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Abstract

In this thesis we will study Ext-algebras over a polynomial and exterior algebra.
We prove the classical fact that the Ext-algebra over a polynomial algebra is exterior
and the Ext-algebra over an exterior algebra is polynomial, using the tautological

Koszul complex. We also give a proof using Koszul duality for algebras.
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Chapter 1

Introduction

1.1 Motivation and background

Ext functors are a fundamental concept of homological algebra and are defined
as the derived functors of the hom functors. The Koszul complex is an applicable
general construction in homological algebra which was first introduced by Jean-Louis
Koszul in 1950 for defining cohomology theory of Lie algebras [Kos50]. Moreover,
this can be used to determine basic facts about a module or ideal. The behavior of
Ext groups over a polynomial algebra and an exterior algebra is a classic topic. One
exciting thing is that the Koszul complex can be used as a tool to find Ext groups
over the above algebras.

Let k be a field, P(n) = k[z1, ..., z,] the polynomial algebra over k on n genera-
tors, and E(n) = Ag(zq,...,z,) the exterior algebra over k on n generators. Accord-

ing to [Pri70, Example 2.2(2)], the following fact is “classical”. The Ext-algebra over



a polynomial algebra is exterior: Extp(,)(k,k) = E(n) and the Ext-algebra over an
exterior algebra is polynomial: Extg,(k, k) = P(n).

In this thesis, we will give two proofs of the above theorem: one using the tau-
tological Koszul complex P(n) ®x E(n), outlined in [Eis95, Exercise 17.21] (Proposi-
tion 4.3.7), and one using Koszul duality for algebras, outlined in [Tam18] and [PP05]
(Proposition 5.4.3). There is a proof using Hopf algebras, outlined in [May13], but

we are not covering it in this thesis.

1.2 Contribution

In the literature, the proofs that the Ext-algebra over a polynomial algebra is exte-
rior and vice versa skip some details. We fill in some details and compute some explicit
examples (Example 3.2.2, Example 4.1.4, Example 4.1.5, Example 4.2.8, Lemma 5.3.2
and Proposition 5.3.6). In particular, we work out the proof outlined in [Eis95, Ex-
ercise 17.21], which is structured as a list of exercises (Lemma 4.3.1, Lemma 4.3.2,
Proposition 4.3.5 and Proposition 4.3.7).

Several references assume that the ground commutative ring k is a field, including
[PP05] and [Pri70] when stating the fact that if A is a Koszul algebra, then the Ext-
algebra Ext4(k, k) is isomorphic to the Koszul dual algebra A'. In this thesis, we
check the special case of that result for polynomial and exterior algebras over any

commutative ring k, using work of Positselski [Pos21].



1.3 Organization

Chapter 2 reviews some preliminaries from homological algebra and multilinear
algebra, in particular symmetric algebras and exterior algebras.

Chapter 3 deals with additive structure of Ext-algebras. We calculate Ext groups
over a polynomial algebra and exterior algebra using the Koszul complex.

Chapter 4 covers multiplicative structure of Ext-algebras. We discuss how endo-
morphism chain complexes directly provide the multiplicative structure. Then, we
define the tautological Koszul complex and study its multiplicative structure. Finally,
we provide a proof of the classical fact that the Ext-algebra over a polynomial algebra
is exterior using the tautological Koszul complex (Proposition 4.3.7).

Chapter 5 introduces definitions and properties of quadratic algebras and Koszul
algebras. Then, we observe that the symmetric algebra and exterior algebra are
Koszul dual to each other. In Proposition 5.4.3, we give a second proof using Koszul

duality for algebras.



Chapter 2

Preliminaries

In this thesis, all rings will be assumed unital but an R-algebra will not be assumed

unital.

2.1 Hom modules

Facts about hom modules can be found in [DF04, §10.2].

Notation 2.1.1. Let R be a commutative ring. For R-modules M and N, let

Hompg(M, N) denote the set of R-module maps f: M — N.

Proposition 2.1.2. For a commutative ring R, Homg(M, N) is an R-module, func-

torial in both wvariables: contravariant in M and covariant in N.

Proof. Hompg(M, N) is endowed with pointwise addition and scalar multiplication.



Let f,g € Homg(M,N) and ¢,r € R. We have

(f +9)(cx) = f(cx) + g(cx) = c(f + g)() and

(rf)(cx) =r(f(cx)) =c(rf)(z), since r commutes with c.

Then f + g and rf are R-linear maps. ]

Note that for any ring R, Homg(M, N) is an abelian group.

Remark 2.1.3. If S is any set, then the set of functions Homge (S, N) into an R-
module N becomes an R-module under pointwise addition and scalar multiplication.

The subset Homp(M, N) C Homge (M, N) is an R-submodule.

Definition 2.1.4. An R-module P is called projective if for every epimorphism of
modules o : M — N and every map 3 : P — N, there exists a map v : P — M such

that B = avy, as in the following diagram:

[Eis95, §A3.2 Definition].

Lemma 2.1.5. Free modules are projective. A module is projective if and only if it

is a direct summand of a free module [DF04, §10.5 Proposition 30].

Definition 2.1.6. An R-module Q) is called injective if for every monomorphism
of R-modules o« : N ~— M and every homomorphism of R-modules f : N — @,

5



there exists a homomorphism of R-modules v : M — @ such that 8 = va, as in the

following diagram:

[Eis95, §A3.4 Definition].

Characterizations of injective modules can be found in [DF04, §10.5 Proposi-

tion 34].

2.2 The hom complex between chain complexes

Throughout this subsection, let R be a commutative ring.

Definition 2.2.1. 1. A chain complex C' of R-modules is a sequence

dn dn
o= Cl 5 C, I Cy —

where d,, : C,, — C,_1 satisfies d,, o dpi1 = 0 for allm € Z. A chain complex is
also defined as unbounded or Z-graded. A chain complex is said to be non-
negatively graded if C,, = 0 for n < 0. The n'* homology group of the

chain complex C' is defined as H,(C) = kerd,/imd, .

2. A cochain complex C of R-modules is a sequence

- dnfl dr dn+1
Lot o S ot S



where d* : O™ — C™ satisfies d"™ o d™ = 0 for alln € Z. A cochain complex
is also defined as unbounded or Z-graded. A cochain complex is said to be

non-negatively graded if C" =0 for n < 0. The n'® cohomology group of

the cochain complex C' is defined as H"(C') = kerd"/imd"~! [DF04, §17.1].

Definition 2.2.2. Let C' and D be chain complexes of R-modules. The tensor

product of C' and D 1is the chain compler C' @ D having in degree n the R-module

(C® D)= P Ci@rD;

i+j=n

and with boundary operator given by
c®d) = (dc) @d+ (—1)c @ (d)

where |c| denotes the degree of ¢ € C. To be more precise, for c € C; and d € Dy, the

formula can be written as
5P (c@d) = (0 c) @d+ (—1)'c® (97d)

where the subscript denotes the degree and the superscript denotes the chain complex

to which the boundary operator belongs [HS97, §V.1 Example(a)].

Lemma 2.2.3. The tensor product CQrD is indeed a chain complex, i.e., 0> = 0

holds.

Definition 2.2.4. A differential graded algebra or DG-algebra is a graded
R-algebra A, equipped with a map d : A; — A;_y satisfying d*> = 0 and the Leibniz

7



rule:

d(a-b) = (da) - b+ (=1)1a - (db)
where |a| =i for a € A; [Wei94, 4.5.2].

The Leibniz rule is saying that the multiplication map A ®z A — A is a chain

map.

Lemma 2.2.5. Let A be a DG-algebra. The multiplication on A induces a multipli-

cation on the homology H(A) :
Hy(A) @ Hy(A) = Hyyq(A)
defined for [a] € Hy(A) and [b] € H,(A) by
[a][b] := [ab].
If A is unital with unit 14 € Ao, then the homology algebra H(A) is unital with unit
Liay = [1a] € Ho(A).

Definition 2.2.6. Let C' and D be chain complexes of R-modules. The hom com-
plex Hom(C|, D) has in degree n the maps of graded R-modules f : Cy — D, that

raise degree by n, that is:

Hom(C, D), = [ [ Homg(C;, Diyn) = [ Homg(Ci, D;)

€7 j—i=n

and with boundary operator given by

(0)(c) = a(f(e)) + (=) f(0c).

8



In alternate notation:
QHem(CD) ¢ — gP o f 4 (_1)|f\+1f 0 9C.
The sign convention is chosen so that the formula

(f(c)) = (0f)(c) + (=1 f(0c)
holds, consistent with the usual “Koszul sign rule” [Bre97, §VI.2].
Lemma 2.2.7. Hom(C, D) is indeed a chain complez, i.e., 9> = 0 holds.

Definition 2.2.8. Let C' and D be chain complexes of R-modules. A chain map
of degree n [ : C, — D,., is an n-cycle in the hom complex Hom(C, D). More

explicitly, for even degree n the chain map f commutes with the boundary maps:

f(0c) = df(c),

while for odd degree n the chain map f anticommutes with the boundary maps:

F(0¢) = =01 ().

Lemma 2.2.9. Let C be a chain complex of R-modules. The endomorphism complex
of C Hom(C,C) is made into a (unital) differential graded algebra under function

composition.

Example 2.2.10. Let C be the chain complex of abelian groups 7. = 7. concentrated

in degrees 0 and 1. The endomorphism complex Hom(C, C) is

h}—>Z><Z

[n —n]

Z V/



concentrated in degrees -1, 0, and 1. Its homology algebra is

Z/n, *=0,-1
H.Hom(C,C) =

0, otherwise.

Definition 2.2.11. A morphism C — D of chain complexes is called a quasi-
isomorphism if the induced maps of homology groups H,(C) — H, (D) are isomor-

phisms for all n € 7 [Wei%4, 1.1.2].

Theorem 2.2.12. Let P be a bounded below chain complex of projective R-modules.
Let f : C = D be a quasi-isomorphism of chain complexes of R-modules. The induced

map of hom complexes

f« : Hom(P,C) — Hom(P, D)

is a quasi-isomorphism [Bro82, Theorem 1.8.5].

2.3 Ext functors

The Ext functors are the derived functors of the hom functors. Ext can be defined

by using an injective or a projective resolution.

Lemma 2.3.1. Every R-module N has an injective resolution [Wei94, Exercise 2.3.5].

Take any injective resolution

0> N1 T — ..

10



Remove the term N, then we obtain a cochain complex by applying Hompg(M, —)

0 — Homp(M, I°) — Homp(M,I") — ...

For each n, Extj(M, N) is the cohomology of the complex at position n

H™(Hom(M, I*)) = Ext"(M, N).

Take any projective resolution of M

..—>P —>F—~M-—0.

Remove the term M, then we obtain a cochain complex by applying Homg(—, V)

O—)HOmR(Po,N)—)HOHIR(Pl,N) — ...

For each n, Ext,(M, N) is the cohomology of the complex at position n

H"(Hom(P,, N)) = Ext" (M, N).

Remark 2.3.2. Both constructions using injective and projective resolutions yield

the same Ext groups [Wei94, Theorem 2.7.6].

We can construct Ext groups in terms of long extensions, also called Yoneda
Ext groups. An element of the Yoneda Ext"(M, N) is an equivalence class of exact

sequence of the form

0>N—-X,—...2 X1 > M-—>0.

11



The equivalence relation is generated by the relation that identifies two extensions:

E0>N—-X,—»... o0 X1 —>M—0

:0>N-=>X —...2X - M—=0

if there are maps X, — X, for all k£ € {1,2,...,n} so that every resulting square
commutes, i.e., there is a chain map & — & which is the identity on M and N
[Wei94, Vista 3.4.6]. The Yoneda Ext groups agree with the Ext groups defined as
right derived functors [HS97, §IV.9.

For a commutative ring R and R-modules M and N, Ext, (M, N) is an R-module and
for a non-commutative ring R, Ext', (M, N) is only an abelian group. In general, if R

is an algebra over a commutative ring S, then Ext’,(M, N) is at least an S-module.

2.4 Properties of Ext groups

Here are some of the basic properties and computations of Ext groups [Wei%4,

§3.3].
Proposition 2.4.1. For any R-modules M and N :
1. Ext%(M, N) = Homg(M, N).

2. Exth(M,N) =0 forn >0 if either M is projective or N is injective.

12



3. The converses also hold:
if Extp(M, N) =0 for all N, then M is projective;

if Extp(M, N) =0 for all M, then N is injective.

4. Ext™(M;, N) = ] Ext’s(M,, N).

el el
5. Ext(M, [] Ni) = [] Ext™(M, ;).

icl il

Lemma 2.4.2. Ext} (M, N) =0 for alln > 2 and all abelian groups M and N.

Proof. Let P, be a length 1 projective (free) resolution of M. Therefore, Ext*(M, N)

is the cohomology of
0 — Hom(FPy, N) — Hom(P,, N) — 0. O

Example 2.4.3. Since @ Z is a free abelian group, Exty, (@ Z, N) = 0.

iel el

Example 2.4.4. Ext},(Z/n, A) = A/nA.

2.5 Yoneda product

Definition 2.5.1. For R-modules M, N, and P, the Yoneda product is the pairing
of Ext groups

Ext(N, P) @ Exth (M, N) — Extp (M, P)
induced by the composition pairing

Homp(N, P) ® Hompz(M, N) = Hompg(M, P).

13



The Yoneda product can be expressed in terms of injective resolutions and pro-
jective resolutions. Let X be a projective resolution of M and Y be an injective

resolution of P. The composition pairing

HOIHR(N, P) & HOIIlR(M, N) — HOIIIR(M, P)

gives a map of cochain complexes

Hompg(N,Y) ® Homg(X, N) — Tot(Hompg(X,Y)).

Passing to cohomology, we obtain a pairing

Ext.(N, P) @ Ext?(M, N) — Ext7 (M, P)

[May08, §4.8].

Remark 2.5.2. The Yoneda product can also be constructed by using projective res-
olutions of M and N or injective resolutions of N and P. Let X andY be projective
resolutions of M and N. Let o € Ext% (M, N) which is represented by a cocycle

[ Xy — N and 8 € Exty(N, P) which is represented by a cocycle g : Y, — P.

14



Consider the following diagram:

Xm+n
dX
Amtn
Xm+1 Yn+1
Xm Y,
dY

Am

M N P.

Since X,, is projective, there is a lift o, : X, — Yo of f through the map Yy — N. We
will construct R-module maps i @ Xpmyi — Y; inductively which satisfy d¥ oc,4; =
Qi1 © dX. When i = 1, since X411 15 projective and the image of o, o dX is
contained in the image of d*, there exists such a map ,.,. We assume that there
exists the map a1, © > 1. Since X,,1; 1s projective and the image of pii_1 ©
dX is contained in the image of d¥, there exists such a map Qi ;. The n'" step
of the n lifting steps is min @ Xpman — Yn. The given R-module maps o; make

the parallelograms commute. Since for even degree a chain map commutes with the

15



boundary maps while for odd degree a chain map anticommutes with the boundary
maps (see Definition 2.2.8), we change the sign convention to make it match the signs
in the homology algebra H,Hom(P, P). If m is odd, then we choose o, = (—1)""™q;
which make the parallelograms anticommute. The composition go oy, ., : Xpmin — P
represents an element 8-« € Extn (M, P). This Yoneda product construction agrees

with the Yoneda product construction in Definition 2.5.1 up to a sign.

The Yoneda product can also be constructed in terms of splicing long extensions
as follows; see [May08, §4.6] and [ML95, §IIL.5]. Suppose given extensions
O-N—-FE,—>... 0 FE —>M-—0
and
0O—>P—>F,—>...>FF—>N=0
representing classes in Exty (M, N) and Extj (N, P). Rename F; as E,,; and splice
the sequences using the composite map Fy - N — E,,. This gives an extension

0O—-P—Fpin—>... > L —M—0,

which is the Yoneda product of the given extensions. This Yoneda product con-
struction agrees with the Yoneda product constructions in Definition 2.5.1 and Re-

mark 2.5.2 up to a sign.

Definition 2.5.3. For an R-module M, the Ext-algebra of M is defined to be

Extp(M, M) = € Exty(M, M)

=0

16



equipped with the Yoneda product.

2.6 Dwual modules

Definition 2.6.1. Let M be an R-module. The (R-linear) dual of M is the R-module

M* := Hompg(M, R).

Assuming that M is a free R-module and given a basis {e;}icr of the R-module M,

the dual elements e; € M* are the linear functionals defined by the formula

1 of i=y
¢;(€j) = 055 =
0 if i#7].
Proposition 2.6.2. Let {e;}ic; be a basis of a free R-module M. The dual elements

el € M* are linearly independent [DF04, §11.3].

Lemma 2.6.3. Let F,G : C — D be functors, a : F' = G a natural transformation

and X an object in C such that the component

ay : F(X) — G(X)

s an isomorphism. Assuming that A is a retract of X, the component

as: F(A) = G(A)

1s also an isomorphism.

17



Definition 2.6.4. An R-module M 1is called finitely generated if there is some

finite subset A of M that generates M as an R-module [DF04, §10.3].

Proposition 2.6.5. Let R be a commutative ring. There is a natural map of R-

modules

n:M*®@r N — Homg(M, N)

defined by

n(f ®z)=f(-)

The natural map is an isomorphism if either M or N is finitely generated projective.

Proof. First, consider the case where N is finite free, so that there is an isomorphism

of R-modules ¢ : N =5 R". We obtain a commutative diagram:

M*®Qr N

Hompg(M
M*®¢LZ %LHom M,®)

M* @5 (@ R) —1> Homz(M, @ R)

i=1 =1

S

@ M* @5 R—2"- @ Homp (M, R),

i=1 i=1

—~

Using the fact that a finitely generated projective module is a retract of a finite free
module (see Lemma 2.1.5), the natural map 7 is an isomorphism if N is finitely gen-
erated projective, by Lemma 2.6.3. The case where M is finitely generated projective

can be proved similarly. O]

18



Remark 2.6.6. Consider the case N = M where M is a finite free R-module with

basis {e1,...,e,}. The tensor

i@:@eiEM*(gRM

i=1
corresponds to the identity map idy, : M — M. In particular, this tensor does not

depend on the choice of basis.

Example 2.6.7. We consider the case where the natural map n : M* ® N —
Hompg(M, N) in Proposition 2.6.5 fails to be an isomorphism. Take R = 7 and
M = N = Z/n. Since M* = Homy(Z/n,Z) = 0, the left side of the map is equal to
0. The right side of the map is Homg(Z/n,Z/n) = Z/n. Thus, in this case, the map

1 is not an isomorphism.

Lemma 2.6.8. Let M be an R-module. The natural map
o: M — M*™

defined for x € M by

for f € Homg(M, R), is an isomorphism if M is finitely generated projective.

Example 2.6.9. Consider the case R = Z and M = Q. Since M* = Homz(Q,Z) = 0,

the map o in Lemma 2.6.8 fails to be an isomorphism.

19



Lemma 2.6.10. Let R be a commutative ring. There is a natural map of R-modules
a:M*"@N*— (M®N)*
defined for f € M* and g € N* by

a(f®g)(men)= f(m)g(n)

form € M and n € N. The natural map is an isomorphism if either M or N is

finitely generated projective.

Lemma 2.6.11. Let C and D be chain complexes of R-modules. There is a natural

map of cochain complexes
a:C*® D" — (C® D)"
defined for f € C* and g € D* by

a(f@g)(r®y) = f(x)g(y)

forx € C and y € D. The natural map is an isomorphism if either chain complex C

or D is degreewise finitely generated projective.

Proof. We denote the boundary maps in chain complexes by 0 and coboundary maps

in cochain complexes by d. Consider the following diagram:

lan lan#»l

(C ® D) —% (C @ D)"*+!.

20



We show that the above diagram commutes, i.e., the map « is a cochain map. The

tensor product C* ® D* is the cochain complex with terms

(C*®@D)" = cre D

ptq=n

Let f € C? and g € D?. We consider the composition a1 o d and obtain
any10d(f @ g) = anp1(d(f) @ g+ (=1)"f @ d(g))
= an1(0°(f) ® g+ (=1)"f ® 0"(9)),
which is a map (C'® D),y, — R defined by
O () @g+ (1P f @0 (9)(z®y) = (0"f)(z)g(y) + (=1)"f(x)(0"9)(y)
= f(0z)g(y) + (=1)P f(2)g(dy) € R

forr®y € (C® D), 1. Now we consider the composition d o v, and obtain the map
(doay)(f®g): (C® D)ny1 — R defined by
(doan)(f ®9)) (z®y) = anl(f ®g)(0(z ®y))
= an(f ® 9)(0(x) @y + (—1)"lz @ d(y))
= f(0x)g(y) + (=) f(2)g(y) € R.
Given the cochain f € CP and the chain = € C;, if i = p, then we obtain (—1)1#! f(2)g(dy) =
(=1)7f(2)g(dy). In the case i # p, we obtain f(z) = 0 and thus

(=1 f(x)g(dy) = (-1) f(z)g(dy) = 0.

In both cases we have a,,,1 0d =do a,. ]

21



2.7 Multilinear algebra

Facts about multilinear algebra are from [DF04, §11.5] and [Conl18]. In this sec-
tion, we discuss tensor algebras, symmetric algebras and exterior algebras.
Definition 2.7.1. Let M be an R-module and n > 0 an integer.

1. The n™ symmetric power of M is the quotient of the n™ tensor power

S™(M) = Sym™(M) := M®"/S
where S is the submodule generated by elements
m1® ... 0 My — My(1) @ ... & My(n)
for any permutation o € %,,.
The equivalence class of m; @ mg & ... ® my, in Sym" (M) is denoted as a
monomial mims ... M,,.
2. The n'* exterior power of M is the quotient of the n'® tensor power

A" (M) .= M®"/A

where A is the submodule generated by elements
m ... my

with m; = m; for some indices 1 <1i < j <mn.
The equivalence class of my @ ma ® ... Q@ my, in A"(M) is denoted as a wedge
product my Amag A ... A my,.

22



Remark 2.7.2. If2 € R is invertible, then the submodule A C M®™ being quotiented

out in the definition of A™(M) is the submodule generated by elements

my @ ... Q0 m, —sgn(o)Me) @ ... ® Me(n)

for any permutation o € X,,.

Lemma 2.7.3. Let R be a commutative ring and {ey, ..., e} the standard basis of

R".

1. If S is the submodule being quotiented out from T?(R") to form the symmetric

square S*(R"), then S is a free R-module with basis

{ei®ej—ej®ei\1§i<j§r}.

2. If A is the submodule being quotiented out from T?*(R") to form the exterior

square N*(R"), then A is a free R-module with basis

{e;@ej+te@e|1<i<j<riUu{e®e |1<i<r}

Proposition 2.7.4. Let R be a commutative ring and {eq, ..., e} the standard basis

of R".

1. The tensor power T"(R") has canonical basis (as R-module)

{4 ®...®e;, |1 <i; <rforl <j<n}.
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2. The monomials of length n
{efed? . ...el |mi+...+n.=n}={e; ...e;, |1 <iy <...<i, <r}
form a canonical basis (as R-module) of the symmetric power S™(R").

3. The exterior power A™(R") has canonical basis (as R-module)
{ea Ao Ne, |1 <ip <ig<...<i, <r}

The indices that appear form a subset {iy, i, ... i} C{1,2,...,7}; there exist

(:L) such subsets.
Definition 2.7.5. Let M be an R-module.

1. The tensor algebra on M 1is

T(M) =P 1" (M)

n>0
where T"(M) := M®" denotes the n'" tensor power of M. The multiplication
map

T(M)®T(M)— T(M)

s given by the pairing

M®p ® M®q N M®p+q

(T1®..0%,) @ (N ®...0U) P11 ®...0T, QY1 ® ... R Y,
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2. The symmetric algebra on M s

S(M) = S"(M)

n>0
with multiplication

S(M)® S(M) — S(M)

given by the pairing

SP(M) @ SU(M) — SPH (M)

given on monomials by the formula
(1. 2p) @ (Y1 .- Yg) — T1 ... TpY1 - - - Yyq

3. The exterior algebra on M is

A(M) = P A" (M)

n>0
with multiplication

AM)®@ A(M) — A(M)

given by the pairing

AP(M) ® AU(M) — AP*(M)

given on elementary products by the formula

(TN ANT) QA AY) P TIAN AT AL A A Y
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Lemma 2.7.6. Let M be an R-module and let n > 0. The following formulas define

natural pairings:

1.
T"(M*) @ T"(M) — R
(i®.. . ®@f)@(MmMe...0m,) Hf[lfi(ml-)
2.
S"(M*) ® S*(M) — R
(il d) (s ) 3 ﬁfi(maa))
3.

AM(M*) @ A"(M) — R

n

(i Af) @A Amy) e Y sgn(o) [ filmeq) = det[fi(m;)).

oEY, i=1
Proposition 2.7.7. Let M be a finite free R-module. Let {eq,...,e.} be a basis of

M and {e},...,e:} the dual basis of M*.

1. The pairing

T"(M*)® T"(M) — R

is perfect, i.e., the corresponding map

m(M*) — (T (M))*
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is an isomorphism. Moreover, via the pairing, the collection in T™(M*)

{ef, ®...®@¢; |1<i; <rforl <j<n}

is dual to the basis of T™(M)

{4 ®...®e;, |1 <i; <rforl <j<n}.

2. The pairing
A" (M*)®@ A" (M) — R
1s perfect, i.e., the associated map
AY(MT) — (A" (M))”
is an isomorphism. Moreover, via the pairing, the collection in A™(M™*)

{ex NoooNhel |[1<igp<ig<...<i,<r}

is dual to the basis of A™(M)

{61'1 AN /\61'"

1<ig<ig<...<i, <r}

2.8 Extension of scalars

For a (not necessarily commutative) ring R, let R-Mod denote the category of left

R-modules.
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Definition 2.8.1. Let f : R — S be a ring homomorphism.

1. Restriction of scalars along f is the functor
f*:S-Mod — R-Mod

that sends an S-module M to the R-module f*M which has the same underlying

abelian group M, with R acting via f:

We sometimes write M instead of f*M if the base ring is clear from the context.

2. Extension of scalars along f is the functor

fi: R-Mod — S -Mod

that sends an R-module M to the S-module fiM =S ®r M, with S acting via

multiplication on the left:
s (s®@m):= (s's) @m.

The extension of scalars is also called change of rings [HS97, §IV.12].

Example 2.8.2. Let R be a ring and u : Z — R the unique ring homomorphism,

given by u(1) = 1g, the unit of R. Restriction of scalars along u
u* : R-Mod — Z-Mod = Ab

1s the “underlying abelian group” functor, forgetting the scalar multiplication by R.
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Proposition 2.8.3. Let f : R — S be a ring homomorphism. There is a natural

isomorphism of abelian groups
Homg(S ®r M, N) = Hompg(M, N),

for all R-module M and S-module N. In other words, extension of scalars is left

adjoint to restriction of scalars: fy 4 f* [DF04, §10.4].

Proposition 2.8.4. Let f : R — S be a ring homomorphism between commutative

rings, and let M be an R-module.
1. If A is an R-algebra, then S @ A is canonically an S-algebra.
2. For any n > 0, there is a natural isomorphism of S-modules
SQrTR(M) =TE(S @r M).
Here TR(M) denotes the n'" tensor power of M as an R-module:

n times
o\

TA(M) =M ®p...%r M.

Asn > 0 varies, the maps form an isomorphism of graded S-algebras
S @ Tr(M) = Ts(S @r M)
[Bou70, §I11.5.3].
3. For any n > 0, there is a natural isomorphism of S-modules

S@pr AL(M) = A%(S @ M).
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Here A% (M) denotes the n'" exterior power of M as an R-module:

n times
"

ALM) =M Ap ... Ag M.

As n > 0 varies, the maps form an isomorphism of graded S-algebras
S @ Ag(M) = Ag(S @r M)

[Bou70, §II1.7.5].
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Chapter 3

Additive structure of Ext-algebras

In this chapter, we discuss the computation of Ext groups over symmetric algebras

and exterior algebras.

3.1 Ext over a polynomial algebra

Definition 3.1.1. The polynomial ring k[z| over a commutative ring k on one
generator consists of the polynomials p = po + p1T + Pox + ... + Pr12™ 1 + px™

where po,p1, - - -, Pm € k are the coefficients of p, pm # 0 if m > 0 [DF04, §7.2].

The usual addition, multiplication, and scalar multiplication of polynomials make
k[x] into a commutative k-algebra.

We compute examples of Ext groups over polynomial algebras.

Example 3.1.2. Let A = k[z] be a polynomial algebra on one generator and consider
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the A-module k = A/(x). A free resolution Py of k is given by

0 — k[z] = k[z] = k — 0.
A A

Thus the cochain complex Hom s (P, k) is
0 — Homy (A, k) N Homa(A, k) — 0.

Composition of A-module maps A = A — k is zero. Hence the differential of the
cochain complex is d = 0. The hom module is Homa(A, k) = k. The cochain complex
has zero differential, that is:

0—>k:£>k;—>0.

By definition of Ext, the cohomology groups of the complex are the Ext groups:

kE, ==0,1
Ext’ (k, k) =

0, otherunse.

Since every class in Extl(k, k) squares to zero, Ext’(k, k) is an exterior algebra over

k on a generator in cohomological degree 1.

We express Ext? (k, k) as a graded k-algebra:

Ext)y(k, k) = klyl/(y*), |yl=1
= Me(y), Iyl =1
In Example 4.2.8, we will explain that this generator in Extl,(k, k) can be viewed as
x*, the dual of x.
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Remark 3.1.3. With more generators, an exterior algebra is not the same as a

truncated polynomial algebra.

Example 3.1.4. Let A = k[x,y] be the polynomial algebra on two generators. Con-

sider the A-module k = A/(z,y). A free resolution P, of k is given by

[—y

.02 A z]>A2 YA S k0.

The cochain compler Hom (P, k) is
...— 0 — Homu(A, k) 4 Hom (A%, k) 4 Hom(A, k) — 0.

Note that d = 0, Homa(A, k) = k and Homa (A% k) = k*. Thus the cochain complex
has the form

0k 2% ko

By definition of Ext, the cohomology groups of the complex are the Ext groups:

Ext’(k, k) = < K2, s =1

0, otherwise.

\

In Example 4.1.5 we will show that Ext’(k, k) is an exterior algebra over k on

two generators in cohomological degree 1, i.e., Exta(k, k) = Ag(z*, y*).

3.2 Ext over an exterior algebra

In this section, we compute examples of Ext groups over an exterior algebra.
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Example 3.2.1. Let A = Ay(z) be the exterior algebra over k on one generator.

Consider the A-module k = A/(x). A free resolution Py of k is given by
o ASAS A k0.
The cochain complex Homa (P, k) is
0 — Homu(A, k) % Homu(A, k) % Homu(A, k) 5 Homa(A, k) — ...
Note that d =0 and Homa(A, k) = k. The cochain complex becomes
0—kSkSk—. ..

By definition of Ext, the cohomology groups of the complex are the Ext groups:

E, *>0

Ext’ (k, k) = -
0, otherunse.

In Example 4.1.4, we will show that Ext’ (k, k) is a polynomial algebra over k on

a generator in cohomological degree 1, i.e., Exta(k, k) = k[z*].

Example 3.2.2. Let k be a commutative ring and A = Ag(z,y) the exterior algebra

over k on two generators. The exterior algebra A has a standard basis as a k-module:
A=<l,z,y,x Ny > .
Since A is a non-commutative k-algebra, the multiplication on the right by x € A

pr i AS A
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is a map of left A-modules. Consider the (left) A-module k = A/(z,y) and we
construct a free resolution of k starting with the quotient map q : A — k. The kernel of
the quotient map q : A — k is the A-submodule generated by x and y, i.e., ker(A —
k) =< z,y >. Now we find a free A-module which surjects onto the kernel of the
morphism A — k. We pick the map A? [—I—yL A as next step of the resolution. Now

we compute ker(A> IGRIN A). For any [}] € ker(A? L, A), we obtain

[=9][5] = pu(a) + py(b) =a Nz +bAY =0 (3.1)

0

9] and [4]. We express elements

In Equation (3.1), we get solutions for [§] as [§],

a and b in Equation (3.1) in terms of the basis of A as a k-module:

(a0l + a0z + apry + a1z A y) Az + (bool + brox + bory + bz Ay) Ay =0
(:>aogm—a01x/\y—|—b00y+b10x/\y:()

<~ (0)1 + (CL()())I + (boo)y + (blo — CL()l)ZL' A Yy = 0.
We have agy = bgg = 0, big = ag1 and then

[a] _ [aww-&-amy-i-ana:/\y}
bl = | aprz+bory+biizAy

— [a109€+a011($/\y)} + [

b01y+b(1)1(:6/\y)} + [ggig]

= (a10 — any)[§] + (bor + buiz) [ ] + (ao1)[4].

Ty

This implies that [§] lies in the A-submodule < [§],[9],[%] > . Then, ker(A? LGN

A) C< [§].[5].14] > . Thus, ker(A? v, A) =<[§],[].[4] > . We pick the map

y
o 55 532
— —— A?®). For

A? as next step of the resolution. We compute ker(A3
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z 0y
any [(é] € ker(A3 M A%), we obtain

[5921[2] =[] = [t = o. (32)
We express elements a, b and ¢ in Equation (3.2) in terms of the basis of A as a
k-module:
(agol + @107 + aory + anx Ay) Az + (cool + croz + cory +ecur Ay) Ay =0

<> agoT + cooy + (c10 — ag1)r Ay =0

and
(bool 4 b1ox + bo1y + bz Ay) Ay + (cool + c102 + cny + cnz Ay) Axz =0

<> Coo¥ + booy + (blo — COl)iL' ANy =0.

We have agy = bog = cogo = 0, c10 = ag1 and big = co1 and then

a aiox+ao1yt+ai1zAy
[b:| = [b1050+b01y+b1196/\y]
¢ ap1x+broy+cirizAy
aroz+aii(zAy) 0 ao1y 0
= [ 0 —+ | bory+bii(zAy) | + 0 + biox
0 0 ao1T bioy+ciizAy

= (a0 — any) [§] + Gor + bun) [ 1] + (a00) [] + (oo + en) [ ]

Thus, ker(A3 M A%) =< [gé], [%}, [é}, [%] > . We have the beginning of a free

resolution P, of k:

x 0 0
{83&} (52 ., ew
s At YL, A3 YT A2 v A = k.

The cochain compler Hom (P, k) is

0 — Homy (A, k) 4 Hom (A2, k) 4 Hom (A%, k) 4 Hom(A* k) — ...
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Then the above cochain complex becomes:

R R = ¥ =
We obtain the Ext groups:

Ext’(k, k) = k™ i < 2.

In fact, this holds for all i > 0. We will see in Proposition 5.4.3 that Ext’(k, k)
1s a polynomial algebra over k on two generators in cohomological degree 1, i.e.,

Exta(k, k) = k[z*, y*].

3.3 The Koszul complex

The facts about the Koszul complex are from [Wei94, §4.5]. In this section we

discuss the Koszul complex and how it is used to find Ext groups over algebras.

Definition 3.3.1. Let R be a commutative ring. The Koszul complex associated

to elements x1,...,x, € R is the exterior algebra on a free R-module of rank n
K.(x) = K.(z1,...,2,) := A"(R")

equipped with the differential d : K,(x) — K,_1(x) given on the standard basis ele-

ments by

p
d(ei, Ao Ney) =D (=1 e A NES A Aey,,
j=1

where the ‘hat’ symbol ~ indicates that the term is deleted.
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Example 3.3.2. When p = 2,d(e;, A e;,) = Ty €5y — Tipe4, .
Lemma 3.3.3. The Koszul complex K(x) is indeed a chain complez, i.e., the differ-
ential d satisfies d* = 0, which moreover satisfies the Leibniz rule:
d(a Ab) = d(a) ANb+ (=1)la A d(b)

where a,b € K(x). In other words, the Koszul complez K (x) is a DG-algebra.
Example 3.3.4. Let R be a commutative ring. We describe the Koszul complex
K(xq,...,x,) explicitly forn =1,2,3.

e Forn=1, let x € R. The Koszul complex of the sequence (z) is

Kiz)=...20—=2R5R—0

el 1

where 1 and ey are the basis elements of Ko(z) and K;(x).

o forn=2,let x,y € R. The Koszul complex of the sequence (x,y) is

-y
K(x,y)=...»0— R [“’"], R? y R — 0.

e1/\eg e1,e2 1

[z Y]

e Forn =23, let x,y,z € R. The Koszul complex of the sequence (x,y, z) is

2 -y —2 0
] I 2y 2]
0 = wy Ty z
.—=>0—» R —% R R? R —0.
e1/\ea/Nes ei1/\eg €1 1
ei1\es €2
ea/N\es €3

Lemma 3.3.5. Let R be a commutative ring and x,y € R. The Koszul complex
K(x,y) is isomorphic to the tensor product of complezes K(x) @r K(y). More gen-
erally, the Koszul complex K(x1,...,xq) is isomorphic to the tensor product of com-
plezes K(x1) ®@r K(22) ®r ... Qr K(x4) [Wei94, §4.5].
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Proof. We will prove the case d = 2. The Koszul complex K (z) is

Kiz)=...-0— R 5 R —0.

<er> <lz>

The Koszul complex K (y) is

Kly)=..-0—- R L R —o.

<eg> <ly>
We use (C®D),, = @ C;®D; and the formula for the boundary in Definition 2.2.2

i+j=n
to find the chain complex K(z) ® K(y):

[_:cy] 2 [z ¥]

o.>0—= R — R — R =0
<e1®ex> <e1®1y,l:Qez> <1z ®1Ly>
Therefore K (z,y) = K(z) ®r K(y). O

Definition 3.3.6. For a commutative ring R and an R-module M, x € R s called a
non-zero-divisor on M if xm = 0 implies m = 0 for all m € M.

A sequence of elements xy,...,xq € R in a commutative ring R is called regular if
x1 is a non-zero-divisor in R and x; is a non-zero-divisor in R/(x1,...,x;_1) for all

2<<d.

Example 3.3.7. Let A = klxy,...,x,] be a polynomial algebra over k on n genera-
tors. The element x1 is a non-zero-divisor in A by inspection. The quotient rings are

also polynomial:

Af(xy, .. miq) = ko, o xn]/(T1, . i) Zk[x, . xy).
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By applying the previous argument, x; is a non-zero-divisor on A/(x1,...,x;_1).

Therefore x4, ..., x, is a reqular sequence.

Proposition 3.3.8. Let I = (z1,...,24) be an ideal of R generated by a reqular
sequence. Then the augmented compler K(xy,...,xq) — R/I is acyclic, that is, it
has trivial homology.

Equivalently, the homology of the unaugmented complex is

R/I, i=0
HZ'K(ZL‘l, e ,l’d) =
0, 1# 0.
Consequently, the Koszul complex K(x1,...,xq) is a free resolution of R/I as an

R-module [Wei%4, Corollary 4.5.4].
Example 3.3.9. First, consider the case d =1,
K(x)=...50=>RZ R—0.

We have HyK (1) = R/I.
Since x1 is a non-zero-divisor in R, Hi K (x1) = 0 holds.

Thus, H;K (z1) =0 for all i > 0.

Example 3.3.10. Consider the case d = 2,

[ 2]

K(xy,29)=... 50— R N i Ny SN
We have HyK (x1,22) = R/I.
Since the sequence (x1,x2) is reqular, ker[=1 z2] =< [ 22| > and ker[ 2] = 0.
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We justify ker[z1 =2 | =< [ 22| > as follows: Since [=1 22 ][ 22] =0, then < [ 2] >C

ker[=1 #2|. Let (P, Q) € ker[=1 =2], that is:

Since x5 is not a zero divisor in R/(x,), the equation T1- P+T3-Q = 0 implies Q = 0
in R/(x1). Since Q =0 in R/(x1), Q = rx; for some r € R. Using Equation (4.3.2)

and the fact that x1 is a non-zero-divisor, we get:

1P+ 2Q =0
< 1P+ xorz; =0
= 11 (P+rag) =0

<— P = —rux,.

Thus (P,Q) = (—rxe,rxy), where r € R. Hence (P,Q) € ([ .2*]), proving the inclu-
sion ker[z1 =2 ] C< [22] > .
We get ker[ ;2] = 0 as follows. For P € R, assume that [ *2]P = 0 in R?, equiv-

x1

alently, —xoP = 0 and x1P = 0 in R. Since x1 is not a zero divisor in R, we have
P =0. Thus ker[ ;2] = 0. Since ker[ 22| =0, HyK(z1,22) = 0.

Hence

H,K(z1,29) =0 forall i>0.

We use the Koszul complex to compute Ext groups over a polynomial algebra on

n generators.
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Lemma 3.3.11. Let A = k[xy, ..., x,] be a polynomial algebra over k onn generators.

The Ext groups are Ext’(k, k) = k(%) for all i > 0.

Proof. Since (z1,...,x,) is a regular sequence in A = k[xq,...,z,], the Koszul com-
plex

K(zy,...,2p) = Af(x1, ... xn) =k
is a free resolution P, of k as an A-module by Proposition 3.3.8. By Proposition 2.7.4,

The Koszul complex is isomorphic to a chain complex of the form

The cochain complex Hom 4 (P, k) is isomorphic to

0— kG L) &y L () &

with differential d* the restriction along d, that is, d*(f) = f o d. Consider the

composition of A-module maps:

n

We have
i+1
fldler, Ao Ne ) =FO (-1 Mo er, A New A New,,)
j=1
i+1

= (1) flagen, A New A Nk,

i+1
—Z xkfekl ./\e/;:j/\.../\ekiﬂ)
=0.
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Since d*f = f od = 0, the differential d* in the cochain complex is zero. We obtain

the Ext groups

n
2

Ext, (k, k) = k()
for all 7 > 0. ]

In Proposition 4.3.7 we will show that Ext?(k, k) is an exterior algebra over k on

n generators in cohomological degree 1, i.e., Ext,(k, k) = Ag(x], ... 2%).
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Chapter 4

Multiplicative structure of Ext-algebras

4.1 Multiplicative structure using endomorphism complexes

In this section we discuss how to calculate the multiplicative structure of Ext-
algebras directly using an endomorphism complex. First, we need to fix some grading

conventions for chain complexes.

Remark 4.1.1. Let C' be a chain complex and A an R-module. Applying the covariant

functor Hompg(A, —) to C yields a chain complex
Hompg (A, C)

which is the same as the hom complex Hom(A[0], C).

Applying the contravariant functor Homg(—, A) to C yields a cochain complex
HOHIR(C, A)
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The cochain complex Hompg(C, A) is:

degree —2 -1 0 1

Homp(C_s, A) —Z> Homp(C_1, A) 2~ Hompz(Cy, A) —Z> Homp(Cy, A) — . ..

and the hom complex Hom(C, A[0]) is:

degree 2 1 0 -1

HOHIR(C_Q, A) _—8*> HOII]R<C_1, A) 8_*) HOHlR(Co, A) _—8*> HOHlR(Cl, A) —_—> ...

Up to signs in the differentials, the cochain complex Hompg(C, A) corresponds to the
hom complez Hom(C, A[0]) via the following convention: a cochain complexr K* is
viewed as a chain complex with reversed grading K* = K_,. In particular, a non-

negatively graded cochain complex
K'=0—-K % k' % g2 % )
is identified with a non-positively graded chain complex
Ki=(05 Ko S K, S K5 ).

If the chain complex C = (... RN Co RN C 2, Co — 0) is non-negatively graded, then

the hom complex Hom(C, A[0]) is non-positively graded:

degree 1 0 —1 -2
0 —— Homp(Cy, A) — Hompg(C4, A) —= Homp(Cy, A) — . ..

Proposition 4.1.2. Let P, — M be a projective resolution of an R-module M.
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. The endomorphism complex Hom(P, P) has homology groups

H,Hom(P, P) = Ext," (M, M).

. The isomorphism of graded R-modules

H,Hom(P, P) = Ext;" (M, M)

1s an isomorphism of graded R-algebras, where the right-hand side is endowed

with the Yoneda product.

Proof. (1) Let M]0] denote the chain complex with M concentrated in degree 0,

and view the projective resolution as a quasi-isomorphism f : P = M|0] with
the augmentation dy : Py — M in degree 0. Using Theorem 2.2.12, we have a

quasi-isomorphism
fi : Hom(P, P) — Hom(P, M[0]).
Then, we obtain
H,Hom(P, P) ——— H,Hom(P, M][0]).

We know that the chain complex Hom(P, M[0]) agrees with the cochain complex

Hompg (P, M) up to the regrading convention and signs in the differential, thus

H,Hom(P, P) = H,Hom(P, M[0]) = H " Hompg(P, M) = Ext;" (M, M).
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(2) We can construct the Yoneda product using projective resolutions of the R-modules

(see Remark 2.5.2). We have the Yoneda product using the projective resolution

P of M:

H,Hom(P, P) ® H,Hom(P, P) H,, ,Hom(P, P)

[a) o)

H,Hom(P, M|0]) ® H,,Hom(P, M[0])

Hyp iy Hom (P, M[0])

= =

Ext7"(M, M) @ Ext;™(M, M) Ext, "™ (M, M).

Here the top row is induced by the composition product on Hom(P, P) (see
Lemma 2.2.9 and Lemma 2.2.5) and the bottom row is the Yoneda prod-
uct which is constructed using projective resolutions in Remark 2.5.2. Take
B € Exty"(M, M) and o € Exty™(M, M). Using the quasi-isomorphism f, :
Hom(P, P) — Hom(P, M[0]) from part (1), we have corresponding homology
classes [3] € H,Hom(P, P) and [a] € H,,Hom(P, P). The cycle & is a chain
map & : P — P of degree m and the cycle § is a chain map 5 : P — P
of degree n. The R-module maps «&; : P, — P,.,,, which are the graded
pieces of &, make the parallelograms anticommute if m is odd and commute
if m is even. The cocycle dy o a_,, : P_,, — M represents the element

a € Extpy™(M,M), where dy : Py — M is the augmentation. Hence the
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R-module map a_(m4n) : P-(min) — P_n 1s a valid choice for the construc-

tion in Remark 2.5.2. Then the composition
dO © B—n © O?f(ern) : Pf(m+n) — M

represents the Yoneda product Ba € Ext}}(ern)(M , M). Hence the above dia-

gram commutes. [

Remark 4.1.3. 1. The negative grading Ext™" is an artefact of our grading con-

ventions; see Remark 4.1.1.

2. One could also take an injective resolution M — I°* and obtain the Ext-algebra

as the cohomology of the endomorphism cochain complex: Extr(M, M) = H*Hom(I,I).

Example 4.1.4. Let A = Ap(x) = klx]/(2?) be the exterior algebra over k on one

generator. In Example 3.2.1, we computed the Ext groups:
Exty(k,k) =k forall >0

as the cohomology groups of the cochain complex Homy (P, k). We also know that the

quasi-isomorphism P — k induces a quasi-isomorphism between hom complexes
Hom(P, P) — Hom(P, k[0]) (4.4)

(see Theorem 2.2.12). We compute the multiplicative structure of the Ext-algebra
Exta(k, k) via the quasi-isomorphism (4.4). Our claim is that the Ext-algebra is
polynomial up to sign.
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Proof. Let o = q : A — k be the canonical generator of Ext!,(k, k), where ¢ is the
quotient map. Here we identify the class a with its unique representative cocycle q.
Via the regrading convention, we can view that as a (-1)-cycle in the hom complex
a € Z_1Hom(P,k[0]). We will lift the cycle o to a cycle & in the endomorphism

complex & € Z_;Hom(P, P). More concretely, the cycle & will be a chain map
a:P—P

of degree -1, i.e., @ anti-commutes with the boundary maps (see Definition 2.2.8). We

draw the following chain diagram whose parallelograms are anti-commutative:
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degree P--=-sP

k[0]

-1 0 0 0.

The degree 2 piece of the chain map @2 is:
—id: A— A.
Likewise the degree i piece of the chain map @' is:
(—1)l2Nid : A — A,

The homology class [a]" is an element of H_;Hom(P, P). Since H_;Hom(P, P) 207,

o)

H_;Hom(P, k[0]), the homology class [ o @] = o’ can be viewed as an element of
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H_;Hom(P,k[0]) = Exty(k, k) = k. In Example 3.2.1, we found that the quotient
map q : A — k is the generator of Ext’(k,k). Since of = (=1)l/2lg: A — k, the
homology class o' is a generator of Ext’,(k, k). Thus the Ext-algebra is polynomial

up to sign. O

Example 4.1.5. Let A = k[x,y] be a polynomial algebra over k on two generators.

In Example 3.1.4, we computed the Ext groups:

Exth(k, k) = K2, s =1

0, otherwise.

\

We compute the multiplicative structure of the Ext-algebra Ext’y(k, k) via the quasi-

isomorphism (4.4). Our claim is that the Ext-algebra is exterior up to sign.

Proof. Let a = [q0] : A2 — k and 8 = [04] : A2 — k be the canonical generators
of Ext!,(k, k), where ¢ is the quotient map ¢ : A — k. These cocycles can be viewed
as (-1)-cycles in the hom complex, a, 8 € Z_1Hom(P, k[0]). We will lift the cycles «
and f3 to cycles @ and /3 in the endomorphism complex &, 3 € Z_,Hom(P, P). More

concretely, the cycles @, 8 will be chain maps @, 3 : P — P of degree -1. We draw
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the following chain complex diagram whose parallelograms are anti-commutative:

degree Pz --=-—- - P k[0]

< =[8]
(] AN
N
N
N
1 A?
N
N
S a=[id 0]
[ ] \\\ [ v] &
\\
D q
0 A A k
N
\
N
N
N
\\
N
-1 0 0 0.
Using the above diagram and applying the same method we can find 3, = [0id] :

A? — Aand By =[] : A — A% We have
aloaQZBIOBQZO:A—)A

and

510@2:—@1032:id:A—>A,
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which implies @* = 3% = 0 and @03 = —Boa. The homology class [Boa] is an element
of H_,Hom(P, P). Since H_,Hom(P, P) A?? H_,Hom(P, k[0]), the homology class
[AoBoal = B-a can be viewed as an element of H_,Hom(P, k[0]) = Ext? (k, k) = k.
In Example 3.1.4, we found that the quotient map ¢ : A — k is the generator of
Ext?(k, k). Since B-a = q : A — k, the homology class 3 - « is a generator of

Ext? (k, k). Thus the Ext-algebra is exterior up to sign. O

4.2 The tautological Koszul complex

Definition 4.2.1. Let R be a commutative ring, M an R-module, and o : M — R

an R-module map. The Koszul complex associated to « s the exterior algebra on

M
K.(a) == A" (M)
equipped with the differential d : K,(a) = Kp—1(a) given by
p

dlzy N Nxp) = Z(—l)jfla(xj)xl NN AN .
j=1

Remark 4.2.2. Definition 4.2.1 generalizes Definition 3.3.1 as follows. Given ele-

ments 1, ...,Tq € R, take the free R-module M = R® and the linear functional
Q:[zlng..zd]:Rd_)R

using matriz notation. Then we have K.(x1,...,xq4) = K.().
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Lemma 4.2.3. The differential d satisfies d*> = 0, which moreover satisfies the Leibniz

rule. In other words, the Koszul compler K(«) is a DG-algebra.

Proposition 4.2.4. Let o : M — R and B : N — R be R-module maps and consider
the induced map

[eB] : M &N — R.

The Koszul complex K ([« 8]) is isomorphic to the tensor product of Koszul complezes

K(a)®@gr K(B).

More generally, given R-modules My, ..., My and an R-module map

a=[o o] : M1 ®...0My— R,

the Koszul complex K («) is isomorphic to the tensor product of complexes

K(Ozl) ®R---®RK<ad)

[Bou07, §9.3].

Definition 4.2.5. Let k be a commutative ring and V a k-module. Consider the

inclusion V = SY(V) < S(V) and the map of S(V)-modules

a:SV)epV — S(V)

induced by extension of scalars along the ring homomorphism k = S°(V) — S(V),
given by a(s ® v) = sv. The map « is the restriction of the multiplication map
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S(V)® S(V)— S(V). Via the isomorphism of graded S(V')-algebras
Asy(S(V) @1, V) 2 S(V) @5, Ax(V)

(see Proposition 2.8.4), the differential of the Koszul complex Kf(v)(oz) on the left-

hand side corresponds to a differential
d: S(V)r AV) = S(V) @ A(V). (4.5)

The resulting chain complex is called the tautological Koszul complex of V.
Let (xy...xp) € SP(V) and (y1 A...ANy,) € A(V). The differential of the tautological

Koszul complex is given by

q

d((z1...2)(A. . . AYy)) = Z(ml YR AGA. . AY,) € SPTHV)@ATHV),

Note that the differential d maps the summand S?(V) @5, AY(V) to SPTH V)@, ATV

[Bou07, §X.9.3].

Remark 4.2.6. 1. In Definition 4.2.5, we followed Bourbaki’s terminology to de-
fine the tautological Koszul complex [Bou07|. In [Eis95], what Eisenbud called

the tautological Koszul complex is the S(V)-linear dual of the chain complex

(4.5).
2. The chain complex (4.5) decomposes as a direct sum of chain complexes
0— S°(V)@p A"(V) = S (V) @, AN (V) — ... = S*(V) @, A°(V) = 0

indezed by n > 0.
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Proposition 4.2.7. Assume that the k-module V' is finite free of rank r, that is
V = k7. The tautological Koszul complex of V is isomorphic to the Koszul com-
plex K(x1,...,x,) associated to the generators x; of the polynomial algebra A =

klxy, ..., ).

In other words, the tautological Koszul complex provides a coordinate-free de-

scription of the Koszul complex that was used in Lemma 3.3.11.

Example 4.2.8. Assume that the k-module V is finite free of rank 1 with basis
element x € V, that is V =2 k. The tautological Koszul complex of V is isomorphic

to the Koszul complex K(x) associated to the generator x of the polynomial algebra

A =klz] = S(V). In Example 3.1.2, we calculated the first Ext group:
y € Extl (k, k) <— Homu(A, k) = k

and considered quotient map y = q : A — k as the canonical generator of this Ext
group. Using the tautological Koszul complex of V = k, we express the generator y as
follows:

y € Homy (k[z] @, V, k) = Homy(V, k) = V*.

It implies that the generator y is in the dual module of V' and we obtain y(z) = 1.

Then the generator y is the dual of x, that is, y = x*.
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4.3 Multiplicative structure using the tautological Koszul

complex

In this section we discuss the classical fact that the Ext-algebra over a polynomial
algebra is exterior using the tautological Koszul complex P(n) ®; E(n), outlined in
[Eis95, Exercise 17.21].

Given graded R-algebras A and B, the sign convention for the tensor product of

graded R-algebras A ®pg B is given by the Koszul sign rule:
(a1 ® by)(ax ® by) = (—1)|a2”b1|a1a2 ® b1bs.

In [Eis95, §A2.3], Eisenbud proposed the convention of putting the generators of a
symmetric algebra S(V') in internal degree 2 and an exterior algebra A(V') in internal

degree 1. We use this sign convention throughout this section.

Lemma 4.3.1. Assume that the k-module V' is finite free. Let V* := Homy(V, k)
denote the k-linear dual of V and lett € V*®; V' be the element corresponding to idy

via the isomorphism

oY

V* @ V = Homg(V, V)

cf. Remark 2.6.6. The element t can be viewed as an element of the algebra A(V*) @,

S(V') wvia the inclusion of k-modules
VE@rV =A(V*) @ SH(V) = A(V*) @ S(V).
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In that algebra, the element t satisfies t2 = 0, where t2 € A>(V*) @, S2(V).

Proof. Let {vy,...,v.} be a basis of V' and {v},...,v}} the dual basis of V*. The

element t = > v} ® v;. Consider
i=1

=0 "veun)d v euv)
i=1 j=1
=Y (=Dl Av)) © (viwy) € AP (VF) @ S*(V)
i,j=1

T

= Z(U: Av3) @ (vivy), since |vg] = 2.
ij=1

In the case i = j, v; A v = 0 holds, which leaves only the terms with i # j :

T

2 = Z [(vF AvT) @ (vv;) + (V) AV)) @ (v505)]
i,j=1
i<j

= [ Av)) @ (vivy) — (0] Av}) @ ()] =0. O
l;']<:j1

Lemma 4.3.2. The S(V)-linear dual of the chain complex
Fo=...=5SV)@, A" V) = S(V) @, AY(V) — ...

yields a cochain complex of S(V')-modules F* = Homgy)(Fs, S(V')), which is isomor-

phic to a cochain complex of the form
o NV @ S(V) = ATV @, S(V) — ... (4.6)

with differential
0 = multiplication by ¢.
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Proof. We draw the following diagram to show that F™ is isomorphic to a cochain
complex (4.6):

Homgy)(S(V) @ A(V), S(V)) —2— Homg)(S(V) @, AHL(V), S(V))

Homy (A{(V), S(V)) — Homy (A*1(V), S(V))
A(V)* @5 S(V) — AT V) @, S(V)
NV @ S(V) — ATFL(V*) @, S(V),

using the isomorphisms from Propositions 2.7.7, 2.6.5, and 2.8.3. Let {ej,...,e,} be
a basis of V and {ef, ..., e’} the dual basis of V*. Given indices 1 < j; < ... < j; <,
we denote the set J = {j1,...,Ji}. We write e; :=e;, A... Aej and e}y :=¢€j A... A
;. Let ey ®s € A'(V*) ® S(V). Using the isomorphism A*(V*) = AY(V)* from
Proposition 2.7.7, we have (e;)* ® s € A'(V)* ®;, S(V). By the natural isomorphism
A(V)* @y, S(V) = Homy (A (V), S(V)) from Proposition 2.6.5, we obtain the values

of the corresponding map A*(V) — S(V') on the basis elements:
(e))*(ej)s=1-s=s
and
(es)*(exy, A ... Neg)s=0-5=0,

where the indices {ki,...,k;} are different from J. Using the natural isomorphism

from Proposition 2.8.3, given 8 = se* € Homy (A (V), S(V)) the corresponding map
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via extension of scalars ' € Homg)(S(V) ® AY(V), S(V)) is
B'(s' @y) = s'B(y).

Given indices 1 < ky < ... < kjy1 < r, we denote the set K = {kq,...,ki11}. The

differential d* of the cochain complex in the top of the diagram is given by

d*(B)(s' @ ex) =(B" 0 d)(s' ® ex)

=0 (d(s' ® ex))
i+1
=3 (Z(—l)e_ls'ekg ® (e Aeea Al A A eki+1)>
=1
it+1

=5 Z<—1)€71€k¢5 (e Ao NEg Ao Nep,, ) -
=1

In the case J € K, the indices {ki, ..., ki—1,kes1,- .., kiy1} are different from J, so

we obtain
i+1
(B (s ®ex)=¢ Z(—l)e_lekeﬁ (e Ao ANEg A Neg,,) = 0.
=1
In the case J C K, the set K is of the form K = J U {k,,}, which yields
i+1
d*(8)(s' @ ex) =5 Z(—l)f’lemﬂ (ek1 Ao Neg Ao A €ki+1) + 8/ (=1)"" ey, Bley)
=1
l#m

=0+ 5'(=1)" ey, Bles)
=5'(=1)""ey,, .

From Proposition 2.8.3, given d*(8') = o/ € Homg(S(V) ® AY(V), S(V)) the cor-

responding map a € Homy (A (V), S(V)) is given by

alex) = d' (1@ eg).
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Using Proposition 2.6.5, we have

> (ex)* @ alex) € NTHV)* @ S(V).

1<k <ko<...<kit1<r

Since the set K ranges over all subsets of {1,... r} of cardinality ¢+ 1 and in the case
J ¢ K, a(eg) = 0, we take the set K as K = J U {k'} for some &’ € {1,...,r}\ J.

We denote k' = k,, to indicate the position of k&’ in the set K. We have
* * —1/ * *
Cx = Cru{ry = (=1)™ (e Ae))

and
aler) = a(eJu{k’}) =d(1® eJU{k’}) = (—1)m_lek/s.

Then we obtain

Y (k) @aler) = > (eqw) @ (1) ews

Ke{l,..r\J K e{l,...r\J
= Z (Gk/ /\GJ)* ®6k/8.
Ke{l,...r\J

Using Proposition 2.7.7,

Y by @eps e NV S(V).
Ke{l,...r\J

Hence the differential ¢ of the cochain complex in the bottom of the diagram is

iehy®s) = Z e N\ e eps.
K ef1,.r\J
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Let us show that the differential ¢ is multiplication by ¢ where t € A(V*) ®; S(V) as

follows: )

Hes ®s) =) (€ @er)(eh @)

(=D)ledledler A e @ egs

M-

= |l

1

e, \ ey @ eps, since |ep| = 2.
=1

Since e} A e’ =0 in the case ¢ € J, the range of £ is {1,...,r}\ J, which yields
tef®s) = Z e; N\ e R eys. O

Lemma 4.3.3. Let C* be a cochain complex of R-modules that has the structure of
a graded R-algebra such that the differential d : C* — C** is given by multiplication

by some fized element t € CL, that is:
d(x) =tx

for all x € C*. The cocycles Z(C) C C form a subalgebra of C. Note that if C was

unital to begin with, Z(C) need not be unital, cf. Lemma 2.2.5.

Proof. Let o, € Z(C) be two cocycles of C. Since the differential d is given by

multiplication by some fixed element ¢t € C!, we obtain
d(af) = t(af) = (ta) 8 = d(e)B = 0,
so that aff € Z(C) is a cocycle. O
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Notation 4.3.4. When working with coalgebras, we use Sweedler’s notation [LV12,
§1.2.1]. In a coalgebra C with comultiplication A : C' — C ® C, the comultiplication

of x € C 1is given by

for ajél) and :1:%2) € C. In Sweedler’s notation, this is abbreviated to

Alz) = zq) @ z).

(z)

Omitting the summation symbols, we write
A(Z) =) (%9} Z(2)-

Proposition 4.3.5 is found in [Eis95, Exercise A3.28] and we follow the sketch of

proof in the section “Hints and Solutions for Selected Exercises” in [Eis95].

Proposition 4.3.5. Let R — k be a quotient ring homomorphism. Let
P=.. %P %P %P =0

be a projective resolution of k as an R-module, with Py = R and the augmenta-
tion Py — k being the quotient map. Assume that each projective R-module P; is
finitely generated. Taking the R-linear dual yields a cochain complex of R-modules
P* := Hompg(P,, R).

Assume that P* satisfies the setup of Lemma 4.3.3. More precisely, P* has the struc-
ture of a graded R-algebra such that the differential d* : P' — P'™! is given by
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multiplication by some fived element t € P, that is:

d*(z) =tz

for all x € P

Consider the graded k-algebra P* ®g k together with the canonical cochain map

0:P* ®Rk} — HOIIIR(P, ]{3)

Since each projective R-module P; is finitely generated, the cochain map 6 is an iso-
morphism. The map of graded k-modules given by the two equal composites in the

diagram

N
—~
5
=

Z(P*®grk)

quotientl

Z(Hompg(P, k))

j quotient

1R

H(P* ®p k) "ok H(Homp(P, k) = Extr(k, k)

is an algebra homomorphism, where Extr(k, k) is endowed with Yoneda product.

Proof. ‘Part 1. Defining the comultiplication.‘

Let p : P* ® P* — P* be the multiplication on the cochain complex of R-modules
P* := Hompg(P,, R). From the commutativity of the following diagram, we interpret
the multiplication of P* as a comultiplication A: P —- P® P on P:

P** wr (P* ® P*)* (; P @ P**

o | ETO’@O’

P P®P,
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see the isomorphisms from Lemma 2.6.8 and Lemma 2.6.11. Let z € P. Using the
isomorphism P = P* from Lemma 2.6.8, we have ev, € P**. Applying the map u*,

we obtain p*(ev,) € (P* @ P*)*. For all f,g € P*, we have
peve)(f @ g) = (f-9)(z) € R, (4.7)

where f- g = pu(f ® g) denotes the product in the algebra P*. Using Notation 4.3.4,
given x € P we have A(z) = z() ® ) € P ® P. From the isomorphism in
Lemma 2.6.8, we obtain Vg, Q€eVy, € P*®P**. The isomorphism from Lemma 2.6.11
yields a(ev,, ®ev,, ) € (P*® P*)*. For all f,g € P*, we have

a(evy,, ®eve, )(f ®g) = f(z)g(z@) € R. (4.8)
Equating (4.7) and (4.8), we find that the comultiplication A(z) = z@) ® x(g) is
characterized by

(f - 9)(x) = flzw)g(ze),

for all f,g € P*. Let |x| = n and i + j = n, then the piece of A(x) in the summand

P, ®p P; is characterized by

(f-9)(@) = f(r0)i)9(T@),),

for all f € P and g € P;.

‘Part 2. Relating the comultiplication to the boundary map. ‘

Let f: P, =& R and g : P, — R be two cocycles and consider the composite

h:Pon ™ @ PReoP™%p,0P, % ReoR=R

i+j=m+n
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Let x € P, 1y. After composing A and the projection map, we obtain z (), ® (2), €

P, ® P,. Then we have

T(1)m @ T@)n = f(T@)m) @ 9(x@)n) = flxa)m)g(zen) = (f-9)(x) € R (4.9)

Hence the function h = f - g. We show that the condition on d* guarantees the

commutativity of the diagrams:

A project
Pm+n+1—> @ Pz®-P]—>Pm+1®Pn
i+j=m-+n+1
d d®1
A project
i+j=m+n

We have two R-module maps P, 1,11 — P, ® P, defined by the above diagram.
Since both R-modules in the source and target are finitely generated projective, it
suffices to show that the R-linear duals of the two maps are equal to conclude that
the above diagram commutes. Since the projective R-modules P,, and P, are finitely
generated, P ® P’ is naturally isomorphic to (P,, ® P,)*. Let f € P* and g € P*.

First, we consider the dual of the map which is given by the top of the diagram:

Posnr1 > @ PPN P 0P B0 P 5 RORX R,

i+j=m-+n+1
Let x € Py yny1. After composing A and the projection map, we obtain (1) ;41 ®

T@)n € Pny1 ® P,. Applying the composition of d ® 1 and f ® g, we obtain

(f®9)o(d®1)(z1)m190T@2)n) = ((fod)®9)(T1)m+19T@2)n) = A" (f)(T1)m+1)29(T2)n) € ROR.
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Then we have

d*(f)(@@)m+1) ® 9(@@)n) = (/) (@@)m+1)9(@@)0) = (d(f) - 9)(z) € R.
Second, we consider the dual of the map which is given by the bottom of the diagram:

Pm+n+1i>Pm+n£> @ PZ®P]M)PWL®P’[’L&>R®R%R
i+j=m+n

In Equation (4.9), we showed that x € P,,,,, maps to (f-g)(x) € R. After composing

with the map d we have
(f-g)od=d(fg)

We are comparing two functions d*(f) - g and d*(f - g). By the condition on P*, we

obtain
a(f-g)=t-(f-9)=({f) - g=d(f) g

Thus the diagram commutes.

‘Part 3. Representing the Yoneda products. ‘

Let o = [f] € ExtR(k, k) be represented by a cocycle f : P, = k and 8 = [g] €
Ext’,(k, k) be represented by a cocycle g : P, — k. Let A" : P, 1, = P, ® P, denote
the composition of A and the projection map. Since P, is projective and the map

Py — k is onto, there exists a lift ag = ' : P, — Py of f to Py. We obtain the
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commutative diagram:

Poin-2-P 0P, P o R P,k

d ld@l d

P 2P 0P, 2P oR~P
d d
f! ~
P, Ph® R=Fy
f
Py
k k.

The maps a; = (1® f')o A" : P,4; — P, satisfy d o a; = ;1 o d. In particular for
1 = n, the map «,, is

(1®f/)OA/:Pm+n—>Pn.
By Remark 2.5.2; the composition g o a, :
go((1® fYoA): Ppyy — k

represents the Yoneda product Sa in Ext} ™" (k, k). By Equation (4.9), the product
g- [ € P*® k is the composite

9 f:Pun™> @ RoPR X% PR oPr, Zhrokr,
1+j=m+n
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which yields
g-f:go((1®f,)OA/):Pm+n—>k.

Thus g - f is a representative of the Yoneda product

lg - f1=[9]lf] = B € Extig™" (k. k). 0

Remark 4.3.6. 1. If R is Noetherian, then the R-module k (being finitely gener-
ated) admits a resolution by finitely generated projective R-modules [Wei94, Def-

inition 3.3.9].

2. If multiplication on P* is commutative or graded-commutative, then the coho-
mology H(P*®pg k) inherits a graded k-algebra structure. In that case, the con-
clusion is equivalent to H(0) being an algebra homomorphism. If H(6) is more-
over an isomorphism, the conclution is that the multiplication on H(P*®pgk) =

Extr(k, k) agrees with the Yoneda product.

Proposition 4.3.7. Let k be a commutative ring and let V' a finite free k-module of

rank r, i.e., V =2 k". The Ext algebra over a polynomial algebra is exterior:
Eth(V)(k‘, k) = A(V*)

Proof. We use the tautological Koszul complex F, = S(V) ®; A(V) to prove this
isomorphism. By applying the functor — ®g) k to the cochain complex F* =

Homgv)(Fs, S(V')) we get a cochain complex of k-modules:

HOII]S(V)(F., S(V)) ®S(V) k i) HOIHS(V)(F., k’)
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We compute Ext groups using the k-module cochain complex Homgy(Fs, k). Note
that composition of S(V)-module maps S(V) @ A1 (V) — S(V) @ AY(V) —
k is zero, as argued in the proof of Lemma 3.3.11. Hence the cochain complex
Homgv)(Fs, k) has zero differential. By definition of Ext, the cohomology groups
are the Ext groups:

H'(Homgv)(Fy, k) = Extlgy (k, k).

The algebra F* = A(V*)®;.S(V) has differential 6 = multiplication by ¢ (see Lemma 4.3.2).
Then the algebra F* ®gy k = A(V*) has zero differential. Hence the cohomology of

F* ®@g¢vy k is given by
H(F* ®@swy k) = F* @gvy k= A(V7).

Since F™* satisfies Proposition 4.3.5, the algebra structure on F* is compatible with

the Ext-algebra. We obtain an algebra isomorphism
H(F* ®s(v) k) = EXtS(V)(k, k) = A(V™). ]

Remark 4.3.8. We constructed the Yoneda product using endomorphism complexes
(see Proposition 4.1.2 ) and projective resolutions of the R-modules (see Remark 2.5.2).
In Remark 4.1.1, the cochain complex Hompg (P, k) is isomorphic to the hom complex
Hom(P, k[0]) up to a sign in the differential and in Remark 2.5.2, there is a sign
discrepancy between parallelograms that commute versus anticommute (see Defini-
tion 2.2.8). Hence the Yoneda product using endomorphism complexes agrees with
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the Yoneda product using projective resolutions up to a sign.
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Chapter 5

A proof using Koszul duality for algebras

In this chapter, we provide a proof that the Ext-algebra over a polynomial algebra
is exterior and vice versa (Proposition 5.4.3). The main references of this chapter are
[PP05] and [Wul6], both of which assume that the ground ring & is a field. In [Pos21],
Koszul duality for algebras is developed over an arbitrary ground ring k, working with
k-bimodules. We will always assume that k is commutative and work with k-modules
instead of bimodules. Some of the material in this chapter is found in [Pos21, §10.1];

we fill in some details.

5.1 Quadratic algebras

Facts about quadratic algebras are from [PP05] and [Wul6, §4.2].

Definition 5.1.1. Let k be a commutative ring. A quadratic algebra A = P A,
neN
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over k is a graded algebra that satisfies Ay = k and admits a presentation

AXT(A)/I

where T'(Ay) is the tensor algebra of Ay and I is the two-sided ideal generated by a

module R C Ay ® Ay of homogeneous elements of degree two in T(Ay).

Observe that the module R is a quadratic relation set R = (ker a) N (A; ®y A;)
where o : T(A;) — A is the canonical map defined by m; ® ... ® m; — my ... m; for

all i € N,.

Example 5.1.2. Here are some examples of quadratic algebras.

1. The tensor algebra T'(V') is quadratic since the tensor algebra can be represented

as T(V)=T(V)/(0).

2. The symmetric algebra S(V') is quadratic since the symmetric algebra is the
quotient of the tensor algebra S(V') = T(V))/1, where I is generated by {x @y —

yx|x,yeV}

3. The exterior algebra A(V') is quadratic since the exterior algebra is the quotient

of the tensor algebra A(V') = T(V')/I, where I is generated by {r @z |z € V'}.

5.2 Koszul algebras

Facts about Koszul algebras are taken from [Wul6, §4.1].
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Definition 5.2.1. Let k be a commutative ring. A Koszul algebra A = @ A, is
neN

a graded algebra that satisfies Ag = k and Ay = A/ @ A, considered as a graded

n>0

A-module admits a graded projective resolution:
PP P P A0

such that P is generated as a Z-graded A-module by its degree i component, i.e.,

P' = @ P;j (decomposition into graded pieces) satisfies P = AP} (see [PP05, §2.1]).

JEZ
Notation 5.2.2. Let R be a Z-graded ring and M = @ M; be a Z-graded R-module.
i€z

The notation

M(n) = P Mn),

denotes the same R-module M with shifted grading M(n); = M;;, [Wul6, Notation

2.3.11].

Definition 5.2.3. Let A be a graded algebra and M, N a pair of graded A-modules.

The graded homomorphism functor is

Hom (M, N) = @5 Hom?, (M, N),

jEL
where Homil(M, N) is the module of all homomorphisms of graded A-modules that

decrease the degree by j, that is,

f : Mk — Nkfj'
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We denote by

Ext’y (M, N) = @ Ext’ (M, N)

JEZ

the ith derived functor of the graded homomorphism functor. The first grading i is

called the homological grading and the second j is called the internal one [PP05, §1.1].

Example 5.2.4. Consider the polynomial ring A = k[x,y] = aik[x,y]j which is
=

graded by degree of homogeneous polynomials. Using Notation 5.2.2 we obtain the

graded version P, of the (length 2) free resolution of k as a klx,y]-module from Ex-

ample 3.1.4:

[ ]

0 A(—2) “2h 22— 2 4 Lk o

Note that as graded A-modules, A is generated in degree 0, A*(—1) is generated in
degree 1 and A(—2) is generated in degree 2. This free resolution implies that k|x,y]
1s Koszul.

We compute the bigraded Ext groups, Extfgj(k,k) in graded k[z,y]-modules. The

cochain complez of graded k-modules Hom4 (P, k) is
0 — Homu (4, k) % Homu(A2(—1), k) % Homu(A(=2), k) — 0.

Note that d = 0, Homa(A, k) = k(0), Hom4(A?(—1), k) = k*(—1) and

Hom4(A(—2),k) = k(—2). Thus the cochain complex has the form:

0= k(0) 2 k(1) > k(=2) = 0.

75



The Ext groups are concentrated in diagonal bidegrees Exti’f(k:, k)

(

kE, =0
B K2, i=1
Ext’y (k, k) =
k, =2
0, otherwise.
\

We obtain Exti"j(k, k) =0 fori# j. A graded algebra A should satisfy this condition

to be Koszul [PP05, §2.1 Definition 1(a)].

Example 5.2.5. Let k be a commutative ring and V' a finitely generated projective
k-module. The symmetric algebra S(V') and the exterior algebra A(V') are Koszul

[PP05, §2.1 Example 1].

Proposition 5.2.6. If the algebra A is Koszul, then the algebra A is quadratic [Wul6,

Proposition 4.2.12].

5.3 Koszul dual algebra of a quadratic algebra

Facts about the Koszul dual algebra of a quadratic algebra are from [Wul6, §5.1].

Definition 5.3.1. Let T'(V') be the tensor algebra of V' over k. The orthogonal

submodule of any submodule W C V®I is defined as

W+ ={ue (V) |u(w) =0 forall we W},
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where u(w) denotes the pairing from Lemma 2.7.6. The symbol (W) denotes the

two-sided ideal of T'(V') generated by W, i.e.,
(W) =T(V)WT(V)
and the symbol (W) denotes the two-sided ideal of T(V*) generated by W+, i.e.,
(Wh) =T(VYWHT(V*).

Lemma 5.3.2. Let k be a commutative ring. Assume that V' is finitely generated
projective and W C V ® V is a submodule such that V & V/W is projective. Then

the following hold.

1. W and V& V/W are also finitely generated projective.

2. There is a natural isomorphism W = (W)L,

Proof. (1) Since V is finitely generated projective, there exists a k-module @) such

that V & Q = k" is finite free. Consider
Fre(Ve)e(Veq)

(Ve V)e(VerQ) e (QarV)a (QeQ).

Thus V ®; V is finitely generated projective. Since V ® V' is finitely generated
and a quotient of a finitely generated module is finitely generated, V @ V/W is
finitely generated.

We have a short exact sequence of k-modules:

0—=WesVRV—=VaV/W—=0. (5.10)
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Since V ® V/W is projective and the map r : V@V — V ® V/W is surjective,
there exists amap s : V@ V/W — V ®V such that ros = idygyw . Then, the
above sequence (5.10) is split and we obtain V@V = W@ (V@ V/W). Following
the fact that V' ® V' is finitely generated projective, its direct summand W is

also finitely generated projective.
We have a long exact sequence from applying Homy(—, k) to the sequence (5.10):
0 —— Hom(V ® V/W, k) — Homy(V ® V, k) —— Homy (W, k)
— > Exti(V @ V/W, k) —= ExtL(V ® V, k) — ExtL(W, k) *— . ..

Since V ® V/W is projective over k, we have Ext,(V ® V/W, k) = 0. We get

the short exact sequence:

0—= (VoV/W)—=(VaV) W* ——0.

Using the isomorphism V* @ V* = (V ® V)* (see Lemma 2.6.10) and the defi-

nition of W+ in Definition 5.3.1,
W+ S Homy (V @ V/W, k) = (V @ V/W)".
Then, we have

0—W+—V*aV* W 0. (5.11)

We apply Homy(—, k) to the sequence (5.11):

0— (WHt = V= V™ - (WH* 0.
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Since V' and W are finitely generated projective, the natural maps V" — V** and
W — W** are isomorphisms (see Lemma 2.6.8). Hence via the identification
VeV2V"e V™ we get
W= (WH)*, O
Definition 5.3.3. Let A =T(V) /(W) be a quadratic algebra, where (W) is generated
by the quadratic relation set W C V®2. The Koszul dual algebra of A is defined
as

A =TV (W),

Note that A' is a quadratic algebra. We can express A' as a graded algebra

A=PaAa,

neN

with A% = V* [Wul6, Remark 5.1.6].

Remark 5.3.4. Given a quadratic presentation A = T(V)/(W), we have Ay =V and
Ay =V @ V/W. Assume that V is finitely generated projective and W CV @V is a
submodule such that V@V /W is projective. We write A' in a way that is independent

of the quadratic presentation of A as follows:
A" =T(A7)/(43),

where o+ Ay < AT @ AT S (A; ® Ay)* is the dual of the multiplication map o
Ay ® A — As, c¢f. [Pos2l, Proposition 1.2]. Note that o* is injective since a is
surjective.
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Proposition 5.3.5. Let A = T(V)/(W) be a Koszul algebra. Assume that V is
finitely generated projective and W C V ® V' is a submodule such that V & V/W is

projective. There is a natural isomorphism (A')' = A.

Proof. Using Lemma 5.3.2, we have

(A) =TV (WH)H) =T(V)/ (W) = A O

The following proposition is found in [Wul6, Example 5.1.8] in the case where k

is a field.

Proposition 5.3.6. Let V' be a finitely generated projective k-module. The symmetric

algebra S(V') and exterior algebra A(V') are Koszul dual to each other.

Proof. We consider the symmetric algebra of V, S(V) = T(V)/(Wy), where (W)
is generated by Wy = {z ® y —y® z | z,y € V} and the exterior algebra of V*,
A(V*) = T(V*)/(W,), where (W,) is generated by W, = {6 ® ¢ | 6 € V*}. For any

0 € V*and z,y € V, we have

(0©0)(r@y—yr)=05(x)i(y) —i(y)o(r) = 0.

This implies that

W, C W
Now we show the reverse inclusion Wj C W,. First, we assume that V is finite
free. Let {e1,...,e,} be a basis of V and {ej,...,e*} be the dual basis of V*. Let
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o€ Wt CV*®V*. We express ¢ in terms of the basis elements e} ® e;jof V? @V~

as follows:

= e e

ij=1

where «a;; € k. Using Lemma 2.7.3, the basis of W, in terms of the basis elements

lei®@e; | 1<i,j<r}is
lei@ej+ei@e |1 <i<j<riU{e®@e [1<i<r}).
The element ¢ pairs trivially with all of Wy, in particular:

pler ®ep—e,@e) =0

D aile; @e)(er®@er— e @eg) =0

ij=1

D aile; @e)(er®@e) = > aile; @e)(er@er) =0

i,j=1 i,j=1

age — agr, = 0 by Proposition 2.7.7

O = Qg
where 1 < k < ¢ < r. We obtain

p=> aule;@e)+ Y gl @)+ Y aule;@¢)
=1

1<i<j<r 1<i<j<r

=Y aalef@e))+ D ayle; e +el@el).
i=1

1<i<j<r

Hence, ¢ is a k-linear combination of the basis of W, i.e., o lies in W,. Thus, we have

Wi Cw,
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and therefore

We deduce

and

(A(V) = (S(V))" = 8(V).

In the case where V is finite free, the natural inclusion W, C W is an isomor-
phism. Using the fact that a finitely generated projective module is a retract of a
finite free module, we have the same natural isomorphism between W, and Wi (see
Lemma 2.6.3). Thus, we get the same above results when V is finitely generated

projective. O

Example 5.3.7. Let A = k[z,y| be a polynomial algebra in two variables. We present
the algebra A as a quotient of a tensor algebra, A = T'(V)/(R) where V =k ® k is
the free module of rank 2 generated by x and y and the set R ={x @y —y®a}. The
Koszul dual of A is A' = T(V*)/{R*) where R+ = {2* @y +y* @a*, 2* @2*, y* @y*}.
Thus

A= A"y,

i.€., the exterior algebra on the dual generators.
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5.4 Multiplicative structure using Koszul duality for alge-

bras

In this section we prove the classical facts that the Ext-algebra over a symmetric
algebra is exterior and the Ext-algebra over an exterior algebra is polynomial using

Koszul duality for algebras as outlined in [Tam18].

Theorem 5.4.1. Let k be a commutative ring and A =T(V)/(W) a quadratic alge-
bra. Assume that V is finitely generated projective and W C V ® V is a submodule
such that V@ V/W s projective. If A is a Koszul algebra, then the Ext-algebra

Exta(k, k) is isomorphic to the Koszul dual algebra A', i.e.,
EXtA(k’, k‘) = A!
[PP05, §2.1 Definition 1].

Remark 5.4.2. In [Pos21, Proposition 2.23], the author states that the Ext-algebra
is isomorphic to the opposite of the Koszul dual algebra A', considering the definition

of the natural pairing between V@ V and V* @ V* by

(f@g)(u®v)=g(u)f(v),

where f,g € V* and u,v € V [Pos21, Lemma 1.1, §3.4]. This different pairing formula
leads to a different definition of the Koszul dual algebra A', namely the opposite of
the quadratic dual algebra A' defined in [PP05, §1.2]. In [PP05, §2.1 Definition 1], it
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is stated that the Ext-algebra is isomorphic to the Koszul dual algebra A' as a result

of defining the natural pairing between V@V and V* @ V* by

(f ©® g)(u®v) = f(u)g(v),

where f,g € V* and u,v € V. In Lemma 2.6.10, we used the pairing formula which

is used in [PP05, §1.2] to define the natural pairing between M @ N and M* @ N*.
Proposition 5.4.3. Let k be a commutative ring and V' a finite free k-module.

1. The Ext-algebra over a symmetric algebra is exterior:

EXtS(V)(k‘, k‘) = A(V*)

2. The Ext-algebra over an exterior algebra is polynomial:

EXtA(V*)(/{J, k?) = S(V)

Proof. The symmetric algebra S(V) and exterior algebra A(V*) are Koszul. Using

Theorem 5.4.1 and Proposition 5.3.6, we have
Extsq)(k, k) = (S(V))' = A(V7)

and

Extaq(k, k) 2 (A(V*) = S(V). O
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