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1. INTRODUCTION AND MOTIVATION
1.1. Introduction. Algebraic K-theory is the study of a family of functors
K,: Ring — Ab

where Ring denotes the category of rings and Ab denotes the category of abelian groups. For
our purposes, we are only interested in this functor for values n € {0,1,2}. More generally,
we have also have a family of functors K, : C — Ab where C is some other category.

There functors will also have a “reduced” version which will be denoted by K, and will
often be more useful practically.

1.2. Motivation, or applications to topology. In this seminar we are particular inter-
ested in K-theory because of its applications in manifold topology. We will now briefly outline
some of these.

1.2.1. Wall’s finiteness obstruction. We say a manifold X is finitely dominated if there exists
K a finite CW complex with maps r: K — X, ¢: X — K such that roi ~ Idx.
1



2 DANIEL GALVIN

Then for any finitely dominated X there exists an element denoted [X] € Ko(Z[m1(X)])
such that X has the homotopy type of a finite CW complex if and only [X] = 0. Furthermore,

for all a € Ko(Z[r(X)]) there exists a finitely dominated manifold X such that [X] = o.

1.2.2. Siebenmann’s end obstruction. Let W™ be an open manifold. We define a tame end,
denoted £ to be a sequence {W D U; D Usy...} with m(Uy) = 71 (U2) = ... and each U;
connected, open and finitely dominated with N;U; = (). Furthermore, we say that £ is collared
if has a neighbourhood homeomorphic to M"™~! x [0, 00) for some compact M™~!.

Then for n > 6 a tame end & is collared if and only if [£] = 0 € Ko(Z[r(W)]) where

1.2.3. Whitehead torsion. Let X and Y be finite CW complexes with f: X — Y. We say
that f is simple if f ~ [X Z% X; 2 Xo 2% .. 2% X, = Y] where each o; is a homo-
topy equivalence corresponding to an elementary expansion or contraction. An elementary
expansion is the canonical homotopy equivalence between a complex K and K’, the complex
formed by adding a cancelling pair of cells to K. An elementary contraction is simply the
reverse of an elementary expansion.

We can associate to any homotopy equivalence f: X = Y a quantity named the Whitehead
torsion 7(f) € Wh(m1(Y)) where Wh(m(Y)) is defined as a quotient of Ki(Z[mr1(Y)]). Then
f is a simple homotopy equivalence if and only 7(f) = 0.

1.2.4. The s-cobordism theorem. Let (W™; M, N) be an h-cobordism. That is, OW = MLI—-N

and both inclusions i: M < W and N < W are homotopy equivalences. Then for n > 5 we
have that W = M x [ if and only if 7(i) = 0. Moreover, for any group G and for all x € Wh(G)
there exists an h-cobordism (W™, M, N) with m(X) = G such that 7(i: M — W) = z.

1.2.5. Pseudo-isotopy. Let M™ be a smooth manifold with n > 4 and let fo, fi: M — M be
two self-diffeomorphisms. A pseudo-isotopy between f and g is a diffeomorphism F': M xI —
M x I such that Fysy 5y = fix1dg i}. We can associate to any such pseudo-isotopy an element
Y(F) € Wha(m1(M)) where Wha(71(M)) is defined as a quotient of Ko(Z[m(M)]). Then F
is isotopic to an isotopy between fy and fi only if X(F) = 0. Note that here the reverse
implication does not hold in general, and that there is a secondary obstruction that will not
be mentioned here, although it is also K-theoretic in nature.

1.2.6. Topological K-theory. Coming soon...

2. PROJECTIVE MODULES AND K

2.1. Definition of Kj. In all that follows let A be a ring (with unit) and all of our modules
will be left A-modules unless stated otherwise.

Definition 2.1. We say that a module M is projective if for any modules A and B as shown
below

M

A B 0

there exists the dotted map above M — A such that the diagram commutes.
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Equivalently, M is a projective module if there exists a module N such that M & N is a
free module.

Definition 2.2. We now define the projective module group Ko(A), which we define formally
as the abelian group having generators [P] for all finitely generated projective modules P,
and relations given by [P @ Q] = [P] + [Q]. Equivalently Ky(A) can be defined as the formal
differences of modules (with the same group operation) in the following manner.

[P] - [Q] }
Ko(A) = {
W=\ P~ P1- @]
where P’, Q" are any modules satisfying P& Q' & F = P' & Q & F for some free module F.

If A is commutative then we can impose more structure on Ko(A). In this case, define a
product in the projective module group as [P] - [@Q] := [P ® Q]. This turns Ky(A) into a
commutative ring.

Example 2.3. Since all projective Z-modules (projective abelian groups) are free, we have
the following:
Ko(A) = Z
[Z"] — n.

In fact, if A is a field, division ring, principal ideal domain, or a local ring then we similarly

~

have that all projective modules are free. Hence, in all of these cases we also have Ky(A) = Z.

2.2. Functoriality. Let f: A — A’ be a ring homomorphism and let M be a A-module. We

can then construct a A’-module f.(M) := A’ ®) M by using f to view A’ as a A-module.

This construction has the nice property that if M is free then f.(M) is also. Similarly, if M

is projective then f,(M) is also projective. This second fact means that f, induces a map
f*: K()(A) — K()(AI)

It is not hard to see that this map sends the trivial module to the trivial module and respects
compositions. Hence, we see that Ky is actually a functor Ring — Ab as claimed in the
introduction.

Example 2.4. For any ring A we have a natural map i: Z — A given by sending 1 € Z to
the unit in A. This induces a map i.: Ko(Z) — Ko(A) given by sending n — [A"]

Definition 2.5. Suppose that we have a map j: A — F where F is a field or division ring.
Then we have the following sequence of maps

72 Ko(Z) —= Ko(A) —2 Ko(F) = Z.
Idyz
Therefore, we have the following identification
Ko(A) =2 (ker ji) @ (imiy).

We then define the reduced projective module group IN(O(A) := ker j,. Such a j exists if A is
commutative, so we can certainly make this definition in those cases.

Remark 2.6. Note that in all cases we could define Ko(A) to be the quotient Ko(A)/im(iy),

but we would not necessarily have a splitting Ko(A) = Ko(A) @ Z.
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Exercise 2.7. Show that for A = A x -+ X Ay,
Ko(A) = Ko(A1) x -+ x Ko(A).
2.3. Dedekind domains.

Definition 2.8. A ring A is a Dedekind domain if it is commutative, has no zero-divisors
and has the property that for all ideals a C b < A then there exists an ideal ¢ < A such that
a = bc.

Remark 2.9. Note that the ideal ¢ is uniquely determined (unless a = b = 0). Assume we
have two ideals ¢ and ¢’ with a = bc = b¢’. Let x be such that (z) C ¢, then there exists an
ideal ® such that (z) = ¢d. Hence, bdc = bdc’, and using that A is commutative and has no
zero-divisors we cancel the factor of () on both sides to conclude ¢ = ¢'.

We now give an equivalence relation on ideals in A and consider the set of ideals under this
relation.

Definition 2.10. Let A be a Dedekind domain. We say ideals a, b <0 A are equivalent, written
a ~ b, if there exists elements x,y € A such that xa = yb. We call an equivalence class of
ideals, denoted {a}, the ideal class. We then define the ideal class group C(A) to be the set
of ideal classes.

We now show that the ideal class group forms a group under multiplication. First, a lemma.

Lemma 2.11. Let a be a principal ideal. Then an ideal b is a principal ideal if and only if
a~b.

Proof. First, assume b is principal. This means that there exist elements x,y € A such that
a=xA, b =yA. But then we have ya = zyA = zb, and so a ~ b. Conversely, assume that
a ~ b. So there exists elements =,y € A such that za = yb. Now we know that a is a principal
ideal, which implies that xa is also a principal ideal. It follows that yb is a principal ideal
and hence b is also, completing the proof. O

Proposition 2.12. Let A be a Dedekind domain. The ideal class group C(A) forms a group
under multiplication.

Proof. We need to show that the multiplication operation is well-defined and has a unit and
inverses.

To show well-definedness, notice that {ab} = {(za)b} since (za)b = x(ab) and hence if
za = 2'd’ then {ab} = {(za)b} = {(2’a)’b} = {a’b}. Using commutativity finishes the proof
of well-definedness.

The unit for the multiplication is given by (z) for any element = € A. The fact that
this element is well-defined and acts as a unit under multiplication follows directly from
Lemma 2.11.

Inverses exist from the properties of Dedekind domains. Let x € a << A. Then there exists
an ideal b < A such that ab = (z), and such a b is unique (see Remark 2.9). 0

We now relate these ideas for ideals in a Dedekind domain A to projective A-modules with
a lemma and proposition.

Lemma 2.13. Let A be a Dedekind domain and a,b <@ A be ideals. Then a ~ b if and only
if a2 b as A-modules.
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Proof. First assume a ~ b, and so there exist z,y € A such that za = yb. We then have
the A-module isomorphism a 2 xza induced by the map z — xz. We conclude that a = b as
A-modules.

Now assume that we have a A-module isomorphism ¢: a — b. Now let z € a. We have
that zb = xp(a) = p(za) = ¢(x)a, and hence that a ~ b. Note that here in the final equality
we have used the fact that p(zz) = ¢(x)z for all z € a. O

Proposition 2.14. Let A be a Dedekind domain. Then we have the following:
(1) Let a < A be an ideal. Then a is a finitely generated projective A-module.

(2) Let P be a finitely generated projective A-module. Then there exist ai,...,a < A
such that P = a; & --- & a.

Proof. We start with (1). Let (2),b < A be such that (z) = ab. Clearly z € ab and so we
can write « as & = y121 + - - + yp2p with y; € a and z; € b. Now define a map f: a — AF
which sends

z z
N (91 1,.“’yk k)
x x
Note that this map is defined since y;z; € (r) and well-defined since A has no zero-divisors.
We also have a map g: A* which sends (z1,...,2) — y121 + - - - yp2k, and it is easy to see

that g o f = Id,. If we define Q := ker(g), this provides a splitting a @ Q = A*, and hence a
is a finitely generated projective A-module.

Now for (2). Assume P a finitely generated projective A-module. Then there exists a @
such that P @ Q = A* and hence we have an embedding i: P < A*. We now proceed by
induction on k. If £ = 1, then P embeds in A and hence P is an ideal A, which completes
the base case. Now consider the following of sequence of maps:

Pty AF=AF-TgpA 25 A
J
where w9 denotes the projection map onto the second factor and j: P — A is defined as to

make the diagram commute. Now im(j) < A is an ideal and hence a projective A-module by
(1). Since P is also a projective A-module, we have the diagram:

im()
H
P im(j) —— 0

and hence P = ker(j) @ im(j). This means we have an embedding ker(j) < A*~! and
our induction hypothesis we can write ker(j) = a; @ - -+ @ ag_1 for some ideals a;. Setting
ai := im(j) gives the required result. U

Theorem 2.15 (Steinitz). Let A be a Dedekind domain and let ay,...,a,,b1,...,bs < A be
ideals. Then a1 ®---®a, = b1 ®---®bs if and only ifr = s and {a; ---a,} = {by---bs} € C(A).

This result gives an interesting way of viewing the ideal class group in terms of K-theory.

Corollary 2.16. Let A be a Dedekind domain and let Ko(A) D ([A]) = Z be the infinite-cyclic
group generated by trivial module. Then C(A) = Ko(A)/([A]).
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Proof. Let f: C(A) — Ko(A)/([A]) be the map sending {a} — [a] +Z. We claim this is
well-defined and an isomorphism. It is clearly well-defined, as a ~ b implies that a = b as
modules by Lemma 2.13.

Now we show f is a homomorphism. This is straightforward since we have f({ab}) =
[ab] + Z = [a] + [b] + Z = f({a}) + f({b}) where for the second equality we have used
Theorem 2.15.

For surjectivity, note by Proposition 2.14 we can write any projective module P as P =
G @ @ap =A@ (a1 - ag), which is clearly contained in f({aj---ax}).

Finally, we show f is injective. Let a and b be such that [a] + Z = [b] + Z. This implies
a®AF =2 b @ Al for some k and I, but by Theorem 2.15 we have that k = [ and that
{a} ={aA---A} = {bA---A} = {b}. This completes the proof. O

Definition 2.17. Let A be a Dedekind domain. We can now define a rank map rank: Ko(A) —
Z which sends [a; & - - - @ ag| — k which is well-defined by Theorem 2.15. This gives an alter-
nate way of defining reduced Ky in a Dedekind domain. Define

Ko(A) := ker(rank) & Ko(A)/([A]) = C(A).
We now conclude this section with a (partial) proof of the main theorem.

Proof of Theorem 2.15. For simplicity, we only show the forwards implication i.e. we show
that a1 - - @ a, 2 by ®--- P b implies r = s and {ay ---a,} = {by---bs}.

Let p: a1®---Pa, — b1 B --Dbg be an isomorphism of modules. We want to show that we
can write this isomorphism in terms of a matrix. To see this, consider the following. Suppose
we have two ideals a,b < A and #a — b a module homomorphism between them. Let Q(A)
denote the field of fractions of A. We claim that there exists a unique ¢ € Q(A) such that for
all x € a O(x) = qr € Q(A) D A. To see this, pick ¢ € a with x¢0(z) = 0(xoz) = 0(x0)x € A.
This gives

o Lo

Now set ¢ := 0(x¢)/xo.

The above means that we can write our isomorphism ¢ as a matrix. In other words, there
exists an (r x s)-dimensional matrix @ € Q(A)"™** that ¢(x) = @x € Q(A)®. Since ¢ is an
isomorphism, this matrix is invertible and hence we have a matrix Q! € Q(A)**" which
represents <p*1: b1&---Bbs — a1 & - P a,. Naturally, this gives us that r = s.

Now we claim that by ---b, = (det@)a;---a,, which would imply that {a;---a,} =
{by ---b,} and hence complete the proof. Let z; € a;. We then have

I 0
Tl
0 :
(det Q)zy -+ -z, =det | Q =det || |....,0 €by---b,.
: 0
Ly
0 T,

This implies that (det@Q)aj---a, C by---b,. The exact same argument with @~! rather
than @ implies the other inclusion by --- b, C (det Q)a; - - - a,, and hence the claim is proved,
completing the proof. O
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3. CONSTRUCTING PROJECTIVE MODULES

In this section we will describe a method for producing new projective modules. First,
some preliminaries. Suppose we have the following pullback square of rings such that at least
one of ji or jo is surjective:

A1
(3.1) J@ ljl
Ay —25 N
This being a pullback square implies that
A=A xp Ao = {(A1,A2) € AL x Ao | j1(A1) = J2(A2) }-

Recall from Section 2.2 we have that for any ring homomorphism f: A — A’ and any left A-
module we have another left A-module f;(M) := Ay @, M. We also have amap f.: M — fyM
given by sending m — 1 ® m. The map f, is clearly A-linear as

Im—=1@Adm=f(A)@m=A-(1®m).

Definition 3.1. Suppose we are in the situation given in Equation (3.1). Let Py be a

projective Ag-module for £ € 0,1 and let h : (j1)sP1 == (j2)3P2 be a A’-module isomorphism.
We define a new module M as

M(Py, Py, h) = {(p1,p2) € Pi x P | h(j1)«(p1) = (j2)«(p2)}-

This means that we have the analogous pullback square

M(Py, Py, h) —— P,

lﬂz ih(jl)*

Py SN (72)3 P2

where 7, denote the obvious projection maps onto the respective factors. This pullback
square satisfies the similar property that either (j2). or h(j1)« is surjective. Note that there
is a natural A-module structure on M given by A - (p1,p2) = (i1(A) - p1,i2(A) - p2).

Remark 3.2. There exists a natural isomorphism from M (P, Py, h) to M (Ps, P;,h~!) and so
the apparent asymmetry between P, and P, in Definition 3.1 is not important. This means
that without loss of generality we can assume that either map is surjective.

We now state three theorems about this construction.

Theorem 3.3. The constructed module M (Py, Pa, h) is projective as a A-module. Moreover,
if Py and Py are finitely generated, then M is also finitely generated.

Theorem 3.4. Every projective A-module is isomorphic to M (Py, Py, h) for some Py, P and
h.

Theorem 3.5. If M = M (P, P2, h), then Py and Py are naturally isomorphic to (i1)sM and
(i2)4 M, respectively.
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3.1. Proof of Theorem 3.3. We will slowly work our way up to the proof by proving weaker
versions. To start, let us suppose that P; and P are free modules. We aim to show that in
this case M is projective. Let {z,} and {ys} be bases for P; and P», respectively. It follows
that {(j1)«za} and {(j2)«yg} are bases for (j1)sP1 and (j2)s P, respectively. We then write
A = (aqp) for the matrix representing the isomorphism h: (j1)sP1 — (j2)iP2. Note that A
may be infinite but only has finitely many non-zero entries in each row. In terms of the bases,
this means that

h: (1)« = Baap(f2)ys-

We also note that since h is an isomorphism, A must be invertible and we denote the inverse
in the usual way as A™1.

Lemma 3.6. If the matriz A as above is the image entry-wise under jo of an invertible matrix
over Ny, then M(Py, Pa, h) is free.

Proof. Assume anp = ja(cap) for some C' = (cop) an invertible matrix over As. Define
elements y,, 1= Xcapyp € Po. We would like to write down a basis for M. First, we perform
the following calculation:

h(jl)*$a = Zaaﬁ(j2)*yﬁ

= Yj2(cap)(j2)+Ys

= (J2)+(Zcapyp) = (J2)+¥a
This calculation tells us that (z4,v,,) is an element of M. We then define a set of elements
Zo = (Tayylh) € M C Py x Py. We claim that {z,} is a basis for M and hence M is free.

First assume that there is a relation between the z,, i.e. there exist elements )\, such that

Y Aazq = 0. This implies that 3i; (A )zq = 0 and Xig(Aa)yl, = 0. However, since the z, and
y,, form bases of P; and P, this implies that iz, = 0 for all « and k € {0,1}. Hence, A, =0
for all .

To finish we show that {z,} is a spanning set. Let (X\o2q, Xiayl,) be an element of P x Po
such that h(j1)«(ZXaza) = (42)«(EpayL). This implies

Ej1(Aa)h(j1)sTa = T2 (1) (2)+Ya-
Linear independence then gives us that ji(Ay) = j2(ta). Then by the pullback square there
must exist 7, € A such that (i1)7a = Ao and (i2)7y,. Hence we have that
YVaza = (ZXaZa, Zptals)
and so {z4} is spanning, finishing the proof. O

Lemma 3.7. Let Py, P, be free and jo: Ao — A be surjective. Then M (P, Py, h) is a
projective A-module.

Proof. Let Q1 be free over Ay with basis {ug} in a formal one-to-one correspondence with
{ys} a basis for P,. Similarly, let Q2 be a free over Ay with a basis {v4} corresponding to
{zo} a basis for P;. Let

g: (J1)s@Q1 — (J2)1Q2

be the isomorphism of A-modules represented by the matrix A~', where A represents h.
Observe that

M(Py, Py, h) @ M(Q1,Q2,9) = M(P1 @ P, Q1 © Q2,h @ g).
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We claim that h & g satisfies Lemma 3.6. This would finish the proof since then M (Py, Ps, h)
would be a direct summand of a free module. We finish by proving the claim. Denote by [
the identity matrix (of appropriate rank) and consider the following block matrix equation:

A 0 I A I 0| |I Al |0 —TI
0 Al 0 —I||-A1 1|]o I|]|I O

Each factor in the right-hand side of the equation clearly is the image under jo of some matrix
in Ay and these matrices all have the forms:

I 10 I * 0 —1I
o —1| |« 1|0 1|"|I o
and all of these are invertible. Hence the claim is proved. [l

We now move towards the general case where P; and P, are projective and the proof of
Theorem 3.3, but first we state a lemma without proof.

Lemma 3.8. Let P; be projective over Ay and P, projective over Asy. Then there exist
projective modules Qi over Ay for k € {1,2} such that P © Q1 and Py ® Q2 are both free.

Furthermore, there exists an isomorphism k: (j1)3Q1 =N (72)4Q2-

Proof of Theorem 3.3. We start by choosing (1, Q2 as given to us by Lemma 3.8. We then
have that

M(Pl, Py, h) D M(Ql, Q2, k) = M(P1 D P,Q1 ®Q2,h D k‘)
and Lemma 3.7 gives us that the right-hand side is projective. Hence M is a summand of a
projective module which implies M is a summand of a free module and therefore is projective,
completing the proof. O

4. K1 AND THE WHITEHEAD GROUP

4.1. Definition of K;. Let A be a ring and let GL(n, A) denote the group of n x n invertible
matrices with entries in A. We have inclusions

GL(1,A) Cc GL(2,A) C GL(3,A) C ...

where the inclusion map is given by sending

A0
GL(n,A)> A € GL(n+1,A).
01

We then define GL(A) := U,, GL(n, A) to be the limit.

Definition 4.1. We say that a matrix £ € GL(A) is elementary if has only one non-zero
off-diagonal entry and all of its diagonal entries are equal to 1. For i # j and a # 0 we write
Ei”j(a) for the elementary matrix of dimension n whose single non-zero off-diagonal entry is
equal to a. Let E(A) C GL(A) be the subgroup generated by elementary matrices.

Remark 4.2. Multiplication by an elementary matrix corresponds to performing an elementary
row or column operation, and every row or column operation can be realised via multiplica-
tion by an elementary matrix. Left multiplication corresponds to row operations, and right
multiplication corresponds to column operation. Hence, a matrix can be written as a product
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of elementary matrices if and only if it can be reduced to the identity matrix by a finite
sequence of row and column operations.

Lemma 4.3. The subgroup generated by elementary matrices E(A) is equal to the commutator
subgroup, i.e.
B(A) = [GL(A), GL(A)].

Proof. Basic matrix multiplication gives the following equality for ¢ [ and n > 3:

{E;;(ab) if j=k

[E7;(a), B (b)] = I else.

This proves that every elementary is a commutator (of elementary matrices). For the reverse
inclusion, represent the commutator [A, B] = ABA~!B~! as the block matrix

ABA7B™! 0 AB 0 (BA)™t 0
0 I 0 A'p! 0 BA

A 0| |B o0 (BA)™t 0
0 A ' |o B! 0 BA

As was noted in the proof of Lemma 3.7, we can write each of the matrices in the above
product in the form

I = I 0| |I x| |0 —I
0O —I| | I||0O I||I O

It is not hard to see that we can transform all of the above matrices into the identity matrix
via a sequence of row and column operations, and hence the commutator can be written as a
product of elementary matrices, completing the proof. ]

As an immediate consequence of this, we see that F(A) is a normal subgroup. We now
define K.

Definition 4.4. We define the torsion group K;i(A) := GL(A)/E(A). This is well-defined
and abelian by Lemma 4.3.

Exercise 4.5. Show that K is a covariant functor by defining the obvious map Kj(A) —
K;(A) given a ring homomorphism A — A’.

We can say more about Kj(A) if A is commutative. Naturally, assume now that A is
commutative. The determinant map det: GL(A) — A* is now well-defined we define SL(A)
to be the kernel of this map. We then have the exact sequence

SL(A)/E(A) — K1 (A) 2% A%

which splits. To see this, note that we have an inclusion A* = GL(1,A) C GL(A) and
the inclusion post-composed with det is clearly the identity map. This means we have an
isomorphism

Ki(A) = A" @& SK(A)
where we have defined SK;(A) = SL(A)/E(A).
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Example 4.6. In many cases, SK(A) vanishes and so K1(A) = A*. Here are some examples
where that occurs.

If A is a field.

If A is Z or any Euclidean domain.

If A has only finitely many ideals.

If A is the ring of a integers of a finite extension of Q.

If A is Z[Z/p] for p a prime.

However, SK1(A) does not always vanish. Let A = R[X,Y]/(X? 4+ Y2 — 1) where X,Y are

X Y
Yy x|

abstract variables, then SK;(A) = Z/2 generated by the matrix

4.2. The Whitehead group. We now turn briefly to the Whitehead group, which was
mentioned (not by name) in Section 1.2.3. Let

7: GL(n,A) — Ki(A)

be the obvious map given by the inclusion followed taking the quotient. We call this the
torsion map.

Definition 4.7. We now define the reduced torsion group
Ki(A) = Ki(M) /{7 (-1)}

where we consider —1 € GL(1,A). Furthermore, let 7 be a group and let A = Z[r]. We then
define the Whitehead group

Wh(r) := K1(A)/{7(+g) | g € 7}.
Remark 4.8. The same thing in different words is that we have a sequence of maps
7 — K1(Z[r]) — K1(Z[~x])
and then the Whitehead group is the cokernel, i.e. Wh(r) = K{(Z[nx])/im(r).

Recall from Section 1.2.3 that we say a homotopy equivalence of CW-complexes is simple
if it can be written as a sequence of elementary expansions or contractions. We mentioned
a result which said that a homotopy equivalence f: X — Y is simple if and only if the
map’s Whitehead torsion 7(f) =0 € Wh(w), and we have now described the group that this
obstruction lives in. Of course, we have not yet defined what Whitehead torsion is. However,
if the Whitehead group vanishes then conceptually this is not a problem, so we will now give
some examples where this is the case.

Example 4.9. The Whitehead group Wh(7) vanishes if
T is Z.

wis Z/2,7/3,7/4.

7 is free abelian.

m is free.

It is conjectured that Wh(m) = 0 for all torsion-free . Of course, this group does not always
vanish. For example, Wh(Z/5) = Z.
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Example 4.10. Proving that Wh(Z/5) = Z is highly non-trivial, but we try to give a little
idea here of why this might be true.

From Example 4.6 we know that K;(Z[Z/5]) = (Z[Z/5])*. Write t for the generator of Z/p
in Z[Z/p]. Define an element u := t+t~!—1 € Z[Z/5] and we claim that u generates Wh(Z/5).
First, we need to show that u is a unit, but this is easy as (t+¢t~' —1)(t>+t"2—1) = 1. Next,
we show that v has infinite order in K;(Z[Z/5]). Define a homomorphism 6: (Z[Z/5]) — C
by t — ¢ = e?™/5. Then it is not hard to see that 6(u) = 2cos(72°) — 1 € R and hence 6(u)
has infinite order in C.

Of course, this does not prove that u has infinite order in Wh(Z/5), or indeed that it
generates the whole group. Nevertheless, this gives some idea of why Wh(Z/5) might be
non-trivial.

4.3. A Mayer-Vietoris sequence for Ky and K;. We now will relate the groups Ky
and Kj using a ‘Mayer-Vietoris’ sequence, called that because it will closely resemble the
familiar Mayer-Vietoris sequence from Algebraic Topology. First, assume we again have rings
A, Ay, Ao, A" and maps that satisfy the same pullback square in Equation (3.1). Without loss
of generality assume that jo: Ao — A’ is surjective. Consider the following sequence:

@ Iv)
(11) (111)

(1) Ki(Ay) Ko(Ay1)
Ki(A) 25 o I K) -2 Ko(A) 2 g 25 Ky
K1(A2) Ko(As2)
where

lat T > ((11)*(1‘), (12)*($)),
Ga: (¥, 2) = (1)«(y) — (G2)+(2)
and the ‘boundary map’ 0 is defined in the following manner. Let [X] € K1(A')) with X
a matrix representative. Given standard bases for A} and A5, X represents an isomorphism

h: (j1)sAT — (52)¢As. Now let M = M (A}, A%, h), using the construction from Definition 3.1,
and we define

9: [X] s [M] — [A").

Lemma 4.11. The map 0: K1(A') — Ko(A) as defined above is a well-defined homomor-
phism.

Proof. Proof We start with showing the map is well-defined. Let E’ be some elementary
matrix over A’ and we may assume it has the same dimension as X without loss of generality.
The aim is to show that the modules M = M (A}, AL, h) and M’ = M (A}, A%, h') are isomor-
phic where I/ is the isomorphism corresponding to X E’. Since j, is surjective, we can lift £’
to a matrix Fo over Ay which must itself be an elementary matrix, and thus invertible. Hence,

0
the matrix defines an map A} x A} which restricts to an isomorphism between M

0 E»
and M’.
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Having shown that the map is well-defined, it is easy to see it is a homomorphism by
considering the following matrix identity:

XYy o| |yt o X 0
0 I 0 Y 0 Y

and so the leftmost and rightmost equations are equivalent under multiplication by elementary
matrices. This implies that O([X][Y]) = 9([XY]) = 9([X])@I([Y]), completing the proof. [

Theorem 4.12. The ‘Mayer-Vietoris’ sequence | is exact.

Proof (sketch). Exactness at positions (I) and (IV) follows from the properties of the pullback
square Equation (3.1). Exactness at positions (II) and (III) is more interesting since it involves
the boundary map 0. We will only show exactness at position (III).

Assume M € im0, then M = M(A}, Ay, h) for some n and h. This implies that both
(71)«(M) and (i2)«(M) are stably-free and hence ¢o(M) = 0.

Conversely, assume that tg(M) = 0. This means that both (i1).(M) and (i2)«(M) are
stably-free and by Theorem 3.4 and Theorem 3.5 this implies that M = M (AT, A%, h) for
some n and h. If we represent h by a matrix X, then clearly 0[X]| = M and so M € im9. O

Exercise 4.13. Complete the proof of Theorem 4.12 by showing exactness of { at positions
(I), (IT) and (IV).

We now show an application of the sequence  which allows us to compute Ko(Z[Z/p]). Let
p be a prime and ¢ = e*™/P be a primitive pth root of unity. Consider the following diagram.

Z(Z/p] — Z[(]

(1) l@ ljl

Z—2 5 7/p

where the maps are described as follows. Write ¢ for the generator of Z/p in Z[Z/p|. Then
11 is the map that sends ¢ — (, i is the map which sends ¢ +— 1, j; is the map which sends
¢ — 1 and reduces modulo p, and finally jo is the map which reduces modulo p. To use this
square to get a Mayer-Vietoris sequence, we need that at least one of j; or jo is surjective
and that this is a pullback square. The first condition is obviously true since both j; and jo
are clearly surjective.

Lemma 4.14. The square I is a pullback.

Proof. Consider the map i: Z[Z/p|] — Z[(] X Z given by sending x — (i1(x), i2(x)). Clearly this
is an injective homomorphism. We need to show that the image of ¢ is equal to the pullback
{(a,b) € Z|Z/p] X Z | ji(a) = j2(b)}. It is not hard to see that jj oi;(z) = jooiz(x) and so the
image of i is contained in the pullback. For the other inclusion, let (a,b) = (Ei;éakc k N) be
an element in the pullback. Then set 2’ = Ei;:ﬁ)akto € Z[Z/p]. Clearly i1(2') = a, and we also
have that N —b 220 mod p. Let K = N —b and then define z = x + K(1+ ¢+t +---+tP71).
Since 1+ +---+¢P~1 = 0 we still have i1(x) = a but now also iz(z) = b, and hence i surjects
onto the pullback, completing the proof. O

Hence we can form the Mayer-Vietoris sequence for the square I. For reference, we write
this out again below with some additional maps emphasised.
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1)
KiZl) N Ko@)

Ki(Z[Z/p) "~ & I Ki(Z/p) 2 Ko(ZIZ/p) 2~ @ 2 Ko(Z/p)

K1(Z) Kz

(J2)+
Theorem 4.15. The map (i1)«: Ko(Z[Z/p]) — Ko(Z[(]) is an isomorphism.

Proof. We know from Example 2.3 that Ko(Z) = Ko(Z) = 7Z generated by [Z] and [Z/p],
respectively. This means that the map (j2).: Ko(Z) — Ko(Z/p) is an isomorphism. Hence,
we can conclude via exactness that im(co) = Ko(Z[¢]) and so to prove the theorem we have
to show that ker(.g) = 0. Via exactness and the first isomorphism theorem for groups, this
is equivalent to showing that ¢; is surjective. We will show that (j1). is surjective, which
suffices.

Recall from Example 4.6 that we have that K;(Z[¢]) = (Z[¢])* and K1(Z/p) = (Z/p)*.

Hence, we need to find a unit in Z[({] which maps to any given unit in Z/p. Let k €

{0,1,...,p—1}. Then define an element uy := % =14+C+-+CFletl =k~ € (Z/p)*
!

and set n = (¥, The inverse for uy is given as v, = ’177—:11 € Z[Z/p], since

Ck:_l nl_l_Ck_l Ckl—l_ck—l C_l_l
(—1 =1 (=1 =1 (-1 ¢t
Hence uy, is a unit. Then note that (j1)«(ux) = k € (Z/p)* and hence (j1). is surjective,
completing the proof. O

Uk * V =

The upshot of this theorem is that we can understand Ko(Z[(]) fairly well since Z[(] is a
Dedekind domain. From Corollary 2.16 we have Ky(Z[(]) = Z ® C(Z[¢]) where C(Z[(]) is the
ideal class group. This was studied extensively by number theorists in the 19th century as it
had connections to Fermat’s last theorem. We have the following table for p < 50. Omitted
primes have trivial C(Z[(]).

p C(Z[c))
23 Z/3

29 (Z)2)3

31 Z/9

37 737

41 (Z/11)?
43 7/211

47 Z./5® 7./139

5. WHITEHEAD TORSION

We take a slight detour to define the Whitehead torsion which was mentioned in Sec-
tion 1.2.3. The idea is to define an algebraic invariant called torsion to a contractible chain
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complex (sometimes called an acyclic or exact chain complex). This torsion will correspond
to the torsion defined in Section 4.2. Once that is done, we will show how to associate to
any homotopy equivalence a contractible chain complex, which will allow us to the define the
torsion of the homotopy equivalence.

Let (C4,0) be a contractible chain complex of based A-modules and let I': 0 ~ Id be a
chain contraction. Recall that a chain contraction is a map I': C, — (. which satisfies
OI' + T'0 = Id —0 = 1Id (the below commutative diagram may be useful for conceptualising
this).

Cg a>02 9 Cl a>CQ 0
Cg 8>CQ 9 Cl 8>CO 0
We define a map
0
0+T := r 5 C1pC3pC5d--—CodCodCy ...

We will use the shorthand Cogq = C1 & C5 B Cs @ ... and Coyen = Co B Co @ Cy & . .. for
brevity.

Exercise 5.1. Show that

@+T) =

using the fact that I' is a chain contraction.

The above means that 0 +I" € GL(A) so the torsion 7(9 +I') is defined. We would like to
define the torsion of C, to be this, but we have made a choice of a chain contraction. The
following lemma shows that this does not matter.

Lemma 5.2. Let I and I be two chain contractions of Cy and let
A;=T("-T): C; — Ciso
which produces chain maps A: Cogq — Codd and Aeven: Coven — Ceven. Then
O+T" = (14 Aeven) O+ T)(1 + Agaa) "
with
7(1+ Acven) = 7(1 + Agaa) = 0.
Proof. For the second fact, it is not too hard to see that both (1 + Acyen) and (1 + Agdq)

can be reduced to the identity matrix by a sequence of row and column operations and hence
their torsions are trivial. O
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Definition 5.3. Let (Cy,d) be a contractible chain complex of based A-modules and I" a
chain contraction. Then we define the torsion of C, as 7(Cy) = 7(0+1T"). By Lemma 5.2 this
does not depend on the choice of chain contraction I' and hence is well-defined.

Now let f: X = Y be a homotopy equivalence of finite CW complexes and let 7 := (Y).
The map f then induces a chain equivalence of Z[r]-modules f,: C,(X) — C,(Y) where X
and Y denote the universal covers of X and Y.

Choose bases for C,(X) and C.(Y) and let €(f«) be the algebraic mapping cone of f.,.
Recall that given any chain map e: (A.,da) — (Bs, dp) the algebraic mapping cone €'(¢) is
the chain complex

on 0
(—1)k5 OB
It is a standard fact that the mapping cone of a chain equivalence is chain contractible.

We would like to define 7(f) = 7(%(f«)) using Definition 5.3, but this is not well-defined
in K1 (Z[r]) since our choice of bases for C,(X) and C,(Y) affect the result. However, it is
not too difficult to see that our choices only differ by multiplication by +1 and elements of 7,
therefore we see that 7(f) is well-defined in Ki(Z[n])/{7(£g) | g € 7} = Wh(x). (One might
also worry about the choice of base-points for X and 57, but a change of base-points will only
change the torsion in K (Z[r]) by conjugation, but K;(Z[r]) is abelian by Lemma 4.3 and
hence this has no effect).

€k = | Ar—1 ® By,

Definition 5.4. We now define the Whitehead torsion of a homotopy equivalence f as above

to be 7(f) := 7(€(f«)) € Wh(m).
From this perspective, the definition of the Whitehead group comes about very naturally.
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