) 1= a;x;. Since 1 is a chain map, it follows readily that v is
also a chain map. Moreover, it is A-linear because

Vi jrk(@i(bj @ xi)) = Vit jri((aibj) @ xi) = (aibj)xe = ai(bjxe) = aiVji(bj @ xi).

To show that v is an isomorphism, we construct a two-sided inverse. Let f: L —
A®4 L be given by B;(x;) = 1 ® x;. As in previous exercises, this is a well-defined
morphism of DG A-modules. To see that it is a two-sided inverse for v, we compute:

Bivj(Viyjlai®x))) = 1® (aixj) = a; D x;.

This shows that BV is the identity on A ®4 L. The fact that vf3 is the identity on L is
even easier.

Again, the special case L = A explains the isomorphism A ®4 A = A.

Tensor commutativity. By Exercise H the map L Qg M Xm ®g L given by
x;®yj+ (—1)7y; ®x; is a well-defined isomorphism of R-complexes. Let V be the
submodule of L @z M generated over R by the elements of the form (a;x;) ® y; —
(—1)Yx; @ (aiyk). Let W be the R-submodule of M @g L generated by the elements
of the form (a;y;) @ xx — (—1)Vy; ® (aix).

For each element (a;x;) @ yx — (—1)"x; @ (a;yx) € U, we have
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Vit gk (@) @y = (=1)"x; ® (aiy))
= (=)@ (aix)) = (=17 (@) @.x;
= (=1 My (aix)) — (= 1) (@) ©x;
= —(=D)M(aye) ®x;— (= 1) "y ® (aix;)] € W.
It follows that y factors through the natural epimorphisms L Qg M — L ®4 M and

M ®grL — M ®4 L, that is, the map 7: L&y M — M ®4 L given by x; ® y; —
(—1)"Yy; ®x; is well-defined. To show that 7 is A-linear, we compute:

Vit jra(@i(x; @ k) = Vip jx((aix) @ yi)
= (=) My @ (aix))
_ (—1)(i+j>k+ik(a<yk) ®x;
=(- 1) at()’k ®x;)
= a;¥ 1 (X @ k).

Similarly, the map §: M ®4 L — L& M given by y; @ x; — (—1)x; @y, is well-
defined and A-linear. It is straightforward to show that the compositions 78 and 87
are the respective identities, so that 7 is the desired isomorphism. O

10.46 (Sketch of Solution to Exercise[7.15) For the map N ®,4 f, let U be the R-
submodule of N ®g L generated by the elements (a;x;) ® yr — (—1)7x; ® (a;yx),
and let V be the R-submodule of N ®r M generated by the elements of the form
(ax;) ® yx — (—1)x; @ (azyx). To show that N ®, f is well-defined, it suffices to
show that the map N ®r f: N ®gr L — N ®r M sends each generator of U into V:

(N®g fisjk((@ixj) @ yi — (—1)x; @ (aiyx))

= (aixj) @ fi () — (=1)"x; @ firx(aive)
= (aixj) @ flve) — (—1)7x; @ (aif (i) € V.

To show that N ®4 f is A-linear, we compute similarly:

(N®@a fivj+k(ai(x; @yr)) = (N ®@a fitj+x((aix;) @yx))
= (aix;) @ fi(x)
= a;(x; ® fr ()
= a;(N®a f) j+x(x; @ yr)

The map f ®g N is treated similarly. O

10.47 (Sketch of Solution to Exercise[7.17) We are working over R as a DG R-
algebra, which has R? = R. Since R is local, we know that a direct sum @D, M; of
R-modules is free if and only if each M; is free. (In general, the M; are projective;
since R is local, we know that projective implies free.) If L is a semi-free DG R-
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module, then it is bounded below by definition, and the module €, L; is free over R,
so each L; is free, as desired. The converse is handled similarly.

If F is a free resolution of M, then the previous paragraph implies that F is semi-
free. Exercise implies that there is a quasiisomorphism F — M over R, so this
is a semi-free resolution by definition. 0O

10.48 (Sketch of Solution to Exercise[7.18) It is straightforward to show that M is
exact (as an R-complex) if and only if the natural map 0 — M is a quasiisomorphism,
since the induced map on homology is the natural map 0 — H;(M). Exercise m
implies that O is semi-free, so the map O — M is a quasiisomorphism if and only if
it is a semi-free resolution.

Since A is bounded below, so are X"A and €D,,>,, ¥"APr. To show that ¥"A is
semi-free, we need to show that 14 € (X"A), is a semibasis. The only subtlety here
is in the signs. If n is odd, then we have

(Yia) 14 =Yi(—1)a
(Li(—=1)ai)x 14 =Y, a;.

The first of these shows that 14 is linearly independent: if (};a;) * 14 = O, then
Yi(—1)ia; = 0 so a; = 0 for all i, which implies that }";a; = 0. The second of these
shows that 14 spans A? over A”: for all ¥';a; € A%, we have ¥ a; = (Y;(—1)'a;) x 14 €
A" 14. If n is even, then the relevant formula is (¥, a;) * 14 = ¥, a.

To show that ¥"AP+ is semi-free, use the previous paragraph to show that the
sequence of standard basis vectors (14,0,...,0),(0,14,...),...,(0,0,...,14) form
a semibasis. To show that €], Y"APr is semi-free, let E, be a semibasis for each

Y"APr and show that U, E, is a semibasis for Drzn, YA o

10.49 (Sketch of Solution to Exercise[7.19)

() Exercise[7.10]shows that K @ F is a DG K-module, so we only need to show
that it is semi-free. For each i € Z, let E; be a basis of the free R-module F;, and
set El = {lx®@e € K@rF | e € E;}. We claim that E’ := U;E] is a semibasis for
K Qg F. To show that E’ spans (K ®g F )“, it suffices to show that for each x € K;
and each y € F; the generator x®y € (K ®g F);4; is in the K-span of E’. For this,
write y = Y ¢ E;Te€s and compute:

Xy =x® (ZeeEj ree) = ):eeEj rex(lx@e) EK-E'.

To show that E’ is linearly independent takes a bit of bookkeeping. Suppose that

m
0=) x(lx®e) (10.491)

i=1
in K®, F for some x; € K" and distinct elements e, ..., e, € E. Since (K ®g F)h
is a graded K%-module, we may assume without loss of generality that each x; is
homogeneous and that the degree |x; ® e;| = |xi| + |e;] = n is the same for all i.

Moreover, (K ®g F)? is a bi-graded K?-module (with gradings coming from K and
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F) so we may assume without loss of generality that the degree |x;| = p is the same
for all i and that the degree |e;| = g is the same for all i. Thus, equation (T0.49[T)
becomes 0 = Y/ | x; ® e;. This sum occurs in the following submodule of K, ® Fy:

m m
P K, @rRei = PK,.
i=1

i=1

Under this isomorphism, the element 0 = Y/, x; ® e; corresponds to the vector 0 =
(x1,-..,%n) which implies that x; = 0 for i = 1,...,m. It follows that E’ is linearly
independent, as desired.

(B) Let F = M be a semi-free resolution of a DG R-module M. Part (a) implies
that K @ F is semi-free over K. Since K is a bounded below complex of projective

R-modules, Factimplies that the induced map K @ F — K ®g M is a quasiiso-
moprhism, so it is a semi-free resolution by definition. O

10.50 (Sketch of Solution to Exercise[7.26) To show that x4 : A — Homy (M, M)
has the desired properties, we first note that Exercise[7.3][b) shows that it maps A; to
Homy (M, M); for all i. Next, we check that xjy is a chain map:

o7 (i) = {0l " = (= 1)y 10!
(i1 (90 (@) = (a7},
To see that these are equal, we evaluate at m, € M),:
Oy mp) = (= 1" 1 (9 (my))
= (aimp) — (—1)'a;d) (m))
= 9 (ai)mp + (—1)'a;dy (mp) — (—1)'a;,! (my)
= aiA(ai)mP

M,&,A a;
=Hp : )(m,,)

To complete the proof, we check that x3y is a A-linear. For this, we need to show
that (xp)i+j(aibj) = ai(x4y) j(b;). To show this, we evaluate at m, € M,:

()i (aiby)p(my) = aibjm, = ai(x) j(b;) p(mp)
as desired. O

10.51 (Sketch of Solution to Exercise[7.32) Let M and N be R-modules. Exer-
cise[/.17|implies that each free resolution F' of M gives rise to a semi-free resolution
F = M. Thus, the module Extiy(M,N) defined in is H_;(Homg(F,M)), which
is the usual Exth,(M,N). O

10.52 (Sketch of Solution to Exercise[8.d) We begin with the graded vector space
W' =0@ Fwy, @ Fwi @ Fwy@0. The differential d” consists of two matrices of



DG commutative algebra 87

size 1 x 1:
0— Fwy 12—>FW] x.l)FW()*)().

The condition 9" |9/ = 0 is only non-trivial for / = 2, in which case it boils down
to the following:
0= 81”(82”(wz)) = a{/(Xle) = X1X2Wq.

We conclude that (W”,9") is an R-complex if and only if

X1X2 =0. @1)

The scalar multiplication of U on W” is completely described by specifying ewq and
ew1, and this requires two more elements yg,y; € F so that we have ewg = yow; and
ew| = yws. The associative law (which was not a concern for W and W’) says that
we must have

2

0 =0wg = e“wp = e(ewp) = e(yow1) = Yoy1w2

so we conclude that
yoy1 =0. (10.52]2)
Note that once this is satisfied, the general associative law follows. This leaves the
Leibniz Rule for the products ewq, ewy, and ew,. We begin with ewy:
9 (ewo) = 9" (e)wo + (—1)leay (wo)
3 (yow1) = Owo + (—1)le0
x1yowo =0

which implies that
x1y0 = 0. (10.523)

A similar computation for ew, shows that

x291 = 0. ([0.524)

A last computation for ew; yields xpy; 4+ x1y9 = 0, which is redundant because of
equations (T0.5213)—(T0.52[4). Thus, Mod” (W) consists of all ordered quadruplets
(x1,%2,Y0,¥1) € A} satisfying the equations (T0.52[1)—(T0.52[4). It is possibly worth
noting that the ideal defined by equations (T0.32[1)—~(T0.52[4) has a simple primary
decomposition:

(X102, Y0y1,X1Y0,X2y1) = (X1y1) N (x2,¥0)-

Next, we repeat this process for W = 0D Fz, P (Fzi1,1 D Fz12) D FzoDO.
The differential 0" in this case has the following form:

az
axp (a1, a1 )
0—Fz ~— Fz 1@ Fz, ——Fz—0
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meaning that d)"(z2) = az,121,1 +az2z12 and 9/ (z1;) = ay izo for i = 1,2. Scalar
multiplication also requires more letters:

ezo = bo,121,1 +bo 2212
ez1,1 = b1122
ez12 = b1 2.

The condition 9], d]” = 0 is equivalent to the following equation:

aaz) +aypazs =0. (10.525)
The associative law is equivalent to the next equation:
bo,1b1,1 +bo2b1 2 =0. (10.5216)

For the Leibniz Rule, we need to consider the products ezo, ez ; and ezp, so this
axiom is equivalent to the following equations:

aibo +aipbop =0 (10:327)
az by j+ai jbo; =0 foralli=1,2and j=1,2 (10:32}8)
a1bi1+axzbip =0. (10:3219)

SO, MOdU (WU) consists of all ((1171 ,a1,2,d2.1 ,azjz,bo_yl ,b()’z,b]’] 719]72) S Algp satisfy-

ing the equations (10.32[3)-(T0.52[9). O
10.53 (Sketch of Solution to Exercise[8.7) We recall that

W= 0P Fw,@Fwi@PFwo0
W" = 0P Fu@(Fzu1@Fu2)PFEPo.

It follows that

2
Endr(W")o = DHomp (Fw;, Fw;) = F? = A}
i=0
2
GLF(W”)O - @AmF(FWi) = (FX)S = Uiyujuy A%‘
i=0

Endr(W")o = Homp (F,F ) @D Homg (F2,F*) ) Homp (F, F)
~FxF*xF = Af’p

GLr(W")o = Autp (F) @ Autr (F?) P Autp (F)
> F* xGLy(F)x F* =U,

6
ex(erien—cea)ey & Af. U

10.54 (Sketch of Solution to Exercise[8.10) We continue with the notation of Ex-
ample [5.17] and the solutions to Exercises [8.4] and 8.7} Under the isomorphism
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GLr(W")o = Uuyuyuy A3, an ordered triple (uo,u;,u2) € Uiyuyuo corresponds to
the isomorphism

0: 0 FW2 2 FW] il FW() 0
o \L = uy l u \L ug l
5 . 0 FWQ 2 FW] L FWQ 0.

Lete-owj = y;wj41 for j =0, 1. Then direct computations as in Example8.9show
that x; = ui,lxiufl fori=1,2andy; = uj+1yju;1 for j=0,1.
. . ~ 6
Under the isomorphism GLr(W")o 22 Uc, (¢, c0y—c1aea)cg © AR an ordered sex-
tuple (c2,c11,¢22,¢12,€21,¢0) € Uey(c11exm—cipea)ep COTTESponds to the isomorphism

az.l)

(dz,z (a1, a12)

d: 0 Fz Fz110®Fz12 Fzo 0
|2 o @) o)

5: 0 F7 Fz1,1®Fz12 Fzp 0.

(a1,1 a12)

g
@)
Set A = det (¢l ¢12) = ci1¢20 — c12¢21. Thus, we have the following:
. ~ -1
a1\ _ (cuce) (ax (") = (cr1a21 +crpazp)c,
arp c1en) \arn) 2 (c21a2,1 +cnaz2)cs !
~1
~ a1\ (cn ci2
(a1 a12) = (co)
azp ) \c21 ¢
1 ~1
= (A eo(ar,1c0 —arpe21) A co(—arici2+aipen)) .

In other words, we have

~ —1
ar; = (cpaz,1 +cparp)c,

~ _1

a1 =A""co(ar1c20 —ai2c21)

~ —1
aip=A"co(—aicia+ai2cn)
for i = 1,2. For the scalar multiplication, we have
e a 22 - 0

and using the rule ¢ 2, = 0p(ea; ' (z.)), we find that
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~ 71 ~
e-qz1,1 =A™ (cnbi —c2bi2)22

~ 71 ~
e-az12=CA" (—ciabi1+cibi2)

e-q20 =¢y (c11bo +c12bo2)z11 ¢y (c21boy +c22bo2)Z1 2.

In other words, we have

51,1 = A" Yenby ) —ca1bi2)
by =cyA”! (—ci2bi1 +cnbi2)z

bo; = ¢y (citbo,1 + cinbo2)

fori=1,2. O
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