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1. TENSOR AND TORSION PRODUCTS FOR PID’s

Let R be a commutative ring. Given two R modules A and B, define
A®,B=A® B/{ra® b=a® rb}

Show that A®, B is universal for R-bilinear maps A x B — L, L an R module. Typically for maps
and elementary tensors we do not write ®g since it should be obvious what ring we are taking the
tensor product over.

Often we will need to restrict to the case in which R is a PID. The key result we have used about
Z modules is that subgroups of free abelian groups are free abelian. For PID’s submodules of free
modules are free.

A big result for us was that torsion-free abelian groups are flat Z modules. Look over the proof in
Handout 16 and see that the key result was that every submodule of Z is either 0 or Z and in the Z
case the inclusion is just Z—— Z. The same remark holds for any PID and hence R modules which
have no R torsion are R-flat. The definition of R-flat is that A is R-flat if and only if for every
injection 0 = M - N, 0 - A®, M — B®, N is exact. It follows that 0 = M ®, A - N®, A
is also exact. Free R modules have no R torsion.

Just to be clear, Z torsion means torsion in the usual sense; R torsion means there exists some
r € R, r # 0 such that multiplication by r kills the R-torsion element. So for example fields of
finite characteristic have Z-torsion but modules over them have no R torsion.

2. TENSOR PRODUCT OF CHAIN COMPLEXES

Given two chain complexes of R modules, A, and B,, we would like to define their tensor product.
You might try defining the n'™ group as A, ®, B, but then you quickly realize that the boundary
would lower dimension by 2. A better try is

(A, ®, B)n= & A ®, B,
i+j=n
Then you can do a boundary map using something like 94 ® 1 B 14, ® 8;3. Unfortunately, with
this precise definition boundary boundary is not zero.

We need to introduce a sign which will annoy us hereafter.

9P = @ '@ 1p, +(—1)'1s, ® 07
i+j=n

Now calculate boundary boundary: it suffices to do so on an elementary tensor a ® b where a has
dimension ¢ and b has dimension j with i + j = n.

0257 (0295 (aw b)) = 9257 (0 (a) @ b+(—1 )a®aB( )) = 0257 (0 (a)@b) +(—1)'0.%" (a2 9P (1))

n



927 (9 a) @ ) = 92, (01 (@) @ b) + (~1)'9a) @ AP (b) = (~1)"' 9 (a) @ P (b)
0257 (a® 0P (b)) = 9{(a) ® 0P (b) + (—1)'a® AP (82 (b)) = 8/ (a) ® O (b)
Suppose f,: A, — B, and g,: Cy — D, are chain maps. Then
f*®g* A*®RO* _>B*®RD*
defined by f, ® g.(a ® ¢) = f(a) ® g(c) is a chain map.

Theorem 1. If f. is chain homotopic to f. and g. is chain homotopic to g. then f. ® g. is chain
homotopic to f, ® .

Proof. Tt suffices using compositions to prove f, ® 1 is chain homotopic to f, ® 1 and 1® g, is chain
homotopic to 1 ® g.. We do the second and leave the first to the reader.

Let K.: C, — D, be the chain homotopy. Define K,,: 4; ®, C; = A; ®, Cj11 by K,(a® ¢) =
(~1)a® Kyc).

Compute
B (095 (a88)) = Koes (9 (@)@ b+ (- 1/ amaP () = (~1) M) 0 K, () +(~1) @ K, (92 (1)

Ol (Ku(a® b)) = (—1)'0,57 (a @ (K;(b))) = (—1)'0{(a) ® K;(b) + (—1)*a ® 07, (K;(b))
" Ror(00°P(a @ b)) + 0/5P (Ku(a ® b)) = a® g5(b) — a ® g,(b)
]

Corollary 2. If A% is chain homotopy equivalent to AY and if BY s chain homotopy equivalent
to BY then AU ®p BY s chain homotopy equivalent to Al ®p Bl

Our very first annoyance comes when we try to compare A, ®, B, and B, ®, A.. If we define
T.: Ay ® B, — B, ® A, by applying the flip map to the elementary tensors, we do not get a chain
map. The correct definition is to define

Tt A ®, B, = B, ®,, A,

by 7,(a ®b) = (—1)”b® a where a has dimension ¢ and b has dimension j with ¢ 4+ j = n. To check
that this is a chain map it again suffices to check it on elementary tensors.

07 M (ra(a®@ b)) =(-1)702° (b @ a) = (-1)7 (87 (b) ® a+ (—=1)b® 0;(a))
Tt (019 P(a @ b)) =11 (9 (a) @ b+ (~1)'a ® 9P (b)) =
(-1 b @ 9 (a) + (—1)TU VP (b) @ a

It is still true that 7, is an involution.

3. A PARTIAL KUNNETH FORMULA

The goal of this section is to produce a formula for computing the homology of the tensor product
of a two short chain complexes.
Fix two abelian groups, or R modules, and pick resolutions by free R modules,

0—>F1—>FO%A—>O
O—>G1—>GO—>B—>O

Assume R is a PID so this can always be done. Form the tensor product chain complex but put an
€ on the boundary map where ¢ = +1.

Call the tensor product complex 7. The complex 7! is the tensor product complex where Fj is
in some even dimension and T*! is the tensor product complex where Fj is in some odd dimension.
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The dimension of Gy is irrelevant but the dimensions of I} and Gy are one more than the dimensions
of Fg and Go.
Check that the next diagram commutes.

0 Fi®, Gy

F®,Gi—0

(1m ®0)0f ©1a,) | e(lm ®0F)
0—FHh®,Gi— (F1®,G)® (Hhe,G)—F®,G—0

_6(1F1®81G) (81F®1G0)_6(1F0®81G)

0 — Fy®, Go Fo®, Go 0

R

0 0

The horizontal rows are short exact so thinking of the columns as chain complexes, we have a
short exact sequence of chain complexes. For notation say 0 — A, — T — B, — 0. Then

0= Hy(A,) = Hy(TS) — Ho(By) — Hi(Ay) — Hi(TS) — Hi(B.) — Ho(A) — Ho(TS) — Ho(B,) =0

. o . _ _ +edC
Since G1—— Gy is a free resolution of B, so is Gi—— Gy.
~J0 k#0
| FB®,B k=0
result we proved earlier has the resolution on the right. But 7, is a chain isomorphism between the
resolution on the right complex and the resolution on the left complex.

0 k#0
R®,B k=1

Because Fy is free, Hg(2.) This needs a bit of an argument since the

Similarly, because F} is free, Hp(B,) = {

Hence Hy(T¥) = 0 and
0— H\(T{) > F1®,B— Fy,®,B— Hy)(Ty) =0
The map F} ®, B— Fy®, Bis 0 ® 15.

oF ) .
The sequence 0 — F}—— Fy — A — 0 is exact and so as we saw earlier

31F®R13

0—=A*rB—=F®,B F®,B—A®,B—0
is exact. Hence with either e, Hx(T) = 0, k # 0 or 1. The natural maps
A®, B— Hy(Ty)
H(TY) — Axg B
are isomorphismes.
This partial result has several useful consequences.

Corollary 3. A® B and B® A are naturally isomorphic (which we already knew). Moreover Ax B
and B x A are naturally isomorphic.
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Proposition 4. Given a map of abelian groups f: A — B and resolutions 0 — Fy — Fy - A — 0
and 0 — Gy — Go — B — 0 be free R modules, there exists a chain map f.: F. — G such that
fe: Ho(F.) = A — Ho(G.) = Bis f. Any two such chain maps are chain homotopic

Corollary 5. Giwen f: Ay — As and g: By — By. Then there is a chain map
(f? g)* T:(Ala Bl) — T:(A27 B2>

such that
A1 ® By — Hy(T(Ay, By)) Hy(T<(A1, By)) Ay x By
L l and j
Ay ® By — Hy(T%(As, By)) Hy(TE(As, Bs)) Ay x By

commute.
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3.1. Direct sum of chain complexes. Given two chain complexes A, and B, there is a direct
sum chain complex (A @ B), defined in each dimension by (4 ® B), = A, ® B, and 9,98 =
0208 (A® B), = (A® B),_..

The boundary-boundary verification is routine. Chain maps respect direct sum as do chain
homotopy equivalences. Again the required verifications are routine. The flip map (A ® B), —
(B @& A), is a chain map.

The direct sum construction can be extended to an arbitrary set of chain complexes.

For any set of R modules A,, a € A, and any set of R modules Bg, 5 € B the natural map
& Bs®, A EB B 69 A
(a,B)eAxB( B ¥R ) ( 5) ( )

is an isomorphism. To describe the isomorphism precisely recall that to define a map out of a direct
sum, it is required to give a map from each summand to the range. The map

Bﬂ/®RAa'—>(@ Bg) ® (@ Aq)

is given by the tensor product of the inclusions Bg — @gep Bg and Ay — @aeca Aa.
There is also a map

A A
(5% Bs) @ ( EEBA ") = (a,5)>€<A><B(B6 D Aa)

where X denotes the direct product. To describe a map into a direct product, it is necessary
(a,8)eAXB

to define a map from the domain into each summand of the range. The required maps
® Bs)®,. (& A,)) = By @, Ay
(BEB 6) " (QEA ) A n

are given by the tensor product of the projections ®gep Bg — Bg and @pea Aq — An. By looking
at elementary tensors, we see that the image in the direct product has only finitely many non-zero
terms, or in other words it is onto the direct sum. By looking at elementary tensors the map
@ Bs®, Ay) = (@ Bg)®@, (@ A
(a,B)eAxB( 8 ®n Aa) (,BGB ?) ®n (aeA )

is onto and hence split onto and hence is an isomorphism.

These isomorphisms induce isomorphisms of sums of chain complexes. Let A% and B? be sets of
chain complexes of R modules. Then

B a 8 «a
(aﬁ%xzs(B* @ AL) = (5§8 B.) @, <Q§AA )

is a chain isomorphism.

4. A DECOMPOSITION RESULT FOR CHAIN COMPLEXES OVER A PID

Given a chain complex of R modules, {A*, 8;4} it can be decomposed as follows. For each k € 7Z,
3A[k]
resolve Hy(A,) by two free r modules, 0 — Agil = AL’C] ? s Hi(A.) — 0. Since Agf] is free,

K
there exists a map AF—"— ker 94 C A, such that

k]
AM % kergf! C A,
x l

Hy,(A)

commutes. We can then find Lk IR Agfﬂ — Aj1 such that



(k]

Al = A

[k] A
8;c4+1 L Ia’€+1
(]

Agf] : A

commutes. Make the A* into chain complexes by setting the remaining groups to 0. Then
{Agﬁk}, Gf[k]} is a chain complex, o is a chain map.

Define Ag} = O Ayc] and ¢ AE] — Aj,. It then follows that ¢, : AL@ — A, is a quasi-isomorphism.
keZ
If A, also consists of free R modules, then ¢, is a chain homotopy equivalence if A, is bounded below.

Theorem 6. Let R be a PID. If A, consists of free R modules and is bounded below, then A, is
chain homotopy equivalent to a chain complex B, with By finitely-generated for all k if and only if
Hi(A,) is finitely-generated for all k.

5. THE FULL KUNNETH FORMULA

The Kiinneth formula computes the homology of the tensor product of two chain complexes. The
version we will do is for two chain complexes of free R modules with R a PID.
Theorem 7. Suppose A, and B, are chain complexes of free R modules, R a PID. Suppose A, and
B, are bounded from below. Then there exists a natural short exact sequence
itjen itj=n—1
The sequence is split although not naturally.
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