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Abstract

The cohomology ring of a finite cyclic group was explicitly computed by Cartan and Eilen-
berg in their 1956 book on Homological Algebra [3]. It is surprising that the cohomology
ring for the next simplest example, that of a finite abelian group, has still not been treated
in a systematic way. The results that we do have are combinatorial in nature and have
been obtained using “brute force” computations.

In this thesis we will give a systematic method for computing the cohomology ring of
a finite abelian group. A major ingredient in this treatment will be the Tate resolution of
a commutative ring R (with trivial group action) over the group ring RG, for some finite
abelian group . Using the Tate resolution we will be able to compute the cohomology
ring for a finite cyclic group, and confirm that this computation agrees with what is known
from [8]. Then we will generalize this technique to compute the cohomology ring for a
finite abelian group. The presentation we will give is simpler than what is in the literature
to date.

We will then see that a straightforward generalization of the Tate resolution from a group
ring to an arbitrary ring defined by monic polynomials will yield a method for computing
the Hochschild cohomology algebra of that ring. In particular we will re-prove Theorem
3.2, Lemma 4.1, Lemma 5.1, Theorem 5.2 and Theorem 6.2 from [I1], and Theorem 3.9
from [15] in a much more unified way than they were originally proved. We will also be
able to prove some new results.
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Chapter 1

Introduction

1.1 Overview

The cohomology ring of a finite cyclic group was explicitly computed by Cartan and Eilen-
berg in their 1956 book on Homological Algebra [3]. It is surprising that the cohomology
ring for the next simplest example, that of a finite abelian group, has still not been treated
in a systematic way. The results that we do have are combinatorial in nature and have
been obtained using “brute force” computations.

In this thesis we will give a systematic treatment for the cohomology ring of a finite abelian
group. A major ingredient in this treatment will be the Tate resolution of a commutative
ring R (with trivial group action) over the group ring RG, for some finite abelian group
G. Using the Tate resolution we will be able to compute the cohomology ring for a finite
cyclic group, and confirm that this computation agrees with what is known from [5]. Then
we will generalize this technique to compute the cohomology ring for a finite abelian group.

The Tate resolution was given in Theorem 4 of [16]. Immediately after proving this theo-
rem, Tate gave the following application.

Application 1: Let F' be the free abelian group on generators uy, ..., u, and let
R = Z[uy,ui", ... up,u;t] be the group ring of F with integral coefficients. Let
ti=u;—1, 1 <i<mn,and let M = (t1,...,t,). Let a; =u;’ =1, 1 <i <,
with positive integers ejles|---|e,, and let A = (ai,...,a,). Then R = £

is the group ring of the abelian group F generated by elements @; with the



relations ;% = 1, 1 < i < r, that is, of the direct product of cyclic groups
of order e;, 1 < i < r, and n — r infinite cyclic groups. Theorem 4 then
yields a free resolution of the F-module Z = % = %, a resolution which can be
used efficiently to compute the cohomology and homology groups of the finitely

generated abelian group F'.

This thesis will give the answer for which Tate asked, for cohomology, when all the gener-
ators have finite order (i.e. when r = n).

Although we will use some complicated machinery during our analysis, it will turn out
that the dualized complex in which we compute our products is a Koszul complex. While
the Koszul complex carries a natural algebra structure, this is not the multiplicative struc-
ture that we seek. Rather, we will define the cup product of cochains, following the method
from [8]. Even though the Koszul complex is fairly simple, its cohomology can still be com-
plicated. This may explain why so much “brute force” has been required to obtain the
results that are known to date. In Chapter 6, we will describe an algorithm for computing
the cohomology ring for any finite abelian group, and we will explicitly compute the inte-
gral cohomology ring for a product of two cyclic groups, and a few more examples. The
presentations we will give for the examples in Chapter 6 are simpler than what is in the
literature to date. We will then demonstrate that our results verify and complete results
in [12], and agree with results in [9], [17] and [0].

In Chapter 7, we will see that a straightforward generalization of the Tate resolution from
a group ring to an arbitrary ring defined by monic polynomials will yield a method for
computing the Hochschild cohomology algebra of that ring. This will enable us to re-prove
some results from the literature in a much more unified way than they were originally
proved. In particular, our results will verify and complete results in [11], and agree with a
result in [15].

Throughout this thesis, we will see that the most difficult part of the analysis is choosing
a correct diagonal approximation for the given setup. Once a correct diagonal approxi-
mation has been chosen, the cup product structure is determined. Tate’s Theorem is a
powerful tool in allowing us to choose a correct diagonal approximation, because the diag-
onal approximation is determined on the whole resolution once we have defined our maps
in degrees zero, one and two. This is why we are able to avoid the combinatorial approach
that has been used so often to date.



1.2 Chapter Summaries

Chapter 2 will recall all the foundational machinery that is required.

In Chapter 3 we will begin with a projective resolution of our ring (with trivial group
action) over the group algebra. Then we will define a diagonal approximation from the
resolution to the tensor product of two copies of the resolution. Next we will dualize our
resolution into a trivial representation. We will use our diagonal approximation to define
the cup product of cochains in the dual. Last, we will recall that the cup product is homo-
topic to the Yoneda product on the underlying chain complex, and thus induces the same
product in the cohomology ring of the group with coefficients in R, that is, in the Faxt
algebra.

In Chapter 4 we will construct the Tate resolution for a finite cyclic group. Then we
will exhibit a diagonal approximation which will enable us to define the cup products.
Last, we will verify that the product we obtain agrees with the known results from [¢].

In Chapter 5 we will generalize the setup from Chapter 4 to a product of cyclic groups, in
other words, to any finite abelian group.

In Chapter 6 we will give the structure of the cohomology ring of a finite abelian group as
a fibre product of quotients of polynomial rings. We will also verify that our results agree
with what is already known in the literature.

In Chapter 7 we will generalize the setup from Chapter 5 to a ring defined by monic
polynomials. This will allow us to obtain some results about Hochschild Cohomology for
a hypersurface ring defined by a monic polynomial.



Chapter 2

Preliminaries

In this chapter we recall all the machinery that will be needed throughout the thesis.

2.1 Conventions

We establish the following conventions for use throughout the thesis.

1. Unless otherwise stated, G denotes a finite group and R denotes a commutative ring
with unity.

2. The map p: R®gr R — R is the multiplication map.

3. In general, modules over a not necessarily commutative ring have their ring action
on the right.

4. If we are in the setting of a graded ring or module, then we use the absolute value
bars | - | to denote the degree of an element.

5. When applicable, the notation ® denotes the graded tensor product of rings or alge-
bras, which is the usual tensor product, with the multiplication law:

(a@b)(a' @) = (~1)""I(ad’) © (b¥")

6. We use the following notation for complexes of R-modules:
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(a) Every complex is indexed over the integers, potentially with lots of zero terms.

(b) With homological grading C; &, C;_1, the differential lowers the degree by
one.

(c) With cohomological grading C” — 4 09+ the differential increases the degree
by one.

(d) We can freely switch from one to the other by setting €7V = C_;.

(e) We denote by C[m] the complex such that C[m}? = C7*™ ie. Clm]; = Ci_p.
In either case, we shift against the direction of the differential.

(f) Shifting a complex by 1 degree in either direction reverses the sign of the differ-
ential.

7. Whenever we need to, we may view R as the complex 0 —— R——=0, with R in
(co)homological degree zero.

8. Many of our complexes, especially the ones we obtain by applying Tate’s Theorem,
will have a highly useful additional structure, that of a DG-algebra (See Definition
2.7.6).

Suppose that (A4, 9) is a DG R-algebra. Then since §* = 0, (A, ) is a complex of
R-modules.

2.2 The Norm Map Isomorphism

In this section we establish an extremely useful isomorphism, which will be used throughout
the thesis. More sophisticated proofs of this result exist in the literature; we present a
“down-to-earth” proof here.

Definition 2.2.1. Let R be a ring and let M be a right R-module. Then the R-dual of M
is the left R-module:
M* = HomR(M, R)

Definition 2.2.2. Let R be a ring and let M, N be right R-modules. Define the norm map

as
v : N@pM* — Homg(M,N)
NN = Pugxr:min-Am)



Theorem 2.2.3. The norm map is an isomorphism for all N if and only if M is a finitely
generated projective R-module.

Proof. For the forward direction, assume that v is an isomorphism for all N. We will prove
that M is a finitely generated projective R-module.

Proof that M is projective: We will prove that Hompg(M, —) is an exact functor. Take any
short exact sequence of R-modules

0—=A—>B-">C—>0.
We will show that
0 ——= Homp(M, A) —== Homp(M, B) 2= Homp(M,C) —=0
is exact. It suffices to prove that
Homp(M, B) 2~ Homp(M,C)

is surjective.

Since v is an isomorphism for all N, we may construct the following diagram in which the
vertical maps are isomorphisms:

Bop M2 0w, M*

Hompg(M, B) —— Hompg
I claim that this diagram commutes. Let b® A\ € B ®r M™ be arbitrary. The clockwise
branch yields

1R
1R

ve
M, 0).

vo(p ® 1a ) (b @ A) = vo(p(b) @ A) = [m = p(b) - A(m)]
The counterclockwise branch yields

pvp(b @A) = pu[m = bA(m)] = [m = p(bA(m)) = p(b) - A(m)]

p is R-linear

so the diagram commutes on a generating set of B ®r M*, and thus commutes as claimed.
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Let a € Hompg(M, C') be arbitrary. Since v is an isomorphism, there exists an element 5 €
PO pp*

C®pM* such that o = v (). Since (—®gr M*) is right exact, B ®@r M*—=C @p M* is
surjective. Therefore there exists an element v € B®&g M* such that 5 = (p&1p+)(7y). The
clockwise branch then reads a = vo(8) = vo(p ® 1p+)(7y). Since the diagram commutes,
this implies that o = p,vp(7). Thus the element vg(y) € Homg(M, B) witnesses the fact
that o € I'm p,, so that p, is surjective as required.

Since p, is surjective, Hompg(M, —) is exact and therefore M is projective as required.

Proof that M is finitely generated:

Letting N = M gives us the isomorphism vy, : M ®r M* — Homg(M,M). Since
1y € Hompg(M, M), there exists some element § € M ®g M* such that 1, = vy (9).
Write 0 as a finite sum Zj m; ® Aj. I claim that M is generated by the m;. Let x € M be
arbitrary. Then

r = 1ly(x)

= vu(0)(x)

S (Z m; ® Aj) (z)
= ZVMJ<mj®Aj)(x)
= iwmj@j(x)
S

~—~—
E€R, Vj

so since x € M was arbitrary, M is generated by the m;, and thus is finitely generated.

For the backwards direction, assume that M is a finitely generated projective R-module.
Let N be arbitrary. We must prove that v as defined above is an isomorphism. We first
establish the result for finitely generated free modules, then we show how the result follows
for direct summands of these, i.e. for all finitely generated projective modules.

Since M is finitely generated and projective, by the proof of Proposition 7.56 in [14], M is
a direct summand of a finitely generated free module F'. Let F' have a finite R-basis {e;}.
Then F* is free with R-basis {e}}.



It is routine to check that the following function is R-bilinear:

n N x F* — Hompg(F,N)

<n, Zj mej) = e = nergl,
and thus we obtain a homomorphism of abelian groups

n : NgpF* — Homg(F,N)
n® (2 rie;) = lejrner

We will show that 7 is a bijection, and thus an isomorphism.

Now define
C : HomR(F,N) — N®RF*

a o Yale)ed

Proof that ¢ = 1gomu(rn): Let o € Hompg(F, N) be arbitrary, and take any basis element
e;. Then

nc(a) (e;) =n (Z aler) ® 62) (e5) = [ex — aler)] (e;) = ale)),

so that n¢(a) and « agree on a basis of F', and therefore on all of F. In other words
n¢(a) = a as functions. Since a was arbitrary, therefore n¢ = 1o, (p,n) as claimed.

Proof that (n = Iygyr+: Let n ® <Z] T e?) € N ®g F* be arbitrary. Then

cn <n® (ZW : 6;)) =(lej—=>n-r;|= Zn-m@e}f\:/Zn@rj-e; =n® (er . e?) .

J J r;€R J J

Thus (n is the identity map on a generating set of N @z F*, and is therefore the identity
on all of N ®p F™*.

Now we must show that the result holds for direct summands of finitely generated free
modules, i.e. for finitely generated projective modules. Suppose that the norm map is an
isomorphism
v : NepF* — Homg(F,N)
nRA = Paen it frrns A(S)



Further suppose that F'is isomorphic to a direct sum F' = F| & F5. Then we claim that v

restricts to
1w : NQrF — Homg(Fi,N)

nRA = Ouer : f1 e A(f1)

which is an isomorphism.

By Corollary 7.34 in [11], we have

F* = Homg(F,R)

Hompg(F) ® Fy, R)
Hompg(F1, R) ® Hompg(F3, R)
Fi & F}, and

Hompg(F) ® F3, N)
Hompg(F,N) ® Homg(F», N),

[rae

12

HomR(F, N)

I

so we have an isomorphism

v : (N@gpF)® (N®gFy) — Hompg(Fi,N)® Homg(F;, N).
Let n ® \y € N ®p Fy be arbitrary. Since F' = F} @& F5, any f € F has a unique
decomposition f = fi; + fo, with f; € Fy, fo € F5. Thus we may define

A F — N
Hi+fo = M(fi)

Then M extends A; to all of F.
Then by the definition of v we have

vin@ ) =[f—n-Af)], and

n-Af)=n-Af1+ f2) =n-M(f1) = nor, (f1).

This shows that the projection of ¢,gx onto Homg(Fi, N) equals p,g, € Homg(Fi, N),
so that v restricts to v; as claimed.

Similarly, v restricts to

Vo N®RF2* — HomR(Fg,N)
N = Pngn, t f2rr e Xa(f2)

9



Now v is injective, because v is. For surjectivity of v, let & € Hompg(F;, N) be arbitrary.
Then («,0) € Homg(F1, N) ® Homg(Fy, N) = Hompg(F, N). Since v is surjective, there
exists some element (z,y) € (N Qg F}) ® (N ®g Fy) such that

(Oé,O) = I/(l’7y) = (Vl(x)a VQ(y»
Therefore a = 14 (z), and thus v is surjective, as required.

We have shown that v restricts to vy, which is an isomorphism. Therefore the norm map
is an isomorphism whenever M is a finitely generated projective module, and so we are
done. 0

2.3 The Koszul Complex

Throughout the thesis we will make frequent use of the Koszul complex.

Definition 2.3.1. If x € R is central, we let K(z) denote the chain complex

1 0

0 R—=R 0

concentrated in homological degrees 1 and 0. It is convenient to identify the generator of
the degree 1 part of K(x) as e, so that d(e) = x. With this convention, we re-draw the
above picture:

1 0

0 R——=R 0

0 Re—%~R 0

e———>2

We may view K(z) as the DG-algebra %, with |e| = 1. Then d is the skew algebra
0

derivation Ts,
e
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If x = (x1,...,2,) is a finite sequence of central elements in R, then we define the
Koszul complex K(x) to be the total tensor product complex.

K(z1) ®r - - @r K(z,,)

The degree p part of K(x) is a free R-module generated by the symbols

e N Aej(ip <o+ <ip), where ey, =1®---®1® ¢ ®1®---®1

position k

In particular, K,(x) is isomorphic to the pth exterior power A’ R™ of R" and has rank

( Z ) The differential is
d : K, (x) - K,—1(x)
e N Nej, Zizl(—l)k“xikeil/\---/\é\k/\---/\eip

This is an algebra derivation, equal to >, xk%.

2.4 Regular Sequences

Regular sequences are a key ingredient in the statement of Tate’s Theorem, and Tate’s
Theorem is the key ingredient in all our later constructions. Thus we establish the required
definitions, and the crucial examples which satisfy the definitions here.

Definition 2.4.1. Let R be a ring and let M be an R-module. A sequence of elements
x1,...,T, € R is called a regular sequence on M (or an M-sequence) if

1. (xq,...,20)M # M, and

2. Fori=1,...,n, x; is a non zero divisor on —4——.
s (x1,mi—1)M

In particular, for M = R, we have the notion of an R-sequence or regular sequence on R.
By contrast, we have

Definition 2.4.2. Any sequence x = (z1,...,x,) such that H;(K(x)) =0, for alli > 1 is
called a Koszul reqular sequence.

11



Remarks:

1. An R-sequence is Koszul regular (see [18], Corollary 4.5.5). A Koszul regular sequence
is not necessarily an R-sequence.

2. A Koszul regular sequence of length one is simply a non zero divisor.

Let z € R be a non zero divisor. We then require the following sequence to be exact:
0—=R—=R,

in other words, we require multiplication by x to be injective in R. But this is clear
because x is a non zero divisor in R, and therefore multiplication by = has a trivial
kernel.

By contrast, an R-sequence of length one is a non zero divisor which is not a unit.

Thus an example of a sequence which is Koszul regular but not an R-sequence is
simply {1}. As we know, 1 is a non zero divisor, which implies the sequence is
Koszul regular. However 1 is a unit, and thus {1} is not an R-sequence.

3. The definition of an R-sequence depends on the order in which we write down the
elements. For example, let k be a field, and let R = k[z, vy, z]. Definea = z(y—1), b =
y and ¢ = z(y — 1). Then (a,b,¢)R = (z,y,2)R # R, and {a,b,c} is an R-sequence
while {a, ¢, b} is not an R-sequence. However if (R, m, k) is a local noetherian ring,
and if z1,...,z, € m form an R-sequence, then any permutation of x1,..., z, again
form an R-sequence. See [10], Corollary 17.2.

4. Being Koszul regular does not depend on the order in which we write down the
elements.

Example 2.4.3. If R is any ring, and f(x) is any monic polynomial in R|x], then (f(z))
is a Koszul reqular sequence in R[x].

This is a simple consequence of Remark 2 above, since f(z) is a non zero divisor if it is
monic.

Example 2.4.4. More generally, (fi(x1),...,, f-(z,)), where each f; is monic, is a Koszul
reqular sequence in R[xq, ..., x,].

12



Note that since each f;(z;) is monic, it is a non zero divisor in R[zy,...,x,].

The proof is by induction on r. For the rest of the proof, unadorned tensor products are
over R.

In the base case (r = 1), The result follows by Example 2.4.3 above.

For the induction step, assume that (fi(z1),...,, fe(zx)) is Koszul regular, for some 1 <
k < r. We have that

K(fi(z1), -5 fe(zr)s ferr () 2 K(fi(z), - folmr) © K(frr1 (Tr41))

Let (C, 0) denote K(f1(x1),...,, fe(xx)). Then by the induction hypothesis, (C, 9) is acylic
in all degrees > 1.

Since K(fr+1(zk4+1)) is concentrated in degrees 0 and 1, the total complex is

0 0 0

0<—Co @ R[xj41] 2o Rlzj11] 220y Rlzp] =—---

1(frr1(Try1)) —1®(fr+1(Tr+1)) 1®(fet1(Try1))

Tot := 0=— CO X R[{L'k+1] % Cl & R[ZL‘k_H] % Cg & R[l'k+1] <

The rows are exact in degrees > 1 because R[zy41] is free, and therefore flat, over R.

The following diagram commutes

0 0 0

oR®1 oR®1
0=<— Co X R[Ik-i-l] & 01 ® R[l’k_H] <®; 02 X R[xk+1] -~
1Q(fr41(Tk+1)) 1Q(fr41(Tr41)) 1Q(frt1(xk41))

0—0Co® R[Qflﬂ_l] —0O1® R[$k+1] — 0y ® R[Ik—i-l] - ...
o®1 o®1

13



and thus the vertical maps assemble into a morphism of complexes. Denote this morphism
of complexes by f. We may then construct the complex cone(f), using Definition 1.5.1 of

[15].

I claim that cone(f) = Tot as complexes of R-modules. Define

U : cone(f) — Tot
(—b,c) in odd degrees
(b.c) = { (b,c)  in even degrees

It is routine to verify that ¥ is an isomorphism of chain complexes of R-modules.
Therefore we will be finished if we can show that H;(cone(f)) = 0, for all # > 1.

By Lemma 1.5.3 in [18], we have the long exact sequence

Hy(cone(f)) <—— Ho(C' ® R[$k+1])1;%)[‘[0(0 ® Rlxpy1]) =<—— Hy(cone(f))

nT e

H\(C' ® Rlain]) <L H (C @ Rlwgn]) < Halcone(f))

Hi(C @ Rlwri)) <2 H(C @ Rlwgis]) <— His (cone(f))

S

Hi—l—l(C & R[xk_i_l}) -~ ...

and since the rows of the original diagram remain exact in all degrees > 1, we can see that
H;(cone(f)) =0, for all i > 2. We still need to prove that H;(cone(f)) = 0.

We have the following exact sequence remaining:

Ho(cone(f)) ~—— Ho(C & Rlap]) 2 VHy (C @ Rlwnsa]) < H (cone(f)) ——0 .

Because the terms of C' are free and therefore flat over R, the Kiinneth Formula (Theorem
3.6.1 in [18]) implies that

Hy(C' ® Rlrgy1]) & Ho(C) ® Rl[zpq1]-

14



Now observe that

(f1) (fe)  (fr(@), o frlan)

is free, and therefore flat, over R.

Hy(C) =

We claim that Hy(C' ® R[xk+1])%HO(C® R[xy41]) is injective. Since fri1(zgi1) is

a non-zero divisor, multiplication by fri1(2g11) is injective on R[zgi;]. Therefore, since
Ho(C) is flat over R, 1® (fry1) is injective on Ho(C') @ R[rri1] = Ho(C @ R[zk41)), as
claimed.

Then the remaining long exact sequence becomes

Ho(cone(f)) ~—— Ho(C @ Rlag1]) “22Ho(C @ Rlaggn]) <— Hy(cone(f)) ~— 0

and so it is clear that Hi(cone(f)) = 0, as required.

2.5 The Hom Complex

By working in the Hom complex, some labourious computations can be streamlined.
Therefore we establish the needed framework here.

For this section, we work in the category of complexes of R-modules for some commu-
tative ring R. We could do the same construction in any abelian category.

Given two complexes

O —.. Cl_ dc CO_ dco C_,

\\ \\

Dy=—--- D, . D, D_,

0 dpo

our goal is to construct the Hom complex Hom®*(C,, D,) such that

1. H'(Hom*(C,, D,)) = homotopy classes of morphisms of complexes Cy — D,, and

2. H'(Hom*(C,, D,)) = homotopy classes of morphisms of complexes Cy — D]i],.

15



Remarks:

1. A morphism of complexes Cy — D, is a map of degree 0.
2. The dotted arrows above describe a map of degree 1.

3. We will assemble maps of all degrees here.

Definition 2.5.1. The ith term of the Hom complex Hom®(C,, D,) is

Hom'(C,, D,) := H Homg(Cj, Dli];)

J

Ce o ——=Cp C Cjq—- -
| .
Dlils oo —— Dli]jn1 D[i]; D)oy — -

Dj_ia Dj_; Dj_i

Denote an arbitrary element of Hom'(C,, Ds) by ¢. Then we can write o = {¢;};ez, where
each ¢; : C; — Dli]; lies in Homg(C}, D[i|;) = Homg(C;, D;_;). The differential is

d : Hom'(C,,D.) —  Hom™'(C,,D,)
©j = dpp; — (—1)'gjde

This is a differential, since, for any ¢;, we have

dp; = d( dpp;— (=1)'¢jndc )
denote this by wj+;€rHomR(Cj,D[i+1]j)
= dpj1 — (—1)" ' ypadc
= dpldpy; — (=1)'p;1dc] — (=) Hdppjr — (—1)pjy0dc]de
= dpdp ¢; — (—1)'dppj1dc — (=1)" T dpp;de + (=1)*2pj 40 dede

=0 =0
= 0.

So we do indeed have a complex.
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Remarks:

1. For any ¢, we have
Hom®(C,, D,[i]) = Hom*(C,, D,)][i].

2. In general for a complex E*, H'(E*) = H°(E[i]*). So we only need to compute
H°(Hom*(C,, D,)), and all other degrees are then understood via shifts.

Recall that
ker d°

im d1

H°(Hom®(C,, D,)) =

Let ¢ € kerd® be arbitrary, i.e. ¢ € Hom®(C,, D,) with dp = 0. Then we have, for any j
that

0 = dp;
= dpp; — (—1)°¢jde
= dpyj — ¢jnde
jr1dc = dpyp;

which holds if and only if ¢ is a morphism of complexes.

Now suppose that ¢ — 1) € im d~! is arbitrary. Then ¢ — ¢ = d~'s, for some map s of

degree —1.

do dc
o= Cn+1 C -1

(p=P)n+1'" o=t To-t)n1

S Dn+1 ap D, ap D,
Then
p—t = d's
= dps— (—1)"tsdc
= dDS + Sdc,

i.e. ¢ and ¢ are homotopic.

We have constructed Hom®(C,, D,) such that H°(Hom®(C,, D,)) = homotopy classes of
morphisms of complexes Cy — D,, as desired.
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2.6 Divided Powers

Divided powers are another key ingredient in the statement of Tate’s Theorem. Thus we
establish their important properties before we proceed.

Here we follow the original treatment in [7], as well as [3] and [10].

Definition 2.6.1. A Z-graded ring A = ®;czA; is graded commutative, if

vy = (=1)Wya forz e Agl; y € Ay (2.1)

It 1s strictly graded commutative if further

.I‘Q = 0 fO’f’l’ c A2i+1.

Remark As line (2.1) already implies 222 = 0 for any odd element x € A_ = @®;A;41, an
algebra is graded commutative, but not strictly so, exactly when ann 4, (2) N A% # 0. This
point becomes particularly relevant when 2 =0 in A, = @;A,;.

If 2 = 0 in a graded commutative algebra A, then the re-graded algebra A, = A, is
strictly graded commutative, equivalently, it is just commutative in the usual sense. Be-
cause of this, some authors allow in the following definition divided powers in any degree
when 2 = 0 in A. However, we rather stick to the classical definition with divided powers
only in even degrees, re-grading, if we wish to capture the additional freedom in case of
characteristic 2.

Definition 2.6.2. Let A = ®;>0A; be a positively graded algebra that is strictly graded
commutative. A system of divided powers on A assigns to each element x € A of even
degree at least 2 a sequence of elements (Vi(x))k>0 from A such that

1oy(z) =1, m(z) =, ()| = klz].
2. y(x)m(z) = < " J]g " ) Vi+n(T).
3. (The Binomial or Leibniz Formula)
w@+y) = 7))

i+j=k

18



4. For k> 2,

0 if x|, are odd,
o - | flal, Jo

ofve(y) if |z|, |y| are even and |y| > 2.

The element vi,(z) is called the k™ divided power of x.

Remark: It is often typographically more pleasing to write z(*) = v&(z). This may as
well remind the reader that 7 (z) should be thought of as 7, even though in the given
algebra one may not be able to divide by k!. We use both conventions interchangeably.

In terms of examples, we first give the obligatory trivial one.

Example 2.6.3. If R is any commutative ring, placing it into degree zero turns it into a
strictly graded commutative algebra over itself. As there are no elements of degree greater
than 0, it carries the vacuous system of divided powers.

We next review the two key examples of algebras with divided powers.

Example 2.6.4. The polynomial ring Qx| = Q|x1, ..., x| over the rational numbers Q
on s variables x;, placed in even degrees, carries a system of divided powers given by the
functional equation

exp(p(x)t) = > w(p(x))t*, that is,

N(p(x)) = %p’“(X)-

Its subalgebra

xk

Ly(xy,...,z5) =7 {k—zl;z': 1,...,8k> 0] CQlxy, ..., x4
15 closed under these divided powers.

If R is any commutative ring, then v(r ® x;) = 78 @ v () gives rise to a unique system
of divided powers on
Lr(xy,...,25) = R@z Uy(xy, ..., xy).
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The second key example is provided by exterior algebras. Here, the system of divided
powers seems to appear out of “thin air”:

Example 2.6.5. The exterior algebra \p(yi,...,y:) over any commutative ring R, with
the wvariables y; in odd degrees, is strictly graded commutative and carries a system of
divided powers uniquely determined by the requirements (1) through (4) above. While con-
dition (4) implies that vi(y;, - - - Yjo,,) = 0, for any k > 2 and m > 1, condition (3) makes
the structure nontrivial.

For example, if one identifies the exterior 2-form w = Zl§i<j§t yiy;Ti; with the alternating
(t x t)-matriz whose entries from R above the diagonal are the r;;, and with entries r; =0
on the diagonal, and r;; = —r;; below the diagonal, then the coefficient of yj, - - yj,, n
vk(w) is the Pfaffian (see [5], §5.2) of the submatriz cut out by rows and columns 1 < j; <
- < Jor < t, a nontrivial polynomial, homogeneous of degree k in the coefficients r;;. For
a concrete example, the reader may readily verify

T2 ( Z yz‘Wz‘j) = Y1Y2Y3Ya (12730 — 13724 + T14723).-
1<i<j<4

The following crucial functorial property was also already established in [7], Theorem 2.

Theorem 2.6.6. If A, B are strictly graded commutative R-algebras, each endowed with
a system of divided powers, then AQgr B, the graded tensor product algebra over R, carries
a unique system of divided powers that extends those on A and B respectively.

In view of (3) and (4), for k > 2 it necessarily satisfies

0 if |x|, |y| are odd,
we®y) =1 t*@nly) if |zl |yl are even, and |y| > 2,
(z) @ y* if |z|, ly| are even, and |z| > 2.

The last two cases coincide when both |z|,|y| > 2, and then, more symmetrically,

Yz ®@y) = k() @ (y).

Definition 2.6.7. A ring homomorphism ¢ : A — B between algebras with divided powers
1s compatible with the systems of divided powers, or is a homomorphism of algebras with
divided powers, if further, vi(p(a)) = p(vk(a)), for all a € A in even degrees.
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Example: One has isomorphisms of algebras with (systems of) divided powers
Lr(zr,....25) = R®zDz(x1)®z - @z z(xs) and
A9 = Res \w) @z @2 \(w),
Z Z

R

where R is viewed as concentrated in degree 0, thus, trivially strictly graded commutative
and carrying the vacuous system of divided powers, as pointed out in example 2.6.3 above.

In light of this result, one could have started in examples 2.6.4 and 2.6.5 with the case of
just a single variable, then inducing up the structure using the tensor product.

Finally, we note the following.

Theorem 2.6.8. Let A be a strictly graded commutative R-algebra with a system of divided
powers. For any sequence (ay,...,as) of elements of A of even degree at least 2 and any
sequence (b, ..., b;) of elements of A of odd degree, the assignment x; — a;,y; — b; extends
to a unique homomorphism of strictly graded commutative R-algebras with divided powers

FR(.’,CI, e ,./,Us> ®R /\(yla o 7yt) — A
R

Thus, Tr(z1,...,25) ®r Ngy1,-..,u) is free within the category of strictly graded com-
mutative R-algebras with divided powers.

Remark 2.6.9. If f(z) € R[z] is a polynomial, then we can expand it around any ¢ € R

as
flx) =Y fOe) (@ - o),
>0
for suitable f(c) € R. Now note that i!f(c) = g;é(c), so provided division by i! is

possible in R, we get the usual Taylor expansion. Thus the divided derivatives are anal-
ogous to divided powers in that they always exist, reqardless of whether all their desired
denominators are invertible in R.

2.7 Tate’s Theorem

We will use Tate’s Theorem to make all of our later constructions. Hence we give a careful
statement and proof of the theorem, with a slightly weaker hypothesis (Koszul regularity)
than Tate originally used.

John Tate proved the following result in his paper [16].
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Theorem 2.7.1. Let fi,...,f, and g1,...,9m be Koszul reqular sequences such that the

ideal J = (g1, ..., 9gm) generated by the g; is contained in the ideal I = (fi,..., f,) generated

by the f;. Write g; => ¢ ajifi, 1 <j<m, witha;; € R. Let R = % and [ = §, and let

aj; and f. denote the J-residues of aj; and f;. Then the DG-algebra (see definition 2.7.6)
R(TL, ..., OLyeveyOm)

with exterior variables T; of degree 1 and divided power variables o; of degree 2, and with
algebra differential d defined through

dr; = fz
n

dO’j = E Ejm
i=1

is acyclic, and therefore yields a free resolution of the R-module

~I =

Remarks:

1. In his original paper, Tate made the stronger assumption that the ideals were gener-
ated by R-sequences.

2. It has been known since the publication of [2] that the result is true with the weaker
hypothesis of Koszul regularity.

3. We present a “down-to-earth” proof of this improved version of the theorem here.

2.7.1 Preliminaries

Proposition 2.7.2. Let B—2> A be a surjective ring homomorphism. Let M be a left
A-module. Then the functors (— @p M) and (— @4 M) (from right A-modules to abelian
groups) are naturally isomorphic.

Proof. This is a consequence of [3], §3.3, Corollary to Proposition 2. n

Proposition 2.7.3. Let R be a commutative ring and let I C R be an ideal. Denote ?
by R. Letv : M — N be an R-module homomorphism, where I annihilates N. Then v
factors uniquely through R @ M :

(AN

(I+I)®m RQpr M > N
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Proof. This is a consequence of the final remark in [3], §1.3, as follows.

There is a well-defined homomorphism of R-modules

a : RepM — %

(r+I)@m — rm+IM

with inverse o
6o % — R®rM
m+IM — (1+1)®@m

and therefore R @p M = %

Now the remark applies to the diagram

M
N
Mo - N
IM @

where for any ¢ € I and m € M, we have

b(im) = ih(m) =0
i

so that IM C ker . O

2.7.2 Derivations and the Tate Construction

We recall general terminology on derivations.

Definition 2.7.4. Let A = ®;A; be a graded algebra, not necessarily associative or graded
commutative for now.

A graded derivation O of degree a on A with values in a graded A-bimodule M = @®;czM;
is an additive map from A to M such that O(A;) C M,y; and the graded Leibniz rule

O(xy) = d(x)y + (=1)*1zd(y)

holds for x € Ay homogeneous and y € A.
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The kernel of a graded derivation is a graded subalgebra of A and the derivation is then
linear over that kernel.

Definition 2.7.5. If M = A then O is called an algebra derivation, and further if 0% =
000 =0, then it is called an algebra differential. In the latter case, one often assumes
that O is of degree +1.

Definition 2.7.6. A differential graded R-algebra, or DG R-algebra, is a graded R-algebra
A, together with an algebra differential O.

Definition 2.7.7. If A is a strictly graded commutative algebra with divided powers, and
0 is a derivation into an A-bimodule M, then the derivation is

compatible with the system of divided powers if O(yi(x)) = O(x)yp—1(x) in M for k > 1
and any element x of even degree.

Definition 2.7.8. Suppose that (A, 0) is a DG R-algebra, and that A is a strictly graded
commutative algebra with divided powers. If O is compatible with the system of divided
powers, then we say that (A, 0) is a DG R-algebra with divided powers.

We now introduce a useful construction which allows us to efficiently perform computations
involving differentials in a Hom complex.

Definition 2.7.9. Consider the Hom complex Hom®(C,, C,). For any homogeneous ele-
ments f,g of Hom®*(C,, C,), define the graded bracket, or graded commutator

[f.9] == fg — (=1)!"Wlgf.
Remark: This bracket satisfies (graded) skew-commutativity

and the (signed) Jacobi identity

(=DVIMLF g, 1)) + (=)W1 g, [, 1] + (=1)"I[n, [£, g]] = 0,
and in this way, the graded bracket defines a graded Lie algebra structure.

Now consider complexes Cy, D, and F, and the composition map

Hom?®(D,, E,) x Hom*(C,,D,) — Hom*(C,, E,)
(f,9) — fg

of the indicated Hom complexes. One can view these three Hom complexes as direct
summands in

HOm.(C. @ D. @ E.; O. @ D. @ E‘)
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Lemma 2.7.10. Denoting by d the differential in any of these, this graded bracket obeys
the Leibniz rule:

Proof. Routine. O

Definition 2.7.11. The free strictly graded commutative R-algebra with divided powers
A=Tpg(x1,...,25) @r Ag(W1,-..,ys) is smooth over R in the following sense.

First, any R-linear deriwation into a graded module over this algebra that is compatible
with the system of divided powers is clearly uniquely determined by the values 0(x;), O(y;).

Conversely, given an integer a and an assignment x; — u;, y; — v; with u;, v; homo-
geneous elements of that module such that a = |u;| — |x;| = |vj| — |y;| for all i, j, this
assignment extends uniquely to a graded derivation O of degree a that is compatible with
the system of divided powers. This derivation is denoted

0= Zul +Z ]8

Put differently, denote by Derk(A, M), for any graded module M over this algebra, the
graded R-module whose component in degree a consists of those graded derivations of this
degree that are compatible with divided powers. One then has

0 0
Derk(A, M) EB My-& EB Ma%
Pt

Example: If we take M = A and consider a derivation 0 : A — A of odd degree, then
0? = 90 d is again a derivation of twice the degree of 9, given by

’ ) ! )

In particular, d is an algebra differential, that is 9> = 0, if and only if, each coefficient
u;, v; is a cycle for 0, that is 0(u;) = 0 = d(v;) for all i, j.

A crucial case of this last example occurs when the x; are situated in degree 2, the y;
in degree 1 and 0 is of degree —1. In this situation, A is necessarily positively graded.
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Moreover, u; = O(x;) = 3, yja; and v; = 9(y;) = b, with aj;,b; € Ag = R. Therefore the
v; are automatically cycles and requiring 9* = 0 forces the condition d(u;) = 0 to become

O(w;) = Za(yj)aji = Z bjaji =0

Viewing (a;;) as the matrix of an R-linear map ¢ : &, Rz; — @&;Ry; and (b;) as the matrix
of an R-linear form X : ®©;Ry; — R, we also write in a co-ordinate free way 0 = 0, + O
for that derivation as it is independent of a choice of bases. The condition that 0 is an
algebra derivation then simply becomes A o ¢ = 0.

As this situation is crucial, we single it out by a definition.
Definition 2.7.12. Let R be a commutative ring, ¢ : F — G an R-linear map between
free modules of finite rank, and \ : G — R an R-linear form.

If Xow =0, then the free divided power algebra I'pF' ®@p \p G with differential 0 = 0,4+ O\
is the Tate Construction T (@, \) on the pair (@, \).

We call T(p,\) a Tate resolution if its homology is concentrated in degree zero. In this
case, the complex of R-modules underlying T (o, ) resolves ﬁz/\) by finite free R-modules.

Examples:

1. If F =0, then T(0, A) is nothing but the Koszul complex on the linear form \. It is a
(Tate) resolution, by definition, if (A(y1),...,A(y)) is a Koszul regular sequence on
R for some (any) basis {y;} of G. (C. f. Definition 2.4.2).

2. It G =0, then necessarily ¢ = A = 0, and we are reduced to a free divided power
algebra on F'.

3. In the tautological example, ¢ = id is the identity map on a free module, and this
forces, of course, A = 0. It is this example which prompted H. Cartan to introduce
systems of divided powers into the mathematical toolbox, as it provides for the
minimal graded resolution of the augmentation module of an exterior algebra.

Theorem (Cartan) 2.7.13. The Tate construction over the identity map on a free R-
module F of rank t returns the minimal graded resolution of R, viewed as the graded
augmentation module:

6:/\F§/\(y1,...,yt)—>R, yj — 0
R R
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over the exterior algebra N\ F. In other words, the differential graded algebra

t
. )
(T(idp,0),0) = (FR(xl, .., 1) QR Q(yh...,yt),;yja—%>

has R as its sole homology, concentrated in degree zero.

Proof: See Example 2.5 in [1]. O

A word on gradings: If one wants to consider T(id, 0) as a resolution of the augmentation
over the exterior algebra in the classical sense, then the divided power degree becomes the
homological degree, that is I'4(F') @ g A g (F) is the finite free A 5(F')-module in homological
degree n. The differential is then linear with respect to the (internal) grading on the exterior
algebra.

Often, however, it is advantageous to consider T(id,0) instead as a differential graded
Ag(F)-module, thus using the total degree, as we did above, where the divided power
variables sit in degree two, the exterior variables in degree one.

2.7.3 Why Koszul Regularity is Enough to Apply Tate’s Theo-
rem

Now denote (z1,...,xs) by x and (y1,...,4) by y. The notation A%(x[1]) denotes the

exterior algebra over R with basis x = (x1,...,z), with |z;| = 1 for all 7. Similarly denote
by A%R(F[1]) the exterior algebra over R of F, with the elements of F' in degree 1.

Lemma 2.7.14. If Ao = 0 as in Definition 2.7.12, then the map induced by ¢ : FF — G

(A1), d = 0) X2 (An(y[1]), 01)

1s a DG-algebra homomorphism, i.e. the following diagram commutes:

An(x[1]) 25 A% (y[L)

oo |os

Arx[L) = AR(y[1]).
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Proof. Let w € AR(x[1]) be an arbitrary basis element. Write w = x;, A -+ A x;, for some
k. Because the first map in the counterclockwise branch is d = 0, the diagram commutes
if and only if the clockwise branch is also the zero map. The output from the clockwise
branch is

(A pw)) = On(p(ai) A Ap(xs))

k

= > dp(@) A Adp(a,) A A ()
1 t{)—/

~ 0.

Since every basis element maps to zero via the clockwise branch, therefore the clockwise
branch kills every element. So the diagram commutes as required. O]

Remark: The induced map of Lemma 2.7.14 makes A% (y[1]) into a module over A% (x[1]).
Define R = -£-. Recall (for example by Exercise 4.5.1 in [13]), that He(AR(y[1]),0))

m(})
is a strictly graded commutative DG R-algebra. We now show that it is necessarily an

R-algebra also. Let
P .
R Ho(Ag(y[1]),05)

witness the fact that He(A%(y[1]),0)) is an R-algebra. Then since I'm(\) annihilates the
target, by Proposition 2.7.3, ¢ factors uniquely:

R
I
R=——=R®p R == Ho(AR(Y[1]),01)

and thus
R i HO(/\;Z<Y[1])76)\)

witnesses the fact that He(A%(y[1]),y) is an R-algebra.

We see that ¢ induces an R-linear map

F = @ Rr; — Npy[]) © ARy[1)
Z; = o(;)
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Note that ¢(F) consists of cycles, because Ay = 0. Thus, since there is a surjection from
the cycles in degree 1 onto Hy(AR(y[1]), ), we get a homomorphism of R-modules

F =P Rz; — H, (/\<ym>, 63) .
i=1 R
This gives rise to a homomorphism of strictly graded commutative R-algebras

(AR(x[1]),0) —= Ho (AR (y[1]), 0)

Since Im(\) annihilates the target, by Proposition 2.7.3, this map factors uniquely through
R ®r (AR(x[1]),0), and thus we get a homomorphism of strictly graded commutative R-
algebras

R®p (AR(X[1]),0) 2 Hy(A%(y[1]), 05)

which can be re-written
(A (x[1]),0) —% Ho(Ap(y[1]), 0n)

This map ® will be the key ingredient in the statement of Theorem 2.7.16.
The following map defined on basis elements in degree 2 extends linearly to a well-defined
derivation on T'}(x[2]) ®r AR (¥[1]):

9o + TR(x(2) — AR
z; = ()

Denote by 0.4, the canonical differential of Theorem 2.7.13, which, when using the same
symbols for the basis elements in degrees 2 and 1, reads as:

Ocan = TR(x[2]) — /\;%(X[lb

€T; — ZT;
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Lemma 2.7.15. The following is a chain of DG-algebra isomorphisms:

TR@dFa O) ®/\;2(F[1}) /\(y[l])v acan + aA) (22)
R
= (FE(X[Q]) Qr /\(Xm)> ® AL, (x[1]) /\(Y[l]% 9y + 0+ 0y (2.3)
R R
TR(?dFF,O)
>~ | Th(x[2) @r A1), 0, + 3A> (2.4)
= Tr(p,\) (2.5)

Proof. We can form the tensor product on line (2.2) because

o the algebra AL (F[1]) is a subalgebra of Tg(idp, 0) and thus acts on it in the obvious
way, and

e the induced map of Lemma 2.7.14 makes A%(y[1]) into a module over AR(F[1]).

The terms on lines (2.2) and (2.3) agree because we have simply applied the definition
of the Tate construction in the tautological example, and because AR(F[1]) is simply a
basis-free version of A%(x[1]).

The differentials on lines (2.2) and (2.3) agree because, by the action of A%(x[1]) on the
third factor of the tensor product on line (2.3), we have

1 @r 2 Opgxy 1 = 1 Or 1 Ops, )y ©(24)
and hence

Oean (i R L @Ay xip 1) = 1Ok T3 Opg i 1
= 1®r 1 @psxn) P(Ti)
= Op(zi Or 1 @psxpi 1)

S0 Ocan, and O, agree on arguments in the first factor.

The terms on lines (2.3) and (2.4) agree since (A% (x[1])) @pe ) —) collapses.

30



The differentials on lines (2.3) and (2.4) agree since, on line (2.4), we have simply collapsed
the middle factor, whose differential was already zero.

From line (2.4) to line (2.5) we are simply applying the definition of the Tate construction.
[

Theorem 2.7.16. If the homomorphism @ of strictly graded commutative R-algebras is
an isomorphism, then Tr(p, ) is a Tate resolution of R as an R-module.

Proof. Guided by line (2.2) in the statement of Lemma 2.7.15, we may construct a first
quadrant bicomplex M with 0., as the horizontal differentials and 0, as the vertical
differentials. Then we compute the spectral sequence {{ E"} arising from the first filtration.
By Theorem 11.18 in [13], we have

'E?; = H/H! (M) = H,(Tot(M)) = H,(Tg(¢, )

We analyze 'E?; = H{H/;(M). In our notation, it becomes

R

"By, = H; (TR(idFv 0) @ ri) Hj (/\(Y[l]), 8A>)

We claim that we have the following chain of isomorphisms of DG-algebras:

Tr(idr,0) @ps, ) He (/\(y[l]), 5A> (2.6)

R

= Tg(idr,0) sy R @5 He (/\(ym),@) (2.7)

= Tg(idg, 0) @pe mpy He (/\(YU]% aA) (2.8)

R

As above, Ho(A\%(y[1]),0y) is an R-algebra. Also, the composition of the augmentation
with the natural map

AL(F[1]) —=R—R
makes R into a module over A%(F[1]). So we can form the tensor products on line (2.7).

The terms on lines (2.6) and (2.7) agree, since R ®7 — collapses.
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The differentials on lines (2.6) and (2.7) agree by the properties of the tensor product.

For the isomorphism between lines (2.7) and (2.8), we apply Proposition 2.7.2 with the
natural map

NR(F[1]) — AR(F[1])
which is a surjective ring homomorphism, and the natural map
R——R

which is also a surjective ring homomorphism. Last, observe that (R®z—) has the effect of
taking the quotient of everything modulo Im()). Since I'm(A) annihilates H; (AR (y[1]), ),

we have that
H; (/\(y[l]),@) ~ H; é\yﬂ],@

R
as DG-algebras.
Now, by Theorem 2.7.13, Tx(ids, 0) resolves R over A%(F[1]). Therefore we have

H; (TR(idF7 0) @pe () He </\(Y[1])7 8/\>) (2.9)

R

= Tor/ e (R A, (/\(y[l]),(%)) (2.10)

R

So if -
Ar(F[L) =2 Ho (AR(¥[1]), 02

is an isomorphism, then Ho(A%(y[1]),0)) is a free module over K.E(F[l]) Therefore we

have that
— . 0 if i>1
Tor; ' * <R7 H, </\(Y[1])aa/\>> - { R if i=0

R

So the spectral sequence collapses, and we have that T #(, \) has homology R concentrated
in degree 0. In other words, T(p, A) resolves R over R as claimed. ]

Tate pointed out the following particular example.
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Theorem 2.7.17. Let R be a commutative ring and P : F — G an R-linear map between
free modules of finite rank, A : G — R an R-linear form.

If the Koszul complexes over A, respectively over A®, have homology only in (homological)
degree zero, then the Tate construction over R = Wﬁ‘l’) mp=0RsR:F=F®;R—

G=G QpRand \=A®RzR:G — R has its only homology in degree zero.

R
Im(\) -

In other words, T(p, \) is a Tate resolution of the cyclic R-module R =

Proof. Indeed, with the notation as above, one shows that ¥ is an isomorphism. This is a

consequence of calculating T'or®(R, R) through the given projective resolutions by Koszul
complexes in each argument. With

o 0 AalF) = Ho(As(F).0ne) = 5fg = R
e+ NG — Hy (AR(G)78A> ~ _E. _ R

the respective augmentations, one has the following diagram of quasi-isomorphisms of DG-
algebras,

A&(G) @z Np(F)

ey @ Na(F)

/\R(G) R QR /\R(F)

Each of these five algebras has Tor®(R, R) as its homology, and the morphisms induce
algebra isomorphisms in that homology.

With unadorned tensor products taken over R, for # € F, the element 1 ® # — ®(%) ® 1 in
the top term is a cycle, as

(OA®14+100h)(10Z—P(7)®1) = 1QAP(I)+A(—P(2)) ®1
0
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in \S(C) g AY(E) = R R R

Because €z(Z) = 0, the image in the bottom left term is

N(—idg) ®ep | 1oz —0(F)®1) = O(&)®4 (1 mod Im(AD))

R

= o) e \(G)

R

where x is the image of T in G = ij@)@éé. This says that p(x) is a cycle for (A R(G), 0).

I_n the E—mo_dule H (AR(G),0x), ¢(x) represents p(Z), where T is the class of = in #(A) ~
R@rF=F.

Mapping to the bottom right, because €z®(z) = 0 one finds

(e ®idp) 1@z —P(ZT)®1) = (1 mod Im(A)) @z

= 7.

This establishes that passing to homology the diagram of algebra homomorphisms

R R R
Tor (Im(A<I>) ' Tm(A))

o

IR

H (Ag(G),04) R ®p Ar(F)

commutes on the generating set, isomorphic to R ®5 F, and so in general. In particular,
© is an isomorphism, as claimed. O
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2.8 Applications of Tate’s Theorem

2.8.1 The General Setup

Let P be a (polynomial) ring and let J = (g1,...,9m) € I = (f1,..., fn) C P be ideals of
P generated by Koszul regular sequences. Let

n

g = Y ajif;
i=1
i), aji € P

(a;
(01, om)
(

T1, - )

Q
Il

Then Tate’s Theorem 2.7.1 provides a projective resolution of = over ?

F% (U) /\ Z fz + Z a]sz

where
IRl = 0
|7;| = 1, exterior variables
|0j| = 2, divided power variables.

2.8.2 Examples

Example 2.8.1. Let K be a field. Let P = K[x1,...,z,]|. Define I = (x1,...,2,) C P,
so that ? =K.

Let J = (g1,...,9m) C I? be generated by a Koszul reqular sequence. We claim that with
this setup, we have

Bt (K, K) ®K/\
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as graded K-modules, where

s = (S1,...,5m), and |s;| = 2,
t = (t,...,tn), and |t;| = 1.

Since J C I?, necessarily J C I, so the hypotheses of Tate’s Theorem are satisfied. Observe
that each g; is a polynomial in K{zi,...,2,] in which each monomial has degree > 2.
Therefore the entries aj; of the coefficient matrix A from Tate’s Theorem all lie in I.

Applying Tate’s Theorem 2.7.1 gives a projective resolution of ? = K over ?:

F = FJ( )®P/\ ZI’ +Zaﬂ7'z

J

where

(01, 0m)

= (T1,...,Tn)-

It is now easy to see that when we apply Homg (-, K) = Homg (—, ?) to this resolution,
the dualized differential 0* will be zero. Therefore the homology of the dualized complex
will simply be the individual terms in each degree. By Proposition A2.7 in [10], we know
that dualizing turns divided powers into symmetric powers, and that the exterior algebra
is self-dual.

Putting it all together, and defining

the desired result is now established.

Example 2.8.2. Here we use Tate’s Theorem 2.7.1 to compute the cohomology groups of a
finite cyclic group.

Let G = (x | 2" = 1) be the cyclic group of order h. Let R be a commutative ring. Let A
be a G-module.

By Exercise 6.1.2 in [15], we know that
H*(G, A) = Extha(R, A),
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so we can get what we want by computing these Ezts.

We use Tate’s Theorem to obtain the required projective resolution of R over RG. Let N
denote the norm element of RG, ie. N = Z?:_Ol z'. Then define

P = RJz]
I (x—1)cCP
J = (@"-1cP

Then since 2" — 1 = (z — 1)N in P, we have that J C I as required. Since x — 1 and
2" —1 are monic, they are non zero divisors. Thus I and J are generated by Koszul regular
sequences. Moreover, the above definitions give us that

P Rl
T (z-1)
= R,
P R[]
J (@ =1)
~ RG.

Also note that the matrix of coefficients which Tate’s Theorem requires is simply A = (N).

. s . . . . . P o~
Applying Tate’s Theorem 2.7.1 gives a canonical projective resolution of 7+ = R over

?EJRG:

F = F.%(O') Rn /.\(7'),8 = (z — 1)2 —l—NT3

or do
where
Rl = 0
|7| = 1, an exterior variable
lo| = 2, a divided power variable.

The free resolution that we get from applying Tate’s Theorem is therefore the 2-periodic
complex:

0 RG <=L RGr <Y~ RGo <Y RGr0 <Y RGo® ~—— ... (2.11)
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Remarks:

1. In detail, our augmentation is:

€ F — R
r — r, réR
r — 1
7T = 0
o — 0

2. The resolution [ carries an algebra structure with a system of divided powers coming
from the Tate construction.

3. The map 0 is an algebra differential, per Definition 2.7.7, and therefore F is a DG
R-algebra with a system of divided powers.

Now apply Hompga(—, A) to the resolution on line (2.11) to get

0 A A N ppr 22 Ao —Ns A(0*)D — ... (2.12)

—

Computing homology of this complex proves the well-known results (for example see |
Theorem 10.112 and Corollary 10.113):

Proposition 2.8.3. The cohomology groups H®(G,A) of the finite cyclic group G =
(z | 2" = 1) with coefficients in a G-module A are given by

H°(G,A) = A°,

. ker N

HZ(G,A) = ﬁ, fOTi >1 Odd,
, AC

H'(G,A) = NA fori > 2 even.

Corollary 2.8.4. The cohomology groups H*(G, A) of the finite cyclic group G = (z | 2 =
1) with coefficients in a trivial G-module A are given by

HY(G,A) = A,

H'(G,A) = Alh], the h-torsion elements of A, fori > 1 odd,

A
H'(G,A) = R for i > 2 even.
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Corollary 2.8.5. The cohomology groups H*(G, A) of the finite cyclic group G = (z | 2" =
1) with coefficients in the trivial G-module Z are given by

HG,Z) = Z,

HY(G,Z) = 0, fori>1 odd,
- Z,

H' (G, Z2) = — ;> 2 )
(G,72) A fori> 2 even
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Chapter 3

The Cup Product

3.1 Introduction

In this chapter, we will start with a finite group G and a projective resolution F of the
ring R as a trivial G-module. We will then define a diagonal approximation from F to
F ®@gr F. Then we will define the cup product of cochains in the dual of F, and show that
the cup product of cochains is homotopic to the Yoneda product, which implies that the
cup product and the Yoneda product coincide once we pass to cohomology.

3.2 Supplemented Algebras

The most general setting in which we can make our constructions is that of a supplemented
algebra. We shall begin with the special case of a group algebra. In Chapter 7 we will
again use the more general setting of a supplemented algebra.

Definition 3.2.1. An R-algebra n : R — A together with an R-algebra homomorphism
e : N — R such that en = idg is called a supplemented algebra, and € is called the
augmentation.
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Let R be a commutative ring. Let G be a finite group. Then the group ring RG is a
supplemented algebra, with

n — RG
r = or-1
€ RG — R

ZxGG Az T ZmEG Qg

We make the following definitions in the special case of a group ring. We will later use the
definitions in the more general setting of a supplemented algebra.

3.3 Definition of a Diagonal Approximation

Let R be a commutative ring. Let G be a finite group. Form the group ring RG.

We will shortly apply Tate’s Theorem 2.7.1 as explained earlier to obtain a projective
resolution F of R over RG, where (G is abelian.

Then we can make F ®z [F into a resolution of R over RG, provided we can turn F ®zF, a
complex of RG ®r RG-modules, into a complex of free, therefore projective RG-modules.
The needed ingredient to do this is an R-algebra homomorphism

®y: RG — RG ®r RG

such that the following diagram commutes:

o

RG R®pr RG
e®1
RG—2"RG ® RG
\ 1®e
RG —— RG ®r R.
Define @, to be the diagonal map:
b RG — RG ®r RG = R(G x G)

Yoec @al DUt QT Y ay (T, ).
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Then it is clear that & is an R-algebra homomorphism which makes the diagram commute.

Remarks:

1. Observe that F @z F is again a DG-algebra over R.

2. We have initially defined our augmentation € : RG — R. We abuse notation and also
write € : ' — R for the map which comes from extending the original € to all of F.

3. The R-algebra homomorphism ®g turns F @z F into a complex of RG-modules, and
makes 1 ® € and € ® 1 into morphisms of complexes of RG-modules.

4. The augmentation € : RG — R gives rise to two homomorphisms of D(G-algebras,
which we name €; and €y, defined by the following compositions:

ForF-2L RopF= T

€1

ForF25ForR=—>T

€2

5. By construction, e ® 1 is RG-linear in the first factor of RG ®r RG and 1 ® € is RG-
linear in the second factor. The map P, as defined above makes €; and €5 RG-linear
over the same single copy of RG.

Definition 3.3.1. Let R be a commutative ring and let G be a finite group. Given a

projective resolution F—-= R——=0 over the group ring RG, a diagonal approzimation
1s @ map of complexes of RG-modules

»:F - FexF,

(where F @p F is considered as a complex of RG-modules via @) which is compatible with
the augmentation €, in that the following diagram of complexes of RG-modules commutes:

o)

F R®rF
/1] el
FZ2F®iF
\2l 1®e
F F®r R.

ot
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In other words, identifying F with RQgrF and F ®g R via the canonical isomorphisms, we

have
(e1)® = idrp = (1®e)® , or equivalently,

61(1) = Zd]F = EQCI).

3.4 Definition of the Cup Product

We will use the resolution F and a suitable diagonal approximation ® : F — F @ F to
determine the products in cohomology, taking coefficients in some trivial representation A.

Definition 3.4.1. Take A = R. With the above ® in hand, we define the cup product of
cochains | € Hompg(F,, R) and g € Hompa(F,, R) as

fUg:==po(f®g)od.
This product is R-bilinear in f and g, and thus can be viewed as a product
—U—: Hompg(Fy, R) ® Hompa(Fy, R) = Hompe(Fpiq, R).

Lemma 3.4.2. With the above notation, and denoting by d the differential in the Hom
complex Hom*(F, R), we have the Leibniz rule:

[d, fUgl=d flug+ (-DfUd, g]
Proof.

d, fUg]
d, u(f ® g)®]

[d, 1] (f ® 9)@ + (D)W [ [d, (f ® 9)]® + (=) u(f & g) [d, D]
Lemma 2.7.10 \;6-/ \:6-/

= ([ fleg+ D)V Fe(d )P
_ d, flug+ (D)1 fuld g).
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Remarks:

1. Lemma 3.4.2 shows that the cup product induces a well-defined product in cohomol-
ogy.

2. It is desirable that the cup product be associative. However, we are not guaranteed
that the cup product will be associative without an additional assumption. Applying
the definition of the cup product gives

fulguh) = ppel)(f®g@h)(1® )P, and

(fUgUh = pl@p)(f®@geh)(®®1)d.
These two expressions will be equal if p is associative and @ is co-associative. Since
w1 is simply multiplication in the ring R, is always associative. However, ® need
not be co-associative. Indeed the particular ®s which we will construct will fail to be
co-associative unless we take our coefficients to have trivial G-action. With trivial

G-action, we will have that ® is co-associative and therefore the cup product will be
associative.

3. Observe that F — R is an RG-resolution, and an R-homotopy equivalence, as F and
R itself are R-projective resolutions of R. This implies that

F XR F "™~“homotopy equivalence over R R Qr R=R

and therefore F @z F — R is also an RG-resolution of R, where the RG-module
structure on F @z [F is determined by ®.

We will now recall a key fact about the cup product.
Theorem 3.4.3. The cup product is homotopic to the Yoneda product.

Proof. For this proof, all tensor products are over R. Write

F=-. Ppio Ppi1 b, By Py —--

Let f € Hompgg(P,, R) and g € Hompa(P,, R) be arbitrary.

Since P, is projective, and Py ——= R is surjective, we can obtain a map fp which makes
the following diagram commute:

~ - Pp
s
P —>P—>R—=0




Then using the Comparison Theorem (Theorem 10.46 in [11]), we may lift f to a map
f:F — F of complexes (of degree p) by filling in the following diagram.

T o p2 Ppi1 B, By Pys

e lf,\f j L
Y Y

Py Py Po/ 0 0
0 R 0

Similarly, lift g to a map g : F — F of complexes (of degree q).

Recall that the Yoneda product is defined as f o §. Also note that f o g and f o § induce
the same product in cohomology.

We will show that the left and right portions of the following diagram commute, where h
denotes a homotopy from e ® 1 to 1 ® e:

F—2F®F 19

IS
e® 1®e
\@F a RQF FQR «(FQR =
OO
‘F

. IF € R
N 7 M
......... h f

This implies the desired result, as follows.

Lemma 2.7.10 implies that, for any differential d and homotopy h, and morphisms of
complexes a and b, we have

[d,ahb] = [d,a]hb+ (—1)a[d, )b+ ah[d, b]
g iyt
= (=1)"ald, b (3.1)

and this shows that composing a homotopy with morphisms of complexes always returns
a new homotopy.
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So, letting d denote the differential in the appropriate complex, we now have

fug = u(f ®g)®
= plef®eg)d
= ple@a(fen(1eg)d
= pef®1) (1oe (17

=f =(e®1+[d,h])
fle@1+[d,h)1®g§)®
= fle®)(1®g)®+[f[d h(1®g)P

fa+ (=1)"ld, fr(1® g)®]

~—~—
by line (3.1)

= fg+ (—1)P[d, H], letting H = fh(1 ® §)®
= fUyg ~ /9.

So now it remains to prove what he have claimed about the above diagram.

The commuting diagram

FOF—*.R®R—->0

‘|

1®e
FRRXF—— >R 0

shows that 1 ® e lifts pu.

The commuting diagram
FOF —2>R®R—=0

1| ‘|

ROF~F——R 0

shows that e ® 1 lifts p.

Therefore again by the Comparison Theorem, 1 ® € ~ € ® 1. There exists a homotopy h
such that [d,h] = dh+hd =1® e —e® 1, writing d for the differential in both complexes.

Each piece of the diagram commutes as follows.

e The left hand triangle commutes by the construction of .
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e The left hand trapezoid commutes as follows. Let x ® y be an arbitrary elementary
tensor in the top left copy of F @ F. Then the clockwise branch yields

@y (1)@ g(y) = (-1)We(@)gly) = e@)dy)
e(x)=0 if |z[>0

and the counter-clockwise branch yields

TRy e(x) @y = e(x)y — gle(x)y) s e(x)g(y).

e The right hand trapezoid commutes as follows. Let z ® w be an arbitrary elementary
tensor in the top central copy of F @ IF. Then the clockwise branch yields

c@we f(2)@w e f(2) ® e(w) = F(z)e(w)

and the counter-clockwise branch yields

2w — 2 ® e(w) — ze(w) — f(ze(w)) = f(z)e(w).
f is RG—linear

e The right hand square commutes as follows. Let a ® b be an arbitrary elementary
tensor in the top right copy of F ® F. Then the clockwise branch yields
a®br e(a) @ e(b) — e(a)e(d)
and the counter-clockwise branch yields

a®br a®e(b) — ae(b) — e(ae(h)) = e(a)e(b).

€ is RG—linear

The diagram behaves as claimed, and so we are done. O]
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Chapter 4

The Tate Resolution for a Finite
Cyclic Group

4.1 Introduction

In this chapter, we will apply Tate’s Theorem to compute the cohomology ring of a finite
cyclic group. We begin with a finite cyclic group G, and recall the Tate resolution F for
the trivial G-module R over RG which we computed earlier. We then construct a diagonal
approximation ® : F — F @z F. We finish by computing the dualized differential 0* on
Hompga(F, R), and the products of cochains in Hompgg(F, R). We confirm that our results
agree with the known results from [3].

4.2 The Tate Resolution for a Finite Cyclic Group

Theorem 4.2.1. Let G = (x| 2" = 1), the cyclic group of order h, and let R be a
commutative ring. Form the group ring RG and view R as an RG-module with the trivial
G-action. Let N = Z?;ol a2t be the norm element of RG. Then the Tate resolution of R
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over RG is given by:

0
R
w1
0 RG -1
(z—1)
1 RG -1
N
2 RG -0
(z—1)
3 RG - 10
N
2 RG - o
(z—1)
2t +1 RG - 10
N
2i+2 RG - o(+1)

with the (compact) differential coming from Tate:

Proof. This is precisely the resolution obtained on line (2.11) in Example 2.8.2.
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Remarks:

1. Recall that a% is compatible with divided powers per Definition 2.7.7, so that

Ho®
Oo

= g1,

2. As in Example 2.8.2,

(a) F is a resolution of R over RG.
(b) Fis a DG R-algebra with divided powers.

3. What is F ®g F?

Recalling the notation for F, we now write a single prime to denote an element
of the first factor of F ®g [F, and a double prime to denote an element of the second

factor, e.g.

¥ = r®1
= 1®ua,

and similarly for 7 and o.

Generally, A® = A®” ®r A, where R—— A is an R-algebra. Here, A = RG
is commutative, thus A°? = A. Therefore we may interpret RG ®r RG as RG*,

equally well as

B R[x’,x”]
S (o T RE )
. AW R

4. The differentials in F ® g F can be computed from the differentials in F, using

(a) the compact form of the differential in I,

(b) the fact that 0 is a derivation and thus satisfies the Leibniz rule,
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(c) the fact that (7/)2 =0 = (7")%

5. F®g Fis a DG R-algebra with divided powers.

Theorem 4.2.2. The tensor product
FopF = (RG(r' 7" 0",6"),0) > R
is an RG-resolution of R.

Proof. The fact that F ®g F — R is an RG-resolution of R has been explained in earlier
comments. We just need to establish the above isomorphism. We have

FopF
= (RG(7', 0'),0") ®g (RG(T", "), ")

- (@t D)o (@t 1)

R[] R[2"] "

(1 o o ) 247 o100
R(GXG)Z:lgaev, as above

~ (RG6U<T/, 7_/1; 0_17 0_//>7 a)

I

O

Remark: Up to this point we have been essentially recalling known results; from here
onwards we will present new results.

4.3 A Diagonal Approximation

Now we re-draw the earlier diagram, to show a diagonal approximation ®. Viewing both
resolutions as DG-algebras, we want ® to be a homomorphism of DG-algebras. Then it
will be enough to specify how & acts on the algebra generators.
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First define augmentation maps

€ RG — R
T — 1
E=€c®e€ RG® — R®R
7 = 1
" = 1

Next define the diagonal map

q)o : RG — RGev

z = a2

and note that this is well-defined because

Doz —1) = (2" =1
= 0 mod ((z")" —1,(@")" - 1).

Then this diagram commutes
R—>RerR

as we have

1
/L//

To streamline the notation in the following theorem, we make this definition (recalling that
h—1

N(r) = Sy a?).

Definition 4.3.1. Define

X

N(x/x//) _ N(x/l)
-1

Note that substituting ' = 1 kills the numerator, and thus (' — 1) divides the numerator.
Therefore V (2', ") is a polynomial in R[x',z"], and then also in RG®’.
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The following identity will be useful later.

Lemma 4.3.2.
N(x/a,/.//) _ N($//>
-1

= Z ()™ (") (4.2)

0<m<n<h—1

= Z ™ @ a", in the notation from [5] (4.3)
0<m<n<h-—1
Proof. We have
VN(JI/,I”)
B N(x/.ilj//) _ N(.CE//)
B -1
B (1 + " + (17/)2(1‘”)2 4+t (I,/)hfl(x//)h—l) _ (1 + " et (:L,//)hfl)
B -1
B (1 . 1) + (:E/CL’” o .I‘”) S (x/)h—l(x//)h—l _ (CL’/,)h_l)
B ' —1
B (x/ _ 1)1‘” + ((x/)2 _ 1)(]}”)2 et ((x/)h—l _ 1)(1,//)}1—1
B -1
_ @D @ - D) @)t @ = DL @) )
B -1
— SL’”—i— <1+ ! (I//)2+"'+ (1+SE’—|—~~+ (x/)h72)(x//)h71

X
— (m')m(x” n7
1

0<m<n<h—

as required. O

Remark: Lemma 4.3.2 implies that augmentation sends Vy(z’, ") to < ;L )

Theorem 4.3.3. A diagonal approzimation ® is given by the following diagram, where the
maps in higher degrees are determined by the maps in degrees zero, one and two.
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0 0
R R®R
) E=€e®e: —1
“r ® =1
0 RG -1 0, ~ RG®Y
r—xr x
(5-1) A |
! S |
@1 ev / "
1 RG -1 o RG® - (7" ")
o' — N(z")7’
N o’ — N(z")r"
SNFS/EEN (ZL’/ . 1)7_// . T/(I” . 1)
. P2 ev | (! ! 11 "
2 RG O- UHUI+UII+VN(1/,ZH)TITN RG (O- @T T @0- )
(z—1)
3 RG - 10 25 RG® - (T'"d’ @ "0’ @ 10" P r"0")
N
. 7 Po; ev
2 RG - o RG ((@k—i—l 1( ) (0/)(1))@<@k+l =i— 17/ (o’ )(k)(g/)(l)))
(z-1)
. Doit1 ev
2i+1 RG -1 - RG™ - (D (' (0 )P (0D @ 7"(0") P (0")V))
N
i P2 ev
2i+2 RG - o) — =2 RG - (B 11=i11 ()P (") D) BBy i 77" (0)) B (0") D))
F ki FopF
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The rest of this section will give the proof of this Theorem.

How do we choose ®(7)? The following square must commute.
¥
|—> '’ —1

I

where the unknown is unique up to any boundary. By writing (z'z
and (z” — 1), we obtain

’ﬁ-
‘2" —1) in terms of (2’ —1)
(x,—l)(l‘”_l) — x/x//_x/_x//_"_l
= (@2 —-1)— (' —1)— (2" - 1)
Therefore
2" -1 = (@ -1D)@E@"-1)+ @ —-1)+ (2" -1)
= (@ -D[E"-1)+1+ " -1)
— (l_/_1>x/l+<x/l_1)
N—— N——
o(t!) o(t')
/)

so that one choice which works is ®;(7) = 2”7/ + 7"

This choice for ®;(7) implies
O (N(z)1) = N(@'2") ("7 + 7")

How do we choose ®5(0)?

The context for the following explanation comes from Definition 3.3.1. A general element
of F®r F of degree 2 has the form ac’ + b7'7" + co”, for some a,b,c, € RG®. So letting
Oy(0) = ao’ + br'7" + co”, then following the expression through both branches of the
given diagram gives

co” ——co

ol ac’ + br't" 4+ co”

ac’ — ao
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so we want ¢ = ¢ = 1. It remains to determine the coefficient b.

The following square must commute:

P4

N(z)T1 N(x'z") (2" + 1")

| fa

| / 1 / " ! -1
| 5 0 to +g(2’, ") r'T

for some b = g(z', 2").

The following Lemma will show that the choice of ®5 in Theorem 4.3.3 is correct. After
that, it still remains to show that everything in higher degrees is determined by the choices
we have made in degrees zero, one and two.

Lemma 4.3.4. g(2/,2") = Vy(2/,2") = N(CEIJC;,,)__IN(IH) € R((E;ﬁjl) makes the required

square commute. Thus the diagram still commutes when we pass to

R[a:’, 33”]
(@) =1, (z")" = 1)

RG® =

Rz "]
@ —1)
can “divide” a class p(z’,z") by this element, as long as p(1,2") = 0.

Proof. We work in the ring as there (z' — 1) is still a non zero divisor, so that we

We must prove that

AN 1"
B (N<$ Z /) 1N($ )(7_/7_//> +o + O’”) _ N(l’/x’/)(]}//T/ + 7_//)
x J—

As it will come up later in the computation, we claim that

(2" = D[N (@'2") = N(2")]

R = N(x') — 2" N(2'z")
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We have the following chain of equalities:
(" — D[N (a"2") — N(2")]

-1
_ (2" —1)N(2'2") — (2" — 1)N(2")
-1
_ (" = 1)N(2'2")
' —1
_ 1 i 7" —i—xl(fL’”)Q + (x/ 2(33” 3 R w/)h—2($//)h—1 + (:L‘,)h_l
7 — 1 I _(1 Ly (x/ 2(x//)2 R (:C/)h_1<33”)h_1)
1 [ (1 —a)2” 1
— Y —l—(Q?, . (:C' 2)(33")2 + T ((x/)h—2 (x/>h—1)(x//)h—1
I —i—((:t' h—1 _ 1) |
1 [ — (2’ — 1)2” i
— P —((13/)2 _ JJ/)(I” 2 - ((x/)h_l (x’)h_Q)(x”)h_l
| +((@') = (N (') = (")) |
(—$” . $/(l’”)2 L. ( /)h—2<x//)h—1) + N($,) . ([E/)h_l

= —(x"N(x'x”) o (x')h_l) + N(m’) . (x/>h—1
= N(x/) _ l’//N(:C/ //)

8

as claimed.

Now for our main result we have

9 <N (2a”) = N(a") (r'7") + o' + 0")

-1

_ N(CE/:E”) — N(xll) ((I/ - 1)7_// . T,(J}” . 1)) + N(ZE,)T/ + N(ZEH)T//

x —1
= (V") - Na)e - D) - N

— N / //)7_// _ N(JJ”)T” _ 7_/ [N(./L'/) . x//N<x/x//)] + N(I,)T/ + N(I,/)T”
N

(x'x
(x/x//)(x//T/ + 7_//)

as required.

+ N(2) 7"+ N(z")7"

]

We now show that everything in higher degrees is determined by the choices in degrees
zero, one and two. We want an algebra homomorphism, compatible with divided powers
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(c.f. Definition 2.6.7), so this forces

o (Tja(i)) = O(r)P (o).

We know ®(7), and we determine & (O’(i)) as follows. Start with our earlier definition
O(o) =0 + 0"+ V(2 2")r'T", so that, by the definition of the divided powers on F, we
have

o (o) = (® (o))
_ ((0'/ + 0_1/) + VN(.I‘,, $”)T’7’”)(i)
_ Z(U/ + 0//)(i_j)vN(.T/, w”)j(T/T”)(j)
§=0
_ (O'/ + O,//)(i) + (0/ + a//)(ifl)vN(x/’ l‘”)T’T”. (4.4)

~—~—
(/7)) =0 for j>2

So we see that, in higher degrees, everything is already determined by the choices we have
made in degrees 1 and 2. This completes the proof of Theorem 4.3.3.

We now record two identities which will be useful later. The computation ending on
line (4.4) gives us that

o(ro) = o(r)® (o)
(ZL‘,/T,—I—T”)((O',—FO'/,)(U + (O’l +O'”)(i_l)vN(I/,x//)T/TH)
= (27" 4+ ") (0" + ¢")D, in particular (4.5)
T =71 1 =()

O(70) = ("7 +7") (0" + o") (4.6)

Theorem 4.3.3 has exhibited one correct diagonal approximation. The following Corollary
describing all possible choices for correct diagonal approximations is now clear.

Corollary 4.3.5. All choices for ® are defined by

® : F —» FpF

by & — 22

o o7 = 2T+ 4+ 0(w)

D, o — o +0"+Vy, ")t + N(@'2")w + 0(n)
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where w € (F ®g F)y, the degree 2 part of F @ F, satisfies €;(w) = 0 = e(w), and
n € (F ®gF)s satisfies €1(n) = 0 = e3(n), both conditions being imposed to preserve the
diagram in Definition 3.3.1. All of these choices for ® induce the same product when we
pass to cohomology.

4.4 The Dual of the Tate Resolution

We now dualize and analyze the resulting cohomology.

We have the resolution F—— R over RG and a diagonal approximation ¢ : F — F®gF:

F = RG(r; o), |7|=1; |o| =2

h _
0 = (z— 1)(% + N(a:)T%, where N(z) = o

I
8
.

rz—1

O(z) = 22"

O(r) = 27"+ 7"+ 0(w)

O(o) = o' +0"+Vy( 2")7'" + N@@'2")w + d(n)
where w € (F ®g F), satisfies €;(w) = 0 = e(w), and n € (F ®g F);3 satisfies €1(n) =
0 = €3(n). These assignments determine a unique homomorphism of algebras with divided
powers.

Remark: The flexibility of modifying ® by a boundary will be very useful later.

Because we are interested in cohomology with trivial coefficients, we choose ® so that
it becomes particularly simple when evaluating modulo

I=('-1, 2" —1) C RG®x RG.

We want to compute the cohomology products, so we start by analyzing Hompgs(F, R).
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Dualizing F into R via Hompgg(—, R) (and denoting Hompgq(F, RG) by F*) gives

Hompgq(F, R) .
\%;_/ R ®@pc F* (4.8)
o R ®pe RG(S] ®ra \(T) (4.9)
RG
= R[S] ®g /}><T> (4.10)

G acts trivially on R

where S is a polynomial variable dual to o, and 7T is dual to 7.
Warning: Although line (4.10) above carries an algebra structure, it is not the alge-
bra structure that we are seeking. We must use the definition of the cup product (which

uses our chosen ®) to work out the products.

We now determine the dualized differential 0*.

4.5 The Action of 0*

Note that F* = Hompgg(F, R) is a Hom complex as in Definition 2.5.1.

Let w = 7™ € F be an arbitrary monomial, for n > 0, k € {0,1}. Since the 7%¢(™ form
an RG-basis for IF, we define the dual R-basis elements for Hompg(F, R) to be STy, for
L, M > 0. In detail, SYTy; evaluates to 1 on 7™ (") and evaluates to 0 on all other basis

elements of F.

Now to determine the effect of 9* on an arbitrary S*T),, we evaluate

O* (ST Ty (w) = \df/ (SETw) (7R ™) — (=1)IS" Tl LTy e (756 ) (4.11)
=0
= —(=)MSLTy (hrh o), (4.12)

as Op(tFo™) = ((z — )2 + N(2)72)(r"e™) = hrZ(7%6™) mod (z — 1). By the
definition of S¥Tyy, line (4.12) evaluates to zero unless

e n=L+1, and
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e k=0and M =1 (we know that k € {0,1} and if k£ =1 then 7F+!

in which case it evaluates to h.

Thus, formally

oT,
*( QL _ qL+1Y*M
0" (5MT)(w) = SN (W),
or for short,
0'("Ty) — st O

So, in compact form,

when evaluated on monomials S¥T),.

~0)

We have shown that (temporarily, using the algebra structure of the Koszul complex)

the dualized complex becomes

< | ®r /\ , 0= hsi>

This is just the Koszul complex
K(hS; R[S])

in the linear sense, i.e. as a complex of R-modules.

4.6 Cochain Products

For this section, unadorned tensor products are over R.

Theorem 4.6.1. The choice of ® in Theorem /.3.3 defines the following cup product
structure on Hompgg(F, R), which makes it into a DG-algebra. With t for T and s for S,

we have

tut

tUs

_ < ;L ) s (4.13)

sUt (4.14)
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and the elements t and s generate Hompgg(F, R) with respect to the cup product, subject
only to these relations.

h
2
degree 2, it suffices to examine the effect of p(t @ t)®;; on 0. Recall that
O(o) = o' +0"+ V(' "'’

/1

= ®y4(0) = Vn(a,2a")r'r
= Vy, 2"\

Proof. 1. tUt=— ( ) s: We have tUt = pu(t ® t)® 4, and &1 : Fo - F; @ Fy. In

Applying p(t ® t) gives

u(t @ (Vi (2, 2")7 @ 7)
o <g>“ (r @)
- ( > (t(r) @ t(r))
h
2

h
2

Il
7~ N7 N N>

(-
>M(1®1)
)

So since t U t evaluates to 0 on all basis elements except o, on which it evaluates to

— < }ZL ), we can express this compactly as t Ut = — ( g ) s, as required.

2.tUs=sUt: We have sUt = p(s @ 1)@y and Ooy : F3 — Fy @ Fy. Also, tUs =
(it ® s)®yo and O15 : F3 — F; @ Fy. The element 70 is a basis of (F ®@gF);. We
therefore use the example on line (4.6):

O(ro) = ("7 +7") (0" + 0").
As (t ® s) vanishes on all occurring monomials except 7/¢”, applying p(t ® s) gives
pu(t @ s)(2"r's")
= wt®s)(a"T®o)
u(t(r) ® s(0))
p(lel)

—_
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Similarly, applying u(s ® t) gives

Thus the relation t U s = s Ut is proved.

We now know how the generators in degrees one and two interact with each other. We
still need to argue that this is enough to determine the algebra structure.

Let SETy € H ompa(F, R) be an arbitrary dual basis element as in our earlier notation.
It suffices to construct a product of copies of s and ¢ which has the same effect as S¥Ty,
on an arbitrary monomial w = 7%¢(™ € F.

We denote the cup product of L copies of s by s¥F := sU---U s, and similarly for the cup
L copies
product of M copies of ¢, t*M :=¢tU---Ut. We claim that s““t“™ has the same effect as
M copies
STy on w = 7#0(™ . We need to prove a Lemma before we can proceed.

Lemma 4.6.2. With the above notation,

1 ifk=0andn=1L

ULk _(n)y — oL( k_(n)y _
s (rhot™) = 5% {0 otherwise

forall L > 1.

Proof. The proof is by induction on L.
In the base case (L = 1), the result is clear from the definitions.
Now assume the result holds for L = a, for some 1 < a. Then since k € {0, 1}, the following
two cases are exhaustive.
1. If £ =0, then
st (M) = (sU s (a™M)
= u(s @ (s7))@(a™)
= (s @ (s¥) (0" + ") + (o' + o) "IV (2!, 2")7'7")
B { 1 ifi=a+1

0 otherwise
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using the induction hypothesis in the second factor, as (s ® (s”*)) evaluates to 1 on
o'(¢")@ and to 0 on all other monomials.

2. If k=1, then
SU“H(U(")) = (sU Sua)<7-0-(”))
= p(s @ (s7)) (™)
= (s @ (YN +7") (0" + )™ + (¢ + ") IV (2!, ") 7' T")
=0

using the induction hypothesis in the second factor, as (s ® (s”*)) evaluates to 0 on
any term involving 7/ or 7”.

This completes the induction, and the proof of the Lemma. O

Now by definition we have that

1l fM=kand L=n
L k_(n)\ _
ST (T g ) - { 0 otherwise

Again, since k € {0, 1}, the following cases are exhaustive.

1. Iftk=0:
(SuLutUM)( (n ))
= p((s7) @ (M) @(e™)
= wETH @)+ 0" + (o + ") IV (!, 2") ')
line (4.4)
1 fM=0and L=n
Lenf;—;m { 0 otherwise
2. If k=1
(24 UM (o)
= Wl © (V) (o)
= @ M)+ )+ o))

line (4.5)

- 1l fM=1land L=n
~—

0 otherwise
Lemma 4.6.2
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We have shown that

1 fM=jand L=1
LyM (k_(n)) _ J
s (T 7 ) { 0 otherwise

The monomials have the same effect, as claimed.

Therefore Hompg(F, R) admits the monomials s“£#YM as an R-basis, and on those basis

elements, the multiplication is uniquely determined by the relations. Conversely, given the
relations, any word in s and t can be recorded uniquely as a scalar times s“t“™ | for some
L, M. The dualized differential 9* obeys the Leibniz rule by Lemma 2.7.10, so we do have
a DG R-algebra. O

Remarks: Using our graded bracket notation, we have

UL+1 : _
[8*7SULUtUM] — a*(SULUtUM) _ { hs if M=1

0 it M =0.

and therefore

0", t U] = 0" tjUt —tuU 0", 1]
= (hs)Ut—tU(hs)
NP, h(sUt—sUt)
sUt=tUs
= 0 (4.15)
Similarly,
[0%,s] = 0. (4.16)
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The above identities give us that

e (3)]

= [0 tut]+ 0%, 5]
N—— 2 N——
=0 by (4.15) =0 by (4.16)

= 0, and (4.17)
(0", sUt —tUs]

= 9%, sUt]—[0%, s U1

tUs=sUt
= 0. (4.18)

We can analyze the product on line (4.13) further, as the authors do in [3]. Notice that

Recall that (%1 is defined to be the least integer which is > %, whence

h—1 h_h(h—l)_ B if b is even
2 2 | 0 ifhisodd.

This implies that

if h is even
if hisodd

ol

(4.19)

(2) = |

so that we can simplify using the following result.

Proposition 4.6.3. We may choose a new ® which is homotopic to the original choice,
by adding a suitable boundary to the original ®o(0). Having made this new choice, we can
rewrite line (4.13) above as

h

B 58 if hiseven
tut = { 0 if his odd (4.20)
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Proof. From the above analysis, it is clear that we will get what we want if we take

—1
O(o)=0"+0" + |:VN(CL'/ZEH) + [—h 5 -‘ h] 't

Thus we will be finished if we can express the correction term, [251] h'7” as d(n) for some
n € (F ®rF);, satisfying e (n) = 0 = e2(n).

A general element of (F ®g F)3 looks like

aT/O_/+bT/lO_/+C7_/0_I/_'_d7_//0_//
for some coefficients a, b, ¢, d. It suffices to look at the monomials. Recall that

I=("-1,2"—1) C RG®r RG.

Thus we may compute

o["5| 7o) = [P e s oo
= % ((z" = 1)o" — 7" N(2')7")
= [22 ] @ - ve+ Ny
= % hr't" mod 1. (4.21)

So line (4.21) shows that we may choose n = [22] 70"

We now verify that €;(n) = 0 = ez(n). We have

o ([4])

h—1 " _1
= { 5 —‘61(70)
= O7

since €; evaluates to 0 on all elements in the first factor in degree higher than 0 (in partic-
ular, on o).
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Similarly,

= 0,

since €y evaluates to 0 on all elements in the second factor in degree higher than 0 (in
particular, on 7).

So we have our required correction term, and we are done. O

Remark: These multiplication rules agree with the known results from [3].
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Chapter 5

The Tate Resolution for a Finite
Abelian Group

5.1 Introduction

In this chapter, we will apply the results of the previous chapter to compute the cup
products for any finite abelian group.

5.2 The Tate Resolution for a Finite Abelian Group

We can handle any finite abelian group by building on the case of a finite cyclic group. As
is known (for example by Corollary 9.13 in [11]), we may write any finite abelian group as
G = ptp, X -+ X pp,, where pp,, denotes a multiplicatively written cyclic group of order h;.
Then

Rlxy,. .., 2]
(zli—1;1<i<r)
= Run, ®r - Qr By, .

I

RG

Analogously to Definition 4.3.1, we make this definition (recalling that N;(z;) = Z?Z:Bl ).
Definition 5.2.1. Define
N;(zhxl]) — Ny («¥)

1771 ?

Vo (], al) =
N (@, ) prp

17V
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Note that substituting x, = 1 kills the numerator, and thus (x; — 1) divides the numerator.
Therefore ¥V n,(x}, 2]) is a polynomial in R[x}, /], and then also in RG®".

R} (R

5.3 A Diagonal Approximation

Analogously to Chapter 4, we get the resolution F——= R over RG and a diagonal ap-
proximation ® : F — F @z F:

F = RG(m,...,7; 01,...,00), 1| =1; |og] =2

0 = ; {(xz - l)a% + Ni(xi)n% , where N;(z;) = ZZ — = !

O(x;) = xiwy
O(r;) = 27+ 7"+ 0w
O(0;) = o+ o] + Vn,(a), 2] )7i7] + Ni(xz])w; + On;

177

where w; € (F ®g ), satisfies €1(w) = 0 = e3(w), and n; € (F ®g F);3 satisfies €,(n) =
0 = €3(n). These assignments determine a unique homomorphism of algebras with divided
powers.

Remark: The flexibility of modifying ® by a boundary will be very useful later.

Because we are interested in cohomology with trivial coefficients, we choose the most
convenient ® when evaluating these formulas modulo the ideal

I=(x—1, 2/ -1 :i=1,...,r) C RG®g RG.

We want to compute the cohomology products, so we start by analyzing Hompgs(F, R).
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5.4 The Dual of the Tate Resolution

Dualizing F into any R via Hompg(—, R) (and denoting Hompq(F, RG) by F*) gives

Hompa(F, R) (5.1)
= R®pcF
by 2.2.3
o R ®pe RGls1, ..., 5] ®ra \(t1, .. tr) (5.3)
RG
\g, R[Slu"‘asT] ®R /\<t17"'7t7"> (54)
G acts trivially on R R

where s; is a polynomial variable dual to o, and ¢; is dual to 7;.

Warning: Although line (5.4) above carries an algebra structure, it is not the algebra
structure that we are seeking. We must use the definition of the cup product (which uses
our chosen ®) to work out the products.

5.5 The Action of 9*

As in the previous chapter, F* = Hompgq(F, R) is a Hom complex. Therefore its differen-
tial is determined by Definition 2.5.1, and obeys the Leibniz rule.

K (N

An RG-basis for F is given by monomials w = 75¢®) where

o K =(Ky,..., K,) records the exterior powers of the 7s which are present, i.e. 7% =
.. 7K Note that K,, € {0,1} for all n.

e N =(Ny,...,N,) € N records the divided powers of the os which are present, i.e.

5N) = D)L ),

Analogously to Chapter 4, we define the R-dual basis elements for Hompgg(F, R) to be
STy, where

~
=
IS
I
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and S'T); evaluates to 1 on 7™ ¢ and evaluates to 0 on all other basis elements of F.
Note that each M,, € {0,1} for all n, since these are the only occurring exponents for the
corresponding Ts.

Now to determine the effect of 9* on an arbitrary S*T},, we evaluate

O*(SETy) (75 ™))
= dn, (S™Ty) (7K oMy — (=1)/S" Tl SL Ty d (75 5 V)) (5.5)
=0
d ok o)
= —(=DIMlstTy, (Z(l’ -1 3: o™+ Ni(xi)TiTK%> o0
i=1 ¢ ¢
d ork , 0™
= _(_1)\TM|SLTM (Z(xl _ 1) . o) + (_1)Zu<i KVNi(xi),,_Ki o ) (57)
i=1 ! !

where we define
K/=K+(0,...,0, .1 .,0,...,0)

position

The expression on line (5.7) is congruent, modulo I, to

|Tas| oL - > K KfaU(N)
—(=)MASETy (Y (—1) 2w Ko pyr (5.8)

i=1 do;

By the definition of ST}, the i'" term of the sum in (5.8) evaluates to 0 unless

o K!=K~+(0,...,0, _1_,0,...,0)=M, and
position k

e N=N-—(0,...,0, 1 ,0,...,0)=L,
~—
position k

in which case it evaluates to —(—1)"l(—1)Xv<i Kvp,,

Therefore we have

0" (S Tyy)
r L+(0,...,0, 1 0,...0)
= —(=1)™ Z(—l)Z”QKVhS ‘ Th—(0,.0. 1 0...0) (5.9)
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We may, temporarily using the algebra structure of the Koszul complex, rewrite the dif-
ferential from line (5.9) in compact form as

0*(S*Tyy)
. T
= —(—1)'T”"SLZhiSi—%f (5.10)
i=1 ¢

The next Theorem says that we can replace the above differential with a simpler one, and
preserve the original cohomology groups.

Theorem 5.5.1. If we change the differential to
d'(S"Twmr)
- oT:
- SLZhisia—jf? (5.11)
i=1 !
then we will still have the same cohomology groups.

Proof. Consider the following diagram.

“(t) <—"——Rs|

0~ Rls) ~—5—5 RIS A'(6) ~ o RIS

It is clear from the construction that the vertical maps assemble into an isomorphism of
complexes. Therefore the rows have equal cohomology groups, and we are done. O

5.6 Cochain Products

For this section, unadorned tensor products are over R.

Theorem 5.6.1. The above choice of ® defines the following cup product structure on
Hompga(F, R), which makes it into a DG-algebra, where s; is a polynomial variable dual
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to o;, and t; is dual to 7;:

LUl = _(Z)s (5.12)
LUt +t;Ut; = 0, wheni#j (5.13)
tj U S; = S U tj (5 14)
Sj U S = 5 U Sj (5 ].5)

and the elements t; and s; generate Hompa(IF, R) with respect to the cup product, subject
only to these relations.

h;
2
We only need to look at index i, since applying ¢; ® t; will kill all other indices. So in
degree 2, the only basis element in the domain that we need to look at is ;. Recall
that

PTOOf. 1. tz U tz = — < ) Si- We have tlUtz = /L(tz‘@ti)q)l’l, and (1)1’1 . ]F2 — Fl ®F1

O(0;) = o400 + V(a2 )7ir!

Z’ Z

= ®y4(0y) = Vy,(a),a))r7!
Applying ju(t; @ t;) gives
wu(t; @) (Vn, (2, 21 @ )
= () uenem o e
h;

So since t; U t; evaluates to 0 on all basis elements except o;, on which it evaluates
i

NES required.

h; .
to — ( QZ >7 we can express this compactly as t; Ut; = —

2. tl U tj + t]’ U tl = 0: We have tl U t]' = ,U/(tl &® tj>q)171, tj U tl = M(t] &® ti>q)1,1 and
&, : Fy — F, ®F;. The only basis elements for which this can evaluate to something
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non-zero are 7;7; and 7;7;. Since 7;7; = —7;7;, it suffices to determine the effect of
p(t; ®t;) and p(t; ®t;) on ®(7;7;). So we compute:

(1)1’1(7'1'7']')
Dy (7:)P11(75)
— (@ T+ )
= x;/x;-/Ti' Tj{ + l’;/TiI Tj{/ + JJ;-/Ti//Tj{ + T{/T]/-/

As (t; ®t;) vanishes on all occurring monomials except 777, applying u(t; ®1;) gives

pu(ts @ ) (2] © 75)
= p(=1)(ti(r:) @t5(75))
= -1
Similarly, applying u(t; ® t;) gives
pulty @) (=7l
= —p(=1) () ® ti(7:))
=1
Thus the relation t; Ut; +t; Ut; = 0 is proved.
. tj Us; =s; Utjl We have s; U tj = ,U/(SZ X tj)@Q’l and (1)2,1 . Fg — ]FQ X Fl. AAISO7

tjUs; = u(t; ® s;)®@12 and &1 : F3 — F; ® Fy. The elements 7;0; form a basis for
[F3. Therefore it suffices to determine the effect of pu(t; ® s;) and p(s; ®t;) on ®(7;0;).

First we compute:

®(750:)
= O(7;)®(0y)

0 ” , " PN
(xjrj + 7; ) (o) + 0 + Vi, (), z])7/T]")
o "n_r_n

"1 " _n 1N
+Tj Ui‘f‘Tj 0; +vNi(xi’xi)Tj TiTi

1 / " 1 1

1)

As (t;®s;) vanishes on all occurring monomials except 7;07, applying u(t; ®s;) gives

p(t; @ ;) (275 ® 03)
= ult;(7;) @ si(03))

p(l®1)

1
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Similarly, applying u(s; ® t;) gives

p(s; ®t)(0; @ 75)
= p(si(o;) @ t;(1))
= u(l®l)
= 1

Thus the relation t; U s; = s; Ut; is proved.

. s;Us; =s;Usj: We have s; Us; = p(s; ® sj)®Pa0 and Poo 1 Fy — Fy ® Fo. Also
s;Us; = u(s; ®s;)Pao. The elements o;0; and 7;7,0; form a basis for Fy. We do not
need to consider elements of the form 7;7,0;, since ®(7;7,) = ®(7;)®(7%), and each of
these factors will involve 7/, 7/, 7; or /. As we will apply s; or s;, we may consider
the following computation modulo the ideal

T=(rm,7 : 1<k<r)CcFaF.

We begin by computing;:

®(;04)
O(0;)®(04)
(o) +07) (0} + o) mod T

. ! ! /) " __! n_n
= 00, +0;0; +0;0,+0;0;

As (s; ® s;) vanishes on all occurring monomials except 0’07, applying p(s; ® s;)
gives

1(sj @ si)(0j @ ;)
1(sj(0;) @ si(0i))
= p(lel)
= 1

Similarly, applying u(s; ® s;) gives

p(s; ® sj)(0; @ 0j)
= pu(si(o;) ® s(04))
= u(l®l)
= 1
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Thus the relation s; U s; = s; U s; is proved.

We now know how the generators in degrees one and two interact with each other. We
still need to argue that this is enough to determine the algebra structure.

Let SYTy € Homgg(F, R) be an arbitrary dual basis element as in our earlier notation.
It suffices to construct a product of copies of s; and ¢; which has the same effect as STy,
on an arbitrary monomial w = 75¢N) € F.

Analogously to Chapter 4, we denote the cup product of L; copies of s; by sti =

s;U---Us;, and similarly for the cup product of M; copies of t;, t;JMj = t;U---Utj.
L; copies M copies
We claim that (s¥%r U --- U sYE) U (9 U - - U tYM1) has the same effect as SYTyy on

w = 15c™) . We need two Lemmas before we can proceed.
Lemma 5.6.2. With the above notation,

1 fN=1L

UL, Ulq (N) —
(5,77 U Usp ) (@) {O otherwise

for all L € N".

Proof. This is proved in a way which is completely analogous to the proof of Lemma
4.6.2. O

Lemma 5.6.3. With the above notation,

1 ifK=M

UMr o $9MY (1KY =
(G U Ui () {0 otherwise

forall L € N".

Proof. This is proved in a way which is completely analogous to the proof of Lemma
4.6.2. m

Now by the definition of STy, we have that

1l fM=Kand L=N
L K _(N)) _
ST (T g ) { 0 otherwise
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We can now evaluate

(3£ U UsP2) U (2 U D) (7o)
S (U U 0 (M U D) (o)
= (U U @ (Y U D) ()20 )

= e @) [+ ][0+ 0" ™ + (o) + 0" NIV, (o], )]
(Line 4.4) i=1 j=1

This expression evaluates to 1 if and only if L; = Ny,..., L, = N,, My, = Ky,..., M, = K,,
in other words, if and only if N = L and K = M.

The monomials have the same effect, as claimed.

Therefore Hompg(F, R) admits the monomials sY*¢“M as an R-basis, and on those basis

elements, the multiplication is uniquely determined by the relations. Conversely, given the
relations, any word in s; and t; can be reordered uniquely as a scalar times s““tYM for
some L, M.

The dualized differential 9* obeys the Leibniz rule by Lemma 2.7.10, so we do have a DG
R-algebra. O

Now 0’ from line (5.11) is an algebra differential, and satisfies

(@) =0
=0

b
/ i o
7((5)) -
In exact analogy to Proposition 4.6.3 in Chapter 4, we can analyze the product on line

(5.12) further. We can simplify using the following result.

Proposition 5.6.4. We may choose a new ® which is homotopic to the original choice,
by adding a suitable boundary to the original ®o(0). Having made this new choice, we can
rewrite line (5.12) above as

hi . .
- 58 if h;is even
LUt { 0 if b is odd (5.16)
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Proof. This proof is completely analogous to the proof of Proposition 4.6.3.

Remark: These results agree with [3], in the special case when r = 1.
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Chapter 6

The Cohomology Ring for a Finite
Abelian Group

6.1 Introduction

In this chapter, we will describe the cohomology ring of a finite abelian group as a fibre
product of quotients of polynomial rings. This will lead us to cleaner presentations than
those that exist in the literature to date.

6.2 The Structure of the Cohomology Ring

6.2.1 Introduction

For this chapter, all products of cochains are understood to be the cup products of Chapter
5.

We start from the following result already established:

Theorem 6.2.1. Let G = iy, X -+ X [y, be a finite abelian group, written as the product
of r > 1 cyclic groups of orders ny through n,. Whenever it is convenient, we may assume
that the n; are the elementary divisors of G, so that 2 < ny|ng|---|n,.. The cohomology
of G with coefficients in a commutative ring R, on which G acts trivially, is then the
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cohomology of the DG R-algebra

K = Sympg (Qj Rsi> ®r /R\ (@ Rt,)

with each t; in (cohomological) degree 1, each s; in degree 2, and with its differential the
algebra derivation
. 0
0= MN;iS;——.

However, the multiplicative structure is not the “obvious” one, it is rather deformed in
that the polynomial ring Symr(€D,_, Rs;), concentrated in even degrees, is contained in
the centre, while the t; satisfy

2 %” -s; if n; is even
i 0 o n;is odd
tﬂfj + tjti = 0, when 1 7é j

thz‘ = Sz‘tj
Proof. Refer to Theorem 5.6.1, Proposition 5.6.4 and Theorem 5.5.1. n

The aim of this chapter is to determine the structure of the cohomology of this DG-algebra.
Not to overlook the trivial cases, we state right away the following.

Corollary 6.2.2. Assume that each n; is zero in the ring R. Then the differential in
the above DG R-algebra is identically zero and the algebra H®(G, R) is isomorphic to the
Clifford algebra over the polynomial ring P = R|[s1,...,s,] on the quadratic form

N
q:PT_>P7 Q(p17"'7p7“): Z Ezslp?
n;even

that takes its values in the 2-torsion of P.

ng

If for each even n; we also have % is zero in R, then the algebra structure is the ordinary,
strictly graded commutative one on the Koszul complex.

Proof. 1t is clear that we get the polynomial ring R[s], from the copy of Sympg (B;_, Rs;)
in the DG-algebra.
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The multiplication of the ¢;s comes from the known rules. All that survives is for the even
nj. Treat {t1,...,t,} as a basis of P", then we must have

q : P — P
Z;:l pjtj = an evenp?%si'
Since n; > 0 and n;s; = 0,V7, it is clear that this sum lies in the 2-torsion of P. O

Example 6.2.3. The corollary applies in particular to the case when R =F is a field of
characteristic p and G is a p-group. If ni|ns|---|n, are the elementary divisors, then

. ) Flsi, ..., 8] @r A\p (®]_1Ft;) if p is odd
H*(G,F) = { LGRS ifp=2and 2 = ne_; < ng.

(t2,.t3)
Proof. Since G is a p-group, then p|n;, Vi. Thus each n; equals 0 in F, so Corollary 6.2.2
applies.
If p is odd, then 2 is invertible in [, and % is still zero in F.

If p is even, then suppose 2 = n, 1 < n,. For ¢ < a, we have that % = 1 in I, implying

t? = s; for those i < a. So sy, ...,5,_1 can be obtained from ¢y, ..., t,_; and can be omitted
from the list of variables. Also, 22 divides n, ..., n,, implying =..=%2=0inF
Thus 2 =--- =2 = 0. O

Remark: This result agrees with Proposition 4.5.4 in [0].

6.2.2 Preliminaries
Symmetric Powers of Direct Sums of Cyclic Modules

The following result can easily be deduced, say from Proposition A2.2 in [10].

Lemma 6.2.4. Let R be a commutative ring and I,...,1, C R ideals. The symmetric

algebra on @;7:1% over R has then the following structure.

~ R R R
Sympg (@ 7) = Sympg (]_1> ®pr - QrSymp (I_) (6.1)

Rl Rlz,]

_ vy . ikl S N 6.2
1l R[x] R OR z. 1. R[z,] (6.2)
~ Rlzy,. ..,z (6.3)

>z wali)
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where x1,...,x, are independent variables.

Assigning x; the multi degree e; € ®_,Ze; = 7", this symmelric algebra becomes N"-
graded and its homogeneous component of multi degree N = (N(1),...,N(r)) € N" is the
R-module

" R R
Symly (@ —) ~ ———xV. (6.4)
i L 2Ny i

Alternatively,
n ) o R : S
i=1 SC{1,...,r} <€

as an R[z1,. .., xz.]-module, where we have abbreviated x° =[], 4 ;.

Proof. The equality on line (6.1) is clear from the fact that Symg(M @& N) = Symg(M)®r
Sympg(N).

Consider I; C R. R is arank 1 free R-module. Let x; be a basis element. Then we have a
short exact sequence

zil;

Now, passing to Sym, we obtain a new short exact sequence

zil;

which gives us that

R) ~ Sympg(x;R) . Rlv]
(x:1;

. (Tl ) ) OR SymR(-TzR) N mzllR[:L’Z]

which establishes the equality on line (6.2).
Line (6.3) is clear from line (6.2).

For (6.4), observe that, on line (6.2), we reduce the polynomial ring involving x; by the
ideal z;I;. Extending this, we reduce the coefficients of every monomial by the sum of the
ideals corresponding to the variables involved in that monomial.

Line (6.5) is clear from line (6.4). O
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Next we specialize to the case that the ideals in the preceding Lemma form a chain.

Proposition 6.2.5. Assume we are given R O Iy O Iy 2O --- O I, O I, = (0), a
descending chain of ideals in the commutative ring R. The final description in Lemma
(6.2.4) can then be simplified to

"R "R
SymR (@ T) = R® @ T[l'“ Titly .- - ,ZET].I’Z‘. (66)

0

i=1 i=1

As a ring, even as an R|xy, ..., xz,|-algebra, it is the fibre product
SymR éﬁ = R1 X Ry R2 X Ry *** X Ry Rr+1’ (67)

1 Il (z1) (z32) (ar)

where we have set

R R[l’l,...,afr]
Ri = - LiyeooyTp = 6.8
(‘ll) [ ] (]i)+(x17"'7xi—1) ( )

fori=1,....r+1, so that, in particular, R,41 = R.

Note that the ring homomorphisms used in the formation of the fibre product are the natural

epimorphisms from
R
Ri = (TZ) [l’i, s 7$T]7

respectively from Ry 1, onto

foro=1,...,r.
Proof. Since the ideals form a chain, the only choices for S that we need to consider are

S =0,{1},{2},...,{r}. These choices yield the form on line (6.6).
Rewrite line (6.6) as

R R R R
_[xlv s 7xr]x1 S _[x27 s ,l’r]fL‘Q - D [l‘r—la xr]xr—l D _[xr]xr ®R
[]_ [2 [’I"—]. IT’
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Rewrite line (6.7) as

R R R

I—l[l'l, R ,.Tr] X%[IQ,-WCEr] I—2[$2, R 7x7“] Xﬁ[lg,...,mr} v+ X R (] I_T[xT] Xr R

So we can see that there is an obvious map (fi,..., fr41) = (f1,..., fre1) from the first
set of (r + 1)-tuples to the second set of (r 4 1)-tuples. It is clear that this map will be
a morphism of R[xq,...,z,]-algebras provided it is a well-defined function. To see that
this map takes values in the fibre product, let i € {1,...,r — 1} be arbitrary, and consider
(fis fix1). For (fi, fix1) to lie in the fibre product, we require

fon = i

z;=0

By our setup, z;|fi = fils;=0 = 0, so that f;;; = 0 i.e. all coefficients of f;;; lie in [;. But
since I; O I;;1, we already have this condition satisfied. We have shown that the map does
take values in the fibre product for any (r 4+ 1)-tuple.

We still need to argue why this map is a bijection. We will exhibit an inverse. Consider

any f; in a tuple in the fibre product. To show that f; lies in %[wi, ..o, Ty|x;, we need to
show that z;|f;. Since f; is in a tuple in the fibre product, there is some f;,1 such that
fir1 = filei=o
Since I; O I;11, therefore f;11 = 0. Therefore f;|,,—o = 0, so that z;|f;, as required. O
Geometrically, Spec Symg (@::1 %) is thus the union of the affine spaces
A = Spec < xy, . . ., 1]

of (relative) dimension r + 1 — i over the rings % that in turn become larger as ¢ in-
7
creases. This linear arrangement of sorts can be viewed as a closed subscheme of A, =

SpecR|x1, ..., x,].

Remark: If the chain of ideals is not proper, then the indicated fibre product contains
redundant factors. Namely, if I; = I;,4, for some ¢ = 1,...,r, then the natural surjection

R, : : Rit1 ~ R;
11 — —% is an isomorphism an & i
Ry (zj is an isomorphism a d T = G

Thus, the part x r, R;11X r;;; in the fibre product can be replaced with x &, , and
(=) (zi41) (@j,@i41)
similarly when more of the ideals are equal.
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For example, if all ideals are zero, then all factors but the first can be dropped and
we regain the fact that the symmetric algebra on a free module is the polynomial ring,
SymR<@:=1R) = R?" = R[‘Th s 7‘7:7"]‘

As a slightly less extreme case that will concern us below, if [y = --- = [, = I, then all
factors but the first and last can be dropped and one finds

Sympg (é ?) = (?) [z1,. .., 2] Xz R.

=1

Now we apply this investigation of symmetric algebras to the determination of the coho-
mology of the finite abelian group G from above.

Ignoring the degrees of the elements s; in K, this complex can be viewed as the Koszul
complex on the sequence (nysy,...,n.s,) C R[s1,...,s,]. Wedenote by H;(K) the resulting
Koszul homology, where the index j refers to the degree in the ¢;. These homology groups
are naturally Rl[sy,...,s,]-modules.

Lemma 6.2.6. Assume, as we may, that the n; are the elementary divisors of the finite

abelian group G in that 2 < ny|ng|---|n,. One then has
~ R
Hy(K) = Sympg @ —
=7 ()
~ R
~ RP @ ﬁ[si, Sit1,---,S8i as an R[sy,...,s,|-module
n;
i=1
> Ry X R RyX gy -+ X R,11 as an Rl[sy,...,s.]-algebra,
(z1) (z2) or
where now R; = %[si, ooy Spl, fori=1,... r, still with the convention that R, = R.

Proof. Just note that Hy(K) = % can be identified as the indicated symmetric

algebra by Lemma 6.2.4 and that the ideals (ny) 2 -+ D (n,) form a descending chain in
R, so Proposition 6.2.5 applies. O

As always for a Koszul complex, the homology groups H;(K) are modules over the ring

Hy(K) that we just described. To give a concise presentation of the homology, we next
identify the cycles in that Koszul complex in two cases.
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The Cycles in the DG-Algebra

For a multi index N € N" and a subset S C {1,...,r}, we let N 4+ S denote the multi
index given by the r-vector N + 3. s e; € ®/_;Ne;. In particular, N +( = N. In this way
we also view S as the multi index whose component at 7 is 1, if 7 € S, and 0 otherwise.

We set ((N+S)=min{i =1,...,r | (N+.5)(i) # 0}, and think of it as the leading index
of the multi index N + 5.

Proposition 6.2.7. Let G be a finite abelian group as before, with elementary divisors
ni|ng| - |n,.

1. If R is any commutative ring, then for I = {i; < --- < i,} a non-empty subset of
{1,...,r}, the element

D6 = ——at)

Ny(n)

a

n; —
= (1) T sty A Al A Ay,
(1)

v=1

is well defined in K. It is a cycle of degree |I| — 1 in the t;, and of cohomological
degree |I| 4 1. Its class in H ;-1 (K) is annihilated by ngr).

2. If m € R is a non-zero-divisor in R that is a multiple of the largest elementary divisor
n, Lequal to the exponent of the group), then in the Koszul complex with coefficients
n R = (—fz) the elements

¢ =g
J = J
M)

are cycles as well, for any subset J C{1,...,r}.

If J =0, then interpret ty = 1 and ne) = m to regain t{,) =1 as a cycle.

3. With assumptions as in 2, in the long exact homology sequence that results from
applying K @ — to the short exact sequence

0 R-—2~R R 0

the connecting homomorphism H;(K ®z R) — H;_,(K) sends the class of the cycle
Lowith |J| =34 >0, to 0'(ty).
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Proof.

1. For assertion 1, note that the differential on K yields

a

—

O(tr) =Y (1) ng,si,tsy Avo- Ay Aoe Ay,

v=1
whence
1 ‘ n; —
d(tr) = —1 e — Siyti /\/\tly/\/\tla
Nmin 1 ( I> ;( ) né([) '

is an element of that algebra as the integer ny) divides each of the n; for ¢ € I. It
follows further immediately that this element is a cycle, as 9> = 0, and that (1)
annihilates this cycle in cohomology - after all, d(t;) is a true boundary.

2. Assertion 2 follows immediately from the explicit form of the differential on the
Koszul complex as just recalled.

3. Finally, assertion 3 is a simple consequence of the snake lemma, in that t/;, viewed as
an element in K lifts that same element from K&z R and is then sent by the differential
to O(t;) = #1)8(’5 7), which in turn is the image of d'(t;) under multiplication by
m.

[
Remark 6.2.8. Note that in case I = {i} is a singleton, then 0'(t;) = s;.

With these preparations, we can now formulate our main result.

6.2.3 The Structure of the Cohomology of Finite Abelian Groups

Theorem 6.2.9. We keep the notation from Proposition 6.2.7. The cohomology of the
group G with coefficients in a commutative ring R, in which the order of G, equivalently,
its exponent n,, is a non-zero-divisor, is given by

H'(G.R)=Re P

0£IC{1,...,r} NeNT”

sV (t
(W(NH)) ( I)

where we denote the cohomology classes of the cycles s; and 0'(t;) by the same symbols.
The cohomology class sNO' (tg) sits in H>2Zi= NOHIHL (G R) | by Proposition 6.2.7 (1) .
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In particular, we regain classical results for the low-dimensional cohomology groups,

H°(G,R) = R,
HY(G,R) = 0,

H*G,R) = @ %si.

Proof. Use induction on the number of elementary divisors. If » = 1, so that G = p,, is
cyclic of order nq; = n, then the claimed description simplifies, with s, t for sy, t1, to

R R
H*(u,, R) = Ro P s I =Re . e
NeN NeN

as 0'(t) = s, and this is the correct result as one sees immediately from the (periodic)

resolution of R over RG = %. Note also that as a ring,

H*(pin, R) = —[s] x = R.

Now assume by induction that the result has been established for abelian groups with
r — 1 > 1 elementary divisors. If G is then a group with r elementary divisors, write
G =2 G X py,, with n, the largest elementary divisor.

Write temporarily K,_; for the Koszul complex for G’ and note that the Koszul complex
K for G over R can be realized as a tensor product of complexes

K £ Krfl Xnr ( 0_>R[5r]tr s R[ST] —0 )

with R[s,] in complex degree 0. This gives rise to a short exact sequence of complexes of
R-modules '
0—K,_1[s,] ==K —L>K,_y[s,]t,[1]] —=0

where we abbreviate K,_1[s,] = K,_; ®g R[s,] and the translation [1] refers to the homo-
logical degree (in the ¢;) of the Koszul complexes.

The map i is the natural inclusion of K, _;[s,| as a sub complex of K, in that a typical
element w in K can be written uniquely as

w = wy + wat,
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with w; = i(w;) and wy elements from K, _;[s,]. In these terms, p(w) = wot,.

If we now pass to the long exact homology sequence,

H;(K,1[s,]) — H;(K,) — H; 1 (K, 1 [s,]t,) s Hj 1 (K;—1[s/])

J

then the rightmost map is zero except for j — 1 = 0, when the sequence ends in

H, (Kr) - HO<KT—1[Sr]tr) e HO(Kr—l[SrD - HO<K7”) —0.

As taking the tensor product with R[s,| over R is exact (R[s,] being free and thus flat over
R), Lemma 6.2.6 shows that
HD(Kr—l[ST]) = HO(KT—].)[ST]
r—1 R

@ W[Si, Si—f—l; ey S,«]Si.
i=1 V"

2
=
®
©®

Now multiplication with n,s, is injective on the first summand R[s,], but annihilates the
remaining summands, as n, is the largest elementary divisor. If we therefore set
r—1
~ R
Hy = [3i>3i+1>---78r]3i

D

r—1},|I|=1 NeNr

Il
i
—

12

sV (¢
(W(NH)) (t1)

-----

and write H; = H;(K,_1[s,]) = H;(K,._,)[s,] for j > 0, then the long exact homology
sequence breaks into the short exact sequences

p

0— H; —> H;(K) —2> H;_1t, —0 (6.9)

of R-modules for j > 1. Now by induction we already know that for j > 1 we have

AT s WS L.

n
c{i,.., r—l},\[|:j+1N€N"( «N+1))

as a direct summand of the homology of K,_[s,], and as we just showed, this description
is valid as well for j = 0.
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On the other hand, we deduce from Proposition 6.2.7 that for 7 > 1 the direct sum

. . R
Hj P Hj—ltr = @ —SNﬁl(t[)
0£IC{1 = r (W(N”))
C{1,...;—1},[I|=j+1 NeN
o B Dot
0£IC{1,....—1},|T|=j NeN’“ neN-+D))
maps to H;(K), equivalently, p : H;(K) — H,_,t, admits a section s, given by s('(t;)t,) =
0'(tiugy) as indeed O (t1)t, = p(0' (trugry)) for I # 0 and we saw in Proposition 6.2.7 (1)
that each monomial sVd'(t;), with J C {1,...,r} is a cycle in K whose class in homology
is annihilated by ngn. ). Therefore, each short exact sequence (6.9) splits and the middle

terms is identified as the direct sum just displayed. Summing up over all j yields the
result. O]

Remark: The cohomology ring is a finitely generated module over the ring

Hy(K) = Symp (@ %)

=1

discussed above, generated by the classes &' (t;) with [I| > 2. While this symmetric algebra
is naturally N"-graded, that is not so for the cohomology ring, as the elements 0'(t;) are
only homogeneous for the total, cohomological, degree.

However, a closer inspection of the result gives some more information on the module

structure, in that
R
@ HO n ) al<t1)
[1|=j 4D

is a direct sum of cyclic Hy(K)-modules as indicated for any j > 1.

Remark: As concerns the algebra structure, we know already that Hy(K) is central
in H*(G, R), whence, by the previous remark, it suffices to understand the products
' (t7)0' (ty) for subsets I,1' C {1,...,r}.

As 0 is an algebra differential and 0'(ty) is a cycle, we have

I (600 (611) = —— (6, (1))

Te(n)
and from there one can work out the product explicitly.

Using now the preceding theorem together with Proposition 6.2.7 (2), the same arguments
prove the following result.
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Theorem 6.2.10. With the assumptions and notation of Proposition 6.2.7 (2), the group
cohomology of G with values in R has the following form,

H*(G,R) = H*(G,R) ®zr R® H**'(G, R),

with H*(G, R) @z R a sub algebra, and in the second summand the cycles t) as defined in
Proposition 6.2.7 (2) replacing the d'(t;). Note that H(G, R)®r R = H'(G, R), fori > 0.
In other words, only the direct summand R in H*(G, R) gets changed to R, the remaining
direct summands stay unchanged under the tensor product with R over R.

The H*(G, R) @ R-linear map that sends
t, ¢ H'(G, R) — ' (t;) € H'(G, R) € H'H(G, R)
defines the Bockstein derivation on H*(G, R) with kernel H*(G, R) ®gr R.

Remark: Note that, despite appearances, the above direct sum decomposition of H*(G, R)
is not one of H*(G, R) ®x R-modules. If we call the latter ring S, and denote by S*(1) its
irrelevant ideal generated by the elements of strictly positive degree and shifted in degree
by 1, so that ST(1)" = (S*)""!, then there is rather a short exact sequence of graded
S-modules,

0—S —H*(G,R) —= S*(1) —=0,

the direct sum over the short exact sequences of R-modules

0— H(G,R)®r R— H(G,R) —= H"'(G,R) @ R——=0.
However, this sequence is not split in general. For example, if G = V is the Kleinian
four-group and R =7, R =T, then

Fyla, b, c|
(¢ —ab(a+1))’

S:

with a, b of degree 2 and ¢ of degree 3. The embedding of S as a sub algebra of
H*(V,Fy) = Fylty, ts),

with tq, %9 in degree 1, sends
a — 2

b — t3
c tltg(t1+t2).
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In particular, S is a domain as a subring of the polynomial ring, whence its depth is at least
1. Tt follows that ST(1) has depth exactly 1, as, up to degree shift, it is the first syzygy
module of Fy = S% as an S-module, and that quotient has depth 0, being annihilated by
S*. As a module of given depth cannot occur as a direct summand of a module of larger
depth, ST(1) is not a direct S-summand of Fy[t1, 5] as that module has depth 2.

The same argument shows that for an elementary abelian 2-group G of rank r > 2 the ring
S == H.(G, Z) ®Z Fg
has depth exactly 2, as
H*(G,Fy) = Folty,...,t,]
has depth r, but the quotient S*(1) still has only depth 1, being the first syzygy module
of ]FQ(].)

Remark: While the R-module structure of H*(G, R), fori > 0, is independent of the choice
of the non-zero-divisor m that defines R, this is not true in general for the multiplicative
structure when even elementary divisors are present. Indeed, this is already in evidence
for cyclic 2-groups.

Example 6.2.11. Fiz a prime number p and consider the elementary abelian p-group of
rank r, that is, G = p,, isomorphic to the additive group underlying the r-dimensional
vector space over the field F, with p elements. If R =F,, or more generally, if R is a field
of characteristic p, then the cohomology ring H*(G, R) was described in Corollary 6.2.2.

Example 6.2.12. Now let us consider the integral cohomology for G = p,. Additively it
1S given by
HY(G,2) 2 Z xx, (Fyfs, .., 5, {0/ (t1)))

where I runs over those subsets of {1,...,r} with at least 2 elements.

If p is odd, this is indeed an isomorphism of strictly graded algebras, where the 0'(t;) are
multiplied among themselves as elements of the corresponding Koszul complex K.

For p =2, one has

H*(G,Z) =7 xy, Fy [t%,...,tf ; tIZti] , where t; = Hti

el el

and the second factor is considered as a sub algebra of the polynomial ring Fslty, ... t,.]. In-
deed, that polynomial ring is isomorphic to H*(G,Fy) by Corollary 6.2.2, and the Béckstein
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homomorphism sends t, =ty to
Ditr) = S (-1 sk ey,
= it?jth ety ety
= t:ztia

il

as the signs disappear because we are in characteristic 2, and s; = t2.

2.9

In compact form, the Bickstein derivation is ), t7--.

6.3 Examples and Earlier Results

6.3.1 The Integral Cohomology Ring for a Product of Two Cyclic
Groups

Theorem 6.3.1. Suppose that we have a finite abelian group G with elementary divisors
ni|ng. Write ng = mny. Then we have

Z]a,b, ]
(”16% nsb, nc, 02)

H*(G,Z) = where |a| = [b| = 2; |¢|] =3

in all cases except when ny and ny are both even with m odd, in which case we get

Zla, b, c|

H*(G,Z) =
(¢.2) (nla, nab, nic, c2 — (71) ab(a+mb))

where |a| = |b| = 2; |c| = 3.

Proof. Since we have taken our coefficients in Z, Theorem 6.2.9 applies. The legal choices
for I are {1}, {2} and {1,2}. These choices for I give us the following generators:

1. 1

{1}: d'(t1) = s1, by Remark 6.2.8.

2. I ={2}: 0'(t2) = s2, by Remark 6.2.8.
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3. I={1,2}:

, 1
o'(tr) = . o(tr)

1
= n—la(tltg)

= Lot — t10(t)

ny

= —(n151t2 — t1n232)
m
= Sltg — m32t1

So setting a = s1, b= sy and ¢ = s1ty — msaty, we have that |a| = |b| = 2; |¢| = 3, and
nma = mS;
= 0
nob = MNasy
=0
nic = ny(sita — msaty)

= Ni181 tQ — N9S9y tl
~—~ N~~~

=0 =0
= 0

We also see that

C = (81t2 — mSQtl) (81252 - mSgtl)
s%t% — MS1Sotat; — MS1Sotits + m%%t%
= s%t% + ms189t1to — MmS189t1ts + TI’LQS%t%

242 2242
= st + m7syty

Now we have the following cases.
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1. ny is even = ns is also even: Then t? = %tsy and 12 = %289, and so we have

n n
2 2 2 2 1 2
¢ = Felstm? ()0

2
ng o m-ni 2
= —878 + S$1S8
1°2 199

2 (2

2 2
= (%) ab (a + mb)
= <m2nl> ab (a + mb)
(a) If m is even, then % € Z, and since nja = 0, we get ¢ = 0 in this case.
Therefore
Zla,b
H*(G,Z) = 2,5, where |a| = |b] = 2; || = 3.

(n1a, nab, nic, c?)

(b) If m is odd, then writing m = 2k + 1, we have

mny (2k + 1)ny
a = ——a
2 2
= kna +Ea
~~ 2
=0
ny
= —a
2
so the above equation simplifies to ¢? = (%) ab (a + mb), and therefore
Zla,b
H*(G,Z) = a5, where |a| = [b] = 2; |¢| = 3.

(nla, neb, nic, ¢ — (%) ab(a + mb))

2. ny is odd and ny is even: Then m is even, 2 = 0 and 3 = %289, and so we have

No
A = —5%32




Therefore we have that
Zla,b, ]

H*(G,7Z) =
(G,2) (n1a, ngb, nic, c?)

where |a| = |b| =2; |c] = 3.

3. n1 and ny are odd: Then ¢? = 0 = ¢3. Thus ¢* = 0, and we have

Zla,b
H*(G,Z) = 0.5, where |a| = |b] = 2; |¢| = 3.
(n1a, nab, nic, c?)
[l
We can now apply this result to compare with the known results from [9], [17] and [12].

Example 6.3.2. Let p be an odd prime. Let v; < vy be positive integers. Let G =
Lyr ® Lyyws. Then p*2~"* is odd, so applying Theorem 6.3.1 gives

Zla, b, c|
(pra, p*2b, pie, ¢?)

H*(G,Z) = where |a| = |b| = 2; |c| = 3.

This agrees with Corollary 1 from [J], with our relation ¢ coming from the author’s (2c).

Example 6.3.3. Let vy < vy be positive integers. Let G = Loy @ Zovs. Then we have two
cases:

1. If vy < 1y, then applying Theorem 6.3.1 gives

Zla,b, |

H* (G, 7Z) =
(G,2) (2vra, 2v2b, 271e, 2)

where |a| = |b] = 2; |c| = 3.

2

This agrees with Corollary 7.4 from [17], with our relation ¢* coming from the author’s

(201).

2. If vy = vy, then applying Theorem 6.3.1 gives

Z]a, b, |
(2"1a, 2"1b, 2"1e, ¢ — 217 1ab(a + b))

H*(G,Z) = where |a| = |b] = 2; |c] = 3.

This agrees with Corollary 7.4 from [17], with our relation ¢ —2"*"'ab(a+0b) coming
from the author’s (2¢; ).
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Example 6.3.4. Let G = Zy @ Zy. Then applying Theorem 6.3.1 gives

Zla,b, c|
(2a, 4b, 2¢, ?)

H*(G,Z) = where |a|] = [b] = 2; |c| = 3.

This agrees with Proposition 3.7 in [12], except that the author omits the relation 2c.

Example 6.3.5. Let p be a prime. Let G = Z, ® Z,.

1. If p is odd, then applying Theorem 6.3.1 gives

Z]a, b, |

H*(G.7Z) =
(©.2) (pa, pb, pc, c?)

where |a| = |b| = 2; |c| = 3.
This agrees with Proposition 4.1 in [17], except that the author omits the annihilator
relations.

2. If p =2, then applying Theorem 6.3.1 gives

Zla,b, ]
(2a, 2b, 2¢, ® —ab(a+ b))

H*(G,Z) = where |a| = |b] = 2; |c| = 3.

This agrees with Proposition 4.1 in [17], except that the author omits the annihilator
relations.

Example 6.3.6. Let p be a prime and let G = Z, © Z,>. We may assume that p is odd,
since the p = 2 case has been handled above in Proposition 3.7. Then applying Theorem

0.5.1 gives
Zla, b, c|

(pa, p°b, pe, )
This agrees with Proposition 4.3 in [12].

H*(G,Z) =

where |a| = |b] = 2; |c| = 3.

6.3.2 Comparison With a Result from [12] for G =Z, 8 Z,® Z,

Here we compare Example 6.2.12 with the case of Proposition 4.2 in [12] in which p is odd.
The p = 2 case is analogous, but requires some more work since we no longer have the
relations 3 = 0.
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Example 6.3.7. Let p be an odd prime. Let G = Z, ® Z, ® Z,. Then we obtain the
following generators for H*(G,7Z) over Z.

o = (9'(t1)
= 81
6 = 3'(252)
= 82
yoo= 8/(t3)
= 83
onoi= 8'(t{12})
1
- ]—?a(tlt2>

1
= —(psita — pt1s2)
p
= 81t2—t182
X = 8’(15{31})
1
== —8 tgtl
p (tst1)
1
—(psst1 — ptssi)
p
= Sgtl — t381
v = 8'(25{23})
1
- —3(t2t3)
p

1
= I—)(Pszt?, — pts3)
= Sotg — 1953
£ = O(tposy)
1
= Oltitaty)
%(])31152& — pt1Sats + ptitass)
= Sitots — t189t3 + t1taS3
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We verify one of each type of relation. the verifications of the other relations of the same
type are completely analogous.

p? = (sity —t159)(s1ta — t189)
= sft% — S189tat] — S189t1ta + t%s%
= 0, since £2 =15 = 0 and tot; = —t1ty

€2 = (sitots — t189ts + tityss)(stats — t1Sats + titas3)
= 0,sincet? =t2=12=0

vy = (Sot3 —tos3)(ssty —t381)

= S983t3t; — 3132t§ — s§t2t1 + s153t9l3
= $3(S1tats — t1Sat3 + titess), since t% =0
= ¢
pE = (sita —t1s2)(S1tats — t1sats + titass)
= S22t + 8159t 1tots — 5183t115 — 5189t Loty + satils — sy83lily
= 0,sincet; =t5=13=0
av+ Bx +yp = si(sats — tas3) + sa(ssty — t3s1) + s3(sita — t1s2)
= S189t3 — S183l2 + S283t1 — S182t3 + S1S3l2 — S2831y

=0

So putting it all together, we have

Lo, 5,7, s X, v, €]
( pa, pB, py, P, pX, b, PE, 12, V%, X2, €2, >

H*(G,7) =
I/[L—Olf,VX—’yf,,LU/—65,M§,X§,V§,OU/+BX+’7[L

where |a| = |8 = |v| =2, |u| = |x| =|v| =3, |{| =4

The author again omits the annihilation relations.
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Chapter 7

The Tate Resolution and Hochschild
Cohomology for Monic Polynomials

7.1 Introduction

In this chapter, we will generalize the setup from Chapter 5. This will enable us to obtain
some results on Hochschild Cohomology. In particular we will improve on a result from
[11] on the multiplicative structure of the Hochschild cohomology ring of a hypersurface

ring %, where f(z) is monic.

7.2 Preliminaries

In our earlier setup we have

RG
7N
R R
with
n R — RG
T — r-1
€ RG — R

ZxEG Azl > ZJ}EG Qg

101



More generally, for a supplemented algebra A over K (see Definition 3.2.1), we have

A
n—incluV \
K _— K

where A is projective over K. With this setup, we have

Exti(K,K)~ HH(A/K,K) 2 Ext o0 (A, K)

Remarks:

1. The augmentation € makes K into an A-module, so that it makes sense to write down
the expression Exta(K, K).

2. The outer terms in the above line are isomorphic by Theorem 2.8a on pl67 of [3],
with A= A? T= AN =K B=K,C=K.

7.3 One Monic Polynomial

7.3.1 Preliminaries

In this chapter we will put the preceding work into a more general framework, which easily
specializes to the desired case of the group ring for a finite abelian group. This more
general framework will allow us to obtain some new results on Hochschild cohomology.

Let f(z) € R[z] be monic. Define

Ry
e = )
R, = R,®prR,

R[:E/,SCH]

1%

R. = Ry ®g, Ry

o) ®r, (Re @r R,)

R, ®r Ry @r Ry =t RZ®
Rlz' x, 2"

(f (@), f(x), f(z"))

[
=
®
=
Y

I

12

where our notation means
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1. in Rb:

¥ =zl
2 = 1z

2. in R,

Y = 1l
= 1z1
2 = 1910

i.e. we identify 2’ with the leftmost copy of R,, x” with the rightmost copy of R,,
and x with both of the middle copies of R,,.

We will need to turn Ry, into a bimodule over R,. It will agree best with the above notation
if we make the following definitions:

As a right R,-module: Write R, = (R[ﬂ Then define the R-algebra homomorphism

@), f(x))
R[z] Rz’ ,x]
O Tay T GE)f@)
x> x.
In this way, R, = LFalv] 1y0c0mes a free R,-module.

(f(=))

As a left R,-module: Write Ry = %. Then define the R-algebra homomorphism

Rlz,z"]
BARGONICR)
X —> xZ.

In this way, R, = % becomes a free R,-module.

Specializing to the defining polynomial f(z) = 2" — 1 for the group ring of a finite cyclic
group of order h gives

R, = RQG,

R, = RG®,

R. = RG¥,
R[z', x, 2"]

(f(@), f (), f("))
R|G x G x G.

12

1%
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In §7.5.1, we will show that our more general setup does indeed specialize to our earlier
setup.

7.3.2 Difference Quotients

To streamline what follows, we introduce the following notation:

Az = 2" —2' € R[2",2'];
Af = f")— f(2") € R[2",2].

Observe that Ax = 2" — 2’ is monic, and therefore it is a non zero divisor.

Now let us consider the polynomial Af = f(z") — f(2). If we set 2” = 2/, then the
polynomial Af evaluates to zero. Therefore Az = 2’ — 2’ divides A f, and we can write

Af = (Az)(A(z",2")), for some A(z”,2") € R[z", 2'].
We may think of the expression A(z”, z’) as the quotient

Az",2") = —f(x::/)/ - i_/(a:’)‘

This leads us to the following definition.

Definition 7.3.1. For independent variables z and y, define the difference quotient

f(z) = f{y)
z—y

A(z,y) ==

Remark: Whenever we write such a quotient of polynomials, we of course mean the
polynomial which multiplies with the denominator to yield the numerator. For this to be
well-defined, the denominator must be a non zero divisor which divides the numerator.
We have explained why this holds for the particular difference quotient A(z”, z"). Similar
observations hold for all the difference quotients throughout this chapter.

We record some key properties of these difference quotients for later use.

First, it is easy to see that A is symmetric, i.e. that A(z,y) = A(y,z) for any vari-
ables y and z.

Second, we record a form for A(z,y) which we will need later.
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Lemma 7.3.2. For independent variables y and z, we have

Alzy) = fOy)(z—y) "

i>1
Proof. By definition, we have

f(z) = fly)

Alz,y) = p—

Define g(z) = f(z) — f(y) € (R[y])[z]. We view g as a polynomial in the variable z with
coefficients from the ring R[y]. Writing the Taylor expansion for ¢g(z) about z = y (using
the divided derivatives as in Remark 2.6.9) gives

9W)  IW W e W s

9() = om0 21 3l
= fOE-9)+PWE-)*+ -y +--
:*A(zay)zzg(_z)y = Y+ PWeE-y)+ Y-y +
= Zf(")(y)(z—y)i’l-

7.3.3 The Tate Resolution

We are now able to give the Tate resolution on which we will base the rest of the results
of this chapter.
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Theorem 7.3.3. With the above setup, the Tate resolution for R, over Ry is given by

0

R,
=
=
0 Ry -1

Az

1 Ry-7
INCED)

2 Ry-o
Az

3 Ry-T10

A(z”,x’)

INCAED)

2i Ry - o
Az

2t +1 Ry - 70"
Az 2"

21 + 2 Rb . O'(H_l)
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Proof. Take
Ra[x/’ x//]
(f ("))
= Rb[l'”]
I = (@"-2YcP
J = (f@") - @) cp
As above, (z” — 2’) is a non zero divisor which divides f(z”) — f(2"). Therefore f(z") —
f(a') € (" — '), so that J C I as required.

Since f is monic, f(z”) — f(2’) is a monic non zero divisor. So as per our second example
of a Koszul regular sequence, I and J are generated by Koszul regular sequences.

Then we have:

Rq[z’, z']
P (@)
J (f(2") = f(2"))
N Ra[l‘/, ZL‘//]
— (f@@"), f(a7))
~ R,
P e
I (" — a')
~ R[]
(f(e)
~ R,

What is A = (CLU)?

= (A@",2))(Ax)
So that A = (a;) = (A(z”,2")).

The hypotheses of Tate’s Theorem are satisfied, and so we get a resolution of % = R, over

% = Rbi
F = Ry(r, o)
aor) = Ax
(o (A(z",2"))T



]

We will define the cup product using a diagonal approximation here just as we did earlier.
We will also take advantage of the fact that, just as before, the cup product is homotopic
to the Yoneda product.

7.3.4 A Diagonal Approximation

AsFis a DG Rj-algebra, we may use the maps « and /3 to form the tensor product F®g, F.
By construction, this will be a complex of free R.-modules, as R, ®p, Ry = R..

However, we wish to turn F ®p, [ into a resolution of R, over R;. The needed ingredient
to do this is an R-algebra homomorphism &, : R, — R, ®p, Rp such that the following
diagram commutes:

o

Ry

Ra ®Ra Rb

e®1
Ry —CI;ORb ®r,

N,

= Ry ® R, R,.
Define
oy : Ry, = Ry®p, By =R.
2 = 2
x// '_> I//

Proposition 7.3.4. The map ®¢ is an R-algebra homomorphism that makes the diagram
commute, and makes R. into a finite free Ry-module. In this way, F @p, F becomes a DG
Ry-algebra with divided powers whose terms are free Ry-modules and whose sole homology
is Ry in degree 0.

Proof. 1t is clear from construction that ®, is an R-algebra homomorphism, which makes
the diagram commute, and which endows R, with an Ry-module structure. It is also clear
that R. & R,®p, Ry is a finite free Ry-module, based on {1,z, ..., 2971}, where d = deg(f)
is the degree of the polynomial f.
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Now observe that F — R, is an Rj-resolution, and an R,-homotopy equivalence, as F (via
either a or ) and R, itself are R,-projective resolutions of R,. This implies that

F ®Ra F "“~homotopy equivalence over R Ra ®Ra Ra = Ra

and therefore F ®p, F — R, is also an Rj-resolution of R,, where the R,-module structure
on F ®p, F is induced by . O

With this setup, we require this modified definition.

Definition 7.3.5. Given a projective resolution F—— R,——=0 over the ring Ry, a
diagonal approrimation is a map of complexes of Ry-modules

®:F — Fop, T,

(where F ®p, F is considered as a complex of Ry-modules via ®q) that induces an isomor-
phism in homology, and which is compatible with the augmentation €, in that the following
diagram of complexes of Ry-modules commutes:

In other words, identifying F with R, ®g, F and F®g, R, via the canonical isomorphisms,
we have

(e®@1)® = idr = (1®e)d |, or equivalently,
61@ B Zd]p = EQCI).

Now in complete analogy with Chapter 4, we make the following remarks.

1. The Tate resolution F is a DG R,-algebra with divided powers.

2. The resolution F ®p, F is also a DG R,-algebra with divided powers.

Define the ideal
I=(x—2a2" —x)CR,.
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Theorem 7.3.6. The following diagram defines a DG-algebra homomorphism ® : F —
F®p,F which is a diagonal approximation, where the maps in higher degrees are determined
by the maps in degrees zero, one and two.
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21

21 +1

2142

0 0
e o flo o/ sa
= G
R -1 %o R 2=
b '’z ! ¢ ’ ’
T =T —2x
ar e 2 — g
®y
R-T Rc 7! ~
b Tl ! ( @ 0./)'_> f(x)_f,(x/),r
A(Z“ Zl) : 0_ . f(l'”)x (x) ”
(o5 x! —x
Ry-o Ay
0+—>0/+0”—(f()()+y)/ﬁ( ' D)
where y € 1
Az 1o}
Rb -TO ®s3 ( /@ o /@ o @ o //)
A(I” Il)
A($// x/)
Ry-o® Re (@) 41=:(0) ™ (o)) @ (B yizi—s T'7"(0") P ("))
Az 0
4 o,
Ry - 1o ——— Re (@ps1=i(7' (@) B (e ) B(7"(") P ("))
A(:L‘” x/) 9
. Doy
Ry 00— R (@siia(7) D)) D@ ™ () 1))
F e F®g, F
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Remark: We intend to dualize into a trivial representation in order to compute the cup
products on Hompg, (F, A), for some R,-algebra A. Therefore it is enough to know &
modulo I - F, because our augmentation sends =’ — x; 2" — x, whence everything in I - F
is killed.

The remainder of this section will complete the proof of this Theorem. While it is fairly
easy to obtain the maps ®7 and &, the real work lies in making a correct choice for ®.
Define
(I)O . Rb — RC
/ — x/

III — xl/

As before, @ is a ring homomorphism which allows us to restrict scalars from R. to R,.

How do we choose ®1(7)? The following square must commute:

A$I$A$

T for

P—".
T o

We check explicitly that ®;(7) = 7" + 7" works.

O: 7+ (-2 )+ (@ —2)=2"—2"=Ax

How do we choose ®5(0)? The square

must commute.
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We first show that some choice of ®5(0) exists which makes the required square commute.
Because Opgr is exact, it is enough to prove that Opgr(A(2”, 2") (7' 4+ 7)) = 0. We have

Orer(A(z”, ') (7" + 7))
A(x// x/)a[F®IF(T/ _|_ 7_l/)

= A" 2)((x — ') + (2" — )
A(:U// x/)(xll )

= f(a") - f(2)

= 0in R,.

_x,
/
— X

We have proved that some choice of ®9(0) exists which makes the square commute. Next,
we prove that we can choose ®5(0) of a certain convenient form.

Lemma 7.3.7. There exists a choice for ®5(c) of the form
Oy(0) =0 + 0" + a2z, ")’ 1"

for some a(z',x,2") € R..

Proof. The element ®5(0) lies in (F®g, F)q, and {o’, 0", 77"} is an R.-basis of (F®g, F),.

So we may write ®3(0) = uo’ +vo” + wr't”, for some u,v,w € R.. Applying Opg, r to

this expression gives

8F®Ra]p(ucr' +vo” + wr't")

= ul(z,2) 7" + oA, )" + w(x — )" —w(" — x)7’
and since the square commutes, we must have

ul(z, 2 )7 + A" o) " +w(z — )" —w(@" —2)r = A", (T + 7). (7.1)

Now, equating coefficients of 7/ and 7" in equation (7.1) yields the two equations

ul(z,2') —w(z" —z) = A(2",2)) .
vA(z" ) +w(x —2') = A", 2) (7.3)

Considering equation (7.2) modulo (2" — z), and equation (7.3) modulo (x — z’) yields

(1—w)A(z,2’) = 0mod (2" — x) (7.4)
(1—v)A(z",2) = 0mod (z — ) (7.5)
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Equation (7.4) is an equation in ((x,},%—_cx)) =~ Rp,. The Tate resolution of R, over R; shows
that annpg,A(x,2’) is (x — 2’), which implies that 1 —u € (v — 2/, 2" — x)R.. So we can
write u = 1 + @, for some @ € (x — o', 2" — x)R.. Write @ = uj(x — 2') + ug(2” — z), for

some uq,us € R.. Then

I(urt'c’ + ugt"0’)
= wf(z —a)o’ = T'A(z, )7 + wl(@”" — 2)o" — 7" Az, 2")7]
[uy(z — 2') + uo(2” — )]0’ + us A(z, ") 7' 7"

= w0’ + upA(x, 2")r' 7"

which implies that

ao’ = NurT'o’ +uat"o’) — ueA(z, )T, (7.6)

From our earlier setup, we have

uo’ = (1+a)o’
= o' + o’
= o'+ (0(urT'o" + ust"0’) — us A, ') 7' 7")
equation 7.6

so we can replace uo’ with ¢’ at the cost of adding a boundary and modifying the coefficient
of 7'7".

Similarly by analyzing equation (7.5) we can replace vo” with ¢” at the cost of adding
another boundary and further modifying the coefficient of 7/7".

We have shown that we may choose ®3(0) in the desired form, and we are finished. O

The determination of the coefficient of 77" is achieved by the following Lemma.

Lemma 7.3.8. The diagram

Az 2\ ———= A", ") (7" + 1")

[ IaJF@)]F
I

or——o' + 0" +a(a x,2")'T

commutes modulo 1% - F if and only if a = —f®(x) mod I.
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Proof. All congruences in this proof are modulo I? - F unless otherwise stated.

First, assume that a + f®(x) € I. Then (a + f®(z))I C I?. To prove that the diagram
commutes modulo /2 - F, we must show that

A(x//’ .,L_/)(TI + 7_//)

a[F@]F(UI + o — f(2 ( ) / //)

Az, 27" + A", )" — fP(@)[(z — 2) 7" — 7' (2" — z)] (7.7)

so, equating coefficients of 7/ and 7" in equation (7.7), we are finished if we can prove both
of

B
&\
I

= Az, o)+ fP () (2" - z) (7.8)
A" ) = Al z)— fP)(z—2) (7.9)

Proof of (7.8): Applying Lemma 7.3.2 gives

A" 2) = fO) + fP@) (2" —2') + terms in I
Az, 2") = fO@)+ fP@)(x—2")+ termsin -F
fO) " —x) = [P+ ( —a))(z" — x)
= [fP@@) + terms in (z — 2')](2" — )
= fO) (" )
so the RHS of (7.8) is congruent to

= fl( ’)+f2( N —a) + fP )" ~ )
= SO@) + [P " - )
= A(2",2")
as required.
Proof of (7.9): Applying Lemma 7.3.2 gives
A", 2") = A2, 2")
= SO+ fO ") (@ — ") + terms in I*
A" x) = Az, 2")
_ f(l)(:v”) + f(2)(g;//)(x —2") + terms in I*
@)@ —2) = O+ (@ — 2" — )
= [f@") + terms in (z — z")|(x — ')
= fP@") (@ -2
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so the RHS of (7.9) is congruent to

= JOE) + O @~ = D) - )
_ f(l)(ZE”> + f(2)(I”)(CL’/ . l‘”)
= A", 7))

as required.
We have shown that the diagram commutes modulo I? - IF, as required.

Now assume that we have made a choice for the coefficient a which makes the diagram
commute modulo I? - F. We will show that this requires a = —f®(z) mod I.
Applying the Leibniz rule gives

') = (v -2 =7 (2" — ) (7.10)
Then by all the earlier definitions, for the diagram to commute modulo I? - F we require

A", 2T +7") = 0"+ 0" +ala,z,2")7'T")
Az, 27"+ A(2", 2)7" + a(x — 2')7" — a7’ (2" — ) (7.11)

Equating the coefficients of 7" and 7”7 in equation (7.11) gives the two equations

Az, 2") = A(",2") = a(2" —2) (7.12)

A" )= A", 2) = alz—2) (7.13)

In equation (7.12), setting «” = x kills the left hand side, thus we can find an a to sat-
isfy the equation. In equation (7.13), setting 2/ = z kills the left hand side, thus we can
find an a to satisfy the equation. But these two choices of @ might not agree with each other.

(x —2') + terms in I?
V(2" —2') + terms in I?

A(z,2') = fO)+
A@”,2") = ﬂ” )+
= Az, 7)) — A", 2") = [P
= ﬂm@ +(
= [fP(z) + terms in (' — 2)](z — ")
= [P()(x —a")
= —fP(2)(=" —2) mod I* (7.14)

Applying Lemma 7.3.2 to the LHS of equation (7 12) gives
@ (x
@ (x

(- ’3

7' —x))(zr —2")
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Applying Lemma 7.3.2 to the LHS of equation (7.13) gives
A", ") = A2, 2")
= U@+ f@@") (2 —2") + terms in I?
A" z) = Az, 2")
= U@+ f@@")(z —2") + terms in I
= A", 2)) = A" 2) = fO>L") (' —2)
= ﬂ%w + (2" —2))(@’ —2)
= [fP(z)+ termsin (2" — z)](2’' — x)
= [P@) @ — )
= —f@()(z —2') mod I? (7.15)

Now comparing lines (7.12), (7.13) (7.14) and (7.15), we have the identities:

(a+ fP@)(@—2") = 0 mod I? (7.16)
(a+ fA@) (2" —x) = 0 mod I? (7.17)

Define

y=a+ fD(z)
We are finished if we can prove that y € I. We want to determine all the possible choices
for y modulo I which simultaneously satisfy

y(r —2') = 0 mod I? (7.18)
y(z” —2) = 0 mod I? (7.19)

We claim that any such y is of the form
y = u(x)(r—2)+v(x)(z” —x) mod I? (7.20)

for some u(x),v(x). Using the two-variable Taylor expansion in variables (2, 2") centered
at (x,x), we obtain

y=yo(z) +y1(2)(x — 2') + yo(x)(2” — x) + terms in I?
With this notation, we must have that

Yolz) = 0 (7.21)
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If not, then notice that augmentation sends z’ — z;2” — x;2 — x, so if yo(x) was not
zero before augmentation, it will remain non-zero after augmentation. But then equations
(7.18) and (7.19) would not hold. Thus yo(z) = 0 must be true. Therefore the claim on
line (7.20) also holds. But this says that

y € 1 (7.22)
=a = —fPx) mod I (7.23)
as required. N

Theorem 7.3.6 has exhibited one correct diagonal approximation. It is clear that the
following corollary gives all the correct choices.

Corollary 7.3.9. All choices for ® are defined by:
Oy 2 = x
by 2 = =z

o1 o= T+ AR 2)0(w)
D 1 o = o+ = (fOx)+y) T+ A", 2w+ I(n)

"

where w € (F®pg, F)a satisfies €1(w) =0 = e3(w), n € (F®p, F); satisfies €1(n) = 0 = €2(n)
(to ensure the diagram in Definition 7.3.5 will still commute in degrees 1 and 2), andy € 1.

Now we have established a diagonal approximation and can use it as before to determine
the multiplication in the Ezt algebra.

7.4 Several Monic Polynomials

We now generalize the setup from the previous section to several monic polynomials. We
will later specialize to the case of the group ring for a finite abelian group G = pp,, X+ - - X pup, .
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7.4.1 A Diagonal Approximation

To generalize the definitions of R,, R, and R. from one variable to r-many variables, we
now define

S = (fz](%ﬂf[f)l, ’1' g’f;] )’ where each f;(z;) is monic
Sb = Sa ®R Sa
Rlzy, o, ... 2, @]

(fl(x/1>7fl(x/1,)77fr(x;~)>fr<x;ﬂ/)>
Se = Sp®s, S
Rz, xy, 2, ... 2l x., 2l

(fr(2h), fulan), fu(eh), o fola), fo(), o))

12

Now for 1 < i < r, define the ideals

I = (x; — a2}, 2} —x;) C S,.

[RRad}

In generalization of the results from the previous section we will obtain a Tate resolu-
tion F—— S, over Sy, and a diagonal approximation ¢ : F — F®g, F. (In exact analogy
to the previous section, we can form the tensor product F ®g, F.) That diagonal approx-
imation will be a DG-algebra homomorphism, so that we get an analogous commutative
diagram of complexes of Sy-modules to that in Theorem 7.3.6.

F = Sy(r,...,7; 01,...,00), |1|=1; |og| =2
r 0 o filai) = fi@y)
_ " (a2 () = ST i
0 = ; {(mz a:z)aTi + A(xf x))m; 0| where A;(z], x}) e
Do(z;) = =

o+ o} — (fi(z) (x;) + yi)7i7] where y; € I

and these assignments determine a unique homomorphism of algebras with divided powers.
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7.4.2 The Dual of the Tate Resolution

/

Let A be an Sy-module on which every (z! — x!) acts as 0, equivalently, A is a symmetric
¥y & i

Sy-module, equivalently, A is an S,-module. Then dualizing F into A via Homg, (—, A)
(and denoting Homg, (F, Sp) by F*) gives

Homg, (F, A) (7.24)
o] A Xs, F* (7-25)
by 2.2.3

I

T , a
(A Xs, Sb[51> ce Sr] Xs, /\(tl, cee 7tr>78 = Zfz(%)sza—t> (7-26)
i=1 v

Sp

d 0
NP (A ®s, Sals1, - - -, 8] s, é\(th cte), 0= Zzlfz/(%)sza—t) (7.27)

A is an Sg-module

where s; is a polynomial variable dual to o;, and ¢; is dual to ;.

The dualized differential is correct because, under Homg, (—, A),

o (2! —1z)— 0, and

(2

o Aj(wf, ;) = fixs).
The actual action of 0* is determined in exactly the same way as in the case of group
algebras. As there, we may, temporarily, think of A ®g, S.(s) ®s, Ag (t) as a Koszul
complex, so that the differential can be written in this compact form.

7.4.3 The Action of 0*

As in Chapter 5, F* = Homg,(F,S,) is a Hom complex. Therefore its differential is
determined by Definition 2.5.1, and obeys the Leibniz rule.

K, (N)

An Sy-basis for F is given by monomials w = 75¢™) | where

o K =(Ky,..., K,) records the exterior powers of the 7s which are present, i.e. 7% =

... 7K Note that K, € {0,1} for all n.

e N =(Ny,...,N,) € N records the divided powers of the os which are present, i.e.

o) = (N ),
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Analogously to Chapter 5, we define the S,-dual basis elements for Homg, (F, A) to be
SETy;, where

t~

— (le"'aLr)a
M = (M,...,M,),

and SETy; evaluates to 1 on 7o) and evaluates to 0 on all other basis elements of
F. Note that each M, € {0,1} for all n, since there are no other possibilities for the
corresponding 7s.

Now to determine the effect of O* on an arbitrary S*Th;, we evaluate

6*(SLTM)(TKO'(N))
= dn, (SETy) (Ko™ — (=1)IS* Tl SLTy e (75 5 (7.28)
=0
r K (N)
= —(—1)TlgLTy, (Z(mg —a;;)%: o) +Ai<x;',x;)mf<@g0 ) (7.29)
i=1 7 )

r

Son—q1 My QL " /aTK (N) S K "o K{aU(N)
= —()E STy (3w — al) S ™) (<) Eee Aol ) T }30)
g;

- or;
=1

where we define
K'=K+(0,...,0, _1_,0,...,0)

position

The expression on line (7.30) is congruent, modulo I - FF, to

T_, M, gL - K, gt K{aU(N)
—(=1)Zn=t M GE T [N (1) 2w K () (7.31)

Jo;
i=1 v

By the definition of SETys, The i term of expression (7.31) evaluates to 0 unless

e K=K+ (0,...,0, .1 ,0,...,0)=M, and
position ¢

e N=N-—(0,...,0, 1 ,0,...,0)=1L,
~—
position ¢
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in which case it evaluates to —(—1)2n=1 Mn(—1)Xv<i Kv f/(;).

Therefore we have

O*(S*Ty)
r L+(0,....0, 1 0,...,0)
= —(=1)Zn= M Z(_l)z”“mﬂ(xi)s ’ Tyvi—0..0. 1 0..0(f-32)
i—1 ~~

We may, temporarily using the algebra structure of the Koszul complex, rewrite the dif-
ferential from line (7.32) in compact form as

O (S Twy)

r . T
= ()T S s
=1

T (7.33)

The next Theorem says that we can replace the above differential with a simpler one, and
preserve the original cohomology groups.

Theorem 7.4.1. If we change the differential to
J'(S*Tyy)
- T
= st (1) S 7.34
> i) gy (734
then we will still have the same cohomology groups.

Proof. This is proved in a way which is exactly analogous to the proof of Theorem 5.5.1. [

7.4.4 Cochain Products

Theorem 7.4.2. Now let A be an S,-algebra. The above choice of ® defines the following
multiplicative structure on Homg, (F, A), which makes it into a DG-algebra, where s; is a
polynomial variable dual to o;, and t; is dual to 7;:

LUt = f2)s; (7.35)
tiut;+t;Ut; = 0, wheni#j (7.36)
t;Us; = s; Ut (7.37)
s;jUs; = s;Us; (7.38)
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(where fi@) (x;) represents now the image of that element from S, in A) and the elements t;
and s; generate Homg, (', A) with respect to the cup product, subject only to these relations.

Proof. For this section, unadorned tensor products are over S,.

In complete analogy to Chapter 5, Homg, (F, A) is a DG-algebra.

1. tl U tl = fl(2)<xl)81 We have tl Utz = ,U(tz ®ti>(p171, and (I)l,l . ]FQ — Fl ®IF1 We only
need to look at index i here, since applying (¢; ® ¢;) will kill all other indices. So in
degree 2, the only basis element in the domain that we need to look at is g;. Recall
that

B(o) = of+o) — [ (w)rir!

)

= @1,1(Ui) = —f¢(2)($z’)(7'i ® Ti)-
Applying u(t; @ t;) gives
p(t; ® tz)(—fz@ (z:) (1 ® 7))
Na)ult; @ t) (1@ )
M) (D) p(ti(m) @ ti(n))
Ju(l® 1)
)

= 1(2 L

12 (@
f i(2) (@
fi(2) (z;
Thus t; Ut; evaluates to 0 on every basis element except o;, on which it evaluates to
fi(Q) (x;). Therefore t; Ut; = fi(2) (x;)si, as required.

2. t;Ut;+t;Ut; =0, when i # j: We have t,Ut; = u(t; @t;)®1 1, t;Ut; = p(t; ®t;)P1q
and ®,; : Fy — F; ® F;. The only basis elements for which this can evaluate to
something non-zero are 7;7; and 7;7;. Since 7;7; = —7;7;, it suffices to examine the
effect of p(t; ® t;) and u(t; ® t;) on ®(7;7;). So we compute:

@1’1(’7}'7']‘)
= ®1(7)P11(75)
= (7, +7)(7} +77)

! __/ ! n__1 " _1n
T, T, + 7T + T 7 + 7 T;
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As (t; ®t;) vanishes on all occurring monomials except 777, applying u(t; ®t;) gives

p(ts @ t5)(;75)
= p(=D)(ti(n) @1;(7;))
= —p(l®1l)
= -1
Similarly, applying u(t; ® t;) gives
pu(t; @ i) (—7i7)")
= —u(=1)(t(7) @ ti(n))
=1
Thus the relation ¢; Ut; +t; Ut; = 0 is proved.

. tj U S; = S5 Utji We have s; U tj = ,U/(SZ X tj)q)gjl and @2,1 . F3 — ]FQ (24 Fl. AISO,
tijUs; = p(t; ® s;)P1 and @5 : F3 — Fy ® Fy. The only basis elements for which
this can evaluate to something non-zero are 707 and o;7/. Since o;7; = 704, it
suffices to examine the effect of p(t; ® s;) and p(s; ® t;) on ®(7;0;). So we compute:
®(7;04)
= ®(7;)®(03)
= (7)) (ot 4 of — 2l

o r 1 o (2) 1 "1 "n_n (2) "n_r_n
= 7,0, +T;0; — /i (Ii)TjTiTi + 70, +T;0; — /i (xi)Tj T T;

As (t;®s;) vanishes on all occurring monomials except 707, applying u(t; ®s;) gives
plt; @ si)(7; @ 03)
= p(t;(1;) © si(0))
= p(l®1)
=1
Similarly, applying u(s; ® t;) gives
p(si @1;)(0: @ 75)
= plsi(o:) @t5(7;))
= p(lel)
=1
Thus the relation t; U s; = s; Ut; is proved.
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4. s;Us; =s;Usj: We have s; Us; = u(s; @ s)Pg0 and @y @ Fy — Fy @ Fy. Also
s; Us; = u(s; ® s;)®29. The only basis elements for which this can evaluate to
something non-zero are o0} and o;07. Since 0;0; = 0,05, it suffices to examine the
effect of (s; ® s;) and (s; ® s;) on ®(0;0;). So we compute:

(I)(O'jO'i)
= (0;)®(0y)

= (oh+ 0] = 1P priry) (oh+ ol = 1P (@)l

_ 1 _n (2) I_1_n
= 0,0, t0;0; — [; (Jii)UjTiTz-

" _i " _m (2) "n_t_n

~ 1P @i = P @rrol + (1) ) (£ @) myrrie

As (sj ® s;) vanishes on all occurring monomials except o’07,

gives

applying u(s; ® s;)

[L(Sj (%9 Si)<0'j & UZ')
1(s;(0;) ® si(0:))
= p(l®l)
=1

Similarly, applying u(s; ® s;) gives

p(si @ s5)(0; @ o)
= pu(si(o;) ® s(04))
= u(1®1)
=1

Thus the relation s; U s; = s; U s; is proved.

The proof that these relations completely determine the algebra structure is analogous to
the proof of this fact given for Theorem 5.6.1. O]

Remark: Theorem 7.4.2 shows in particular that

Homg, (F, A) = Homg, (F, S,) ®s, A ,as DG-algebras.
We make one further observation about this setup.
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The Algebra Structure Is The Tensor Product of Individual Algebra Structures

Define

;= —R[xz] 1 <r
Be= Ty 15°s

]Fi = Rfv<’7'i,0'i>, 1§Z§7"

Then we have

F = Fi1®r---®rTF,

< Rlxy, ..., x,]

‘ (fiw:);1 <1 <)
2 Ri®r--QrR,
® = IR0,

, where each f;(x;) is monic

where ®; denotes the part of ® that lives in factor 7.

Theorem 7.4.3. As algebras, we have

Homg, (F, R) = Hompe (F1, R) ®g - - @ Hompgeo (Fy, R)
Proof. The proof is by induction on r. All tensor products are over R.
Base (r = 1): There is nothing to prove.

Induction: Assume, for some 1 < k < r, that we have, as algebras:
HOmek (Fl Q& ]Fk, R) = HOmRTU(FL R) & Homsz(Fk, R)
and we want to prove that

HOmek+1 (]Fl Q- R Fk+1, R) = HOTI’LRTU (Fl, R) Q- X HomRiil (]Fk‘-i-la R)

Define

HOmek (Fl I ®Fk, R) X HOmRiil(Fk+l,R) —W>H0mgbk+1 (Fl XX Fk+1,R)

(f,9) po (f®g)
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Then ¥ is R-bilinear, so we get a map

Homg, (F1® - @ Fy, R) ® Hompg | (Fis1, R) —\I’>Hom5bk+1 (F1 ® -+ @Fgyq, R)

f®g po (f®g)

From the setup, U is a bijection, so we have the isomorphism of modules.

Now because the algebra structure is defined by ®, which decomposes by index as above,
we can see that U is also an isomorphism of algebras, as required. O

7.5 Applications

7.5.1 Comparison With Chapter 5

We now show that Theorem 7.4.2 is a generalization of Theorem 5.6.1 with the refinement
given in Proposition 5.6.4. Let G = up, X - -+ X pp, be a product of cyclic groups of orders
hi,...,h,.. Then define the corresponding monic polynomials

With these defining polynomials, we have that S, = RG and S, = RG®’. Recall that the
resolution F' of Theorem 7.4.2 resolves S, = RG over S, =2 RG®. Let A = R. We may
regard R as a module over S,, where each x; acts as 1. Thus Theorem 7.4.2 applies and
gives the multiplicative structure on Hompgge(F, R).

Now recall that:
1. We may regard R as an RG-module with trivial G-action.

2. Similarly, we may regard R as an RG®’-module with trivial G-action from each copy
of RG.

3. The ring homomorphism defined by
¢ : RG* — RG

turns RG into an RG’-module.
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4. Using the above ring homomorphism, we see that the terms of the complex RG® ggeo[F
are free RG-modules, and thus this complex resolves R over RG.

By the Adjoint Isomorphism (e.g. Theorem 8.99 in [I1]), we have
Hompgges(F, Hompra(RG, R)) = Hompgg(RG Qgger F, R), which can be re-written
HOmRGev (F, R) & HOng(RG ®RG€1} ]F, R)

Since the RHS computes Ext}, (R, R), then so does the LHS. In this way we can interpret
the multiplicative structure given by Theorem 7.4.2 in Ext},(R, R).

Now apply Theorem 5.6.1 to obtain the multiplicative structure of Exty, (R, R) directly.
It is already clear that the multiplicative structures coming from the two theorems agree,
except possibly in the rule for ¢; U t;.

From the polynomials defined above, we have

() = < }; )x?i_Q, 1<i<r

2
Hompa(RG ®pger F, R), since our S,-module structure for R comes from letting each z;
act as 1.

So by Theorem 7.4.2, we have the cup product t; Ut; = ( hi ) in Hompge(F, R) =

Now, analogously to Proposition 4.6.3, we may apply the correction term — L%J TiTl

to ®4(0;). By doing this, we obtain the modified multiplication rule

f Ut — %sl if h; is even
T 0 if h;is odd,

and we see that the two multiplicative structures coincide.

So we recover Theorem 5.6.1 with the refinement given in Proposition 5.6.4, as claimed.

7.5.2 Extending Results of Holm

We are now able to extend some results of Holm from [11].
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Theorem 7.5.1. Let R be a commutative ring. Let f(x) € R[x] be monic. Define d(x) =
ged(f(x), f'(x)), computed in R[x]. Let q(x) € Rlx| satisfy f = qd.

Then

«( Bl \ o Rz, A, s] here L2l — o
H ((f(w))) T (f(x), d(@)N, fl(x)s, A2 —q(x)2f@(x)s)’ here || = 0,|Al =1, |s| = 2.

Proof. In the special case where r = 1, we recall our original notation:

R, =
Ry, = R,®g R,
and we get the additive structure

Hompg,(F, R,)

S
by 2.2.3
~Y * ! a
= <Ra ®r, F[s] @r, /\(t),a =/ (@3&)
Ry,

NP (Ra[s] ®r, [\{t),0" = f’(:@%) .

Ry is an Rg-module Rq

We compute the kernel of 0* in degree 1. We write square brackets to denote a class in

(f([g). Let [h]t be a cycle in degree 1, for some [h] € R, = (f([g). Then, modulo (f), we
have
0 = 9 ([h)t)
= [nlf's,

therefore, f must divide hf’, and since d = ged(f, f’), therefore ¢ must divide h. Thus the

(ﬁ[ﬁ)- So we may choose A\ = [¢]t as our generator

in degree 1. Then it is clear that [d] generates the annihilator of A in R,. We have the
cochain product defined by t*> = f®s. With the above choice for A, this becomes

cycles in degree 1 are generated by [¢] €

A2 — q2t2
q2f(2)s
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whence the relation A2 — ¢(z)?f?)(x)s is established.

In degree 2, the kernel of 0* is everything since the differential is zero. So we may choose
s as our generator in degree 2. We have the relation f’(z)s because 0*(t) = f'(z)s.

Thus the desired structure is established. O
Remarks:

1. Theorem 7.5.1 implies Theorem 3.2, Lemma 4.1, Lemma 5.1, Theorem 5.2 and The-
orem 6.2 from [11].

2. Theorem 7.5.1 also completes the characteristic 2 case which Holm did not handle.

3. Theorem 7.5.1 implies Theorem 3.9 from [15].

4. Often it will happen that 2 is a non zero divisor in %. When this happens the

presentation above can be simplified, as the next Lemma and Corollary show.

Lemma 7.5.2. With the above notation, 2q(x)%f®(z) = 0 mod (f(z)), in other words

q(2)2f@(z) lies in the 2-torsion of (?(%).

Proof. Recall that f = qd, so that
i =1 (%) (7.39)

Also, we have that 2f® = f”, so that

2q2f(2) _ qu//
= q(qf")
= q((¢f") —4q'f"), by the product rule

() ) e
()t )

= f (% (%) +q (fg) - q'fg) , again by 7.39
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]

Remark: Lemma 7.5.2 implies that the sign of the q(x)?f®?(x) term in the statement of
Theorem 7.5.1 does not matter.

Corollary 7.5.3. If 2 is a non zero divisor in ( , then
HH*® ( Rle] ) & Rz, 3, o where x| =0,|A\| =1,]s| =2
(f(x)))  (f(z), d(@)A, f(x)s, N*)’ ’ ’ '

Proof. Start with the result of Theorem 7.5.1. By Lemma 7.5.2, 2q( )2f(2 (z) = 0in m%)

Since 2 is a non zero divisor in (R[x therefore q(x)?f® (x) = 0 in 7 (

N2 — q(z)2f®(x) simplifies to A? and we are done. O
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