CHAPTER 1

PROJECTIVE MODULES AND VECTOR BUNDLES

The basic objects studied in algebraic K-theory are projective modules over a
ring, and vector bundles over schemes. In this first chapter we introduce the cast
of characters. Much of this information is standard, but collected here for ease of
reference in later chapters.

Here are a few running conventions we will use. The word ring will always mean
an associative ring with 1. If R is a ring, the word R-module will mean right R-
module unless explicitly stated otherwise. We will often use ‘f.g.” to denote ‘finitely
generated.’

¢1. Free modules, GL, and stably free modules

If R is a field, or a division ring, then R-modules are called vector spaces. Clas-
sical results in linear algebra state that every vector space has a basis, and that
the rank (or dimension) of a vector space is independent of the choice of basis.
However, much of this fails for arbitrary rings.

As with vector spaces, a basis of an R-module M is a subset {e;};c; such that
every element of M can be expressed in a unique way as a finite sum ) e;r; with
r; € R. If M has a fixed basis we call M a based free module, and define the rank
of the based free module M to be the cardinality of its given basis. Finally, we say
that a module M is free if there is a basis making it into a based free module.

The canonical example of a based free module is R™, which consists of n-tuples
of elements of R, or “column vectors” of length n.

Unfortunately, there are rings for which R® = R"*t ¢ # 0. We make the
following definition to avoid this pathology, referring the curious reader to the
exercises for more details. (If x is an infinite cardinal number, then every basis of
R" has cardinality . In particular R" cannot be isomorphic to R" for finite n. See
ch.2, 5.5 of [Cohn65].)

DEFINITION 1.1 (IBP). We say that a ring R satisfies the (right) invariant basis
property (or IBP) if R™ and R™ are not isomorphic for m # n. In this case, the
rank of a free R-module M is an invariant, independent of the choice of basis of M.

Most of the rings we will consider satisfy the invariant basis property. For exam-
ple, commutative rings satisfy the invariant basis property, and so do group rings
Z|G]. This is because a ring R must satisfy the IBP if there exists a ring map
f:R — F from R to a field or division ring F. (If R is commutative we may take
F = R/m, where m is any maximal ideal of R.) To see this, note that any basis of
M maps to a basis of the vector space V = M ®pr F'; since dim V' is independent of
the choice of basis, any two bases of M must have the same cardinality.
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Our choice of right modules dictates that we write R-module homomorphisms
on the left. In particular, homomorphisms R™ — R" may be thought of as m x n
matrices with entries in R, acting on the column vectors in R" by matrix multipli-
cation. We write M,,(R) for the ring of n x n matrices, and write GL,,(R) for the
group of invertible n x n matrices, i.e., the automorphisms of R"”. We will usually
write R* for the group GL;(R) of units in R.

ExXAMPLE 1.1.1. Any finite-dimensional algebra R over a field (or division ring)
F must satisfy the IBP, because the rank of a free R-module M is an invariant:

rank(M) = dimp(M)/ dimp(R).

For a simple artinian ring R we can say even more. Classical Artin-Wedderburn
theory states that R = M,,(F') for some n and F, and that every right R-module
M is a direct sum of copies of V = (F™)!, the R-module consisting of row vectors
over F' of length n. Moreover, the number of copies of V is an invariant of M,
called its length; the length is also dimp(M)/n since dimp (V') = n. In this case we
also have rank(M) = length(M)/n = dimg(M)/n?.

There are noncommutative rings which do not satisfy the IBP, i.e., which have
R™ = R™ for some m # n. Rank is not an invariant of a free module over these
rings. One example is the infinite matrix ring End g (F*°) of endomorphisms of an
infinite-dimensional vector space over a field F. Another is the cone ring C(R)
associated to a ring R. (See the exercises.)

Unimodular Rows and Stably Free Modules

DEFINITION 1.2. An R-module P is called stably free (of rank n—m) if PQR™ =
R" for some m and n. (If R satisfies the IBP then the rank of a stably free module
is easily seen to be independent of the choice of m and n.) Every stably free module
is the kernel of a surjective m x n matrix o: R™ — R™, because a lift of a basis for
R™ yields a decomposition P & R™ = R™.

This raises a question: when are stably free modules free? Over some rings
every stably free module is free (fields, Z and the matrix rings M, (F') of Example
1.1.1 are classical cases), but in general this is not so even if R is commutative; see
example 1.2.2 below.

1.2.1. The most important special case, at least for inductive purposes, is when
m=1,1.e., P®R= R"™ In this case o is a row vector, and we call o a unimodular
row. It is not hard to see that the following conditions on a sequence o = (71, ..., 7y,)
of elements in R are equivalent for each n:

e o is a unimodular row;

e "= P® R, where P = ker(o);

e R=rmR+---+r,R;

o1l =ri81+ - +r,s, for some s; € R.

If R =2 P & R with P free, then a basis of P would yield a new basis for R"
and hence an invertible matrix g whose first row is the unimodular row o: R" — R
corresponding to P. This gives us a general criterion: P is a free module iff the

corresponding unimodular row may be completed to an invertible matrix. (The
invertible matrix is in GL,(R) if R satisfies the IBP).



I. PROJECTIVE MODULES AND VECTOR BUNDLES 3

When R is commutative, every unimodular row of length 2 may be completed.
Indeed, if r1s1 + r9so = 1, then the desired matrix is:

1 )

—S92 S1
Hence R? = R @ P implies that P = R. In §3 we will obtain a stronger result:
every stably free module of rank 1 is free. The fact that R is commutative is crucial;

in Ex. 1.6 we give an example of a unimodular row of length 2 which cannot be
completed over D[z,y], D a division ring.

EXAMPLE 1.2.2. Here is an example of a unimodular row o of length 3 which
cannot be completed to an element of GL3(R). Hence P = ker(o) is a rank 2 stably
free module P which is not free, yet P ® R = R3. Let o be the unimodular row
o = (z,y,z) over the commutative ring R = R[z,y, 2]/(2? + y* + 22 = 1). Every
element (f, g, h) of R? yields a vector field in 3-space (R?), and o is the vector field
pointing radially outward. Therefore an element in P yields a vector field in 3-space
tangent to the 2-sphere S%. If P were free, a basis of P would yield two tangent
vector fields on S? which are linearly independent at every point of S? (because
together with ¢ they span the tangent space of 3-space at every point). It is well
known that this is impossible: you can’t comb the hair on a coconut. Hence P
cannot be free.

The following theorem describes a “stable range” in which stably free modules
are free (see 2.3 for a stronger version). A proof may be found in [Bass, V.3.5],
using the “stable range” condition (5,,) of Ex. 1.5 below. Example 1.2.2 shows that
this range is sharp.

BAss CANCELLATION THEOREM FOR STABLY FREE MODULES 1.3. Let R be
a commutative noetherian ring of Krull dimension d. Then every stably free R-
module of rank > d is a free module. Equivalently, every unimodular row of length
n > d+ 2 may be completed to an invertible matriz.

The study of stably free modules has a rich history, and we cannot do it justice
here. An excellent source for further information is the book [Lam)].

EXERCISES

1.1. Semisimple rings. An R-module M is called simple if it has no submodules
other than 0 and M, and semisimple if it is the direct sum of simple modules. A
ring R is called semisimple if R is a semisimple R-module. If R is semisimple, show
that R is a direct sum of a finite (say n) number of simple modules. Then use
the Jordan-Holder Theorem, which states that the length of a semisimple module
is an invariant, to show that every stably free module is free. In particular, this
shows that semisimple rings satisfy the IBP. Hint: Show that length= n - rank is
an invariant of free R-modules.

1.2. (P.M.Cohn) Consider the following conditions on a ring R:
(I) R satisfies the invariant basis property (IBP);
(IT) For all m and n, if R™ = R™ @& P then m > n;
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(III) For all n, if R™ = R™ @& P then P = 0.
Show that (III) = (II) = (I). For examples of rings satisfying (III) but not (II),
resp. (II) but not (I), see [Cohn66].

1.3. Show that (III) and the following matrix conditions are equivalent:

(a) For all n, every surjection R™ — R"™ is an isomorphism;

(b) For all n, and f,g € M,,(R), if fg =1, then gf = 1,, and g € GL,(R).
Then show that commutative rings satisfy (b), hence (III).

1.4. Show that right noetherian rings satisfy condition (b) of the previous exercise.
Hence they satisfy (III), and have the right invariant basis property.
1.5. Stable Range Conditions. We say that a ring R satisfies condition (S,,) if for

every unimodular row (rg,71,...,7,) in R"T1 there is a unimodular row (r], ...,7},)

in R™ with r, = r; — rot; for some t1,...,t, in R. The stable range of R, sr(R), is
defined to be the smallest n such that R satisfies condition (S,). (Warning: our
(Sy) is the stable range condition SR, of [Bass].)

(a) (Vaserstein) Show that (S,,) holds for all n > sr(R).

(b) If sr(R) = n, show that all stably free projective modules of rank > n are free.
Bass’ Cancellation Theorem [Bass, V.3.5], which is used to prove 1.3 and 2.3
below, actually states that sr(R) < d+1 if R is a d-dimensional commutative
noetherian ring, or more generally if Max(R) is a finite union of spaces of
dimension < d.

(¢) Show that sr(R) = 1 for every artinian ring R. Conclude that all stably free
projective R-modules are free over artinian rings.

(d) Show that if I is an ideal of R then sr(R) > sr(R/I).

(e) (Veldkamp) If sr(R) = n for some n, show that R satisfies the invariant basis
property (IBP). Hint: Consider an isomorphism B: RN = RN*" and apply

(Sy) to convert B into a matrix of the form (g)

1.6. (Ojanguren-Sridharan) Let D be a division ring which is not a field. Choose
a, 3 € D such that aff — fa # 0, and show that o = (x + «,y + ) is a unimodular
row over R = D[z,y|. Let P =ker(c) be the associated rank 1 stably free module;
P ® R = R2% Prove that P is not a free D[z, y]-module, using these steps:
(i) If P = R™, show that n = 1. Thus we may suppose that P =~ R with 1 € R
corresponding to a vector [;] with r, s € R.

(ii) Show that P contains a vector [g] with f = ciz + coy + c32y + a4y and
g = di1x + doy + d3xy + dya?, (¢;,d; € D).

(iii) Show that P cannot contain any vector [_{; } with f and ¢ linear polynomials
in z and y. Conclude that the vector in (i) must be quadratic, and may be
taken to be of the form given in (ii).

(iv) Show that P contains a vector [g] with f = vo+v1y+y?, g = do+z—ay—xy

and o = Bu~1Bu # 0. This contradicts (iii), so we cannot have P = R.

1.7. For any ring R, let R be a fixed free R-module on a countably infinite basis.
Then R* is naturally a left module over the endomorphism ring £ = Endg(R*>°),
and we can identify F with the ring of infinite column-finite matrices. If V' is any
R-module summand of R*°, show that the right ideal I = {f € E : f(R>®) C V}
is a projective F-module. Conclude that £ = E? = E3 = ... as right F-modules,
and that P & E =2 F for every f.g. projective F-module P. Is F = E*°?
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1.8. Cone Ring. For any ring R, the endomorphism ring Endz(R>) of the previous
exercise contains a smaller ring, namely the subring C(R) consisting of row-and-
column finite matrices. The ring C'(R) is called the cone ring of R. Show that
C(R) 2 C(R) @ C(R) as right C(R)-modules.
1.9. To see why our notion of stably free module involves only finitely generated
free modules, let R* be the infinitely generated free module of exercise 1.7. Prove
that if P@® R™ = R then P = R*>. Hint: The image of R™ is contained in some
R™ C R*. Writing R* =2 R" & F and Q = PN R", show that P = Q & F and
F = F @ R™. This trick is a version of the Eilenberg Swindle of §2.
1.10. FEzcision for GL,. If I is a ring without unit, let Z @& I be the canonical
augmented ring with underlying abelian group Z® 1. Let GL,,(I) denote the kernel
of the map GL,(Z®I) — GL,(Z), and let M, (I) denote the matrices with entries
in I. If g € GL,(I) then clearly g — 1,, € M, (I).
(i) Characterize the set of all x € M,,(I) such that 1+ z € GL,,(I).
(ii) If I is an ideal in a ring R, show that GL,(I) is the kernel of GL,(R) —
GL,(R/I), and so is independent of the choice of R.
(iii) If x = (z4;) is any nilpotent matrix in M, (I), such as a strictly upper trian-
gular matrix, show that 1,, + = € GL,,(I).
1.11. (Whitehead) If g € GL,,(R), verify the following identity in G Ls,(R) :

(0 )6 D )60 )

Conclude that if S — R is a ring surjection then there is a matrix h € GLa,(S)
mapping to the block diagonal matrix with entries g, g~* displayed above.

1.12. Radical Ideals. A 2-sided ideal I in R is called a radical ideal if 1 + x is a
unit of R for every x € I, i.e., if (Vx € I)(Jy € I)(x+y+zy = 0). Every ring has a
unique largest radical ideal, called the Jacobson radical of R; it is the intersection
of the maximal left ideals of R.
(i) Show that every nil ideal is a radical ideal. (A nil ideal is an ideal in which
every element is nilpotent.)

(ii) A ring R is local if it has a unique maximal 2-sided ideal m, and R/m is a field
or division ring. Show that m is the Jacobson radical of R.

(iii) If I is a radical ideal, show that M, (1) is a radical ideal of M, (R) for every
n. Hint: Use elementary row operations to diagonalize any matrix which is
congruent to 1,, modulo I.

(iv) If I is a radical ideal, show that GL,(R) — GL,,(R/I) is surjective for each
n. That is, there is a short exact sequence of groups:

1 — GLn(I) — GLyp(R) — GLn(R/I) — 1.

(v) If I is a radical ideal, show that sr(R) = sr(R/I), where sr is the stable range
of Exercise 1.5. Conclude that sr(R) = 1 for every local ring R.
1.13. A won Neumann regular ring is a ring R such that for every r € R there is
an x € R such that r = rar. It is called unit-regular if for every r € R there is a
unit x € R such that r = rxr. If R is von Neumann regular, show that:
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(a) R is unit-regular <= R has stable range 1 (in the sense of Exercise 1.5);

(b) If R is unit-regular then R satisfies condition (III) of Exercise 1.2. (The
converse does not hold; see Example 5.10 of [Gdearl].)

A rank function on R is a set map p: R — [0, 1] such that: (i) p(0) = 0 and p(1) = 1;
(ii) p(z) > 0 if @ # 0; (iii) p(zy) < p(z),p(y); and (iv) ple + f) = ple) + p(f) if
e, f are orthogonal idempotents in A. Goodearl and Handelman proved (18.4 of
[Gdearl]) that if R is a simple von Neumann ring then:

(ITI) holds <= R has a rank function.

(c) Let F be a field or division ring. Show that the matrix ring M, (F") is unit-
regular, and that p,(g) = rank(g)/n is a rank function on M,,(F'). Then show
that the ring Endp(F°°) is von Neumann regular but not unit-regular.

(d) Consider the union R of the matrix rings M, (F'), where we embed M,,(F)
in Mp11)(F) =2 Mu(F) ® My (F) as My, ® 1. Show that R is a simple
von Neumann regular ring, and that the union of the p, of (c) gives a rank
function p: R — [0, 1] with image Q N[0, 1].

(e) Show that a commutative ring R is von Neumann regular if and only if it is
reduced and has Krull dimension 0. These rings are called absolutely flat rings
by Bourbaki, because every R-module is flat. Use Exercise 1.12 to conclude
that every commutative 0-dimensional ring R has stable range 1 (and is unit-
regular).

§2. Projective Modules

DEFINITION 2.1. An R-module P is called projective if there exists a module @
so that the direct sum P @ @ is free. This is equivalent to saying that P satisfies
the projective lifting property: For every surjection s: M — N of R-modules and
every map g: P — N there exists a map f: P — M so that g = sf.

P
Iy g
M 3 N = 0

To see that these are equivalent, first observe that free modules satisfy this lifting
property; in this case f is determined by lifting the image of a basis. To see that
all projective modules satisfy the lifting property, extend g to a map from a free
module PBQ to N and lift that. Conversely, suppose that P satisfies the projective
lifting property. Choose a surjection 7: FF — P with F' a free module; the lifting
property splits 7, yielding F' = P & ker(w).

If P is a projective module, then P is generated by n elements iff there is a
decomposition P & () = R™. Indeed, the generators give a surjection m: R" — P,
and the lifting property yields the decomposition.

We will focus most of our attention on the category P(R) of finitely generated
projective R-modules (f.g. projective modules for short); the morphisms are the R-
module maps. Since the direct sum of projectives is projective, P(R) is an additive
category. We may regard P as a covariant functor on rings, since if R — S is a
ring map then there is an additive functor P(R) — P(S) sending P to P ®p S.
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Hom AND ®. If P is a projective R-module, then it is well-known that P ® g —
is an exact functor on the category of (left) R-modules, and that Hompg(P, —) is an
exact functors on the category of (right) R-modules. (See [WHomo] for example.)
That is, any exact sequence 0 — L — M — N — 0 of R-modules yields exact
sequences

0—-PRXL—-PRIM—-PRXN—0

and
0 — Hom(P, L) — Hom(P, M) — Hom(P,N) — 0.

ExAMPLES 2.1.1. Of course free modules and stably free modules are projec-
tive.

(1) If F is a field (or a division ring) then every F-module (vector space) is free,
but this is not so for all rings.

(2) Consider the matrix ring R = M,,(F'). The R-module V of Example 1.1.1
is projective but not free, because length(V) = 1 < n = length(R).

(3) Componentwise free modules. Another type of projective module arises for
rings of the form R = R; X Ry; both P = R; x 0 and Q = 0 X Ry are
projective but cannot be free because the element e = (0,1) € R satisfies
Pe = 0 yet R"e # 0. We say that a module M is componentwise free
if there is a decomposition R = R; X --- X R, and integers n; such that
M = R x---x Rl. It is easy to see that all componentwise free modules
are projective.

(4) Topological Examples. Other examples of nonfree projective modules come
from topology, and will be discussed more in section 4 below. Consider
the ring R = CY(X) of continuous functions X — R on a paracompact
topological space X. If n: E — X is a vector bundle then by Ex. 4.8 the
set I'(F) = {s:X — FE : ns = 1x} of continuous sections of n forms a
projective R-module. For example, if T™ is the trivial bundle R" x X — X
then I'(T™) = R™. I claim that if E is a nontrivial vector bundle then I'(E)
cannot be a free R-module. To see this, observe that if I'(E') were free then
the sections {si,...,$,} in a basis would define a bundle map f:7" — E
such that I'(T™) = I'(E). Since the kernel and cokernel bundles of f have
no nonzero sections they must vanish, and f is an isomorphism.

When X is compact, the category P(R) of f.g. projective C°(X)-modules
is actually equivalent to the category of vector bundles over X; this result
is called Swan’s Theorem. (See Ex. 4.9 for a proof.)

IDEMPOTENTS 2.1.2. An element e of a ring R is called idempotent if e? = e.
If e € R is idempotent then P = eR is projective because R = eR & (1 — e)R.
Conversely, given any decomposition R = P @ (), there are unique elements e € P,
f € Q such that 1 = e+ f in R. By inspection, e and f = 1 — e are idempotent.
Thus idempotent elements of R are in 1-1 correspondence with decompositions
R=P&Q.

If e # 0,1 and R is commutative then P = eR cannot be free, because P(1—e) =
0 but R(1 —e) # 0. The same is true for noetherian rings by Ex.1.4, but obviously
cannot be true for rings such that R = R & R; see Ex.1.2 (III).
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Every finitely generated projective R-module arises from an idempotent element
in a matrix ring M, (R). To see this, note that if P & = R™ then the projection-
inclusion R — P — R™ is an idempotent element e of M, (R). By inspection, the
image e(R") of e is P. The study of projective modules via idempotent elements
can be useful, especially for rings of operators on a Banach space.

If R is a Principal Ideal Domain (PID), such as Z or F[z], then all projective
R-modules are free. This follows from the Structure Theorem for modules over a
PID (even for infinitely generated projectives).

Not many other classes of rings have all (f.g.) projective modules free. A famous
theorem of Quillen and Suslin states that if R is a polynomial ring (or a Laurent
polynomial ring) over a field or a PID then all projective R-modules are free; a good
reference for this is the book [Lam]. In particular, if G is a free abelian group then
the group ring Z|[G] is the Laurent polynomial ring Z[x,z7!,...,2,271], and has
all projectives free. In contrast, if G is a nonabelian torsion-free nilpotent group,
Artamanov proved in [Art] that there are always projective Z[G]-modules P which
are stably free but not free: P @ Z[G] = (Z[G])?.

It is an open problem to determine whether or not all projective Z[G]-modules
are stably free when G is a finitely presented torsion-free group. Some partial
results and other examples are given in [Lam)].

For our purposes, local rings form the most important class of rings with all
projectives free. A ring R is called a local ring if R has a unique maximal (2-sided)
ideal m, and R/m is either a field or a division ring.

LEMMA 2.2. If R is a local ring then every finitely generated projective R-module
P is free. In fact P = RP, where p = dimp/y(P/mP).

Proor. We first observe that every element u € R — m is a unit of R, i.e.,
uv = vu = 1 for some v. Indeed, by multiplying by a representative for the inverse
of u € R/m we may assume that u € 1 + m. Since m is the Jacobson radical of R,
any element of 1 + m must be a unit of R.

Suppose that P @& Q = R™. As vector spaces over F' = R/m, P/mP = FP and
Q/m@Q = F1 for some p and q. Since FP @ F1 = F" p+ q = n. Choose elements
{e1,...,ep} of P and {e},...,e;} of @ mapping to bases of P/mP and Q/m@. The
e; and e;- determine a homomorphism R? & R? — P & () = R", which may be
represented by a square matrix (r;;) € M, (R) whose reduction (7;;) € M, (F')
is invertible. But every such matrix (7;;) is invertible over R by Exercise 1.12.
Therefore {e1, ..., ep, €], ...,e;} is a basis for P @ @, and from this it follows that P
is free on basis {eq,...,ep}.

REMARK 2.2.1. Even infinitely generated projective R-modules are free when
R is local. See [Kap58].

COROLLARY 2.2.2. If p is a prime ideal of a commutative ring R and P is a
f.g. projective R-module, then the localization P, is isomorphic to (Ry)"™ for some
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n > 0. Moreover, there is an s € R —p such that the localization of P away from s
is free:

In particular, Py = (Ry/)"™ for every other prime ideal p’ of R not containing s.

Proor. If P® Q = R™ then P, ® Q, = (R,)™, so P, is a f.g. projective R,-
module. Since Ry is a local ring, P, is free by 2.2. Now every element of P, is of the
form p/s for some p € P and s € R—p. By clearing denominators, we may find an R-
module homomorphism f: R — P which becomes an isomorphism upon localizing
at p. As coker(f) is a finitely generated R-module which vanishes upon localization,
it is annihilated by some s € R—p. For this s, the map f[1]: (R[1])™ — P[1] is onto.
Since P[1] is projective, (R[2])™ is the direct sum of P[1] and a f.g. R[1]-module
M with M, = 0. Since M is annihilated by some t € R — p we have

1 1

1
g]i (R[g

= Pl

fl J

Suppose that there is a ring homomorphism f: R — F from R to a field or a
division ring F'. If M is any R-module (projective or not) then the rank of M at f
is the integer dimp (M ®p F'). However, the rank depends upon f, as the example
R=FxF, M = F x0shows. When R is commutative, every such homomorphism
factors through the field k(p) = R,/pR, for some prime ideal p of R, so we may
consider rank(M) as a function on the set Spec(R) of prime ideals in R.

Recall that the set Spec(R) of prime ideals of R has the natural structure of a
topological space in which the basic open sets are

D(s) = {p € Spec(R) : 5 ¢ p} = Spec(R[é]) for s € R.

DEFINITION 2.2.3 (RANK). Let R be a commutative ring. The rank of a f.g.
R-module M at a prime ideal p of R is rank, (M) = dimy) M ®r k(p). Since
M, /pM, = k(p)ranke (M) rank, (M) is the minimal number of generators of M,.

If Pis afg. projective R-module then rank(P):p — rank,(P) is a continuous
function from the topological space Spec(R) to the discrete topological space N C Z,
as we see from Corollary 2.2.2. In this way, we shall view rank(P) as an element of
the two sets [Spec(R),N] and [Spec(R),Z] of continuous maps from Spec(R) to N
and to Z, respectively.

We say that P has constant rank n if n = rank,(P) is independent of p. If
Spec(R) is topologically connected, every continuous function Spec(R) — N must
be constant, so every f.g. projective R-module has constant rank. For example,
suppose that R is an integral domain with field of fractions F'; then Spec(R) is
connected, and every f.g. projective R-module P has constant rank: rank(P) =

If a module M is not projective, rank(M) need not be a continuous function on
Spec(R), as the example R = Z, M = 7Z/p shows.
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COMPONENTWISE FREE MODULES 2.2.4. Every continuous f:Spec(R) — N in-
duces a decomposition of Spec(R) into the disjoint union of closed subspaces f~1(n).
In fact, f takes only finitely many values (say n1,...,n.), and it is possible to write
R as Ry x ... X R, such that f~!(n;) is homeomorphic to Spec(R;). (See Ex. 2.4.)
Given such a function f, form the componentwise free R-module:

R/ = R x ... x R".

Clearly R/ has constant rank n; at every prime in Spec(R;) and rank(R/) = f.
For n > max{n;}, R @& R"f = R", so R is a f.g. projective R-module. Hence
continuous functions Spec(R) — N are in 1-1 correspondence with componentwise
free modules.

The following variation allows us to focus on projective modules of constant rank
in many arguments. Suppose that P is a f.g. projective R-module, so that rank(P)
is a continuous function. Let R =2 R; X - - - x R, be the corresponding decomposition
of R. Then each component P; = P®RprR; of P is a projective R;-module of constant
rank and there is an R-module isomorphism P = P; X --- X P..

The next theorem allows us to further restrict our attention to projective modules
of rank < dim(R). Its proof may be found in [Bass, IV]. We say that two R-modules
M, M’ are stably isomorphic if M & R™ = M’ & R™ for some m > 0.

BASS-SERRE CANCELLATION THEOREM 2.3. Let R be a commutative noether-
tan ring of Krull dimension d, and let P be a projective R-module of constant rank
n > d.

(a) (Serre) P = Py ® R"¢ for some projective R-module Py of constant rank d.
(b) (Bass) If P is stably isomorphic to P’ then P = P’.
(c) (Bass) For all M, M’', if P& M s stably isomorphic to M’ then P& M = M’'.

REMARK 2.3.1. If P is a projective module whose rank is not constant, then
P = Py x---x P, for some decomposition R = R; x --- X R.. (See Ex. 2.4.) In this
case, we can apply the results in 2.3 to each P; individually. The reader is invited
to phrase 2.3 in this generality.

LocALLy FREE MODULES 2.4. Let R be commutative. An R-module M is
called locally free if for every prime ideal p of R there is an s € R — p so that M|[1]
is a free module. We saw in Corollary 2.2.2 that f.g. projective R-modules are
locally free. In fact, the following are equivalent:

(1) M is a finitely generated projective R-module;
(2) M is a locally free R-module of finite rank (i.e., rank, (M) < oo for all p);
(3) M is a finitely presented R-module, and for every prime p of R:

M, is a free Ry-module.

PROOF. The implication (2) = (3) follows from the theory of descent; nowa-
days we would say that M is coherent (locally finitely presented), hence finitely
presented. (See [Hart, II].) To see that (3) = (1), note that finite presentation
gives an exact sequence

R™— R" < M — 0.
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We claim that the map ¢*: Hompg (M, R™) — Hompg(M, M) is onto. To see this, re-
call that being onto is a local property; locally e is Hom(M,,, R}) — Hom(M,, My).
This is a split surjection because M, is projective and ey: Ry — M, is a split sur-
jection. If s: M — R™ is such that £*(s) = es is idys, then s makes M a direct
summand of R", and M is a f.g. projective module.

OPEN PATCHING DATA 2.5. It is sometimes useful to be able to build pro-
jective modules by patching free modules. The following data suffices Suppose
that si,...,s. € R form a unimodular row, i.e., sR + --- + s.R = R. Then
Spec(R) is covered by the open sets D(s;) = Spec(R[s%]). Suppose we are given
gij € GLn(R[silsj]) with g;; = 1 and g¢;;9;%x = gix in GLn(R[sisljsk]) for every i, j, k.
Then

T pr L -
P={(x1,...x.) € H(R[;])” : gij(z;) = x; for all 4, j}
i=1 ¢
is a f.g. projective R-module by 2.4, because each P[] is isomorphic to R[X]".

MILNOR SQUARES 2.6. Another type of patching arises from an ideal I in R
and a ring map f: R — S such that [ is mapped isomorphically onto an ideal of S,
which we also call . In this case R is the “pullback” of S and R/I :

R={(7,s) € (R/I) x S: f(F) = s modulo I};

the square

RL,

l l

R/ —L— §/I
is called a Milnor square, because their importance for in patching was emphasized
by J. Milnor in [Milnor].

One special kind of Milnor square is the conductor square. This arises when R is
commutative and S is a finite extension of R (S is often the integral closure of R).
The ideal I is chosen to be the conductor ideal, i.e., the largest ideal of S contained
in R, which is just I = {x € R: S C R} = anngr(S/R). If S is reduced then I
cannot lie in any minimal prime of R or S, so the rings R/I and S/I have lower
Krull dimension.

Given a Milnor square, we can construct an R-module M = (M, g, Ms) from the
following “descent data”: an S-module M;, an R/I-module M, and a S/I-module
isomorphism ¢g: My ® S/I = My /IM;. In fact M is the kernel of the map

My x My — M, /1My, (m1,ma) — my — g(f(mz)).

We call M the R-module obtained by patching M, and M, together along g.

An important special case is when we patch S™ and (R/I)™ together along a
matrix g € GL,(R/I). For example, R is obtained by patching R and R/I together
along g=1. We will return to this point when we study K;(R) and Ky(R).

Here is Milnor’s result.
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MILNOR PATCHING THEOREM 2.7. In a Milnor square,

(1) If P is obtained by patching together a f.g. projective S-module Py and a
f.g. projective R/I-module Py, then P is a f.g. projective R-module;

(2) PRrS =P and P/IP = Py;

(3) Ewvery f.g. projective R-module arises in this way;

(4) If P is obtained by patching free modules along g € GL,(S/I), and Q 1is
obtained by patching free modules along g=', then P & Q = R?*".

We shall prove part (3) here; the rest of the proof will be described in Exercise
2.8. If M is any R-module, the Milnor square gives a natural map from M to the
R-module M’ obtained by patching My = M®pgS and My = M@pr(R/I) = M/IM

along the canonical isomorphism
(M/IM) ®g/ (S/T)= M ®g (S/I) = (M ®rS)/I(M QR S).
Tensoring M with 0 - R — (R/I) & S — S/I — 0 yields an exact sequence
Torf(M,S/I) — M — M' — 0,

so in general M’ is just a quotient of M. However, if M is projective, the Tor-
term is zero and M = M’. Thus every projective R-module may be obtained by
patching, as (3) asserts.

REMARK 2.7.1. Other examples of patching may be found in [Landsbg].

EILENBERG SWINDLE 2.8. The following “swindle,” discovered by Eilenberg,
explains why we restrict our attention to finitely generated projective modules. Let
R be an infinitely generated free module. If P & @Q = R™, then

PeoR*=Pe(@QaoP)®o(QaeP)a -2 (PaQ)e(PeQ)d - = R™.

Moreover R = R @ R*°, and if P® R™ = R* then P = R> (see Ex. 1.9). Here
are a few more facts about infinitely generated projective modules:

e (Bass) If R is noetherian, every infinitely generated projective module is free;

e (Kaplansky) Every infinitely generated projective module is the direct sum of
countably generated projective modules;

e (Kaplansky) There are infinitely generated projectives P whose rank is finite
but rank(P) is not continuous on Spec(R). (See Ex. 2.13)

EXERCISES

2.1 Radical ideals. Let I be a radical ideal in R (Exercise 1.12). If P;, P, are
f.g. projective R-modules such that P;/IP, & Py/IP,, show that P; & P,. Hint:
Modify the proof of 2.2, observing that Hom(P, Q) — Hom(P/I,Q/I) is onto.

2.2 Idempotent lifting. Let I be a nilpotent ideal, or more generally an ideal that is
complete in the sense that every Cauchy sequence > > x,, with x,, € I" converges
to a unique element of I. Show that there is a bijection between the isomorphism
classes of f.g. projective R-modules and the isomorphism classes of f.g. projective
R/I-modules. To do this, use Ex. 2.1 and proceed in two stages:
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(i) Show that every idempotent € € R/I is the image of an idempotent e € R,
and that any other idempotent lift is ueu=! for some u € 1+ I. Hint: it suffices to
suppose that I? = 0 (consider the tower of rings R/I™). If r is a lift of €, consider
elements of the form e = r + rar + (1 — r)y(1 — r) and (1 + ze)e(1 + ze) 1.

(ii) By applying (i) to M, (R), show that every f.g. projective R/I-module is of
the form P/IP for some f.g. projective R-module P.

2.3 Let e,e; be idempotents in M, (R) defining projective modules P and P;. If
e1 = geg~! for some g € GL,(R), show that P = P;. Conversely, if P = P, show
that for some g € GLay,(R):

610_60,1
o o) 9\ o0 0)9 -

2.4 Rank. If R is a commutative ring and f: Spec(R) — Z is a continuous function,
show that we can write R = Ry X - - - X R, in such a way that Spec(R) is the disjoint
union of the Spec(R;), and f is constant on each of the components Spec(R;) of R.
To do this, proceed as follows.

(i) Show that Spec(R) is quasi-compact and conclude that f takes on only finitely
many values, say ni,...,n.. Each V; = f~!(n;) is a closed and open subset of
Spec(R) because Z is discrete.

(ii) It suffices to suppose that R is reduced, i.e., has no non-zero nilpotent
elements. To see this, let 91 be the ideal of all nilpotent elements in R, so R/ is
reduced. Since Spec(R) = Spec(R/M), we may apply idempotent lifting (Ex. 2.2).

(iii) Let I; be the ideal defining V;, i.e., I; = N{p : p € V;}. If R is reduced, show
that Iy +--- + I. = R and that for every ¢ # j I, N I; = (). Conclude using the
Chinese Remainder Theorem, which says that R = [[ R;.

2.5 Show that the following are equivalent for every commutative ring R:
(1) Spec(R) is topologically connected
(2) Every f.g. projective R-module has constant rank
(3) R has no idempotent elements except 0 and 1.

2.6 Dual Module. If P is a fg. projective R-module, the dual module is P =
Homp (P, R). Show that P is a f.g. projective R°P-module, where R°P denotes R
with multiplication reversed. Now suppose that R is commutative, so that R = R°P.

Show that rank(P) = rank(P) as functions from Spec(R) to Z.

2.7 Tensor Product. Let P and () be projective modules over a commutative ring
R. Show that the tensor product P ®p @ is also a projective R-module, and is
finitely generated if P and () are. Finally, show that

rank(P ®pr Q) = rank(P) - rank(Q).

2.8 Milnor Patching. In this exercise we prove the Milnor Patching Theorem 2.7,
that any R-module obtained by patching f.g. projective modules over S and R/I
in a Milnor square is a f.g. projective R-module. Prove the following:
(i) If g € GL,(S/I) is the image of a matrix in either GL,(S) or GL,(R/I), the
the patched module P = (S™, g, (R/I)™) is a free R-module.
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(11) Show that (Pl7gap2) @ (le h7 Q2) = (Pl D Q17 <g 2) 3P2 D Q2)
(iii) If g € GL,(S/I), let M be the module obtained by patching S?" and (R/I)?"
together along the matrix

(g g(_)l) € GLon(S/1).

Use Ex. 1.11 to prove that M = R?". This establishes Theorem 2.7, part (4).

(iv) Given P Q1 = 5", Po® Q2 = (R/I)™ and isomorphisms Py /1P, = P,®S5/1,
Q1/IQ1 = Q2®S/I,let P and @ be the R-modules obtained by patching the
P; and Q; together. By (ii), P & @ is obtained by patching S™ and (R/I)"
together along some g € GL,,(S/I). Use (iii) to show that P and @ are f.g.
projective.

(V) prl@Ql ~ §™ and PQ@QQ = (R/I)n, and g: Pl/Ipl = PQ@S/I, show that
(Q1 & S™) ® S/I is isomorphic to (R/I™ & Q2) ® S/I. By (iv), this proves
that (Py,g, P») is f.g. projective, establishing part (1) of Theorem 2.7.

(vi) Prove part (2) of Theorem 2.7 by analyzing the above steps.

2.9 Consider a Milnor square (2.6). Let P;, Q1 be f.g. projective S-modules, and
Py, Q2 be f.g. projective R/I-modules such that there are isomorphisms g: Py ®
S/I = Pl/Ipl and h: QQ & S/I = Ql/IQl
(i) If f: Q2 ® S/I = Py/IP, show that (Py,g, P2) ® (Q1, h, Q2) is isomorphic to
(Q1,9fth, P) @ (P1, f,Q2). Hint: Use Ex. 2.8 and the decomposition

g 0\ [(gf'h 0 h=tf 0
0 h) 0 f 0 f~th )"
(ii) Conclude that (S™, g, R/I™) @ (S™, h,R/I™) = (S™, gh, R/I"™) & R™.
2.10 Suppose P, Q are modules over a commutative ring R such that P ® @) = R"
for some n # 0. Show that P and @ are finitely generated projective R-modules.
Hint: Find a generating set {p; ® ¢;|i = 1,...,m} for P® Q; the p; ® ¢; ® pi, generate
P ®Q ® P. Show that {p;} define a split surjection R™ — P.

2.11 Let M be a finitely generated module over a commutative ring R. Show that
the following are equivalent for every n:

(1) M is a f.g. projective module of constant rank n
(2) M, = Ry for every prime ideal p of R.
Conclude that in 2.4 we may add:

(4) M is finitely generated, M, is free for every prime ideal p of R, and rank(M)
is a continuous function on Spec(R).

2.12 If f: R — S is a homomorphism of commutative rings, there is a continuous
map f*:Spec(S) — Spec(R) sending p to f~1(p). If Pis af.g. projective R-module,
show that rank(P ®p S) is the composition of f* and rank(P). In particular, show
that if P has constant rank n, then so does P ®p S.

2.13 (Kaplansky) Here is an example of an infinitely generated projective mod-
ule whose rank is not continuous. Let R be the ring of continuous functions
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f:]0,1] — R on the unit interval and I the ideal of all functions f which van-
ish on some neighborhood [0,¢) of 0. Show that [ is a projective R-module, yet
rank(/): Spec(R) — {0,1} is not continuous, so I is neither finitely generated nor
free. We remark that every f.g. projective R-module is free; this follows from
Swan’s Theorem, since every vector bundle on [0, 1] is trivial (by 4.6.1 below).

Hint: Show that the functions f,, = max{0,¢ — 1} generate I, and construct a
splitting to the map R*>® — I. To see that rank([) is not continuous, consider the
rank of I at the primes m; ={f € R: f(t) =0}, 0<¢t<1.

§3. The Picard Group of a commutative ring

An algebraic line bundle L over a commutative ring R is just a f.g. projective
R-module of constant rank 1. The name comes from the fact that if R is the ring of
continuous functions on a compact space X, then a topological line bundle (vector
bundle which is locally R x X — X)) corresponds to an algebraic line bundle by
Swan’s Theorem (see example 2.1.1(4) or Ex. 4.9 below).

The tensor product L®r M = M Qg L of line bundles is again a line bundle (by
Ex. 2.7), and L ®r R = L for all L. Thus up to isomorphism the tensor product is
a commutative associative operation on line bundles, with identity element R.

LEMMA 3.1. If L is a line bundle, then the dual module L = Hompg(L, R) is also
a line bundle, and L ®r L = R.

PROOF. Since rank(L) = rank(L) = 1 by Ex. 2.6, L is a line bundle. Consider
the evaluation map L ® g L — R sending f ® x to f(x). If L = R, this map is
clearly an isomorphism. Therefore for every prime ideal p the localization

(L®r L)y = (Lp) @R, Ly — Ry

is an isomorphism. Since being an isomorphism is a local property of an R-module
homomorphism, the evaluation map must be an isomorphism.

DEFINITION. the Picard group Pic(R) of a commutative ring R is the set of
isomorphism classes of line bundles over R. As we have seen, the tensor product
®p endows Pic(R) with the structure of an abelian group, the identity element
being [R] and the inverse being L~" = L.

PRrROPOSITION 3.2. Pic is a functor from commutative rings to abelian groups.
That is, if R — S is a ring homomorphism then Pic(R) — Pic(S) is a homomor-
phism sending L to L Qg S.

PrOOF. If L is a line bundle over R, then L ®g S is a line bundle over S (see
Ex. 2.12), so @ gS maps Pic(R) to Pic(S). The natural isomorphism (L®r M) Qp
S=(L®rS)®s (M ®grS), valid for all R-modules L and M, shows that ®gS is
a group homomorphism.

LEMMA 3.3. If L is a line bundle, then Endg(L) = R.

PROOF. Multiplication by elements in R yields a map from R to Endg(L). As
it is locally an isomorphism, it must be an isomorphism.
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Determinant line bundle of a projective module

If M is any module over a commutative ring R and k > 0, the k' exterior
product A¥M is the quotient of the k-fold tensor M ® --- ® M by the submodule
generated by terms m; ® --- ® my, with m; = m; for some 7 # j. By convention,
A'M = R and A'M = M. The following facts are classical; see [B-AC, ch.2].

(i) A*(R") is the free module of rank () generated by terms e;, A--- Ae;, with
1 <ip <.+ <ip <n. In particular, A"(R") 2 Rone; A+ Aep.

(i) If R — S is a ring map, there is a natural isomorphism (A*M) ®@p S =
AN (M ®g S), the first A* being taken over R and the second being taken over
S. In particular, rank(AFM) = (M ) as functions from Spec(R) to N.

k
(iii) (Sum Formula) If M = P & @, there is a natural isomorphism

k

NP @ Q)= PNP) @ (AQ).

=1

If P is a projective module of constant rank n, then AKP is a f.g. projective
module of constant rank (}), because AP is locally free: if P[1] = (R[1])™ then

(AFP)[L] = (R[%])(Z) In particular, A"P is a line bundle, and A*P = 0 for k > n.
We write det(P) for A" P, and call it the determinant line bundle of P.

If the rank of a projective module P is not constant, we define the determinant
line bundle det(P) componentwise, using the following recipe. From §2 we find a
decomposition R = Ry X ---X R. so that P = P; x---x P, and each P; has constant
rank n; as an R;-module. We then define det(P) to be (A" Py) X -+ x (A" Pe);
clearly det(P) is a line bundle on R. If P has constant rank n, this agrees with our
above definition: det(P) = A™P.

As the name suggests, the determinant line bundle is related to the usual de-
terminant of a matrix. An n X n matrix g is just an endomorphism of R", so it
induces an endomorphism A"g of A" R™ = R. By inspection, A"g is multiplication
by det(g).

Using the determinant line bundle, we can also take the determinant of an endo-
morphism g of a f.g. projective R-module P. By the naturality of A", g induces an
endomorphism det(g) of det(P). By Lemma 3.3, det(g) is an element of R, acting
by multiplication; we call det(g) the determinant of the endomorphism g.

Here is an application of the det construction. Let L, L’ be stably isomorphic
line bundles. That is, P = L & R™ = L' & R"™ for some n. The Sum Formula
(iii) shows that det(P) = L, and det(P) = L', so L = L'. Taking L' = R, this
shows that R is the only stably free line bundle. It also gives the following slight
improvement upon the Cancellation Theorem 2.3 for 1-dimensional rings:

PROPOSITION 3.4. Let R be a commutative noetherian 1-dimensional ring. Then
all f.g. projective R-modules are completely classified by their rank and determinant.
In particular, every f.g. projective R-module P of rank > 1 is isomorphic to L® R/,
where L = det(P) and f = rank(P) — 1.
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Invertible Ideals

When R is a commutative integral domain (=domain), we can give a particularly
nice interpretation of Pic(R), using the following concepts. Let F' be the field
of fractions of R; a fractional ideal is a nonzero R-submodule I of F' such that
I C fR for some f € F. If I and J are fractional ideals then their product
IJ ={> xy; : x; € I,y; € J} is also a fractional ideal, and the set Frac(R) of
fractional ideals becomes an abelian monoid with identity element R. A fractional
ideal I is called invertible if IJ = R for some other fractional ideal J; invertible
ideals are sometimes called Cartier divisors. The set of invertible ideals is therefore
an abelian group, and one writes Cart(R) or Pic(R, F') for this group.

If f € F*, the fractional ideal div(f) = fR is invertible because (fR)(f 'R) =
R; invertible ideals of this form are called principal divisors. Since (fR)(gR) =
(fg)R, the function div: F* — Cart(R) is a group homomorphism.

This all fits into the following overall picture (see Ex. 3.7 for a generalization).

PROPOSITION 3.5. If R is a commutative integral domain, every invertible ideal
is a line bundle, and every line bundle is isomorphic to an invertible ideal. If I and
J are fractional ideals, and I is invertible, then I @pr J = IJ. Finally, there is an
exact sequence of abelian groups:

1— R — F* % Cart(R) — Pic(R) — 0.

Proor. If I and J are invertible ideals such that I.J C R, then we can interpret
elements of J as homomorphisms I — R. If IJ = R then we can find z; € I and
y; € J so that z1y1 + ... + £y, = 1. The {z;} assemble to give a map R" — [
and the {y;} assemble to give a map I — R™. The composite I — R™ — I is the
identity, because it sends r € I to Y x;y;r = r. Thus I is a summand of R", i.e., [
is a f.g. projective module. As R is an integral domain and I C F, rank([) is the
constant dimp (I @ F) = dimp(F) = 1. Hence I is a line bundle.

This construction gives a set map Cart(R) — Pic(R); to show that it is a group
homomorphism, it suffices to show that I ® g J = I.J for invertible ideals. Suppose
that I is a submodule of F' which is also a line bundle over R. As I is projective,
I ®r — is an exact functor. Thus if J is an R-submodule of F' then I ®p J is a
submodule of I @z F'. The map I ® g ' — F given by multiplication in F' is an
isomorphism because I is locally free and F' is a field. Therefore the composite
multiply
_—

I®RJQI®RF F

sends Y x; ® y; to Y x;y;. Hence I ®p J is isomorphic to its image IJ C F. This
proves the third assertion.

The kernel of Cart(R) — Pic(R) is the set of invertible ideals I having an
isomorphism I = R. If f € I corresponds to 1 € R under such an isomorphism
then I = fR = div(f). This proves exactness of the sequence at Cart(R).

Clearly the units R* of R inject into F'*. If f € F* then fR= R iff f € R and
f is in no proper ideal, i.e., iff f € R*. This proves exactness at R* and F'*.

Finally, we have to show that every line bundle L is isomorphic to an invertible
ideal of R. Since rank(L) = 1, there is an isomorphism L ® F' = F. This gives an
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injection L = L ®r R C L @ F' = F, i.e., an isomorphism of L with a fractional
ideal I. Choosing an isomorphism L = J, Lemma 3.1 yields

RE2L®pL=I®rJ=IJ
Hence I.J = fR for some f € F*, and I(f~!J) = R, so I is invertible.

Dedekind domains

Historically, the most important applications of the Picard group have been for
Dedekind domains. A Dedekind domain is a commutative integral domain which is
noetherian, integrally closed and has Krull dimension 1.

There are many equivalent definitions of Dedekind domain in the literature.
Here is another: an integral domain R is Dedekind iff every fractional ideal of R is
invertible. In a Dedekind domain every nonzero ideal (and fractional ideal) can be
written uniquely as a product of prime ideals p7* - - - p'~. Therefore Cart(R) is the
free abelian group on the set of (nonzero) prime ideals of R, and Pic(R) is the set
of isomorphism classes of (actual) ideals of R.

Another property of Dedekind domains is that every f.g. torsionfree R-module
M is projective. To prove this fact we use induction on ranky(M) = dimp(M @ F),
the case ranko (M) = 0 being trivial. Set ranko(M) =n+1. As M is torsionfree, it
is a submodule of M @ F' = F"1, The image of M under any coordinate projection
Frtl — Fis a fractional ideal Iy. As I is invertible, the projective lifting property
for Iy shows that M = M’ @ Iy with ranky(M’) = n. By induction, M = [(&---® I,
is a sum of ideals. By Propositions 3.4 and 3.5, M = I & R" for the invertible ideal
I =det(M)=1y--1I,.

ExAMPLES. Here are some particularly interesting classes of Dedekind domains.
e A principal ideal domain (or PID) is a domain R in which every ideal is rR
for some r € R. Clearly, these are just the Dedekind domains with Pic(R) = 0.
Examples of PID’s include Z and polynomial rings k[z] over a field k.
e A discrete valuation domain (or DVR) is a local Dedekind domain. By Lemma
2.2, a DVR is a PID R with a unique maximal ideal M = wR. Fixing 7, it isn’t
hard to see that every ideal of R is of the form m'R for some i > 0. Consequently
every fractional ideal of R can be written as 7' R for a unique i € Z. By Proposition
3.5, F* = R* x {r'}. There is a (discrete) valuation v on the field of fractions
F :v(f) is that integer i such that fR = n'R.

Examples of DVR’s include the p-adic integers Zp, the power series ring k[[z]]
over a field k, and localizations Z,, of Z.

e Let F' be a number field, i.e., a finite field extension of Q. An algebraic integer
of F' is an element which is integral over Z, i.e., a root of a monic polynomial
2"+ az" "+ - +a, with integer coefficients (a; € Z). The set O of all algebraic
integers of F'is a ring—it is the integral closure of Z in F'. A famous result in ring
theory asserts that O is a Dedekind domain with field of fractions F'. It follows
that Op is a lattice in F, i.e., a free abelian group of rank dimg(F).

In Number Theory, Pic(Op) is called the ideal class group of the number field
F. A fundamental theorem states that Pic(Op) is always a finite group, but the
precise structure of the ideal class group is only known for special number fields
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of small dimension. For example, if £, = €2™"/P then Z[¢,] is the ring of algebraic
integers of Q(,), and the class group is zero if and only if p < 19; Pic(Z[£23]) is
Z/3. More details may be found in books on number theory, such as [BSh].

e If C' is a smooth affine curve over a field k, then the coordinate ring R of C'is a
Dedekind domain. One way to construct a smooth affine curve is to start with a
smooth projective curve C. If {po, ..., p,} is any nonempty set of points on C, the
Riemann-Roch theorem implies that C' = C — {py, ..., p»} is a smooth affine curve.

If k is algebraically closed, Pic(R) is a divisible abelian group. Indeed, the
points of the Jacobian variety J(C) form a divisible abelian group, and Pic(R) is
the quotient of J(C') by the subgroup generated by the classes of the prime ideals
of R corresponding to p1, ..., Prn-

This is best seen when k = C, because smooth projective curves over C are the
same as compact Riemann surfaces. If C is a compact Riemann surface of genus g,
then as an abelian group the points of the Jacobian J(C) form the divisible group
(R/Z)?9. In particular, when C = C' — {po} then Pic(R) = J(C) = (R/Z)%9.

For example, R = C[z,y]/(y?> — z(z — 1)(z — 8)) is a Dedekind domain with
Pic(R) = (R/Z)? if 3 # 0,1. Indeed, R is the coordinate ring of a smooth affine
curve C obtained by removing one point from an elliptic curve (= a projective curve

of genus g = 1).

The Weil Divisor Class group

Let R be an integrally closed domain (= normal domain) with field of fractions F'.
If R is a noetherian normal domain, it is well-known that:
(i) Ry is a discrete valuation ring (DVR) for all height 1 prime ideals p;
(ii) R = NR,, the intersection being over all height 1 primes p of R, each R, being
a subring of F;
(iii) Every r # 0 in R is contained in only finitely many height 1 primes p.
An integral domain R satisfying (i), (ii) and (iii) is called a Krull domain.

Krull domains are integrally closed because every DVR R, is integrally closed.
For a Krull domain R, the group D(R) of Weil divisors is the free abelian group on
the height 1 prime ideals of R. An effective Weil divisor is a divisor D = > n;[p;]
with all the n; > 0.

We remark that effective divisors correspond to “divisorial” ideals of R, D cor-
responding to the intersection ﬂpgni) of the symbolic powers of the p;.

If p is a height 1 prime of R, the p-adic valuation v, () of an invertible ideal I
is defined to be that integer v such that I, = p”R,. By (iii), vy(I) # 0 for only
finitely many p, so v(I) = Y v,(I)[p] is a well-defined element of D(R). By 3.5,
this gives a group homomorphism:

v:  Cart(R) — D(R).

If I is invertible, v(I) is effective iff I C R. To see this, observe that v([) is
effective <= I, C R, for all p <= I C NI, € NR, = R. It follows that v is an
injection, because if both v(I) and v(I~!) are effective then I and I~! are ideals
with product R; this can only happen if I = R.

The divisor class group CI(R) of R is defined to be the quotient of D(R) by
the subgroup of all v(fR), f € F*. This yields a map Pic(R) — CI(R) which is
evidently an injection. Summarizing, we have proven:
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PROPOSITION 3.6. Let R be a Krull domain. Then Pic(R) is a subgroup of the
class group CIl(R), and there is a commutative diagram with exact rows:

1—» R* — F* % Cart(R) — Pic(R) —0
l= = Nv N

1— R — r~ &% DR — CIUR —o.

REMARK 3.6.1. Both the Picard group and the divisor class group of a Krull
domain R are invariant under polynomial and Laurent polynomial extensions. That
is, Pic(R) = Pic(R[t]) = Pic(R[t,t71]) and CI(R) = CI(R[t]) = CI(R[t,t71]). Most
of this assertion is proven in [B-AC, ch.7,§1]; the Pic[t,t~1] assertion is proven in
[BM, 5.10].

Recall that an integral domain R is called factorial, or a Unique Factorization
Domain (UFD) if every nonzero element r € R is either a unit or a product of prime
elements. (This implies that the product is unique up to order and primes differing
by a unit). It is not hard to see that UFD’s are Krull domains; the following
interpretation in terms of the class group is taken from [Matsu, §20].

THEOREM 3.7. Let R be a Krull domain. Then R is a UFD <= CI(R) = 0.

DEFINITION. A noetherian ring R is called regular if every R-module M has a
finite resolution 0 — P, — --- — Py — M — 0 with the P; projective. Every
localization S~!R of a regular ring R is also a regular ring, because S~!R-modules
are also R-modules, and a localization of an R-resolution is an S~!R-resolution.

Now suppose that (R, m) is a regular local ring. It is well-known [Matsu, §14,19]
that R is a noetherian, integrally closed domain (hence Krull), and that if s € m—m?
then sR is a prime ideal.

THEOREM 3.8. FEwvery regular local ring is a UFD.

PRrOOF. We proceed by induction on dim(R). If dim(R) = 0 then R is a field; if
dim(R) = 1 then R is a DVR, hence a UFD. Otherwise, choose s € m — m?. Since
sR is prime, Ex. 3.8(b) yields CI(R) = CI(R[1]). Hence it suffices to show that
S = R[1] is a UFD. Let P be a height 1 prime of S; we have to show that P is a
principal ideal. For every prime ideal Q of S, S is a regular local ring of smaller
dimension than R, so by induction Sq is a UFD. Hence PBg is principal: zSq for
some x € S. By 2.4, 3 is projective, hence invertible. Let p be the prime ideal of
R such that P = p[] and choose an R-resolution 0 — P, — -+ — Py — p — 0
of p by f.g. projective R-modules P;. Since R is local, the P; are free. Since B
is projective, the localized sequence 0 — P,[1] — -+ — P[] — P — 0 splits.
Letting E (resp. F) denote the direct sum of the odd (resp. even) P;[1], we have
P E = F. Since stably free line bundles are free, B is free. That is, g = xS for
some x € ‘P, as desired.

COROLLARY 3.8.1. If R is a regular domain, then Cart(R) = D(R), and hence

Pic(R) = CI(R).
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PrOOF. We have to show that every height 1 prime ideal 8 of R is invertible.
For every prime ideal p of R we have P, = R, in the UFD R,. By 2.4 and 3.5, B
is an invertible ideal.

REMARK 3.8.2. A ring is called locally factorial if R, is factorial for every prime
ideal p of R. For example, regular rings are locally factorial by 3.8. The proof of
Cor. 3.8.1 shows that if R is a locally factorial Krull domain then Pic(R) = CI(R).

Non-normal rings

The above discussion should make it clear that the Picard group of a normal domain
is a classical object, even if it is hard to compute in practice. If R isn’t normal,
we can get a handle on Pic(R) using the techniques of the rest of this section.
For example, the next lemma allows us to restrict attention to reduced noetherian
rings with finite normalization, because the quotient R,..q of any commutative ring
R by its nilradical (the ideal of nilpotent elements) is a reduced ring, and every
commutative ring is the filtered union of its finitely generated subrings—rings having
these properties.

LEMMA 3.9. (1) Pic(R) = Pic(Ryeq)-
(2) Pic commutes with filtered direct limits of rings. In particular, if R is the
filtered union of subrings R, then Pic(R) = lii)nPic(Ra).

PROOF. Part (1) is an instance of idempotent lifting (Ex. 2.2). To prove (2),
recall from 2.5 that a line bundle L over R may be given by patching data: a
unimodular row (s, ..., ) and units g;; over the R[%] If R is the filtered direct
limit of rings R, this finite amount of data defines a line bundle L, over one of
the R, and we have L = L, ®p, R. If L, and L/, become isomorphic over R, the

isomorphism is defined over some Rg, i.e., L and L’ become isomorphic over Rg.

If R is reduced noetherian, its normalization S is a finite product of normal
domains S;. We would like to describe Pic(R) in terms of the more classical group
Pic(S) = []Pic(S;), using the conductor square of 2.6. For this it is convenient
to assume that S is finite over R, an assumption which is always true for rings of
finite type over a field.

More generally, suppose that we are given a Milnor square (2.6):

R L s
| o
rR/I L s/1.

Given a unit § of S/I, the Milnor Patching Theorem 2.7 constructs a f.g. projective
R-module Lg = (S,8,R/I) with Lg @ S = S and Lg/ILg = R/I. In fact Lg is
a line bundle, because rank(Lg) = 1; every map from R to a field factors through
either R/I or S (for every prime ideal p of R either I C p or R, = S,). By Ex. 2.9,
Lo ® Lg = Lop @ R; applying A? yields L, ®r Lg = Log. Hence the formula
0(B) = [Lg] yields a group homomorphism

9: (S/I)* — Pic(R).
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THEOREM 3.10 (UNITS-PIC SEQUENCE). Given a Milnor square, the following
sequence is exact. Here A denotes the diagonal map and + denotes the difference
map sending (s,7) to 5f(F)~t, resp. (L',L) to L' ®5 S/I ®R/T L1

1— R* 2 5% (R/)* 5 (S/1)* % Pic(R) 2 Pic(S) x Pic(R/I) = Pic(S/I)

PROOF. Since R is the pullback of S and R/I, exactness at the first two places
is clear. Milnor Patching 2.7 immediately yields exactness at the last two places,
leaving only the question of exactness at (S/I)*. Given s € S* and 7 € (R/I)*,
set 3 = £(s,7) = 5f(7)~!, where 5 denotes the reduction of s modulo I. By
inspection, A = (s,7) € Lg C S x R/I, and every element of Lg is a multiple of
A. It follows that Lg = R. Conversely, suppose given § € (S/I)* with Lg = R. If
A = (s,7) is a generator of Lg we claim that s and 7 are units, which implies that
B = 5f(F)~" and finishes the proof. If s’ € S maps to 3 € S/I then (s/,1) € Lg;
since (s’,1) = (zs,z7) for some x € R this implies that 7 € (R/I)*. If t € S maps
to f(r)"!37! € S/I then st = 1 modulo I. Now I C sR because I x 0 C Lg, so
st =1+ sz for some z € R. But then s(t —z) =1, so s € S* as claimed.

EXAMPLE 3.10.1. (Cusp). Let k be a field and let R be k[z,y]/(x® = y?), the
coordinate ring of the cusp in the plane. Setting = t?, y = t> makes R isomorphic
to the subring k[t2,¢3] of S = k[t]. The conductor ideal from S to R is I = 29, so
we get a conductor square with R/I = k and S/I = k[t]/(t?). Now Pic(k[t]) = 0 and
(S/I)* = k* xk with « € k corresponding to (14+at) € (S/I)*. Hence Pic(R) = k.
A little algebra shows that a nonzero « € k corresponds to the invertible prime ideal
p = (1—a?z,2 — ay)R corresponding to the point (z,y) = (o= 2, a~3) on the cusp.

EXAMPLE 3.10.2. (Node). Let R be k[z,y]/(y? = 2% + 23), the coordinate ring
of the node in the plane over a field k& with char(k) # 2. Setting z = t> — 1 and
y = tz makes R isomorphic to a subring of S = k[t] with conductor ideal I = zS.
We get a conductor square with R/I = k and S/I = k x k. Since (S/I)* = k* x k>
we see that Pic(R) = k*. A little algebra shows that a € k* corresponds to the

4oy 4a(a+1)
a—1)2’ (a—1)3 > on

invertible prime ideal p corresponding to the point (z,y) = <(

the node corresponding to t = (H'—O‘>

11—«

Seminormal rings

A reduced commutative ring R is called seminormal if whenever x,y € R satisfy
23 = y? there is an s € R with s2 = z, s® = y. If R is an integral domain, there is an
equivalent definition: R is seminormal if every s in the field of fractions satisfying
52,53 € R belongs to R. Normal domains are clearly seminormal; the node (3.10.2)
is not normal (¢ = 1+ z), but it is seminormal (see Ex. 3.13). Arbitrary products
of seminormal rings are also seminormal, because s may be found slotwise. The
cusp (3.10.1) is the universal example of a reduced ring which is not seminormal.
Our interest in seminormal rings lies in the following theorem, first proven by C.
Traverso for geometric rings and extended by several authors. For normal domains,

it follows from Remark 3.6.1 above. Our formulation is taken from [Swan80].
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THEOREM 3.11. (Traverso). The following are equivalent for a commutative
ring R:

(1) Ryeq is seminormal;

(2) Pic(R) = Pic(R[t]);

(3) Pic(R) = Pic(R]t1, ..., tn)) for all n.

REMARK 3.11.1. If R is seminormal, it follows that R[t] is also seminormal.
By Ex. 3.11, R[t,t™!] and the local rings R, are also seminormal. However, the
Pic[t,t!] analogue of Theorem 3.11 fails. For example, if R is the node (3.10.2)
then Pic(R[t,t™!]) = Pic(R) x Z. For more details, see [Weib91].

To prove Traverso’s theorem, we shall need the following standard result about
units of polynomial rings.

LEMMA 3.12. Let R be a commutative ring with nilradical . If ro +rit+-- -+
rot™ is a unit of R[t] then 1o € R* and ry,...,r, are nilpotent. Consequently, if
NU(R) denotes the subgroup 1+ tN[t] of R[t]* then:

(1) R[t]* = R* x NU(R);

(2) If R is reduced then R* = R[t]*;

(3) Suppose that R is an algebra over a field k. If char(k) = p, NU(R) is a
p-group. If char(k) = 0, NU(R) is a uniquely divisible abelian group (= a
Q-module).

PrROOF OF TRAVERSO’S THEOREM. We refer the reader to Swan’s paper for
the proof that (1) implies (2) and (3). By Lemma 3.9, we may suppose that R is
reduced but not seminormal. Choose x,y € R with 23 = y? such that no s € R
satisfies s = z,s® = y. Then the reduced ring S = R[s]/(s* — 2,5 — y)req is
strictly larger than R. Since I = xS is an ideal of both R and S, we have Milnor
squares

R L s Rt L spy
I | and [
R/ I L sy1 R/l L s/,

The Units-Pic sequence 3.10 of the first square is a direct summand of the Units-Pic
sequence for the second square. Using Lemma 3.12, we obtain the exact quotient
sequence
o Pic(R][t])

Pic(R)
By construction, s ¢ R and § ¢ R/I. Hence O(1 + st) is a nonzero element of
the quotient Pic(R[t])/ Pic(R). Therefore if R isn’t seminormal we have Pic(R) #
Pic(R][t]), which is the (3) = (2) = (1) half of Traverso’s theorem.

0— NU(R/I) — NU(S/I)

EXERCISES

In these exercises, R is always a commutative ring.

3.1 Show that the following are equivalent for every R-module L:

(a) There is a R-module M such that L ® M = R.

(b) L is an algebraic line bundle.

(c) L is a finitely generated R-module and L, = R, for every prime ideal p of R.
Hint: Use Exercises 2.10 and 2.11.
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3.2 Show that the tensor product P ® @ of two line bundles may be described
using “Open Patching” 2.5 as follows. Find sq,...,s, € R forming a unimodular
row, such that P (resp. @) is obtained by patching the R[é] by units g;; (resp.
hi;) in R[ﬁ]>< Then P ®p Q is obtained by patching the R[s%] using the units
fij = gijhij)-

3.3 Let P be a locally free R-module, obtained by patching free modules of rank n
by gi; € GLn(R[fsj]). Show that det(P) is the line bundle obtained by patching

free modules of rank 1 by the units det(g;;) € (R[i])X

3.4 Let P and @ be f.g. projective modules of constant ranks m and n respectively.
Show that there is a natural isomorphism (det P)®™ @ (det Q)®™ — det(P ® Q).
Hint: Send (pll/\' e '/\pmn)®(Q11/\' SRR '/\an) to (pll/\(hl)/\' . '/\(pmn/\an)-
Then show that this map is locally an isomorphism.

3.5If an ideal I C R is a projective R-module and J C R is any other ideal, show
that I ®p J is isomorphic to the ideal I.J of R.

3.6 Ezcision for Pic. If I is a commutative ring without unit, let Pic(I) denote the
kernel of the canonical map Pic(Z @ I) — Pic(Z). Write I* for the group GL4 ()
of Ex. 1.10. Show that if I is an ideal of R then there is an exact sequence:

1 — I* — R* — (R/I)* 2 Pic(I) — Pic(R) — Pic(R/I).

3.7 (Roberts-Singh) This exercise generalizes Proposition 3.5. Let R C S be an
inclusion of commutative rings. An R-submodule I of S is called an invertible
R-ideal of S if IJ = R for some other R-submodule J of S.
(i) If I C S is an invertible R-ideal of S, show that [ is finitely generated over
R, and that I.S = S.

(ii) Show that the invertible R-ideals of S form an abelian group Pic(R,.S) under
multiplication.

(iii) Show that every invertible R-ideal of S is a line bundle over R. Hint: use
Ex. 3.5 to compute its rank. Conversely, if [ is a line bundle over R contained
in § and IS = 5, then [ is an R-ideal.

(iv) Show that there is a natural exact sequence:

1— R — 8% 2% Pie(R, §) — Pic(R) — Pic(9).

3.8 Relative Class groups. Suppose that R is a Krull domain and that Rg = S™'R
for some multiplicatively closed set S in R. Let D(R, Rg) denote the free abelian
group on the height 1 primes p of R such that p NS # ¢. Since D(Rg) is free on
the remaining height 1 primes of R, D(R) = D(R, Rs) ® D(Rgs).
(a) Show that the group Pic(R, Rg) of Ex. 3.7 is a subgroup of D(R, Rgs), and
that there is an exact sequence compatible with Ex. 3.7

11— R* - R — D(R,Rs) — Cl(R) — Cl(Rg) — 0.

(b) Suppose that sR is a prime ideal of R. Prove that (R[1])* = R* x Z" and
that CI(R) = CI(R[1]).
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(¢) Suppose that every height 1 prime p of R with pN.S # ¢ is an invertible ideal.
Show that Pic(R, Rs) = D(R, Rs) and that Pic(R) — Pic(Rg) is onto. (This
always happens if R is a regular ring, or if the local rings Rj; are unique
factorization domains for every maximal ideal M of R with M NS # (.)

3.9 Suppose that we are given a Milnor square with R C S. If § € (S/I)* is the
image of a nonzerodivisor s € S, show that 9(s) € Pic(R) is the class of the ideal

(sS) N R.

3.10 Let R be a 1-dimensional noetherian ring with finite normalization .S, and let
I be the conductor ideal from S to R. Show that for every maximal ideal p of R,
p is a line bundle <= I Z p. Using Ex. 3.9, show that these p generate Pic(R).

3.11 If R is seminormal, show that every localization S~!R is seminormal.

3.12 Seminormality is a local property. Show that the following are equivalent:
(a) R is seminormal;
(b) Ry is seminormal for every maximal ideal m of R;
(c) Ry is seminormal for every prime ideal p of R.

3.13 If R is a pullback of a diagram of seminormal rings, show that R is seminormal.
This shows that the node (3.10.2) is seminormal.

3.14 Normal rings. A ring R is called normal if each local ring R, is an integrally
closed domain. If R and R’ are normal rings, so is the product R x R’. Show
that normal domains are normal rings, and that every reduced 0-dimensional ring
is normal. Then show that every normal ring is seminormal.

3.15 Seminormalization. Show that every reduced commutative ring R has an
extension R C * R with T R seminormal, satisfying the following universal property:
if S is seminormal, then every ring map R — S has a unique extension TR — S.
The extension TR is unique up to isomorphism, and is called the seminormalization
of R. Hint: First show that it suffices to construct the seminormalization of a
noetherian ring R whose normalization S is finite. In that case, construct the
seminormalization as a subring of S, using the observation that if 23 = 32 for
x,y € R, there is an s € S with s =z, s = 4.
3.16 An extension R C R’ is called subintegral if Spec(R') — Spec(R) is a bijection,
and the residue fields k(p) = R, /pR, and R, /pR, are isomorphic. Show that the
seminormalization R C TR of the previous exercise is a subintegral extension.
3.17 Let R be a commutative ring with nilradical 1.
(a) Show that the subgroup 1+ M[t,t™ 1] of R[t,t~1]* is the product of the three
groups 1+, NyU(R) =1+ tN[t], and N;-1U(R) =1+ ¢t~ 1.
(b) Show that there is a homomorphism t: [Spec(R), Z] — RJ[t,t~1]* sending f to
the unit ¢/ of R[t,t~!] which is t" on the factor R; of R where f = n. Here
R; is given by 2.2.4 and Ex. 2.4.
(c) Show that there is a natural decomposition

R[t,t7'* =2 R* x N;U(R) x N;-1U(R) x [Spec(R),7Z),
or equivalently, that there is a split exact sequence:

1 — R* — R[t]* x R[t™']* — R[t,t7']* — [Spec(R),Z] — 0.
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3.18 Show that the following sequence is exact:
1 — Pic(R) — Pic(R[t]) x Pic(R[t™']) — Pic(R[t, t™]).

Hint: If R is finitely generated, construct a diagram whose rows are Units-Pic
sequences 3.10, and whose first column is the naturally split sequence of Ex. 3.17.

3.19 (NPic) Let NPic(R) denote the cokernel of the natural map Pic(R) — Pic(R]t]).
Show that Pic(R[t]) = Pic(R) x NPic(R), and that NPic(R) = 0 iff R,.q is a
seminormal ring. If R is an algebra over a field k, prove that:

(a) If char(k) = p > 0 then NPic(R) is a p-group;

(b) If char(k) = 0 then NPic(R) is a uniquely divisible abelian group.
To do this, first reduce to the case when R is finitely generated, and proceed by
induction on dim(R) using conductor squares.

84. Topological Vector Bundles and Chern Classes

Because so much of the theory of projective modules is based on analogy with
the theory of topological vector bundles, it is instructive to review the main aspects
of the structure of vector bundles. Details and further information may be found
in [CC], [Atiyah] or [Huse]. We will work with vector spaces over R or C.

Let X be a topological space. A family of vector spaces over X is a topological
space F, together with a continuous map n: E — X and a finite dimensional vector
space structure (over R or C) on each fiber E, = n~1(z), x € X. We require
the vector space structure on E, to be compatible with the topology on E. By a
homomorphism from one family n: E — X to another family ¢: F' — X we mean a
continuous map f: E — F with n = ¢f, such that each induced map f,: £, — F,
is a linear map of vector spaces. There is an evident category of families of vector
spaces over X and their homomorphisms.

For example, if V' is an n-dimensional vector space, the projection from T" =
X xV to X forms a “constant” family of vector spaces. We call such a family, and
any family isomorphic to it, a trivial vector bundle over X.

If Y C X, we write E|Y for the restriction n~1(Y) of E to Y the restriction
n|Y: ElY — Y of n makes E|Y into a family of vector spaces over Y. More generally,
if f:Y — X is any continuous map then we can construct an induced family
f (&): f*E — Y as follows. The space f*E is the subspace of Y x E consisting
of all pairs (y,e) such that f(y) = £(e), and f*E — Y is the restriction of the
projection map. Since the fiber of f*E at y € Y is Ey(,), f*E is a family of vector
spaces over Y.

A wvector bundle over X is a family of vector spaces 1: E — X such that every
point z € X has a neighborhood U such that n|U: E|U — U is trivial. A vector
bundle is also called a locally trivial family of vector spaces.

The most historically important example of a vector bundle is the tangent bundle
TX — X of a smooth manifold X. Another famous example is the Mdbius bundle
E over S'; E is the open Mobius strip and E, = R for each x € S*.

Suppose that f: X — Y is continuous. If E — X is a vector bundle, then the
induced family f*F — Y is a vector bundle on Y. To see this, note that if F is
trivial over a neighborhood U of f(y) then f*E is trivial over f~1(U).
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The symbol VB(X) denotes the category of vector bundles and homomorphisms.
If emphasis on the field is needed, we write VBg(X) or VB¢ (X). The induced
bundle construction gives rise to an additive functor f* from VB(X) to VB(Y).

The Whitney sum E & F of two vector bundles n: £ — X and ¢: F' — X is
the family of all the vector spaces F, @ F,, topologized as a subspace of E' x F.
Since E and F' are locally trivial, so is E & F'; hence E & F' is a vector bundle. By
inspection, the Whitney sum is the product in the category VB(X). Since there is
a natural notion of the sum f + g of two homomorphisms f, g: £ — F, this makes
VB(X) into an additive category with Whitney sum the direct sum operation.

A sub-bundle of a vector bundle n: E — X is a subspace F' of E which is a vector
bundle under the induced structure. That is, each fiber F), is a vector subspace of
E, and the family F' — X is locally trivial. The quotient bundle E/F is the union
of all the vector spaces E,/F,, given the quotient topology. Since F is locally a
Whitney direct summand in E, we see that E/F is locally trivial, hence a vector
bundle. This gives a “short exact sequence” of vector bundles in VB(X):

0—-F—FE—FE/F—DO.

A vector bundle F — X is said to be of finite type if there is a finite covering
Ui, ..., U, of X such that each each E|U; is a trivial bundle. Every bundle over a
compact space X must be of finite type; the same is true if X is a finite-dimensional
connected CW complex [Huse, §3.5], or more generally if there is an integer n such
that every open cover of X has a refinement V such that no point of X is contained
in more that n elements of V. We will see in Exercise 4.15 that the canonical line
bundle on infinite dimensional projective space P> is an example of a vector bundle
which is not of finite type.

RIEMANNIAN METRICS. Let E — X be a real vector bundle. A Riemannian
metric on E is a family of inner products (,: E, x E, — R, € X, which varies
continuously with z (in the sense that (3 is a continuous function on the Whitney
sum E® F). The notion of Hermitian metric on a complex vector bundle is defined
similarly. A fundamental result [Huse, 3.5.5 and 3.9.5] states that every vector
bundle over a paracompact space X has a Riemannian (or Hermitian) metric.

Dimension of vector bundles

If E is a vector bundle over X then dim(E,) is a locally constant function on X
with values in N = {0,1,...}. Hence dim(F) is a continuous function from X to the
discrete topological space N; it is the analogue of the rank of a projective module.
An n-dimensional vector bundle is a bundle E such that dim(FE) = n is constant;
1-dimensional vector bundles are frequently called line bundles. The M6bius bundle
is an example of a nontrivial line bundle.

A vector bundle F is called componentwise trivial if we can write X as a disjoint
union of components X; in such a way that each E|X; is trivial. Isomorphism
classes of componentwise trivial bundles are in 1-1 correspondence with the set
[X,N] of all continuous maps from X to N. To see this, note that any continuous
map f: X — N induces a decomposition of X into components X; = f~1(i). Given
such an f, let 77 denote the disjoint union

7/ =][X;xF', F=Ror C.
1€EN



28 I. PROJECTIVE MODULES AND VECTOR BUNDLES

The projection T/ — IIX; = X makes T/ into a componentwise trivial vector
bundle with dim(77) = f. Conversely, if E is componentwise trivial, then F =
Tdm(E)  Note that 77 @ T9 = T/*9. Thus if f is bounded then by choosing
g =n— f we can make T/ into a summand of the trivial bundle 7.

The following result, which we cite from [Huse, 3.5.8 and 3.9.6], illustrates some
of the similarities between VB(X) and the category of f.g. projective modules. It
is proven using the Riemannian (or Hermitian) metric on E: F;- is the subspace of
FE. perpendicular to F,.

SUBBUNDLE THEOREM 4.1. Let E — X be a vector bundle on a paracompact
topological space X. Then:

(1) If F is a sub-bundle of E, there is a sub-bundle F+ such that E =~ F @ F*.

(2) E has finite type if and only if E is isomorphic to a sub-bundle of a trivial
bundle. That is, if and only if there is another bundle F' such that E & F
s trivial.

COROLLARY 4.1.1. Suppose that X is compact, or that X is a finite-dimensional
CW complex with finitely many components. Then every vector bundle over X is
a Whitney direct summand of a trivial bundle.

EXAMPLE 4.1.2. If X is a smooth d-dimensional manifold, its tangent bundle
TX — X is a d-dimensional real vector bundle. Embedding X in R™ allows us to
form the normal bundle NX — X; N, X is the orthogonal complement of T, X in
R™. Clearly TX @& NX is the trivial n-dimensional vector bundle X x R” — X
over X.

ExXAMPLE 4.1.3. Consider the canonical line bundle F; on projective n-space;
a point x of P corresponds to a line L, in n + 1-space, and the fiber of E; at x is
just L,. In fact, E; is a subbundle of the trivial bundle 7"*!. Letting F} be the
n-dimensional hyperplane perpendicular to L, the family of vector spaces F' forms
a vector bundle such that E; @ F = T+,

ExXAMPLE 4.1.4. (Global sections) A global section of a vector bundle n: E — X
is a continuous map s: X — E such that ns = 1x. It is nowhere zero if s(z) # 0
for all x € X. Every global section s determines a map from the trivial line bundle
T! to E; if s is nowhere zero then the image is a line subbundle of E. If X is
paracompact the Subbundle Theorem determines a splitting £ = F @ T,

Patching vector bundles

4.2 One technique for creating vector bundles uses transition functions. The idea
is to patch together a collection of vector bundles which are defined on subspaces
of X. A related technique is the clutching construction discussed in 4.7 below.

Let n: E — X be an n-dimensional vector bundle on X over the field F' (F' is
R or C). Since F is locally trivial, we can find an open covering {U;} of X, and
isomorphisms h; : U; x F™ = E|U;. If U; NU; # ¢, the isomorphism

hi_lhj . (Uszj) xF”%?ﬂUiﬂUj g(UZﬂUJ) x F™

sends (z,v) € (U;NU;) x F™ to (x, gi;(x)(v)) for some g;;(z) € GL,(F).
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Conversely, suppose we are given maps g;;: U; NU; — GL,(F) such that g;; = 1
and g;;9;k = gir on U; NU; NUy. On the disjoint union of the U; x F", form the
equivalence relation ~ which is generated by the relation that (x,v) € U; x F™ and
(x,gij(x)(v)) € U; x F™ are equivalent for every z € U; N U;. Let E denote the
quotient space ([[U; x F™)/ ~. Tt is not hard to see that there is an induced map
n: E'— X making E into a vector bundle over X.

We call E the vector bundle obtained by patching via the transition functions
gij; this patching construction is the geometric motivation for open patching of
projective modules in 2.5.

CONSTRUCTION 4.2.1. (Tensor product). Let E and F be vector bundles over
X. There is a vector bundle £ ® F' over X whose fiber over x € X is the vector
space tensor product E, ® F,, and dim(E ® F) = dim(F) dim(F).

To construct F ® F', we first suppose that £ and F' are trivial bundles, i.e.,
E=XxVand F = X xW for vector spaces V', W. In this case we let E®Q F' be the
trivial bundle X x (V ® W). In the general case, we proceed as follows. Restricting
to a component of X on which dim(F) and dim(F') are constant, we may assume
that E and F have constant ranks m and n respectively. Choose a covering {U;} and
transition maps g;;, g;; defining E' and F' by patching. Identifying M, (F)® M, (F)
with M, (F') gives a map GL,,(F) X GL,(F) — GLpyn(F), and the elements
Gij @ ggj give transition maps from U; N U; to GLy,,(F'). The last assertion comes
from the classical vector space formula dim(E, ® F,) = dim(E,) dim(F}).

CONSTRUCTION 4.2.2. (Determinant bundle). For every n-dimensional vector
bundle E, there is an associated “determinant” line bundle det(E) = A™E whose
fibers are the 1-dimensional vector spaces A™(E,). In fact, det(F) is a line bundle
obtained by patching, the transition functions for det(E) being the determinants
det(g;;) of the transition functions g;; of E. More generally, if E is any vector
bundle then this construction may be performed componentwise to form a line
bundle det(E) = AYM™E)E. As in §3, if L is a line bundle and E = L & T/, then
det(F) = L, so E uniquely determines L. Taking E trivial, this shows that line
bundles cannot be stably trivial.

ORTHOGONAL AND UNITARY STRUCTURE GROUPS 4.2.3. We say that an n-
dimensional vector bundle E — X has structure group O,, or U, if the transition
functions g;; map U; N U; to the subgroup O,, of GL, (R) or the subgroup U, of
GL,(C). If X is paracompact, this can always be arranged, because then E has
a (Riemannian or Hermitian) metric. Indeed, it is easy to continuously modify
the isomorphisms h;: U; x F™ — E|U; so that on each fiber the map F™ = FE, is
an isometry. But then the fiber isomorphisms g;;(x) are isometries, and so belong
to O, or U,. Using the same continuous modification trick, any vector bundle
isomorphism between vector bundles with a metric gives rise to a metric-preserving
isomorphism. If X is paracompact, this implies that VB, (X) is also the set of
equivalence classes of vector bundles with structure group O,, or U,.

The following pair of results forms the historical motivation for the Bass-Serre
Cancellation Theorem 2.3. Their proofs may be found in [Huse, 8.1].

REAL CANCELLATION THEOREM 4.3. Suppose X is a d-dimensional CW com-
plex, and that n: E — X s an n-dimensional real vector bundle with n > d. Then
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(i) E= Ey®T" ¢ for some d-dimensional vector bundle E
(ii) If F is another bundle and E @ T* = F & T*, then E = F .

COROLLARY 4.3.1. Qwver a 1-dimensional CW complezx, every real vector bundle
E of rank > 1 is isomorphic to L & T7, where L = det(E) and f = dim(E) — 1.

CoMPLEX CANCELLATION THEOREM 4.4. Suppose X is a d-dimensional CW
complex, and that n: E — X is a complex vector bundle with dim(E) > d/2.
(i) E = Eqy@®TF for some vector bundle Ey of dimension < d/2
(ii) If F is another bundle and E® TF < F @ T*, then E = F.

COROLLARY 4.4.1. Let X be a CW complex of dimension < 3. FEvery complex
vector bundle E of rank > 1 is isomorphic to L & T', where L = det(E) and
f=dim(F) - 1.

Vector bundles are somewhat more tractable than projective modules, as the
following result shows. Its proof may be found in [Huse, 3.4.7].

HomoTOPY INVARIANCE THEOREM 4.5. If f,g:Y — X are homotopic maps
and Y s paracompact, then f*E = g*E for every vector bundle E over X.

COROLLARY 4.6. If X and Y are homotopy equivalent paracompact spaces,
there is a 1-1 correspondence between isomorphism classes of vector bundles on
X and Y.

APPLICATION 4.6.1. If Y is a contractible paracompact space then every vector
bundle over Y is trivial.

CLUTCHING CONSTRUCTION 4.7. Here is an analogue for vector bundles of Mil-
nor Patching 2.7 for projective modules. Suppose that X is a paracompact space,
expressed as the union of two closed subspaces X; and X5, with X; N X, = A.
Given vector bundles F; — X; and an isomorphism ¢: E1|A — Fs|A, we form a
vector bundle F' = F; U, Ey over X as follows. As a topological space F is the
quotient of the disjoint union (FE; [[ E2) by the equivalence relation indentifying
e1 € F1|A with g(ey) € Es|A. Clearly the natural projection n: E — X makes E a
family of vector spaces, and E|X; = E;. Moreover, E is locally trivial over X (see
[Atiyah, p.21]; paracompactness is needed to extend g off of A). The isomorphism
g: E1|A = E5|A is called the clutching map of the construction. As with Milnor
patching, every vector bundle over X arises by this clutching construction. A new
feature, however, is homotopy invariance: if f, g are homotopic clutching isomor-
phisms F;|A = Es|A, then Ey Uy By and E; Uy Ey are isomorphic vector bundles
over X.

PROPOSITION 4.8. Let SX denote the suspension of a paracompact space X. A
choice of basepoint for X wyields a 1-1 correspondence between the set VB, (SX)
of isomorphism classes of n-dimensional (real, resp. complex) vector bundles over
SX and the set of based homotopy classes of maps

(X, On)x, resp.  [X, Upls,
from X to the orthogonal group O,, resp. to the unitary group U,,.

SKETCH OF PROOF. SX is the union of two contractible cones C; and Cy whose
intersection is X. As every vector bundle on the cones C; is trivial, every vector
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bundle on SX is obtained from an isomorphism of trivial bundles over X via the
clutching construction. Such an isomorphism is given by a homotopy class of maps
from X to GL,, or equivalently to the deformation retract O, resp. U, of GL,.
The indeterminacy in the resulting map from [X, GL,] to classes of vector bundles
is eliminated by insisting that the basepoint of X map to 1 € GL,,.

Vector Bundles on Spheres

Proposition 4.8 allows us to use homotopy theory to determine the vector bundles
on the sphere S%, because S? is the suspension of S¢~!. Hence n-dimensional (real,
resp. complex) bundles on S? are in 1-1 correspondence with elements of 74_1(O,,)
and m4_1(U,), respectively. For example, every line bundle over S¢ is trivial if
d > 3, because the appropriate homotopy groups of O; = S° and U; =2 S! vanish.
The classical calculation of the homotopy groups of O,, and U,, (see [Huse, 7.12])
yields the following facts:

(4.9.1) On S, there are |m(O,)| = 2 real vector bundles of dimension n for all
n > 1. The nontrivial line bundle on S! is the Mobius bundle. The Whitney sum
of the Mobius bundle with trivial bundles yields all the other nontrivial bundles.
Since |7o(U,)| = 1 for all n, every complex vector bundle on S? is trivial.

(4.9.2) On 52, the situation is more complicated. Since m1(01) = 0 there are
no nontrivial real line bundles on S2. There are infinitely many 2-dimensional real
vector bundles on S? (indexed by the degree d of their clutching functions), because
7m1(02) = Z. However, there is only one nontrivial n-dimensional real vector bundle
for each n > 3, because m1(0,) = Z/2. A real 2-dimensional bundle E is stably
trivial (and E @ T = T3) iff the degree d is even. The tangent bundle of S? has
degree d = 2.

There are infinitely many complex line bundles Lg on S?, indexed by the degree
d (in m(U1) = Z) of their clutching function. The Complex Cancellation theo-
rem (4.4) states that every other complex vector bundle on S? is isomorphic to a
Whitney sum Ly @& T™, and that all the Ly & T™ are distinct.

(4.9.3) Every vector bundle on S? is trivial. This is a consequence of the classical
result that mo(G) = 0 for every compact Lie group G, such as G = O,, or U,.

(4.9.4) As noted above, every line bundle on S* is trivial. S* carries infinitely
many distinct n-dimensional vector bundles for n > 5 over R, and for n > 2 over
C, because m3(0,) = Z for n > 5 and 73(U, ) = Z for n > 2. In the intermediate
range, we have m3(03) = 0, m3(03) = Z and 73(04) = Z & Z. Every 5-dimensional
real bundle comes from a unique 3-dimensional bundle but every 4-dimensional real
bundle on S* is stably isomorphic to infinitely many other distinct 4-dimensional
vector bundles.

(4.9.5) For d > 3 there are no 2-dimensional real vector bundles on S¢, because the
appropriate homotopy groups of Oy = S xZ /2 vanish. This vanishing phenomenon
doesn’t persist though; if d > 5 the 2-dimensional complex bundles, as well as the 3-
dimensional real bundles on S%, correspond to elements of 74_1(O03) = 741 (Usy) =
7g—1(S3). This is a finite group which is rarely trivial.
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Classifying Vector Bundles

One feature present in the theory of vector bundles, yet absent in the theory of
projective modules, is the classification of vector bundles using Grassmannians.

If V is any finite-dimensional vector space, the set G, (V) of all n-dimensional
linear subspaces of V' is a smooth manifold, called the Grassmann manifold of n-
planes in V. If V.C W, then G, (V) is naturally a submanifold of G,,(W). The
infinite Grassmannian G, is the union of the G, (V) as V ranges over all finite-
dimensional subspaces of a fixed infinite-dimensional vector space (R* or C*);
thus G, is an infinite-dimensional CW complex. For example, if n = 1 then G is
either RPP> or CP*°, depending on whether the vector spaces are over R or C.

There is a canonical n-dimensional vector bundle E,, (V') over each G,,(V'), whose
fibre over each x € G, (V) is the linear subspace of V corresponding to z. To
topologize this family of vector spaces, and see that it is a vector bundle, we define
E, (V) to be the sub-bundle of the trivial bundle G, (V) x V' — G, (V) having the
prescribed fibers. For n = 1 this is just the canonical line bundle on projective
space described in Example 4.1.3.

The union (as V' varies) of the E, (V) yields an n-dimensional vector bundle
FE, — G,, called the n-dimensional classifying bundle because of the following
theorem (see [Huse, 3.7.2]).

CLASSIFICATION THEOREM 4.10. Let X be a paracompact space. Then the set
VB, (X) of isomorphism classes of n-dimensional vector bundles over X is in 1-1
correspondence with the set [ X, G,] of homotopy classes of maps from X into G,,:

VB, (X) ¢ [X,G,].

In more detail, every n-dimensional vector bundle n: E — X 1is isomorphic to
f*(Ey) for some map f: X — G, and E determines f up to homotopy.

REMARK 4.10.1. (Classifying Spaces) The Classification Theorem 4.10 states
that the contravariant functor VB,, is “representable” by the infinite Grassmannian
G,. Because X is paracompact we may assume (by 4.2.3) that all vector bundles
have structure group O,,, resp. U,. For this reason, the infinite Grassmannian G,,
is called the classifying space of O,,, resp. U, (depending on the choice of R or C).
It is the custom to write BO,,, resp. BU,, for the Grassmannian G,, (or any space
homotopy equivalent to it) over R, resp. over C.

In fact, there are homotopy equivalences (BO,,) ~ O,, and Q(BU,,) ~ U,.
We can deduce this from 4.8 and 4.10: for any paracompact space X we have
[X,0n]« 2 VB, (SX) 2 [SX, BO,| = [X,Q(BO,)]., and [X,U,]. = [X,Q(BU,)|.
similarly. Taking X to be O, and Q(BO,,), resp. U, and Q(BU,), yields the
homotopy equivalences.

It is well-known that there are canonical isomorphisms [X, RP>*] = H(X;Z/2)
and [ X, CP>] = H?(X;Z) respectively. Therefore the case n = 1 may be reformu-
lated as follows.

CLASSIFICATION THEOREM FOR LINE BUNDLES 4.11. If X is paracompact,
there are natural isomorphisms:

wy : VB r(X) = {real line bundles on X} = H'(X;7Z/2)
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c1: VB c(X) = {complex line bundles on X} = H*(X;Z).

REMARK 4.11.1. Since H!(X) and H?(X) are abelian groups, it follows that
the set VB (X) of isomorphism classes of line bundles is an abelian group. We
can understand this group structure in a more elementary way, as follows. The
tensor product F ® F' of line bundles is again a line bundle by 4.2.1, and ® is the
product in the group VB1(X ). The inverse of F in this group is the dual bundle
E of Ex. 4.3, because E ® E is a trivial line bundle (see Ex. 4.4).

RIEMANN SURFACES 4.11.2. Here is a complete classification of complex vector
bundles on a Riemann surface X. Recall that a Riemann surface is a compact
2-dimensional oriented manifold; the orientation gives a canonical isomorphism
H?(X;Z) = Z. If L is a complex line bundle, the degree of £ is that integer d such
that ¢1(£) = d. By Theorem 4.11, there is a unique complex line bundle O(d) of
each degree on X. By Corollary 4.4.1, every complex vector bundle of rank r on X
is isomorphic to O(d) @ T"~! for some d. Therefore complex vector bundles on a
Riemann surface are completely classified by their rank and degree.

For example, the tangent bundle 7x of a Riemann surface X has the structure
of a complex line bundle, because every Riemann surface has the structure of a
1-dimensional complex manifold. The Riemann-Roch Theorem states that 7x has
degree 2—2g, where g is the genus of X. (Riemann surfaces are completely classified
by their genus g > 0, a Riemann surface of genus g being a surface with g “handles.”)

In contrast, there are 229 distinct real line bundles on X, because H!(X;Z/2) =
(Z/2)%9. The Real Cancellation Theorem 4.3 shows that every real vector bundle is
the sum of a trivial bundle and a bundle of dimension < 2, but there are infinitely
many 2-dimensional bundles over X. For example, the complex line bundles O(d)
all give distinct 2-dimensional real vector bundles on X; they are distinguished by
an invariant called the Fuler class (see [CC]).

Characteristic Classes

By Theorem 4.11, the determinant line bundle det(E) of a vector bundle F yields
a cohomology class: if F is a real vector bundle, it is the first Stiefel-Whitney class
wi(E) in HY(X;7Z/2); if E is a complex vector bundle, it is the first Chern class
c1(E) in H*(X,Z). These classes fit into a more general theory of characteristic
classes, which are constructed and described in the book [CC]. Here is an axiomatic
description of these classes.

AXIOMS FOR STIEFEL-WHITNEY CLASSES 4.12. The Stiefel-Whitney classes of
a real vector bundle E over X are elements w;(E) € H*(X;Z/2), which satisfy the
following axioms. By convention wy(E) = 1.

(SW1) (Dimension) If ¢ > dim(E) then w;(E) = 0.
(SW2) (Naturality) If f:Y — X is continuous then f*: H(X;Z/2) — H*(Y;Z/2)
sends w;(F) to w;(f*FE). If E and E’ are isomorphic bundles then w;(E) = w;(E").

(SW3) (Whitney sum formula) If £ and F are bundles, then in the graded coho-
mology ring H*(X;Z/2) we have:

W(E@F)= sz Ywn—i(F) = wp(E) + wp_1(E)wi (F) + - + wy, (F).



34 I. PROJECTIVE MODULES AND VECTOR BUNDLES

(SW4) (Normalization) For the canonical line bundle E; over RP>, wq(E) is the
unique nonzero element of H!(RP>;Z/2) = Z/2.

The axioms (SW2) and (SW4), together with the Classification Theorem 4.10,
show that w; classifies real line bundles in the sense that it gives the isomorphism
VB, (X) = H'(X;Z/2) of Theorem 4.11. The fact that wi(E) = wi(det E) is
a consequence of the “Splitting Principle” for vector bundles, and is left to the
exercises.

Since trivial bundles are induced from the map X — {x}, it follows from (SW1)
and (SW2) that w;(T™) = 0 for every trivial bundle 7™ (and i # 0). The same
is true for componentwise trivial bundles; see Ex. 4.2. From (SW3) it follows that
w;(E @ T") = w;(F) for every bundle E and every trivial bundle 7.

The total Stiefel-Whitney class w(E) of E is defined to be the formal sum
wE)=14+w(E)+ - +w(E)+..

in the complete cohomology ring H*(X;Z/2) = [[, H (X;Z/2), which consists of
all formal infinite series ap+ai+... with a; € H*(X;Z/2). With this formalism, the
Whitney sum formula becomes a product formula: w(E @& F) = w(E)w(F'). Now
the collection U of all formal sums 14 a; + --- in H*(X;Z/2) forms an abelian
group under multiplication (the group of units of H* (X;7Z/2) if X is connected).
Therefore if E@® F is trivial we can compute w(F) via the formula w(F) = w(E)™!.

For example, consider the canonical line bundle E;(R™) over RP". By axiom
(SW4) we have w(E1) = 1+ in the ring H*(RP";Z/2) = Fa[z]/(2™™1). We saw in
Example 4.1.3 that there is an n-dimensional vector bundle F with F @ E; = T 1.
Using the Whitney Sum formula (SW3), we compute that w(F) =14z +---+2™.
Thus w;(F) = 2* for i <n and w;(F) = 0 for i > n.

Stiefel-Whitney classes were named for E. Stiefel and H. Whitney, who discovered
the w; independently in 1935, and used them to study the tangent bundle of a
smooth manifold.

AXI0MS FOR CHERN CLASSES 4.13. If E is a complex vector bundle over X,
the Chern classes of E are certain elements ¢;(E) € H?*(X;Z), with co(E) = 1.
They satisfy the following axioms. Note that the natural inclusion of S? = CP! in
CP* induces a canonical isomorphism H?(CP*;Z) = H?*(S%,Z) 2 Z.

(C1) (Dimension) If i > dim(FE) then ¢;(E) =0

(C2) (Naturality) If f:Y — X is continuous then f*: H*(X;Z) — H*(Y;Z) sends
¢i(E) to ¢;(f*E). If E = E’ then ¢;(F) = ¢;(E’).

(C3) (Whitney sum formula) If £ and F' are bundles then

cn(E®F) = Zci(E)cn_i(F) =cn(E) 4+ cno1(E)er(F) + -+ cn(F).

(C4) (Normalization) For the canonical line bundle E; over CP*>, ¢;(E;) is the
canonical generator z of H?(CP>;Z) = Z.
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Axioms (C2) and (C4) and the Classification Theorem 4.10 imply that the first

Chern class ¢; classifies complex line bundles; it gives the isomorphism VB (X) &
H?(X;7Z) of Theorem 4.11. The identity c;(F) = c;(det E) is left to the exercises.

The total Chern class ¢(E) of E is defined to be the formal sum
C(E) = 1+C1(E)+---+Ci(E)+---

in the complete cohomology ring H*(X;Z) = [[, H(X;Z). With this formalism,
the Whitney sum formula becomes ¢(E @ F') = ¢(E)c(F'). As with Stiefel-Whitney
classes, axioms (C1) and (C2) imply that for a trivial bundle 7™ we have ¢;(T™) = 0
(i # 0), and axiom (C3) implies that for all £

For example, consider the canonical line bundle F;(C™) over CP". By axiom
(C4), ¢(E1) = 1+ x in the truncated polynomial ring H*(CP";Z) = Z[z]/(x"T1).
We saw in Example 4.1.3 that there is a canonical n-dimensional vector bundle F'
with ' @ E; = T""1. Using the Whitney Sum Formula (C3), we compute that
c(F) =Y (=1)z". Thus ¢;(F) = (=1)%2* for all i < n.

Chern classes are named for S.-S. Chern, who discovered them in 1946 while
studying L. Pontrjagin’s 1942 construction of cohomology classes p;(E) € HY(X;Z)
associated to a real vector bundle E. In fact, p;(E) is (—1)c2;(E®C), where E®C
is the complexification of E (see Ex. 4.5). However, the Whitney sum formula for
Pontrjagin classes only holds up to elements of order 2 in H*"(X;Z); see Ex. 4.13.

EXERCISES

4.1 Let n: £ — X and ¢: F — X be two vector bundles, and form the induced
bundle n*F' over E. Show that the Whitney sum EF & F — X is n*F', considered
as a bundle over X by the map n*F — F — X.

4.2 Show that all of the uncountably many vector bundles on the discrete space
X = N are componentwise trivial. Let TN — N be the bundle with dim(T%) = n
for all n. Show that every componentwise trivial vector bundle 77 — Y over every
space Y is isomorphic to f*TN. Use this to show that the Stiefel-Whitney and
Chern classes vanish for componentwise trivial vector bundles.

4.3 If £ and F are vector bundles over X, show that there are vector bundles
Hom(E, F), E and AFE over X whose fibers are, respectively: Hom(E,, F,), the
dual space (E,) and the exterior product A¥(E,). Then show that there are natural
isomorphisms (E @ F)' 2 E@ F, E® F = Hom(E, F), AN'"E = E and

NEoF)2AN'Ee (NT'TE@F) e o (NERANTF) oo AE
4.4 Show that the global sections of the bundle Hom(E, F') of Ex. 4.3 are in 1-1

correspondence with vector bundle maps £ — F. (Cf. 4.1.4.) If F is a line bundle,
show that the vector bundle £ ® E = Hom(E, F) is trivial.



36 I. PROJECTIVE MODULES AND VECTOR BUNDLES

4.5 Complexification. Let E — X be a real vector bundle. Show that there is a
complex vector bundle E¢c — X with fibers E, ®r C and that there is a natural
isomorphism (E @& F)¢ = (Ec) @ (Fc). Then show that Fc — X, considered as a
real vector bundle, is isomorphic to the Whitney sum F & E.

4.6 Complex conjugate bundle. If FF — X is a complex vector bundle, given by
transition functions g;;, let F' denote the complex vector bundle obtained by using
the complex conjugates g;; for transition functions; F' is called the complex conju-
gate bundle of F. Show that F and F are isomorphic as real vector bundles, and
that the complexification Fr — X of Ex. 4.5 is isomorphic to the Whitney sum
F@F. If F = E¢ for some real bundle E, show that F = F. Finally, show that
for every complex line bundle L on X we have L = L.

4.7 Use the formula L = L of Ex. 4.6 to show that ¢;(E) = —c;(E) in H*(X;7Z)
for every complex vector bundle F.

4.8 Global sections. If n: E— X is a vector bundle, let I'(E) denote the set of all
global sections of E (see 4.1.4). Show that I'(E) is a module over the ring C°(X)
of continuous functions on X (taking values in R or C). If E is an n-dimensional
trivial bundle, show that T'(E) is a free CY(X)-module of rank n.

Conclude that if X is paracompact then I'(E) is a locally free C°(X)-module
in the sense of 2.4, and that I'(F) is a finitely generated projective module if X is
compact or if E is of finite type. This is the easy half of Swan’s theorem; the rest
is given in the next exercise.

4.9 Swan’s Theorem. Let X be a compact space, and write R for C°(X). Show
that the functor I" of the previous exercise is a functor from VB(X) to the category
P(R) of f.g. projective modules, and that the homomorphisms

I':Homypx)(E, F) — Homp g (I'(E),I'(F)) ()

are isomorphisms. This proves Swan’s Theorem, that I' is an equivalence of cate-
gories VB(X) ~ P(C°(X)). Hint: First show that (x) holds when E and F are
trivial bundles, and then use Corollary 4.1.1.

4.10 Projective and Flag bundles. 1If E — X is a vector bundle, consider the
subspace Fy = E — X of E, where X lies in E as the zero section. The units R*
(or C*) act fiberwise on Ey, and the quotient space P(E) obtained by dividing out
by this action is called the projective bundle associated to E. If p: P(E) — X is the
projection, the fibers p~!(x) are projective spaces.

(a) Show that there is a line sub-bundle L of p*E over P(E). Use the Subbundle

Theorem to conclude that p*E =~ E' @ L.

Now suppose that £ — X is an n-dimensional vector bundle, and let F(E) be the
flag space f:F(E) — X obtained by iterating the construction

- = PE") - PFE)—PE)— X.

(b) Show that the bundle f*E — F(E) is a direct sum L; & --- @ L,, of line
bundles.

4.11 If E is a direct sum L; @ - -- & L,, of line bundles, show that det(F) = L; ®
+++® Ly. Then use the Whitney Sum formula to show that wq(E) = wy(de

—+
—~

&3]
~—
~—
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resp. ¢1(E) = c1(det(E)). Prove that every w;(E), resp. ¢;(E) is the i*" elementary
symmetric function of the n cohomology classes {w1(L;)}, resp. {c1(L;)}.

4.12 Splitting Principle. Write H*(X) for H*(X;Z/2) or H*(X;Z), depending on
whether our base field is R or C, and let p: F(E) — X be the flag bundle of a vector
bundle E over X (see Ex. 4.10). Prove that p*: H(X) — H*(F(E)) is an injection.
Then use Ex. 4.11 to show that the characteristic classes w;(E) or ¢;(E) in H (X)
may be calculated inside H*(F(E)). Hint: for a trivial bundle this follows easily
from the Kiinneth formula.

4.13 Pontrjagin classes. In this exercise we assume the results of Ex. 4.6 on the
conjugate bundle F of a complex bundle F. Use the Splitting Principle to show
that c;(F) = (—=1)%c;(F). Then prove the following:

(i) The Pontrjagin classes p,(F') of F' (considered as a real bundle) are

pn(F) = cn(F +QZ Yoen—i(F)enyi(F) + (=1)"2¢o, (F).

(ii) If FF = E ® C for some real bundle F, the odd Chern classes ¢ (F), cs(F), ...
all have order 2 in H*(X;Z).
(iii) The Whitney sum formula for Pontrjagin classes holds modulo 2:

w(E®E') — sz )pn—i(E’) has order 2 in H*"(X;Z).

4.14 Disk with double origin. This exercise shows that the classification theorems
4.10 and 4.11 fail for locally compact spaces which aren’t Hausdorff. Let D denote
the closed unit disk in R?. The disk with double origin is the non-Hausdorff space
X obtained from the disjoint union of two copies of D by identifying together the
common subsets D — {0}. Show that [X, BO,| = [X, BU,] = 0 for all n, but that
VBog(X) 27, VB, r(X) 2 Z/2 for n > 3 and VB, ¢(X) 2 Z = H*(X;Z) for
all n > 1.

4.15 Show that the canonical line bundles £ over RP* and CP°° do not have finite
type. Hint: Use characteristic classes and the Subbundle Theorem, or I11.3.7.2.

4.16 Consider the suspension SX of a paracompact space X. Show that every
vector bundle E over SX has finite type. Hint: If dim(E) = n, use 4.8 and
Ex. 1.11 to construct a bundle E’ such that £ @ E' = T2,
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65. Algebraic Vector Bundles

Modern Algebraic Geometry studies sheaves of modules over schemes. This gener-
alizes modules over commutative rings, and has many features in common with the
topological vector bundles that we considered in the last section. In this section we
discuss the main aspects of the structure of algebraic vector bundles.

We will assume the reader has some rudimentary knowledge of the language of
schemes, in order to get to the main points quickly. Here is a glossary of the basic
concepts; details for most things may be found in [Hart], but the ultimate source
is [EGA].

A ringed space (X, Ox) is a topological space X equipped with a sheaf of rings
Ox; it is a locally ringed space if each Ox (U) is a commutative ring, and if for every
x € X the stalk ring Ox , = li—n>1er Ox (U) is a local ring. By definition, an affine

scheme is a locally ringed space isomorphic to (Spec(R), R) for some commutative
ring R (where R is the canonical structure sheaf), and a scheme is a ringed space
(X, Ox) which can be covered by open sets U; such that each (U;,Ox|U;) is an
affine scheme.

An Ox-module is a sheaf F on X such that (i) for each open U C X the set F(U)
is an Ox (U)-module, and (ii) if V' C U then the restriction map F(U) — F(V) is
compatible with the module structures. A morphism F — G of Ox-modules is a
sheaf map such that each F(U) — G(U) is Ox (U)-linear. The category Ox-mod
of all Ox-modules is an abelian category.

A global section of an Ox-module F is an element e; of F(X). We say that
F is generated by global sections if there is a set {e;};c; of global sections of F
whose restrictions e;|y generate F(U) as an Ox (U)-module for every open U C X.
We can reinterpret these definitions as follows. Giving a global section e of F is
equivalent to giving a morphism Ox — F of Ox-modules, and to say that F is
generated by the global sections {e;} is equivalent to saying that the corresponding
morphism @;c; Ox — F is a surjection.

FREE MODULES. We say that F is a free Ox-module if it is isomorphic to a direct
sum of copies of Ox. A set {e;} C F(X) is called a basis of F if the restrictions e;|¢
form a basis of each F(U), i.e., if the e; provide an explicit isomorphism &0y = F.

The rank of a free Ox-module F is not well-defined over all ringed spaces. For
example, if X is a 1-point space then Ox is just a ring R and an O x-module is just
an R-module, so our remarks in §1 about the invariant basis property (IBP) apply.
There is no difficulty in defining the rank of a free Ox-module when (X,Ox) is
a scheme, or a locally ringed space, or even more generally when any of the rings
Ox (U) satisfy the IBP. We shall avoid these difficulties by assuming henceforth
that (X, Ox) is a locally ringed space.

We say that an Ox-module F is locally free if X can be covered by open sets U
for which F|y is a free Oy-module. The rank of a locally free module F is defined
at each point z of X: rank,(F) is the rank of the free Oy-module F|y, where U
is a neighborhood of x on which F|y is free. Since the function x — rank,(F) is
locally constant, rank(F) is a continuous function on X. In particular, if X is a
connected space then every locally free module has constant rank.
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DEFINITION 5.1 (VECTOR BUNDLES). A vector bundle over a ringed space X is
a locally free Ox-module whose rank is finite at every point. We will write VB(X)
or VB(X,Ox) for the category of vector bundles on (X, Ox); the morphisms in
VB(X) are just morphisms of Ox-modules. Since the direct sum of locally free
modules is locally free, VB(X) is an additive category.

A line bundle L is a locally free module of constant rank 1. A line bundle is also
called an invertible sheaf because as we shall see in 5.3 there is another sheaf £’
such that L ® L' = Ox.

These notions are the analogues for ringed spaces of f.g. projective modules and
algebraic line bundles, as can be seen from the discussion in 2.4 and §3. However,
the analogy breaks down if X is not locally ringed; in effect locally projective
modules need not be locally free.

ExaMPLE 5.1.1. (Topological spaces). Fix a topological space X. Then X;,, =
(X, Otop) is a locally ringed space, where Oy, is the sheaf of (R or C-valued)
continuous functions on X: Oyp,(U) = CO(U) for all U C X. The following
constructions give an equivalence between the category VB(Xy,),) of vector bundles
over the ringed space X;,, and the category VB(X) of (real or complex) topological
vector bundles over X in the sense of §4. Thus our notation is consistent with the
notation of §4.

If n: E — X is a topological vector bundle, then the sheaf £ of continuous sections
of E is defined by £(U) = {s:U — E : ns = 1y }. By Ex. 4.8 we know that £ is a
locally free O¢,p-module. Conversely, given a locally free O¢,,-module &, choose a
cover {U;} and bases for the free Oy,p-modules £|U;; the base-change isomorphisms
over the U; N U; are elements g;; of GL,(C°(U; N Uj;)). Interpreting the g;; as
maps U; NU; — GL, (C), they become transition functions for a topological vector
bundle £ — X in the sense of 4.2.

EXAMPLE 5.1.2 (AFFINE SCHEMES). Suppose X = Spec(R). Every R-module
M vyields an Ox-module M, and R = Ox. Hence every free Ox-module arises as
M for a free R-module M. The Ox-module F = P associated to a f.g. projective
R-module P is locally free by 2.4, and the two rank functions agree: rank(P) =
rank(F). Conversely, if F is locally free Ox-module, it can be made trivial on
a covering by open sets of the form U; = D(s;), i.e., there are free modules M;
such that F|y, = M;. The isomorphisms between the restrictions of M; and M j to
U; NU; amount to open patching data defining a projective R-module P as in 2.5.
In fact it is not hard to see that F = P. Thus vector bundles on Spec(R) are in
1-1 correspondence with f.g. projective R-modules. And it is no accident that the
notion of an algebraic line bundle over a ring R in §3 corresponds exactly to the
notion of a line bundle over the ringed space (Spec(R), R).

More is true: the categories VB(X) and P(R) are equivalent when X = Spec(R).
To see this, recall that an Ox-module is called quasicoherent if it is isomorphic to
some M ([Hart, I1.5.4]). The above correspondence shows that every vector bundle
is quasicoherent. It turns out that the category Ox-mod..n of quasicoherent O x-
modules is equivalent to the category R-mod of all R-modules (see [Hart, 11.5.5]).
Since the subcategories VB(Spec R) and P(R) correspond, they are equivalent.
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DEFINITION (COHERENT MODULES). Suppose that X is any scheme. We say
that a sheaf of Ox-modules F is quasicoherent if X may be covered by affine opens
U; = Spec(R;) such that each F|U; is M; for an R;-module M;. (If X is affine, this
agrees with the definition of quasicoherent in Example 5.1.2 by [Hart, 11.5.4].) We
say that F is coherent if moreover each M; is a finitely presented R;-module.

If X is affine then F = M is coherent iff M is a finitely presented R-module
by [EGA, 1(1.4.3)]. In particular, if R is noetherian then “coherent” is just a
synonym for “finitely generated.” If X is a noetherian scheme, our definition of
coherent module agrees with [Hart] and [EGA]. For general schemes, our definition
is slightly stronger than in [Hart], and slightly weaker than in [EGA, 0;(5.3.1)]; Ox
is always coherent in our sense, but not in the sense of [EGA].

The equivalent conditions for locally free modules in 2.4 translate into:

LEMMA 5.1.3. For every scheme X and Ox-module F, the following conditions
are equivalent:

(1) F is a vector bundle (i.e., is locally free of finite rank);
(2) F is quasicoherent and the stalks F, are free Ox ,-modules of finite rank;
(3) F is coherent and the stalks F, are free Ox ,-modules;

(4) For every affine open U = Spec(R) in X, Flu is a f.g. projective R-module.

ExAMPLE 5.1.4. (Analytic spaces). Analytic spaces form another family of
locally ringed spaces. To define them, one proceeds as follows. On the topological
space C", the subsheaf O,,, of Oy, consisting of analytic functions makes (C", O,,,)
into a locally ringed space. A basic analytic set in an open subset U of C™ is the
zero locus V of a finite number of holomorphic functions, made into a locally ringed
space (V, Oy qn) as follows. If Zy is the subsheaf of Oy 4, consisting of functions
vanishing on V', the quotient sheaf Oy 4, = Oy .an/Zv is supported on V, and is a
subsheaf of the sheaf Oy ;,,. By definition, an analytic space Xop = (X, Oqn) is a
ringed space which is locally isomorphic to a basic analytic set. A good reference
for analytic spaces is [GA]; the original source is Serre’s [GAGA].

Let X,, be an analytic space. For clarity, a vector bundle over X, (in the sense
of Definition 5.1) is sometimes called an analytic vector bundle. There is also a
notion of coherence on an analytic space: an O,,-module F is called coherent if it
is locally finitely presented in the sense that in a neighborhood U of any point it is
presented as a cokernel:

n m
Uan OU,an - FlU — 0.

One special class of analytic spaces is the class of Stein spaces. It is known that
analytic vector bundles are the same as topological vector bundles over a Stein
space. For example, any analytic subspace of C™ is a Stein space. See [GR].

Morphisms of ringed spaces

Here are two basic ways to construct new ringed spaces and morphisms:
(1) If A is a sheaf of Ox-algebras, (X,.A) is a ringed space;
(2) If f:Y — X is a continuous map and (Y, Oy) is a ringed space, the direct
image sheaf f.Qy is a sheaf of rings on X, so (X, f«Oy) is a ringed space.
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A morphism of ringed spaces f:(Y,Oy) — (X,Ox) is a continuous map f:Y — X
together with a map f#: Ox — f.Oy of sheaves of rings on X. In case (1) there is a
morphism i: (X, .A) — (X, Ox); in case (2) the morphism is (Y, Oy ) — (X, f.Oy);
in general, every morphism factors as (Y, Oy ) — (X, f.Oy) — (X, Ox).

A morphism of ringed spaces f: X — Y between two locally ringed spaces is a
morphism of locally ringed spaces if in addition for each point y € Y the map of
stalk rings Ox () — Oy,y sends the maximal ideal my(,) into the maximal ideal
my,. A morphism of schemes is a morphism of locally ringed spaces f:Y — X
between schemes.

If F is an Oy-module, then the direct image sheaf f,F is an f,Oy-module, and
hence also an Ox-module. Thus f, is a functor from Oy-modules to Ox-modules,
making O x-mod covariant in X. If F is a vector bundle over Y then f.F is a vector
bundle over (X, f.Oy). However, f.F will not be a vector bundle over (X, Ox)
unless f.Oy is a locally free Ox-module of finite rank, which rarely occurs.

If f:Y — X is a proper morphism between noetherian schemes then Serre’s
“Theorem B” states that if F is a coherent Oy-module then the direct image f.F
is a coherent Ox-module. (See [EGA, I11(3.2.2)] or [Hart, II1.5.2 and I11.5.19].)

EXAMPLE 5.2.1 (PROJECTIVE SCHEMES). When Y is a projective scheme over
a field k, the structural map m: Y — Spec(k) is proper. In this case the direct image
7. F = H°(Y, F) is a finite-dimensional vector space over k. Indeed, every coherent
k-module is finitely generated. Not surprisingly, dimy H°(Y, F) gives an important
invariant for coherent modules (and vector bundles) over projective schemes.

The functor f, has a left adjoint f* (from Ox-modules to Oy-modules):
Homop, (f*€,F) = Homop, (€, f+F)

for every Ox-module £ and Oy-module F. The explicit construction is given in
[Hart, I1.5], and shows that f* sends free Ox-modules to free Oy-modules, with
f*Ox 2 Oy. If i:U C X is the inclusion of an open subset then i*£ is just £|U; it
follows that if £|U is free then (f*&€)|f~1(U) is free. Thus f* sends locally free O x-
modules to locally free Oy-modules, and yields a functor f*: VB(X) — VB(Y),
making VB(X) contravariant in the ringed space X.

EXAMPLE 5.2.2. If R and S are commutative rings then ring maps f#: R — S
are in 1-1 correspondence with morphisms f:Spec(S) — Spec(R) of ringed spaces.
The direct image functor f, corresponds to the forgetful functor from S-modules
to R-modules, and the functor f* corresponds to the functor ® g S from R-modules
to S-modules.

ASSOCIATED ANALYTIC AND TOPOLOGICAL BUNDLES 5.2.3. Suppose that X is
a scheme of finite type over C, such as a subvariety of P¢ or A = Spec(Clz1, ..., Ty)).
The closed points X (C) of X have the natural structure of an analytic space; in
particular it is a locally compact topological space. Indeed, X (C) is covered by
open sets U(C) homeomorphic to analytic subspaces of A™(C), and A™(C) = C".
Note that if X is a projective variety then X (C) is compact, because it is a closed
subspace of the compact space P"(C) = CP".

Considering X (C) as topological and analytic ringed spaces as in Examples
5.1.1 and 5.1.4, the evident continuous map 7: X(C) — X induces morphisms of
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ringed spaces X (C)sop — X(C)ar — X. This yields functors from VB(X, Ox) to
VB(X(C)4n), and from VB(X,,) to VB(X(C)ip) = VBc(X(C)). Thus every
vector bundle £ over the scheme X has an associated analytic vector bundle &,,,
as well as an associated complex vector bundle 7%& over X (C). In particular, every
vector bundle £ on X has topological Chern classes ¢;(€) = ¢;(7*E) in the group
H?*(X(C);7Z).

The main theorem of [GAGA] is that if X is a projective algebraic variety over
C then it has there is an equivalence between the categories of coherent modules
over X and over X,,. In particular, the categories of vector bundles VB(X) and
VB(X,,) are equivalent.

A similar situation arises if X is a scheme of finite type over R. Let X (R) denote
the closed points of X with residue field R; it too is a locally compact space. We
consider X (R) as a ringed space, using R-valued functions as in Example 5.1.1.
There is a morphism of ringed spaces 7: X(R) — X, and the functor 7* sends
VB(X) to VBR(X(R)). That is, every vector bundle F over X has an associated
real vector bundle 7*F over X (R); in particular, every vector bundle F over X has
Stiefel-Whitney classes w;(F) = w;(7*F) € H (X (R);Z/2).

PATCHING AND OPERATIONS 5.3. Just as we built up projective modules by
patching in 2.5, we can obtain a locally free sheaf F by patching (or glueing)
locally free sheaves F; of Opy,-modules via isomorphisms g;; between F;|U; N U;
and F;|U; NUj, as long as g;; = 1 and g¢;;9,x = gix for all 4, j, k.

The patching process allows us to take any natural operation on free modules
and extend it to locally free modules. For example, if Ox is commutative we can
construct tensor products F ® G, Hom-modules Hom(F,G), dual modules F and
exterior products A'F using P ® Q, Homg(P,Q), P and A'P. If F and G are
vector bundles, then so are F @ G, Hom(F,G), F and A*F. All of the natural
isomorphisms such as FeoG Hom(F,G) hold for locally free modules, because a

sheaf map is an isomorphism if it is locally an isomorphism.

The Picard group and determinant bundles

If (X, Ox) is a commutative ringed space, the set Pic(X) of isomorphism classes
of line bundles forms a group, called the Picard group of X. To see this, we modify
the proof in §3: the dual £ of a line bundle £ is again a line bundle and L& L = Ox
because by Lemma 3.1 this is true locally. Note that if X is Spec(R), we recover
the definition of §3: Pic(Spec(R)) = Pic(R).

If F is locally free of rank n, then det(F) = A™(F) is a line bundle. Operating
componentwise as in §3, every locally free Ox-module F has an associated deter-
minant line bundle det(F). The natural map det(F) ® det(G) — det(F @& G) is an
isomorphism because this is true locally by the Sum Formula in §3 (see Ex. 5.4 for
a generalization). Thus det is a useful invariant of a locally free Ox-module. We
will discuss Pic(X) in terms of divisors at the end of this section.

Projective schemes

If X is a projective variety, maps between vector bundles are most easily described
using graded modules. Following [Hart, I1.2], this trick works more generally if X is
Proj(S) for a commutative graded ring S = Sy @ S1&- - -. By definition, the scheme
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Proj(S) is the union of the affine open sets Dy (f) = Spec S(y), where f € S, (n > 1)
and S5 is the degree 0 subring of the Z-graded ring S[%] To cover Proj(5), it
suffices to use D (f) for a family of f’s generating the ideal S = S1 ® Sy @ --- of
S. For example, projective n-space over R is P%, = Proj(R[Xy, ..., X,,]); it is covered
by the D, (X;) and if x; = X;/X; then D (X;) = Spec(R[x1, ..., Tp]).

If M = ®;ezM; is a graded S-module, there is an associated O x-module M on
X = Proj(S). The restriction of M to D, (f) is the sheaf associated to Mgy, the
S(p)-module which constitutes the degree 0 submodule of M [%], more details of

the construction of M are given in [Hart, I1.5.11]. Clearly S = Ox. The functor
M — M is exact, and has the property that M = 0 whenever M; = 0 for large 1.

EXAMPLE 5.3.1 (TwISTING LINE BUNDLES). The most important example of
this construction is when M is S(n), the module S regraded so that the degree
i part is S, the associated sheaf S(n) is written as Ox(n). If f € S; then
S(n)s) = S(y), so if S is generated by Si as an Sp-algebra then Ox(n) is a line
bundle on X = Proj(S); it is called the n'* twisting line bundle. If F is any
Ox-module, we write F(n) for F ® Ox(n), and call it “F twisted n times.”

We will usually assume that S is generated by S7 as an Sy-algebra, so that the
Ox(n) are line bundles. This hypothesis ensures that every quasicoherent Ox-
module has the form M for some M ([Hart, IL.5.15]). It also ensures that the
canonical maps M ®o, N — (M ®g N) are isomorphisms, so if F = M then F(n)
is the O x-module associated to M(n) = M ®gS(n). Since S(m)®S(n) = S(m+n)
we have the formula

Ox(m)® Ox(n) = Ox(m+n).

Thus there is a homomorphism from Z to Pic(X) sending n to Ox(n). Operating
componentwise, the same formula yields a homomorphism [X, Z] — Pic(X).

Here is another application of twisting line bundles. An element x € M,, gives
rise to a graded map S(—n) — M and hence a sheaf map Ox(—n) — M. Taking
the direct sum over a generating set for M, we see that for every quasicoherent O x-
module F there is a surjection from a locally free module @Ox(—n;) onto F. In
contrast, there is a surjection from a free O x-module onto F iff F can be generated
by global sections, which is not always the case.

If P is a graded f.g. projective S-module, the O x-module P is a vector bundle
over Proj(S). To see this, suppose the generators of P lie in degrees nq,...,n, and
set F'=S5(—n1)®---@®S(—n,). The kernel @ of the surjection F' — P is a graded
S-module, and that the projective lifting property implies that P ® Q = F. Hence
P& Q is the direct sum F of the line bundles O x (—n;), proving that P is a vector
bundle.

EXAMPLE 5.4 (NO PROJECTIVE VECTOR BUNDLES). Consider the projective
line P}, = Proj(S), S = R[z,y]. Associated to the “Koszul” exact sequence of
graded S-modules

0-5-2) Y P s nes—1) s R0 (5.4.1)
is the short exact sequence of vector bundles over Pk:

0 — Opl(—Q) — Opl(—l) @ Opl(—l) — O]pl — 0 (542)
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The sequence (5.4.2) cannot split, because there are no nonzero maps from Op: to
Op1(—1) (see Ex. 5.2). This shows that the projective lifting property of §2 fails for
the free module Op1. In fact, the projective lifting property fails for every vector
bundle over PL; the category of Opi-modules has no “projective objects.” This
failure is the single biggest difference between the study of projective modules over
rings and vector bundles over schemes.

The strict analogue of the Cancellation Theorem 2.3 does not hold for projective
schemes. To see this, we cite the following result from [Atiy56]. A vector bundle is
called indecomposable if it cannot be written as the sum of two proper sub-bundles.
For example, every line bundle is indecomposable.

KRULL-SCHMIDT THEOREM 5.5 (ATIYAH). Let X be a projective scheme over
a field k. Then the Krull-Schmidt theorem holds for vector bundles over X. That
is, every vector bundle over X can be written uniquely (up to reordering) as a direct
sum of indecomposable vector bundles.

In particular, the direct sums of line bundles Ox(ny) ® -+ @ Ox(n,) are all
distinct whenever dim(X) # 0, because then all the Ox (n;) are distinct.

ExamMPLE 5.5.1. If X is a smooth projective curve over C, then the associated
topological space X (C) is a Riemann surface. We saw in 4.11.2 that every topolog-
ical line bundle on X (C) is completely determined by its topological degree, and
that every topological vector bundle is completely determined by its rank and de-
gree. Now it is not hard to show that the twisting line bundle Ox (d) has degree
d. Hence every topological vector bundle £ of rank r and degree d is isomorphic
to the direct sum Ox (d) ® T"~t. Moreover, the topological degree of a line bundle
agrees with the usual algebraic degree one encounters in Algebraic Geometry.

The Krull-Schmidt Theorem shows that for each r > 2 and d € Z there are
infinitely many vector bundles over X with rank r and degree d. Indeed, there
are infinitely many ways to choose integers dy, ..., d, so that > d; = d, and these
choices yield the vector bundles Ox (dy) @ - - - @& Ox (d,), which are all distinct with
rank r and degree d.

For X = P}, the only indecomposable vector bundles are the line bundles O(n).
This is a theorem of A. Grothendieck, proven in [Groth57]. Using the Krull-Schmidt
Theorem, we obtain the following classification.

THEOREM 5.6 (CLASSIFICATION OF VECTOR BUNDLES OVER Pi). Let k be an
algebraically closed field. Every vector bundle F over X = P} is a direct sum of
the line bundles Ox(n) in a unique way. That is, F determines a finite decreasing
family of integers ny > - -+ > n,. such that

F=0x(n)@--- @ O0x(ny).

The classification over other spaces is much more complicated than it is for
P!. The following example is taken from [Atiy57]. Atiyah’s result holds over any
algebraically closed field k, but we shall state it for £ = C because we have not yet
introduced the notion on the degree of a line bundle. (Using the Riemann-Roch
theorem, we could define the degree of a line bundle £ over an elliptic curve as the
integer dim H°(X, L(n)) —n for n >> 0.)
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CLASSIFICATION OF VECTOR BUNDLES OVER ELLIPTIC CURVES 5.7. Let X be
a smooth elliptic curve over C. Every vector bundle £ over X has two integer
invariants: its rank, and its degree, which we saw in 5.5.1 is just the Chern class
c1(E) € H*(X(C);Z) = Z of the associated topological vector bundle over the
Riemann surface X (C) of genus 1, defined in 5.2.3. Let VBfffdd(X ) denote the set
of isomorphism classes of indecomposable vector bundles over X having rank r and
degree d. Then for all r > 1 and d € Z:

(1) All the vector bundles in the set VBTdd (X) yield the same topological vector
bundle E over X (C). This follows from Example 5.5.1.

(2) There is a natural identification of each VBided(X ) with the set X (C); in
particular, there are uncountably many indecomposable vector bundles of
rank r and degree d.

(3) Tensoring with the twisting bundle Ox(d) induces a bijection between
VB! (X) and VB (X).

(4) The r*" exterior power A" maps VBffj(X ) onto VB’K‘j(X ). This map
is a bijection iff  and d are relatively prime. If (r,d) = h then for each
line bundle £ of degree d there are h? vector bundles £ with rank r and
determinant L.

CONSTRUCTION 5.8 (PROJECTIVE BUNDLES). If £ is an vector bundle over a
scheme X, we can form a projective space bundle P(E), which is a scheme equipped
with a map m:P(€) — X and a canonical line bundle O(1). To do this, we first
construct P(£) when X is affine, and then glue the resulting schemes together.

If M is any module over a commutative ring R, the i** symmetric product
Sym®M is the quotient of the i-fold tensor product M ® ---® M by the permuta-
tion action of the symmetric group, identifying m; ® --- ® m; with myq) ® -+ ®
My (;) for every permutation 0. The obvious concatenation product (Sym*M) ®@r
(Sym? M) — Sym*™7 M makes Sym(M) = ®Sym*(M) into a graded commutative
R-algebra, called the symmetric algebra of M. As an example, note that if M = R"
then Sym(M) is the polynomial ring R|xq,...,x,]. This construction is natural in
R: if R — S is a ring homomorphism, then Sym(M) ®r S = Sym(M ®gr S).

If E is a f.g. projective R-module, let P(E) denote the scheme Proj(Sym(E)).
This scheme comes equipped with a map 7: P(E) — Spec(R) and a canonical line
bundle O(1); the scheme P(FE) with this data is called the projective space bundle
associated to E. If E = R", then P(F) is just the projective space IP”}{I. In
general, the fact that E is locally free implies that Spec(R) is covered by open sets
D(s) = Spec(R[1]) on which E is free. If E[1] is free of rank n then the restriction
of P(E) to D(s) is

IP’(E[%]) ~ Proj(R[%][xh ceszal) = P

Hence P(F) is locally just a projective space over Spec(R). The vector bundles
O(1) and 7*E on P(E) are the sheaves associated to the graded S-modules S(1)
and E®pg S, where S is Sym(FE). The concatenation E ® Sym’(E) — Sym!*7(FE)
yields an exact sequence of graded modules,

0—-E - FE®rS—S1)—R(-1)—0 (5.8.1)
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hence a natural short exact sequence of P(E)-modules
0—& —71E— 0O(1) - 0. (5.8.2)

Since 7*E and O(1) are locally free, & is locally free and rank(&;) = rank(E) — 1.
For example, if E = R? then P(F) is P} and & is O(—1) because (5.8.1) is the
sequence (5.4.1) tensored with S(1). That is, (5.8.2) is just:

O—>O(—1)HO€BO—>O(—|—1)—>O.

Having constructed P(E) over affine schemes, we now suppose that £ is a vector
bundle over any scheme X. We can cover X by affine open sets U and construct
the projective bundles P(E|U) over each U. By naturality of the construction of
P(E|U), the restrictions of P(E|U) and P(E]V) to U NV may be identified with each
other. Thus we can glue the P(£|U) together to obtain a projective space bundle
P(E) over X; a patching process similar to that in 5.3 yields a canonical line bundle
O(1) over P(E).

By naturality of £ ® g Sym(E) — Sym(E)(1), we have a natural short exact
sequence of vector bundles on P(£), which is locally the sequence (5.8.2):

0—-& — 78— 0(1) —0. (5.8.3)

Let p denote the projective space bundle P(€;) — P(€) and let & denote the kernel
of p*& — O(1). Then (wp)*E has a filtration & C p*& C (pm)*E with filtration
quotients O(1) and p*O(1). This yields a projective space bundle P(E) — P(&;).
As long as &; has rank > 2 we can iterate this construction, forming a new projective
space bundle P(&;) and a vector bundle &;1. If rank& = r, £._1 will be a line
bundle. We write F(€) for P(€,_2), and call it the flag bundle of £. We may

summarize the results of this construction as follows.

THEOREM 5.9 (SPLITTING PRINCIPLE). Given a vector bundle € of rank r on
a scheme X, there exists a morphism f:F(E) — X such that f*E has a filtration

€= D& D---D& =0

by sub-vector bundles whose successive quotients £/ /E; | are all line bundles.

Cohomological classification of vector bundles

The formation of vector bundles via the patching process in 5.3 may be cod-
ified into a classification of rank n vector bundles via a Cech cohomology set
HY(X,GL,(0Ox)) which is associated to the sheaf of groups G = GL,(Ox). This
cohomology set is defined more generally for any sheaf of groups G as follows. A
Cech 1-cocycle for an open cover U = {U;} of X is a family of elements g;; in
G(U; NU;j) such that ¢g;; = 1 and g¢;;9;x = gix for all 4, j, k. Two 1-cocycles {gi;}
and {h;;} are said to be equivalent if there are f; € G(U;) such that h;; = figijfj_l.
The equivalence classes of 1-cocycles form the set H'(U,G). If V is a refinement
of a cover U, there is a set map from H*(U,G) to H'(V,G). The cohomology set
H'(X,G) is defined to be the direct limit of the H*(U,G) as U ranges over the
system of all open covers of X.

We saw in 5.3 that every rank n vector bundle arises from patching, using a
1-cocycle for G = GL,(Ox). It isn’t hard to see that equivalent cocycles give
isomorphic vector bundles. From this, we deduce the following result.
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CLASSIFICATION THEOREM 5.10. For every ringed space X, the set VB, (X)

of isomorphism classes of vector bundles of rank n over X is in 1-1 correspondence
with the cohomology set HY (X, GL, (Ox)):

VB, (X) = HY(X,GL,(0x)).
When G is an abelian sheaf of groups, such as O% = GL,(Ox), it is known that
the Cech set H'(X,G) agrees with the usual sheaf cohomology group H'(X,G) (see

Ex. I11.4.4 of [Hart]). In particular, each H'(X,G) is an abelian group. A little
work, detailed in [EGA, 0;7(5.6.3)]) establishes:

COROLLARY 5.10.1. For every locally ringed space X the isomorphism of The-
orem 5.10 1s a group isomorphism:

Pic(X) = HY(X,0%).

As an application, suppose that X is the union of two open sets Vi and V5. Write
U(X) for the group H(X,0%) = O%(X) of global units on X. The cohomology
Mayer-Vietoris sequence translates to the following exact sequence.

1 - U(X) — UW) x U(Va) = U(ViNVa) -2

. (5.10.2)
— Pic(X) — Pic(V1) x Pic(V) — Pic(Vi N V3).

To illustrate how this sequence works, consider the standard covering of ]P’}Q by
Spec(R[t]) and Spec(R[t™1]). Their intersection is Spec(R[t,t71]). Comparing
(5.10.2) with the sequences of Ex. 3.17 and Ex. 3.18 yields

THEOREM 5.11. For any commutative ring R,
UPr)=U(R) = R* and Pic(Pf) 2 Pic(R) x [Spec(R), Z).

As in 5.3.1, the continuous function n: Spec(R) — Z corresponds to the line bundle
O(n) on PL obtained by patching R[t] and R[t™'] together via t™ € R[t,t~1]*.

Here is an application of Corollary 5.10.1 to nonreduced schemes. Suppose that
7 is a sheaf of nilpotent ideals, and let X, denote the ringed space (X,Ox/T).
Writing Z* for the sheaf GL;(Z) of Ex. 1.10, we have an exact sequence of sheaves
of abelian groups:
1 -1 — 0% — O, — 1.
The resulting long exact cohomology sequence starts with global units:
U(X) — U(Xo) — HY(X,T*) — Pic(X) — Pic(Xo) — H*(X,Z*)---. (5.11.1)

Thus Pic(X) — Pic(Xp) may not be an isomorphism, as it is in the affine case
(Lemma 3.9).

Invertible ideal sheaves

Suppose that X is an integral scheme, i.e., that each Ox (U) is an integral domain.
The function field K(X) of X is the common quotient field of the integral domains
Ox(U). Following the discussion in §3, we use K to denote the constant sheaf
U — K(X) and consider Ox-submodules of K. Those that lie in some fOx we
call fractional; a fractional ideal 7 is called invertible if ZJ = Ox for some J. As
in Proposition 3.5, invertible ideals are line bundles and Z ® J = Z.J. The set
Cart(X) of invertible ideals in K is therefore an abelian group.
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PrOPOSITION 5.12. If X is an integral scheme, there is an exact sequence

1 — U(X) — K(X)* — Cart(X) — Pic(X) — 1. (5.12.1)

PRrOOF. The proof of 3.5 goes through to prove everything except that every line
bundle £ on X is isomorphic to an invertible ideal. On any affine open set U we
have (L®K)|U = K|U, a constant sheaf on U. This implies that L& = K, because
over an irreducible scheme like X any locally constant sheaf must be constant. Thus
the natural inclusion of £ in £ ® K expresses L as an Ox-submodule of I, and the
rest of the proof of 3.5 goes through.

Here is another way to understand Cart(X). Let K* denote the constant sheaf
of units of K; it contains the sheaf O%. Associated to the exact sequence

1-0%x K" =K /Ox —1

is a long exact cohomology sequence. Since X is irreducible and K* is constant, we
have H(X,K*) = K(X)* and H'(X,K*) = 0. Since U(X) = H°(X, O%) we get
the exact sequence

1 - UX)— K(X)" — H(X,K*/O%) — Pic(X) — 1. (5.12.2)

Motivated by this sequence, we use the term Cartier divisor for a global section of
the sheaf */O%. A Cartier divisor can be described by giving an open cover {U; }
of X and f; € K(X)* such that f;/f; is in O%(U; N U;) for each ¢ and j.

LEMMA 5.12.3. Quver every integral scheme X, there is a 1-1 correspondence
between Cartier divisors on X and invertible ideal sheaves. Under this identification
the sequences (5.12.1) and (5.12.2) are the same.

Proor. If T C K is an invertible ideal, there is a cover {U;} on which it is
trivial, i.e., Z|U; = Op,. Choosing f; € Z(U;) C K(X) generating Z|U; gives a
Cartier divisor. This gives a set map Cart(X) — H?(X,K*/O%); it is easily seen
to be a group homomorphism compatible with the map from K (X)*, and with the
map to Pic(X) = H*(X,0%). This gives a map between the sequences (5.12.1)
and (5.12.2); the 5-lemma implies that Cart(X) = H°(X,K*/O%).

VARIATION 5.12.4. Let D be a Cartier divisor, represented by {(U;, fi)}. His-
torically, the invertible ideal sheaf associated to D is the subsheaf £(D) of IC defined
by letting £(D)|U; be the submodule of K (X) generated by f;'. Since filfj is
a unit on U; N Uj, these patch to yield an invertible ideal. If Z is invertible and
D is the Cartier divisor attached to Z by (5.12.3), then £(D) is Z~!. Under the
correspondence D <« L(D) the sequences (5.12.1) and (5.12.2) differ by a minus
sign.

For example if X = P}, let D be the Cartier divisor given by ¢" on Spec(R]t])
and 1 on Spec(R[t™1]). The correspondence of Lemma 5.12.3 sends D to O(n), but
L(D) = O(—n).
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Weil divisors

There is a notion of Weil divisor corresponding to that for rings (see 3.6). We say
that a scheme X is normal if all the local rings Ox , are normal domains (if X is
affine this is the definition of Ex. 3.14), and Krull if it is integral, separated and
has an affine cover {Spec(R;)} with the R; Krull domains. For example, if X is
noetherian, integral and separated, then X is Krull iff it is normal.

A prime divisor on X is a closed integral subscheme Y of codimension 1; this
is the analogue of a height 1 prime ideal. A Weil divisor is an element of the
free abelian group D(X) on the set of prime divisors of X; we call a Weil divisor
D = > " n;Y; effective if all the n; > 0.

Let K(X) be the function field of X. Every prime divisor Y yields a discrete
valuation on K (X), because the local ring Ox ,, at the generic point y of Y is a DVR.
Conversely, each discrete valuation on K(X) determines a unique prime divisor on
X, because X is separated [Hart, Ex. II(4.5)]. Having made these observations,
the discussion in §3 applies to yield group homomorphisms v: K(X)* — D(X) and
v: Cart(X) — D(X). We define the divisor class group Cl(X) to be the quotient
of D(X) by the subgroup of all Weil divisors v(f), f € K(X)*. The proof of
Proposition 3.6 establishes the following result.

PROPOSITION 5.13. Let X be Krull. Then Pic(X) is a subgroup of the divisor
class group CU(X), and there is a commutative diagram with exact rows:

l1—- UX) — KX) — Cart(X) — Pic¢(X) —1
! | Nwv N
1—- UX) - KX) - DX) — ClI(X) —L

A scheme X is called regular (resp. locally factorial) if the local rings Ox , are
all regular local rings (resp. UFD’s). By (3.8), regular schemes are locally factorial.
Suppose that X is locally factorial and Krull. If 7y is the ideal of a prime divisor
Y and U = Spec(R) is an affine open subset of X, Zy |U is invertible by Corollary
3.8.1. Since v(Zy) =Y, this proves that v : Cart(X) — D(X) is onto. Inspecting
the diagram of Proposition 5.13, we have:

PROPOSITION 5.14. Let X be an integral, separated and locally factorial scheme.
Then
Cart(X) = D(X) and Pic(X)=Cl(X).

EXAMPLE 5.14.1. ([Hart, II(6.4)]). If X is the projective space P} over a field
k, then Pic(P}) = Cl(P}) = Z. By Theorem 5.11, Pic(P™) is generated by O(1).
The class group CI(P™) is generated by the class of a hyperplane H, whose corre-
sponding ideal sheaf Zp is isomorphic to O(1). If Y is a hypersurface defined by a
homogeneous polynomial of degree d, we say deg(Y) =d; Y ~ dH in D(P").

The degree of a Weil divisor D = ) n,;Y; is defined to be > n;deg(Y;); the
degree function D(P™) — Z induces the isomorphism C1(P") = Z. We remark that
when k = C the degree of a Weil divisor agrees with the topological degree of the
associated line bundle in H?(CP";Z) = Z, defined by the first Chern class as in
Example 4.11.2.
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BrLowinG Up 5.14.2. Let X be a smooth variety over an algebraically closed
field, and let Y be a smooth subvariety of codimension > 2. If the ideal sheaf of
Y is Z, then Z/Z? is a vector bundle on Y. The blowmg up of X along Y is a
nonsingular variety X, contalmng a prime divisor Y = P(Z/T?), together with a
map 7: X — X such that 7=1(Y) =Y and X — Y = X — Y (see [Hart, IL.7]). For
example, the blowing up of a smooth surface X at a point x is a smooth surface
X, and the smooth curve Y = P! is called the exceptional divisor.

The maps 7*: Pic(X) — Pic(X) and Z — Pic(X) sending n to n[Y] give rise to
an isomorphism (see [Hart, Ex. I1.8.5 or V.3.2]):

Pic(X) = Pic(X) & Z.

EXAMPLE 5.14.3. Consider the rational ruled surface S in P! x P2, defined by
X;Y; = X;Y; (i,j = 1,2), and the smooth quadric surface @ in P3, defined by
ry = zw. Now S is obtained by blowing up P% at a point [Hart, V.2.11.5], while
Q is obtained from PZ by first blowing up two points, and then blowing down the
line between them [Hart, Ex. V.4.1]. Thus Pic(S) = CI(S) and Pic(Q) = Cl(Q)
are both isomorphic to Z x Z. For both surfaces, divisors are classified by a pair
(a,b) of integers (see [Hart, 11.6.6.1]).

EXERCISES

5.1 Give an example of a ringed space (X, Ox) such that the rank of Ox(X) is
well-defined, but such that the rank of Ox(U) is not well-defined for any proper
open U C X.

5.2 Show that the global sections of the vector bundle Hom/(&, F) are in 1-1 cor-
respondence with vector bundle maps & — F. Conclude that there is a non-zero
map O(m) — O(n) over P} only if m < n.

5.3 Projection Formula. If f:(X,0x) — (Y,Oy) is a morphism of ringed spaces,
F is an Ox-module and & is a locally free Oy-module of finite rank, show that
there is a natural isomorphism f.(F ®o, f*€) = f.(F) ®o, E.

5.4 Let 0 - & — F — G — 0 be an exact sequence of locally free sheaves. Show
that each A™F has a finite filtration

ANPF=F'DF!'D...DF"tl =0

with successive quotients F*/Ft! =~ (A'E) @ (A"7'G). In particular, show that
det(F) = det(€) ®@ det(G).
5.5 Let S be a graded ring generated by S; and set X = Proj(5). Show that
Ox(n) = Ox(—n) and Hom(Ox(m),Ox(n)) =2 Ox(n —m).
5.6 Serre’s “Theorem A.” Suppose that X is Proj(S) for a graded ring S which is
finitely generated as an Sp-algebra by S;. Recall from 5.3.1 (or [Hart, I11.5.15]) that
every quasicoherent Ox-module F is isomorphic to M for some graded S-module
M. In fact, we can take M, to be H°(X, F(n)).

(a) If M is generated by My and the M; with i < 0, show that the sheaf M is

generated by global sections. Hint: consider My & My & - - -



I. PROJECTIVE MODULES AND VECTOR BUNDLES 51

(b) By (a), Ox(n) is generated by global sections if n > 0. Is the converse true?

(¢) If M is a finitely generated S-module, show that M (n) is generated by global
sections for all large n (i.e., for all n > ng for some ny).

(d) If F is a coherent Ox-module, show that F(n) is generated by global sections
for all large n. This result is known as Serre’s “Theorem A,” and it implies
that Ox (1) is an ample line bundle in the sense of [EGA, I1(4.5.5)].

5.7 Let X be a d-dimensional quasi-projective variety, i.e., a locally closed integral
subscheme of some P}, where k is an algebraically closed field.

(a) Suppose that € is a vector bundle generated by global sections. If rank(&) > d,
Bertini’s Theorem implies that £ has a global section s such that s, ¢ m,&,
for each z € X. Establish the analogue of the Serre Cancellation Theorem
2.3(a), that there is a short exact sequence of vector bundles

0—>0x SE—F—0.

(b) Now suppose that X is a curve. Show that every vector bundle £ is a successive
extension of invertible sheaves in the sense that there is a filtration of &

E=ED&ED---D&.=0.

by sub-bundles such that each &;/&;+1 is a line bundle. Hint: by Ex. 5.6(d),
E(n) is generated by global sections for large n.

5.8 Complex analytic spaces. Recall from Example 5.1.4 that a complex analytic
space is a ringed space (X, Ox) which is locally isomorphic to a basic analytic
subset of C”.
(a) Use Example 5.2.3 to show that every analytic vector bundle on C” is free,
i.e., OF  for some r. What about C" — 07
(b) Let X be the complex affine node defined by the equation 3% = 23 — z2. We
saw in 3.10.2 that Pic(X) = C*. Use (4.9.1) to show that Pic(X(C)g,) = 0.
(c) (Serre) Let X be the scheme Spec(C|x,y]) —{0}, 0 being the origin. Using the
affine cover of X by D(z) and D(y), show that Pic(X) = 0 but Pic(X,,) # 0.

5.9 Picard Variety. Let X be a scheme over C and X,, = X(C),, the associated
complex analytic space of Example 5.1.4. There is an exact sequence of sheaves of
abelian groups on the topological space X (C) underlying X,,,:

0—2 % 0x,, =5 0%,, =0, (%)

where Z is the constant sheaf on X (C).

(a) Show that the Chern class c¢1: Pic(Xan) — H2(X(C)top; Z) of Example 5.2.3
is naturally isomorphic to the composite map

Pic(Xan) = H1<Xan7 O}an) ~ H' (X(C)wp; O}a,) 2, H2(X(C)t0p3z)

coming from Corollary 5.10.1, the map X4, — X (C);0p of Example 5.1.4, and
boundary map of (x).
Now suppose that X is projective. The image of Pic(X) = Pic(X,,) in H?(X(C);Z)
is called the Néron-Severi group NS(X) and the kernel of Pic(X) — NS(X)
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is written as Pic’(X). Since H?(X(C);Z) is a finitely generated abelian group,
so is NS(X). It turns out that H'(X(C),0Ox, ) = C" for some n, and that
HY(X(C);Z) =2 Z*" is a lattice in H' (X, Ox,, ).
(b) Show that Pic’(X) is isomorphic to H'(X,Ox)/H"(X(C);Z). Thus Pic’(X)
is a complex analytic torus; in fact it is the set of closed points of an abelian
variety, called the Picard variety of X.

5.10 If F and F are f.g. projective R-modules, show that their projective bundles
P(E) and P(F') are isomorphic as schemes over R if and only if £ = F ®p L for
some line bundle L on R.

5.11 Let X be a Krull scheme and Z an irreducible closed subset with complement
U. Define a map p: Cl(X) — CI(U) of class groups by sending the Weil divisor
> n;Y; to Y ni(Y; NU), ignoring terms n;Y; for which Y; N U = ¢. (Cf. Ex. 3.8.)
(a) If Z has codimension > 2, show that p: CI(X) = CI(U).
(b) If Z has codimension 1, show that there is an exact sequence

[Z]

7 = Cl(X) L cl(u) —o.

(c) If X is a smooth projective curve over a field k and x € X is a closed point, the
complement U = X —{x} is affine. Show that the map Z e, Pic(X) = Cl(X)
in part (b) is injective. If k(z) = k, conclude that Pic(X) = Pic(U) xZ. What
happens if k(z) # k?



CHAPTER 1II

THE GROTHENDIECK GROUP K,

There are several ways to construct the “Grothendieck group” of a mathematical
object. We begin with the group completion version, because it has been the most
historically important. After giving the applications to rings and topological spaces,
we discuss A-operations in §4. In sections 6 and 7 we describe the Grothendieck
group of an “exact category,” and apply it to the K-theory of schemes in §8. This
construction is generalized to the Grothendieck group of a “Waldhausen category”
in §9.

§1. The Group Completion of a monoid

Both Ko(R) and K°(X) are formed by taking the group completion of an abelian
monoid—the monoid P(R) of f.g. projective R-modules and the monoid VB(X) of
vector bundles over X, respectively. We begin with a description of this construc-
tion.

Recall that an abelian monoid is a set M together with an associative, commu-
tative operation + and an “additive” identity element 0. A monoid map f: M — N
is a set map such that f(0) =0 and f(m+m') = f(m)+ f(m’). The most famous
example of an abelian monoid is N = {0, 1, 2, ...}, the natural numbers with additive
identity zero. If A is an abelian group then not only is A an abelian monoid, but
so is any additively closed subset of A containing 0.

The group completion of an abelian monoid M is an abelian group M 1M,
together with a monoid map [ ]: M — M ~!M which is universal in the sense that,
for every abelian group A and every monoid map a: M — A, there is a unique
abelian group homomorphism a: M ~'M — A such that &([m]) = a(m) for all
m e M.

For example, the group completion of N is Z. If A is an abelian group then
clearly A='A = A; if M is a submonoid of A (additively closed subset containing
0), then M 1M is the subgroup of A generated by M.

Every abelian monoid M has a group completion. One way to contruct it is to
form the free abelian group F'(M) on symbols [m], m € M, and then factor out by
the subgroup R(M) generated by the relations [m + n| — [m] — [n]. By universality,
if M — N is a monoid map, the map M — N — N~!N extends uniquely to a
homomorphism from M~'M to N='N. Thus group completion is a functor from
abelian monoids to abelian groups. A little decoding shows that in fact it is left
adjoint to the forgetful functor, because of the natural isomorphism

Hommonoids(Ma A) = Homgroups(Mile A) .

Typeset by ApS-TEX
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PROPOSITION 1.1. Let M be an abelian monoid. Then:

(a) Every element of M—'M is of the form [m] — [n] for some m,n € M;

(b) If m,n € M then [m] = [n] in M—M iff m +p=mn+p for some p € M;

(c) The monoid map M x M — MM sending (m,n) to [m]—[n] is surjective.

(d) Hence M—1M is the set-theoretic quotient of M x M by the equivalence
relation generated by (m,n) ~ (m + p,n + p).

PrRoOOF. Every element of a free abelian group is a difference of sums of genera-
tors, and in F(M) we have ([mi] + [ma] +---) = [m1 + ma + - - -] modulo R(M).
Hence every element of M 1M is a difference of generators. This establishes (a)
and (c). For (b), suppose that [m] — [n] = 0 in M ~*M. Then in the free abelian
group F'(M) we have

(m] = [n) = ([ai + bi) = [ai] — [b:]) = > ([e; + dj] = [¢5] — [d;]) -

Translating negative terms to the other side yields the following equation:

(#)  [m]+ Y (i + i) + Y leg +dy] = ] + Y lai + 0]+ Y ([ej] + [dj]).

Now in a free abelian group two sums of generators ) [z;] and ) [y;] can only
be equal if they have the same number of terms, and the generators differ by a
permutation o in the sense that y; = x,(;). Hence the generators on the left and
right of (%) differ only by a permutation. This means that in M the sum of the
terms on the left and right of (%) are the same, i.e.,

m + Z(az + bz) -+ Z(Cj + dj) =n -+ Z(az + bz) + Z(Cj + dj>
in M. This yields (b), and part (d) follows from (a) and (b).

The two corollaries below are immediate from Proposition 1.1, given the following
definitions. A cancellation monoidis an abelian monoid M such that for all m,n,p €
M, m+p=n+ pimplies m = n. A submonoid L of an abelian monoid M is
called cofinal if for every m € M there is an m’ € M so that m +m' € L.

COROLLARY 1.2. M injects into M~*M if and only if M is a cancellation
monoid.

COROLLARY 1.3. If L is cofinal in an abelian monoid M, then:

(a) L7YL is a subgroup of M~ M;

(b) Ewvery element of M~ M is of the form [m] — [£] for some m € M, { € L;
(c) If [m] = [m'] in M—*M then m+ € =m' +{ for some { € L.

A semiring is an abelian monoid (M, +), together with an associative product -
which distributes over 4, and a 2-sided multiplicative identity element 1. That is,
a semiring satisfies all the axioms for a ring except for the existence of subtraction.
The prototype semiring is N.

The group completion M ~!M (with respect to +) of a semiring M is a ring, the
product on M ~'M being extended from the product on M using 1.1. If M — N
is a semiring map, then the induced map M~'M — N~!N is a ring homomor-
phism. Hence group completion is also a functor from semirings to rings, and from
commutative semirings to commutative rings.
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EXAMPLE 1.4. Let X be a topological space. The set [ X, N] of continuous maps
X — N is a semiring under pointwise + and -. The group completion of [X,N] is
the ring [X, Z] of all continuous maps X — Z.

If X is (quasi-)compact, [X,Z] is a free abelian group. Indeed, [X,Z] is a sub-
group of the group S of all bounded set functions from X to Z, and S is a free
abelian group (S is a “Specker group”; see [Fuchs]).

ExXAMPLE 1.5 (BURNSIDE RING). Let G be a finite group. The set M of (iso-
morphism classes of) finite G-sets is an abelian monoid under disjoint union, ‘0’
being the empty set (). Suppose there are ¢ distinct G-orbits. Since every G-set
is a disjoint union of orbits, M is the free abelian monoid N¢, a basis of M being
the classes of the ¢ distinct orbits of G. Each orbit is isomorphic to a coset G/H,
where H is the stabilizer of an element, and G/H = G/H' ifft H and H' are con-
jugate subgroups of G, so c¢ is the number of conjugacy classes of subgroups of G.
Therefore the group completion A(G) of M is the free abelian group Z°¢, a basis
being the set of all ¢ coset spaces [G/H].

The direct product of two G-sets is again a G-set, so M is a semiring with ‘1’ the
1-element G-set. Therefore A(G) is a commutative ring; it is called the Burnside
ring of GG. The forgetful functor from G-sets to sets induces a map M — N and
hence an augmentation map e: A(G) — Z. For example, if G is cyclic of prime
order p, then A(QG) is the ring Z[z]/(2? = pr) and z = [G] has e(z) = p.

ExAMPLE 1.6. (Representation ring). Let G be a finite group. The set Repc(G)
of finite-dimensional representations p:G — GL,C (up to isomorphism) is an
abelian monoid under @. By Maschke’s Theorem, CG is semisimple and Repc(G) =2
N”, where r is the number of conjugacy classes of elements of GG. Therefore the group
completion R(G) of Repc(G) is isomorphic to Z" as an abelian group.

The tensor product V ®@c W of two representations is also a representation, so
Repe(G) is a semiring (the element 1 is the 1-dimensional trivial representation).
Therefore R(G) is a commutative ring; it is called the Representation ring of G.
For example, if G is cyclic of prime order p then R(G) is isomorphic to the group
ring Z[G], a subring of Q[G] = Q x Q((¢), ¢? = 1.

Every representation is determined by its character x: G — C, and irreducible
representations have linearly independent characters. Therefore R(G) is isomorphic
to the ring of all complex characters x: G — C, a subring of Map(G, C).

DEFINITION. A (connected) partially ordered abelian group (A, P) is an abelian
group A, together with a submonoid P of A which generates A (so A = P~!P) and
PN (—P)={0}. This structure induces a translation-invariant partial ordering >
on A: a > bif a —b € P. Conversely, given a translation-invariant partial order on
Ajlet Pbe{ac€ A:a>0}. If a,b >0thena+b>a>0,so P is asubmonoid of
A. If P generates A then (A, P) is a partially ordered abelian group.

If M is an abelian monoid, M ~1M need not be partially ordered (by the image
of M), because we may have [a] + [b] = 0 for a,b € M. However, interesting
examples are often partially ordered. For example, the Burnside ring A(G) and
Representation ring R(G) are partially ordered (by G-sets and representations).

When it exists, the ordering on M~'M is an extra piece of structure. For
example, Z" is the group completion of both N” and M = {0} U{(ny,...,n,) € N :
ni,...,n, > 0}. However, the two partially ordered structures on Z" are different.
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EXERCISES

1.1 Show that the group completion of a non-abelian monoid M is a group M ,
together with a monoid map M — M which is universal for maps from M to
groups. Show that every monoid has a group completion in this sense, and that
if M is abelian M = M~ M. Tf M is the free monoid on a set X, show that the
group completion of M is the free group on the set X.

1.2 If M = M x My, show that M~ M is the product group (M; ' M) x (My ' M,).

1.3 If M is the filtered colimit of abelian monoids M,, show that M ~'M is the
filtered colimit of the abelian groups M1 M,,.

1.4 Mayer-Vietoris for group completions. Suppose that a sequence L — My X
M5 — N of abelian monoids is “exact” in the sense that whenever m; € M; and
mo € My agree in N then m; and mo are the image of a common ¢ € L. If
L is cofinal in both M; and M, show that there is an exact sequence L~ 'L —
(M7 M) @ (My ' My) — N='N, where the first map is the diagonal inclusion and
the second map is the difference map (mq, msg) — my — mo.

1.5 Classify all abelian monoids which are quotients of N = {0,1,...} and show
that they are all finite. How many quotient monoids M = N/~ of N have m
elements and group completion M = Z/nZ?
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§2. Ky of a ring

Let R be a ring. The set P(R) of isomorphism classes of f.g. projective R-
modules, together with direct sum @ and identity 0, forms an abelian monoid. The
Grothendieck group of R, Ko(R), is the group completion P~1P of P(R).

When R is commutative, Ky(R) is a commutative ring with 1 = [R], because
the monoid P(R) is a commutative semiring with product ®g. This follows from
the following facts: ® distributes over @; P ®r Q =2 Q ®r P and P ®r R = P; if
P, Q are f.g. projective modules then so is P ®r @ (by Ex. 1.2.7).

For example, let F' be a field or division ring. Then the abelian monoid P(F')
is isomorphic to N = {0,1,2,...}, so Ko(F) = Z. The same argument applies to
show that Ky(R) = Z for every local ring R by (1.2.2), and also for every PID (by
the Structure Theorem for modules over a PID). In particular, Ky (Z) = Z.

The Filenberg Swindle 1.2.8 shows why we restrict to finitely generated projec-
tives. If we included R*°, then the formula P@® R* =~ R would imply that [P] =0
for every f.g. projective R-module, and therefore that Kq(R) = 0.

Ky is a functor from rings to abelian groups, and from commutative rings to
commutative rings. To see this, suppose that R — S is a ring homomorphism. The
functor @ S: P(R) — P(S) (sending P to P ®g S) yields a monoid map P(R) —
P(S), hence a group homomorphism Ky(R) — Ky(S). If R, S are commutative
rings then ®pS: Ko(R) — Ko(95) is a ring homomorphism, because ®g: P(R) —
P(S) is a semiring map:

(PRrRQ)®rS = (P®RrS)®s (Q®rS).

The free modules play a special role in understanding Ky(R) because they are
cofinal in P(R). By Corollary 1.3 every element of Ky(R) can be written as [P] —
[R"] for some P and n. Moreover, [P] = [Q] in Ky(R) iff P, Q) are stably isomorphic:
P@® R™ = Q@ R™ for some m. In particular, [P] = [R"] iff P is stably free. The
monoid L of isomorphism classes of free modules is N iff R satisfies the Invariant
Basis Property of Chapter 1, §1. This yields the following information about Ky(R).

LEMMA 2.1. The monoid map N — P(R) sending n to R™ induces a group
homomorphism Z — Ky(R). We have:

(1) Z — Ko(R) is injective iff R satisfies the Invariant Basis Property (IBP);

(2) Suppose that R satisfies the IBP (e.g., R is commutative). Then

Ko(R)=Z iff every f.g. projective R-module is stably free.

ExAMPLE 2.1.1. Suppose that R is commutative, or more generally that there
is a ring map R — F to a field F. In this case Z is a direct summand of Ky(R),
because the map Ko(R) — Ko(F) = Z takes [R] to 1. A ring with Ky(R) = @ is
given in Exercise 2.12 below.

EXAMPLE 2.1.2 (SIMPLE RINGS). Consider the matrix ring R = M, (F') over a
field F. We saw in Example 1.1.1 that every R-module is projective (because it is
a sum of copies of the projective module V' = F™), and that length is an invariant
of finitely generated R-modules. Thus length is an abelian group isomorphism
Ko(M,(F)) = Z sending [V] to 1. Since R has length n, the subgroup of Ko(R) =
Z generated by the free modules has index n. In particular, the inclusion Z C K(R)
of Lemma 2.1 does not split.
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ExaMPLE 2.1.3. (Karoubi) We say a ring R is flasque if there is an R-bimodule
M, f.g. projective as a right module, and a bimodule isomorphism 6 : R M = M.
If R is flasque then Ky(R) = 0. This is because for every P we have a natural
isomorphism P ® (P®r M) =2 Per(R®M) = (P®r M).

If R is flasque and the underlying right R-module structure on M is R, we say
that R is an infinite sum ring. The right module isomorphism R? = R underlying
6 makes R a direct sum ring (Ex. .1.7). The Cone Rings of Ex. 1.1.8, and the rings
Endg(R*) of Ex. 1.1.7, are examples of infinite sum rings, and hence flasque rings;
see exercise 2.15.

If R = Ry X Ry then P(R) 2 P(R;) x P(R2). As in Example 1.2, this implies
that Ko(R) = Ko(R1) x Ko(Rz2). Thus Ky may be computed componentwise.

EXAMPLE 2.1.4 (SEMISIMPLE RINGS). Let R be a semisimple ring, with sim-
ple modules Vi,...,V, (see Ex. I.1.1). Schur’s Lemma states that each D; =
Homp(V;,V;) is a division ring; the Artin-Wedderburn Theorem states that

R=M,,(Dy) x---x M, (D,),

where dimp, (V;) = n;. By (2.1.2), Ko(R) = [[ Ko(M,,,(D;)) = Z".

Another way to see that Ko(R) = Z" is to use the fact that P(R) = N": the Krull-
Schmidt Theorem states that every f.g. (projective) module M is Vfl X oo x Vi
for well-defined integers /1, ..., £,..

EXAMPLE 2.1.5 (VON NEUMANN REGULAR RINGS). A ring R is said to be von
Neumann regular if for every r € R there is an « € R such that rzr = r. Since
rerx = rx, the element e = rx is idempotent, and the ideal rR = eR is a projective
module. In fact, every finitely generated right ideal of R is of the form eR for some
idempotent, and these form a lattice. Declaring e ~ €’ if eR = €'R, the equivalence
classes of idempotents in R form a lattice: (e1 A ez) and (e V es) are defined to
be the idempotents generating e; R + es R and e; R N ea R, respectively. Kaplansky
proved in [Kap58] that every projective R-module is a direct sum of the modules
eR. It follows that K((R) is determined by the lattice of idempotents (modulo ~)
in R. We will see several examples of von Neumann regular rings in the exercises.

Many von Neumann regular rings do not satisfy the (IBP), the ring Endp(F°)
of Ex. I.1.7 being a case in point.

We call a ring R unit-reqular if for every r € R there is a unit x € R such that
rer = rx. Every unit-regular ring is Von Neumann regular, has stable range 1, and
satisfies the (IBP) (Ex. 1.1.13). In particular, Z C Ky(R). It is unknown whether
or not for every simple unit-regular ring R the group Ko (R) is strictly unperforated,
meaning that whenever x € Ky(R) and nx = [Q)] for some @, then x = [P] for some
P. Goodearl [Gdrll] has given examples of simple unit-regular rings R in which
the group Ko(R) is strictly unperforated, but has torsion.

An example of a von Neumann regular ring R having the IBP and stable range
2, and Ko(R) =Z @& Z/n is given in [MM82].

Suppose that R is the direct limit of a filtered system {R;} of rings. Then every
f.g. projective R-module is of the form P; ® g, R for some ¢ and some f.g. projective
R;-module P;. Any isomorphism P; ®p, R = P/ ®pg, R may be expressed using
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finitely many elements of R, and hence P; ®g, R; = P/ ®p, R; for some j. That
is, P(R) is the filtered colimit of the P(R;). By Ex. 1.3 we have

Ko(R) = lim Ko(R;).

This observation is useful when studying Ky(R) of a commutative ring R, because
R is the direct limit of its finitely generated subrings. As finitely generated com-
mutative rings are noetherian with finite normalization, properties of Ky(R) may
be deduced from properties of K of these nice subrings. If R is integrally closed
we may restrict to finitely generated normal subrings, so Ky(R) is determined by
K of noetherian integrally closed domains.

Here is another useful reduction; it follows immediately from the observation that
if I is nilpotent (or complete) then idempotent lifting (Ex. 1.2.2) yields a monoid
isomorphism P(R) = P(R/I). Recall that an ideal I is said to be complete if every
Cauchy sequence Y~ | x,, with z,, € I" converges to a unique element of I.

LEMMA 2.2. If I is a nilpotent ideal of R, or more generally a complete ideal,
then

Ko(R) 2 Ko(R/I).
In particular, if R is commutative then Ko(R) = Ko(Ryred)-

EXAMPLE 2.2.1 (0-DIMENSIONAL COMMUTATIVE RINGS). Let R be a commu-
tative ring. It is elementary that R,.q is Artinian iff Spec(R) is finite and discrete.
More generally, it is known (see Ex. 1.1.13) that the following are equivalent:

(i) Ryeq is a commutative von Neumann regular ring (2.1.5);

(ii) R has Krull dimension 0;

(ili) X = Spec(R) is compact, Hausdorff and totally disconnected. (For example,
to see that a commutative von Neumann regular R must be reduced, observe
that if 72 = 0 then r = rar = 0.)

When R is a commutative von Neumann regular ring, the modules eR are com-
ponentwise free; Kaplansky’s result states that every projective module is compo-
nentwise free. By 1.2, the monoid P(R) is just [X,N], X = Spec(R). By (1.4) this
yields Ko(R) = [X,Z]. By Lemma 2.2, this proves

PIERCE’S THEOREM 2.2.2. For every 0-dimensional commutative ring R:

Ko(R) = [Spec(R), Z].

EXAMPLE 2.2.3 (Ky DOES NOT COMMUTE WITH INFINITE PRODUCTS). Let R
be an infinite product of fields [[ F;. R is von Neumann regular, so X = Spec(R) is
an uncountable totally disconnected compact Hausdorff space. By Pierce’s Theo-
rem, Ko(R) = [X,Z]. This is contained in but not equal to the product [ [ Ko(F;) =

TZ.
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Rank and Hy

DEFINITION. When R is commutative, we write Hy(R) for [Spec(R),Z], the
ring of all continuous maps from Spec(R) to Z. Since Spec(R) is quasi-compact,
we know by (1.4) that Ho(R) is always a free abelian group. If R is a noetherian
ring, then Spec(R) has only finitely many (say ¢) components, and Hy(R) = Z°. If
R is a domain, or more generally if Spec(R) is connected, then Hy(R) = Z.

Hy(R) is a subring of Ky(R). To see this, consider the submonoid L of P(R)
consisting of componentwise free modules R/. Not only is L cofinal in P(R), but
L — P(R) is a semiring map: R/ ® R9 = R/9; by (1.3), L' L is a subring of Ko(R).
Finally, L is isomorphic to [Spec(R),N], so as in (1.4) we have L™'L = Hy(R). For
example, Pierce’s theorem (2.2.2) states that if dim(R) = 0 then Ky(R) = Hy(R).

Recall from 1.2 that the rank of a projective module gives a map from P(R)
to [Spec(R),N]. Since rank(P @& @) = rank(P) + rank(Q) and rank(P ® Q) =
rank(P) rank(Q) (by Ex. 1.2.7), this is a semiring map. As such it induces a ring
map

rank: Ko(R) — Ho(R).

Since rank(R/) = f for every componentwise free module, the composition Hy(R) C
Ky(R) — Hy(R) is the identity. Thus Hy(R) is a direct summand of Ky(R).

DEFINITION 2.3. The ideal Ko(R) of the ring Ko(R) is defined as the kernel of
the rank map. By the above remarks, there is a natural decomposition

Ko(R) = Ho(R) & Ko(R).
We will see later (in §4, §6) that Ko(R) is a nil ideal. Since Hy(R) is visibly a
reduced ring, Ko(R) is the nilradical of Ky(R).

LEMMA 2.3.1. If R is commutative, let P, (R) denote the subset of P(R) con-
sisting of projective modules of constant rank n. There is a map P, (R) — Ko(R)
sending P to [P]—[R"]. This map is compatible with the stabilization map P, (R) —
P,+1(R) sending P to P ® R, and the induced map is an isomorphism:

lim P, (R) 2 Ko(R).

ProoF. This follows easily from (1.3).

COROLLARY 2.3.2. Let R be a commutative noetherian ring of Krull dimension
d — or more generally any commutative ring of stable range d+1 (Ex. 1.1.5). For

every n > d the above maps are isomorphisms: P,(R) = Ky(R).

Proor. If P and ) are f.g. projective modules of rank > d, then by Bass
Cancellation (I1.2.3b) we may conclude that

[P]=[Q] in Ko(R) iff P=Q.
Here is another interpretation of f(O(R): it is it is the intersection of the kernels

of Ko(R) — Ko(F) over all maps R — F, F' a field. This follows from naturality
of rank and the observation that Ky(F') = 0 for every field F'.
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This motivates the following definition for a noncommutative ring R: let K o(R)
denote the intersection of the kernels of Kyg(R) — Ky(S) over all maps R — S,
where $ is a simple artinian ring. If no such map R — S exists, we set Ko(R) =
Ko(R). We define Ho(R) to be the quotient of Ko(R) by Ko(R). When R is
commutative, this agrees with the above definitions of Hy and I?O, because the
maximal commutative subrings of a simple ring S are fields.

Hy(R) is a torsionfree abelian group for every ring R. To see this, note that
there is a set X of maps R — S, through which every other R — S’ factors. Since
each Ko(S;) — Ko(S) is an isomorphism, Ko(R) is the intersection of the kernels
of the maps Ko(R) — K(S:), * € X. Hence Hy(R) is the image of Ko(R) in the
torsionfree group [ [, x Ko(Sz) = [[,Z = Map(X,Z).

EXAMPLE 2.4 (WHITEHEAD GROUP Why). If R is the group ring ZG of a
group G, the (zero-th) Whitehead group Who(G) is the quotient of Ko(ZG) by the
subgroup Ky(Z) = Z. The augmentation map e: ZG — Z sending G to 1 induces a
decomposition Ko(ZG) = Z & Who(G), and clearly Ko(ZG) € Who(G). Tt follows
from a theorem of Swan ([Bass, X1(5.2)]) that if G is finite then Ko (ZG) = Who(G)
and Ho(ZG) = Z. 1 do not know whether or not lN(O(ZG) = Who(G) for every
group.

The group Who(G) arose in topology via the following result of C.T.C. Wall.
We say that a CW complex X is dominated by a complex K if there is a map
f: K — X having a right homotopy inverse; this says that X is a retract of K in
the homotopy category.

THEOREM 2.4.1 (WALL FINITENESS OBSTRUCTION). Suppose that X is dom-
inated by a finite CW complex, with fundamental group G = m1(X). This data
determines an element w(X) of Who(G) such that w(X) = 0 iff X is homotopy
equivalent to a finite CW complex.

Hattori-Stallings trace map

For any associative ring R, let [R, R] denote the subgroup of R generated by the
elements [r,s] =rs —sr, r,s € R.

For each n, the trace of an n X n matrix provides an additive map from M, (R)
to R/[R, R] invariant under conjugation; the inclusion of M, (R) in M, 1(R) via

gr— <g 8) is compatible with the trace map. It is not hard to show that the trace
M, (R) — R/|R, R] induces an isomorphism:

My (R)/[Myn(R), Mn(R)] = R/[R, R].

If P is a f.g. projective, choosing an isomorphism P & @ = R™ yields an idempo-
tent e in M, (R) such that P = e(R") and Aut(P) = eM,(R)e. By Ex. 1.2.3, any
other choice yields an e; which is conjugate to e in some larger M,,(R). Therefore
the trace of an automorphism of P is a well-defined element of R/[R, R|, indepen-
dent of the choice of e. This gives the trace map Aut(P) — R/[R, R]. In particular,
the trace of the identity map of P is the trace of e; we call it the trace of P.

If P’ is represented by an idempotent matrix f then P& P’ is represented by the
idempotent matrix (§ ?) so the trace of P® P’ is trace(P)+trace(P’). Therefore the
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trace is an additive map on the monoid P(R). The map Ko(R) — R/[R, R] induced
by universality is called the Hattori-Stallings trace map, after the two individuals
who first studied it.

When R is commutative, we can provide a direct description of the ring map
Hy(R) — R obtained by restricting the trace map to the subring Hy(R) of Ko(R).
Any continuous map f: Spec(R) — Z induces a decomposition R = Ry X - - - X R, by
Ex. 1.2.4; the coordinate idempotents ey, ..., . are elements of R. Since trace(e; R)
is e;, it follows immediately that trace(f) is > f(i)e;. The identity trace(fg) =
trace( f)trace(g) which follows immediately from this formula shows that trace is a
ring map.

ProOPOSITION 2.5. If R is commutative then the Hattori-Stallings trace factors
as
Ko(R) “ Hy(R) — R.

PROOF. The product over all p in Spec(R) yields the commutative diagram:
Ko(R) —— 1 Ko(Ry)

tracel ltrace

diagonal
r deeeml R

inclusion
The kernel of the top arrow is I?O(R), so the left arrow factors as claimed.

ExAMPLE 2.5.1 (GROUP RINGS). Let k be a commutative ring, and suppose
that R is the group ring kG of a group G. If g and h are congugate elements of
G then h — g € [R, R] because zgz~! — g = [rg,z71]. From this it is not hard
to see that R/[R, R] is isomorphic to the free k-module ®k[g] on the set G/~ of
conjugacy classes of elements of G. We write

trace(P) = ZTP(Q)[Q]-

The coefficients rp(g) of trace(P) are therefore functions on the set G/~ for each
P.

If G is finite, then any f.g. projective kG-module P is also a projective k-module,
and we may also form the trace map Auty(P) — k and hence the “character”
xp:G — k by the formula xp(g) = trace(g). Hattori proved that if Z5(g) denotes
the centralizer of ¢ € G then Hattori’s formula holds:

(2.5.2) xr(9) = 1Za(g)l rp(g™").

COROLLARY 2.5.3. IfG is a finite group, the ring ZG has no idempotents except
0 and 1.

PROOF. Let e be an idempotent element of ZG. xp(1) is the rank of the Z-
module P = eZ(G, which must be less than the rank |G| of ZG. Since rp(1) € Z,
this contradicts Hattori’s formula xp(1) = |G| rp(1).

Bass has conjectured that for every group G and every f.g. projective ZG-module
P we have rp(g) = 0 for ¢ # 1 and rp(1) = ranky(P ®zqg Z). For G finite, this
follows from Hattori’s formula and Swan’s theorem (cited in 2.3.2) that Ko = Why.
See [Bass76].
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EXAMPLE 2.5.4. Suppose that F' is a field of characteristic 0 and that G is a
finite group with ¢ conjugacy classes, so that FG/[FG, FG| = F°. By Maschke’s
theorem, FG is a product of simple F-algebras: S; x --- x S. so FG/[FG, FG] is
Fe. By (2.1.4) Ko(FG) = Z°. Hattori’s formula (and some classical representation
theory) shows that the trace map from Ko(F'G) to FG/[FG, FG| is isomorphic to
the natural inclusion of Z¢ in F*°.

Determinant

Suppose now that R is a commutative ring. Recall from 1.3 that the determinant
of a fin. gen. projective module P is an element of the Picard group Pic(R).

PROPOSITION 2.6. The determinant induces a surjective group homomorphism

det: Ko(R) — Pic(R)

PROOF. By the universal property of Ky, it suffices to show that det(P & Q) =
det(P) ®p det(Q). We may assume that P and @ have constant rank m and n,
respectively. Then AT (P & @) is the sum over all 4, j such that i +j = m +n
of (N'Q) ® (M P). If i > m or j > n we have A'P = 0 or A/Q = 0, respectively.
Hence AT (P & Q) = (A"P) ® (A"Q), as asserted.

DEFINITION 2.6.1. Let SK((R) denote the subset of Ky(R) consisting of the
classes © = [P] — [R™], where P has constant rank m and A™P = R. This is the

kernel of det: Ko(R) — Pic(R), by Lemma 2.3.1 and Proposition 2.6.
SKy(R) is an ideal of Ky(R). To see this, we use Ex. 1.3.4: if x = [P] — [R"]
and @ has rank n then det(z - Q) = (det P)®"(det Q)®™(det Q)®~™ = R.

COROLLARY 2.6.2. For every commutative ring R there is a surjective ring ho-
momorphism with kernel SKo(R):

rank @ det: Ko(R) — Hp(R) ® Pic(R)

COROLLARY 2.6.3. If R is a 1-dimensional commutative noetherian ring, then
the classification of f.g. projective R-modules in I.3.4 induces an isomorphism:

Morita Equivalence

We say that two rings R and S are Morita equivalent if mod-R and mod-S are
equivalent as abelian categories. That is, if there exist additive functors T and U

mod-R mod-S

T
N
—

U
such that UT = idr and TU = idg. Set P = T(R) and Q = U(S); P is an R-S
bimodule and @ is a S-R bimodule via the maps R = Endg(R) AN Endg(P) and

S = Ends(S) -5 Endg(Q). Both UT(R) & P®sQ = Rand TU(S) 2 Q@ P =~ S
are bimodule isomorphisms. The following result is taken from [Bass, I1.3].
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STRUCTURE THEOREM FOR MORITA EQUIVALENCE 2.7. If R and S are Morita
equivalent, and P,Q are as above, then:

(a) P and Q are f.g. projective, both as R-modules and as S—modules;

(b) Ends(P) = R = Endg(Q)°P and Endr(Q) = S = Endr(P)°P

(¢c) P and Q are dual S-modules: P = Homg(Q,S) and Q = Homs(P S);

(d) TIM)=M®&rP and UN) =2 N ®s Q for every M and N,

(e) P is a “faithful” S-module in the sense that the functor Homs(P —) from
mod-S to abelian groups is a faithful functor. (If S is commutative then P
is faithful iff rank(P) > 1.) Similarly, Q is a “faithful” R-module.

Since P and @ are f.g. projective, the Morita functors 7" and U also induce an
equivalence between the categories P(R) and P(S). This implies the following:

COROLLARY 2.7.1. If R and S are Morita equivalent then Ko(R) = Ky(S).

EXAMPLE 2.7.2. R = M,,(S) is always Morita equivalent to S; P is the bimodule
S™ of “column vectors” and @ is the bimodule (S™)* of “row vectors.” More gen-
erally suppose that P is a “faithful” f.g. projective S-module. Then R = Endg(P)
is Morita equivalent to S, the bimodules being P and @ = Homg(P, S). By 2.7.1,
we see that Ko(S) = Ko(M,(5)).

ADDITIVE FUNCTORS 2.8. Any R-S bimodule P which is f.g. projective as a
right S-module, induces an additive (hence exact) functor (M) = M ®p P from
P(R) to P(S5), and therefore induces a map Ky(R) — Ko(5). If all we want is
an additive functor 7' from P(R) to P(S), we do not need the full strength of
Morita equivalence. Given T, set P = T(R). By additivity we have T'(R") =
P" =2 R" ®pg P; from this it is not hard to see that T'(M) = M ®p P for every
f.g. projective M, and that T is isomorphic to -®z P. See Ex. 2.14 for more details.

A bimodule map (resp., isomorphism) P — P’ induces an additive natural trans-
formation (resp., isomorphism) T — T". This is the case, for example, with the
bimodule isomorphism R & M = M defining a flasque ring (2.1.3).

ExXAMPLE 2.8.1 (BASECHANGE AND TRANSFER MAPS). Suppose that f: R — S
is a ring map. Then S is an R-S bimodule, and it represents the basechange
functor f*: Ko(R) — Ko(S) sending P to P®p S. If in addition S is f.g. projective
as a right R-module then there is a forgetful functor from P(S) to P(R); it is
represented by S as a S—R bimodule because it sends ) to Q ®g S. The induced
map f.: Ko(S) — Ko(R) is called the transfer map. We will return to this point in
7.8 below, explaining why we have selected the contravariant notation f* and f..

Mayer-Vietoris sequences

For any ring R with unit, we can include GL,(R) in GL,1(R) as the matrices
<g (1)> The group GL(R) is the union of the groups GL,,(R). Now suppose we are

given a Milnor square of rings, as in 1.2:

R#

! l

R/I —1— s/1
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Define 0,,: GL,(S/I) — Ko(R) by Milnor patching: 0,(g) is [P] — [R"], where P
is the projective R-module obtained by patching free modules along g as in (1.2.6).
The formulas of Ex. 1.2.9 imply that ,,(9) = 941 (9 ]) and 9,,(9)+9n(h) = 9, (gh).
Therefore the {0,,} assemble to give a group homomorphism 0 from GL(S/I) to
Ky(R). The following result now follows from (I1.2.6) and Ex. 1.4.

THEOREM 2.9 (MAYER-VIETORIS). Given a Milnor square as above, the se-
quence

GL(S/T) % Ko(R) 2 Ko(S) ® Ko(R/I) = Ko(S/I)

is exact. The image of O is the double coset space
GL(S)\GL(S/I)/GL(R/I) = GL(S/I)] ~
where x ~ gzh for x € GL(S/I),g € GL(S) and h € GL(R/I).

ExAMPLE 2.9.1. If R is the coordinate ring of the node over a field F' (1.3.10.2)
then Ko(R) = Z & F*. If R is the coordinate ring of the cusp over F' (1.3.10.1)
then Ko(R) =2 Z @ F. Indeed, the coordinate rings of the node and the cusp are
1-dimensional noetherian rings, so 2.6.3 reduces the Mayer-Vietoris sequence to the
Units-Pic sequence 1.3.10.

We conclude with a useful construction, anticipating several later developments.

DEFINITION 2.10. Let T : P(R) — P(S) be an additive functor, such as the
basechange or transfer of 2.8.1. P(T) is the category whose objects are triples
(P,a, @), where P,Q € P(R) and o : T(P) — T(Q) is an isomorphism. A mor-
phism (P, a, Q) — (P',a/,Q’) is a pair of R-module maps p: P — P, q¢: Q — @’
such that o/T(p) = T'(q¢)a. An ezact sequence in P(T') is a sequence

(+) 0= (Pa,Q) = (Po,@Q) — (P, Q") = 0

whose underlying sequences 0 - P/ - P - P’ - 0and 0 - Q' — Q — Q" — 0
are exact. We define Ky(T) to be the abelian group with generators the objects of
P(T) and relations:

(a) [(P,o, Q)] =[(P,d, Q)]+ [(P",a",Q")] for every exact sequence (x);

(b) [(PlvavPZ)] + [(P2’6’ P3)] = [(Plvﬂavp?))]'
If T is the basechange f*, we write Ko(f) for Ko(T).

It is easy to see that there is a map Ko(T) — Ky(R) sending [(P,«, Q)] to
[P] — [Q]. If T is a basechange functor f* associated to f : R — S, or more
generally if the T'(R") are cofinal in P(S), then there is an exact sequence:

(2.10.1) GL(S) % Ko(T) — Ko(R) — Ko(S).

The construction of 9 and verification of exactness is not hard, but lengthy enough
to relegate to exercise 2.17. If f : R — R/I then Ky(f*) is the group Ko(I) of
Ex. 2.4; see Ex. 2.4(e).
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EXERCISES

2.1 Let R be a commutative ring. If A is an R-algebra, show that the functor
®@r:P(A) x P(R) — P(A) yields a map Ky(A) ®z Ko(R) — Ko(A) making K(A)
into a Ko(R)-module. If A — B is an algebra map, show that Ky(A) — Ky(B) is
a Ko(R)-module homomorphism.

2.2 Projection Formula. Let R be a commutative ring, and A an R-algebra which
as an R-module is f.g. projective of rank n. By Ex. 2.1, Ky(A) is a Ko(R)-module,
and the basechange map f*: Ko(R) — Ko(A) is a module homomorphism. We
shall write x - f*y for the product in Ky(A) of x € Ko(A) and y € Ky(R); this is
an abuse of notation when A is noncommutative.
(a) Show that the transfer map f.: Ko(A) — Ko(R) of Example 2.8.1 is a
Ky(R)-module homomorphism, i.e., that the projection formula holds:

fulw fy) = fol@) -y forevery z € Ko(A), y € Ko(R).
(b) Show that both compositions f*f. and f.f* are multiplication by [A].
(c) Show that the kernels of f*f, and f.f* are annihilated by a power of n.
2.3 FExcision for Ky. If I is an ideal in a ring R, form the augmented ring R & [
and let Ko(I) = Ko(R,I) denote the kernel of Ko(R® I) — Ky(R).
(a) If R — S is a ring map sending I isomorphically onto an ideal of S, show
that Ko(R,I) = Ko(S,I). Thus Ky(I) is independent of R. Hint. Show
that GL(S)/GL(S @ I) = 1.

(b) If INJ =0, show that Ko(I + J) = Ko(I) & Ko(J).

(c) Ideal sequence. Show that there is an exact sequence

GL(R) — GL(R/I) 2 Ko(I) — Ko(R) — Ko(R/I).

(d) If R is commutative, use Ex. 1.3.6 to show that there is a commutative
diagram with exact rows, the vertical maps being determinants:

GL(R) —— GL(R/I) —2— Ko(I) —— Ko(R) —— Ko(R/I)

l ! l l l

R* —— (R/I)* —2— Pic(I) —— Pic(R) —— Pic(R/I).

2.4 Kol. If I is a ring without unit, we define K((I) as follows. Let R be a ring
with unit acting upon I, form the augmented ring R @ I, and let Ky(I) be the
kernel of Ko(R® I) — Ko(R). Thus Ko(R® I) = Ko(R) & Ko(I) by definition.
(a) If I has a unit, show that R®I = Rx [ as rings with unit. Since Ko(RxI) =
Ko(R) x Ko(I), this shows that the definition of Ex. 2.3 agrees with the
usual definition of Ky (7).
(b) Show that a map I — J of rings without unit induces a map Ko(I) — Ko(J)
(c) Let M (R) denote the union UM, (R) of the matrix groups, where M, (R)
is included in M4 (R) as the matrices (§ 8). Mo (R) is a ring without unit.
Show that the inclusion of R = M;(R) in M (R) induces an isomorphism

Ko(R) = Ko(Mu (R)).

(d) If F is a field, show that R = F & M (F) is a von Neumann regular ring.
Then show that Hy(R) = Z and Ko(R) 2 Z & Z.
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(e) If f: R — R/I, show that Ky(I) is the group Ko(f*) of 2.10. Hint: Use
fo: R® I — R and Ex. 2.3(c).
2.5 Radical ideals. Let I be a radical ideal in a ring R (see Ex. 1.1.12, 1.2.1).
(a) Show that Ko(I) =0, and that Ko(R) — Ko(R/I) is an injection.
(b) IfIis a complete ideal, Ko(R) = Ko(R/I) by Lemma 2.2. If R is a semilocal
but not local domain, show that Ko(R) — Ko(R/I) is not an isomorphism.

2.6 Semilocal rings. A ring R is called semilocal if R/J is semisimple for some
radical ideal J. Show that if R is semilocal then Ky(R) = Z™ for some n > 0.

2.7 Show that if f : R — S is a map of commutative rings, then:
ker(f) contains no idempotents(# 0) < Hy(R) — Hy(.S) is an injection.

Conclude that Ho(R) = Ho(R[t]) = Ho(R[t,t71]).
2.8 Counsider the following conditions on a ring R (cf. Ex. [.1.2):
(IBP) R satisfies the Invariant Basis Property (IBP);
(PO) Ko(R) is a partially ordered abelian group (see §1);
(III) For all n, if R™ = R™ & P then P = 0.
Show that (II11) = (PO) = (IBP). This implies that K(R) is a partially ordered
abelian group if R is either commutative or noetherian. (See Ex. 1.1.4.)

2.9 Rim squares. Let G be a cyclic group of prime order p, and ¢ = €27/? a
primitive p® root of unity. Show that the map ZG — Z[(] sending a generator
of G to ¢ induces an isomorphism Ky(ZG) = Ky(Z[¢]) and hence Why(G) =
Pic(Z[¢]). Hint: Form a Milnor square with ZG/I = Z, Z[(]/I = F,, and consider

the cyclotomic units u = Cg%ll, 1<i<p.

2.10 Let R be a commutative ring. Prove that
(a) If rank(z) > 0 for some = € Ky(R), then there is an n > 0 and a fin. gen.
projective module P so that na = [P]. (This says that the partially ordered
group Ko(R) is “unperforated” in the sense of [Gdearl].)
(b) If P, @ are f.g. projectives such that [P] = [@Q] in Ky(R), then there is an
n > 0such that PG --- @ P=ZQ D ---dQ (n copies of P, n copies of Q).

Hint: First assume that R is noetherian of Krull dimension d < oo, and use Bass-
Serre Cancellation. In the general case, write R as a direct limit.

2.11 A (normalized) dimension function for a von Neumann regular ring R is a
group homomorphism d : Ko(R) — R so that d(R™) = n and d(P) > 0 for every
nonzero f.g. projective P.

(a) Show that whenever P C @ any dimension function must have d(P) < d(Q)

(b) If R has a dimension function, show that the formula p(r) = d(rR) defines
a rank function p: R — [0, 1] in the sense of Ex. I1.1.13. Then show that
this gives a 1-1 correspondence between rank functions on R and dimension
functions on Ky (R).

2.12 Let R be the union of the matrix rings M, (F') constructed in Ex. 1.1.13.
Show that the inclusion Z C Ky(R) extends to an isomorphism Ky(R) = Q.
2.13 Let R be the infinite product of the matrix rings M;(C), i = 1,2, ...

(a) Show that every f.g. projective R-module P is componentwise trivial in the
sense that P 2 [[ P;, the P; being f.g. projective M;(C)-modules.
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(b) Show that the map from K¢ (R) to the group [[ Ko(M;(C)) = [[ Z of infinite
sequences (nq,ng, ...) of integers is an injection, and that Ky(R) = Hy(R)
is isomorphic to the group of bounded sequences.

(c¢) Show that Ky(R) is not a free abelian group, even though it is torsionfree.
Hint: Consider the subgroup S of sequences (ni,...) such that the power of

2 dividing n; approaches oo as ¢ — oo; show that S is uncountable but that
S/2S is countable.

2.14 Bivariant Ky. If R and R’ are rings, let Rep(R, R’) denote the set of isomor-
phism classes of R—R’ bimodules M such that M is finitely generated projective as
a right R’-module. Each M gives a functor @ g M from P(R) to P(R’) sending P to
P ®p M. This induces a monoid map P(R) — P(R’) and hence a homomorphism
from Ko(R) to Ko(R'). For example, if f: R — R’ is a ring homomorphism and R’
is considered as an element of Rep(R, R’), we obtain the map ®zR’. Show that:

(a) Every additive functor P(R) — P(R’) is induced from an M in Rep(R, R');

(b) If Ko(R,R') denotes the group completion of Rep(R,R’'), then M ®p N
induces a bilinear map from Ky(R, R') ® Ko(R', R") to Ko(R, R");

(¢) Ko(Z,R) is Ko(R), and if M € Rep(R, R') then the map @rM : Ko(R) —
Ko (R') is induced from the product of (b).

(d) If R and R’ are Morita equivalent, and P is the R-R’ bimodule giving
the isomorphism mod-R = mod-R/, the class of P in Kq(R, R’) gives the
Morita isomorphism Ko(R) = Ko(R').

2.15 In this exercise, we connect the definition 2.1.3 of infinite sum ring with a more
elementary description due to Wagoner. If R is a direct sum ring, the isomorphism
R? = R induces a ring homomorphism @ : R x R C Endg(R?) = Endg(R) = R.

(a) Suppose that R is an infinite sum ring with bimodule M, and write r — r>

for the ring homomorphism R — Endg(M) = R arising from the left action of R
on the right R-module M. Show that r & r*>° = r* for all r € R.

(b) Conversely, suppose that R is a direct sum ring, and that R = R is a ring

map so that r & r> = r* for all » € R. Show that R is an infinite sum ring.

(c) (Wagoner) Show that the Cone Rings of Ex. I.1.8, and the rings Endr(R>)

of Ex. I.1.7, are infinite sum rings. Hint: R = [[.2; R>, so a version of the
Eilenberg Swindle 1.2.8 applies.

2.16 For any ring R, let J be the (nonunital) subring of £ = Endg(R>) of all f such
that f(R>) is finitely generated (Ex. I.1.7). Show that M. (R) C J,, induces an
isomorphism Ky(R) = Ko(J). Hint: For the projection e, : R — R", J, = e, FE
maps onto M, (R) = e, Fe, with nilpotent kernel. But J = UJ,.
2.17 This exercise shows that there is an exact sequence (2.10.1) when T is cofinal.
(a) Show that [(P,a, Q)] +[(Q, —a~', P)] =0 and [(P,T(7),Q)] = 0 in Ko(T).
(b) Show that every element of Ky(7") has the form [(P, a, R™)].
(c¢) Use cofinality and the maps d(«) = [(R"™, a, R™)] of 2.10(b), from Aut(T'R™)
to Ko(T'), to show that there is a homomorphism K;(S) — Ko(T).
(d) Use (a), (b) and (c) to show that (2.10.1) is exact at Ko(T).
(e) Show that (2.10.1) is exact at Ko(R).
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§3. K(X), KO(X) and KU(X) of a topological space

Let X be a paracompact topological space. The sets VBR(X) and VB¢ (X) of
isomorphism classes of real and complex vector bundles over X are abelian monoids
under Whitney sum. By Construction 1.4.2, they are commutative semirings under
®. Hence the group completions KO(X) of VBg(X) and KU(X) of VB¢(X) are
commutative rings with identity 1 = [T"}]. If the choice of R or C is understood,
we will just write K (X) for simplicity.

Similarly, the set VBpg(X) is an abelian monoid under &, and we write K Sp(X)
for its group completion. Although it has no natural ring structure, the construction
of Ex. 1.4.18 endows K Sp(X) with the structure of a module over the ring KO(X).

For example if % denotes a 1-point space then K (x) = Z. If X is contractible,
then KO(X) = KU(X) = Z by 1.4.6.1. More generally, K(X) = K(Y') whenever
X and Y are homotopy equivalent by 1.4.6.

The functor K(X) is contravariant in X. Indeed, if f:Y — X is continuous, the
induced bundle construction F +— f*E yields a monoid map f*: VB(X) — VB(Y)
and hence a ring homomorphism f*: K(X) — K(Y). By the Homotopy Invariance
Theorem 1.4.5, the map f* depends only upon the homotopy class of f in [V, X].

For example, the universal map X — % induces a ring map from Z = K (x) into
K(X), sending n > 0 to the class of the trivial bundle 7" over X. If X # () then
any point of X yields a map * — X splitting the universal map X — . Thus
the subring Z is a direct summand of K(X) when X # (). (But if X = () then
K (@) = 0.) For the rest of this section, we will assume X # () in order to avoid
awkward hypotheses.

The trivial vector bundles 7" and the componentwise trivial vector bundles 77
form sub-semirings of VB(X), naturally isomorphic to N and [X, N], respectively.
When X is compact, the semirings N and [X,N] are cofinal in VB(X) by the
Subbundle Theorem 1.4.1, so by Corollary 1.3 we have subrings

7 C [X,Z] c K(X).

More generally, it follows from Construction 1.4.2 that dim: VB(X) — [X,N] is a
semiring map splitting the inclusion [X,N] C VB(X). Passing to Group Comple-
tions, we get a natural ring map

dim: K(X) — [ X, Z]

splitting the inclusion of [X,Z] in K(X).
The kernel of dim will be written as K (X), or as I?VO(X) or }?E(X) if we wish

to emphasize the choice of R or C. Thus K (X) is an ideal in K(X), and there is a
natural decomposition

K(X)~ K(X)a[X,Z).

Warning. If X is not connected, our group K (X) differs slightly from the no-
tation in the literature. However, most applications will involve connected spaces,
where the notation is the same. This will be clarified by Theorem 3.2 below.
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Consider the set map VB, (X) — K(X) sending E to [E] — n. This map is
compatible with the stabilization map VB,,(X) — VB,,;1(X) sending E to E®T,
giving a map

lim VB, (X) — K(X). (3.1.0)

We can interpret this in terms of maps between the infinite Grassmannian spaces G,
(= BO,,, BU,, or BSp,) as follows. Recall from the Classification Theorem 1.4.10
that the set VB,,(X) is isomorphic to the set [X, G,,] of homotopy classes of maps.
Adding a trivial bundle T to the universal bundle FE,, over G,, gives a vector bundle
over G,, so again by the Classification Theorem there is a map i,: G,, — Gp11
such that F, ® T = i} (Fp4+1). By Cellular Approximation there is no harm in
assuming i,, is cellular. Using 1.4.10.1, the map Qi,: QG,, — QG471 is homotopic
to the standard inclusion O,, < O, (resp. U,, < U, 41 or Sp,, < Spp+t1), which

sends an n X n matrix g to the n +1 X n 4+ 1 matrix . By construction,

g O
0 1
the resulting map i,:[X,G,] — [X,Gp+1] corresponds to the stabilization map.
The direct limit lim [X, G)] is then in 1-1 correspondence with the direct limit

lig VB, (X) of (3.1.0).

STABILIZATION THEOREM 3.1. Let X be either a compact space or a finite di-
mensional connected CW complex. Then the map (3.1.0) induces an isomorphism
K(X)=lim VB(X) = lim [X, Gy,]. In particular,

—_—

KO(X) 2 lim [X, BO,], KU(X) 2 lim[X, BU,] and KSp(X) = lim [X, BSp,).

PROOF. We argue as in Lemma 2.3.1. Since the monoid of (componentwise)
trivial vector bundles 77 is cofinal in VB(X) (I.4.1), we see from Corollary 1.3
that every element of K (X) is represented by an element [E] —n of some VB, (X),
and if [E] —n = [F] —n then E® T =2 F @& T* in some VB, ¢(X). Thus
K(X) = 1im VB, (X), as claimed.

ExXAMPLES 3.1.1 (SPHERES). From 1(4.9) we see that KO(S') 2 Z & Z/2 but
KU(SY) =7, KO(S*) =Z®7Z/2 but KU(S?) =Z®Z, KO(S?) = KU(S?) =Z
and KO(SY) =2 KU(SY) =Z @ Z.

By Prop. 1.4.8, the n-dimensional (R, C or H) vector bundles on S¢ are classified
by the homotopy groups m4-1(0,,), m74—1(U,,) and m4_1(Spy ), respectively. By the
Stabilization Theorem, KO(5%) = nli_{I;O Ta—1(0y,) and KU(S?) = nler;O Ta—1(Uy).

Now Bott Periodicity says that the homotopy groups groups of O,,, U,, and Sp,,
stabilize for n > 0. Moreover, if n > d/2 then m4_1(U,,) is 0 for d odd and Z for
d even. Thus KU(S?) = Z & If(\ﬁ(Sd) is periodic of order 2 in d > 0: the ideal
KU(S4) is 0 for d odd and Z for d even, d # 0.

Similarly, the m4_1(0O,,) and 74_1(Sp, ) stabilize for n > d and n > d/4; both are
periodic of order 8. Thus KO(5%) = Z® KO(5%) and K Sp(59) = Z@I?S??(Sd) are
periodic of order 8 in d > 0, with the groups I?O(Sd) = m4—1(0) and I/(\S;)(Sd) =
7a—1(Sp) being tabulated in the following table.
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d (mod 8) 1 2 | 3| 4 5 6 8
KOWSY | z/2 | z/2 | 0 | Z 0 00| z
K Sp(S%) 0 olo |z | zp2|z2|0]|z

Both of the ideals If(\é(sd) and If(\ﬁ(sd) are of square zero.

REMARK 3.1.2. The complexification maps Z = KO(S%*) — KU(S%) =~ Z
are multiplication by 2 if k is odd, and by 1 if k£ is even. Similarly, the maps
Z = If(\ﬁ(S‘lk) — m(54k) = 7 are multiplication by 2 if k is odd, and by 1 if k
is even. These calculations are taken from [MT] IV.5.12 and IV.6.1.

Let BO (resp. BU, BSp) denote the direct limit of the Grassmannians Grass,,.
As noted after (3.1.0) and in 1.4.10.1, the notation reflects the fact that Q Grass,
is O,, (resp. Uy, Spn,), and the maps in the direct limit correspond to the standard
inclusions, so that we have QBO ~ O = |JO,,, QBU ~ U = |JU,, and QBSp ~
Sp = Spn.

THEOREM 3.2. For every compact space X :
KO(X)2[X,Z x BO] and KO(X)=[X,BO);

KU(X)2[X,Z x BU] and KU(X)2[X,BUJ;
KSp(X)=[X,Z x BSp] and KSp(X)=[X,BSp.

In particular, the homotopy groups m,(BO) = [?6(5’”), Tn(BU) = I?ﬁ(S”) and
mn(BSp) = KSp(S™) are periodic and given in Example 3.1.1.

PrOOF. If X is compact then we have [X, BO] = lim [ X, BO,,| and similarly for
[X, BU] and [X, BSp]. The result now follows from Theorem 3.1 for connected X.
For non-connected compact spaces, we only need to show that the maps [X, BO] —
KO(X), [X,BU|] — KU(X) and X, BSp| — I/(TS’%(X) of Theorem 3.1 are still
isomorphisms.

Since X is compact, every continuous map X — Z is bounded. Hence the rank of
every vector bundle F is bounded, say rank F¥ < n for somen € N. If f = n—rank F
then F = E ® T/ has constant rank n, and [E] — rank E = [F] — n. Hence every
element of K(X) comes from some VB, (X).

To see that these maps are injective, suppose that E, F € VB,,(X) are such that
[E] —n = [F] —n. By (1.3) we have E® T/ = F& T/ in VB, ;(X) for some
fe[X,N. If f <p,peN, then adding 7P~/ yields E TP = F ®T?. Hence E
and F agree in VB, ,(X).

DEFINITION 3.2.1. For every paracompact X we write KO%(X) for [X,Z x BO],
KU'(X) for [X,Z x BU] and KSp°(X) for [X,Z x BSp]. By Theorem 3.2, we
have KO°(X) = KO(X), KU°(X) = KU(X) and KSp°(X) = KSp(X) for every
compact X. Similarly, we shall write [?OO(X), KU° (X) and I/(\S/po (X) for [X, BO],
[X, BU] and [X, BSp]. When the choice of R, C or H is clear, we will just write
K°(X) and K°(X).
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If Y is a subcomplex of X, we define relative groups K%(X,Y) = K%(X/Y)/Z
and KO(X,Y) = KO(X/Y).

When X is paracompact but not compact, K°(X) and K(X) are connected by
stabilization and the map (3.1.0):

KO(X) « lim VB(X) 2 lim[X, BO,] — [X, BO] = KO°(X)

and similarly for KU(X) and I?S??(X ). We will see in Example 3.7.2 and Ex. 3.2
that the left map need not be an isomorphism. Here is an example showing that
the right map need not be an isomorphism either.

EXAMPLE 3.2.2. (McGibbon) Let X be the infinite bouquet of odd-dimensional
spheres S3 v S5V S7V .... By homotopy theory, there is a map f: X — BOj3
whose restriction to S?P*! is essential of order p for each odd prime p. If E denotes
the 3-dimensional vector bundle f*Es on X, then the class of f in lim[X, BO,,]
corresponds to [E] — 3 € KO(X). In fact, since X is a suspension, we have
lim[X, BO,| = KO(X) by Ex. 3.8.

Each (n+ 3)-dimensional vector bundle F & T™ is nontrivial, since its restriction
to S?PT1 is nontrivial whenever 2p > n + 3 (again by homotopy theory). Hence
[E] — 3 is a nontrivial element of I/(\é(X ). However, the corresponding element

in KO°(X) = [X, BO] is zero, because the homotopy groups of BO have no odd
torsion.

ProprosIiTioN 3.3. If Y is a subcomplex of a CW complex X, the following
sequences are exact:

K°(X/Y) = K°(X) — K°(Y),
K°(X,Y) - K°%X) — K°(Y).

PROOF. Since Y C X is a cofibration, we have an exact sequence [X/Y, B] —
[X,B] — [Y,B] for every connected space Bj; see III(6.3) in [Wh]. This yields
the first sequence (B is BO, BU or BSp). The second follows from this and the
classical exact sequence HO(X/Y:Z) — HY(X;Z) — H(Y;7Z).

CHANGE OF STRUCTURE FIELD 3.4. If X is any space, the monoid (semiring)
map VBR(X) — VB¢(X) sending [E] to [F ® C] (see Ex. 1.4.5) extends by uni-
versality to a ring homomorphism KO(X) — KU(X). For example, KO(S%") —
KU(S®") is an isomorphism but Iff\é(58"+4) 2 7 embeds in I/(\(/](SS”JA) >~ 7 as a
subgroup of index 2.

Similarly, the forgetful map VB¢ (X) — VBgr(X) extends to a group homomor-
phism KU(X) — KO(X). As dimg(V) = 2 - dim¢(V), the summand [X,Z] of
KU (X) embeds as 2[X, Z| in the summand [X, Z] of KO(X). Since EQC=Z EGFE
as real vector bundles (by Ex. 1.4.5), the composition KO(X) — KU(X) — KO(X)
is multiplication by 2. The composition in the other cli\rgction is more complicated;
see Exercise 3.1. For example, it is the zero map on KU (S®"™*) = Z but is multi-
plication by 2 on l’{\(/](SS”) = 7.

There are analogous maps KU (X) — KSp(X) and KSp(X) — KU(X), whose
properties we leave to the exercises.
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Higher Topological K -theory

Once we have a representable functor like K, standard techniques in infinite loop
space theory all us to expand it into a generalized cohomology theory. Rather than
get distracted by infinite loop spaces now, we choose to adopt a rather pedestrian
approach, ignoring the groups K" for n > 0. For this we use the suspensions S™ X
of X, which are all connected paracompact spaces.

DEFINITION 3.5. For each integer n > 0, we define I?é_”(X) and KO™"(X)
by:

KO ™(X)=KO0°S"X)=[S"X,B0); KO ™X)=KO (X)&KO(S").

Replacing ‘O’ by ‘U’ yields definitions If(\ﬁ_”(X) = ﬁO(S"X) = [S"X, BU] and
KU™(X) = KU (X) & KU(S"); replacing ‘O’ by ‘Sp’ yields definitions for
I/(EE)_”(X) and KSp~™(X). When the choice of R, C or H is clear, we shall drop
the ‘O, ‘U’ and ‘Sp,’, writing simply [?*"(X) and K~ "(X).

We shall also define relative groups as follows. If Y is a subcomplex of X, and
n>0, weset K~"(X,Y) =K "(X/Y).

BASED MAPS 3.5.1. Note that our definitions do not assume X to have a base-
point. If X has a nondegenerate basepoint and Y is an H-space with homotopy
inverse (such as BO, BU or BSp), then the group [X, Y] is isomorphic to the group
mo(Y) x [X, Y], where the second term denotes homotopy classes of based maps
from X to Y see pp. 100 and 119 of [Wh]. For such spaces X we can interpret the
formulas for KO™"(X), KU ™(X) and KSp~"(X) in terms of based maps, as is
done in [Atiyah, p.68].

If X, denotes the disjoint union of X and a basepoint x, then we have the usual
formula for an unreduced cohomology theory: K~"(X) = K(S"(X,)). This easily
leads (see Ex. 3.11) to the formulas for n > 1:

KO™™(X) 2 [X,Q"BO], KU ™(X) 2 [X,Q"BU] and KSp~"(X) = [X,Q"BSp].

THEOREM 3.6. If Y is a subcomplex of a CW complex X, we have the exact
sequences (infinite to the left):

KA (Y) 5K Y X)Y) K Y X)) K Y(Y)—- K (X/Y)— K% X)—-K°(Y),
oK) KN XY) K N X)) K (YY) - KX, Y) - K (X)—=K°(Y).

PROOF. Exactness at K%(X) was proven in Proposition 3.3. The mapping cone
cone(i) of i:Y C X is homotopy equivalent to X/Y, and j: X C cone(i) induces
cone(i)/X ~ SY. This gives exactness at K°(X,Y). Similarly, cone(j) ~ SY
and cone(j)/cone(i) ~ SX, giving exactness at K (Y. The long exact sequences
follows by replacing Y C X by SY C SX.
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CHARACTERISTIC CLASSES 3.7. The total Stiefel-Whitney class w(E) of a real
vector bundle F was defined in Ch. I, §4. By (SW3) it satisfies the product formula:
w(E & F) = w(E)w(F). Therefore if we interpret w(E) as an element of the
abelian group U of all formal sums 1+aq +--- in H*(X;7Z/2) we get a get a group
homomorphism w: KO(X) — U. It follows that each Stiefel-Whitney class induces
a well-defined set map w;: KO(X) — H*(X;Z/2). In fact, since w vanishes on each
componentwise trivial bundle T it follows that w([E] — [T7]) = w(E). Hence each
Stiefel-Whitney class w; factors through the projection KO(X) — If(\é(X ).

Similarly, the total Chern class ¢(F) = 1 4 ¢1(F) + --- satisfies ¢(F & F) =
c¢(E)c(F), so we may think of it as a group homomorphism from KU (X) to the
abelian group U of all formal sums 1 + as + a4 + -+ in H “(X;7Z). Tt follows
that the Chern classes c;(F) € H?*(X;Z) of a complex vector bundle define set
maps ¢;: KU(X) — H?(X;Z). Again, since ¢ vanishes on componentwise trivial
bundles, each Chern class ¢; factors through the projection KU (X) — KU (X).

EXAMPLE 3.7.1. For even spheres the Chern class ¢,: KU(S%") — H2"(S™;Z)
is an isomorphism. We will return to this point in Ex. 3.6 and in §4.

EXAMPLE 3.7.2. The map lim[RP>®, BO,] — KO(RP>) of (3.1.0) cannot be
onto. To see this, consider the element n = 1 — [E4] of If(\é(R P°°), where Ej is the
canonical line bundle. Since w(—n) = w(E;) =1+ x we have w(n) = (1 + z)7! =
Soocoxt, and w;(n) # 0 for every ¢ > 0. Axiom (SW1) implies that n cannot equal
[F] — dim(F') for any bundle F.

Similarly, lim[CP*, BU,,| — KU (CP*°) cannot be onto; the argument is similar,
again using the canonical line bundle: ¢;(1 — [E1]) # 0 for every i > 0.

EXERCISES

3.1 Let X be a topological space. Show that there is an involution of VB¢ (X)
sending [FE] to the complex conjugate bundle [E] of Ex. 1.4.6. The correspond-
ing involution ¢ on KU(X) can be nontrivial; use 1(4.9.2) to show that ¢ is mul-
tiplication by —1 on KU (S?) = Z. (By Bott periodicity, this implies that c
is multiplication by (—1)¥ on KU(S?) = Z.) Finally, show that the composite
KU(X) — KO(X) — KU(X) is the map 1 + ¢ sending [E] to [E] + [E].

3.2 If ILX; is the disjoint union of spaces X;, show that K (I1.X;) = [ K(X;). Then
construct a space X such that the map lim VB,,(X) — K(X) of (3.1.0) is not onto.
3.3 Euzternal products. Show that there is a bilinear map K(X;) ® K(X2) —
K(X; x X5) for every X7 and Xo, sending [F1] ® [Es] to [r](E7) ® m5(E2)], where
pii: X1 X Xo — X, is the projection. Then show that if X; = Xy = X the
composition with the diagonal map A*: K(X x X) — K(X) yields the usual product
in the ring K(X), sending [E;] ® [Es] to [Ey @ Es].

3.4 Recall that the smash product X AY of two based spaces is the quotient
X xY/X VY, where X VY is the union of X x {x} and {*} x Y. Show that

K "MXXY)2 K ™XAY)® K "(X)® K "(Y).

3.5 Show that KU 2(x) @ KU "(X) — KU"2(X) induces a “periodicity” iso-
morphism 3: KU~ "(X) — KU ""2(X) for all n. Hint: S2 A\ S"X ~ S"+2X.
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3.6 Let X be a finite CW complex with only even-dimensional cells, such as CP".
Show that KU(X) is a free abelian group on the set of cells of X, and that
KU(SX) = Z, so that KU™'(X) = 0. Then use Example 3.7.1 to show that
the total Chern class injects the group KU (X) into [ H*(X;Z).

3.7 Chern character for CP". Let F be the canonical line bundle on CP", and let x
denote the class [F1] — 1 in KU(CP"). Use Chern classes and the previous exercise
to show that {1,[E1],[E1 ® E1],...,[EY"]}, and hence {1,x,22%,... 2"}, forms a
basis of the free abelian group KU (CP"). Then show that "1 = 0, so that the
ring KU (CP") is isomorphic to Z[x]/(z"!). We will see in Ex. 4.11 below that
the Chern character ch maps the ring KU (CP") isomorphically onto the subring
Z[t]/ (1) of H*(CP"; Q) generated by t = e“1(®) — 1.

3.8 Consider the suspension X = SY of a paracompact space Y. Use Ex. [.4.16 to
show that lim[X, BO,] = KO(X).

3.9 If X is a finite CW complex, show by induction on the number of cells that
both KO(X) and KU(X) are finitely generated abelian groups.

3.10 Show that KU(RP**) = KU(RP*"*') = Z @ Z/2". Hint: Try the total
Stiefel-Whitney class, using 3.3.

3.11 Let X be a compact space with a nondegenerate basepoint. Show that
KO™(X)~[X,Q"BO| = [X,Q" 0] and KU ™ (X) = [X,Q"BU| = [X, Q" U]
for all n > 1. In particular, KU~}(X) = [X,U] and KO~ }(X) 2 [X, O].

3.12 Let X be a compact space with a nondegenerate basepoint. Show that
the homotopy groups of the topological groups GL(R¥) = Hom(X, GL(R)) and
GL(CX) = Hom(X, GL(C)) are (for n > 0):

Tn 1GL(RY) = KO™(X) and m, 1GL(CY)= KU ™(X).

3.13 If E — X is a complex bundle, there is a quaternionic vector bundle Fy — X
with fibers F, ®c H, as in Ex. [.4.5; this induces the map KU(X) — KSp(X)
mentioned in 3.4. Show that Fy — X, considered as a complex vector bundle, is
isomorphic to the Whitney sum E @& E. Deduce that the composition KU (X) —
KSp(X) — KU(X) is multiplication by 2.

3.14 Show that H ®¢ H is isomorphic to H & H as an H-bimodule, on generators
1®14j®j. This induces a natural isomorphism V@cH = V &V of vector spaces
over H. If E — X is a quaternionic vector bundle, with underlying complex bundle
uE — X, show that there is a natural isomorphism (uE)g = E® E. Conclude that
the composition KSp(X) — KU(X) — KSp(X) is multiplication by 2.

3.15 Let E be the complex conjugate bundle of a complex vector bundle £ — X;
see Ex. 1.4.6. Show that Ey = Fy as quaternionic vector bundles. This shows that
KU(X) — KSp(X) commutes with the involution ¢ of Ex. 3.1.

Using exercises 3.1 and 3.14, show that the composition KSp(X) — KO(X) —
K Sp(X) is multiplication by 4.
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4. Lambda and Adams Operations

A commutative ring K is called a A-ring if we are given a family of set operations
N K — K for k > 0 such that for all z,y € K:

e \(z)=1and M(z) =z for all x € K;

o N(z+y)= 2o N(@)N T (y) = Ne(2) + N (@)A y + -+ A (y).

This last condition is equivalent to the assertion that there is a group homo-
morphism A; from the additive group of K to the multiplicative group W(K) =
1+ tK[[t]] given by the formula \;(z) = > A\*(x)t*.

ExXAMPLE 4.1.1 (BiNOMIAL RINGS). . The integers Z and the rationals Q are

A-rings with A*(n) = (). If K is any Q-algebra, we define (7) = x(m_l)"k':gw_kﬂ)
for z € K and k > 1; again the formula \*(z) = (¥) makes K into a A\-ring.

More generally, a binomial ring is a subring K of a Q-algebra Kg such that for
all x € K and k > 1, (i) € K. We make a binomial ring into a A-ring by setting
A(z) = (7). If K is a binomial ring then formally ), is given by the formula
At(z) = (14 t)*. For example, if X is a topological space, then the ring [X,Z] is a
A\-ring with A (f) = (i), the function sending = to (f(,f)).

The notion of A-semiring is very useful in constructing A-rings. Let M be a
semiring (see §1); we know that the group completion M~1M of M is a ring.
We call M a A-semiring if it is equipped with operations A*: M — M such that
N(z) =1, \(z) = z and N\(z +y) = X N(z)\Fi(y).

If M is a A-semiring then the group completion K = M ~1M is a A-ring. To see
this, note that sending x € M to the power series >_ \¥(z)t* defines a monoid map
Ai: M — 1+ tK][[t]]. By universality of K, this extends to a group homomorphism
\¢ from K to 1+ tK[[t]], and the coefficients of \;(x) define the operations A\*(x).

EXAMPLE 4.1.2 (ALGEBRAIC Kj). Let R be a commutative ring and set K =
Ko(R). If P is a f.g. projective R-module, consider the formula A\*(P) = [AFP].
The decomposition A*(P @ Q) = Y (A'P) ® (AF~1Q) given in ch.I, §3 shows that
P(R) is a A-semiring. Hence K((R) is a A-ring.

Since rank(A*P) = (rankk P), it follows that rank: Ko(R) — [Spec(R),Z] is a
morphism of A-rings, and hence that Ko(R) is a A-ideal of Ko(R).

EXAMPLE 4.1.3 (ToprorocGIicaL KY). Let X be a topological space and let K
be either KO(X) or KU(X). If E — X is a vector bundle, let A\*(E) be the exterior
power bundle A*E of Ex. 1.4.3. The decomposition of A*(E @ F) given in Ex. 1.4.3
shows that the monoid VB(X) is a A-semiring. Hence KO(X) and KU(X) are
A-rings, and KO(X) — KU(X) is a morphism of A-rings.

Since dim(APE) = (Y™F), it follows that KO(X) — [X,Z] and KU(X) —
[X,Z] are A-ring morphisms, and that If(\é(X ) and KU (X) are A-ideals.

ExXAMPLE 4.1.4 (REPRESENTATION RING). Let G be a finite group, and con-
sider the complex representation ring R(G) constructed in Example 1.6. R(G) is
the group completion of Repc(G), the semiring of finite dimensional representa-
tions of G as an abelian group R(G) = Z¢, where c¢ is the number of conjugacy
classes of elements in G. The exterior powers A*(V) of a representation V are also
G-modules, and the decomposition of A¥(V @& W) as complex vector spaces used in
(4.1.2) shows that Repc(G) is a A-semiring. Hence R(G) is a A-ring.
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If d = dime(V) then dimg(A*V) = (g), so dimc is a A-ring map from R(G) to
Z. The kernel R(G) of this map is a M-ideal of R(G).

ExAMPLE 4.1.5. Let X be a scheme, or more generally a locally ringed space
(Ch. I, §5). We will define a ring Ky(X) in §7 below, using the category VB(X).
As an abelian group it is generated by the classes of vector bundles on X. We will
see in §8 that the operations A\*[€] = [AFE] are well-defined on K((X) and make it
into a A-ring. (The formula for \*(x + y) will follow from Ex. 1.5.4.)

Positive structures

Not every A-ring is well-behaved. In order to avoid pathologies, we introduce
a further condition, satisfied by the above examples: the A-ring K must have a
positive structure and satisfy the Splitting Principle.

DEFINITION 4.2.1. By a positive structure on a A-ring K we mean: 1) a A-
subring HY of K which is a binomial ring; 2) a A-ring surjection e: K — H" which
is the identity on H? (¢ is called the augmentation); and 3) a subset P C K (the
positive elements), such that

(1) N=4{0,1,2,---} is contained in P.

(2) P is a A-sub-semiring of K. That is, P is closed under addition, multipli-
cation, and the operations )\f .

(3) Every element of the kernel K of € can be written as p— g for some p, ¢ € P.

(4) If p € P then ¢(p) = n € N. Moreover, \'(p) = 0 for i > n and A\"(p) is a
unit of K.

Condition (2) states that the group completion P~1P of P is a A-subring of K;
by (3) we have P~1P = Z @& K. By (4), e(p) > 0 for p # 0, so PN (=P) = 0;
therefore P~!P is a partially ordered abelian group in the sense of §1. An element
¢ € P with ¢({) = 1 is called a line element; by (4), A'(£) = £ and £ is a unit of K.
That is, the line elements form a subgroup L of the units of K.

The A-rings in examples (4.1.2)—(4.1.5) all have positive structures. The A-ring
Ky(R) has a positive structure with

H" = Hy(R) = [Spec(R),Z) and P = {[P]: rank(P) is constant};

the line elements are the classes of line bundles, so L = Pic(R). Similarly, the
A-rings KO(X) and KU (X) have a positive structure in which H® is H°(X,Z) =
[X,Z) and P is {[E] : dim(F) is constant}, as long as we restrict to compact spaces
or spaces with my(X) finite, so that (I.4.1.1) applies. Again, line elements are the
classes of line bundles; for KO(X) and KU(X) we have L = HY(X;Z/2) and
L = H*(X;Z), respectively. For R(G), the classes [V] of representations V are the
positive elements; H? is Z, and L is the set of 1-dimensional representations of G.
Finally, if X is a scheme (or locally ringed space) then in the positive structure on
Ko(X) we have H® = H°(X;Z) and P is {[€] : rank(€) is constant}; see 1.5.1. The
line bundles are again the line elements, so L = Pic(X) = H*(X, Ox x) by 1.5.10.1.

There is a natural group homomorphism “det” from K to L, which vanishes on
HO. If p € P we define det(p) = \"(p), where £(p) = n. The formula for A\*(p + q)
and the vanishing of \!(p) for i > (p) imply that det: P — L is a monoid map,
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i.e., that det(p + q) = det(p) det(q). Thus det extends to a map from P~1P to L.
As det(n) = () = 1 for every n > 0, det(Z) = 1. By (iii), defining det(H°) = 1
extends det to a map from K to L. When K is Ky(R) the map det was introduced
in §2. For KO(X), det is the first Stiefel-Whitney class; for KU (X), det is the first
Chern class.

Having described what we mean by a positive structure on K, we can now state
the Splitting Principle.

DEFINITION 4.2.2. The Splitting Principle states that for every positive element
p in K there is a extension K C K’ (of A-rings with positive structure) such that
p is a sum of line elements in K’.

The Splitting Principle for KO(X) and KU (X) holds by Ex. 4.12. Using alge-
braic geometry, we will show in 8.7 that the Splitting Principle holds for Ky(R) as
well as Ky of a scheme. The Splitting Principle also holds for R(G); see [AT, 1.5].
The importance of the Splitting Principle lies in its relation to “special A-rings,” a
notion we shall define after citing the following motivational result from [FL, ch.I].

THEOREM 4.2.3. If K is a \-ring with a positive structure, the Splitting Prin-
ciple holds iff K is a special A-ring.

In order to define special A-ring, we need the following technical example:

EXAMPLE 4.3 (WITT VECTORS). For every commutative ring R, the abelian
group W(R) = 1 + tR][t]] has the structure of a commutative ring, natural in R;
W (R) is called the ring of (big) Witt vectors of R. The multiplicative identity of the

ring W(R) is (1 — t), and multiplication * is completely determined by naturality,
formal factorization of elements of W(R) as f(t) = [[;=,(1 —r;t") and the formula:

(L= r) % () = £(r).

It is not hard to see that there are “universal” polynomials P, in 2n variables
so that:

(Z a;t?) x (Z bjtj) = cht”, with ¢, = Py(a1,...,an;b1,...,by).

Grothendieck observed that there are operations A¥ on W (R) making it into a
A-ring; they are defined by naturality, formal factorization and the formula

M (1—rt) =0 for all k> 2.

Another way to put it is that there are universal polynomials P, ; such that:
)\k(z a;t’) = ant”7 with b, = P, (a1, ..., Gnk)-

DEFINITION 4.3.1. A special A\-ring is a A-ring K such that the group homo-
morphism A; from K to W(K) is a A-homomorphism. In effect, a special A\-ring is
a A-ring K such that

e \(1)=0for k#0,1

o \e(ay) is Po(A(2),..., \¥(2); M (y), ..., \*¥(y)), and

e \"(\F(2)) = P (A (), ..., A" (2)).



II. THE GROTHENDIECK GROUP Kj 27

EXAMPLE 4.3.2. The formula A"(s1) = s, defines a special A-ring structure on
the polynomial ring U = Zl[s1, ..., Sp, ...|; see [AT]. Clearly if z is any element in any
special A-ring K then the map U — K sending s,, to A" (z) is a A-homomorphism.
The A-ring U cannot have a positive structure by Theorem 4.6 below, since U has
no nilpotent elements except 0.

Adams operations

For every augmented A\-ring K we can define the Adams operations *: K — K for
k > 0 by setting ¥°(x) = e(x), ¥ (z) = x, ¥?(x) = 22 — 2)\%(x) and inductively

YH() = M (@) @) = AN (@) 2 @)+ o+ (DT @)y (@) + (1) TR (2).

From this inductive definition we immediately deduce three facts:

e if / is a line element then ¢*(¢) = (¥,

e if I is a A-ideal with I? = 0 then ¥*(z) = (—=1)*1kA\¥(z) for all z € I;

e For every binomial ring H we have ¢* = 1. Indeed, the formal identity

:UE?;Ol(—l)Z(f) = (—=1)**1k(7) shows that ¢*(z) = z for all z € H.

The operations 1* are named after J.F. Adams, who first introduced them in 1962
in his study of vector fields on spheres.

Here is a slicker, more formal presentation of the Adams operations. Define
Y*(z) to be the coefficient of t* in the power series:

Yi(x) =) F(@)th = e(x) - t% log A_, ().

The proof that this agrees with the inductive definition of ¥*(x) is an exercise in
formal algebra, which we relegate to Exercise 4.6 below.

PROPOSITION 4.4. Assume K satisfies the Splitting Principle. Fach ¢* is a
ring endomorphism of K, and ¢k = % for all j, k > 0.

PROOF. The logarithm in the definition of 1; implies that ¥;(x 4+ y) = ¢ (z) +
Y (y), so each ¥ is additive. The Splitting Principle and the formula " (¢) = ¢*
for line elements yield the formulas ¥*(pq) = *(p)y*(q) and ¥’ (¥*(p)) = ¥I*(p)
for positive p. The extension of these formulas to K is clear.

EXAMPLE 4.4.1. Consider the A-ring KU(S?") = Z & Z of 3.1.1. On H° = Z,
Y*F =1, but on KU(S™) = Z, ¢* is multiplication by k™/2. (See [Atiyah, 3.2.2].)

EXAMPLE 4.4.2. Consider KU (RP?"), which by Ex. 3.10 is Z @ Z/2". T claim
that for all z € KU(X):

wk() {xifkisodd
Tr) =

0if k£ is even.

To see this, note that KU (RP?") = Z,/2™ is additively generated by (¢ — 1), where
( is the nonzero element of L = H2(RP?";Z) = Z/2. Since > = 1, we see that
YF(l —1) = (¥ — 1) is 0 if k is even and (¢ — 1) if k is odd. The assertion follows.
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y-operations

Associated to the operations A\* are the operations v*: K — K. To construct
them, note that if we set s = t/(1 — t) then K[[t]] = K][[s]] and t = s/(1 + s).
Therefore we can rewrite A\s(z) = > A\i(z)s® as a power series v;(z) = > v*(x)t*
in t. By definition, v*(z) is the coefficient of t* in v;(z). Since v¢(x) = A\;(z) we
have 7¢(x + y) = 7:(2)7:(y). In particular 1°(z) = 1, 7' (z) = = and Y*(z + y) =
S 44 (z)y*~¥(y). That is, the y-operations satisfy the axioms for a A-ring structure
on K. An elementary calculation, left to the reader, yields the useful identity:

Formula 4.5. ~%(z) = A¥(z 4+ k — 1). This implies that 42(z) = A\2(z) + z
and

o) =t k-1 = 3@ + (7@ ()00 e

ExaMpLE 4.5.1. If H is a binomial ring then for all z € H we have

o= (T = e (),

EXAMPLE 4.5.2. v%(1) = 1 for all k. More generally, if £ is a line element then
VR(l) = ¢ for all k > 1.

LEMMA 4.5.3. If p € P is a positive element with e(p) =n, then v*(p —n) =0
for all k > n. In particular, if { € K is a line element then v*({ —1) = 0 for every
kE>1.

PROOF. If k£ > n then ¢ = p+ (k—n—1) is a positive element with e(q) = k — 1.
Thus v*(p —n) = M\*(q) = 0.

If z € K, the y-dimension dim(x) of = is defined to be the largest integer n
for which v (x — e(z)) # 0, provided n exists. For example, dim,(h) = 0 for every
h € H® and dim,(¢) = 1 for every line element £ (except ¢ = 1 of course). By
the above remarks if p € P and n = ¢(p) then dim,(p) = dim,(p —n) < n. The
supremum of the dim,(z) for z € K is called the v-dimension of K.

EXAMPLES 4.5.4. If R is a commutative noetherian ring, the Serre Cancellation
1.2.4 states that every element of Ko(R) is represented by [P] — n, where P is a
f.g. projective module of rank < dim(R). Hence K((R) has y-dimension at most
dim(R).

Suppose that X is a CW complex with finite dimension d. The Real Cancellation
Theorem 1.4.3 allows us to use the same argument to deduce that KO(X) has -
dimension at most d; the Complex Cancellation Theorem 1.4.4 shows that KU (X)
has y-dimension at most d/2.

COROLLARY 4.5.5. If K has a positive structure in which N is cofinal in P, then
every element of K has finite y-dimension.

PROOF. Recall that “N is cofinal in P” means that for every p there is a p’ so
that p+p’ = n for some n € N. Therefore every x € K can be written as x = p—m
for some p € P with m = ¢(p). By Lemma 4.5.3, dim, (z) < m.
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THEOREM 4.6. If every element of K has finite y-dimension (e.g., K has a
positive structure in which N is cofinal in P), then K is a nil ideal. That is, every
element of K is nilpotent.

PROOF. Fix z € K, and set m = dim,(z), n = dim,(—x). Then both v (z) =
L+at++2(2)t2+- - - +9y™(2)t™ and ¢ (—x) = 1—at+- - -++"(—2)t" are polynomials
in t. Since y¢(x)v(—z) = 7:(0) = 1, the polynomials ;(x) and ~;(—z) are units
in the polynomial ring K[t]. By (I.3.12), the coefficients of these polynomials are
nilpotent elements of K.

COROLLARY 4.6.1. The ideal Ko(R) is the nilradical of Ko(R) for every com-
mutative ring R.

If X is compact (or connected and paracompact) then KO(X) and KU (X) are
the nilradicals of the rings KO(X) and KU(X), respectively.

EXAMPLE 4.6.2. The conclusion of Theorem 4.6 fails for the representation ring
R(G) of a cyclic group of order 2. If o denotes the 1-dimensional sign representation,
then L = {1,0} and R(G) = Z is generated by (0 — 1). Since (o — 1)2 = (¢% —
20+ 1) = (=2)(0 — 1), we see that (o — 1) is not nilpotent, and in fact that

R(G)" = (2" 1) R(Q) for every n > 1. The hypothesis of Corollary 4.5.5 fails here
because o cannot be a summand of a trivial representation. In fact dim.(1—0) = oo,
because (1 — o) = (1 —0)" =2""1(1 — o) for all n > 1.

The ~-Filtration

The ~-filtration on K is a descending sequence of ideals:
_ 50 1 n
K=F KDFKD>---DF/KD>---.

It starts with FYK = K and FJ K = K (the kernel of ¢). The first quotient FY/F]
is clearly H° = K/I? Forn > 2, F'K is defined to be the ideal of K generated by
the products v (z) - - - v%m (z,,) with z; € K and > ki > n. In particular, F'K

contains v*(z) for all z € K and k > n.
It follows immediately from the definition that F!FJ C F!*7. For j = 1, this

implies that the quotients FfY‘K / FffrlK are H-modules. We will prove that the
quotient F./F2 is L:

THEOREM 4.7. If K satisfies the Splitting Principle, then the map ¢ — { — 1
mduces a group isomorphism, split by the map det:

L = F!K/F’K.

COROLLARY 4.7.1. For every commutative ring R, the first two ideals in the -
filtration of Ko(R) are F} = Ko(R) and F2 = SKo(R). (See 2.6.2.) In particular,

F)/F} = Hy(R) and F,/F? = Pic(R).
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COROLLARY 4.7.2. The first two quotients in the y-filtration of KO(X) are
01 ~ 102 ~ 17l vy
FO/F!~[X,Z] and F!/F>=H\(X;Z/2).
The first few quotients in the ~y-filtration of KU(X) are
01 ~ 102 ~ 1720 v
FO/F!~[X,7) and F!/F?= H(X;Z).

For the proof of Theorem 4.7, we shall need the following consequence of the
Splitting Principle. A proof of this principle may be found in [FL, IIL.1].

FILTERED SPLITTING PRINCIPLE. Let K be a A-ring satisfying the Splitting
Principle, and let x be an element of F'K. Then there exists a A-ring extension
K C K’ such that FIK = KOF;‘K’, and x 1s an H-linear combination of products
(b1 —1)---(ly, — 1), where the £; are line elements of K' and m > n.

PROOF OF THEOREM 4.7. Since ({1 —1)(f; —1) € F2K, the map £ — £ — 1 is
a homomorphism. If /1, {5, ¢3 are line elements of K,

det((ﬁl — 1)(62 — 1)63) = det(€1£2£3) det(ﬁg)/det(flég) det(€2€3) =1.

By Ex. 4.3, the Filtered Splitting Principle implies that every element of FWQK can
be written as a sum of terms (¢; — 1)(¢2 — 1)¢3 in some extension K’ of K. This
shows that det(F?) = 1, so det induces a map I?/FEK — L. Now det is the
inverse of the map ¢ +— ¢ — 1 because for p € P the Splitting Principle shows that
p —e(p) = det(p) — 1 modulo FZK.

PROPOSITION 4.8. If the y-filtration on K 1s finite then K isa nilpotent ideal.

If K is a nilpotent ideal which is finitely generated as an abelian group, then the
~v-filtration on K is finite. That is, FéVK =0 for some N.

PROOF. The first assertion follows from the fact that K" C F;LK for all n. If

K is additively generated by {1, ..., x5}, then there is an upper bound on the k for
which v¥(z;) # 0; using the sum formula there is an upper bound n on the k for

which 7* is nonzero on K. If K™ = 0 then clearly we must have F7"K =0.

ExXAMPLE 4.8.1. If X is a finite CW complex, both KO(X) and KU(X) are
finitely generated abelian groups by Ex. 3.9. Therefore they have finite y-filtrations.

ExAMPLE 4.8.2. If R is a commutative noetherian ring of Krull dimension d,
then F4T1Kq(R) = 0 by [FL, V.3.10], even though Ko(R) may not be a finitely
generated abelian group.

EXAMPLE 4.8.3. For the representation ring R(G), G cyclic of order 2, we saw
in Example 4.6.2 that R is not nilpotent. In fact FI'R(G) = R =2""'R # 0. An

even worse example is the A-ring Rg = R(G) ® Q, because F' Rg = Rg = Q for all
n > 1.

REMARK 4.8.4. Fix x. It follows from the nilpotence of the v¥(x) that there is
an integer N such that ¥ = 0, and for every ki, ..., k, with > k; > N we have

P @)y (@) ot () = 0.

The best general bound for such an N is N = mn = dim, (z) dim, (—x).
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PROPOSITION 4.9. Let k, n > 1 be integers. If x € F'K then modulo FW”HK:

Y (x) = k", and MNo(z) = (=)L,

PROOF. If £ is a line element then modulo (¢ — 1)? we have
PPl —1) = (" D) 1) = k(- 1).
Therefore if ¢4,--- , £, are line elements and m > n we have
PRl = 1)+ (bn — 1)) = k™" (fy = 1) -+ ({, — 1) modulo F/'T'K.

The Filtered Splitting Principle implies that ¥"*(x) = k"™x modulo F,;‘“K for
every z € F'K. For AF. we use the inductive definition of ¥* to see that k"z =
(=1)*=kXk(z) for every & € FI'K. The Filtered Splitting Principle allows us to

consider the universal case W = W, of Exercise 4.4. Since there is no torsion in
EIW/FIW, we can divide by k to obtain the formula k"~ 'z = (=1)F~1\F(2).

THEOREM 4.10 (STRUCTURE OF K ® Q). Suppose that K has a positive struc-
ture in which every element has finite vy-dimension (e.g., if N is cofinal in P).
Then:

(1) The eigenvalues of ¥* on Ko = K ® Q are a subset of {1,k, k% k3,...} for

each k;
(2) The subspace K(gb) = K(gl’k) of eigenvectors for ¥* = k™ is independent of
k;

(3) K" is isomorphic to F'Ko/Fr ' Ko = (FTK/FIK) @ Q;
4) K 2 H'®Q and K 2 L® Q;
(5) The ring K®Q is isomorphic to the graded ring K(g))@K(S)@- . -@Kg’)@- e

PRrROOF. For every positive p, consider the universal A-ring Ug = Qlsq,...] of
Example 4.3.2, and the map Ug — Kq sending s; to p and si to A¥(p). If e(p) = n
then s; maps to zero for ¢ > n and each s; — (?) maps to a nilpotent element by
Theorem 4.6. The image A of this map is a A-ring which is finite-dimensional over
Q, so A is an artinian ring. Clearly Fév A = 0 for some large N. Consider the linear

operation Hflvzo(z/)k — k™) on A; by Proposition 4.9 it is trivial on each FJf/FJf“,
so it must be zero. Therefore the characteristic polynomial of ¥ on A divides
II(t — k™), and has distinct integer eigenvalues. This proves (1) and that Kg is the
direct sum of the eigenspaces K(gb’k) for *. As 1* preserves products, Proposition
4.9 now implies (3) and (4). The rest is immediate from Theorem 4.7.

Chern class homomorphisms

The formalism in §3 for the Chern classes ¢;: KU(X) — H?(X;Z) extends to
the current setting. Suppose we are given a A-ring K with a positive structure and
a commutative graded ring A = A° @ A' @ ---. Chern classes on K with values
in A are set maps ¢;: K — A* for i > 0 with co(z) = 1, satisfying the following
axioms:
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(CCO) The ¢; send HY to zero (for i > 1): ¢;(h) = 0 for every h € HO.
(CC1) (Dimension) ¢;(p) = 0 whenever p is positive and i > &(p).
(CC2) (Sum Formula) For every z,y in K and every n:

n

cn(x+y) = Z ci(x)cn—i(y).

=0

(CC3) (Normalization) ¢1: L — Al is a group homomorphism. That is, for £, £’
C1 (%’) = (ﬁ) + 1 (E)

The total Chern class of x is the element ¢(2) = 3" ¢;(2) of the completion A = [ A
of A. In terms of the total Chern class, (CC2) becomes the product formula

c(x +y) = c(x)c(y).

EXAMPLE 4.11.1. The Stiefel-Whitney classes w;: KO(X) — A' = H (X;Z/2)
and the Chern classes ¢;: KU (X) — A* = H*(X;Z) are Chern classes in this sense.

EXAMPLE 4.11.2. Associated to the ~-filtration on K we have the associated
graded ring Gr3K with Gfr’?'yK = F;/F;;Jrl For a positive element p in K, define
ci(p) to be v*(p — &(p)) modulo F/*'. The multiplicative formula for -, implies
that ¢i(p + q) = ci(p) + ci(q), so that the ¢; extend to classes ¢;: K — GriK.
The total Chern class ¢: K — Gr5 K is a group homomorphism with torsion kernel

and cokernel, because by Theorem 4.10 and Ex. 4.10 the induced map c,,: K(gb) —
GriKq = K((@n) is multiplication by (—1)"(n — 1)!.

The Splitting Principle implies the following Splitting Principle (see [FL, 1.3.1]).

CHERN SPLITTING PRINCIPLE. Given a finite set {p;} of positive elements of K,
there is a A\-ring extension K C K’ in which each p; splits as a sum of line elements,
and a graded extension A C A’ such that the c; extend to maps c;: K' — (A’)!

satisfying (CC1) and (CC2).

The existence of “Chern roots” is an important consequence of this Splitting
Principle. Suppose that p € K is positive, and that in an extension K’ of K we can
write p =01+ -+ £, n = &(p). The Chern roots of p are the elements a; = ¢;1(¢;)
in (A’)L; they determine the c(p) in A*. Indeed, because c(p) is the product of
the c(¢;) = 1 + a;, we see that c(p) is the k*" elementary symmetric polynomial
or(ay,...,an) of the a; in the larger ring A’. In particular, the first Chern class is
c1(p) = Y a; and the “top” Chern class is ¢, (p) =[] a;-

A famous theorem of Isaac Newton states that every symmetric polynomial in
n variables tq,...,t, is in fact a polynomial in the symmetric polynomials o} =
ok(t1, .., ty), k = 1,2,---. Therefore every symmetric polynomial in the Chern
roots of p is also a polynomial in the Chern classes ¢ (p), and as such belongs to
the subring A of A’. Here is an elementary application of these ideas.



II. THE GROTHENDIECK GROUP Kj 33

PROPOSITION 4.11.3. Suppose that K satisfies the Splitting Principle. Then
cn(YFz) = k"cp(x) for all x € K. That is, the following diagram commutes:

K —S& 5 An

IS T

K — An.
COROLLARY 4.11.4. If Q C A then ¢, vanishes on Kg), 1#£n.

Chern character

As an application of the notion of Chern roots, suppose given Chern classes
c;i: K — A", where for simplicity A is an algebra over Q. If p € K is a positive
element, with Chern roots a;, define ch(p) to be the formal expansion

chip) = 3 expla) =3 (Z )
=0 k =0

=0

of terms in A’. The k'™ term 4 Y~ a¥ is symmetric in the Chern roots, so it is a
polynomial in the Chern classes ¢; (p), ..., cx(p) and hence belongs to A¥. Therefore
ch(p) is a formal expansion of terms in A, i.e., an element of A = [T1A*. For
example, if £ is a line element of K then ch(¢) is just exp(c1(¢)). From the definition,
it is immediate that ch(p + q) = ch(p) + ch(q), so ch extends to a map from P~1P
to A. Since ch(1) = 1, this is compatible with the given map H® — A° and so it
defines a map ch: K — A, called the Chern character on K. The first few terms in
the expansion of the Chern character are

1 1
ch(z) = () + ci(x) + 5[01 (z)? — ca()] + 6[01 (z)? = 3c1(z)ca(z) + 3ez(x)] + - - -
An inductive formula for the term in ch(z) is given in Exercise 4.14.

PROPOSITION 4.12. IfQ C A then the Chern character is a ring homomorphism

ch: K — A.

PROOF. By the Splitting Principle, it suffices to verify that ch(pq) = ch(p)ch(q)
when p and ¢ are sums of line elements. Suppose that p = > ¢; and ¢ = Y m;
have Chern roots a; = ¢1(¢;) and b; = c1(m;), respectively. Since pq = > ;m;,
the Chern roots of pq are the ¢1(¢;m;) = ¢1(4;) + c1(mj) = a; + b;. Hence

ch(pq) = Zch(&-mj) = Zexp(ai +b;) = Z exp(a;) exp(b;) = ch(p)ch(q).

COROLLARY 4.12.1. Suppose that K has a positive structure in which every
x € K has finite y-dimension (e.g., N is cofinal in P). Then the Chern character

lands in A, and the induced map from Ko = @K(gl) to A is a graded ring map.
That is, the n'" term ch,: Ko — A™ vanishes on K(g) for i #n.
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ExXAMPLE 4.12.2. The universal Chern character ch: Ko — Kg is the identity
map. Indeed, by Ex. 4.10(b) and Ex. 4.14 we see that ch,, is the identity map on

(n)
each KQ .

The following result was proven by M. Karoubi in [Kar63]. (See Exercise 4.11
for the proof when X is a finite CW complex.)

THEOREM 4.13. If X is a compact topological space and H denotes Cech coho-
mology, then the Chern character is an isomorphism of graded rings.

ch: KU(X) ® Q = @H%(XQQ)

EXAMPLE 4.13.1 (SPHERES). For each even sphere, we know by Example 3.7.1
that ¢,, maps KU (527) isomorphically onto H?*(5?";7Z) = 7Z. The inductive for-
mula for ch,, shows that in this case ch(x) = dim(x) + (—1)"c,(x)/(n — 1)! for
all z € KU(X). In this case it is easy to see directly that ch: KU(S*") ® Q =
HQ* (SQn; @)

EXERCISES
4.1 Show that in Ko(R) or K°(X) we have

([P = ) = (=)' (" e 1) AF=i P,

]

4.2 For every group G and every commutative ring R, let R4(G) denote the group
Ko(RG, R) of Ex. 2.14, i.e., the group completion of the monoid Rep(RG, R) of all
RG-modules which are f.g. projective as R-modules. Show that R4(G) is a A-ring
with a positive structure given by Rep(RG, R). Then show that R4(G) satisfies
the Splitting Principle.

4.3 Suppose that a A-ring K is generated as an H-algebra by line elements. Show
that F = K" for all n, so the ~-filtration is the adic filtration defined by the

ideal K. Then show that if K is any A-ring satisfying the Splitting Principle every
element z of FI'K can be written in an extension K "of K as a product

2=l — 1) (b — 1)

of line elements with m > n. In particular, show that every x € F3 can be written
as a sum of terms (¢; —1)(¢; —1)¢ in K.

4.4 Universal special A-ring. Let W, denote the Laurent polynomial ring
Z[ul,ufl, g, ug 1], and e: Wy — Z the augmentation defined by e(u;) = 1.
(a) Show that W; is a A-ring with a positive structure, the line elements being
the monomials u® = [Jw;". This implies that W, is generated by the group
L = 77 of line elements, so by Exercise 4.3 F'W; is wn.
(b) Show that each F'W/FI*'W is a torsionfree abelian group.
(¢) If K is a special A-ring show that any family {/q,...,¢s} of line elements
determines a A-ring map Wy — K sending u; to /;.
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4.5 A line element ¢ is called ample for K if for every x € K there is an integer
N = N(z) such that for every n > N there is a positive element p, so that
"x = p, —e(pn). (The terminology comes from Algebraic Geometry; see 8.7.4

below.) If K has an ample line element, show that every element of K is nilpotent.
4.6 Verify that the inductive definition of 1* agrees with the 1, definition of ¥*.
4.7 If p is prime, use the Splitting Principle to verify that ¢?(z) = 2P modulo p for
every x € K.

4.8 Adams e-invariant. Suppose given a map f: — 52?7, The mapping cone

C(f) fits into a cofibration sequence S2" - C(f) 2, §2m Associated to this is the
exact sequence:

SZm—l

0 — KU(S*™)2LKU(C)SKU(S?) — 0.

Choose x,y € [/(\U(C’) so that ¢*(z) generates I?(/](SQ”) >~ 7 and y is the image of
a generator of KU(S?™) = Z. Since j* is a ring map, y* = 0.
(a) Show by applying ¥* that 2y = 0, and that if m # 2n then 22 = 0. (When
m = 2n, 22 defines the Hopf invariant of f; see the next exercise.)
(b) Show that 9*(z) = k™x + apy for appropriate integers aj. Then show (for
fixed z and y) that the rational number
ak

‘=

is independent of the choice of k.

(¢) Show that a different choice of = only changes e(f) by an integer, so that e(f)
is a well-defined element of Q/Z; e(f) is called the Adams e-invariant of f.

(d) If f and f’ are homotopic maps, it follows from the homotopy equivalence
between C(f) and C(f’) that e(f) = e(f’). By considering the mapping cone
of fV g, show that the well-defined set map e: 7o, _1(5*") — Q/Z is a group
homomorphism. J.F. Adams used this e-invariant to detect an important
cyclic subgroup of ma,, _1(5%"), namely the “image of J.”

4.9 Hopf Invariant One. Given a continuous map f: S4"~! — §27 define an integer
H(f) as follows. Let C(f) be the mapping cone of f. As in the previous exercise,
we have an exact sequence:

0 — KU(S*™)LKUC(f)-SKU(S?) — 0.

Choose z,y € If(\(j(C(f)) so that i*(x) generates If(\[/](SQ") > 7 and y is the image

of a generator of KU (S%") = Z. Since i*(2?) = 0, we can write 22 = Hy for some
integer H; this integer H = H(f) is called the Hopf invariant of f.

(a) Show that H(f) is well-defined, up to + sign.

(b) If H(f) is odd, show that n is 1, 2, or 4. Hint: Use Ex. 4.7 to show that
the integer as of the previous exercise is odd. Considering e(f), show that 2"
divides p™ — 1 for every odd p.

It turns out that the classical “Hopf maps” S% — S2%, 7 — §% and S¥ — S® all
have Hopf invariant H(f) = 1. In contrast, for every even integer H there is a map
San—1 _, G2 with Hopf invariant H.
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4.10 Operations. A natural operation T on A-rings is a map 7: K — K defined for
every A-ring K such that f7 = 7f for every A-ring map f: K — K’. The operations
Ak, Vi, and ¥, are all natural operations on A-ring.
(a) If K satisfies the Splitting Principle, generalize Proposition 4.9 to show that
every natural operation 7 preserves the ~-filtration of K and that there are
integers wy, = wy(7), independent of K, such that for every x € F' K

7(x) = wpx modulo F,;LHK.
(b) Show that for 7 = ¥ and = € F? we have:

0 if n<k
Ty =4 (DFHE-1)Vif n=k
wnp #0 if n>k

(c) Show that xj +— A* gives a ring map from the power series ring Z[[z1, z2, - - - ]]
to the ring C of all natural operations on A-rings. In fact this is a ring
isomorphism; see [Atiyah, 3.1.7].

4.11 By Example 4.13.1, the Chern character ch: KU(S™) ® Q — H?*(S™;Q) is
an isomorphism for every sphere S™. Use this to show that ch: KU(X) ® Q —
H?*(X;Q) is an isomorphism for every finite CW complex X.

4.12 Let K be a A-ring. Given a K-module M, construct the ring K & M in which
M? = 0. Given a sequence of K-linear endomorphisms ¢y of M with ¢1(z) = =,
show that the formulae A*(x) = ¢, (z) extend the A-ring structure on K to a A\-ring
structure on K @ M. Then show that K @& M has a positive structure if K does,
and that K @ M satisfies the Splitting Principle whenever K does. (The elements
in 1 + M are to be the new line elements.)

4.13 Hirzebruch characters. Suppose that A is an H-algebra and we fix a power
series a(t) = 1+agt+agt?+- -+ in AY[[t]]. Suppose given Chern classes ¢;: K — A*.
If p € K is a positive element, with Chern roots a;, define ch,(p) to be the formal

expansion
cha(p) = Z ala;) Z o (Z af)
k=0 i=0

1=0

of terms in A’. Show that ch,,(p) belongs to the formal completion A of A, and that
it defines a group homomorphism ch,: K — A. This map is called the Hirzebruch
character for a.

4.14 Establish the following inductive formula for the n‘” term ch,, in the Chern
character:

(=D"

e, =0
(n—l)!c

1 1
chy,, — Eclchn_l +- ot ——cichp_; + -+

()

To do this, set = —t; in the identity [J(z + a;) = 2" + c12™ L + -+ +¢,.
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85. Ky of a Symmetric Monoidal Category

The idea of group completion in §1 can be applied to more categories than just the
categories P(R) in §2 and VB(X) in §3. It applies to any category with a “direct
sum”, or more generally any natural product [J making the isomorphism classes
of objects into an abelian monoid. This leads us to the notion of a symmetric
monoidal category.

DEFINITION 5.1. A symmetric monoidal category is a category S, equipped with
a functor [1: S x § — S, a distinguished object e and four basic natural isomor-
phisms:

es>s, sle=>s, sO(t0u) = (sO¢t)0u, and sOt = t0s.

These basic isomorphisms must be “coherent” in the sense that two natural iso-
morphisms of products of sq,...,s, built up from the four basic ones are the same
whenever they have the same source and target. (We refer the reader to [Mac| for
the technical details needed to make this definition of “coherent” precise.) Coher-
ence permits us to write expressions without parentheses like s1[1---[ls,, unam-
biguously (up to natural isomorphism).

EXAMPLE 5.1.1. Any category with a direct sum & is symmetric monoidal; this
includes additive categories like P(R) and VB(X) as we have mentioned. More
generally, a category with finite coproducts is symmetric monoidal with s[1t = sIIt.
Dually, any category with finite products is symmetric monoidal with st = s x t.

DEFINITION 5.1.2 (K(S). Suppose that the isomorphism classes of objects of
S form a set, which we call $*°. If S is symmetric monoidal, this set S'° is an
abelian monoid with product [J and identity e. The group completion of this abelian
monoid is called the Grothendieck group of S, and is written as K5'(S), or simply
as Ko(S) if O is understood.

From §1 we see that K (S) may be presented with one generator [s] for each
isomorphism class of objects, with relations that [sCJt] = [s] + [t] for each s and
t. From Proposition 1.1 we see that every element of KOD(S’ ) may be written as a
difference [s] — [t] for some objects s and ¢.

ExAMPLES 5.2. (1) The category P(R) of f.g. projective modules over a ring R
is symmetric monoidal under direct sum. Since the above definition is identical to
that in §2, we see that we have Ky(R) = K5 (P(R)).

(2) Similarly, the category VB(X) of (real or complex) vector bundles over a
topological space X is symmetric monoidal, with [ being the Whitney sum @. From
the definition we see that we also have K (X) = K§(VB(X)), or more explicitly:

KO(X) = K¢ (VBgr(X)), KU(X) = K¢ (VB¢(X)).

(3) Let Sets; denote the category of finite sets. It has a coproduct, the disjoint
sum II, and it is not hard to see that K{'(Sets;) = Z. It also has a product (x),
but since the empty set satisfies ) = ) x X for all X we have K (Setss) = 0.

(4) The category Sets}< of nonempty finite sets has for its isomorphism classes the
set Nog = {1,2,...} of positive integers, and the product of finite sets corresponds
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to multiplication. Since the group completion of (Nsg, x) is the multiplicative
monoid QX ¢ of positive rational numbers, we have K] (Setsx ¢) = Qxg.

(5) If R is a commutative ring, let Pic(R) denote the category of algebraic line
bundles L over R and their isomorphisms (§1.3). This is a symmetric monoidal
category with [ = ®p, and the isomorphism classes of objects already form a
group, so KoPic(R) = Pic(R).

Cofinality

Let T be a full subcategory of a symmetric monoidal category S. If T' contains e
and is closed under finite products, then T is also symmetric monoidal. We say
that T is cofinal in S if for every s in S there is an s’ in S such that s(s’ is in
T, i.e., if the abelian monoid 77° is cofinal in S™° in th sense of §1. When this
happens, we may restate Corollary 1.3 as follows.

COFINALITY THEOREM 5.3. Let T be cofinal in a symmetric monoidal category
S. Then (assuming S™° is a set):

(1) Ko(T') is a subgroup of Ko(S);

(2) Ewvery element of Ko(S) is of the form [s] — [t] for some s in S and t in T;

(3) If [s] =[] in Ko(S) then sOt = 'Ot for some t in T.

ExAMPLE 5.4.1 (FREE MODULES). Let R be a ring. The category F(R) of
f.g. free R-modules is cofinal (for 0 = @) in the category P(R) of f.g. projec-
tive modules. Hence KyF(R) is a subgroup of Ky(R). In fact KoF(R) is is a
cyclic abelian group, equal to Z whenever R satisfies the Invariant Basis Property.
Moreover, the subgroup KoF(R) of Ko(R) = KoP(R) is the image of the map
Z — Ko(R) described in Lemma 2.1.

KoF(R) is also cofinal in the smaller category P*/7¢¢(R) of f.g. stably free
modules. Since every stably free module P satisfies P ® R™ = R" for some m and
n, the Cofinality Theorem yields KoF(R) = KoP*"/"¢(R).

EXAMPLE 5.4.2. Let R be a commutative ring. A f.g. projective R-module is
called faithfully projective if its rank is never zero. The tensor product of faithfully
projective modules is again faithfully projective by Ex. 2.7. Hence the category
FP(R) of faithfully projective R-modules is a symmetric monoidal category under
the tensor product ®p. For example, if R is a field then the monoid FP™° is
the multiplicative monoid (Nsg, X) of Example 5.2(4), so in this case we have
KSFP(R) = Qx . We will describe the group K FP(R) in the exercises below.

EXAMPLE 5.4.3 (BRAUER GROUPS). Suppose first that F' is a field, and let
Az(F) denote the category of central simple F-algebras. This is a symmetric
monoidal category with product ® p, because if A and B are central simple then so
is A ®p B. The matrix rings M, (F) form a cofinal subcategory, with M,,(F) ®p
M, (F) = M, (F). From the previous example we see that the Grothendieck group
of this subcategory is Qx~g. The classical Brauer group Br(F) of the field F is
the quotient of KgAz(F') by this subgroup. That is, Br(F) is generated by classes
[A] of central simple algebras with two families of relations: [A ®p B] = [A] + [B]
and [M,(F)] =0.

More generally, suppose that R is a commutative ring. Recall that an R-algebra
Aisis called an Azumaya algebra if there is another R-algebra B such that AQp B =
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M, (R) for some n. The category Az(R) of Azumaya R-algebras is thus symmetric
monoidal with product ®g. If P is a faithfully projective R-module, Endg(P)
is an Azumaya algebra. Since Endg(P ®r P’) = Endgr(P) ®g Endg(P’), there
is a monoidal functor Endg from FP(R) to Az(R), and a group homomorphism
KoFP(R) — KoAz(R). The cokernel Br(R) of this map is called the Brauer
group of R. That is, Br(R) is generated by classes [A] of Azumaya algebras with
two families of relations: [A ® g B] = [A] + [B] and [Endg(P)] = 0.

BURNSIDE RING 5.4.4. Suppose that G is a finite group, and let G-Setsy;y,
denote the category of finite G-sets. It is a symmetric monoidal category under
disjoint union. We saw in Example 1.5 that Ky(G-Setsy¢;,) is the Burnside Ring
A(G) =2 Z°¢, where ¢ is the number of conjugacy classes of subgroups of G.

REPRESENTATION RING 5.4.5. Similarly, the finite-dimensional complex repre-
sentations of a finite group G form a category Rep¢(G). It is symmetric monoidal
under @. We saw in Example 1.6 that KoRep(G) is the representation ring R(G)
of G, which is a free abelian group on the classes [Vi],...,[V;] of the irreducible
representations of G.

G-bundles and equivariant K -theory

The following discussion is taken from the very readable book [Atiyah]. Suppose
that G is a finite group and that X is a topological space on which G acts contin-
uously. A (complex) vector bundle E over X is called a G-vector bundle if G acts
continuously on F, the map E — X commutes with the action of GG, and for each
g € G and x € X the map E, — E, is a vector space homomorphism. The cate-
gory VB¢(X) of G-vector bundles over X is symmetric monoidal under the usual
Whitney sum, and we write K (X) for the Grothendieck group K§ VB¢ (X). For
example, if X is a point then VB¢ (X) = Rep¢(G), so we have K2 (point) = R(G).
More generally, if = is a fixed point of X, then E — FE, defines a monoidal functor
from VBg(X) to Repc(G), and hence a group map K& (X) — R(G).

If G acts trivially on X, every vector bundle £ on X can be considered as a
G-bundle with trivial action, and the tensor product £ ® V with a representation
V of G is another G-bundle. The following result is proven on p. 38 of [Atiyah].

PrROPOSITION 5.5 (KRULL-SCHMIDT THEOREM). Let Vi,...,V,. be a complete
set of irreducible G-modules, and suppose that G acts trivially on X. Then for
every G-bundle F' over X there are unique vector bundles E; = Homg(V;, F) so
that

Fe(EBi@V)a- & (B oV,).
COROLLARY 5.5.1. If G acts trivially on X then KQ(X) =2 KU(X) ®z R(G).

The Witt ring W (F') of a field

5.6. Symmetric bilinear forms over a field F' provide another classical application
of the K construction. The following discussion is largely taken from the pretty
book [M-SBF], and the reader is encouraged to look there for the connections with
other branches of mathematics.
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A symmetric inner product space (V, B) is a finite dimensional vector space V/,
equipped with a nondegenerate symmetric bilinear form B: V @ V — F. The
category SBil(F') of symmetric inner product spaces and form-preserving maps is
symmetric monoidal, where the operation (1 is the orthogonal sum (V, B)®(V', B'),
defined as the vector space V@V’ equipped with the bilinear form g(v@v", wdw') =
B(v,w) + B'(v',w").

A crucial role is played by the hyperbolic plane H, which is V = F? equipped with
the bilinear form B represented by the symmetric matrix ((1) (1)) An inner product
space is called hyperbolic if it is isometric to an orthogonal sum of hyperbolic planes.

Let (V, B)®(V', B’) denote the tensor product V®@V’, equipped with the bilinear
form B(v @ v, w®w') = B(v,w)B’(v',w’); this is also a symmetric inner product
space, and the isometry classes of inner product spaces forms a semiring under @
and ® (see Ex. 5.9). Thus KoSBil(F) is a commutative ring with unit 1 = (1),
and the forgetful functor SBil(F) — P(F') sending (V,B) to V induces a ring
augmentation e: KoSBil(F) — Ko(F) = Z. We write I for the augmentation ideal
of KoSBil(F).

EXAMPLE 5.6.1. For each a € F'*, we write (a) for the inner product space with
V = F and B(v,w) = avw. Clearly (a) ® (b) = (ab). Note that a change of basis
1 — b of F induces an isometry (a) = (ab?) for every unit b, so the inner product
space only determines a up to a square.

If char(F') # 2, it is well known that every symmetric bilinear form is diagonaliz-
able. Thus every symmetric inner product space is isometric to an orthogonal sum
(a1) ® -+ & (a,). For example, it is easy to see that H = (1) & (—1). This also
implies that I is additively generated by the elements (a) — 1.

If char(F') = 2, every symmetric inner product space is isomorphic to {(a;)®---®
(an) ® N, where N is hyperbolic; see [M-SBF, 1.3]. In this case I has the extra

generator H — 2.

If char(F') # 2, there is a Cancellation Theorem due to Witt: if X, Y, Z are
inner product spaces, then X &Y = X @ Z implies that Y = Z. For a proof, we
refer the reader to [M-SBF|. We remark that cancellation fails if char(F) = 2; see
Ex. 5.10(d). The following definition is due to Knebusch.

DEFINITION 5.6.2. Suppose that char(F') # 2. The Witt ring W (F') is defined
to be the quotient of the ring KoSBil(F') by the subgroup {nH} generated by the
hyperbolic plane H. This subgroup is an ideal by Ex. 5.10, so W (F) is also a
commutative ring.

Since the augmentation K(SBil(F) — Z has ¢(H) = 2, it induces an augmen-
tation e: W(F') — Z/2. We write I for the augmentation ideal ker(e) of W (F).

When char(F) = 2, W(F) is defined similarly, as the quotient of KySBil(F') by
the subgroup of “split” spaces; see Ex. 5.10. In this case we have 2 = 0 in the Witt
ring W (F'), because the inner product space (1) & (1) is split (Ex. 5.10(d)).

When char(F') # 2, the augmentation ideals of KySBil(F') and W (F') are iso-
morphic: I = I. This is because e(nH) = 2n, so that {nH} NI =0 in K,SBil(F).
Since (V,B) + (V,—B) = 0 in W(F) by Ex. 5.10, every element of W (F') is
represented by an inner product space. In particular, I is additively generated by
the classes (a) + (—1), even if char(F') = 2. The powers I"™ of I form a decreasing
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chain of ideals W(F) D I D I? D ---. We shall describe I/I? now, and return to
this topic in chapter III, §7.

The discriminant of an inner product space (V, B) is a classical invariant with
values in F*/F*? where F'*? denotes {a?|a € F*}. For each basis of V, there is
a matrix M representing B, and the determinant of M is a unit of F. A change
of basis replaces M by A'M A, and det(A*M A) = det(M) det(A)?, so w1 (V, B) =
det(M) is a well defined element in F*/F*2  called the first Stiefel-Whitney class
of (V, B). Since wi(H) = —1, we have to modify the definition slightly in order to
get an invariant on the Witt ring.

DEFINITION 5.6.3. If dim(V') = r, the discriminant of (V, B) is defined to be
the element d(V, B) = (=1)""=1/2 det(M) of F*/F*2.

For example, we have d(H) = d(1) = 1 but d(2) = —1. It is easy to verify that
the discriminant of (V, B) @ (V', B') is (—1)""d(V, B)d(V’, B"), where r = dim(V')
and 7’ = dim(V”). In particular, (V, B) and (V, B) @ H have the same discriminant.
It follows that the discriminant is a well-defined map from W (F) to F'*/F*2, and
its restriction to I is additive.

THEOREM 5.6.4. (Pfister) The discriminant induces an isomorphism between
I/1? and F*/F*2,

PROOF. Since the discriminant of (a) & (—1) is a, the map d: [ — F*/F*?
is onto. This homomorphism annihilates I? because I? is additively generated by
products of the form

({a) = 1) ((b) — 1) = (ab) + (—a) + (—b) + 1,

and these have discriminant 1. Setting these products equal to zero, the identity
(a) + (—a) = 0 yields the congruence

(5.6.5) ((@) —1) + ((b) — 1) = (ab) — 1 mod I?.

Hence the formula s(a) = (a)—1 defines a surjective homomorphism s: F* — I /2.
Since ds(a) = a, it follows that s is an isomorphism with inverse induced by d.

COROLLARY 5.6.6. W(F) contains Z/2 as a subring (i.e., 2 =0) if and only if
—1 s a square in F'.

CLASSICAL EXAMPLES 5.6.7. If F' is an algebraically closed field, or more gen-
erally every element of F' is a square, then (a) = (1) and W (F) = Z/2.

If FF = R, every bilinear form is classified by its rank and signature. For example,
(1) has signature 1 but H has signature 0, with HQ H = H® H. Thus KoSBil(R) =
Z[H]/(H? — 2H) and the signature induces a ring isomorphism W (R) = Z.

If F = F, is a finite field with ¢ odd, then I/I? = Z/2, and an elementary
argument due to Steinberg shows that the ideal I? is zero. The structure of the
ring W (F') now follows from 5.6.6: if ¢ = 3 (mod 4) then W(F) =Z/4;if ¢ =1
(mod 4), W(F,) = Z/2[n]/(n?), where n = (a) — 1 for some a € F.

If F is a finite field extension of the p-adic rationals, then I® = 0 and I? is
cyclic of order 2. If p is odd and the residue field is Fy, then W (F') contains Z/2
as a subring if ¢ = 1 (mod 4) and contains Z/4 if ¢ = 3 (mod 4). If p = 2 then
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W (F) contains Z/2 as a subring iff /=1 € F. Otherwise W (F) contains Z/4 or
Z,/8, according to whether or not —1 is a sum of two squares, an issue which is
somewhat subtle.

If F = Q, the ring map W(Q) — W(R) = Z is onto, with kernel N satisfying
N3 = 0. Since I/I? = Q*/Q*2, the kernel is infinite but under control.

Quadratic Forms

The theory of symmetric bilinear forms is closely related to the theory of qua-
dratic forms, which we now sketch.

DEFINITION 5.7. Let V be a vector space over a field F. A quadratic form on
V is a function ¢q: V' — F such that g(av) = a?q(v) for every a € F and v € V,
and such that the formula B, (v, w) = ¢(v + w) — q¢(v) — ¢(w) defines a symmetric
bilinear form B, on V. We call (V,q) a quadratic space if B, is nondegenerate, and
call (V, B,) the underlying symmetric inner product space. We write Quad(F') for
the category of quadratic spaces and form-preserving maps.

The orthogonal sum (V, q)®(V’, ¢') of two quadratic spaces is defined to be VgV’
equipped with the quadratic form v ® v’ — q(v) + ¢'(v"). This is a quadratic space,
whose underlying symmetric inner product space is the orthogonal sum (V, B,) &
(V',By). Thus Quad(F) is a symmetric monoidal category, and the underlying
space functor Quad(F') — SBil(F') sending (V, q) to (V, B,) is monoidal.

Here is one source of quadratic spaces. Suppose that ( is a (possibly non-
symmetric) bilinear form on V. The function ¢(v) = B(v,v) is visibly quadratic,
with associated symmetric bilinear form B, (v, w) = (v, w) + B(w,v). By choosing
an ordered basis of V, it is easy to see that every quadratic form arises in this way.
Note that when 3 is symmetric we have B, = 203; if char(F') # 2 this shows that
B+ 3q defines a monoidal functor SBil(F) — Quad(F) inverse to the underlying
functor, and proves the following result.

LEMMA 5.7.1. If char(F') # 2 then the underlying space functor Quad(F) —
SBil(F) is an equivalence of monoidal categories.

A quadratic space (V,q) is said to be split if it contains a subspace N so that
¢(N) = 0 and dim(V) = 2dim(N). For example, the quadratic forms ¢(z,y) =
zy + cy? on V = F? are split.

DEFINITION 5.7.2. The group WQ(F) is defined to be the quotient of the group
KyQuad(F) by the subgroup of all split quadratic spaces.

It follows from Ex. 5.10 that the underlying space functor defines a homo-
morphism WQ(F) — W(F). By Lemma 5.7.1, this is an isomorphism when
char(F) # 2.

When char(F') = 2, the underlying symmetric inner product space of a quadratic
space (V, q) is always hyperbolic, and V' is always even-dimensional; see Ex. 5.12.
In particular, WQ(F) — W(F) is the zero map when char(F) = 2. By Ex. 5.12,
WQ(F) is a W(F)-module with WQ(F)/I-WQ(F) given by the Arf invariant. We
will describe the rest of the filtration I™ - WQ(F) in I11.7.10.4.
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EXERCISES

5.1. Let R be a ring and let P°°(R) denote the category of all countably generated
projective R-modules. Show that KPP (R) = 0.

5.2. Suppose that the Krull-Schmidt Theorem holds in an additive category C,
i.e., that every object of C can be written as a finite direct sum of indecomposable
objects, in a way that is unique up to permutation. Show that K§9 (C) is the free
abelian group on the set of isomorphism classes of indecomposable objects.

5.3. Use Ex. 5.2 to prove Corollary 5.5.1.

5.4. Let R be a commutative ring, and let H°(Spec R, Qx~() denote the free
abelian group of all continuous maps from Spec(R) to QXx~g. Show that [P] —
rank(P) induces a split surjection from KoFP(R) onto H°(Spec R, Qx~). In the
next two exercises, we shall show that the kernel of this map is isomorphic to
Ko(R) ® Q.
5.5. Let R be a commutative ring, and let U; denote the subset of the ring
Ky(R) ® Q consisting of all z such that rank(x) takes only positive values.

(a) Use the fact that the ideal [?O(R) is nilpotent to show that U, is an abelian

group under multiplication, and that there is a split exact sequence

0 — Ko(R) ® Q 22 U, 2 HO(Spec R, Qx o) — 0.

(b) Show that P — [P]®1 is an additive function from FP(R) to the multiplica-
tive group Uy, and that it induces a map KoFP(R) — Uy.

5.6. (Bass) Let R be a commutative ring. Show that the map KoFP(R) — U,
of the previous exercise is an isomorphism. Hint: The map is onto by Ex. 2.10.
Conversely, if [P]® 1= [Q] ® 1 in Uy, show that P ® R" = () ® R"™ for some n.

5.7. Suppose that a finite group G acts freely on X, and let X/G denote the orbit
space. Show that VBg(X) is equivalent to the category VB(X/G), and conclude
that K&(X) 2 KU(X/G).

5.8. Let R be a commutative ring. Show that the determinant of a projective
module induces a monoidal functor det: P(R) — Pic(R), and that the resulting
map Ky(det): KoP(R) — KoPic(R) is the determinant map Ky(R) — Pic(R) of
Proposition 2.6.

5.9. If X = (V,B) and X' = (V/, B’) are two inner product spaces, show that
there is a nondegenerate bilinear form 5 on V ® V' satisfying f(v ® v/, w @ w') =
B(v,w)B'(v',w’") for all v,w € V and v',w’ € V'. Writing X ® X’ for this inner
product space, show that X @ X' 2 X' @ X and (X; @ X2) @ X' ¢ (X; @ X')®
(X2 ® X'). Then show that X @ HXH & --- @ H.

5.10. A symmetric inner product space S = (V, B) is called split if it has a basis so
that B is represented by a matrix (? i) Note that the sum of split spaces is also
split, and that the hyperbolic plane is split. We define W (F') to be the quotient of
KySBil(F) by the subgroup of classes [S] of split spaces.
(a) If char(F') # 2, show that every split space S is hyperbolic. Conclude that
this definition of W (F) agrees with the definition given in 5.6.2.

(b) For any a € F*, show that (a) ® (—a) is split.
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(c) If S is split, show that each (V, B)®S is split. In particular, (V, B)®(V,—B) =
(V,B) ® ((1) @ (—1)) is split. Conclude that W(F) is also a ring when
char(F') = 2.

(d) If char(F) = 2, show that the split space S = (1) @ (1) is not hyperbolic,
yet (1) @S = (1) @ H. This shows that Witt Cancellation fails if char(F') =
2. Hint: consider the associated quadratic forms. Then consider the basis
(1,1,1), (1,0,1), (1,1,0) of (1) & S.

5.11. If a+b =1 in F, show that (a) ® (b) = (ab) @ (1). Conclude that in both
KoSBil(F) and W (F) we have the Steinberg identity ((a) —1)({b) —1) =0.
5.12. Suppose that char(F') = 2 and that (V, ¢q) is a quadratic form.

(a) Show that B,(v,v) =0 for every v € V.

(b) Show that the underlying inner product space (V, By) is hyperbolic, hence
split in the sense of Ex. 5.10. This shows that dim(V') is even, and that the
map WQ(F) — W(F) is zero. Hint: Find two elements z,y in V so that
By (z,y) = 1, and show that they span an orthogonal summand of V.

(c¢) If (W, () is a symmetric inner product space, show that there is a unique
quadratic form ¢’ on V' = V@ W satistying ¢/ (v®w) = ¢q(v)B(w, w), such that
the underlying bilinear form satisfies By (v ® w, v’ @ w') = By(v,v")B(w, w").
Show that this product makes WQ(F') into a module over W (F').

(d) (Arf invariant) Let p: F' — F denote the additive map p(a) = a® + a. By
(b), we may choose a basis x1,...,Zp, y1...,Yn of V so that each x;,y; span
a hyperbolic plane. Show that the element A(V,q) = > q(x;)q(y;) of F/p(F)
is independent of the choice of basis, called the Arf invariant of the quadratic
space (after C. Arf, who discovered it in 1941). Then show that A is an
additive surjection. H. Sah showed that the Arf invariant and the module
structure in (c) induces an isomorphism WQ(F)/I - WQ(F) = F/p(F).

(e) Consider the quadratic forms g(a,b) = a® + ab + b* and ¢'(a,b) = ab on
V = F2. Show that they are isometric if and only if F' contains the field Fy.

5.13. (Kato) If char(F') = 2, show that there is a ring homomorphism W (F) —
F ®p» F sending (a) to a™! ® a.
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§6. K of an Abelian Category

Another important situation in which we can define Grothendieck groups is when
we have a (skeletally) small abelian category. This is due to the natural notion of
exact sequence in an abelian category. We begin by quickly reminding the reader
what an abelian category is, defining Ky and then making a set-theoretic remark.

It helps to read the definitions below with some examples in mind. The reader
should remember that the prototype abelian category is the category mod-R of
right modules over a ring R, the morphisms being R-module homomorphisms. The
full subcategory with objects the free R-modules {0, R, R?,...} is additive, and so
is the slightly larger full subcategory P(R) of f.g. projective R-modules (this obser-
vation was already made in chapter I). For more information on abelian categories,
see textbooks like [MacCW] or [WHomo].

DEFINITIONS 6.1. (1) An additive category is a category containing a zero object
‘0’ (an object which is both initial and terminal), having all products A x B, and
such that every set Hom(A, B) is given the structure of an abelian group in such a
way that composition is bilinear. In an additive category the product A x B is also
the coproduct AII B of A and B; we call it the direct sum and write it as A & B
to remind ourselves of this fact.

(2) An abelian category A is an additive category in which (i) every morphism
f: B — C has a kernel and a cokernel, and (ii) every monic arrow is a kernel, and
every epi is a cokernel. (Recall that f: B — C'is called monic if fe; # fey for every
e1 # ex: A — B; it is called epi if g1 f # gof for every g1 # g2: C — D.)

(3) In an abelian category, we call a sequence A L B4 C eractif ker(g) equals
im(f) = ker{B — coker(f)}. A longer sequence is ezact if it is exact at all places.
By the phrase short exact sequence in an abelian category A we mean an exact
sequence of the form:

0—-A —-A— A" —0. (%)

DEFINITION 6.1.1 (Kg.A). Let A be an abelian category. Its Grothendieck group
Ky (A) is the abelian group presented as having one generator [A] for each object
A of A, with one relation [A] = [A’] + [A”] for every short exact sequence (k) in .A.

Here are some useful identities which hold in K(.A).

a) [0] =0 (take A = A").

b) if A= A’ then [A] = [A'] (take A” = 0).

c) [A® A’ = [A'] + [A”] (take A = A" ¢ A").

If two abelian categories are equivalent, their Grothendieck groups are naturally
isomorphic, as b) implies they have the same presentation. By ¢), the group Ky(A)
is a quotient of the group K(?(.A) defined in §5 by considering A as a symmetric
monoidal category.

UNIVERSAL PROPERTY 6.1.2. An additive function from A to an abelian group
I' is a function f from the objects of A to I such that f(A) = f(A")+ f(A”) for every
short exact sequence () in 4. By construction, the function A — [A] defines an
additive function from A to K((.A). This has the following universal property: any
additive function f from A to I' induces a unique group homomorphism f: Ky(A) —
T, with f([A]) = f(A) for every A.
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For example, the direct sum A; @ A, of two abelian categories is also abelian.
Using the universal property of K it is clear that Ko(A;®A2) = Ko( A1) B Ko(As).
More generally, an arbitrary direct sum @ .A; of abelian categories is abelian, and

we have K0(® .Az) = @Ko(.AZ)

SET-THEORETIC CONSIDERATIONS 6.1.3. There is an obvious set-theoretic dif-
ficulty in defining Ky.A4 when A is not small; recall that a category A is called small
if the class of objects of A forms a set.

We will always implicitly assume that our abelian category A is skeletally small,
i.e., it is equivalent to a small abelian category A’. In this case we define K((.A)
to be Ko(A’). Since any other small abelian category equivalent to A will also be
equivalent to A’, the definition of Ky(A) is independent of this choice.

EXAMPLE 6.1.4 (ALL R-MODULES). We cannot take the Grothendieck group
of the abelian category mod-R because it is not skeletally small. To finesse
this difficulty, fix an infinite cardinal number s and let mod,-R denote the full
subcategory of mod-R consisting of all R-modules of cardinality < x. As long as
k > |R|, mod,-R is an abelian subcategory of mod-R having a set of isomorphism
classes of objects. The Eilenberg Swindle 1.2.8 applies to give Ky(mod,-R) = 0.
In effect, the formula M @& M = M*° implies that [M] = 0 for every module M.

The natural type of functor F': A — B between two abelian categories is an addi-
tive functor; this is a functor for which all the maps Hom(A, A’) — Hom(F A, FA")
are group homomorphisms. However, not all additive functors induce homomor-
phisms K¢ (A) — Ko(B).

We say that an additive functor F'is ezxact if it preserves exact sequences—that is,
for every exact sequence (x) in A, the sequence 0 — F(A') — F(A) - F(A") -0
is exact in B. The presentation of Ky implies that any exact functor F' defines a
group homomorphism Ky(A) — Ko(B) by the formula [A] — [F(A)].

Suppose given an inclusion A C B of abelian categories. If the inclusion is an
exact functor, we say that A is an exact abelian subcategory of B. As with all exact
functors, the inclusion induces a natural map Ko(A) — Ko(B).

DEFINITION 6.2 (GoR). If R is a (right) noetherian ring, let M(R) denote
the subcategory of mod-R consisting of all finitely generated R-modules. The
noetherian hypothesis implies that M[(R) is an abelian category, and we write Go(R)
for KoM(R). (We will give a definition of M(R) and G (R) for non-noetherian rings
in Example 7.1.4 below.)

The presentation of Ko(R) in §2 shows that there is a natural map Ko(R) —
Go(R), which is called the Cartan homomorphism (send [P] to [P]).

Associated to a ring homomorphism f: R — S are two possible maps on Gg: the
contravariant transfer map and the covariant basechange map.

When S is finitely generated as an R-module (e.g., S = R/I), there is a “trans-
fer” homomorphism f,: Go(S) — Go(R). It is induced from the forgetful functor
f«:M(S) — M(R), which is exact.

Whenever S is flat as an R-module, there is a “basechange” homomorphism
f*:Go(R) — Go(S). Indeed, the basechange functor f*: M(R) — M(S), f*(M) =
M ®pr S, is exact iff S is flat over R. We will extend the definition of f* in §7 to
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the case in which S has a finite resolution by flat R-modules using Serre’s Formula
(7.8.3): f*([M]) = X(=1)"[Tor;*(M, S)].

If F is a field then every exact sequence in M(F') splits, and it is easy to see
that Go(F) = Ko(F) = Z. In particular, if R is an integral domain with field of
fractions F, then there is a natural map Go(R) — Go(F) = Z, sending [M] to the
integer dimp(M ®p F).

EXAMPLE 6.2.1 (ABELIAN GROUPS). When R = Z the Cartan homomorphism
is an isomorphism: Ky(Z) = Go(Z) = Z. To see this, first observe that the se-
quences

0257 —7/nZ —0

imply that [Z/nZ] = [Z] — [Z] = 0 in Go(Z) for every n. By the Fundamental
Theorem of f.g. Abelian Groups, every f.g. abelian group M is a finite sum of
copies of the groups Z and Z/n. Hence Gy(Z) is generated by [Z]. To see that
Go(Z) = 7Z, observe that since Q is a flat Z-module there is a homomorphism from
Go(Z) to Go(Q) = Z sending [M] to r(M) = dimg(M @ Q). In effect, (M) is an
additive function; as such it induces a homomorphism r: Go(Z) — Z. As r(Z) =1,
r is an isomorphism.

More generally, the Cartan homomorphism is an isomorphism whenever R is a
principal ideal domain, and Ky(R) = Go(R) = Z. The proof is identical.

EXAMPLE 6.2.2 (p-GROUPS). Let Ab, denote the abelian category of all finite
p-groups for some prime p. Then Ky(Ab,) = Z on generator [Z/p]. To see this,
we observe that the length ¢(M) of a composition series for a finite p-group M is
well-defined by the Jordan-Hélder Theorem. Moreover £ is an additive function,
and defines a homomorphism Ky(Ab,) — Z with ¢(Z/p) = 1. To finish we need
only observe that Z/p generates Ky(Ab,); this follows by induction on the length of
a p-group, once we observe that any L C M yields [M] = [L]+ [M/L] in Ko(Ab,).

EXAMPLE 6.2.3. The category Aby;, of all finite abelian groups is the direct
sum of the categories Ab, of Example 6.2.2. Therefore Ko(Aby;,) = @ Ko(Ab,)
is the free abelian group on the set {[Z/p], p prime}.

EXAMPLE 6.2.4. The category M(Z/p™) of all finite Z/p™-modules is an exact
abelian subcategory of Ab,, and the argument above applies verbatim to prove
that the simple module [Z/p] generates the group Go(Z/p™) = Z. In particular, the
canonical maps from Go(Z/p") = KoM(Z/p") to Ko(Ab,) are all isomorphisms.

Recall from Lemma 2.2 that Ko(Z/p™) = Z on [Z/p™]. The Cartan homomor-
phism from Ky = Z to Gg = 7Z is not an isomorphism; it sends [Z/p"] to n|Z/p].

DEFINITION 6.2.5 (GoX). Let X be a noetherian scheme. The category M(X)
of all coherent Ox-modules is an abelian category. (See [Hart, 11.5.7].) We write
Go(X) for KoM(X). When X = Spec(R) this agrees with Definition 6.2: Go(X) =
Go(R), because of the equivalence of M(X) and M(R).

If f: X — Y is a morphism of schemes, there is a basechange functor f*: M(Y') —
M(X) sending F to f*F = F ®o, Ox; see 1.5.2. When f is flat, the basechange
f* is exact and therefore the formula f*([F]) = [F| defines a homomorphism
[ Go(Y) — Go(X). Thus G is contravariant for flat maps.
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If f: X — Y is a finite morphism, the direct image f,F of a coherent sheaf F is
coherent, and f.: M(X) — M(Y) is an exact functor [EGA, I(1.7.8)]. In this case
the formula f.([F]) = [f«F] defines a “transfer” map f.: Go(X) — Go(Y).

If f: X — Y is a proper morphism, the direct image f.F of a coherent sheaf F is
coherent, and so are its higher direct images R’ f,F. (This is Serre’s “Theorem B”;
see 1.5.2 or [EGA, I11(3.2.1)].) The functor f.: M(X) — M(Y") is not usually exact
(unless f is finite). Instead we have:

LEMMA 6.2.6. If f: X — Y s a proper morphism of noetherian schemes, there
is a “transfer” homomorphism f.:Go(X) — Go(Y). It is defined by the formula
f([F]) = (=1 R f.F]. The transfer homomorphism makes Gy functorial for
proper maps.

PROOF. For each coherent F the R!f,F vanish for large i, so the sum is finite.
By 6.2.1 it suffices to show that the formula gives an additive function. But if
0—F — F — F" — 0is a short exact sequence in M(X) there is a finite long
exact sequence in M(Y):

0— fF = fF - fF' - RYf.F - R f.F— R f.F' - R*f.F — --.

and the alternating sum of the terms is f.[F']— f«[F|+ f«[F"]. This alternating sum
must be zero by Proposition 6.6 below, so f. is additive as desired. (Functoriality
is relegated to Ex. 6.15.)

The next Lemma follows by inspection of the definition of A.

LEMMA 6.2.7 (FILTERED COLIMITS). Suppose that {A;}icr is a filtered family
of abelian categories and exact functors. Then the colimit ( = “direct limit”) A =
lim A; is also an abelian category, and

Ko(A) = lim Ko(Ay).

EXAMPLE 6.2.8 (S-TORSION MODULES). Suppose that S is a multiplicatively
closed set of elements in a noetherian ring R. Let Mg(R) be the subcategory of
M(R) consisting of all f.g. R-modules M such that Ms = 0 for some s € S. For
example, if S = {p"} then Mg(Z) = Ab, was discussed in Example 6.2.2. In
general Mg(R) is not only the union of the M(R/RsR), but is also the union of
the M(R/I) as I ranges over the ideals of R with I NS # ¢. By 6.2.7,

K()MS(R) = h_H)l G()(R/I) = h_H)lGo(R/RSR)
INS#¢ ses

Devissage

The method behind the computation in Example 6.2.4 that Go(Z/p") = KoAb, is
called Devissage, a French word referring to the “unscrewing” of the composition
series. Here is a formal statement of the process, due to Alex Heller.
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DEVISSAGE THEOREM 6.3. Let B C A be small abelian categories. Suppose that
(a) B is closed in A under subobjects and quotient objects, and
(b) Every object A of A has a finite filtration A = Ag D Ay --- D A, = 0 with all
quotients A;[A; 11 in B.
Then the inclusion functor B C A is exact and induces an isomorphism

Ko(B) = Ko(A).

ProOF. It follows immediately from (a) that B is an exact abelian subcategory
of A; let i.: Ko(B) — Ko(A) denote the canonical homomorphism. To see that
i, is onto, observe that every filtration A = A9 D A; D --- D A, = 0 yields
[A] = > [A;/Ai+1] in Ko(A). This follows by induction on n, using the observation
that [A;] = [Aiy+1]+[Ai/Ai11]. Since by (b) such a filtration exists with the A;/A4;41
in B, this shows that the canonical i, is onto.

For each A in A, fix a filtration A = Ag D A1 D --- D A, = 0 with each
A;/A;+1 in B, and define f(A) to be the element > [A;/A;1+1] of Ko(B). We claim
that f(A) is independent of the choice of filtration. Because any two filtrations
have equivalent refinements (Ex. 6.2), we only need check refinements of our given
filtration. By induction we need only check for one insertion, say changing A; D
Aiiq to A; D A’ D A;j1. Appealing to the exact sequence

0— A//AH—I — Ai/Ai+1 — Az/A/ — O,

we see that [A;/A;+1] = [Ai/A"] + [A"/A;11] in Ko(B), as claimed.

Given a short exact sequence 0 — A" — A — A” — 0, we may construct
a filtration {A;} on A by combining our chosen filtration for A’ with the inverse
image in A of our chosen filtration for A”. For this filtration we have » [A;/A;11] =
f(A") + f(A"”). Therefore f is an additive function, and defines a map Ky(A) —
Ky(B). By inspection, f is the inverse of the canonical map i,.

COROLLARY 6.3.1. Let I be a nilpotent ring of a noetherian ring R. Then the
inclusion mod-(R/I) C mod-R induces an isomorphism

Go(R/T) = Go(R).

Proor. To apply Devissage, we need to observe that if M is a f.g. R-module,
the filtration M D IM D I?M D --- D I"M = 0 is finite, and all the quotients
I"M/I" M are f.g. R/I-modules. Notice that this also proves the scheme version:

COROLLARY 6.3.2. Let X be a noetherian scheme, and X,.q the associated re-
duced scheme. Then Go(X) = Go(Xred)-

APPLICATION 6.3.3 (R-MODULES WITH SUPPORT). Example 6.2.2 can be gen-
eralized as follows. Given a central element s in a ring R, let M¢(R) denote the
abelian subcategory of M(R) consisting of all f.g. R-modules M such that Ms™ =0
for some n. That is, modules such that M D Ms D Ms? O --- is a finite filtration.
By Devissage,

KoM (R) = Go(R/sR).
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More generally, suppose we are given an ideal I of R. Let Mj(R) be the (exact)
abelian subcategory of M(R) consisting of all f.g. R-modules M such that the
filtration M D MI D> MI? O --- is finite, i.e., such that MI™ = 0 for some n. By
Devissage,

KoM/ (R) 2 KoM(R/I) = Go(R/I).

ExaMPLE 6.3.4. Let X be a noetherian scheme, and i: Z C X the inclusion
of a closed subscheme. Let Mz (X) denote the abelian category of coherent Ox-
modules Z supported on Z, and Z the ideal sheaf in Ox such that Ox/Z = Oy.
Via the direct image i.: M(Z) C M(X), we can consider M(Z) as the subcategory
of all modules M in Mz(X) such that ZM = 0. Every M in Mz(X) has a finite
filtration M D MZ > MZ? O --- with quotients in M(Z), so by Devissage:

KoM(X) = KoM(Z) = Go(2).

The Localization Theorem

Let A be an abelian category. A Serre subcategory of A is an abelian subcategory
B which is closed under subobjects, quotients and extensions. That is, if 0 - B —
C — D — 0 is exact in A then

CeBe B,DcB.

Now assume for simplicity that A is small. If B is a Serre subcategory of A, we
can form a quotient abelian category A/B as follows. Call a morphism f in A a
B-iso if ker(f) and coker(f) are in B. The objects of .A/B are the objects of A, and
morphisms A; — As are equivalence classes of diagrams in A:

Ay Loa s Ao, [ a B-iso.

Such a morphism is equivalent to A; « A” — A, if and only if there is a commu-
tative diagram:

A/

Ay Ay where A’ — A — A” are B-isos.

7 TN

!
A
!

N

A//

The composition with A, e A"y Az is Aq la—aah As, where A
is the pullback of A" and A” over Ay. The proof that A/B is abelian, and that the
quotient functor loc: A — A/B is exact, may be found in [Swan, p.44ff] or [Gabriel].
(See the appendix to this chapter.)

It is immediate from the construction of A/B that loc(A) 2 0 if and only if A is
an object of B, and that for a morphism f: A — A’ in A, loc(f) is an isomorphism
iff fis a B-iso. In fact A/B solves a universal problem (see op. cit.): if T: A — C
is an exact functor such that 7'(B) = 0 for all B in B, then there is a unique exact
functor 7": A/B — C so that T'=T" o loc.
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LOCALIZATION THEOREM 6.4. (Heller) Let A be a small abelian category, and
B a Serre subcategory of A. Then the following sequence is exact:

Ko(B) — Ko(A) 2% Ko(A/B) — 0.

PROOF. By the construction of A/B, K(A) maps onto Kq(A/B) and the com-
position Ko(B) — Ko(A/B) is zero. Hence if " denotes the cokernel of the map
Ky(B) — Ky(A) there is a natural surjection I' — Ky(.A/B); to prove the theorem
it suffices to give an inverse. For this it suffices to show that y(loc(A)) = [A] defines
an additive function from 4/B to I', because the induced map v: Ko(A/B) — I’
will be inverse to the natural surjection I' — K(.A/B).

Since loc: A — A/B is a bijection on objects, v is well-defined. We claim that if
loc(A;1) = loc(Asz) in A/B then [A1] = [Ag] in I'. To do this, represent the isomor-
phism by a diagram A; ElyRER As with f a B-iso. As loc(g) is an isomorphism in
A/B, g is also a B-iso. In K(A) we have

[A] = [As] + [ker(f)] — [coker(f)] = [Az2] + [ker(g)] — [coker(g)].

Hence [A] = [A1] = [A2] in I, as claimed.
To see that 7 is additive, suppose given an exact sequence in .A/B of the form:

0 — loc(Ap) N loc(Aq) ER loc(As) — 0;

we have to show that [A;] = [Ap] 4+ [A2] in I". Represent j by a diagram A Las
Ay with f a B-iso. Since [A] = [A1] + [ker(f)] — [coker(f)] in K(A), [A] = [41] in
I'. Applying the exact functor loc to

0 — ker(g) — A % Ay — coker(g) — 0,

we see that coker(g) is in B and that loc(ker(g)) = loc(Ap) in .A/B. Hence [ker(g)] =
[Ap] in T', and in T" we have

[Ax] = [A] = [Ag] + [ker(g)] — [coker(g)] = [Ao] + [A2]

proving that v is additive, and finishing the proof of the Localization Theorem.

APPLICATION 6.4.1. Let S be a central multiplicative set in a ring R, and let
modg(R) denote the Serre subcategory of mod-R consisting of S-torsion modules,
i.e., those R-modules M such that every m € M has ms = 0 for some s € S.
Then there is a natural equivalence between mod-(S~!R) and the quotient cate-
gory mod-R/modg(R). If R is noetherian and Mg(R) denotes the Serre subcate-
gory of M(R) consisting of f.g. S-torsion modules, then M(S™!R) is equivalent to
M(R)/Mg(R). The Localization exact sequence becomes:

KoMg(R) — Go(R) — Go(S™'R) — 0.

In particular, if S = {s"} for some s then by Application 6.3.3 we have an exact
sequence

Go(R/sR) — Go(R) — Go(R[2]) — 0.

S
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More generally, if [ is an ideal of a noetherian ring R, we can consider the Serre
subcategory M;(R) of modules with some M 1™ = 0 discussed in Application 6.3.3.
The quotient category M(R)/Mj(R) is known to be isomorphic to the category
M(U) of coherent Op-modules, where U is the open subset of Spec(R) defined
by I. The composition of the isomorphism Ko¢M(R/I) = KoM (R) of 6.3.3 with
KoM[(R) — KoM(R) is evidently the transfer map i,: Go(R/I) — Go(R). Hence
the Localization Sequence becomes the exact sequence

Go(R/I) 25 Go(R) — Go(U) — 0

APPLICATION 6.4.2. Let X be a scheme, and i: Z C X a closed subscheme with
complement j:U C X. Let modz(X) denote the Serre subcategory of Ox-mod
consisting of all Ox-modules F with support in Z, i.e., such that F|y = 0. Gabriel
proved in Des catégories abeliennes, Bull. Soc. Math. France 90 (1962), 323-448
that j* induces an equivalence: Op-mod = Ox-mod/modz(X).

Morover, if X is noetherian and Mz (X ) denotes the category of coherent sheaves
supported in Z, then M(X)/Mz(X) = M(U). The inclusion i:Z C X induces
an exact functor i,: M(Z) C M(X), and Go(Z) = KoMz(X) by Example 6.3.4.
Therefore the Localization sequence becomes:

Go(Z) = Go(X) L= Go(U) — 0.

For example, if X = Spec(R) and Z = Spec(R/I), we recover the exact sequence
in the previous application.

APPLICATION 6.4.3 (HIGHER DIVISOR CLASS GROUPS). Given a commutative
noetherian ring R, let D;(R) denote the free abelian group on the set of prime
ideals of height exactly ¢; this is generalizes the group of Weil divisors in Ch.I, §3.
Let M, (R) denote the category of f.g. R-modules M whose associated prime ideals
all have height > i. Each M;(R) is a Serre subcategory of M(R); see Ex. 6.9. Let
FGo(R) denote the image of KoM, (R) in Go(R) = KoM(R). These subgroups
form a filtration --- C F?2 C F' € F° = Go(R), called the coniveau filtration of
Go(R).

It turns out that there is an equivalence M;/M;;1(R) = @ M, (R,), ht(p) = i.
By Application 6.3.3 of Devissage, KoM, (R,) = Go(R,/pRy) = Z, so there is

an isomorphism D;(R) — KoM;/Mi 1(R), [p] — [R/p]. By the Localization
Theorem, we have an exact sequence

Thus Go(R)/F! = Dy(R), and each subquotient F'/F*! is a quotient of D;(R).

For i > 1, the generalized Weil divisor class group CH*(R) is defined to be the
subgroup of KoM,;_1/M;;1(R) generated by the classes [R/p], ht(p) > i. This
definition is due to L. Claborn and R. Fossum; the notation reflects a theorem (in
Chapter 5 below) that the kernel of D;(R) — CH'(R) is generated by rational
equivalence. For example, we will see in Ex. 6.9 that if R is a Krull domain then
CH'(R) is the usual divisor class group CI(R).
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Similarly, if X is a noetherian scheme, there is a coniveau filtration on Go(X).
Let M*(X) denote the subcategory of M(X) consisting of coherent modules whose
support has codimension > i, and let D(X) denote the free abelian group on the
set of points of X having codimension ¢. Then each Mi(X ) is a Serre subcategory
and M'/M""H(X) =2 @M., (Ox.), where z runs over all points of codimension
i in X. Again by Devissage, there is an isomorphism KoM'/M'*!(X) = Di(X)
and hence Go(X)/F! = D% X). For i > 1, the generalized Weil divisor class
group CH*(X) is defined to be the subgroup of KoM;_1/M;,1(X) generated by
the classes [Oz], codimy (Z) = i. We will see later on (in chapter 5) that C H*(X)
is the usual Chow group of codimension ¢ cycles on X modulo rational equivalence,
as defined in [Fulton]. The verification that CH(X) = CI(X) is left to Ex. 6.10.

We now turn to a clasical application of the Localization Theorem: the Fun-
damental Theorem for G of a noetherian ring R. Via the ring map m: R[t] — R
sending ¢ to zero, we have an inclusion M(R) C M(R][t]) and hence a transfer map
T«: Go(R) — Go(R][t]). By 6.4.1 there is an exact localization sequence

Go(R) ™= Go(R[t]) 2 Go(R[t,t71]) — 0. (6.4.4)
Given an R-module M, the exact sequence of R[t]-modules
0— M[t] 5 M[t] - M —0
shows that in Go(R]t]) we have
me[M] = [M] = [M[t]] — [M[t]] = 0.

Thus 7, = 0, because every generator [M] of Gy(R) becomes zero in Go(R]t]).
From the Localization sequence (6.4.4) it follows that j* is an isomorphism. This
proves the easy part of the following result.

FUNDAMENTAL THEOREM FOR Go-THEORY OF RINGS 6.5. For every noether-

ian ring R, the inclusions R < R]{] < R[t,t™Y] induce isomorphisms

Go(R) = Go(R[t]) =2 Go(R[t, t™1]).

PROOF. The ring inclusions are flat, so they induce maps i*: Go(R) — Go(R]t])
and j*: Go(R[t]) — Go(R[t,t71]). We have already seen that j* is an isomorphism;
it remains to show that ¢* is an isomorphism.

Because R = R[t]/tR][t], Serre’s formula defines a map 7*: Go(R[t]) — Go(R) by
the formula: 7*[M] = [M/Mt] — [ann(t)], where anny,(t) = {z € M : zt = 0}.
(See Ex. 6.6 or 7.8.3 below.) Since 7*i*[M] = n*[M[t]] = [M], ¢* is an injection
split by 7*.

We shall present Grothendieck’s proof that i*: Go(R) — Go(R]t]) is onto, which
assumes that R is a commutative ring. A proof in the non-commutative case (due
to Serre) will be sketched in Ex. 6.13.

If Go(R) # Go(R[t]), we proceed by noetherian induction to a contradiction.
Among all ideals J for which Go(R/J) # Go(R/J[t]), there is a maximal one.
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Replacing R by R/J, we may assume that Go(R/I) = Go(R/I[t]) for each I # 0 in
R. Such a ring R must be reduced by Corollary 6.3.1. Let .S be the set of non-zero
divisors in R; by elementary ring theory S™!R is a finite product []F; of fields
F;, so Go(S7'R) = ®Go(F;). Similarly STR[t] = [] F;[t] and Go(S™1R[t]) =
®Go(F;[t]). By Application 6.4.1 and Example 6.2.8 we have a diagram with exact
rows:

lim Go(R/sR[t]) —— Go(R[t]) —— &Go(Filt]) —— 0.
Since the direct limits are taken over all s € S, the left vertical arrow is an iso-

morphism by induction. Because each F;[t] is a principal ideal domain, (2.6.3) and
Example 6.2.1 imply that the right vertical arrow is the sum of the isomorphisms

Go(F;) = Ko(F;) 2 Z = Ko(F;[t]) = Go(F;[t]).
By the 5-lemma, the middle vertical arrow is onto, hence an isomorphism.

We can generalize the Fundamental Theorem from rings to schemes by a slight
modification of the proof. For every scheme X, let X[t] and X|[t,t~1] denote the
schemes X x Spec(Z[t]) and X x Spec(Z[t,t71]) respectively. Thus if X = Spec(R)
we have X[t] = Spec(R[t]) and X|[t,t~1] = Spec(R|[t,t™!]). Now suppose that X
is noetherian. Via the map m: X — X]Jt] defined by ¢t = 0, we have an inclusion
M(X) C M(X][t]) and hence a transfer map m.: Go(X) — Go(X][t]) as before. The
argument we gave after (6.4.4) above goes through to show that 7, = 0 here too,
because any generator [F| of Go(X) becomes zero in Go(X[t]). By 6.4.2 we have
an exact sequence

Go(X) = Go(X[t]) — Go(X[t,t7]) — 0
and therefore Go(X[t]) & Go(X|[t,t71]).

FUNDAMENTAL THEOREM FOR (Gp-THEORY OF SCHEMES 6.5.1. If X is a noe-
therian scheme then the flat maps X [t,t™}] < X[t] < X induce isomorphisms:

Go(X) 2 Go(X[t]) = Go(X[t, ¢71)).

Proor. We have already seen that j* is an isomorphism. By Ex. 6.7 there is
a map 7*: Go(X[t]) — Go(X) sending [F] to [F/tF] — [anng(t)]. Since 7*i*[F] =
(im)*[F] = [F], we again see that ¢* is an injection, split by 7*.

It suffices to show that i* is a surjection for all X. By noetherian induction, we
may suppose that the result is true for all proper closed subschemes Z of X. In
particular, if Z is the complement of an affine open subscheme U = Spec(R) of X,
we have a commutative diagram whose rows are exact by Application 6.4.2.

Go(Z) —— Go(X) —— Go(R) —— 0

Go(Z[t]) —— Go(X[t]) —— Go(R[t]) —— 0
The outside vertical arrows are isomorphisms, by induction and Theorem 6.5. By

the 5-lemma, Go(X) =, Go(X[t]) is onto, and hence an isomorphism.
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FEuler Characteristics

Suppose that C.: 0 — C),, — --- — (), — 0 is a bounded chain complex of objects
in an abelian category .A. We define the Fuler characteristic x(C.) of C. to be the
following element of K¢(A):

PROPOSITION 6.6. If C. is a bounded complex of objects in A, the element x(C.)
depends only upon the homology of C. :

In particular, if C. is acyclic (exact as a sequence) then x(C.) = 0.

Proor. Write Z; and B;_; for the kernel and image of the map C; — C;_1,
respectively. Since B;_1 = C;/Z; and H;(C.) = Z;/B;, we compute in Ky(A):

S (12 + Y (-1 [Bis]
= S (-1i[C] = x(©).

Let Ch"(A) denote the abelian category of (possibly unbounded) chain com-
plexes of objects in A having only finitely many nonzero homology groups. We call
such complexes homologically bounded.

COROLLARY 6.6.1. There is a natural surjection x r: Ko(Ch"™) — Ky(A) send-
ing C. to > (=1)![H;(C.)]. In particular, if 0 - A. — B. — C. — 0 is a exact
sequence of homologically bounded complexes then:

xu(B.) =xu(A)+xu(C).

EXERCISES

6.1 Let R be a ring and mody;(R) the abelian category of R-modules with finite
length. Show that Komody;(R) is the free abelian group € Z, a basis being
{[R/m], m a maximal right ideal of R}. Hint: Use the Jordan-Holder Theorem for
modules of finite length.

6.2 Schreier Refinement Theorem. Let A = Ag 2 A1 2 --- 2 A, = 0 and
A=Ay DA DO--- D AL = 0betwo filtrations of an object A in an abelian category
A. Show that the subobjects A;; = (A; N A}) + Aiy1, ordered lexicographically,
form a filtration of A which refines the filtration {4;}. By symmetry, there is also
a filtration by the A’ , = (A; N A}) + A}, which refines the filtration {A’}.
Prove Zassenhaus’ Lemma, that A; ;/A; j11 = A%, /A%, 1. This shows that the
factors in the two refined filtrations are isomorphic up to a permutation; the slogan

is that “any two filtrations have equivalent refinements.”
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6.3 Jordan-Holder Theorem in A. An object A in an abelian category A is called
simple if it has no proper subobjects. We say that an object A has finite length
if it has a composition series A = Ay D -+ D As = 0 in which all the quotients
A;/Ai+1 are simple. By Ex. 6.2, the Jordan-Holder Theorem holds in Ayg;: the
simple factors in any composition series of A are unique up to permutation and
isomorphism. Let Ay, denote the subcategory of objects in A finite length. Show
that Ay is a Serre subcategory of A, and that Ky(Ay;) is the free abelian group
on the set of isomorphism classes of simple objects.

6.4 Let A be a small abelian category. If [A;] = [As] in K((A), show that there
are short exact sequences in A

0—-C" —-C,—-C"—=0, 0=-0C" —=Cy,—C"—0

such that A; @ C1 = Ay @ Cy. Hint: First find sequences 0 — D) — D; — D/ — 0
such that Ay @& D] @ DY & Dy = Ay @ D5, @ DY @ D1, and set C; = D, @ D) & D;.

6.5 Resolution. Suppose that R is a regular noetherian ring, i.e., that every R-
module has a finite projective resolution. Show that the Cartan homomorphism
Ko(R) — Go(R) is onto. (We will see in Theorem 7.7 that it is an isomorphism.)

6.6 Serre’s Formula. (Cf. 7.8.3) If s is a central element of a ring R, show that
there is a map 7*: Go(R) — Go(R/sR) sending [M] to [M /M s| — [annp(s)], where
anny(s) ={x € M : s = 0}. Theorem 6.5 gives an example where 7* is onto, and
if s is nilpotent the map is zero by Devissage 6.3.1. Hint: Use the map M = M.

6.7 Let Y be a noetherian scheme over the ring Z[t], and let X <> Y be the
closed subscheme defined by ¢ = 0. If F is an Oy-module, let annz(t) denote the
submodule of F annihilated by ¢. Show that there is a map 7*: Go(Y) — Go(X)
sending [F| to [F/tF] — [anng(t)].

6.8 (Heller-Reiner) Let R be a commutative domain with field of fractions F. If
S = R — {0}, show that there is a well-defined map A : F* — KyMg(R) sending
the fraction r/s € F* to [R/Rr] — [R/Rs]. Then use Ex. 6.4 to show that the
localization sequence extends to the exact sequence

1 — R* — F* 2 KoMg(R) — Go(R) — Z — 0.

6.9 Weil Divisor Class groups. Let R be a commutative noetherian ring.
(a) Show that each M;(R) is a Serre subcategory of M(R).
(b) Show that KoM;_1/M;1(R) =2 CH*(R) ® D;_1(R). In particular, if R is a
1-dimensional domain then Go(R) = Z ® CH(R).
(c) Show that each F'Go(R)/F""1Gy(R) is a quotient of the group CH*(R).
(d) Suppose that R is a domain with field of fractions F. As in Ex. 6.8, show
that there is an exact sequence generalizing Proposition 1.3.6:

0— RX — F* 2, Di(R) — CHY(R) — 0.

In particular, if R is a Krull domain, conclude that CH(R) = CI(R).
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6.10 Generalize the preceding exercise to a noetherian scheme X, as indicated in
Application 6.4.3. Hint: F becomes the function field of X, and (d) becomes 1.5.12.

6.11 If S is a multiplicatively closed set of central elements in a noetherian ring R,
show that
KoMs(R) = KoMs (R)[t]) = KoMs(R[t,t~"]).

6.12 Graded modules. When S = R@& S1 & S2 & --- is a noetherian graded ring,
let M, (S) denote the abelian category of f.g. graded S-modules. Write o for the
shift automorphism M +— M[—1] of the category Mg, (S). Show that:
(a) KoM, (S) is a module over the ring Z[o, o~ ?]
(b) If S is flat over R, there is a map from the direct sum Go(R)[o,071] =
D.,.cz Go(R)o™ to KoM, (S) sending [M]o" to [o"(M ® S)].
(c) If S = R, the map in (b) is an isomorphism: KoM, (R) = Go(R)[o,01].
(d) If S = R[zy, -, x| with x1,--- 2, in S;, the map is surjective, i.e.,
KoM, (S) is generated by the classes [0"Mx1,...,zp]]. We will see in
Ex. 7.14 that the map in (b) is an isomorphism for S = R[x1,- -, Zp,].
(e) Let B be the subcategory of My, (R|[x,y]) of modules on which y is nilpotent.
Show that B is a Serre subcategory, and that

KoB = KoM, (R) 2 Go(R)[o, 07

6.13 In this exercise we sketch Serre’s proof of the Fundamental Theorem 6.5 when
R is a non-commutative ring. We assume the results of the previous exercise. Show
that the formula j(M) = M/(y — 1)M defines an exact functor j: M, (R[z,y]) —
M(R]z]), sending B to zero. In fact, j induces an equivalence

My, (Rlz,y])/B = M(R[z]).

Then use this equivalence to show that the map i*: Go(R) — Go(R|[z]) is onto.

6.14 G of projective space. Let k be a field and set S = k[xg,- - ,x.], with
X = P;". Using the notation of Exercises 6.3 and 6.12, let Mg, (S)s; denote the
Serre subcategory of M, (S) consisting of graded modules of finite length. It is
well-known (see [Hart, I1.5.15]) that every coherent Ox-module is of the form M
for some M in M, (S), i.e., that the associated sheaf functor Mg, (S) — M(X) is
onto, and that if M has finite length then M = 0. In fact, there is an equivalence

My, (S) /My, (S) 1 = M(PL").

(See [Hart, Ex. 11.5.9(c)].) Under this equivalence o*(.S) represents Ox (—i).
(a) Let F denote the graded S-module S™1, whose basis lies in degree 0. Use
the Koszul sequence exact sequence of (1.5.3):

n 2
O—>0”(/\F)—>---—>a2(/\F)—>UFM>S—>k—>O

to show that in KoM, (S) every f.g. k-module M satisfies

M) =S (1) (m j 1) o [M @ S] = (1 — o)™ [M 4 9].
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(b) Show that in Go(P}") every [Ox(n)] is a linear combination of the classes
(c) We will see in Ex. 7.14 that the map in Ex. 6.12(b) is an isomorphism:
KoM, (S) =2 Go(R)[o,071].

Assume this calculation, and show that

Go(Py") = Z™ on generators [Ox], [Ox(—1)],---,[Ox(—m)].

6.15 Naturality of f.. Suppose that X Ly % 7 are proper morphisms between
noetherian schemes. Show that (¢f)« = g« f« as maps Go(X) — Go(Z).



II. THE GROTHENDIECK GROUP Kj 59

§7. Ky of an Exact Category

If C is an additive subcategory of an abelian category A, we may still talk about
exact sequences: an exact sequence in C is a sequence of objects (and maps) in C
which is exact as a sequence in A. With hindsight, we know that it helps to require
C to be closed under extensions. Thus we formulate the following definitions.

DEFINITION 7.0 (EXACT CATEGORIES). An exact categoryis a pair (C, ), where
C is an additive category and £ is a family of sequences in C of the form

0-B-5CL Do, (1)

satisfying the following condition: there is an embedding of C as a full subcategory
of an abelian category A so that

(1) & is the class of all sequences (T) in C which are exact in A;
(2) Cis closed under extensionsin A in the sense that if (1) is an exact sequence
in A with B, D € C then C € C.

The sequences in &£ are called the short exact sequences of C. We will often abuse
notation and just say that C is an exact category when the class £ is clear. We call
a map in C an admissible monomorphism (resp. an admissible epimorphism) if it
occurs as the monomorphism ¢ (resp. as the epi j) in some sequence () in £.

The following hypothesis is commonly satisfied in applications, and is needed for
Euler characteristics and the Resolution Theorem 7.5 below.
(7.0.1) We say that C is closed under kernels of surjections in A provided that
whenever a map f: B — C in C is a surjection in A then ker(f) € C. The well-read
reader will observe that the definition of exact category in [Bass] is what we call an
exact category closed under kernels of surjections.

An exact functor F:B — C between exact categories is an additive functor F
carrying short exact sequences in B to exact sequences in C. If B is a full subcategory
of C, and the exact sequences in B are precisely the sequences (f) in B which are
exact in C, we call B an exact subcategory of C. This is consistent with the notion
of an exact abelian subcategory in §6.

DEFINITION 7.1 (Ky). Let C be a small exact category. Ko(C) is the abelian
group having generators [C], one for each object C of C, and relations [C] = [B]+[D]
for every short exact sequence 0 - B — C' — D — 0 in C.

As in 6.1.1, we have [0] =0, [B @ D] = [B] + [D] and [B] = [C] if B and C are
isomorphic. As before, we could actually define Ky(C) when C is only skeletally
small, but we shall not dwell on these set-theoretic intricacies. Clearly, Ky(C)
satisfies the universal property 6.1.2 for additive functions from C to abelian groups.

ExAMPLE 7.1.1. The category P(R) of f.g. projective R-modules is exact by

virtue of its embedding in mod-R. As every exact sequence of projective modules
splits, we have KoP(R) = Ko(R).

Any additive category is a symmetric monoidal category under &, and the above
remarks show that K((C) is a quotient of the group Kg (C) of §5. Since abelian
categories are exact, Examples 6.2.1-4 show that these groups are not identical.
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EXAMPLE 7.1.2 (SPLIT EXACT CATEGORIES). A split exact category C is an
exact category in which every short exact sequence in & is split (i.e., isomorphic to
0— B — B®D — D — 0). In this case we have K¢(C) = K§ (C) by definition.
For example, the category P(R) is split exact.

If X is a topological space, the embedding of VB(X) in the abelian category
of families of vector spaces over X makes VB(X) into an exact category. By
the Subbundle Theorem 1.4.1, VB(X) is a split exact category, so that K°(X) =
Ko(VB(X)).

We will see in Exercise 7.7 that any additive category C may be made into a

split exact category by equipping it with the class &y of sequences isomorphic to
0—-B—B&D—D—0

WARNING. Every abelian category A has a natural exact category structure,
but it also has the split exact structure. These will yield different Ky groups in
general, unless something like a Krull-Schmidt Theorem holds in 4. We will always
use the natural exact structure unless otherwise indicated.

EXAMPLE 7.1.3 (Ko OF A SCHEME). Let X be a scheme (or more generally a
ringed space). The category VB(X) of algebraic vector bundles on X, introduced
in (I.5), is an exact category by virtue of its being an additive subcategory of the
abelian category Ox-mod of all Ox-modules. We write Ky(X) for Ko VB(X). If
X is noetherian, the inclusion VB(X) € M(X) yields a Cartan homomorphism
Ko(X) — Go(X). We saw in (1.5.3) that exact sequences in VB(X) do not always
split, so VB(X) is not always a split exact category.

EXAMPLE 7.1.4 (G OF NON-NOETHERIAN RINGS). If R is a non-noetherian
ring, the category mod,(R) of all finitely generated R-modules will not be abelian,
because R — R/I has no kernel inside this category. However, it is still an
exact subcategory of mod-R, so once again we might try to consider the group
Komody,(R). However, it turns out that this definition does not have good prop-
erties (see Ex. 7.3 and 7.4).

Here is a more suitable definition, based upon [SGA6, 1.2.9]. An R-module M is
called pseudo-coherent if it has an infinite resolution --- — P, — Py — M — 0 by
f.g. projective R-modules. Pseudo-coherent modules are clearly finitely presented,
and if R is right noetherian then every finitely generated module is pseudo-coherent.
Let M(R) denote the category of all pseudo-coherent R-modules. The “Horseshoe
Lemma” [WHomo, 2.2.8] shows that M(R) is closed under extensions in mod-R, so
it is an exact category. (It is also closed under kernels of surjections, and cokernels
of injections in mod-R, as can be seen using the mapping cone.)

Now we define Go(R) = KoM(R). Note that if R is right noetherian then M(R)
is the usual category of §6, and we have recovered the definition of Go(R) in 6.2.

ExXAMPLE 7.1.5. The opposite category C°? has an obvious notion of exact se-
quence: turn the arrows around in the exact sequences of C. Formally, this arises
from the inclusion of Co» in A°r. Clearly K((C) = Ky(CP).

EXAMPLE 7.1.6. The direct sum C; ®Cs of two exact categories is also exact, the
ambient abelian category being A; & Ag. Clearly Ko(C1 & Ca) = Ko(C1) ® Ko(Ca).
More generally, the direct sum @ C; of exact categories is an exact category (inside
the abelian category @.4;), and as in 6.1.2 this yields Ko(®C;) = @Ko (C;).
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EXAMPLE 7.1.7 (FILTERED COLIMITS). Suppose that {C;} is a filtered family
of exact subcategories of a fixed abelian category A. Then C = UC; is also an exact
subcategory of A, and by inspection of the definition we see that

Ko(| JCi) = lim Ko (Cy).

As a case in point, if a ring R is the union of subrings R, then P(R) is the direct
limit of the P(R,), and we have K(R) = lim K¢(R,), as in §2.

COFINALITY LEMMA 7.2. Let B be an exact subcategory of C which s closed
under extensions in C, and which is cofinal in the sense that for every C in C there

is a C' in C so that C & C' is in B. Then KyB is a subgroup of KC.

PrROOF. By (1.3) we know that K13 is a subgroup of K§'C. Given a short exact
sequence 0 — Cy — C1 — C3 — 0in C, choose C{; and C% in C so that By = Cy®C})
and By = Cy @ CY are in B. Setting B; = C; & C(j @ C, we have the short exact
sequence 0 — By — B; — By — 0 in C. As B is closed under extensions in C,
B, € B. Therefore in KSBC:

[C1] = [Co] — [C2] = [B1] — [Bo] — [Ba].

Thus the kernel of KSBC — KoC equals the kernel of Kg3 B — KB, which implies
that KoB — KyC is an injection.

Idempotent completion.

7.2.1. A category C is called idempotent complete if every idempotent endomorphism
e of an object C factors as C' — B — (' with the composite B — C' — B being
the identity. Given C, we can form a new category C whose objects are pairs (C,e)
with e an idempotent endomorphism of an object C' of C; a morphism from (C, ) to
(C’,¢’")is amap f:C — C’ in C such that f = €’ fe. The category C is idempotent
complete, since an idempotent endomorphism f of (C, e) factors through the object
(C,efe).

C is called the idempotent completion of C. To see why, consider the natural
embedding of C into C sending C to (C,id). It is easy to see that any functor from
C to an idempotent complete category D must factor through a functor C — D that
is unique up to natural equivalence. In particular, if C is idempotent then C = C.

If C is an additive subcategory of an abelian category A, then C is equivalent
to a larger additive subcategory C’ of A (see Ex. 7.6). Moreover, C is cofinal in é\,
because (C,e) is a summand of C in A. By the Cofinality Lemma 7.2, we see that
Ko(C) is a subgroup of Ko(C).

ExAMPLE 7.2.2. Consider the subcategory F(R) of M(R) consisting of f.g. free
R-modules. The idempotent completion of F(R) is the category P(R) of f.g. projec-
tive modules. Thus the cyclic group KoF(R) is a subgroup of Ky(R). If R satisfies
the Invariant Basis Property (IBP), then KoF(R) = Z and we have recovered the
conclusion of Lemma 2.1.

ExAMPLE 7.2.3. Let R — S be a ring homomorphism, and let B denote the
full subcategory of P(.5) on the modules of the form P ®g S for P in P(R). Since
it contains all the free modules S™, B is cofinal in P(S), so KyB is a subgroup of
Ky(S). Indeed, KB is the image of the natural map Ky(R) — Ky(S5).
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Products

Let A, B and C be exact categories. A functor F' : A x B — C is called biexact
if F(A,—) and F(—,B) are exact functors for every A in A and B in B, and
F(0,—) = F(—,0) = 0. (The last condition, not needed in this chapter, can always
be arranged by replacing C by an equivalent category.) The following result is
completely elementary.

LEMMA 7.3. A biexact functor F: A x B — C induces a bilinear map

K()A ® K()B — KOC
[Al @ [B] — [F(A, B)]

APPLICATION 7.3.1. Let R be a commutative ring. The tensor product ® 4
defines a biexact functor P(R) x P(R) — P(R), as well as a biexact functor
P(R) x M(R) — M(R). The former defines the product [P][Q] = [P ® Q] in
the commutative ring Ko(R), as we saw in §2. The latter defines an action of
Ky(R) on Go(R), making Go(R) into a Ky(R)-module.

APPLICATION 7.3.2. Let X be a scheme (or more generally a locally ringed
space) The tensor product of vector bundles defines a biexact functor VB(X) x
VB(X) — VB(X) (see I.5.3). This defines a product on Ky (X) satisfying [€][F]| =
[€ ® F]. This product is clearly commutative and associative, so it makes Ky(X)
into a commutative ring. We will discuss this ring further in the next section.

If X is noetherian, recall from 6.2.5 that Gy(X) denotes KoM(X). Since the
tensor product of a vector bundle and a coherent module is coherent, we have a
functor VB(X) x M(X) — M(X). It is biexact (why?), so it defines an action of
Ko(X) on Go(X), making Go(X) into a Ko(X)-module.

APPLICATION 7.3.3 (ALMKVIST). If R is a ring, let End(R) denote the exact
category whose objects (P, ) are pairs, where P is a fin. gen. projective R-module
and « is an endomorphism of P. A morphism (P,a) — (Q,3) in End(R) is a
morphism f: P — @ in P(R) such that fa = Gf, and exactness in End(R) is
determined by exactness in P(R).

If R is commutative, the tensor product of modules gives a biexact functor

®pr: End(R) x End(R) — End(R),
(<P> a)a (Qaﬁ)) = (P ®rQ,a @R 5)

As ®p is associative and symmetric up to isomorphism, the induced product makes
KoEnd(R) into a commutative ring with unit [(R,1)]. The inclusion of P(R) in
End(R) by o = 0 is split by the forgetful functor, and the kernel Endy(R) of
KoEnd(R) — Ky(R) is not only an ideal but a commutative ring with unit 1 =
[(R,1)]—[(R,0)]. Almkvist proved that (P, a) — det(1—at) defines an isomorphism
of Endy(R) with the subgroup of the multiplicative group W(R) = 1 + tR][[t]]
consisting of all quotients f(t)/g(t) of polynomials in 1 + ¢R[t] (see Ex. 7.18).
Almkvist also proved that Endy(R) is a subring of W (R) under the ring structure
of 4.3.

If Ais an R-algebra, ®p is also a pairing End(R) X End(A) — End(A), making
Endy(A) into an Endy(R)-module. We leave the routine details to the reader.



II. THE GROTHENDIECK GROUP Kj 63

EXAMPLE 7.3.4. If R is a ring, let Nil(R) denote the category whose objects
(P,v) are pairs, where P is a f.g. projective R-module and v is a nilpotent endo-
morphism of P. This is an exact subcategory of End(R). The forgetful functor
Nil(R) — P(R) sending (P,v) to P is exact, and is split by the exact functor
P(R) — Nil(R) sending P to (P,0). Therefore Ko(R) = KoP(R) is a direct sum-
mand of KoNil(R). We write Nilyg(R) for the kernel of KoNil(R) — P(R), so
that there is a direct sum decomposition KoNil(R) = Ky(R) & Nilo(R). Since
[P,v] = [P ® Q,v® 0] — [@,0] in KoNil(R), we see that Nilo(R) is generated by
elements of the form [(R™,v)] —n[(R,0)] for some n and some nilpotent matrix v.

If Ais an R-algebra, then the tensor product pairing on End restricts to a biexact
functor F: End(R) x Nil(A) — Nil(A). The resulting bilinear map KoEnd(R) X
KoNil(A) — KoNil(A) is associative, and makes Nily(A) into a module over the
ring Endo(R), and makes Nily(A) — Endo(A) an Endy(R)-module map.

Any additive functor T' : P(A) — P(B) induces an exact functor Nil(A) —
Nil(B) and a homomorphism Nilo(A) — Nilp(B). If A and B are R-algebras
and T is R-linear, Nilo(A) — Nily(B) is an Endy(R)-module homomorphism.
(Exercise!)

EXAMPLE 7.3.5. If R is a commutative regular ring, and A = R[z]/(z"), we
will see in II1.3.8.1 that Nilo(A) — Endy(A) is an injection, identifying Nily(A)
with the ideal (1 4 ztA[t])* of Endy(A), and identifying [(A, )] with 1 — xt.

This isomorphism Endy(A) = (1 4+ xtA[t])* is universal in the following sense.
If B is an R-algebra and (P,v) is in Nil(B), with v = 0, we may regard P as
an A-B bimodule. By 2.8, this yields an R-linear functor Nily(A) — Nily(B)
sending (A4,z) to (P,v). By 7.3.4, there is an Endy(R)-module homomorphism
(1 + xtAlt])* — Nilo(B) sending 1 — xt to [(P,v)].

The following result shows that Euler characteristics can be useful in exact cat-
egories as well as in abelian categories, and is the analogue of Proposition 6.6.

PROPOSITION 7.4. Suppose that C is closed under kernels of surjections in an
abelian category A. If C. is a bounded chain complex in C whose homology H;(C.)
is also in C then in Ky(C):

X(C) =D (-1)'[Ci] equals > (=1)'[H;(C.)].

In particular, if C. is any exact sequence in C then x(C.) = 0.

PROOF. The proof we gave in 6.6 for abelian categories will go through, provided
that the Z; and B; are objects of C. Consider the exact sequences:

0—-2,—-C;—B; —0

0— B; — Z; — H;(C.) — 0.

Since B; = 0 for ¢ << 0, the following inductive argument shows that all the B;
and Z; belong to C. If B;_1 € C then the first sequence shows that Z; € C; since
H;(C.) is in C, the second sequence shows that B; € C.



64 II. THE GROTHENDIECK GROUP Kj

COROLLARY 7.4.1. Suppose C is closed under kernels of surjections in A. If
f:C" — C. is a morphism of bounded complexes in C, inducing an isomorphism on
homology, then

X(C1) = x(C).

PROOF. Form the mapping cone cone( f), which has C,, ® C/,_; in degree n. By
inspection, x(cone(f)) = x(C.) — x(C”). But cone(f) is an exact complex because
f is a homology isomorphism, so x(cone(f)) = 0.

The Resolution Theorem

We need a definition in order to state our next result. Suppose that P is an additive
subcategory of an abelian category A. A P-resolution P. — C of an object C of A
is an exact sequence in A

—-P, =P P —-C—=0

in which all the P; are in P. The P-dimension of C' is the minimum n (if it exists)
such that there is a resolution P. — C' with P; = 0 for ¢ > n.

RESOLUTION THEOREM 7.5. Let P C C C A be an inclusion of additive cate-
gories with A abelian (A gives the notion of exact sequence to P and C). Assume
that:

(a) Every object C' has finite P-dimension; and
(b) C is closed under kernels of surjections in A.
Then the inclusion P C C induces an isomorphism Ky(P) = Ko (C).

PROOF. To see that Ky(P) maps onto K((C), observe that if P. — C'is a finite
P-resolution, then the exact sequence

0O—P,—--—P—-C—=0

has x = 0 by 7.4, so [C] = 2(=1)![P] = x(P.) in Ko(C). To see that Ko(P) =
Ky(C), we will show that the formula x(C) = x(P.) defines an additive function
from C to Ko(P). For this, we need the following lemma, due to Grothendieck.

LEMMA 7.5.1. Given a map f:C’" — C in C and a finite P-resolution P. — C,
there is a finite P-resolution P — C' and a commutative diagram

O—>P7’n—>---—>P72—>~--—>P1’—>P6—>C’—>O
| Ll
O — P, - —-—P —-PF —C —0

We will prove this lemma in a moment. First we shall use it to finish the proof
of Theorem 7.5. Suppose given two finite P-resolutions P. — C and P’ — C of an
object C. Applying the lemma to the diagonal map C' — C®C and P& P’ — CaC,
we get a P-resolution P” — C and a map P’ — P. @& P’ of complexes. Since
the maps P. +— P’ — P’ are quasi-isomorphisms, Corollary 7.4.1 implies that
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X(P) = x(P") = x(P’). Hence x(C) = x(P.) is independent of the choice of
P-resolution.

Given a short exact sequence 0 — C’ — C — C” — 0 in C and a P-resolution
P — C, the lemma provides a P-resolution P/ — C’ and a map f: P’ — P.. Form
the mapping cone complex cone( f), which has P, @ P/ [—1] in degree n, and observe
that x(cone(f)) = x(P.) — x(P’). The homology exact sequence

H;(P') — H;(P) — Hi(cone(f)) — Hi—1(P") — H;_1(P)

shows that H;cone(f) = 0 for i # 0, and Hy(cone(f)) = C”. Thus cone(f) — C”
is a finite P-resolution, and so

x(C") = x(cone(f)) = x(P.) = x(P') = x(C) — x(C").

This proves that x is an additive function, so it induces a map x: KoC — Ko(P).
If P is in P then evidently x(P) = [P], so x is the inverse isomorphism to the map
Ky(P) — Ky(C). This finishes the proof of the Resolution Theorem 7.5.

PrOOF OF LEMMA 7.5.1. We proceed by induction on the length n of P. If
n = 0, we may choose any P-resolution of C’; the only nonzero map P; — P, is
P} — C'"— C=Py. If n>1, let Z denote the kernel (in A) of e: Py — C and let
B denote the kernel (in A) of (¢, —f): Py & C' — C. As C is closed under kernels,
both Z and B are in C. Moreover, the sequence

0—-Z—-B—-C' =0

is exact in C (because it is exact in A). Choose a surjection P} — B with P in P
and let Y denote the kernel of the surjection P} — B — C’. By induction applied
to Y — Z, we can find a P-resolution P'[+1] of Y and maps f;: P/ — P; making
the following diagram commute (the rows are not exact at Y and Z):

+— P, — P —Y — P — C' — 0

I A A

— P — P — Z — P — C — 0
Splicing the rows by deleting Y and Z yields the desired P-resolution of C".

DEFINITION 7.6 (H(R)). Given a ring R, let H(R) denote the category of all
R-modules M having a finite resolution by f.g. projective modules, and let H, (R)
denote the subcategory in which the resolutions have length < n.

By the Horseshoe Lemma [WHomo, 2.2.8], both H(R) and H,,(R) are exact
subcategories of mod-R. The following Lemma shows that they are also closed
under kernels of surjections in mod-R.

LEmmA 7.6.1. If0 - L — M I N =0 is a short exact sequence of modules,
with M in H,,(R) and N in H,,(R), then L is in Hy(R), where ¢ = min{m,n—1}.

Proor. If P — M and Q. — N are projective resolutions, and P. — Q. lifts
f, then the kernel P} of the surjection Py ® Q1 — Qo is f.g. projective, and the
truncated mapping cone --- — P; & Q2 — PJ is a resolution of L.
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COROLLARY 7.6.2. Ky(R) =2 KoH(R) = KoH,,(R) for alln > 1.
PRrROOF. Apply the Resolution Theorem to P(R) C H(R).

Here is a useful variant of the above construction. Let S be a multiplicatively
closed set of central nonzerodivisors in a ring R. We say module M is S-torsion
if Ms = 0 for some s € S (¢f. Example 6.2.8), and write Hg(R) for the exact
subcategory H(R) N Mg (R) of S-torsion modules M in H(R). Similarly, we write
H, s(R) for the S-torsion modules in H,,(R). Note that Hy s(R) = 0, and that
the modules R/sR belong to H; s(R).

COROLLARY 7.6.3. K()HS(R) = KOHn,S(R) = K()HLS(R) fO’f’ alln > 1.

PROOF. We apply the Resolution Theorem with P = H; g(R). By Lemma 7.6.1,
each H,, s(R) is closed under kernels of surjections. Every N in H,, s(R) is finitely
generated, so if Ns = 0 there is an exact sequence 0 — L — (R/sR)"™ — N — 0.
If n > 2 then L is in H,,_; ¢(R) by Lemma 7.6.1. By induction, L and hence N
has a P-resolution.

COROLLARY 7.6.4. If S is a multiplicatively closed set of central nonzerodivisors
in a ring R, the sequence KoHg(R) — Ko(R) — Ko(S™'R) is exact.

PrOOF. If [P] — [R"] € Ko(R) vanishes in Ko(S7'R), S™1P is stably free
(Cor. 1.3). Hence there is an isomorphism (S™!R)™™ — S~1P@(S~1R)™. Clear-
ing denominators yields a map f: R™™" — P @& R™ whose kernel and cokernel are
S-torsion. But ker(f) = 0 because S consists of nonzerodivisors, and therefore
M = coker(f) is in Hy s(R). But the map KoHg(R) — KoH(R) = Ko(R) sends
[M] to [M] = [P] — [R"].

Let R be a regular noetherian ring. Since every module has finite projective di-

mension, H(R) is the abelian category M(R) discussed in §6. Combining Corollary
7.6.2 with the Fundamental Theorem for Gy 6.5, we have:

FUNDAMENTAL THEOREM FOR Ky OF REGULAR RINGS 7.7. If R is a reqular
noetherian ring, then Ko(R) = Go(R). Moreover,

Ko(R) = Ko(R[t]) = Ko(R[t,t™"]).

If R is not regular, we can still use the localization sequence 7.6.4 to get a partial
result, which will be considerably strengthened by the Fundamental Theorem for
Ky in chapter III.

PROPOSITION 7.7.1. The map Ko(R[t]) — Ko(R[t,t71]) is injective for every
ring R.
To prove this, we need the following lemma. Recall from Example 7.3.4 that

Nil(R) is the category of pairs (P, v) with v a nilpotent endomorphism of P € P(R).

LEMMA 7.7.2. Let S be the multiplicative set {t"} in the polynomial ring R|[t].
Then Nil(R) is equivalent to the category Hy s(R]t]) of t-torsion RI[t]-modules M
in Hy (R[t]).

Proor. If (P,v) is in Nil(R), let P, denote the R[t]-module P on which ¢ acts
as v. It is a t-torsion module because t" P, = v"P = 0 for large n. A projective
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resolution of P, is given by the “characteristic sequence” of v:
(7.7.3) 0— Plt] =% P[t] — P, — 0,

Thus P, is an object of H; g(RJt]). Conversely, each M in Hy g(R[t]) has a pro-
jective resolution 0 — P — Q — M — 0 by f.g. projective R[t]-modules, and M is
killed by some power t" of t. From the exact sequence

0 — Tori ™ (M, R[t]/(t")) — P/t"P — Q/t"Q — M — 0

and the identification of the first term with M we obtain the exact sequence
0— M P/t"P — P/t"Q — 0. Since P/t"P is a projective R-module and
pdr(P/t"Q) < 1, we see that M must be a projective R-module. Thus (M, ) is an
object of Nil(R).

Combining Lemma 7.7.2 with Corollary 7.6.3 yields:
COROLLARY 7.7.4. KoNil(R) = KoHg(R][t]).

PrROOF OF PROPOSITION 7.7.1. By Corollaries 7.6.4 and 7.7.4, we have an exact
sequence

KoNil(R) — Ko(R[t]) — Ko(R[t,t]).

The result will follow once we calculate that the left map is zero. This map is
induced by the forgetful functor Nil(R) — H(R]t]) sending (P, v) to P. Since the
characteristic sequence (7.7.3) of v shows that [P] = 0 in Ky (R[t]), we are done.

Basechange and Transfer Maps for Rings

7.8. Let f:R — S be a ring homomorphism. We have already seen that the
basechange ®S: P(R) — P(S) is an exact functor, inducing f*: Ko(R) — Ko(S).
If S € P(R), we observed in (2.8.1) that the forgetful functor P(S) — P(R) is
exact, inducing the transfer map f.: Ko(S) — Ko(R).

Using the Resolution Theorem, we can also define a transfer map f, if S € H(R).
In this case every f.g. projective S-module is in H(R), because if P & Q = S™
then pd(P) < pd(S™) = pd(S) < oco. Hence there is an (exact) forgetful functor
P(S) — H(R), and we define the transfer map to be the induced map

£ Ko(S) = KoP(S) — KoH(R) = Ko(R). (7.8.1)

A similar trick works to construct basechange maps for the groups Gy. We saw
in 6.2 that if S is flat as an R-module then ®jgS is an exact functor M(R) — M(S)
and we obtained a map f*:Go(R) — Go(S). More generally, suppose that S has
finite flat dimension fdgr(S) = n as a left R-module, i.e., that there is an exact
sequence
0O—F,— - —>F —-F,—>5—-0

of R-modules, with the F; flat. Let F denote the full subcategory of M(R) consist-
ing of all f.g. R-modules M with TorZR(M, S) =0 for i # 0; F is an exact category
concocted so that @S defines an exact functor from F to M(S). Not only does
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F contain P(R), but from homological algebra one knows that (if R is noether-
ian) every f.g. R-module has a finite resolution by objects in F: for any projective
resolution P. — M the kernel of P, — P,_; (the n'* syzygy) of any projective
resolution will be in F. The long exact Tor sequence shows that F is closed under
kernels, so the Resolution Theorem applies to yield Ko(F) = Ko(M(R)) = Go(R).
Therefore if R is noetherian and fdgr(S) < oo we can define the basechange map
f*:Go(R) — Go(S) as the composite

Go(R) = Ko(F) 2 KoM(S) = Go(S). (7.8.2)

The following formula for f* was used in §6 to show that Go(R) = Go(R]x]).

SERRE’S FORMULA 7.8.3. Let f: R — S be a map between noetherian rings with
fdr(S) < oo. Then the basechange map f*: Go(R) — Go(S) of (7.8.2) satisfies:

FA(M]) = Y (=) [Tor'(M, S)]

PROOF. Choose an F-resolution L. — M (by R-modules L; in F):
O0—L,—-+— L —Ly— M —0.

From homological algebra, we know that Tor?(M, S) is the i** homology of the
chain complex L. ® g S. By Prop. 7.4, the right-hand side of (7.8.3) equals

X(L. @R S) =Y (=1)[L; @& 8] = f*(Q_(=1)'[L]) = f*([M)).

EXERCISES

7.1 Suppose that P is an exact subcategory of an abelian category A, closed under
kernels of surjections in A. Suppose further that every object of A is a quotient
of an object of P (as in Corollary 7.6.2). Let P,, C A be the full subcategory of
objects having P-dimension < n. Show that each P, is an exact category closed
under kernels of surjections, so that by the Resolution Theorem K((P) = Ky(P,,).
Hint. If0 - L — P — M — 0 is exact with P € P and M € Py, show that L € P.

7.2 Let A be a small exact category. If [A;] = [As] in K((A), show that there are
short exact sequences in A

0—-C"—-C,—=C"—=0, 0=-0C" —=Cy,—C"—=0

such that Al D 01 = AQ D 02. (Cf Ex. 64)

7.3 This exercise shows why the noetherian hypothesis was needed for GGy in Corol-
lary 6.3.1, and motivates the definition of Go(R) in 7.1.4. Let R be the ring k & I,
where I is an infinite-dimensional vector space over a field k, with multiplication
given by I? = 0.
(a) (Swan) Show that Komods,(R) =0 but Komod,(R/I) = Go(R/I) = Z.
(b) Show that every pseudo-coherent R-module is isomorphic to R™ for some n.
Conclude that Go(R) = Z.
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7.4 The groups Go(Z|G]) and Komod4(Z[G]) are very different for the free group
G on two generators  and y. Let I be the two-sided ideal of Z|G| generated by v,
so that Z[G]/I = Z]z,x71]. As a right module, Z[G]/I is not finitely presented.
(a) (Liick) Construct resolutions 0 — Z[G]?> — Z[G] — Z — 0 and 0 — Z|G]/I —
Z|G)/I — Z — 0, and conclude that Komody,(Z[G]) =0
(b) Gersten proved in [Ger74] that Ky(Z[G]|) = Z by showing that every finitely
presented Z[G]-module is in H(Z[G]), i.e., has a finite resolution by f. g. pro-
jective modules. Show that Go(Z[G]) = Ko(Z|G]) = Z.

7.5 Naturality of basechange. Let R L8 % T be maps between noetherian rings,
with fdr(S) and fdg(7") finite. Show that ¢* f* = (¢f)* as maps Go(R) — Go(T).
7.6 Idempotent completion. Suppose that (C,€) is an exact category. Show that

there is a natural way to make the idempotent completion C of C into an exact
category, with C an exact subcategory. As noted in 7.2.1, this proves that Ky(C) is

~

a subgroup of K(C).

7.7 Let C be a small additive category, and A = Ab® the (abelian) category of
all additive functors from C to Ab. The Yoneda embedding h:C — A, defined by
h(C) = Hom¢(—, C), embeds C as a full subcategory of .A. Show that every object
of C is a projective object in A. Then conclude that this embedding makes C into
a split exact category (see 7.1.2).

7.8 (Quillen). Let C be an exact category, with the family £ of short exact sequences
(and admissible monics i and admissible epis 7)

0-B-5CL D=0 (1)

as in Definition 7.0. Show that the following three conditions hold:

(1) Any sequence in C isomorphic to a sequence in £ is in £. If (1) is a sequence
in £ then i is a kernel for j (resp. j is a cokernel for i) in C. The class &
contains all of the sequences

082 pBap % Do

(2) The class of admissible epimorphisms (resp. monomorphisms) is closed un-
der composition. If (1) is in & and B — B”, D’ — D are maps in C
then the base-change sequence 0 — B — (C' xp D') — D’ — 0 and the
cobase-change sequence 0 — B” — (B" Il C') — D — 0 are in &.

(3) If C — D is amap in C possessing a kernel, and there is a map C' — C'in C
so that C' — D is an admissible epimorphism, then C' — D is an admissible
epimorphism. Dually, if B — C has a cokernel and some B — C — C" is
admissible monomorphism, then so is B — C.

Keller [Ke90, App. A] has proven that (1) and (2) imply (3).

Quillen observed that a converse is true: let C be an additive category, equipped
with a family £ of sequences of the form (f). If conditions (1) and (2) hold, then
C is an exact category in the sense of definition 7.0. The ambient abelian category
A(E) used in 7.0 is the category of contravariant additive functors F:C — Ab
which carry each () to a “left” exact sequence

0 — F(D) — F(C) — F(B),
and the embedding C C A(€) is the Yoneda embedding.
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We refer the reader to Appendix A of [TT] for a detailed proof that £ is the class
of sequences in C which are exact in A(E), as well as the following useful result: If
C is idempotent complete then it is closed under kernels of surjections in A(E).

7.9 Let {C;} be a filtered system of exact categories and exact functors. Use Ex. 7.8
to generalize Example 7.1.7, showing that C = lim C; is an exact category and that
Ky (C) = lim Ko (C;).

7.10 Projection Formula for rings. Suppose that R is a commutative ring, and
A is an R-algebra which as an R-module is in H(R). By Ex. 2.1, ®pz makes
Ko(A) into a Ko(R)-module. Generalize Ex. 2.2 to show that the transfer map
fx: Ko(A) — Ko(R) is a Ko(R)-module map, i.e., that the projection formula holds:

fulx - ffy) = fu(x) -y for every x € Ko(A), y € Ko(R).

7.11 For a localization f : R — S™'R at a central set of nonzerodivisors, every o :
S=1P — S71(Q has the form o = /s for some v € Homp (P, Q) and s € S. Show
that [(P,v/s, Q)] — [Q/v(P)]—[Q/sQ)] defines an isomorphism K(f) — KoHg(R)
identifying the sequences (2.10.1) and 7.6.4.

7.12 This exercise generalizes the Localization Theorem 6.4. Let C be an exact
subcategory of an abelian category A, closed under extensions and kernels of sur-
jections, and suppose that C contains a Serre subcategory B of A. Let C/B denote
the full subcategory of A/B on the objects of C. Considering B-isos A — C with
C' in C, show that the following sequence is exact:

Ko(B) — Ko(C) 225 Ko(C/B) — 0.

7.13 0-functors. Let T = {T;:C — A,7 > 0} be a homological d-functor from an
exact category C to an abelian category A, i.e., for every exact sequence (}) in C
we have a long exact sequence in A:

. = Ty(D) > Ty(B) — Tp(C) — To(D) — 0.

Let F denote the category of all C' in C such that T;(C) = 0 for all ¢ > 0, and
assume that every C' in C is a quotient of some object of F.
(a) Show that Ko(F) = K¢(C), and that T defines a map Ky(C) — K((A) sending
[C] to S(=1)Y[T;C]. (Cf. Ex. 6.6.)
(b) Suppose that f: X — Y is a map of noetherian schemes, and that Ox has
finite flat dimension over f~'Oy. Show that there is a basechange map
[ Go(Y) — Go(X) satisfying f*¢g* = (¢f)*, generalizing (7.8.2) and Ex. 7.5.
7.14 This exercise is a refined version of Ex. 6.12. Consider S = R[xq, -+, Tp] as
a graded ring with zq,--- ,z, in 51, and let M, (S) denote the exact category of
f.g. graded S-modules.
(a) Use Ex. 7.13 with T; = Tor{ (—, R) to show that KoM,,(S) = Go(R)[o,07].
(b) Use (a) and Ex. 6.12(e) to obtain an exact sequence

Go(R)[o, 0] % Go(R)[o, 0] — Go(R[z]) — 0.

Then show that the map 7 sends o to a — oa.
(c) Conclude that Go(R) = Go(R[z]).
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7.15 Let R be a noetherian ring. Show that the groups KoM, (R) of Application
6.4.3 are all Ko(R)-modules, and that the subgroups F* in the coniveau filtration
of Go(R) are Ky(R)-submodules. Conclude that if R is regular then the F* are
ideals in the ring Ko(R).

7.16 (Grayson) Show that the operations \" (P, a) = (A" P, A\"«) make KoEnd(R)
and Endy(R) into A-rings. Then show that the ring map Endy(R) — W(R) (of
7.3.3) is a A-ring injection, where W(R) is the ring of big Witt vectors of R (see
Example 4.3). Conclude that Endy(R) is a special A-ring (4.3.1).

7.17 This exercise is a refinement of 7.3.4. Let F,,Nil(R) denote the full subcategory
of Nil(R) on the (P,v) with v™ = 0. Show that F,,Nil(R) is an exact subcategory
of Nil(R). If R is an algebra over a commutative ring k, show that the kernel
F, Nily(R) of KoF,Nil(R) — KoP(R) is an Endy(k)-module, and F, Nilo(R) —
Nilp(R) is a module map.

7.18 Let a,, = ayy(ay, ..., a,) denote the n X n matrix over a commutative ring R:
0 —anp

1 0 —Anp—1
ap(a,...,ap) = .

1 —aq

(a) Show that [(R™, )] = 1+ ait + - -+ + a,t™ in W(R). Conclude that the
image of the map Endy(R) — W(R) in 7.3.3 is indeed the subgroup of all quotients
f(t)/g(t) of polynomials in 1 + tR][t].

(b) Let A be an R-algebra. Recall that (R",ay,) * [(P,v)] = [(P", anv)] in
the Endy(R)-module Nilg(A) (see 7.3.4). Show that (R"*! ani1(ai,...,a,,0)) *
(P,v)] = (R", ) * [(P,v)].

(c) Use 7.3.5 with R = Zlay, ..., a,] to show that (R", ay,) * [(P,v)] = [(P"™, B)],
B = an(aiv, ...,a,v"). If vV = 0, this is clearly independent of the a; for i > N.

(d) Conclude that the Endy(R)=module structure on Nilp(A) extends to a
W (R)-module structure by the formula

1+ ait’) = [(P.v)] = (B", anlar, ... an)) * [(P,v)], n>0.

7.19 (Lam) If R is a commutative ring, and A is an R-algebra, we write GZ&(A) for
KoRepy(A), where Repp(A) denotes the full subcategory of mod-A consisting of
modules M which are finitely generated and projective as R-modules. If A = R[G]
is the group ring of a group G, the tensor product M ®@g N of two R[G]-modules
is again an R[G]-module where g € G acts by (m ® n)g = mg ® ng. Show that:
(a) ®p makes GF(R[G]) an associative, commutative ring with identity [R].
(b) GI{(R|G]) is an algebra over the ring Ko(R), and Ko(R[G]) is a GE(R[G])-
module.
(c) If Ris a regular ring and A is f.g. projective as an R-module, GF(A) = Go(A).
(d) If Risregular and G is finite, then Go(R[G]) is a commutative Ky(R)-algebra,
and that Ko(R[G]) is a module over Go(R[G]).
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7.20 A filtered object in an abelian category A is an object A together with a finite
filtration --- C W, A C W, ;1A C ---. The category -Aﬁlt of filtered objects in A
is additive but not abelian (because images and coimages can differ). Let £ denote
the collection of all sequences 0 — A — B — C — 0 in Ag); such that each
subsequence 0 — W, A — W, B — W,,C — 0 is exact in A.

(a) Show that (Ag)¢,€) is an exact category.

(b) Show that Ko(Agt) = Z x Ko(A).

7.21 Replete exact categories. A sequence 0 — B 0L D — 0in an additive
category C is called replete if i is the categorical kernel of j, and j is the categorical
cokernel of ¢. Let &, denote the class of all replete sequences, and show that
(C,&rep) 1s an exact category.

7.22 Consider the full subcategory C of the category Ab, of all finite abelian p-
groups arising as direct sums of the group Z/p?* where p is some prime. Show
that C is an additive category, but not an exact subcategory of Ab,,. Let £ be the
sequences in C which are exact in Ab,; is (C,€) an exact category?

7.23 Give an example of a cofinal exact subcategory B of an exact category C, such
that the map KoB — K(C is not an injection (see 7.2).

7.24 Suppose that C; are exact categories. Show that the product category [[C; is
an exact category. Need Ko([[C;) — [] Ko(C;) be an isomorphism?

7.25 (Claborn-Fossum). Set R,, = Clzo, -+ ,z,]/(3_2? = 1). This is the complex
coordinate ring of the n-sphere; it is a regular ring for every n, and Ry = C[z, 271].
In this exercise, we show that

K(R)Nﬁ(sm)”{o if n is odd
O L Z ifniseven, (n#0)

(a) Set z =g + izy and Z = x¢ — iw1, so that 2z = 23 + 7. Show that
R[22 Clz, 27 2a,..., 1)

Ry/2Rp 2 Rp_slz], n>2.

(b) Use (a) to show that Ko(R,) = 0 for n odd, and that if n is even there is a
surjection B: Ko(R,—_2) — Ko(Ry).
(c) If n is even, show that (3 sends [R,,_2] to zero, and conclude that there is a
surjection Z — Ko(Ry,).
Fossum produced a f.g. projective Rs,-module P, such that the map KO(Rgn) —
I/(\(/](SQ”) = 7. sends [P,] to the generator. (See [Foss].)
(d) Use the existence of P, to finish the calculation of Ky(R,,).
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68. Ky of Schemes and Varieties

We have already introduced the Grothendieck group Ky(X) of a scheme X in
Example 7.1.3. By definition, it is KoVB(X), where VB(X) denotes the (exact)
category of vector bundles on X. The tensor product of vector bundles makes
Ky(X) into a commutative ring, as we saw in 7.3.2. This ring structure is natural
in X: Ky is a contravariant functor from schemes to commutative rings. Indeed,
we saw in 1.5.2 that a morphism of schemes f: X — Y induces an exact basechange
functor f*: VB(Y) — VB(X), preserving tensor products, and such an exact func-
tor induces a (ring) homomorphism f*: Ko(Y) — Ko(X).

In this section we shall study Ky(X) in more depth. Such a study requires
that the reader has somewhat more familiarity with algebraic geometry than we
assumed in the previous section, which is why this study has been isolated in its
own section. We begin with two general invariants: the rank and determinant of a
vector bundle.

Let H°(X;Z) denote the ring of continuous functions X — Z. We saw in L1.5.1
that the rank of a vector bundle F is a continuous function, so rank(F) € H°(X;Z).
Similarly, we saw in 1.5.3 that the determinant of F is a line bundle on X, i.e.,
det(F) € Pic(X).

THEOREM 8.1. Let X be a scheme. Then H°(X;Z) is a subring of Ko(X), and
the rank of a vector bundle induces a split surjection of rings

rank: Ko(X) — H°(X;Z).
Similarly, the determinant of a vector bundle induces a surjection of abelian groups
det: Ko(X) — Pic(X).
The sum rank @ det: Ko(X) — HY(X;Z) ® Pic(X) is a surjective ring map.

Proor. Let0 — & — F — G — 0 be a short exact sequence of vector bundles on
X. At any point z of X we have an isomorphism of free O,-modules F, =2 &, ®G,,
so rank, (F) = rank, (&) + rank,(G). Hence each rank, is an additive function on
VB(X). As x varies rank becomes an additive function with values in H%(X;Z),
so by 6.1.2 it induces a map rank: Ko(X) — H°(X;Z). This is a ring map, since
the formula rank(€ ® F) = rank(€) - rank(F) may be checked at each point z. If
f: X — N is continuous, the componentwise free module Of( has rank f. It follows
that rank is onto. Since componentwise free Ox-modules are closed under @ and
®, the elements [O&] — [0%] in Ko(X) form a subring isomorphic to H(X;Z).

Similarly, det is an additive function, because we have det(F) = det(€) @ det(G)
by Ex. 1.5.4. Hence det induces a map Ko(X) — Pic(X) by 6.1.2. If £ is a line
bundle on X, then the element [£] — [Ox] of K((X) has rank zero and determinant
L. Hence rank & det is onto; the proof that it is a ring map is given in Ex. 8.5.

DEFINITION 8.1.1. As in 2.3 and 2.6.1, the ideal Ko(X) of Ko(X) is defined to
be the kernel of the rank map, so that Ko(X) = HO(X;Z) ® Ko(X) as an abelian
group. In addition, we let SKy(X) denote the kernel of rank & det. By Theorem
8.1, these are both ideals of the ring Kq(X). In fact, they form the beginning of
the ~y-filtration.
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Regular Noetherian Schemes and the Cartan Map

Historically, the group Ky(X) first arose in [RR], when X is a smooth projective
variety. The following theorem was central to Grothendieck’s proof of the Riemann-
Roch Theorem.

Recall from §6 that Go(X) is the Grothendieck group of the category M(X)
of coherent Ox-modules. The inclusion VB(X) € M(X) induces a natural map
Ky(X) — Go(X), called the Cartan homomorphism (see 7.1.3).

THEOREM 8.2. If X is a separated reqular noetherian scheme, then the Cartan
homomorphism is an isomorphism:

Ko(X) = Go(X).

PROOF. By [SGAG, II, 2.2.3 and 2.2.7.1], we know that every coherent O x-
module F has a finite resolution by vector bundles. Hence the Resolution Theorem
7.5 applies to the inclusion VB(X) C M(X).

PROPOSITION 8.2.1 (NONSINGULAR CURVES). Let X be a I-dimensional sep-
arated reqular noetherian scheme. Then SKo(X) = 0, and Ko(X) = H*(X;Z) ®
Pic(X).

PROOF. Given Theorem 8.2, this does follow from Ex. 6.10 (see Example 8.2.2
below). However, we shall give a slightly different proof here.

Without loss of generality, we may assume that X is irreducible. If X is affine,
this is just Corollary 2.6.3. Otherwise, choose any closed point P on X. By [Hart,
Ex. IV.1.3] the complement U = X — P is affine, say U = Spec(R). Under the
isomorphism Pic(X) = CI(X) of 1.5.14, the line bundles £(P) correspond to the
class of the Weil divisor [P]. Hence the right-hand square commutes in the following
diagram

Go(P) = Ko(X) — KoR) —0

| det = | det

LB pigx) = Pie(R) — 0.

0— Z
The top row is exact by 6.4.2 (and 8.2), and the bottom row is exact by 1.5.14 and
Ex. 1.5.11. The right vertical map is an isomorphism by 2.6.2.

Now Go(P) = Z on the class [Op]. From the exact sequence 0 — L(—P) —
Ox — Op — 0 we see that i.[Op] = [Ox] — [L(—P)] in Ko(X), and det(i.[Op]) =
det £L(—P)~! in Pic(X). Hence the isomorphism Go(P) = Z is compatible with the
above diagram. A diagram chase yields Ko(X) 2 Pic(X).

ExXAMPLE 8.2.2 (CLASSES OF SUBSCHEMES). Let X be a separated noetherian
regular scheme. Given a subscheme Z of X, it is convenient to write [Z] for the
element [Oz] € KoM(X) = Ko(X). By Ex. 6.10(d) we see that SKy(X) is the
subgroup of Ky(X) generated by the classes [Z] as Z runs through the irreducible
subschemes of codimension > 2. In particular, if dim(X) = 2 then SKy(X) is
generated by the classes [P] of closed points (of codimension 2).
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TRANSFER FOR FINITE AND PROPER MAPS TO REGULAR SCHEMES 8.2.3. Let
f: X — Y be a finite morphism of separated noetherian schemes with Y regular.
As pointed out in 6.2.5, the direct image f, is an exact functor M(X) — M(Y).
In this case we have a transfer map f, on Ky sending [F]| to [f.F]: Ko(X) —
Go(X) — Go(Y) = Ko(X).

If f:X — Y is a proper morphism of separated noetherian schemes with Y
regular, we can use the transfer Go(X) — Go(Y) of Lemma 6.2.6 to get a functorial
transfer map f.: Ko(X) — Ko(Y), this time sending [F] to >_(—1)![R? f..F].

A NON-SEPARATED EXAMPLE 8.2.4. Here is an example of a regular but non-
separated scheme X with Kq(X) # Go(X). Let X be “affine n-space with a double
origin” over a field F', where n > 2. This scheme is the union of two copies of A" =
Spec(F[z1, ..., zy]) along A™ —{0}. Using the localization sequence for either origin
and the Fundamental Theorem 6.5, one can show that Go(X) = Z & Z. However
the inclusion A™ C X is known to induce an equivalence VB(X) = VB(A") (see
[EGA, IV(5.9)]), so by Theorem 7.7 we have Ko(X) = Ko(F[z1,...,z,]) = Z.

DEFINITION 8.3. Let H(X) denote the category consisting of all quasicoherent
Ox-modules F such that: F|y has a finite resolution by vector bundles for each
affine open subscheme U = Spec(R) of X. Since F|y is defined by the finitely
generated R-module M = F(U) this just means that M is in the category H(R) of
Definition 7.6.

If X is regular, then we saw in the proof of Theorem 8.2 that H(X) = M(X).
If X = Spec(R), it is easy to see that H(X) is equivalent to the category H(R).

H(X) is an exact subcategory of Ox-mod, closed under kernels of surjections,
because each H(R) is closed under extensions and kernels of surjections in R-mod.

To say much more about the relation between H(X) and Ky(X), we need to
restrict our attention to quasi-compact schemes such that every F in H(X) is a
quotient of a vector bundle &. This implies that every module 7 € H(X) has a
finite resolution 0 — &3 — - -+ — & — & — F — 0 by vector bundles. Indeed, the
kernel F/ of a quotient map & — F is always locally of lower projective dimension
than F, and X has a finite affine cover by U; = Spec(R;), it follows that the d'"
syzygy is a vector bundle, where d = max{pdg, M;}, M; = F(U;).

For this condition to hold, it is easiest to assume that X is quasi-projective (over
a commutative ring k), i.e., a locally closed subscheme of some projective space P}.
By [EGA 1I, 4.5.5 and 4.5.10], this implies that every quasicoherent O x-module of
finite type F is a quotient of some vector bundle & of the form & = @ Ox (n;).

ProrosITION 8.3.1. If X is quasi-projective (over a commutative ring), then
Ko(X) 2 KgH(X).

PRrOOF. Because H(X) is closed under kernels of surjections in Ox-mod, and
every object in H(X) has a finite resolution by vector bundles, the Resolution
Theorem 7.5 applies to VB(X) C H(X).

TECHNICAL REMARK 8.3.2. Another assumption that guarantees that every F
in H(X) is a quotient of a vector bundle is that X be quasi-separated and quasi-
compact with an ample family of line bundles. Such schemes are called divisorial
in [SGAG, 11.2.2.4]. For such schemes, the proof of 8.3.1 goes through to show that
we again have Ko(X) = KoH(X).
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RESTRICTING BUNDLES 8.3.3. Given an open subscheme U of a quasi-projective
scheme X, let B denote the full subcategory of VB(U) consisting of vector bundles
F whose class in Ky(U) is in the image of j*: Ko(X) — Ko(U). We claim that
the category B is cofinal in VB(U), so that KoB is a subgroup of Ky(U) by the
Cofinality Lemma 7.2. To see this, note that each vector bundle F on U fits into an
exact sequence 0 — F' — & — F — 0, where & = @ Oy (n;). But then F & F’
is in B, because in K(U)

F o F]=[F]+[F]=[&] =) _ i [Ox(n)].

Transfer Maps for Schemes

8.4 We can define a transfer map f.: Ko(X) — Ko(Y) with (¢f). = g« f« associated
to various morphisms f: X — Y. If Y is regular, we have already done this in 8.2.3.

Suppose first that f is a finite map. In this case, the inverse image of any affine
open U = Spec(R) of Y is an affine open f~1U = Spec(S) of X, S is finitely
generated as an R-module, and the direct image sheaf f.Ox satisfies f.O(U) = S.
Thus the direct image functor f, is an exact functor from VB(X) to Oy-modules
(as pointed out in 6.2.5).

If f is finite and f,Ox is a vector bundle then f, is an exact functor from VB(X)
to VB(Y'). Indeed, locally it sends each f.g. projective S-module to a f.g. projective
R-module, as described in Example 2.8.1. Thus there is a canonical transfer map
[« Ko(X) — Ko(Y) sending [F] to [f.F].

If f is finite and f,Ox is in H(X) then f, sends VB(X) into H(X), because
locally it is the forgetful functor P(S) — H(R) of (7.8.1). Therefore f. defines a
homomorphism Ky(X) — KoH(Y). If Y is quasi-projective then composition with
KoH(Y) =2 Ko(Y) yields a “finite” transfer map Ko(X) — Ko(Y).

Now suppose that f: X — Y is a proper map between quasi-projective noetherian
schemes. The transfer homomorphism f.:Go(X) — Go(Y) was constructed in
Lemma 6.2.6, with f.[F] = > (=1)[R" f.F].

If in addition f has finite Tor-dimension, then we can also define a transfer map
[« Ko(X) — Ko(Y), following [SGA 6, IV.2.12.3]. Recall that an Ox-module F
is called fi-acyclic if R1f,F =0 for all ¢ > 0. Let P(f) denote the category of all
vector bundles F on X such that F(n) is fi-acyclic for all n > 0. By the usual
yoga of homological algebra, P(f) is an exact category, closed under cokernels of
injections, and f, is an exact functor from P(f) to H(Y). Hence the following
lemma allows us to define the transfer map as

o)

Ko(X) < KoP(f) 15 KoH(Y) & Ko(Y) (8.4.1)
LEMMA 8.4.2. Every vector bundle F on X has a finite resolution
O—-F—-Py—--—Pn—0

by vector bundles in P(f). Hence by the Resolution Theorem K P(f) = Ko(X).

PROOF. For n > 0 the vector bundle Ox(n) is generated by global sections.
Dualizing the resulting surjection O% — Ox(n) and twisting n times yields a
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short exact sequence of vector bundles 0 — Ox — Ox(n)” — & — 0. Hence
for every vector bundle F on X we have a short exact sequence of vector bundles
0—F — F(n)" — E®F — 0. For all large n, the sheaf F(n) is f.-acyclic (see
[EGA, I11.3.2.1] or [Hart, I11.8.8]), and F(n) is in P(f). Repeating this process
with £ ® F in place of F, we obtain the desired resolution of F.

Like the transfer map for rings, the transfer map fi is a Ko(Y')-module homo-
morphism. (This is the projection formula; see Ex. 7.10 and Ex. 8.3.)

Projective Bundles

Let £ be a vector bundle of rank r 4+ 1 over a quasi-compact scheme X, and
let P = IP(€) denote the projective space bundle of Example 1.5.8. (If £|y is free
over U C X then P |y is the usual projective space Pj;.) Via the structural map
m:P — X, the basechange map is a ring homomorphism 7*: Ko(X) — Ky(P),
sending [M] to [f*M], where f*M = Op ®x M. In this section we give Quillen’s
proof [Q341, §8] of the following result, originally due to Berthelot [SGA6, VI.1.1].

PROJECTIVE BUNDLE THEOREM 8.6. Let P be the projective bundle over a
quasi-compact scheme X. Then Ko(P) is a free Ko(X)-module with basis the twist-
ing line bundles {1 = [Op], [Op(—1)], ..., [Op(—7)]}.

To prove this result, we would like to apply the direct image functor w, to a
vector bundle F and get a vector bundle. This requires a vanishing condition.
The proof of this result rests upon the following notion, which is originally due to
Castelnuovo. It is named after David Mumford, who exploited it in [Mum].

DEFINITION 8.6.1. A quasicoherent Op-module F is called Mumford-reqular
if for all ¢ > 0 the higher derived sheaves RIm,(F(—q)) vanish. Here F(n) is
F ® Op(n), as in Example 1.5.3.1. We write MR for the additive category of all
Mumford-regular vector bundles, and abbreviate @ x for ®p .

EXAMPLES 8.6.2. If A is a quasicoherent O x-module then the standard coho-
mology calculations on projective spaces show that 7*N = Op @ x N is Mumford-
regular, with m,7*N = N. More generally, if n > 0 then 7*N(n) is Mumford-
regular, with m.7*N(n) = Sym,€ @x N. For n < 0 we have m,7m*N(n) = 0. In
particular, Op(n) = 7*Ox (n) is Mumford-regular for all n > 0.

If X is noetherian and F is coherent, then for n > 0 the twists F(n) are
Mumford-regular, because the higher derived functors Ri7.F(n) vanish for large n
and also for ¢ > r (see [Hart, I11.8.8]).

The following facts were discovered by Castelnuovo when X = Spec(C), and
proven in [Mum, Lecture 14] as well as [Q341, §8]:

PRrROPOSITION 8.6.3. If F is Mumford-reqular, then

(1) The twists F(n) are Mumford-regular for all n > 0;

(2) Mumford-regular modules are mw,-acyclic, and in fact Rim,.F(n) =0 for all
q>0andn > —q;

(3) The canonical map e: w*mw.(F) — F is onto.

REMARK. Suppose that X is affine. Since 7*7,.(F) = Op ®x m.F, and 7w, F is
quasicoherent, item (3) states that Mumford-regular sheaves are generated by their
global sections.



78 II. THE GROTHENDIECK GROUP Kj

LEMMA 8.6.4. Mumford-regqular modules form an exact subcategory of Op-mod,
and . is an exact functor from Mumford-reqular modules to O x-modules.

PROOF. Suppose that 0 — F' — F — F” — 0 is a short exact sequence of
Op-modules with both 7" and F” Mumford-regular. From the long exact sequence

Rim,F'(—q) — Rim . F(—q) — RIm.F"(—q)

we see that F is also Mumford-regular. Thus Mumford-regular modules are closed
under extensions, i.e., they form is an exact subcategory of Op-mod. Since F'(1)
is Mumford-regular, R'm,F’ = 0, and so we have an exact sequence

0 mF —mF —mF' —N0.

This proves that 7, is an exact functor.
The following results were proven by Quillen in [Q341, §8].

LEMMA 8.6.5. Let F be a vector bundle on P.

(1) F(n) is a Mumford-regular vector bundle on P for all large enough n;

(2) If F(n) is me-acyclic for all n > 0 then . F is a vector bundle on X.

(3) Hence by 8.6.3, if F is Mumford-regular then w,F is a vector bundle on X.

(4) N @p F(n) is Mumford-regular for all large enough n, and all quasico-
herent Ox -modules N .

DEFINITION 8.6.6 (7). Given a Mumford-regular Op-module F, we define a
natural sequence of Ox-modules T,, = T,,F and Op-modules Z,, = Z,, F, starting
with Ty F = m.F and Z_1 = F. Let Zy be the kernel of the natural map e: 7* 7, F —
F of Proposition 8.6.3. Inductively, we define T,,F = m.Z,_1(n) and define Z,, to
be ker(e)(—n), where ¢ is the canonical map from 7*T,, = 7*7.Z,_1(n) to Z,_1(n).

Thus we have sequences (exact except possibly at Z,,_1(n))
0 — Zn(n) = 7*(TyF) = Zpn_1(n) — 0 (8.6.7)

whose twists fit together into the sequence of the following theorem.
QUILLEN RESOLUTION THEOREM 8.6.8. If F is Mumford-reqular then Z, = 0,

and the sequences (8.6.7) are exact for n > 0, so there is an exact sequence

e(=7) e(—4) e(=1)
N

0— (7" T.F)(—r) o= (TLF) (=) (T*ToF) = F — 0.

Moreover, each F +— T;F is an exact functor from Mumford-reqular modules to
Ox -modules.

PrOOF. We first prove by induction on n > 0 that (a) the module Z,,_1(n) is
Mumford-regular, (b) 7.7, (n) = 0 and (c) the canonical map e: 7*T,, — Z,,_1(n)
is onto, i.e., that (8.6.7) is exact for n.

We are given that (a) holds for n = 0, so we suppose that (a) holds for n. This
implies part (c) for n by Proposition 8.6.3. Inductively then, we are given that
(8.6.7) is exact, so m.Zy(n) = 0 and the module Z,(n + 1) is Mumford-regular by
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Ex. 8.6. That is, (b) holds for n and (a) holds for n+ 1. This finishes the first proof
by induction.

Using (8.6.7), another induction on n shows that (d) each F — Z,_1F(n) is
an exact functor from Mumford-regular modules to itself, and (e) each F — T,,F
is an exact functor from Mumford-regular modules to O x-modules. Note that (d)
implies (e) by Lemma 8.6.4, since T}, = m.Z,,—1(n).

Since the canonical resolution is obtained by splicing the exact sequences (8.6.7)
together for n = 0,...,r, all that remains is to prove that Z, = 0, or equivalently,
that Z,(r) = 0. From (8.6.7) we get the exact sequence

Rq_lW*Zn+q—1(n) — RimZyq(n) — Rim (7T (—q))

which allows us to conclude, starting from (b) and 8.6.2, that Rim.(Z,,4,) = 0 for
all m,q > 0. Since R, = 0 for all ¢ > r, this shows that Z,.(r) is Mumford-regular.
Since m*m.Z,(r) = 0 by (b), we see from Proposition 8.6.3(3) that Z,(r) = 0 as
well.

COROLLARY 8.6.9. If F is Mumford-regular, each T;F is a vector bundle on X.

PROOF. For every n > 0, the n'" twist of the Quillen resolution 8.6.8 yields
exact sequences of m,-acyclic modules. Thus applying m, yields an exact sequence
of Ox-modules, which by 8.6.2 is

0—-T,—>ERT1— -+ — Symp,_ ERT; — - — m.F(n) — 0.

The result follows from this sequence and induction on i, since m,F(n) is a vector
bundle by Lemma 8.6.5(3).

Let MR(n) denote the n'* twist of MR; it is the full subcategory of VB(P)
consisting of vector bundles F such that F(—n) is Mumford-regular. Since twisting
is an exact functor, each MR(n) is an exact category.

PROPOSITION 8.6.10. The inclusions MR(n) C VB(P) induce isomorphisms
KoMR = KoMR(n) = Ko (P).

PrOOF. By Lemma 8.6.3 we have MR(n) C MR(n — 1), and the union of the
MR(n) is VB(P) by Lemma 8.6.5(1). By Example 7.1.7 we have KoVB(P) =
lim KoMR(n), so it suffices to show that each inclusion MR(n) C MR(n — 1)
induces an isomorphism on Kj. Let u;: MR(n —1) — MR(n) be the exact functor
F — F ®x NE. Tt induces a homomorphism u;: KgMR(n — 1) — KoMR(n). By
Proposition 7.4 (Additivity), we see that the map >, ,(—1)""1u; is an inverse to
the map ¢,: KoMR(n) — KoMR(n — 1) induced by the inclusion. Hence ¢,, is an
isomorphism, as desired.

PrROOF OF PROJECTIVE BUNDLE THEOREM 8.6. Each T,, is an exact functor
from MR to VB(X) by Theorem 8.6.8 and 8.6.9. Hence we have a homomorphism

t: KoMR — Ko(X)™, [F] — ([ToF), —[T1F), . .., (1) [T.F)).
This fits into the diagram

(a2

Ko(P) = KoMR 5 Ko(X)" ! % Ko(P) &= KoMR % Ko(X)"
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where u(ag,...,a,) = mag + 7ay - [Op(—=1)] + - -+ + 7*a, - [Op(—r)] and v[F] =
([meF, [meF ()], ..., [mF(r)]). The composition ut sends [F| to the alternating
sum of the [(7*T;F)(—i)], which equals [F] by Quillen’s Resolution Theorem. Hence
u is a surjection.

Since the (7, 7) component of vu sends Nj to m(7m*N; (i — j)) = Sym,;—,;€E @x N
by Example 8.6.2, it follows that the composition vu is given by a lower triangular
matrix with ones on the diagonal. Therefore vu is an isomorphism, so u is injective.

A-operations in Ky(X)
The following result was promised in Example 4.1.5.

PROPOSITION 8.7. The operations A\*[F] = [AFF] are well-defined on Ko(X),
and make Ko(X) into a A-ring.

ProOF. It suffices to show that the formula \;(F) = > [AFF]t* defines an addi-
tive homomorphism from VB(X) to the multiplicative group 1+ ¢Ky(X)[[t]]. Note
that the constant term in \;(F) is 1 because A°F = Ox. Suppose given an exact
sequence of vector bundles 0 — F' — F — F” — 0. By Ex. 1.5.4, each A*F has

a finite filtration whose associated quotient modules are the A*F’ @ AF"*F" so in
Ky(X) we have

[/\k]_-] _ Z[/\i}—/ ® /\k—z‘f//] _ Z[/\z‘j_—/] . [/\kfi]_—//]'

Assembling these equations yields the formula A\ (F) = A\ (F)A(F”) in the group
1 + tKo(X)[[t], proving that \; is additive. Hence \; (and each coefficient \*) is
well-defined on K(X).

SPLITTING PRINCIPLE 8.7.1 (SEE 4.2.2). Let f:F(£) — X be the flag bundle of
a vector bundle £ over a quasi-compact scheme X . Then Ky(F(E)) is a free module

over the ring Ko(X), and f*[€] is a sum of line bundles > [L;].

PRrROOF. Let f:F(€) — X be the flag bundle of £; by Theorem 1.5.9 the bundle
f*E has a filtration by sub-vector bundles whose successive quotients £; are line
bundles. Hence f*[€] = > [£;] in Ko(F(E)). Moreover, we saw in 1.5.8 that the
flag bundle is obtained from X by a sequence of projective bundle extensions,
beginning with P(£). By the Projective Bundle Theorem 8.6, Ky (F(£)) is obtained
from Ko(X) by a sequence of finite free extensions.

The A-ring Ky(X) has a positive structure in the sense of Definition 4.2.1. The
“positive elements” are the classes [F] of vector bundles, and the augmentation
e:Ko(X) — H°(X;Z) is given by Theorem 8.1. In this vocabulary, the “line
elements” are the classes [£] of line bundles on X, and the subgroup L of units in
Ko(X) is just Pic(X). The following corollary now follows from Theorems 4.2.3
and 4.7.

COROLLARY 8.7.2. Ky(X) is a special A-ring. Consequently, the first two ideals
in the y-filtration of Ko(X) are F) = Ko(R) and F? = SKo(R). In particular,

0,71 ~ 170/ v. 102 ~ D
FO/F} = HO(X;Z) and F!/F? = Pic(X).
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COROLLARY 8.7.3. For every commutative ring R, Ko(R) is a special \-ring.

PROPOSITION 8.7.4. If X is quasi-projective, or more generally if X has an

ample line bundle L then every element of Ko(X) is nilpotent. Hence Ko(X) is a
nil ideal of Ko(X).

Proor. By Ex. 4.5, it suffices to show that ¢ = [£] is an ample line element.
Given z = [€]—[F] in Ky(X), the fact that £ is ample implies that F(n) = F@LE"
is generated by global sections for all large n. Hence there are short exact sequences

0—-G,— 0% —-F(n)—0
and therefore in Ky(X) we have the required equation:

(e = [E(n)] = [Ox]+ [Gn] = [E(n) © Gn] — 7.

REMARK 8.7.5 (NILPOTENCE). If X is noetherian and quasiprojective of di-
mension d, then Ko(X)*! = 0, because it lies inside FJ*!, which vanishes by
[SGAG6, VI.6.6] or [FL, V.3.10]. (See Example 4.8.2.)

LimiTs oF SCHEMES 8.8. The following construction is the analogue for schemes
of the fact that every commutative ring is the filtered union of its finitely generated
(noetherian) subrings. By [EGA, IV.8.2.3], every quasi-compact separated scheme
X is the inverse limit of a filtered inverse system ¢ — X; of noetherian schemes,
each finitely presented over 7Z, with affine transition maps.

Let 7 — X; be any filtered inverse system of schemes such that the transition
morphisms X; — X are affine, and let X be the inverse limit scheme lim X;. This
scheme exists by [EGA, IV.8.2]. In fact, over an affine open subset Spec(R;) of any
X, we have affine open subsets Spec(R;) of each X;, and the corresponding affine
open of X is Spec(lim R;). By [EGA, IV.8.5] every vector bundle on X comes from
a bundle on some X, and two bundles on X; are isomorphic over X just in case
they are isomorphic over some X;. Thus the filtered system of groups Ky(X;) has
the property that

Ko(X) = lim Ko (X;).

EXERCISES

8.1 Suppose that Z is a closed subscheme of a quasi-projective scheme X, with
complement U. Let Hz(X) denote the subcategory of H(X) consisting of modules
supported on Z.
(a) (Deligne) Let (R, m) be a 2-dimensional local noetherian domain which is not
Cohen-Macauley, meaning that for every z,y in m there is a z ¢ xR with
yz € zR. Setting X = Spec(R) and Z = {m}, show that Hz(X) = 0.
(b) Suppose that U = Spec(R) for some ring R, and that Z is locally defined by
a nonzerodivisor. (The ideal Z; is invertible; see §1.5.12.) As in Cor. 7.6.4,
show that there is an exact sequence: KoHz(R) — Ko(X) — Ko(U).
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(c) Suppose that Z is contained in an open subset V of X which is regular. Show
that Hz(X) is the abelian category Mz (X) of 6.4.2, so that KoHz(X) =
Go(Z). Then apply Ex. 7.12 to show that there is an exact sequence

Go(Z) — Ko(X) — Ko(U) — 0.

8.2 Let X be a curve over an algebraically closed field. By Ex. 1.5.7, Ky(X) is
generated by classes of line bundles. Show that Ko(X) = H°(X;Z) ® Pic(X).

8.3 Projection Formula for schemes. Suppose that f: X — Y is a proper map
between quasi-projective schemes, both of which have finite Tor-dimension.

(a) Given & in VB(X), consider the subcategory L(f) of M(Y") consisting of co-
herent Oy -modules which are Tor-independent of both f.£ and f.Ox. Show
that Ko(Y) = KoL(f).

(b) Using 7.3.2 and the ring map f*: Ko(Y) — Ko(X), both Ky(X) and Go(X)
are Ko(Y)-modules. Show that the transfer maps f.:Go(X) — Go(Y) of
Lemma 6.2.6 and f.: Ko(X) — Ko(Y) of (8.4.1) are Ky(Y)-module homo-
morphisms, i.e., that the projection formula holds for every y € Ko(Y):

felx - [fy) = fu(x) -y for every z € Ko(X) or x € Go(X).

8.4 Suppose given a commutative square of quasi-projective schemes

/

_9 . x

X/

f’l lf
vy 9 v

with X’ = X Xy Y’ and f proper. Assume that g has finite flat dimension, and

that X and Y’ are Tor-independent over Y, i.e., for ¢ > 0 and all x € X, 3y € Y’
and y € Y with y = f(z) = g(y’) we have

Torfy’y (Ox.4,0yr ) =0.

Show that ¢g* f. = f'.g'" as maps Go(X) — Go(Y").

8.5 Let F1 and F> be vector bundles of ranks r; and ry, respectively. Modify
Ex. 1.2.7 to show that det(F; ® F2) = (det F1)™ ® (det F2)™. Conclude that
Ko(X) — H°(X;Z) & Pic(X) is a ring map.

8.6 Let m: P — X be a projective bundle as in 8.6, and let F be a Mumford-regular

Op-module. Let N denote the kernel of the canonical map e: 7*m,F — F. Show
that A/ (1) is Mumford-regular, and that 7.\ = 0.



II. THE GROTHENDIECK GROUP Kj 83

89. Ky of a Waldhausen category

It is useful to be able to define the Grothendieck group Ky(C) of a more general
type of category than exact categories, by adding a notion of weak equivalence.
A structure that generalizes well to higher K-theory is that of a category of cofi-
brations and weak equivalences, which we shall call a “Waldhausen category” for
brevity. The definitions we shall use are due to Friedhelm Waldhausen, although
the ideas for Ky are due to Grothendieck and were used in [SGAG].

We need to consider two families of distinguished morphisms in a category C,
the cofibrations and the weak equivalences. For this we use the following device.
Suppose that we are given a family F of distinguished morphisms in a category C.
We assume that these distinguished morphisms are closed under composition, and
contain every identity. It is convenient to regard these distinguished morphisms as
the morphisms of a subcategory of C, which by abuse of notation we also call F.

DEFINITION 9.1. Let C be a category equipped with a subcategory co = co(C)
of morphisms in a category C, called “cofibrations” (and indicated with feathered
arrows —). The pair (C,co) is called a category with cofibrations if the following
axioms are satisfied:

(W0) Every isomorphism in C is a cofibration;

(W1) There is a zero object ‘0’ in C, and the unique map 0 — A in C is a cofibration
for every A in C;

(W2) If A — B is a cofibration, and A — C'is any morphism in C, then the pushout
B U4 C of these two maps exists in C, and moreover the map C — BU4 C'is
a cofibration.

A — B

L

C — BuuyC

These axioms imply that two constructions make sense in C: (1) the coproduct
B 11 C of any two objects exists in C (it is the pushout B Uy C'), and (2) every
cofibration i: A ~— B in C has a cokernel B/A (this is the pushout BU4 0 of i along
A — 0). We refer to A — B — B/A as a cofibration sequence in C.

For example, any abelian category is naturally a category with cofibrations:
the cofibrations are the monomorphisms. More generally, we can regard any exact
category as a category with cofibrations by letting the cofibrations be the admissible
monics; axiom (W2) follows from Ex. 7.8(2). In an exact category, the cofibration
sequences are exactly the admissible exact sequences.

DEFINITION 9.1.1. A Waldhausen category C is a category with cofibrations,
together with a family w(C) of morphisms in C called “weak equivalences” (abbre-
viated ‘w.e.” and indicated with decorated arrows —). Every isomorphism in C is
to be a weak equivalence, and weak equivalences are to be closed under composition
(so we may regard w(C) as a subcategory of C). In addition, the following “Glueing
axiom” must be satisfied:
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(W3) Glueing for weak equivalences. For every commutative diagram of the form

¢ < A — B
I~ I~ L~
C/ - A/ — B/

(in which the vertical maps are weak equivalences and the two right horizontal
maps are cofibrations), the induced map

BUsC — B Uy

is also a weak equivalence.
Although a Waldhausen category is really a triple (C,co,w), we will usually drop
the (co,w) from the notation and just write C.

DEFINITION 9.1.2 (KoC). Let C be a Waldhausen category. Ky(C) is the abelian
group presented as having one generator [C] for each object C of C, subject to the
relations

(1) [C] = [C"] if there is a weak equivalence C' — C"
(2) [C] = [B]+ [C/B] for every cofibration sequence B — C' — C/B.

Of course, in order for this to be set-theoretically meaningful, we must assume that
the weak equivalence classes of objects form a set. We shall occasionally use the
notation Ko(wC) for Ky(C) to emphasize the choice of wC as weak equivalences.
These relations imply that [0] = 0 and [BII C] = [B] + [C], as they did in §6 for
abelian categories. Because pushouts preserve cokernels, we also have [B Uy C] =
[B] + [C] — [A]. However, weak equivalences add a new feature: [C] = 0 whenever

0~C.

EXAMPLE 9.1.3. Any exact category A becomes a Waldhausen category, with
cofibrations being admissible monics and weak equivalences being isomorphisms.
By construction, the Waldhausen definition of K(.A) agrees with the exact category
definition of Ky(A) given in §7.

More generally, any category with cofibrations (C,co) may be considered as a
Waldhausen category in which the category of weak equivalences is the category
isoC of all isomorphisms. In this case K((C) = Ko(isoC) has only the relation (2).
We could of course have developed this theory in §7 as an easy generalization of
the preceding paragraph.

ToprPoLOGICAL EXAMPLE 9.1.4. To show that we need not have additive cat-
egories, we give a topological example due to Waldhausen. Let R = R(x) be the
category of based CW complexes with countably many cells (we need a bound
on the cardinality of the cells for set-theoretic reasons). Morphisms are cellular
maps, and Ry = R¢(x) is the subcategory of finite based CW complexes. Both
are Waldhausen categories: “cofibration” is a cellular inclusion, and “weak equiva-
lence” means weak homotopy equivalence (isomorphism on homotopy groups). The
coproduct BV (' is obtained from the disjoint union of B and C' by identifying their
basepoints.

The Eilenberg Swindle shows that KyR = 0. In effect, the infinite coproduct
C° of copies of a fixed complex C exists in R, and equals C'V C*°. In contrast,
the finite complexes have interesting K-theory:
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PROPOSITION 9.1.5. KogR; = Z.

PROOF. The inclusion of S*~! in the n-disk D™ has D" /S™~1 22 §™ so [S™ 1]+
[S™] = [D"] = 0. Hence [S"] = (—1)"[SY]. If C is obtained from B by attaching an
n-cell, C/B = S™ and [C] = [B] +[S"]. Hence KRy is generated by [SY]. Finally,
the reduced Euler characteristic x(C) = 32(—1)* dim H*(X; Q) defines a surjection
from KoR; onto Z, which must therefore be an isomorphism.

BIWALDHAUSEN CATEGORIES 9.1.6. In general, the opposite C°? need not be
a Waldhausen category, because the quotients B — B/A need not be closed under
composition: the family quot(C) of these quotient maps need not be a subcategory
of C°P. We call C a category with bifibrations if C is a category with cofibrations, C°?
is a category with cofibrations co(C°?) = quot(C), the canonical map AIIB — Ax B
is always an isomorphism, and A is the kernel of each quotient map B — B/A.
We call C a biWaldhausen category if C is a category with bifibrations, having
a subcategory w(C) so that both (C,co,w) and (C°P,quot, w’?) are Waldhausen
categories. The notions of bifibrations and biWaldhausen category are self-dual, so
we have:

LEMMA 9.1.6.1. Ky(C) = Ky(CP) for every biWaldhausen category.

Example 9.1.3 shows that exact categories are biWaldhausen categories. We will
see in 9.2 below that chain complexes form another important family of biWald-
hausen categories.

ExacT FUNCTORS 9.1.7. A functor F:C — D between Waldhausen categories
is called an exact functor if it preserves all the relevant structure: zero, cofibrations,
weak equivalences and pushouts along a cofibration. The last condition means
that the canonical map FFBUpy FFC — F(B Uy C) is an isomorphism for every
cofibration A — B. Clearly, an exact functor induces a group homomorphism
Ko(F)I K()C - K()D

A Waldhausen subcategory A of a Waldhausen category C is a subcategory which
is also a Waldhausen category in such a way that: (i) the inclusion A C C is an
exact functor, (ii) the cofibrations in 4 are the maps in A which are cofibrations in
C and whose cokernel lies in A, and (iii) the weak equivalences in A are the weak
equivalences of C which lie in A.

For example, suppose that C and D are exact categories (in the sense of §7),
considered as Waldhausen categories. A functor F:C — D is exact in the above
sense if and only if F' is additive and preserves short exact sequences, i.e., F' is an
exact functor between exact categories in the sense of §7. The routine verification
of this assertion is left to the reader.

Here is an elementary consequence of the definition of exact functor. Let A
and C be Waldhausen categories and F', F’, F” three exact functors from A to C.
Suppose moreover that there are natural transformations F’ = F = F” so that
for all A in A

F'A— FA—-F"A (9.1.8)

is a cofibration sequence in C. Then [FA| = [F’A]+ [F" A] in KoC, so as maps from
K()A to K()C we have K()(F) = K()(F/) + KO(FH).
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Chain complexes

9.2 Historically, one of the most important families of Waldhausen categories are
those arising from chain complexes. The definition of K| for a category of (co)chain
complexes dates to the 1960’s, being used in [SGAG| to study the Riemann-Roch
Theorem. We will work with chain complexes here, although by reindexing we
could equally well work with cochain complexes.

Given a small abelian category A, let Ch = Ch(.A) denote the category of all
chain complexes in A, and let Ch® denote the full subcategory of all bounded
complexes. The following structure makes Ch into a Waldhausen category, with
Chb(.A) as a Waldhausen subcategory. We will show below that KoCh = 0 but
that KoCh® = KyA.

A cofibration C' — D is a chain map such that every map C,, — D,, is monic in
A. Thus a cofibration sequence is just a short exact sequence of chain complexes.
A weak equivalence C' = D is a quasi-isomorphism, i.e., a chain map inducing
isomorphisms on homology.

Here is a slightly more general construction, taken from [SGA6, IV(1.5.2)]. Sup-
pose that C is an exact category, embedded in an abelian category A. Let Ch(C),
resp. Ch®(C), denote the category of all (resp. all bounded) chain complexes in C.
A cofibration A. — B. in Ch(C) (resp. Ch’C) is a map which is a degreewise admis-
sible monomorphism, i.e., such that each C,, = B,,/A,, is in C, yielding short exact
sequences A,, — B, — C,, in C. To define the weak equivalences, we use the notion
of homology in the ambient abelian category A: let wCh(C) denote the family of
all chain maps in Ch(C) which are quasi-isomorphisms of complexes in Ch(A).
With this structure, both Ch(C) and Ch®(C) become Waldhausen subcategories of
Ch(A).

Subtraction in KoCh and KoCh® is given by shifting indices on complexes. To
see this, recall from [WHomo, 1.2.8] that the n'”* translate of C' is defined to be the
chain complex C[n] which has C;,, in degree i. (If we work with cochain complexes
then C*~" is in degree i.) Moreover, the mapping cone complez cone(f) of a chain
complex map f: B — C fits into a short exact sequence of complexes:

0 — C — cone(f) — B[-1] — 0.

Therefore in Ky we have [C]+ [B[—1]] = [cone(f)]. In particular, if f is the identity
map on C, the cone complex is exact and hence w.e. to 0. Thus we have [C] +
[C[—1]] = [cone(id)] = 0. We record this observation as follows.

LEMMA 9.2.1. Let C be any Waldhausen subcategory of Ch(A) closed under
translates and the formation of mapping cones. Then [C[n]] = (—1)"[C] in Ky(C).

In particular, this is true in KoCh(C) and KoChb(C) for every exact subcategory
C of A.

A chain complex C' is called bounded below (resp. bounded above) if C,, = 0 for
all n < 0 (resp. all n > 0). If C is bounded above, then each infinite direct sum
Cp ®Cpio@®--- is finite, so the infinite direct sum of shifts

B=CoCRleCHe - &C2na--
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is defined in Ch. From the exact sequence 0 — B[2] — B — C' — 0, we see that in
Ky Ch we have the Eilenberg swindle: [C]| = [B] — [B[2]] = [B] — [B] = 0. A similar
argument shows that [C] = 0 if C' is bounded below. But every chain complex C
fits into a short exact sequence

0—B—-C—=D-—=0

in which B is bounded above and D is bounded below. (For example, take B, =0
for n > 0 and B,, = C,, otherwise.) Hence [C] = [B] + [D] = 0 in KoCh. This
shows that KyCh = 0, as asserted.

If C is any exact category, the natural inclusion of C into Chb(C) as the chain
complexes concentrated in degree zero is an exact functor. Hence it induces a
homomorphism Ky(C) — KoCh’(C).

THEOREM 9.2.2 ([SGAG6], 1.6.4). Let A be an abelian category. Then

Ko(A) =2 KoCh’(A),
and the class [C] of a chain complex C' in KoA is the same as its Euler character-
istic, namely x(C) = >_(=1)"[Cy].

Similarly, if C is an exact category closed under kernels of surjections in an
abelian category (in the sense of 7.0.1), then Ko(C) = KoCh®(C), and again we
have x(C) = Y (=1)¥[C;] in Ko(C).

PrOOF. We give the proof for A; the proof for C is the same, except one cites
7.4 in place of 6.6. As in Proposition 6.6 (or 7.4), the Euler characteristic x(C)
of a bounded complex is the element Y (—1)![C;] of Ko(A). We saw in 6.6 (and
7.4.1) that x(B) = x(C) if B — C is a weak equivalence (quasi-isomorphism). If
B C — D is a cofibration sequence in Ch®, then from the short exact sequences
0— B, — C, —- D, — 0in A we obtain x(C) = x(B) + x(C/B) by inspection
(as in 7.4.1). Hence x satisfies the relations needed to define a homomorphism x
from Ko(Ch®) to Ko(A). If C is concentrated in degree 0 then x(C) = [Cy], so the
composite map Ko(A) — Ko(Ch®) — Ky(A) is the identity.

It remains to show that [C] = x(C) in KoCh® for every complex

c.0o-¢,—---—0C,—0.

If m = n, then C = C,[—n] is the object C,, of A concentrated in degree n; we
have already observed that [C] = (—1)"[C,[0]] = (—=1)"[C,,] in this case. If m > n,
let B denote the subcomplex consisting of C),, in degree n, and zero elsewhere.
Then B ~— C is a cofibration whose cokernel C'/B has shorter length than C. By

induction, we have the desired relation in K,Ch?, finishing the proof:
[C] = [B] +[C/B] = x(B) + x(C/B) = x(C).

REMARK 9.2.3 (K( AND DERIVED CATEGORIES). Let C be an exact category.
Theorem 9.2.2 states that the group KoCh®(C) is independent of the choice of
ambient abelian category A, as long as C is closed under kernels of surjections in
A. This is the group k(C) introduced in [SGA6], Expose IV(1.5.2). (The context
of [SGAG6] was triangulated categories, and the main observation in loc. cit. is that
this definition only depends upon the derived category D&(A). See Ex. 9.5 below.)

We warn the reader that if C is not closed under kernels of surjections in .4, then
KoCh®(C) can differ from Ky(C). (See Ex. 9.11).
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If A is an abelian category, or even an exact category, the category Ch® =
Ch’(A) has another Waldhausen structure with the same weak equivalences: we
redefine cofibration so that B — C' is a cofibration iff each B; — C; is a split
injection in A. If splitCh® denotes Ch® with this new Waldhausen structure,
then the inclusion splitChb — Ch’ is an exact functor, so it induces a surjection
K (splitCh®) — K, (Ch?).

LEMMA 9.2.4. If A is an exact category then
Ko (splitCh®) 2 Ky(Ch®) 2 Ky (A).

PRrROOF. Lemma 9.2.1 and enough of the proof of 9.2.2 go through to prove that
[C[n]] = (=1)"[C] and [C] = Y.(~1)"[C,] in Ko(splitCh®). Hence it suffices to
show that A — [A] defines an additive function from A to Ko (splitCh®). If A is
an object of A, let [A] denote the class in Ky(splitCh®) of the complex which is A
concentrated in degree zero. Any short exact sequence F:0 — A — B — C' — 0 in
A may be regarded as an (exact) chain complex concentrated in degrees 0, 1 and 2
S0:

[E] = [A] = [B] +[C]
in Ko(splitCh®). But E is weakly equivalent to zero, so [E] = 0. Hence A — [A] is
an additive function, defining a map Ko(A) — Ko(splitCh®).

EXTENSION CATEGORIES 9.3. If C is a Waldhausen category, the cofibration
sequences A — B — C in C form the objects of a category £. A morphism F — E’
in £ is a commutative diagram:

E: A — B —» (C

oL

£’ A — B -
We can make £ in to a Waldhausen category as follows. A morphism E — E’ in £
is a cofibration if A — A’, C — C’" and A’ Uy B — B’ are cofibrations in C. This
is required by axiom (W2), and implies that the composite B ~— A’ Uy B — B’ is
a cofibration too. A morphism in £ is a weak equivalence if its component maps

A— A, B— B, C — (' are weak equivalences in C.
There is an exact functor II:C x C — &, sending (A,C) to A — AU C — C.
Conversely, there are three exact functors (s, ¢ and ¢) from £ to C, which send

A— B - C to A, B and C, respectively. By the above remarks, t, = s, + g, as
maps Ko(€) — Ky(C).

PRrOPOSITION 9.3.1. K((€) = Ky(C) x Ko(C).

PROOF. Since (s,q) is a left inverse to II, I, is a split injection from Ky(C) x
Ky(C) to Ko(&). Thus it suffices to show that for every E: A — B — C'in £ we have
[E] = [1I(A,0)] + [II(0,C)] in Ky(E). This relation follows from the fundamental
relation (2) of Ky, given that

M(A,00: A — A - 0

I I

E: A — B —» (C

is a cofibration in £ with cokernel 11(0,C) : 0 — C — C.
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ExXAMPLE 9.3.2 (HIGHER EXTENSION CATEGORIES). Here is a generalization
of the extension category £ = & constructed above. Let &, be the category whose
objects are sequences of n cofibrations in a Waldhausen category C:

A: 0=Ay— A — - — A,.

A morphism A — B in &, is a natural transformation of sequences, and is a weak
equivalence if each component A; — B; is a w.e. in C. It is a cofibration when for
each 0 < i < j < k <n the map of cofibration sequences

is a cofibration in £€. The reader is encouraged in Ex. 9.4 to check that &, is a

Waldhausen category, and to compute Ko(Ep,).

COFINALITY THEOREM 9.4. Let B be a Waldhausen subcategory of C closed

under extensions. If B is cofinal in C (in the sense that for all C in C there is a C’
in C so that C 11 C" is in B), then Ko(B) is a subgroup of Ko(C).

PrRoOF. Considering B and C as symmetric monoidal categories with product
I1, we have Ki'(B) c KJ1(C) by (1.3). The proof of cofinality for exact categories
(Lemma 7.2) goes through verbatim to prove that Ky(B) C Ky(C).

Products

9.5 Our discussion in 7.3 about products in exact categories carries over to the
Waldhausen setting. Let A, B and C be Waldhausen categories, and suppose given
a functor F: A x B — C. The following result is completely elementary:

LEMMA 9.5.1. If each F(A,—):B — C and F(—, B): A — C is an ezxact functor,
then F: A x B — C induces a bilinear map
Ko A® KoB — K C
[A] @ [B] — [F(4, B)].
Note that the 3 x 3 diagram in C determined by F(A — A’, B — B’) yields the
following relation in K(C).
[F(A', B')] = [F(A, B)] + [F(A'/A, B)] + [F(A, B'/B)] + [F(A’/A, B'/ B)]

Higher K-theory will need this relation to follow from more symmetric consider-
ations, viz. that F'(A — A’ B — B’) should represent a cofibration in the category
& of all cofibration sequences in C. With this in mind, we introduce the following
definition.

DEFINITION 9.5.2. A functor F: A x B — C between Waldhausen categories is
called biexact if each F(A,—) and F(—, B) is exact, and the following condition is
satisfied:

For every pair of cofibrations (A — A’ in A, B — B’ in B) the map

F(A',B)Upa.p) F(A,B') — F(A',B')

must be a cofibration in C.



90 II. THE GROTHENDIECK GROUP Kj

Our next result requires some notation. Suppose that a category with cofibra-
tions C has two notions of weak equivalence, a weak one v and a stronger one w.
(Every map in v belongs to w.) We write vC and wC for the two Waldhausen
categories (C, co,v) and (C,co,w). The identity on C is an exact functor vC — wC.

Let C* denote the full subcategory of all w-acyclic objects in C, i.e., those C' for
which 0 — C'is in w(C); C¥ is a Waldhausen subcategory (9.1.7) of vC, i.e., of the
category C with the v-notion of weak equivalence.

We say that a Waldhausen category B is saturated if: whenever f, g are compos-
able maps and fg is a weak equivalence, f is a weak equivalence iff g is.

LoOCALIZATION THEOREM 9.6. Suppose that C is a category with cofibrations,
endowed with two notions (v C w) of weak equivalence, with w saturated, and that
C" is defined as above.

Assume in addition that every map f:C7 — Cy in C factors as the composition
of a cofibration C1 — C and an equivalence C — Cyq in v(C).

Then the exact inclusions C*¥ — vC — wC induce an exact sequence

Ko(C?) — Ko(vC) — Ko(wC) — 0.

PrRoOF. Our proof of this is similar to the proof of the Localization Theorem
6.4 for abelian categories. Clearly Ky(vC) maps onto Ko(wC) and Ky(C") maps to
zero. Let L denote the cokernel of Ky(C") — Ky(vC); we will prove the theorem
by showing that A(C') = [C] induces a map Ky(wC) — L inverse to the natural
surjection L — Ky(wC). As vC and wC have the same notion of cofibration, it
suffices to show that [Cy] = [Cs] in L for every equivalence f:Cy — Cy in wC.
Our hypothesis that f factors as O — C — Cs implies that in Ko(vC) we have
[Cy] = [C] = [C1] + [C/C1]. Since wC is saturated, it contains C; ~— C. The
following lemma implies that C'/Cy is in C¥, so that [Cy] = [C1] in L. This is the
relation we needed to have A define a map Ko(wC) — L, proving the theorem.

LEmMMmA 9.6.1. If B = C s both a cofibration and a weak equivalence in a
Waldhausen category, then 0 — C/B is also a weak equivalence.

PROOF. Apply the Glueing Axiom (W3) to the diagram:

0 —« B = B
|-
0 « B — C

Here is a simple application of the Localization Theorem. Let (C,co,v) be a
Waldhausen category, and G an abelian group. Given a surjective homomorphism
m: Ko(C) — G, we let C™ denote the Waldhausen subcategory of C consisting of all
objects C such that 7([C]) = 0.

PROPOSITION 9.6.2. Assume that every morphism in a Waldhausen category C
factors as the composition of a cofibration and a weak equivalence. There is a short
exact sequence

0— K()(Cﬂ) — K()(C) L G — 0.
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PROOF. Define wC to be the family of all morphisms A — B in C with 7([A]) =
m([B]). This satisfies axiom (W3) because [C' U4 B] = [B] + [C] — [A], and the
factorization hypothesis ensures that the Localization Theorem 9.6 applies to v C w.
Since C™ is the category C¥ of w-acyclic objects, this yields exactness at Ky(C).
Exactness at Ko(C™) will follow from the Cofinality Theorem 9.4, provided we
show that C™ is cofinal. Given an object C', factor the map C' — 0 as a cofibration

C — C" followed by a weak equivalence C" — 0. If C” denotes C”'/C, we compute
in G that

r([CILC) = =([C]) + =([C]) = 7([C] + [C]) = =([C"]) = 0.

Hence C' I1 C" is in C™, and C™ is cofinal in C.

APPROXIMATION THEOREM 9.7. Let F: A — B be an exact functor between two
Waldhausen categories. Suppose also that F' satisfies the following conditions:
(a) A morphism f in A is a weak equivalence if and only if F\(f) is a w.e. in B.
(b) Given any map b: F(A) — B in B, there is a cofibration a: A — A’ in A and
a weak equivalence b': F(A') = B in B so that b= b o F(a).
(c) If b is a weak equivalence, we may choose a to be a weak equivalence in A.
Then F' induces an isomorphism KoA = KyB.

PRrOOF. Applying (b) to 0 — B, we see that for every B in B there is a weak
equivalence F(A') — B. If F(A) = B is a weak equivalence, so is A — A’ by
(c). Therefore not only is Ky A — KB onto, but the set W of weak equivalence
classes of objects of A is isomorphic to the set of w.e. classes of objects in B.

Now KB is obtained from the free abelian group Z[W] on the set W by modding
out by the relations [C] = [B] + [C/B] corresponding to the cofibrations B — C' in
B. Given F(A) = B, hypothesis (b) yields A — A’ in A and a weak equivalence
F(A") = C in B. Finally, the Glueing Axiom (W3) applied to

0 «— F(A) — FA)
| I~ I~
0 « B — C

implies that the map F'(A"/A) — C/B is a weak equivalence. Therefore the relation
[C] = [B]+[C/B] is equivalent to the relation [A’] = [A]4[A’/A] in the free abelian
group Z[W], and already holds in KA. This yields KA = KB, as asserted.

SATURATED CATEGORIES 9.7.1. We say that a Waldhausen category B is satu-
rated if: whenever f, g are composable maps and fg is a weak equivalence, f is a
weak equivalence iff g is. If B is saturated, then condition (c) is redundant in the
Approximation Theorem, because F'(a) is a weak equivalence by (b) and hence by
(a) the map a is a w.e. in A.

All the categories mentioned earlier in this section are saturated.

EXAMPLE 9.7.2. Recall from Example 9.1.4 that the category R(x) of based
CW complexes is a Waldhausen category. Let Rps(*) denote the Waldhausen
subcategory of all based CW-complexes weakly homotopic to a finite CW complex.
The Approximation Theorem applies to the inclusion of R (%) into Rps(*); this
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may be seen by using the Whitehead Theorem and elementary obstruction theory.
Hence

K()Rhf(*) = K()Rf(*) = 7.

ExAMPLE 9.7.3. If A is an exact category, the Approximation Theorem applies
to the inclusion splitCh® ¢ Ch® = Chb(.A) of Lemma 9.2.4, yielding a more el-
egant proof that Ky(splitCh®) = Ky(Ch®). To see this, observe that any chain
complex map f: A — B factors through the mapping cylinder complex cyl(f) as
the composite A — cyl(f) = B, and that splitCh® is saturated (see 9.7.1).

EXAMPLE 9.7.4 (HOMOLOGICALLY BOUNDED COMPLEXES). Fix an abelian cat-
egory A, and consider the Waldhausen category Ch(.A) of all chain complexes over
A, as in (9.2). We call a complex C. homologically bounded if it is exact almost ev-
erywhere, i.e., if only finitely many of the H;(C) are nonzero. Let Ch"”(A) denote
the Waldhausen subcategory of Ch(.A) consisting of the homologically bounded
complexes, and let Ch"’(A) ¢ Ch""(A) denote the Waldhausen subcategory of all
bounded above, homologically bounded chain complexes 0 — C,, — C),_1 — ---
These are all saturated biWaldhausen categories (see 9.1.6 and 9.7.1). We will prove
that

KoCh"(A) = KyCh"(A) =~ K,Ch®(A) = Ky (A),

the first isomorphism being Theorem 9.2.2. From this and Proposition 6.6 it follows
that if C' is homologically bounded then

(€] = SO (—1)[Hi(A)] in KoA.

We first claim that the Approximation Theorem 9.7 applies to Ch® ¢ Ch™,

yielding KoCh’ = K,Ch". If C is bounded above then each good truncation
T>nC = (- Chy1 — Z, — 0) of C is a bounded subcomplex of C' such that
H;(r>,C) is H;(C) for i > n, and 0 for i < n. (See [WHomo, 1.2.7].) Therefore
T>nC = (C'is a quasi-isomorphism for small n (n < 0). If B is a bounded complex,

any map f: B — C factors through 7>, C for small n; let A denote the mapping
cylinder of B — 7>,C (see [WHomo, 1.5.8]). Then A is bounded and f factors as

the cofibration B ~— A composed with the weak equivalence A — 7>,C — C.
Thus we may apply the Approximation Theorem, as claimed.

The Approximation Theorem does not apply to Ch™ ¢ Ch"®, but rather to
Chib C Ch", where the “4+” indicates bounded below chain complexes. The
argument for this is the same as for Ch® ¢ Ch". Since these are biWaldhausen
categories, we can apply 9.1.6.1 to Ch"*(A)? = Chib(AOp) and Ch"(A)r =
Ch""(A°?) to get

KoCh"(A) = KoCh"’(AP) = K(,Ch"(A?) = K,Ch""(A).

This completes our calculation that Ko(A) 22 KoCh"’(A).
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ExXAMPLE 9.7.5 (Ky AND PERFECT COMPLEXES). Let R be a ring. A chain
complex M. of R-modules is called perfect if there is a quasi-isomorphism P. = M.,
where P. is a bounded complex of f.g. projective R-modules, i.e., P. is a complex in
Ch’(P(R)). The perfect complexes form a Waldhausen subcategory Chpet(R) of
Ch(mod-R). We claim that the Approximation Theorem applies to Ch’(P(R)) C
Chpes(R), so that

KoChpert(R) = KoCh’P(R) = Ko(R).

To see this, consider the intermediate Waldhausen category Chgerf of bounded per-

b ~

fect complexes. The argument of Example 9.7.4 applies to show that KoCh ¢ =
KoChpe(R), so it suffices to show that the Approximation Theorem applies to
Cth(R) C Chgerf. This is an elementary application of the projective lifting
property, which we relegate to Exercise 9.2.

EXAMPLE 9.7.6 (G AND PSEUDO-COHERENT COMPLEXES). Let R be a ring.
A complex M. of R-modules is called pseudo-coherent if there exists a quasi-
isomorphism P. — M., where P. is a bounded below complex --- — P, —
P, — 0 of f.g. projective R-modules, i.e., P. is a complex in Ch,(P(R)). For
example, if R is noetherian we can consider any finitely generated module M as a
pseudo-coherent complex concentrated in degree zero. Even if R is not noetherian,
it follows from Example 7.1.4 that M is pseudo-coherent as an R-module iff it is
pseudo-coherent as a chain complex. (See [SGAG6], 1.2.9.)

The pseudo-coherent complexes form a Waldhausen subcategory Chy.on(R) of
Ch(mod-R), and the category Ch;soh of homologically bounded pseudo-coherent
complexes is also Waldhausen. Moreover, the above remarks show that M(R)
is a Waldhausen subcategory of both of them. We will see in Ex. 9.7 that the
Approximation Theorem applies to the inclusions M(R) C Ch:b_bP(R) C Ch’;goh,
so that in particular we have

KoCh" . >~ Gy(R).

pcoh —

Chain complezes with support
Suppose that S is a multiplicatively closed set of central elements in a ring R.
Let Ch%P(R) denote the Waldhausen subcategory of C = Ch’P(R) consisting of
complexes E such that S™1E is exact, and write Ko(R on S) for KoCh%P(R).
The category Cth(R) is the category C" of the Localization Theorem 9.6,
where w is the family of all morphisms P — @ in C such that S7'P — S~!'Q is a
quasi-isomorphism. By Theorem 9.2.2 we have K((C) = Ko(R). Hence there is an

exact sequence
Ko(R on S) — KO(R) — Ko(’wC) — 0.

THEOREM 9.8. The localization wC — Ch’P(S~'R) induces an injection on
Ky, so there is an exact sequence

Ko(R on S) — Ko(R) — Ko(S™'R).

PROOF. Let B denote the category of S~!R-modules of the form S~!P for P in
P(R). By Example 7.2.3 and Theorem 9.2.2, KoCh’(B) = Ky(B) is a subgroup of
Ko(ST1R). Therefore the result follows from the following Proposition.
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PROPOSITION 9.8.1. The Approzimation Theorem 9.7 applies to wC — Ch®’(B).

PROOF. Let P be a complex in Ch’P(R) and b: S™' P — B a map in B. Because
each B,, has the form S~'Q,, and each B,, — B,,_ is s;ldn for some s,, € S and
dp: Qn — Qn_1 such that d,,d,,_1 = 0, B is isomorphic to the localization S™'Q of
a bounded complex @ in P(R), and some sb is the localization of a map f: P — @
in Ch’P(R). Hence f factors as P — cyl(f) — Q. Since b is the localization of
f, followed by an isomorphism S~!Q = B in B, it factors as desired.

EXERCISES

9.1 Retracts of a space. Fix a CW complex X and let R(X) be the category of CW
complexes Y obtained from X by attaching cells, and having a retraction ¥ — X.
Let R¢(X) be the subcategory of those Y obtained by attaching only finitely many
cells. Let Ryq(X) be the subcategory of those Y which are finitely dominated,
i.e., are retracts up to homotopy of spaces in Ry(X). Show that KoR;(X) = Z
and KoRrqa(X) =2 Ko(Z[m X]). Hint: The cellular chain complex of the universal
covering space Y is a chain complex of free Z[m; X]-modules.

9.2 Let R be a ring. Use the projective lifting property to show that the Approx-
imation Theorem applies to the inclusion Ch’P(R) C Chgerf of Example 9.7.5.
Conclude that Ko(R) = KoChpert(R).

If S is a multiplicatively closed set of central elements of R, show that the
Approximation Theorem also applies to the inclusion of Cth(R) in Chpert,s(R),
and conclude that Ko(R on §) = K(Chyper s(R).

9.3 Consider the category Ch” = Ch’(A) of Theorem 9.2.2 as a Waldhausen cate-
gory in which the weak equivalences are the isomorphisms, iso Chb, as in Example
9.1.3. Let Chgcyc denote the subcategory of complexes whose differentials are all
zero. Show that Ch?_ s equivalent to the category @©pezA, and that the inclusion

acyc

in Ch® induces an isomorphism

(iso Chb @ Ko(A

nez

9.4 Higher Fxtension categories. Consider the category &, constructed in Example
9.3.2, whose objects are sequences of n cofibrations in a Waldhausen category C.
Show that &, is a Waldhausen category, and that

En) = @KO(C)
i=1

9.5 ([SGA6, TV(1.6)]) Let B be a Serre subcategory of an abelian category A, or
more generally any exact subcategory of A closed under extensions and kernels
of surjections. Let Chk(A) denote the Waldhausen subcategory of Ch®(A) of
bounded complexes C with H;(C') in B for all . Show that

KoB =~ KoCh®(B) = K,Ch%(A).
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9.6 Perfect injective complexes. Let R be a ring and let Ch;’;bj (R) denote the Wald-
hausen subcategory of Ch(mod-R) consisting of perfect bounded below cochain
complexes of injective R-modules 0 — [™ — [™*1... (Recall from Example
9.7.5 that I" is called perfect if it is quasi-isomorphic to a bounded complex P of
f.g. projective modules.) Show that
KoChj, ;(R) = Ko(R).

9.7 Pseudo-coherent complezes and Go(R). Let R be a ring. Recall from Example
9.7.6 that Chgsoh denotes the Waldhausen category of all homologically bounded
pseudo-coherent chain complexes of R-modules. Show that:

(a) The category M(R) is a Waldhausen subcategory of Chgﬁoh.

(b) Ko(Chyeon) = KoChyP(R) =0

(¢) The Approximation Theorem applies to M(R) C Ch’P(R) C Chggoh, and

therefore Go(R) = KOCh}j_bP(R) >~ Ko(Ch" ).

pcoh
9.8 Pseudo-coherent complexes and G&". Let X be a scheme. A cochain complex
E" of Ox-modules is called strictly pseudo-coherent if it is bounded above complex
of vector bundles, and pseudo-coherent if it is locally quasi-isomorphic to a strictly
pseudo-coherent complex, i.e., if every point x € X has a neighborhood U, a
strictly pseudo-coherent complex P° on U and a quasi-isomorphism P — E'|y.

Let Chzsoh(X ) denote the Waldhausen category of all pseudo-coherent complexes

E which are homologically bounded, and set G3"(X) = KOChZSOh; this is the
definition used in [SGA6], Expose IV(2.2).
(a) If X is a noetherian scheme, show that every coherent Ox-module is a pseudo-
coherent complex concentrated in degree zero, so that we may consider M (X)
as a Waldhausen subcategory of Chggoh (X). Then show that a complex E" is
pseudo-coherent iff is it homologically bounded and all the homology sheaves
of E' are coherent O x-modules.
(b) If X is a noetherian scheme, show that Go(X) = Gd¢"(X).
(c) If X = Spec(R) for a ring R, show that G°"(X) is isomorphic to the group

K, OChZSOh(R) of the previous exercise.

9.10 Perfect compleres and K3°". Let X be a scheme. A complex E° of Ox-
modules is called strictly perfect if it is a bounded complex of vector bundles, i.e., a
complex in Ch®VB (X). A complex is called perfect if it is locally quasi-isomorphic
to a strictly perfect complex, i.e., if every point £ € X has a neighborhood U,
a strictly perfect complex P on U and a quasi-isomorphic P° — E'|y. Write
Chye,¢(X) for the Waldhausen category of all perfect complexes, and K¢¢"(X) for
KyChyper(X); this is the definition used in [SGA6], Expose IV(2.2).

(a) If X = Spec(R), show that Ko(R) =2 Kg¢(X). Hint: show that the Approxi-

mation Theorem 9.7 applies to Chperf(R) C Chypere(X).
(b) If X is noetherian, show that the category C = Chl( ; of perfect complexes

of quasi-coherent Ox-modules also has Ky(C) = K§¢"(X).
(¢) If X is a regular noetherian scheme, show that a homologically bounded com-
plex is perfect iff it is pseudo-coherent, and conclude that K" (X) = Go(X).
(d) Let X be the affine plane with a double origin over a field k, obtained by
glueing two copies of A% = Spec(k[z,y]) together. X is a regular noetherian
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scheme. Show that Ko(X) = Z but K" (X) = Z®Z. Hint. Use the fact that
A% — X induces an isomorphism VB(X) = VB(A?) and the identification
of K"(X) with Go(X) from part (c).
9.11 Give an example of an exact subcategory C of an abelian category A in
which Ky(C) # KoCh®(C). Here Ch’(C) is the Waldhausen category described

before Definition 9.2. Note that C cannot be closed under kernels of surjections, by
Theorem 9.2.2.
9.12 Finitely dominated complezes. Let C be a small exact category, closed under
extensions and kernels of surjections in an ambient abelian category A (Definition
7.0.1). A bounded below complex C. of objects in C is called finitely dominated
if there is a bounded complex B. and two maps C. — B. — (. whose composite
C. — C. is chain homotopic to the identity. Let Chf_d(C) denote the category of
finitely dominated chain complexes of objects in C. (If C is abelian, this is the
category Chib(C) of Example 9.7.4.)

(a) Let e be an idempotent endomorphism of an object C, and let tel(e) denote

the nonnegative complex

N o =N o Yo )

Show that tel(e) is finitely dominated.

(b) Let C denote the idempotent completion 7.2.1 of C. Show that there is a map
from Ko(C) to KOChid(C) sending [(C, e)] to [tel(e)].

(¢) Show that the map in (b) induces an isomorphism Ko (C) = KOChid(C).

9.13 Let S be a multiplicatively closed set of central nonzerodivisors in a ring R.
Show that KoHg(R) = Ko(R on S), and compare Cor. 7.6.4 to Theorem 9.8.
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Appendix. Localizing by categories of fractions

If C is a category and S is a collection of morphisms in C, then the localization of
C with respect to S is a category Cg, together with a functor loc:C — Cg such that

(1) For every s € S, loc(s) is an isomorphism
(2) If F:C — D is any functor sending S to isomorphisms in D, then F' factors
uniquely through loc:C — Cg.

ExAMPLE. We may consider any ring R as an additive category R with one
object. If S is a central multiplicative subset of R, there is a ring S™'R obtained
by localizing R at S, and the corresponding category is Rg. The useful fact that
every element of the ring S™'R may be written in standard form s~ 'r = rs—!
generalizes to morphisms in a localization Cg, provided that S is a “locally small

multiplicative system” in the following sense.

DEFINITION A.1. A collection S of morphisms in C is called a multiplicative
system if it satisfies the following three self-dual axioms:

(FR1) S is closed under composition and contains the identity morphisms 1x of all
objects X of C. That is, S forms a subcategory of C with the same objects.

(FR2) (Ore condition) If t : Z — Y is in S, then for every g : X — Y in C there is
a commutative diagram in C with s € S

w Lz

|l
x L v

(The slogan is “t71g = fs~! for some f and s.”) Moreover, the symmetric
statement (whose slogan is “fs~! =t~ 1g for some t and ¢”) is also valid.
(FR3) (Cancellation) If f, g: X — Y are parallel morphisms in C, then the following
two conditions are equivalent:
(a) sf = sg for some s:Y — Z in S
(b) ft = gt for some t: W — X in S.

ExamMpLE A.1.1. If S is a multiplicatively closed subset of a ring R, then S
forms a multiplicative system if and only if S is a “2-sided denominator set.”

ExAMPLE A.1.2 (GABRIEL). Let B be a Serre subcategory (see §6) of an abelian
category A, and let S be the collection of all B-isos, i.e., those maps f such that
ker(f) and coker(f) is in B. Then S is a multiplicative system in A; the verification
of axioms (FR2), (FR3) is a pleasant exercise in diagram chasing. In this case, Ag
is the quotient abelian category A/B discussed in the Localization Theorem 6.4.

We would like to say that every morphism X — Z in Cg is of the form fs~!.
However, the issue of whether or this construction makes sense (in our universe)
involves delicate set-theoretic questions. The following notion is designed to avoid
these set-theoretic issues.

We say that S is locally small (on the left) if for each X in C there is a set Sx of
morphisms X’ = X in S such that every map Y — X in S factorsas Y — X’ = X
for some s € Sx.
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DEFINITION A.2 (FRACTIONS). A (left) fraction between X and Y is a chain
in C of the form:

sl o xEx, Ly ses

Call fs—! equivalent to X + Xy — Y just in case there is a chain X «— X3 — Y
fitting into a commutative diagram in C:

X1
ST N
X «— X3 =Y
N LS
Xo

It is easy to see that this is an equivalence relation. Write Homg(X,Y') for the
equivalence classes of such fractions between X and Y. (Homg(X,Y) is a set when
S is locally small.)

We cite the following theorem without proof from [WHomo, 10.3.7], relegating
its routine proof to Exercises A.1 and A.2.

GABRIEL-ZISMAN THEOREM A.3. Let S be a locally small multiplicative system
of morphisms in a category C. Then the localization Cs of C exists, and may be
constructed as follows.

Cs has the same objects as C, but Home (X,Y') is the set of equivalence classes
of chains X «— X' =Y with X’ — X in S, and composition is given by the Ore
condition. The functor loc:C — Cg sends X — Y to the chain X «— X — Y, and
if s: X — Y isin S its inverse is represented by Y — X — X.

COROLLARY A.3.1. Two parallel arrows f,g: X — 'Y become identified in Cs iff
the conditions of (FR3) hold.

COROLLARY A.3.2. Suppose that C has a zero object, and that S is a multiplica-
tive system in C. Assume that S is saturated in the sense that if s and st are in S
then so is t. Then for every X in C:

loc(X) =0« The zero map X 2 X isin S.

PROOF. Since loc(0) is a zero object in Cg,loc(X) = 0 iff the parallel maps
0,1: X — X become identified in Cg.

Now let A be an abelian category, and C a full subcategory of the category
Ch(A) of chain complexes over A, closed under translation and the formation of
mapping cones. Let K be the quotient category of C, obtained by identifying chain
homotopic maps in C. Let @ denote the family of (chain homotopy equivalence
classes of) quasi-isomorphisms in C. The following result states that ) forms a
multiplicative system in K, so that we can form the localization K¢g of K with
respect to @ by the calculus of fractions.
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LEMMA A.4. The family QQ of quasi-isomorphisms in the chain homotopy cate-
gory K forms a multiplicative system.

Proor. (FR1) is trivial. To prove (FR2), consider a diagram X - Y < Z
with s € Q. Set C' = cone(s), and observe that C' is acyclic. If f:Y — C is the
natural map, set W = cone( fu), so that the natural map t: W — X[—1] is a quasi-
isomorphism. Now the natural projections from each W,, = Z,,_ 1 ®Y,, & X,,_1 to
Zp—1 form a morphism v: W — Z of chain complexes making the following diagram
commute:

x ™o - w L X[

Lo L l

z %y Lo oz-n 2By
Applying X — X][1] to the right square gives the first part of (FR2); the second
part is dual and is proven similarly.
To prove (FR3), we suppose given a quasi-isomorphism s:Y — Y’ and set
C = cone(s); from the long exact sequence in homology we see that C' is acyclic.
Moreover, if v denotes the map C[1] — Y then there is an exact sequence:

Homg (X, C[1]) = Homk (X,Y) = Homgk (X,Y”)

(see [WHomo, 10.2.8]). Given f and g, set h = f — g. If sh = 0 in K, there is a
map w: X — C[1] such that h = vw. Setting X’ = cone(w)[1], the natural map

X’ % X must be a quasi-isomorphism because C' is acyclic. Moreover, wt = 0, so
we have ht = vwt = 0, i.e., ft = gt.

DEFINITION A.5. Let C C Ch(.A) be a full subcategory closed under translation
and the formation of mapping cones. The derived category of C, D(C), is defined
to be the localization K¢ of the chain homotopy category K at the multiplicative
system @ of quasi-isomorphisms. The derived category of A is D(A) = D(Ch(A)).

Another application of calculus of fractions is Verdier’s formation of quotient
triangulated categories by thick subcategories. We will use Rickard’s definition of
thickness, which is equivalent to Verdier’s.

DEFINITION A.6. Let K be any triangulated category (see [WHomo, 10.2.1]).
A full additive subcategory & of K is called thick if:

(1) In any distinguished triangle A — B — C — A[1], if two out of A, B, C are
in £ then so is the third.
(2) if A® B is in & then both A and B are in £.

If € is a thick subcategory of K, we can form a quotient triangulated category
K/E&, parallel to Gabriel’s construction of a quotient abelian category in A.1.2.
That is, K/& is defined to be S™'K, where S is the family of maps whose cone is
in £&. By Ex. A.6, S is a saturated multiplicative system of morphisms, so S™'K
can be constructed by the calculus of fractions (theorem A.3).

To justify this definition, note that because S is saturated it follows from A.3.2
and A.6(2) that: (a) X =20 in K/& if and only if X is in &, and (b) a morphism
f:X — Y in K becomes an isomorphism in K/€ if and only if f isin S.
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EXERCISES

A.1 Show that the construction of the Gabriel-Zisman Theorem A.3 makes Cg into
a category by showing that composition is well-defined and associative.

A2 If F:C — D is a functor sending S to isomorphisms, show that F' factors
uniquely through the Gabriel-Zisman category Cg of the previous exercise as C —
Cs — D. This proves the Gabriel-Zisman Theorem A.3, that Cg is indeed the
localization of C with respect to S.

A.3 Let B be a full subcategory of C, and let S be a multiplicative system in C
such that S N B is a multiplicative system in B. Assume furthermore that one of
the following two conditions holds:

(a) Whenever s:C' — B is in S with B in B, there is a morphism f: B’ — C with

B’ in B such that sf € S

(b) Condition (a) with the arrows reversed, for s: B — C.
Show that the natural functor Bg — Cg is fully faithful, so that Bg can be identified
with a full subcategory of Cg.

A.4 Let F: A — A’ be an exact functor between two abelian categories, and let
S be the family of morphisms s in Ch(A) such that F(s) is a quasi-isomorphism.
Show that S is a multiplicative system in Ch.A.

A.5 Suppose that C is a subcategory of Ch(A) closed under translation and the
formation of mapping cones, and let 3 be the family of all chain homotopy equiva-
lences in C. Show that the localization Cy; is the quotient category K of C described
before Lemma A.4. Conclude that the derived category D(C) is the localization
of C at the family of all quasi-isomorphisms. Hint: If two maps fi, fo: X — Y are
chain homotopic then they factor through a common map f:cyl(X) — Y out of
the mapping cylinder of X.

A.6 Let £ be a thick subcategory of a triangulated category K, and S the mor-
phisms whose cone is in £, as in A.6. Show that S is a multiplicative system of
morphisms. Then show that S is saturated in the sense of A.3.2.



CHAPTER III

K, AND K, OF A RING

Let R be an associative ring with unit. In this chapter, we introduce the classical
definitions of the groups K;(R) and K2(R). These definitions use only linear algebra
and elementary group theory, as applied to the groups GL(R) and E(R). We also
define relative groups for K; and K, as well as the negative K-groups K_,(R)
and the Milnor K-groups KM (R).

In the next chapter we will give another definition: K, (R) = m,K(R) for all
n > 0, where K(R) is a certain topological space built using the category P(R)
of f.g. projective R-modules. We will then have to prove that these topologically
defined groups agree with the definition of Ky(R) in chapter II, as well as with the
classical constructions of K7 (R) and K5(R) in this chapter.

61. The Whitehead Group K; of a ring

Let R be an associative ring with unit. Identifying each n x n matrix g with the
larger matrix (J ?) gives an embedding of GL,(R) into GL,1(R). The union of
the resulting sequence

GL1(R) C GLy(R) C -+ C GLy(R) C GLpy1(R) C -+

is called the infinite general linear group GL(R).

Recall that the commutator subgroup [G, G| of a group G is the subgroup gen-
erated by its commutators [g, h] = ghg~th™!. It is always a normal subgroup of G,
and has a universal property: the quotient G/[G, G] is an abelian group, and every
homomorphism from G to an abelian group factors through G/[G, G].

DEFINITION 1.1. K;(R) is the abelian group GL(R)/|GL(R), GL(R)].

The universal property of K;(R) is this: every homomorphism from GL(R)
to an abelian group must factor through the natural quotient GL(R) — Ki(R).
Depending upon our situation, we will sometimes think of K;(R) as an additive
group, and sometimes as a multiplicative group.

A ring map R — S induces a natural map from GL(R) to GL(S), and hence
from K;(R) to K;(S). That is, K; is a functor from rings to abelian groups.

ExaMPLE 1.1.1 (SK;). If R happens to be commutative, the determinant of a
matrix provides a group homomorphism from GL(R) onto the group R* of units
of R. It is traditional to write SK;(R) for the kernel of the induced surjection
det: K1 (R) — R*. The special linear group SL,(R) is the subgroup of GL,(R)
consisting of matrices with determinant 1, and SL(R) is their union. Since the
natural inclusion of the units R* in GL(R) as GL1(R) is split by the homomorphism

Typeset by ApS-TEX
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det: GL(R) — R*, we see that GL(R) is the semidirect product SL(R) x R*, and
there is a direct sum decomposition: K;(R) = R* & SK;(R).

EXAMPLE 1.1.2. If F' is a field, then K;(F) = F*. We will see this below
(see Lemma 1.2.2 and 1.3.1 below), but it is more fun to deduce this from an
1899 theorem of L.E.J. Dickson, that SL,,(F") is the commutator subgroup of both
GL,(F) and SL,,(F), with only two exceptions: GLy(Fy) = SLs(F9) = S5, which
has order 6, and GLy(F3) = F5 x SLy(F3), in which SLo(F3) has order 24.

ExAMPLE 1.1.3. If R is the product R' x R" of two rings, then K;(R) =
Ki(R') @ K1(R"). Indeed, GL(R) is the product GL(R') x GL(R"), and the com-
mutator subgroup decomposes accordingly.

We will show that the commutator subgroup of GL(R) is the subgroup E(R)
generated by “elementary” matrices. These are defined as follows.

DEFINITION 1.2. If ¢ # j are distinct positive integers and r € R then the
elementary matriz e;;(r) is the matrix in GL(R) which has 1 in every diagonal
spot, has r in the (i, j)-spot, and is zero elsewhere.

E,(R) denotes the subgroup of GL,(R) generated by all elementary matrices
ei;j(r) with 1 <14, j <n, and the union E(R) of the E,,(R) is the subgroup of GL(R)
generated by all elementary matrices.

EXAMPLE 1.2.1. A signed permutation matriz is one which permutes the stan-
dard basis {e;} up to sign, i.e., it permutes the set {£ey,...,+e,}. The following
signed permutation matrix belongs to Es(R):

Do = e1a(1)em (=1)era(1) = <_01 (1)) .

By changing the subscripts, we see that the signed permutation matrices w;; belong
to E,(R) for n > 14, j. Since the products w;xw;; correspond to cyclic permutations
of 3 basis elements, every matrix corresponding to an even permutation of basis
elements belongs to E,(R). Moreover, if g € GL,(R) then we see by Ex. 1.1.11

that Eo,(R) contains the matrix (J 991).

1.2.2. If we interpret matrices as linear operators on column vectors, then e;;(r)
is the elementary row operation of adding r times row j to row i, and E,(R) is
the subset of all matrices in GL,,(R) which may be reduced to the identity matrix
using only these row operations. The quotient set GL,(R)/E,(R) measures the
obstruction to such a reduction.

If F' is a field this obstruction is F'*, and is measured the determinant. That is,
E,(F) = SL,(F) for all n > 1. Indeed, standard linear algebra shows that every
matrix of determinant 1 is a product of elementary matrices.

REMARK 1.2.3 (SURJECTIONS). If I is an ideal of R, each homomorphism
E,(R) — E,(R/I) is onto, because the generators e;;(r) of E,(R) map onto the
generators e;;(7) of E,(R/I). In contrast, the maps GL,(R) — GL,(R/I) are
usually not onto unless [ is a radical ideal (Ex. 1.12(iv)). Indeed, the obstruction
is measured by the group Ky(I) = Ko(R, I); see Proposition 2.3 below.
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D1vISION RINGS 1.2.4. The same linear algebra that we invoked for fields shows
that if D is a division ring (a “skew field”) then every invertible matrix may be
reduced to a diagonal matrix diag(r, 1,...,1), and that E,, (D) is a normal subgroup
of GL,, (D). Thus each GL,,(D)/E, (D) is a quotient group of the nonabelian group
D*. Dieudonné proved in 1943 that in fact GL,(D)/E, (D) = D*/[D*,D*] for
all n. A proof of this result is sketched in Exercise 1.1 below.

If D is a finite-dimensional algebra over its center F' (which must be a field), then
the action of D upon its underlying vector space induces an inclusion D C M, (F),

where n = dimp (D). The composite map D* C GL,(F) et X s called the

reduced norm Nyeq. We define SK1(D) to be the kernel of the induced map
Nyea: K1(D) — K1 M, (F) = K{(F) = F*.

In 1950 S. Wang showed that SK;(D) = 1 if F' is a number field, or if the Schur
index i = \/n of D is squarefree. In 1976 V. Platanov produced the first examples
of a D with SK;(D) # 1, by constructing a map from SK; (D) to a subquotient of
the Brauer group Br(F).

REMARK 1.2.5. There is no a priori reason to believe that the subgroups E,, (R)
are normal, except in special cases. For example, we shall show in Ex. 1.2 that if R
has stable range d+1 then E,, (R) is a normal subgroup of GL,(R) for all n > d+2.
Vaserstein proved [V69] that K;(R) = GL,(R)/E,(R) for all n > d + 2.

If R is commutative, we can do better: E,(R) is a normal subgroup of GL,(R)
for all n > 3. This theorem was proven by A. Suslin in [S77]; we give Suslin’s proof
in Ex. 1.9. Suslin also gave examples of Dedekind domains for which F5(R) is not
normal in GL2(R) in [S81]. For noncommutative rings, the E,, (R) are only known
to be normal for large n, and only then when the ring R has finite stable range in
the sense of Ex. 1.1.5; see Ex. 1.2 below.

COMMUTATORS 1.3. Here are some easy-to-check formulas for multiplying ele-
mentary matrices. Fixing the indices, we have e;;(r)e;;(s) = e;;(r+s), and e;;(—r)
is the inverse of e;;(r). The commutator of two elementary matrices is easy to
compute and simple to describe (unless j = k and i = /):

1 if j£kandi#/
(1.3.1) [€ij (1), ene(s)] = < eir(rs) if j=kandi#/¢
erj(—sr) ifj#kandi="~¢

Recall that a group is called perfectif G = |G, G|. If a subgroup H of G is perfect,
then H C [G, G|. The group E(R) is perfect, as are most of its finite versions:

LEMMA 1.3.2. Ifn > 3 then E,(R) is a perfect group.

PrROOF. If i, j, k are distinct then e;;(r) = e (r), ex;(1)].

We know from Example 1.1.2 that E3(R) is not always perfect; in fact Eo(IF3)
and FEy(F3) are solvable groups.

Rather than become enmeshed in technical issues, it is useful to “stabilize” by
increasing the size of the matrices we consider. One technical benefit of stability is
given in Ex. 1.3. The following stability result was proven by J.H.C. Whitehead in
the 1950 paper [Wh], and in some sense is the origin of K-theory.
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WHITEHEAD’S LEMMA 1.3.3. E(R) is the commutator subgroup of GL(R).
Hence K1(R) = GL(R)/E(R).

PROOF. The commutator subgroup contains F(R) by Lemma 1.3.2. Conversely,
every commutator in GL,, (R) can be expressed as a product in GLa, (R):

(1.3.4) l9,h] = (g g(—)l) ('5 hgl) ((hgo)_1 lsg)'

But we saw in Example 1.2.1 that each of these terms is in Ea, (R).

ExaMPLE 1.3.5. If F' is a field then K;(F) = F*, because we have already
seen that E(R) = SL(R). Similarly, if R is a Euclidean domain such as Z or Ft]
then it is easy to show that SK;(R) = 0 and hence K;(R) = R*; see Ex. 1.4. In
particular, K1 (Z) = Z* = {1} and K(F[t]) = F*.

To get a feeling for the non-commutative situation, suppose that D is a division
ring. Diedonné’s calculation of GL, (D)/E, (D) (described in 1.2.4 and Ex. 1.1)
gives an isomorphism K;(D) = D* /[D*, D*].

ExXAMPLE 1.3.6. If F is a finite field extension of Q (a number field) and R is
an integrally closed subring of F', then Bass, Milnor and Serre proved in [BMS,
4.3] that SK;(R) = 0, so that K;(R) =2 R*. We mention that, by the Dirichlet
Unit Theorem, K;(R) = R* is a finitely generated abelian group isomorphic to
w(F) @ 75—, where u(F) denotes the cyclic group of all roots of unity in F and s
is the number of “places at infinity” for R.

LEMMA 1.4. If R is a semilocal ring then the natural inclusion of R* = GL1(R)
into GL(R) induces an isomorphism K;(R) = R* /[R*, R*].
If R is a commutative semilocal ring, then

SKl(R) =0 and Kl(R) = RX.

ProOF. By Example 1.1.1 (and Ex. 1.1 in the noncommutative case), it suffices
to prove that R* maps onto K (R). This will follow by induction on n once we show
that GL,(R) = E,,(R)GL,,—1(R). Let J denote the Jacobson radical of R, so that
R/ J is a finite product of division rings. By examples 1.1.3 and 1.2.4, (R/J)* maps
onto K1(R/J). That is, every g € GL,(R/J) is a product ég;, where € € E,,(R/J)
and g € GLl(R/J)

Given g € GL,,(R), its reduction g in GL,(R/J) may be decomposed as above:
g = €g1. By Remark 1.2.3, we can lift € to an element e € E,(R). The matrix
e~ 'g is congruent to the diagonal matrix g; modulo J, so its diagonal entries are
all units and its off-diagonal entries lie in J. Using elementary row operations
e;;(r) with r € J, it is an easy matter to reduce e 'g to a diagonal matrix, say to
D = diag(r1,...,mn). By Ex. 1.1.11, the matrix diag(1,...,1,7,,7,;!) is in E,(R).
Multiplying D by this matrix yields a matrix in GL,,_1(R), finishing the induction
and the proof.

Commutative Banach Algebras

Let R be a commutative Banach algebra over the real or complex numbers. For
example, R could be the ring RX of continuous real-valued functions of a compact
space X. As subspaces of the metric space of n X n matrices over R, the groups
SL,(R) and GL,(R) are topological groups.
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PROPOSITION 1.5. E, (R) is the path component of the identity matriz in the
special linear group SLy,(R), n > 2. Hence we may identify the group SK;(R) with
the group moSL(R) of path components of the topological space SL(R).

PRrROOF. To see that E,(R) is path-connected, fix an element g = []e;_ ;. (ra)-
The formula t — []e;_ ;. (rat), 0 <t <1 defines a path in E,, (R) from the identity
to g. To prove that E,,(R) is open subset of SL, (R) (and hence a path-component),
it suffices to prove that E, (R) contains U,,_1, the set of matrices 14 (r;;) in SL,(R)
with ||r;|| < =25 for all 4, j. We will actually show that each matrix in U,,_; can

be expressed naturally as a product of n? + 5n — 6 elementary matrices, each of
which depends continuously upon the entries r;; € R.

Set w = 1+ r11. Since 2=2 < ||ul|, u has an inverse v with [[v|| < 2=3.
Subtracting vry; times the first column from the 4" we obtain a matrix 1 + rgj

whose first row is (u,0, ...,0) and

11| < Lo n-1/ 1 2 1
r.. = .
t n—1 n-2\n-1 n—2

We can continue to clear out entries in this way so that after n(n — 1) elementary
operations we have reduced the matrix to diagonal form.

By Ex. I.1.10, any diagonal matrix (’6 ugl) is the product of 6 elementary ma-
trices. By induction, it follows that any diagonal n x n matrix of determinant 1

can be written naturally as a product of 6(n — 1) elementary matrices.

Let V denote the path component of 1 in the topological group R*, i.e., the
kernel of R* — mgR*. By Ex. 1.8, V is a quotient of the additive group R.

COROLLARY 1.5.1. If R is a commutative Banach algebra, there is a natural
surjection from Kq(R) onto moGL(R) = mo(R*) x moSL(R). The kernel of this
map is the divisible subgroup V of R*.

ExAMPLE 1.5.2. If R = R then K;(R) = R* maps onto mgGL(R) = {£1}, and
the kernel is the uniquely divisible multiplicative group V' = (0, 00). If R = C then
V = C*, because K;(C) = C* but meGL(C) = 0.

ExaMPLE 1.5.3. Let X be a compact space with a nondegenerate basepoint.
Then SK;(R¥) is the group mpSL(R¥X) = [X,SL(R)] = [X,SO] of homotopy
classes of maps from X to the infinite special orthogonal group SO. By Ex. 11.3.11
we have moGL(R¥) = [X,0] = KO~!(X), and there is a short exact sequence

0—RY 22 K (RY) - KO~ }(X) — 0.

Similarly, SK;(C¥) is the group moSL(CX) = [X,SL(C)] = [X,SU] of ho-
motopy classes of maps from X to the infinite special unitary group SU. Since
1oGL(CY) = [X,U] = KUYX) by IL.3.5.1 and Ex. I1.3.11, there is a natural
surjection from K;(CX) onto KU !(X), and the kernel V is the divisible group of
all contractible maps X — C*.
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EXAMPLE 1.5.4. When X is the circle S* we have SK;(RS') = [S!,S0] =
7150 = Z/2. On the other hand, we have mSLy(RS") = 11 SLs(R) = 1180, = Z,
generated by the matrix A = ( cos 6 Sme). Since m1.502(R) — m.50 is onto, the

—sin@ cos @
matrix A represents the nonzero element of SK;(RS").

The ring R = R[z,y]/(2? + y*> — 1) may be embedded in the ring RS by 2
cos(f),y +— sin(f). Since the matrix (_xy Y) maps to A, it represents a nontrivial
element of SK;(R). In fact it is not difficult to show that SK;(R) = Z/2 using
Mennicke symbols (Ex. 1.10).

K1 and projective modules

Now let P be a f.g. projective R-module. Choosing an isomorphism P® @ = R"
gives a group homomorphism from Aut(P) to GL,(R). (Send o to a @ 1g.)

LEMMA 1.6. The homomorphism from Aut(P) to GL(R) = |JGL,(R) is well-
defined up to inner automorphism of GL(R). Hence there is a well-defined homo-
morphism Aut(P) — Ki(R).

PRroOF. First suppose that @ and n are fixed. Two different isomorphisms
between P @ ) and R™ must differ by an automorphism of R", i.e., by an element
g € GL,(R). Thus if @ € Aut(P) maps to the matrices A and B, respectively,
we must have A = gBg~!. Next we observe that there is no harm in stabilizing,
i.e., replacing Q by Q ® R™ and P® Q = R" by P® (Q ® R™) = R"*™. This
is because GL,,(R) — GL(R) factors through GL,,1,,(R). Finally, suppose given
a second isomorphism P & Q' = R™. Since Q & R™ = R" & @Q)’, we may stabilize
both ) and @’ to make them isomorphic, and invoke the above argument.

COROLLARY 1.6.1. If R and S are rings, there is a natural external product
operation Ko(R) ® K1(S) — K1(R® S).

If R is commutative and S is an R-algebra, there is a natural product operation
Ko(R) ® K1(S) — K1(S), making K1(S) into a module over the ring Ko(R).

ProOOF. For each f.g. projective R-module P and each m, Lemma 1.6 provides
a homomorphism Aut(P ® S™) — K;(R® S). For each § € GL,,(S), let [P]- [
denote the image of the automorphism 1p ® § of P® S™ under this map. Fixing 3
and m, the isomorphism (P& P')® S™ = (P®S™) @ (P’ ®S™) yields the identity
[P®P'|-B=[P]-B+[P']-Bin Ki(R®S). Hence P — [P]- 3 is an additive function
of P € P(R), which means that it factors through Ky(R). Now fix P and vary (3;
the resulting map from GL,,(S) to K;(R ® S) is compatible with stabilization in
m. Thus the map 8 — [P] - factors through a map GL(S) — K;(R ® S), and
through a map K;(S) — K1(R ® S). This shows that the product is well-defined
and bilinear.

When R is commutative, Ko(R) is a ring by II, §2. If S is an R-algebra, there is
aring map R® S — S. Composing the external product with K7 (R® S) — K1(5)
yields a natural product operation Ko(R) ® K1(S) — K7(S). The verification that

[P®Q]-8=][P] (|Q] - is routine.

Here is a homological interpretation of Kj(R). Recall that the first homology
H,(G;Z) of any group G is naturally isomorphic to G/[G, G]. (See [WHomo, 6.1.11]
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for a proof.) By Whitehead’s Lemma, we have

(1.6.2) K1(R) = Hi(GL(R);Z) = lim Hy(GLy(R);Z).

n—oo

By Lemma 1.6, we also have well-defined compositions
H,(Aut(P);Z) — Hi1(GL,(R);Z) — K1(R),

which are independent of the choice of isomorphism P ® @ = R™.

Here is another description of K;(R) in terms of the category P(R) of f.g. pro-
jective R-modules. Consider the translation category tP of P(R): its objects are
isomorphism classes of f.g. projective modules, and the morphisms between P and
P’ are the isomorphism classes of ) such that P & @Q = P’. This is a filtering
category [WHomo, 2.6.13], and P — H;(Aut(P);Z) is a well-defined functor from
tP to abelian groups. Hence we can take the filtered direct limit of this functor.
Since the free modules are cofinal in tP, we see from (1.6.2) that we have

COROLLARY 1.6.3 (Bass). K;(R) = ILHP Hq(Aut(P);Z).

ctP

Recall from I1.2.7 that if two rings R and S are Morita equivalent then the
categories P(R) and P(S) are equivalent. By Corollary 1.6.3 we have the following:

PROPOSITION 1.6.4 (MORITA INVARIANCE OF K1). The group K;(R) depends
only upon the category P(R). That is, if R and S are Morita equivalent rings then
Ki(R) =2 K1(S). In particular, the maps R — M, (R) induce isomorphisms on K :

K1(R) = K1 (Mn(R)).

Transfer maps

Let f: R — S be a ring homomorphism. We will see later on that a transfer
homomorphism f.: K1(S) — Ki(R) is defined whenever S has a finite R-module
resolution by f.g. projective R-modules. This construction requires a definition of
K; for an exact category such as H(R), and is analogous to the transfer map in
I1(7.8.1) for Ky. Without this machinery, we can still construct the transfer map
when S is f.g. projective as an R-module, using the analogue of the method used
for the K transfer map in example I1.2.8.1.

LEMMA 1.7. Suppose that S is f.g. projective as an R-module. Then there is a
natural transfer homomorphism f.: K1(S) — K1(R).
If R is commutative, the composite

Ki(R) L5 K.(S) I Ki(R)

is multiplication by [S] € Ko(R).

ProoOF. If P is a f.g. projective S-module, then we can also consider P to be a
f.g. projective R-module, and Auts(P) C Autg(P). Applying H; gives a natural
transformation of functors defined on the translation category tP(S) of all f.g.

projective S-modules. By Corollary 1.6.3, K;(S) = h_n>1P€P(S) Hy(Autg(P);Z).
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The map tP(S) — tP(R) induces a map

Kq(S) — lim Hy(Autr(P);Z) — lim Hy(Autr(Q);Z) = K1(R).
pPeP(s) QeP(R)

The composite K7(S) — K1(R) is the transfer map f..

To compute the composite f.f*, we compute its effect upon an element o €
GL,(R). Taking P = S™, we can identify the R-module S™ with S ® g R™. Thus
the matrix f*(a) = 1®a liesin GL,(S) = Autg(S®@g R™). To apply f. we consider
1® a as an element of the group Autg(S™) = Autr(S ®r R™), which we then map
into GL(R). But this is just the product [S] -« of 1.6.1.

ExXAMPLE 1.8 (WHITEHEAD GROUP Why). If R is the group ring ZG of a group
G, the (first) Whitehead group Why(G) is the quotient of K1(ZG) by the subgroup
generated by £1 and the elements of GG, considered as elements of GL;. If G is
abelian, then ZG is a commutative ring and +G is a subgroup of K;(ZG), so by
1.3.4 we have Why(G) = (ZG)*/ £ G & SK;(ZG). If G is finite then Why(G) is
a finitely generated group whose rank is r — ¢, where r and ¢ are the number of
simple factors in RG and QG, respectively. This and other calculations related to
Wh1(G) may be found in R. Oliver’s excellent sourcebook [Oliver].

The group Why(G) arose in Whitehead’s 1950 study [Wh] of simple homotopy
types. Two finite CW complexes have the same simple homotopy type if they are
connected by a finite sequence of “elementary expansions and collapses.” Given
a homotopy equivalence f: K — L of complexes with fundamental group G, the
torsion of f is an element 7(f) € Why(G). Whitehead proved that 7(f) = 0 iff f
is a simple homotopy equivalence, and that every element of Wh;(G) is the torsion
of some f. An excellent source for the geometry behind this is [Cohen].

Here is another area of geometric topology in which Whitehead torsion has played
a crucial role, piecewise-linear (“PL”) topology. We say that a triple (W, M, M)
of compact PL manifolds is an h-cobordism if the boundary of W is the disjoint
union of M and M’, and both inclusions M C W, M’ € W are simple homotopy
equivalences. In this case we can define the torsion 7 of M C W, as an element
of Whi(G), G = myM. The s-cobordism theorem states that if M is fixed with
dim(M) > 5 then (W, M, M") = (M x [0,1], M x 0, M x 1) iff 7 = 0. Moreover,
every element of Why(G) arises as the torsion of some h-cobordism (W, M, M").

To apply the s-cobordism, suppose given an h-cobordism (W, M, M'), and let N
be the union of W, the cone on M and the cone on M’. Then N is PL. homeomorphic
to the suspension SM of M iff (W, M, M") = (M x [0,1], M x 0, M x 1) iff 7 = 0.

This gives a counterexample to the “Hauptvermutung” that two homeomorphic
complexes would be PL homeomorphic. Indeed, if (W, M, M’) is an h-cobordism
with nonzero torsion, then N and SM cannot be PL. homeomorphic, yet the theory
of “engulfing” implies that they must be homeomorphic manifolds.

Another application, due to Smale, is the Generalized Poincaré Conjecture. Let
N be an n-dimensional PL manifold of the homotopy type of the sphere S™, n > 5.
Then N is PL homeomorphic to S™. To see this, let W be obtained by removing
two small disjoint n-discs Dy, Dy from N. The boundary of these discs is the
boundary of W, and (W, S™~ !, §"~1) is an h-cobordism. Its torsion must be zero
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since m1(S""1) = 0 and Why(0) = 0. Hence W is S"~! x [0, 1], and this implies
that N =W U Dy U Dy is S".

EXERCISES

1.1 Semilocal rings. Let R be a noncommutative semilocal ring (Ex. I11.2.6). Show
that there exists a unique “determinant” map from G L,,(R) onto the abelian group
R*/IR*, R*] with the following properties: (i) det(e) = 1 for every elementary
matrix e, and (ii) If p = diag(r, 1,...,1) and g € GL,(R) then det(p-g) = r-det(g).
Then show that det is a group homomorphism: det(gh) = det(g) det(h). Conclude
that K;(R) = R*/[R*, R*].

1.2 Suppose that a ring R has stable range sr(R) = d+ 1 in the sense of Ex. 1.1.5.
(For example, R could be a d-dimensional commutative noetherian ring.) This
condition describes the action of E4,2(R) on unimodular rows in R%+2,

(a) Show that GL,(R) = GL4+1(R)E,(R) for all n > d + 1, and deduce that
GL441(R) maps onto K1(R).

(b) Show that FE, (R) is a normal subgroup of GL,(R) for all n > d + 2. Hint:
Conjugate e,;(r) by g € GLq12(R).

1.3 Let R be the polynomial ring F[x,y] over a field F. Show that the matrix
2
g= 1jygy . f acy) is in F5(R)NGL2(R). P.M. Cohn proved in 1966 that ¢ is

not in E3(R).

1.4 Let R be a Euclidean domain, such as Z or the polynomial ring F[t] over a
field. Show that E,(R) = SL,(R) for all n, and hence that SK;(R) = 0.

1.5 Here is another interpretation of the group law for K;. For each m,n, let ®,,,
denote the group homomorphism GL,,(R) X GL,,(R) — GLy,+,(R) sending («, [3)

to the block diagonal matrix <8‘ g) . Show that in K7 (R) we have [a®,, 0] = [o][F].

1.6 Let £ = Endg(R°) be the ring of infinite row-finite matrices over R of Ex. I.1.7.
Show that Ky(FE) = 0. Hint: If « € GL,(F), form the block diagonal matrix
a® = diag(a, a,...) in GL(F), and show that a @ o™ is conjugate to a°.

1.7 In this exercise we show that the center of F(R) is trivial. First show that any
matrix in GL,,(R) commuting with E,,(R) must be a diagonal matrix diag(r, ..., 7)
with 7 in the center of R. Conclude that no element in E,,_1(R) is in the center of
E,(R), and pass to the limit as n — oc.

1.8 If R is a commutative Banach algebra, let exp(R) denote the image of the
exponential map R — R*. Show that exp(R) is the path component of 1 in R*.

1.9 In this exercise we suppose that R is a commutative ring, and give Suslin’s
proof that E,(R) is a normal subgroup of GL, (R) whenn > 3. Let v = > | v;e;
be a column vector, and let u, w be row vectors such that v -v =1 and w-v =0.
(a) Show that w = ZK]. rij(vie; — vie;), where r;; = wyu; — wjiu;.
(b) Conclude that the matrix I,, + (v - w) is in E,(R) if n > 3.
(c) If g € GL,(R) and i < j, let v be the i'" column of g and w the j* row of
g~ !, so that w-v = 0. Show that ge;;(r)g~! = I,, + (v-rw) for all r € R. By
(b), this proves that E, (R) is normal.
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1.10 Mennicke symbols. Let (r,s) be a unimodular row over a commutative ring

R. Choosing t,u € R such that ru — st = 1, we define the Mennicke symbol [i]
to be the class in SK1(R) of the matrix (7). Show that this Mennicke symbol

/

is independent of the choice of ¢ and w, that [Z} = [f_}, [ﬂ [i] = [Sj/} and
2] = [*+7].
If R is noetherian of dimension 1, or more generally has sr(R) < 2, then we

know by Ex. 1.2 that GLy(R) maps onto K1(R), and hence SK;(R) is generated
by Mennicke symbols.

1.11 Transfer. Suppose that R is a Dedekind domain and p is a prime ideal of
R. Show that there is a map =, from Ki(R/p) = (R/p)* to SK;(R) sending
5 € (R/p)* to the Mennicke symbol [?], where s € R maps to 5 and r € R is an
element of p — p? relatively prime to s. Another construction of the transfer map
. will be given in chapter V.

1.12 If H is a normal subgroup of a group G, then G acts upon H and hence
its homology H.(H;Z) by conjugation. Since H always acts trivially upon its
homology [WHomo, 6.7.8]), the group G/H acts upon H,(H;Z). Taking H = E(R)
and G = GL(R), use Example 1.2.1 to show that GL(R) and K;(R) act trivially
upon the homology of E(R).

§2. Relative K;

Let I be an ideal in a ring R. We write GL(I) for the kernel of the natural map
GL(R) — GL(R/I); the notation reflects the fact that GL(I) is independent of R
(see Ex. 1.1.10). In addition, we define E(R, I) to be the smallest normal subgroup
of E(R) containing the elementary matrices e;;(x) with € I. More generally, for
each n we define E, (R, I) to be the normal subgroup of E, (R) generated by the
matrices e;;(z) with x € I and 1 <1i # j < n. Clearly E(R,I) is the union of the
subgroups E, (R, I).

RELATIVE WHITEHEAD LEMMA 2.1. E(R,I) is a normal subgroup of GL(I),
and contains the commutator subgroup of GL(I).

PROOF. For any matrix ¢ =1+ o € GL(I), the identity

(=G D6 )6 ) (e 1)

shows that the matrix (g 991> is in E9,(R,I). Hence if h € E, (R, I) then the

(5 -6 2D )

isin F(R,I). Finally, if g,h € GL,(I) then [g, h] is in Es, (R, I) by equation (1.3.4).

conjugate

DEFINITION 2.2. The relative group K;(R,I) is defined to be the quotient
GL(I)/E(R,I). By the Relative Whitehead Lemma, it is an abelian group.



III. K; AND Ko OF A RING 11

The inclusion of GL(I) in GL(R) induces a map K;(R,I) — Ki(R). More
generally, if R — S is a ring map sending [ into an ideal J of S, the natural maps
GL(I) - GL(J) and E(R) — E(S) induce a map Ky(R,I) — K1(S,J).

REMARK 2.2.1. Suppose that R — S is a ring map sending an ideal I of R
isomorphically onto an ideal of S. The induced map from K;(R,I) to K;(S,I)
must be a surjection, as both groups are quotients of GL(I) (Ex. I.1.10ii). However,
Swan discovered that they need not be isomorphic. One of his simple examples is
given in Ex. 2.3 below.

PROPOSITION 2.3. There is an exact sequence
Ki(R,I) — Ki(R) — Ky(R/I) 9, Ko(I) — Ko(R) — Ko(R/I).
Proor. By Ex. I1.2.3 there is an exact sequence

1 — GL(I) —» GL(R) — GL(R/I) 2 Ko(I) — Ko(R) — Ko(R/I).

Since the K groups are quotients of the GL groups, and F(R) maps onto E(R/I),
this gives exactness except at K;(R). Suppose ¢ € GL(R) maps to zero under
GL(R) — K;(R) — Ki(R/I). Then the reduction g of g mod I is in E(R/I).
Since E(R) maps onto E(R/I), there is a matrix e € E(R) mapping to g, i.e.,
ge~1 is in the kernel GL(I) of GL(R) — GL(R/I). Hence the class of ge™! in
Ki(R,I) is defined, and maps to the class of g in K7 (R). This proves exactness at
the remaining spot.

The relative group SK1(R,I)

If R happens to be commutative, the determinant map K;(R) — R* of Example
1.1.1 induces a relative determinant map det: K1 (R, 1) — GL1(I), since the deter-
minant of a matrix in GL([) is congruent to 1 modulo I. It is traditional to write
SK;(R,I) for the kernel of det, so the canonical map GL;(I) — K;(R,I) induces
a direct sum decomposition K;(R,I) = GL1(I) ® SK;(R,I) compatible with the
decomposition K;(R) = R* & SK;(R) of Example 1.1.1. Here are two important
cases in which SK; (R, I) vanishes:

LEMMA 2.4. Let I be a radical ideal in R. Then:
(1) Ki(R,I) is a quotient of the multiplicative group 1 + I = GL1(I).
(2) If R is a commutative ring, then SK1(R,I) =0 and K1(R,I) =1+ 1.

PROOF. As in the proof of Lemma 1.4, it suffices to show that GL,(I) =
E.(R,I)GLp_1(I) for n > 2. If (x;;) is a matrix in GL,(I) then z,, is a unit
of R, and for ¢ < n the enties z;,, z,; are in I. Multiplying by the diagonal matrix
diag(1,...,1,Zpn, z,,}), we may assume that z,, = 1. Now multiplying on the left
by the matrices e;,(—z;,) and on the right by e,;(—z,;) reduces the matrix to one

in GLn_1(I).

The next theorem extends the calculation mentioned in Example 1.3.6 above.
We cite it from [BMS, 4.3], mentioning only that its proof involves calculations with
Mennicke symbols (see Ex. 1.10 and 2.5).
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BASS-MILNOR-SERRE THEOREM 2.5. Let R be an integrally closed subring of a
number field F', and I an ideal of R. Then

(1) If F has any embedding into R then SKy(R,I) = 0.

(2) If Fis “totally imaginary” (has no embedding into R ), then SK1(R,I) = C,,
is a finite cyclic group whose order n divides the order m of the group of roots
of unity in R. The exponent ord,n of p in the integer n is the minimum
over all prime ideals p of R containing I of the integer

inf{ordpm,sup{oa lordp(l)_ : H

ordy(p) p—1

The Mayer-Vietoris Exact Sequence

Suppose we are given a ring map f: R — S and an ideal I of R mapped isomor-
phically into an ideal of S. Then we have a Milnor square of rings, as in 1.2:

RL

l J

R/I —L— s/1

THEOREM 2.6 (MAYER-VIETORIS). Given a Milnor square as above, there is
an ezract sequence

K1 (R)= Ky(S)®K1(R/T)— K1(S/1) % Ko(R) = Ko(S)®Ko(R/T) = Ko(S/1I).

ProOOF. By Theorem I1.2.9 we have an exact sequence
GL(S/I) 2 Ko(R) = Ko(S) ® Ko(R/I) = Ko(S/I).

Since Ko (R) is abelian, we may replace GL(S/I) by K;(S/I) in this sequence. This
gives the sequence of the Theorem, and exactness at all the Ky places. Also by
I1.2.9, the image of 0: K1(S/I) — Ky(R) is the double coset space

GL(S)\GL(S/I)/GL(R/I).

Therefore the kernel of 0 is the subgroup of K;(S/I) generated by the images of
GL(S) and GL(R/I), and the sequence is exact at K;(S/I). To prove exactness
at the final spot, suppose given g € GL,(R/I), h € GL,(S) and an elementary
matrix € € E(S/I) such that f(g)e = h (mod I). Lifting € to an e € E,(S) (by
Remark 1.2.3) yields f(g) = he™! (mod I). Since R is the pullback of S and R/I,
there is a ¢ € GL,(R), equivalent to § modulo I, such that f(g) = he™!. This
establishes exactness at the final spot.
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EXERCISES

2.1 Suppose we are given a Milnor square in which R and S are commutative rings.
Using the Units-Pic sequence (1.3.10), conclude that there are exact sequences

SKi(R,I) — SK1(R) — SK1(R/I) % SKo(I) — SKo(R) — SKo(R/I),

SK1(R) — SK1(S)®SK1(R/I) % SKo(R) — SKo(S)®SKo(R/I) — SKo(S/I).

2.2 Rim Squares. Let C), be a cyclic group of prime order p with generator ¢, and
let ¢ = e?™/P. The ring Z[¢] is the integral closure of Z in the number field Q(C).
Let f:ZC, — Z[(] be the ring surjection sending ¢ to ¢, and let I denote the kernel
of the augmentation ZC), — Z.
(a) Show that I is isomorphic to the ideal of Z[(] generated by ¢ — 1, so that we
have a Milnor square with the rings ZC,, Z[(], Z and F,,.
(b) Show that for each k = 1,...,p— 1 the “cyclotomic” element (¢*—1)/(¢—1) =
1+---+¢*1is a unit of Z[(], mapping onto k € F). If p > 3, the Dirichlet
Unit Theorem says that the units of Z[(] split as the direct sum of the finite
group {£¢*} of order 2p (p # 2) and a free abelian group of rank (p — 3)/2.
(c) Conclude that if p > 3 then both K;(ZC,) and Wh;(C,) are nonzero. In
fact, SK;(ZC,) = 0.

2.3 Fuilure of Excision for K;. Here is Swan’s simple example to show that K7 (R, I)
depends upon R. Let F' be a field and let R be the algebra of all upper triangular

matrices r = (g ‘Z) in M5(F'). Let I be the ideal of all such matrices with z =

z =0, and let Ry be the commutative subalgebra F'@® I. Show that K;(Ry,I) = F
but that K;(R,I) = 0. Hint: Calculate es(r)e1a(y)ear(—r).

2.4 (Vaserstein) If I is an ideal of R, and = € I and r € R are such that (1 +rz) is
a unit, show that (1 — zr) is also a unit, and that (1 +rz)(1 +2r)~!is in E(R,I).
Hint: Start by calculating es;(—z)e12(—7)(1 + rz)ea1(x)ei2(r), and then use the
Relative Whitehead Lemma.

2.5 Mennicke symbols. If I is an ideal of a commutative ring R, r € (1 4+ I) and
s € I, we define the Mennicke symbol [°] to be the class in SK;(R,I) of the
matrix (7 7), where t € I and u € (1 + I) satisfy ru — st = 1. Show that this
Mennicke symbol is independent of the choice of ¢t and u, with [ﬂ [:,} = [Ti,},

(2] [Sl} = [Sﬁl}. (Hint: Use Ex. 1.10.) Finally, show that if ¢t € I then

s| _|s+rt| S
U

2.6 The obstruction to excision. Let R — S be a map of commutative rings,
sending an ideal I of R isomorphically onto an ideal of S. Given z € I and s € .5,
let 1(z, s) denote the Mennicke symbol [, © | in SKi(R,I).

(a) Verify that ¢ (z, s) vanishes in SK7(S, ).

(b) Prove that ¢ is bilinear, and that 1 (z,s) = 1 if either z € I? or s € R. Thus

1) induces a map from (I/1%) ® (S/R) to SK1(R, ).
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(c) Prove that the Leibniz rule holds: ¥ (x, ss’) = ¥(sz, s" ) (s'z, ).

For every map R — S, the S-module Qg of relative Kahler differentials is pre-
sented with generators ds, s € S, subject to the following relations: d(s + s') =
ds +ds', d(ss') = sds’ + s’ ds, and if r € R then dr = 0. (See [WHomo].)

(d) (Vorst) Show that Qg/g ®g I/I? is the quotient of (S/R) ® (I/I?) by the
subgroup generated by the elements s ® s’z + s’ ® sz — ss’ ® x. Then conclude
that +) induces a map Qg,p ®g I/I* — SK{(R,I).

Swan proved in [SwanT71] that the resulting sequence is exact:

Qg/p @5 1/T> 2 SKy (R, T) — SK1(S,1) — 1.

2.7 Suppose that the ring map R — R/I is split by a map R/I — R. Show that
Ki(R) 2 K1(R/I)® K1(R,I). The corresponding decomposition of Ky(R) follows
from the ideal sequence 2.3, or from the definition of K(I), since R = R/I & I; see
Ex. I1.2.4.

§3. The Fundamental Theorems for K; and K,

The Fundamental Theorem for K is a calculation of Ky (R[t,t7!]), and describes
one of the many relationships between K7 and Ky. The core of this calculation
depends upon the construction of an exact sequence (see 3.2 below and I1.7.7.1):

Ky(R[t]) — Ki(R[t, t7Y]) & KoHppmy (R[t]) — 0

We will construct a localization sequence connecting K; and Ky in somewhat
greater generality first. Recall from chapter II, Theorem 9.8 that for any multi-
plicatively closed set S of central elements in a ring R there is an exact sequence
Ko(R on S) — Ko(R) — Ko(S™'R), where Ko(R on S) denotes Ky of the Wald-
hausen category Ch%P(R). If S consists of nonzerodivisors, Ko (R on S) also equals
KoHg(R) by Ex. 11.9.13; see Corollary I11.7.6.4.

Our first goal is to extend this sequence to the left using K, and we begin by
constructing the boundary map 0.

Let a be an endomorphism of R™. We say that o is an S-isomorphism if
S~1ker(a) = S~1coker(a) = 0, or equivalently, a/1 € GL,(S™'R). Write cone(a)
for the mapping cone of o, which is the chain complex R” —= R" concentrated in
degrees 0 and 1; see [WHomo, 1.5.1]. It is clear that « is an S-isomorphism if and
only if cone(ar) € Ch%P(R).

LEMMA 3.1. Let S be a multiplicatively closed set of central elements in a ring
R. Then there is a group homomorphism

Ki(ST'R) 2 Ko(R on S)

sending each S-isomorphism « to the class [cone(a)| of the mapping cone of a. In
particular, each s € S is an endomorphism of R so O(s) is the class of the chain

complex cone(s) : R —> R.

Before proving this lemma, we give one important special case. When S consists
of nonzerodivisors, every S-isomorphism « must be an injection, and coker(«) is
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a module of projective dimension one, i.e., an object of Hg(R). Moreover, under
the isomorphism KoCh%P(R) = KyHg(R) of Ex. 11.9.13, the class of cone(a) in
KoCh%P(R) corresponds to the element [coker(a)] € KoHg(R). Thus we immedi-
ately have:

COROLLARY 3.1.1. If S consists of nonzerodivisors then there is a homomor-
phism K1(S71R) KN KoHgs(R) sending each S-isomorphism « to [coker(a)], and
sending s € S to [R/sR).

PRroOOF OF 3.1. If § € End(R™) is also an S-isomorphism, then the diagram

0 — R" -~ R
) 1 (1,8) G
(10) (01)
R — R*"® R" —» R
af | L (%) !
R" — R" — 0

is a short exact sequence in Cth(R), where we regard the columns as chain
complexes. Since the middle column of the diagram is quasi-isomorphic to its

subcomplex 0 — 0 @ R* —= R™, we get the relation
[cone(a)] — [cone(af)] = [cone(B)[—1]] = —[cone(3)],

or

[cone(a)] + [cone(B)] = [cone(af)] (3.1.2)

in KoCh%P(R). In particular, if 8 is the diagonal matrix diag(t, ..., ) then cone()
is the direct sum of n copies of cone(t), so we have

[cone(at)] = [cone(a)] + n[cone(t)]. (3.1.3)

Every g € GL,(S™!R) can be represented as /s for some S-isomorphism a and
some s € 9, and we define d(g) = 9(a/s) to be the element [cone()| —n[cone(s)]
of KoCh%P(R). By (3.1.3) we have d(ar/s) = d(at/st), which implies that d(g) is
independent of the choice of a and s. By (3.1.2) this implies that 0 is a well-defined
homomorphism from each GL, (S™'R) to KoCh%P(R). Finally, the maps 0 are
compatible with the inclusions GL,, C GL, 1, because

a(o‘és (1)) :a((‘g (1))/3) _ {cone(g 2)} ~ (n+ 1) [cone(s)]
— [cone(a)] + [cone(s)] — (n + 1)[cone(s)] = (a/s).

Hence 0 extends to GL(S™'R), and hence must factor through the universal map
to Kl(S_lR).
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Key ExamMpPLE 3.1.4. For the Fundamental Theorem, we shall need the fol-
lowing special case of this construction. Let T be the multiplicative set {t"} in
the polynomial ring R[t]. Then the map 9 goes from K (R[t,t71]) to KoHr(R][t]).
If v is a nilpotent endomorphism of R"™ then t — v is a T-isomorphism, because
its inverse is the polynomial t=1(1 + vt~ + v2t=2 4 ...). If (R",v) denotes the
R[t]-module R™ on which ¢ acts as v,

ot —v) = [R[H]"/(t —v)] = [(R",v)],

o1 —wvt ")y =0(t—v)—0(t-id,) = [(R",v)] — n[(R,0)].

We can also compose 0 with the product Ko(R) ® K1 (Z[t,t71]) — K1 (R[t,t71])
of Corollary 1.6.1. Given a f.g. projective R-module P, the product [P] -t is the
image of ¢ - idpp; 4—1) under the map Aut(P[t,t™']) — K1 (R[t,t7']) of Lemma 1.6.
To compute O([P] - t), choose @ such that P & @ = R™. Since the cokernel of
t -idppy: P[t] — P[t] is the R[t]-module (P,0), we have an exact sequence of R[t]-

modules: . .
t~1dp[t] ®1'1dQ[t]

0 — R[t]" R[t]" — (P,0) — 0.
Therefore we have the formula 9([P] - t) = [(P,0)].

LEMMA 3.1.5. KoCh%P(R) is generated by the classes [Q.] of chain complezes
concentrated in degrees 0 and 1, i.e., by complexes Q). of the form Q1 — Q.

The kernel of KoCh%P(R) — Ko(R) is generated by the compleres R = R"
associated to S-isomorphisms, i.e., by the classes O(a) = [cone(a)].

PrOOF. By the Shifting Lemma 11.9.2.1, K is generated by bounded complexes
of the form 0 — P, — --- — Py — 0. If n > 2, choose a free R-module F = RV
mapping onto Hy(P.). By assumption, we have sHy(P.) = 0 for some s € S. By
the projective lifting property, there are maps fy, f1 making the diagram

F 22 F F/sF ——— 0
A
P, Py Hy(P) —— 0

commute. Thus if Q. denotes the complex F = F we have a chain map Q. 4,
P. inducing a surjection on Hy. The mapping cone of f fits into a cofibration
sequence P, — cone(f) - Q.[—1] in Ch%P(R), so we have [P] = [Q.] + [cone(f)]
in Ko(R on S). Moreover, Hy(cone(f)) = 0, so there is a decomposition P; & F =
Py @ P{ so that the mapping cone is the direct sum of an exact complex Py =, Py
and a complex P’ of the foom 0 — P, — --+ — P3 —» P& F — P — 0. Since P’
has length n — 1, induction on n implies that [cone(f)] = [P/] is a sum of terms of

the form [Ql — Qo]

Hence every element of Ky has the form z = [P, = Py] — [Qy LN Qo). Choose
s € S so that s@~! is represented by an S-isomorphism Qo — Q1; adding ~ to
both terms of z, as well as the appropriate zero term @' — @', we may assume
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that Q1 = Q¢ = R, i.e., that the second term of = is the mapping cone of some
S-isomorphism € End(R™). With this reduction, the map to Ky(R) sends z to
[P1] — [Pp]. If this vanishes, then P; and P, are stably isomorphic. Adding the

appropriate P/ — P’ makes P; = Py = R™ for some m, and writes x in the form

x = cone(a) — cone(f) = d(a) — I(0).

THEOREM 3.2. Let S be a multiplicatively closed set of central elements in a
ring R. Then the map O of Lemma 3.1 fits into an exract sequence

Ki(R) — K1(S7'R) 2 Ko(R on S) — Ko(R) — Ko(S™'R).

PROOF. We have proven exactness at Ky(R) in Theorem 9.8, and the composi-
tion of any two consecutive maps is zero by inspection. Exactness at Ko(R on 5)
was proven in Lemma 3.1.5. Hence it suffices to establish exactness at Ki(S™'R).

For reasons of exposition, we shall give the proof when S consists of nonze-
rodivisors, relegating the general proof (which is similar but more technical) to
Exercise 3.5. The point of this simplification is that we can work with the exact
category Hg(R). In particular, for every S-isomorphism « the class of the module
coker(a) is simpler to manipulate than the class of the mapping cone.

Recall from the proof of Lemma 3.1 that every element of GL,(S™'R) can be
represented as /s for some S-isomorphism a € End(R") and some s € S, and that
d(a/s) is defined to be [coker(a)] — [R™/sR™]. If d(a/s) = 0, then from Ex. IL.7.2
there are short exact sequences in Hg(R)

0—-C' —-C,—=C"—=0, 0=-C' =Cy,—C"—=0

such that coker(a)®Cy = (R"/sR™)®C5. By Ex. 3.4 we may add terms to C’, C” to
assume that C’ = coker(a’) and C”" = coker(a'") for appropriate S-isomorphisms of
some R™. By the Horseshoe Lemma ([WHomo, 2.2.8]) we can construct two exact
sequences of projective resolutions

0 0 0
0 R™ R — R™ —— 0
0 a]/%m 22”1 —>a/]/%m — 0
0 C’ cC; —— (0" —— 0
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Inverting S makes each a; an isomorphism conjugate to (%/ 09, ). Thusin K1(S7'R)

we have [a1] = [@/]+[a] = [az]. On the other hand, the two endomorphisms a®ay
and s-id,, @ ay of R?™*™ have isomorphic cokernels by construction. Lemma 3.2.1
below implies that in K1(S™'R) we have

a/s]=la®ai] —[s-id, Ba] =g for some g € GL(R).

This completes the proof of Theorem 3.2.

LEMMA 3.2.1. Suppose that S consists of nonzerodivisors. If a,, 5 € Endr(R™)
are S-isomorphisms with R"™/aR™ isomorphic to R"/BR"™, then there is a g €
GL4n(R) such that [a] = [g][8] in K1(ST1R).

PROOF. Put M = coker(a) @ coker(3), and let v: R"/aR™ = R"™/BR"™ be
an automorphism. By Ex. 3.3(b) with Q = R?*" we can lift the automorphism

(0 771) of M to an automorphism o of R*". If m; and 7, denote the projections

v O
,0,0,0 0,pr,0,0 .
R4n (pr0.00), coker(a), and R {0.2r0.0), coker(3), respectively, then we have

ym = moyo- This yields a commutative diagram

0 —— Rim 22l Rin T RnJaRY ——— 0

[ = | =

0 —— Rin DELL pin T2 peygpn 0

in which 7, is the induced map. Since v and vy are isomorphisms, so is ;. Because
70(05717171) = (176; 17 1)71 in GL4n(SilR>7 we have [70] + [Oé] = [ﬁ] + [71]7 or
[a] = 117 18] in Ki(ST'R).

N K7 and the group Nily

DEFINITION 3.3 (NF'). If F is any functor from rings to abelian groups, we write
NF(R) for the cokernel of the natural map F(R) — F(R]t]); NF is also a functor
on rings. Moreover, the ring map R|[t] =L R provides a splitting F (R[t]) — F(R)
of the natural map, so we have a decomposition F(R[t]) = F(R) ® NF(R).

In particular, when F'is K; (i = 0,1) we have functors N K; and a decomposition
K;(R[t]) 2 K;(R) ® NK;(R). Since the ring maps R|[t] =1 R are split surjections
for every r € R, we see by Proposition 2.3 and Ex. 2.7 that for every r we also have

NEKo(R) = Ko(R[t], (t — 7)) and NEK,(R) = K (R[t], (t —r)).

We will sometimes speak about NF' for functors F' defined on any category of
rings closed under polynomial extensions and containing the map “¢t = 1,” such as
k-algebras or commutative rings. For example, the functors NU and N Pic were
discussed briefly for commutative rings in chapter I, Ex. 3.17 and 3.19.
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DEFINITION 3.3.1 (F-REGULAR RINGS). We say that a ring R is F-regular if
F(R) = F(R[ty,...,t,)) for all n. Since NF(R[t]) = NF(R) ® N?F(R), we see by
induction on n that R is F-regular if and only if N"F(R) =0 for all n > 1.

For example, we saw in I1.6.5 that any regular ring is Ky-regular. We will see in
chapter V that regular rings are also K;-regular, and more generally that they are
K,,-regular for every m. Rosenberg has also shown that commutative C*-algebras
are K,,-regular for all m; see [R096].

LEMMA 3.3.2. Let R = Ry @® Ry ® --- be a graded ring. If NF(R) = 0 then
F(R) 2 F(Ry).

ProOOF. Write F'(t = r) for the map F(R[t]) — F(R) arising from evaluation at
“t = r”. By assumption, the maps F'(t = r) are all identical, equal to the inverse
of the natural map F(R) — F(R]t]). Let f denote the ring map R — R]t] defined
by f(rn) = rpt™ for every r, € R,,. Since the composition of f and “¢t = 1” is the
identity on R, F'(f) is an isomorphism with inverse F'(t = 1) = F(t = 0). But the
composition of f and “t = 0” is the projection R — Ry — R, so the composition
F(R) — F(Rp) — F(R) must be the identity on F'(R). The result follows, since
F(Ry) — F(R) — F(Ryp) is the identity on F(Rp).

3.4 We are going to describe the group N K;(R) in terms of nilpotent matrices. For
this, we need the following trick, which was published by Graham Higman in 1940.
For clarity, if I = fA is an ideal in A we write GL(A, f) for GL(I).

HiGMAN’S TRICK 3.4.1. For every g € GL(R][t],t) there is a nilpotent matriz v
over R such that [g] = [1 — vt] in K1(R]t]).

Similarly, for every g € GL(R[t,t7],t — 1) there is a nilpotent matriz v over R
such that [g] = [1 —v(t — 1)] in K1(R[t,t71],t —1).

PRrROOF. Every invertible p x p matrix over R[t] can be written as a polynomial
g = Y + Mt + Yat? + - + Yut™ with the v; in M,(R). If g is congruent to the
identity modulo ¢, then 79 = 1. If n > 2 and we write ¢ = 1 — ht 4+ ~,t", then
modulo Ea,(R][t],t) we have

(@)~ )= (o ) - )
0 1 0 1 —1 1 1 0 ’
By induction on n, [g] is represented by a matrix of the form 1 — vt. The matrix v
is nilpotent by Ex. 3.1.

Over R[t,t!] we can use a similar argument. After multiplying by a power of
t, we may write g as a polynomial in ¢. Such a polynomial may be rewritten as a
polynomial >~ v;z% in x = (t — 1). If g is congruent to the identity modulo (¢t — 1)
then again we have 7y = 1. By Higman’s trick (applied to x), we may reduce g to
a matrix of the form 1 — vz, and again v must be nilpotent by Ex. 3.1.

We will also need the category Nil(R) of 11.7.3.4. Recall that the objects of this
category are pairs (P, v), where P is a f.g. projective R-module and v is a nilpotent
endomorphism of P. Let T" denote the multiplicative set {¢t"} in R[t]. From I1.7.7.4
we have

Ko(R[t] on T) = KoNil(R) 2 Ko(R) @ Nilo(R),
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where Nilg(R) is the subgroup generated by elements of the form [(R",v)] —
n[(R,0)] for some n and some nilpotent matrix v.

LEMMA 3.4.2. For every ring R, the product with t € K1 (Z[t,t71]) induces a
split injection Ko(R) -5 K1 (R[t,t™1]).
PROOF. Since the forgetful map KoNil(R) — Ko(R) sends [(P,v)] to [P], the
calculation in Example 3.1.4 shows that the composition
Ko(R) -5 Ky(R[t,t7Y]) 2 KoNil(R) — Ko(R)
is the identity map. Hence the first map is a split injection.

Momentarily changing variables from ¢ to s, we now define an additive function
7 from Nil(R) to K;7(R[s]). Given an object (P,v), let 7(P,v) be the image of
the automorphism 1 — vs of P[s] under the natural map Aut(P[s]) — K;(R][s]) of
Lemma 1.6. Given a short exact sequence
0— (P',v/) = (P,w) — (P",1/") = 0

in Nil(R), a choice of a splitting P = P’ @ P" allows us to write

_(1-V's o _(1-=V's 0 1 ~'s
(1_”3)_( 0 l—y"s)_( 0 1—1/"3)(0 1)

in Aut(P[s]). Hence in K;(R]s]) we have [1 —vs] = [1 — v's][1 — v"s]. Therefore
7 is an additive function, and induces a homomorphism 7: KoNil(R) — K;(R[s]).
Since 7(P,0) =1 for all P and 1 — vs is congruent to 1 modulo s, we see that 7 is
actually a map from Nilo(R) to Ki(R][s],s).

PROPOSITION 3.4.3. Nily(R) =2 NK;(R), and KoNil(R) = Ko(R) ® NK1(R).
PROOF. For convenience, we identify s with 7! so that R[s,s™!] = R[t,t71].
Applying Lemma 3.1 to R[t] and T = {1,t,t2,...}, we form the composition
K1 (Rls), ) — K (Rls) —Ka(Rls,s~")
(3.4.4) =K1 (R[t,t™']) 2 Ko(R on T) — Nilo(R).

Let us call this composition §. We claim that 7 is the inverse of . By Higman’s
Trick, every element of K7 (R]s], s) is represented by a matrix 1—vs with v nilpotent.
In Example 3.1.4 we saw that 6(1—vs) = [(R™,v)] —n[(R,0)]. By the construction

of 7 we have the desired equations: 76(1 — vs) = 7[(R",v)] = (1 — vs) and
5T<[(Rn, v)| — n[(R, 0)}) =§(1 —vs) = [(R",v)] — n[(R,0)].

COROLLARY 3.4.5. K;(R[s]) — K1(R[s,s™1]) is an injection for every ring R.

ProOOF. By Ex. 2.7, we have K;(R][s]) = K;1(R) ® K1(R][s],s). Since K;(R) is
a summand of K;(R[s,s™!]), the isomorphism §: K1(R[s],s) & Nilo(R) of (3.3.4)
factors through K;(R[s],s) — K1(R[s,s !])/K1(R). This quotient map must then
be an injection. The result follows.
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The Fundamental Theorems for Ky and Ky

FUNDAMENTAL THEOREM FOR Ki 3.5. For every ring R, there is a split sur-
jection K (R[t,t71]) 9, Ko(R), with inverse [P| — [P]-t. This map fits into a
naturally split exact sequence:

0 — K1(R) = K1 (R[t]) ® K1 (R[t™]) = K1 (R[t,t1] 2 Ko(R) — 0.

Consequently, we have a natural direct sum decomposition:

Ki(R[t,t7' =2 K1 (R) ® Ko(R) ® NK,(R) ® NK(R).

PrROOF. We merely assemble the pieces of the proof from §3.4. The first assertion
is just Lemma 3.4.2. The natural maps from K;(R) into K1(R[t]), K1(R[t™!]) and
Ki(R[t,t7Y]) are injections, split by “¢ = 17 (as in 3.4), so the obviously exact
sequence
(3.5.1) 0— Ki(R) 2 K1(R) ® K1(R) = K1(R) — 0

is a summand of the sequence we want to prove exact. From Proposition I1.7.7.1,
Theorem 3.2 and Corollary 3.4.5, we have an exact sequence

(3.5.2) 0 — K1 (R[t]) — Ki(R[t,t™]) & KoNil(R) — 0.

Since KoNil(R) = Ky(R) ® Nilo(R), the map 0 in (3.5.2) is split by the maps
of 3.4.2 and 3.4.3. The sequence in the Fundamental Theorem for K is obtained
by rearranging the terms in sequences (3.5.1) and (3.5.2).

In order to formulate the corresponding Fundamental Theorem for Ky, we define
K_1(R) to be the cokernel of the map Ko(R[t]) ® Ko(R[t™]) — Ko(R[t,t7]). We

will reprove the following result more formally in the next section.

FUNDAMENTAL THEOREM FOR K 3.6. For every ring R, there is a naturally
split exact sequence:

0 — Ko(R) = Ko(R[t]) & Ko(Rlt™"]) = Ko(R[t,t7"] = K_1(R) = 0.
Consequently, we have a natural direct sum decomposition:
Ko(R[t,t7'] =2 Ko(R) ® K_1(R) ® NKo(R) ® NKo(R).
PROOF. Let s be a second indeterminate. The Fundamental Theorem for Kj,
applied to the variable ¢, gives a natural decomposition
K1(R[s,t,t7"]) = Ki(R[s]) ® NEK1(R[s]) ® NK1(Rls]) ® Ko(R][s]),
and similar decompositions for the other terms in the map
Ki(R[s,t,t7 ') @ K1 (R[s™',t,t71]) — K1 (R[s, s, t,t71]).

Therefore the cokernel of this map also has a natural splitting. But the cokernel
is Ko(R[t,t71]), as we see by applying the Fundamental Theorem for K; to the
variable s.
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EXERCISES

3.1 Let A be a ring and a € A, show that the following are equivalent: (i) a is
nilpotent; (ii) 1 — at is a unit of A[t]; (iii) 1 — a(t — 1) is a unit of A[t,t7}].

3.2 Let a, 5: P — (@ be two maps between fin. gen. projective R-modules. If S is
a central multiplicatively closed set in R and S~'a, S~!3 are isomorphisms, then
g = B la is an automorphism of S~ P. Show that 9(g) = [cone(a)] — [cone(S)]. In
particular, if S consists of nonzerodivisors, show that d(g) = [coker(a)] — [coker(3)].

3.3 (Bass) Prove that every module M in H(R) has a projective resolution P. — M
such that every automorphism « of M lifts to an automorphism of the chain complex
P.. To do so, proceed as follows.
(a) Fix a surjection m: () — M, and use Ex. 1.1.11 to lift the automorphism
a®a !t of M@ M to an automorphism 3 of Q @ Q.
(b) Defining e: Q ® Q — M to be e(x,y) = m(x), show that every automorphism
of M can be lifted to an automorphism of QQ & Q.
(c) Set Py = Q @ @, and repeat the construction on Z; = ker(e) to get a finite
resolution P. of M with the desired property.

3.4 Suppose that S consists of nonzerodivisors, and that M is a module in Hg(R).
(a) Prove that there is a module M’ and an S-isomorphism « € End(R™) so that
coker(a) = M & M'. Hint: Modify the proof of Lemma 3.1.5, where M is the

cokernel of a map P, LN P

(b) Given S-isomorphisms o',/ € End(R™) and a short exact sequence of S-
torsion modules 0 — coker(a) — M — coker(a’’) — 0, show that there is an
S-isomorphism o € R?*™ with M 2 coker(a).

3.5 Modify the proofs of the previous two exercises to prove Theorem 3.2 when S
contains zerodivisors.

3.6 Noncommutative localization. By definition, a multiplicatively closed set S in
aring R is called a right denominator set if it satisfies the following two conditions:
(i) For any s € S and r € R there exists an s’ € S and 7’ € R such that sr’ = rs’;
(ii) if sr = 0 for any r € R, s € S then rs’ = 0 for some s’ € S. This is the most
general condition under which a (right) ring of fractions S~! R exists, in which every
element of S™1R has the form r/s = rs~!, and if r/1 = 0 then some rs = 0 in R.
Prove Theorem 3.2 when S is a right denominator set consisting of nonzerdivi-
sors. To do this, proceed as follows.
(a) Show that for any finite set of elements x; in ST!R there is an s € S and
r; € R so that x; = r;/s for all i.
(b) Reprove I1.7.6.3 and 11.9.8 for denominator sets, using (a); this yields exact-
ness at Ko(R).
(c) Modify the proof of Lemma 3.1 and 3.1.5 to construct the map 0 and prove
exactness at KoHg(R).
(d) Modify the proof of Theorem 3.2 to prove exactness at Ki(S™!R).

84. Negative K-theory

In the last section, we defined K_1(R) to be the cokernel of the map Ky (R][t]) ®
Ko(R[t™Y]) — Ko(R[t,t71]). Of course we can keep going, and define all the nega-
tive K-groups by induction on n:
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DEFINITION 4.1. For n > 0, we inductively define K_,,(R) to be the cokernel of
the map

K_p1(R[t]) ® K- ni1(RETY]) — K_nya (R, t71]).
Clearly, each K_,, is a functor from rings to abelian groups.

To describe the properties of these negative K-groups, it is convenient to cast
the Fundamental Theorems above in terms of Bass’ notion of contracted functors.
With this in mind, we make the following definitions.

DEFINITION 4.1.1 (CONTRACTED FUNCTORS). Let F' be a functor from rings
to abelian groups. For each R, we define LF(R) to be the cokernel of the map

F(R)®F(R[t™]) — F(R[t,t7]). We write Seq(F, R) for the following sequence:

0 — F(R) 2 F(R[t]) ® F(R[t™Y]) = F(R[t,t}]) — LF(R) — 0.

We say that F'is acyclic if Seq(F, R) is exact for all R. We say that F'is a contracted
functor if F' is acyclic and in addition there is a splitting h = h; r of the defining
map F(R[t,t7!]) — LF(R), a splitting which natural in both ¢ and R.

By iterating this definition, we can speak about the functors NLF, L?F, etc.
For example, Definition 4.1 states that K_,, = L"(Kj).

EXAMPLE 4.1.2 (FUNDAMENTAL THEOREM FOR K_,,). The Fundamental The-
orems for K7 and Ky may be restated as the assertions that these are contracted
functors. It follows from Proposition 4.2 below that each K_, is a contracted
functor; by Definition 4.1, this means that there is a naturally split exact sequence:

0— K_n(R) 2 K_,(R[t]) ® K_n(R[t™]) = K_n(Rlt,t]) 2 K_,_1(R) — 0.

As with the definition of NF', we can define LF' for functors I’ which are defined
on a category of rings closed under polynomial and Laurent polynomial extensions,
such as the functors U and Pic, which are defined only for commutative rings.

ExaMpPLE 4.1.3 (UNiTS). Let U(R) = R* denote the group of units in a
commutative ring R. By Ex. 1.3.17, U is a contracted functor with contraction
LU(R) = [Spec(R),Z]; the splitting map LU(R) — U(R[t,t™!] sends a function
f:Spec(R) — Z to the unit t/ of R[t,t!]. From Ex. 4.2 below we see that the
functors L2U and NLU are zero. Thus we can write a simple formula for the units
of any extension R[t;,t7',... tn,t]. If R is reduced, so that NU(R) vanishes
(Ex. 1.3.17), then we just have

UR[t1, £, - tn 1, ")) = U(R) x [ [[Spec(R), Z] - t;.
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EXAMPLE 4.1.4 (Pic). Recall from chapter I, §3 that the Picard group Pic(R)
of a commutative ring is a functor, and that N Pic(R) = 0 exactly when R4
is seminormal. By Ex. 1.3.18 the sequence Seq(Pic, R) is exact. In fact Pic is a
contracted functor with N L Pic = L? Pic = 0; see [Weib91]. The group L Pic(R) is
the étale cohomology group H,(Spec(R),Z).

A morphism of contracted functors is a natural transformation n: F' = F’ be-
tween two contracted functors such that the following square commutes for all R.

LF(R) —"— F(R[t,t71])

(Ln)Rl l”R[t,t*]

LF'(R) — F/(R[t,t™))
PROPOSITION 4.2. Let n: F' = F’ be a morphism of contracted functors. Then
both ker(n) and coker(n) are also contracted functors.
In particular, if F' is contracted, then NF and LF are also contracted functors.
Moreover, there is a natural isomorphism of contracted functors NLF = LNF'.

Proor. If C % D is a morphism between split exact sequences, which have
compatible spittings, then the sequences ker(¢) and coker(¢) are always split exact,
with splittings induced from the splittings of C' and D. Applying this remark to
Seq(F,R) — Seq(F’, R) shows that both Seq(ker(n), R) and Seq(coker(n), R) are
split exact. That is, both ker(n) and coker(n) are contracted functors. It also shows
that

0 — ker(n)(R) — F(R) % F'(R) — coker(n)(R) — 0
is an exact sequence of contracted functors.

Since NF(R) is the cokernel of the morphism F(R) — F'(R) = F(R[t]) and
LF(R) is the cokernel of the morphism + in Seq(F,R), both NF and LF are
contracted functors. Finally, the natural isomorphism NLF(R) = LNF(R) arises
from inspecting one corner of the large commutative diagram represented by

0 — Seq F(R]s|,s) — Seq F(R[s]) — Seq F(R) — 0.

ExaMpLE 4.2.1 (SK;). If R is a commutative ring, it follows from Exam-
ples 1.1.1 and 4.1.3 that det: K1(R) — U(R) is a morphism of contracted func-
tors. Hence SK; is a contracted functor. The contracted map L det is the map
rank: Ko(R) — Ho(R) = [Spec(R), Z] of 11.2.3; it follows that L(SK1)(R) = Ko(R).
From Ex. 4.2 we also have L2(SK;)(R) = LK(R) = K_1(R).

We can give an elegant formula for F(R[t1,t; ", ..., tn,t;']), using the following
notation. If p(N,L) = > m;;N'L’ is any formal polynomial in N and L with
integer coefficients m;; > 0, and F' is a functor from rings to abelian groups, we set
p(N, L)F equal to the direct sum of m;; copies of each group N'L/F(R).

COROLLARY 4.2.2. F(R[t1,...,tn]) = (1 + N)"F(R) for every F. If F is a
contracted functor, then F(R[t1,t7", ... tn,t1]) = (142N + L)"F(R).

PROOF. The case n = 1 follows from the definitions, and the general case follows
from induction.
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For example, if L2F = 0 and R is F-regular, then (1+ 2N + L)"F(R) stands for
F(R) ®n LF(R). In particular, the formula for units in Example 4.1.3 is just the
case F'=U of 4.2.2.

t.1]) is the direct

EXAMPLE 4.2.3. Since 'Ky = K_j, Ko(R[t1,t]",... tn,t;,
sum of many pieces N*K_;(R), including K_,,(R) and (?) copies of K_;(R).

CONJECTURE 4.2.4. Let R be a commutative noetherian ring of Krull dimension
d. It is conjectured that K_;(R) vanishes for all j > d, and that R is K_g-regular;
see [Weib80]. This is so for d = 0,1 by exercises 4.3 and 4.4, and Example 4.3.1
below shows that the bound is best possible.

The Mayer-Vietoris sequence

Suppose that f: R — S is a ring map, and [ is an ideal of R mapped isomor-
phically into an ideal of S. By Theorem 2.6 there is an exact “Mayer-Vietoris”
sequence:

Ki(R)2 K1(S)® K, (R/T)— K1 (S/T) 2 Ko(R) 2 Ko(S)®Ko(R/T) = Ko(S/T).

Applying the contraction operation L to this sequence gives a sequence relating K
to K_1, whose first three terms are identical to the last three terms of the displayed
sequence. Splicing these together yields a longer sequence. Repeatedly applying L
and splicing sequences leads to the following result.

THEOREM 4.3 (MAYER-VIETORIS). Suppose we are given a ring map f: R — S
and an ideal I of R mapped isomorphically into an ideal of S. Then the Mayer-
Vietoris sequence of Theorem 2.6 continues as a long exact Mayer-Vietoris sequence
of negative K-groups.

A Ko(S)® + P A K 9o + o
: %KS(R/I) S Ko(S/1)S K_1(R)=> KR K_1(S/1)S K_o(R) —
S Ko (S/D) D K (R) A ?:&?/% E K (/D) Ky 1 (R)---

ExaMPLE 4.3.1 (B. DAYTON). Fix a regular ring R, and let A"(R) denote
the coordinate ring Rlto,...,tn]/(f), f = to - tn(1 — > t;) of the n-dimensional
tetrahehron over R. Using I = (1 — Y t;)A™(R) and A™(R)/I = R[ty,...,t,] via
to—1—(t;1 +---+t,), we have a Milnor square

A"(R) —— A,

! !

R[t1,...,ty] —— A" YR)
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K_,(A™(R)) = Ko(R). In particular, if F'is a field then A™(F") is an n-dimensional
noetherian ring with K_,,(A™(F')) = Z; see Conjecture 4.2.4.

When we have introduced higher K-theory, we will see that in fact Ky(A™(R)) &
K, (R) and K1(A™(R)) =2 K, +1(R). This is just one way in which higher K-theory
appears in classical K-theory.

EXERCISES

4.1 Suppose that 0 — F" — F — F” — 0 is an exact sequence of functors, with
F’" and F"” contracted. Show that F' is acyclic, but need not be contracted.

4.2 For a commutative ring R, let Hy(R) denote the group [Spec(R),Z] of all
continuous functions from Spec(R) to Z. Show that NHy = LHy = 0, i.e., that
Hy(R) = Ho(Rl[t]) = Ho(R[t,t™"]).

4.3 Let R be an Artinian ring. Show that R is Ky-regular, and that K_,(R) =0
for all n > 0.

4.4 (Bass-Murthy) Let R be a l-dimensional commutative noetherian ring with
finite normalization R and conductor ideal I. Show that R is K _q-regular, and
that K_,(R) = 0 for all n > 2. If ho(R) denotes the rank of the free abelian
group Hy(R) = [Spec(R),Z], show that K_1(R) = LPic(R) = Z", where r =
ho(R) — ho(R) + ho(R/I) — ho(R/I).

4.5 (Carter) Let S be a multiplicative set in a commutative ring R. Regard-
ing F(A) = Ko(A on S) as a functor on R-algebras, define K_,,(A on S) to be
L"Ky(A on S). Deduce from the Localization sequence that these are acyclic func-
tors, and that the Localization Sequence of Theorem 3.2 continues into negative
K-theory for every R-algebra A.

= Ko(A) = Ko(S7'A) & K_1(Aon S) — K_i(A) —
K_1(S7'A) 2 K _5(Aon ) — K_o(A) — -

With the help of higher K-theory to define K1(A on S), and construct the product
“.t”, it will follow that the K;(A on S) are actually contracted functors.

4.6 Let G be a finite group of order n, and let R be a “maximal order” in Q[G]. Tt
is well known that R is a regular ring containing Z|G/|, and that I = nR is an ideal
of Z|G]; see [Bass, p. 560]. Show that K_,,Z|G] = 0 for n > 2, and that K_; has
the following resolution by free abelian groups:

0 — Z — Ho(R) ® Ho(Z/n[G]) — Ho(R/nR) — K_1(Z[G]) — 0.

D. Carter has shown in [Carter| that K_17Z[G] = Z" & (Z/2Z)*, where s equals the
number of simple components M, (D;) of the semisimple ring Q[G] such that the
Schur index of D is even (see 1.2.4), but the Schur index of D,, is odd at each prime
p dividing n. In particular, if G is abelian then K_1Z[G] is torsionfree (see [Bass,

p. 695]).

4.7 Coordinate hyperplanes. Let R be a regular ring. By induction on n, show that
the graded rings A,, = Rlto,...,tn]/(to - - t,) are K;-regular for all i < 1. Conclude
that Kl(An> = Kl(R>, K()(An) = K()(R) and Kz(An) =0 for all 7 < 0.
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§5. Milnor’s K, of a ring

The group K» of a ring was defined by J. Milnor in 1967, following a 1962 paper
by R. Steinberg on Universal Central Extensions of Chevalley groups. Milnor’s
1971 book [Milnor] is still the best source for the fundamental theorems about it.
In this section we will give an introduction to the subject, but we will not prove
the harder theorems.

Following Steinberg, we define a group in terms of generators and relations de-
signed to imitate the behavior of the elementary matrices, as described in (1.2.1).
To avoid technical complications, we shall avoid any definition of Sty(R).

DEFINITION 5.1. For n > 3 the Steinberg group St,,(R) of a ring R is the group
defined by generators z;;(r), with 4,j a pair of distinct integers between 1 and n
and r € R, subject to the following “Steinberg relations”

(5.1.1) z;(r)zij(s) = xi5(r + s)
1 ifj#£kandi#/
(56.1.2) [245(r), zre(s)] = wie(rs) if j=kandi#/¢
xpi(—sr) ifj#kandi="~<

As observed in (1.3.1), the Steinberg relations are also satisfied by the elementary
matrices e;;(r) which generate the subgroup E,(R) of GL,(R). Hence there is a
canonical group surjection ¢,: St,(R) — E,(R) sending z;;(r) to e;;(r).

The Steinberg relations for n+ 1 include the Steinberg relations for n, so there is
an obvious map St,(R) — St,+1(R). We write St(R) for lii>n5tn(R), and observe

that by stabilizing the ¢,, induce a surjection ¢: St(R) — E(R).

DEFINITION 5.2. The group K2(R) is the kernel of ¢: St(R) — E(R). Thus
there is an exact sequence of groups

1 — Ko(R) — St(R) 2 GL(R) — K1 (R) — 1.

It will follow from Theorem 5.3 below that Ks(R) is an abelian group. Moreover,
it is clear that St and K5 are both covariant functors from rings to groups, just as
GL and K are.

THEOREM 5.2.1 (STEINBERG). Ks(R) is an abelian group. In fact it is precisely
the center of St(R).

PrOOF. If z € St(R) commutes with every element of St(R), then ¢(z) must
commute with all of E(R). But the center of E(R) is trivial (by Ex. 1.7) so ¢(z) = 1,
i.e., x € Ko(R). Thus the center of St(R) is contained in Ks(R).

Conversely, suppose that y € St(R) satisfies ¢(y) = 1. Then in E(R) we have

¢y, p]) = 6(y)o(p)d(y) ' ¢(0) " = d(p)d(p) ™' =1

for every p € St(R). Choose an integer n large enough that y can be expressed
as a word in the symbols z;;(r) with i,j < n. For each element p = x,(s) with
k < n and s € R, the Steinberg relations imply that the commutator [y, p] is an
element of the subgroup P, of St(R) generated by the symbols z;,(r) with i < n.
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On the other hand, we know by Ex. 5.2 that ¢ maps P, injectively into E(R). Since
®([y,p]) = 1 this implies that [y,p] = 1. Hence y commutes with every generator
Tn(s) with k < n.

By symmetry, this proves that y also commutes with every generator x,i(s)
with £ < n. Hence y commutes with all of St,,(R), since it commutes with every
2r1(8) = [Trn(8), xni(1)] with k,1 < n. Since n can be arbitrarily large, this proves
that y is in the center of St(R).

EXAMPLE 5.2.2. The group K»(Z) is cyclic of order 2. This calculation uses the
Euclidean Algorithm to rewrite elements of St(Z), and is given in §10 of [Milnor].
In fact, Milnor proves that the symbol {—1,—1} = {x12(1)x21(—1)x12(1)}4 is the
only nontrivial element of ker(¢,,) for all n > 3. It is easy to see that {—1,—1} is
in the kernel of each ¢,, because the 2 x 2 matrix ej2(1)ea;(—1)e12(1) = (_01 (1))
has order 4 in GL,,(Z). We will see in Example 6.2.1 below that {—1,—1} is still
nonzero in K3 (R).

Tate has used the same Euclidean Algorithm type techniques to show that
K(Z[\/=T]) and K2(Z[\/—15]) are also cyclic of order 2, generated by the symbol
{—1, -1}, while K5(R) = 1 for the imaginary quadratic rings R = Z[i], Z[v/-3],
Z[v/-2] and Z[y/—11]. See the appendix to [BT] for details.

EXAMPLE 5.2.3. For every field F' we have Ky(F[t]) = Ko(F'). This was orig-
inally proven by K. Dennis and J. Sylvester using the same Euclidean Algorithm
type techniques as in the provious example. We shall not describe the details,
because we shall see in chapter V that Ky(R[t]) = K2(R) for every regular ring.

Universal Central Extensions

The Steinberg group St(R) can be described in terms of universal central extensions,
and the best exposition of this is [Milnor, §5]. Properly speaking, this is a subject
in pure group theory; see [Suz, 2.9]. However, since extensions of a group G are
classified by the cohomology group H?(G), the theory of universal central extensions
is also a part of homological algebra; see [WHomo, §6.9]. Here are the relevant
definitions.

Let G be a group and A an abelian group. A central extension of G by A is a
short exact sequence of groups 1 — A — X =5 G — 1 such that A is in the center
of X. We say that a central extension is split if it is isomorphic to an extension of
the form 1 - A — A x G 25 G — 1, where pr(a,g) = g.

If A or 7w is clear from the context, we may omit it from the notation. For
example, 1 — Ks(R) — St(R) — E(R) — 1 is a central extension by Steinberg’s
Theorem 5.2.1, but we usually just say that St(R) is a central extension of F(R).

Two extensions X and Y of G by A are said to be equivalent if there is an
isomorphism f: X — Y which is the identity on A and which induces the identity
map on G. It is well-known that the equivalence classes of central extensions of G
by a fixed group A are in 1-1 correspondence with the elements of the cohomology
group H?(G; A); see [WHomo, §6.6].

More generally, by a homomorphism over G from X - G to another central
extension 1 - B — Y 5 G — 1 we mean a group map f: X — Y such that
T =Tf.
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DEFINITION 5.3.1. A wuniversal central extension of G is a central extension
X 5 G such that for every other central extension Y - G there is a unique
homomorphism f over G from X to Y. Clearly a universal central extension is
unique up to isomorphism over G, provided it exists.

LEMMA 5.3.2. If G has a universal central extension X, then both G and X
must be perfect groups.

PROOF. Otherwise B = X/[X, X| is nontrivial, and there would be two homo-
morphisms over GG from X to the central extension 1 - B — Bx G — G — 1,
namely the maps (0,7) and (pr, ), where pr is the natural projection X — B.

LEMMA 5.3.3. If X and Y are central extensions of G, and X is a perfect group,
there is at most one homomorphism over G from X to Y.

Proor. If f and f; are two such homomorphisms, then for any x and 2’ in X
we can write fi(z) = f(x)e, fi(x') = f(2') for elements ¢ and ¢’ in the center
of Y. Therefore fi(xz'z=1(2')"t) = f(za’xz~1(2’)~1). Since the commutators
[z,2'] = 2’2~ (2') ! generate X we must have f; = f.

ExAMPLE 5.3.4. Every presentation of GG gives rise to two natural central ex-
tensions as follows. A presentation corresponds to the choice of a free group F
mapping onto GG, and a description of the kernel R C F. Since [R, F| is a normal
subgroup of F', we may form the following central extensions:

1— R/[R,F] -F/[R,F] - G — 1,
(5.3.5) 1 — (RN[F,F))/[R, F] —[F,F]/[R, F] — |G,G] — 1.

The group (RN [F, F))/[R, F] in (5.3.5) is the homology group Hs(G;Z); this iden-
tity was discovered in 1941 by Hopf [WHomo, 6.8.8]. If G = [G,G], both are
extensions of G, and (5.3.5) is the universal central extension by the following
theorem.

RECOGNITION THEOREM 5.4. FEwvery perfect group G has a universal central
extension, namely the extension (5.3.5):

1 — Hy(G;Z) — |F,F]/[R,F] - G — 1.

Let X be any central extension of G, the following are equivalent: (1) X is a
universal central extension; (2) X is perfect, and every central extension of X
splits; (3) H1(X;Z) = Ho(X;Z) = 0.

PROOF. Given any central extension X of GG, the map F — G lifts to a map
h: F — X because F'is free. Since h(R) is in the center of X, h([R, F]) = 1. Thus h
induces a map from [F, F|/[R, F] to X over G. This map is unique by Lemma 5.3.3.
This proves that (5.3.5) is a universal central extension, and proves the equivalence
of (1) and (3). The implication (1) = (2) is Lemma 5.3.2 and Ex. 5.7, and (2) = (1)
is immediate.
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THEOREM 5.5 (KERVAIRE, STEINBERG). The Steinberg group St(R) is the uni-
versal central extension of E(R). Hence

Ks(R) = Hy(E(R);Z).

This theorem follows immediately from the Recognition Theorem 5.4, and the
following splitting result:

PROPOSITION 5.5.1. If n > 5, every central extension Y = St,(R) is split.
Hence St,,(R) is the universal central extension of E,(R).

ProoOF. We first show that if j # k and [ # 7 then every two elements y, z €
Y with 7(y) = x;;(r) and 7(2) = x(s) must commute in Y. Pick ¢ distinct
from 4, j,k,l and choose ¥/, y” € Y with 7(y') = z;(1) and 7(y") = x;(r). The
Steinberg relations imply that both [y, 2] and [y”, z] are in the center of Y, and
since w(y) = 7w[y’, y”] this implies that z commutes with [¢/, 4] and y.

We now choose distinct indices i, j, k, [ and elements u,v,w € Y with

m(u) = zi;(1), w(v) =z5(s) and 7(w) = g (r).

If G denotes the subgroup of Y generated by u, v, w then its commutator subgroup
[G,G] is generated by elements mapping under 7 to z;k(s), zji(sr) or x;(sr).
From the first paragraph of this proof it follows that [u,w] = 1 and that [G, G] is
abelian. By Ex. 5.3 we have [[u,v], w] = [u, [v,w]]. Therefore if 7(y) = x;;(s) and
m(z) = xj(sr) we have [y,w] = [u, z]. Taking s = 1, this identity proves that the
element

yi(r) = [u, 2], where 7(u) = z;;(1), 7(2) = z;(r)

doesn’t depend upon the choice of j, nor upon the lifts v and z of z;;(1) and z;(r).

We claim that the elements y;; () satisfy the Steinberg relations, so that there is a
group homomorphism St,,(R) — Y sending x;;(r) to y;;(r). Such a homomorphism
will provide the desired splitting of the extension w. The first paragraph of this
proof implies that if j # k and [ # ¢ then y;;(r) and yg;(s) commute. The identity
[y, w] = [u, z] above may be rewritten as

Wik (1), yri(8)] = ya(rs) for i, k, 1 distinct.

The final relation y;;(r)yi;(s) = v;;(r+s) is a routine calculation with commutators
left to the reader.

REMARK 5.5.2 (STABILITY FOR K3). The kernel of St,,(R) — E,(R) is written
as Ky(n, R), and there are natural maps Ka(n, R) — Ks(R). If R is noetherian of
dimension d, or more generally has sr(R) = d+ 1, then the following stability result
holds: K3(n, R) = K3(R) for all n > d+ 3. This result evolved in the mid-1970’s as
a sequence of results by Dennis, Vaserstein, van der Kallen and Suslin-Tulenbaev.
We refer the reader to section 19C25 of Math Reviews for more details.



III. K; AND Ko OF A RING 31

Transfer maps on Ko

Here is a description of K»(R) in terms of the translation category tP(R) of f.g.
projective R-modules, analogous to the description given for K; in Corollary 1.6.3.

PROPOSITION 5.6 (Bass). Ka(R) = lii)npetP Hy([Aut(P), Aut(P)]; Z).

PRrROOF. If GG is a group, then G acts by conjugation upon [G, G] and hence upon
the homology Hs([G,G];Z). Taking coinvariants, we obtain the functor H) from
groups to abelian groups defined by H,(G) = Ho(G; H2([G,G|;Z)). By construc-
tion, G acts trivially upon H)(G) and commutes with direct limits of groups.

Note that if G acts trivially upon Hs([G, G]; Z) then Hy(G) = H2(|G, G|; Z). For
example, GL(R) acts trivially upon the homology of F(R) = [GL(R),GL(R)] by
Ex. 1.12. By Theorem 5.5 this implies that H;(GL(R)) = Ha(E(R);Z) = K2(R).

Since morphisms in the translation category tP(R) are well-defined up to iso-
morphism, it follows that P — Hj(Aut(P)) is a well-defined functor from tP(R)
to abelian groups. Hence we can take the filtered colimit of this functor, as we did
in 1.6.3. Since the free modules are cofinal in tP(R), the result follows from the
identification of the colimit as

lim HL(GLn(R)) = HY(GL(R)) = Ka(R).

n—oo

COROLLARY 5.6.1 (MORITA INVARIANCE OF K3). The group Ko(R) depends
only upon the category P(R). That is, if R and S are Morita equivalent rings
(see I1.2.7) then Ky(R) = K5(S). In particular, the maps R — M, (R) induce
isomorphisms on Ks:

Ks(R) & Ko(My(R)).

Let f: R — S be a ring homomorphism such that the R-module S is finitely gen-
erated and projective. In chapter VI, we will construct a transfer map f.: K,,(R) —
K, (S) for all n. However, it is easy to construct the transfer map directly on Ko,
which is sometimes also called the norm homomorphism Ng/g.

COROLLARY 5.6.2 (FINITE TRANSFER). Suppose that S is f.g. projective as an
R-module. Then there is a natural transfer homomorphism f.: Ko(S) — Ka(R).

If R is commutative, so that K5(R) is a Ko(R)-module by Ex. 5.4, the com-
position f.f*: Ko(R) — Ka(S) — Ka(R) is multiplication by [S] € Ko(R). In
particular, if S is free of rank n, then f.f* is multiplication by n.

PROOF. The construction of f, is obtained by replacing H;(Aut) by Hj(Aut)
in the proof of Lemma 1.7. The composite f.f* is obtained by composing the
functor Ho([Aut, Aut]) with tP(R) LR tP(S) — tP(R). But this composite is the
self-map ®gS on tP(R) giving rise to multiplication by [S] on K3(R) in Ex. 5.5.

REMARK 5.6.3. We will see in chapter V that we can also define a transfer map
K5(S) — K5(R) when S is a finite R-algebra of finite projective dimension over R.
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Relative Ko and relative Steinberg groups

Given an ideal I in a ring R, we may construct the augmented ring R & I, with
multiplication (r,z)(s,y) = (rs,ry + xs + xy). This ring is equipped with two
natural maps pr,add: R & I — R, defined by pr(r,z) = r and add(r,z) = r + x.
This ring was used to define the relative group Ko(/) in Ex. I1.2.3.

Let St'(R, I) denote the normal subgroup of St(R @ I) generated by all z;;(0, v)
with v € I. Clearly there is a map from St'(R,I) to the subgroup E(R® I,0® I)
of GL(R & I) (see Lemma 2.1), and an exact sequence

1 — St'(R,I) — St(R® I) 25 St(R) — 1.

The following definition is taken from [Keune| and [Loday78].

DEFINITION 5.7. The relative Steinberg group St(R,I) is defined to be the quo-
tient of St'(R,I) by the normal subgroup generated by all “cross-commutators”
[2:;(0, ),z (v, —v)] with u,v € I.

Clearly the homomorphism St(R& ) add, St(R) sends these cross-commutators

to 1, so it induces a homomorphism St(R, I) _add, St(R) whose image is the normal

subgroup generated by the x;;(v), v € I. By the definition of E(R, I), the surjection
St(R) — E(R) maps St(R,I) onto E(R,I). We define K2(R,I) to be the kernel
of the map St(R,I) — E(R,I).

THEOREM 5.7.1. If I is an ideal of a ring R, then the exact sequence of Propo-
sition 2.3 extends to an exact sequence

Ks(R,I) — Ko(R) — Ko(R/I) — K{(R,I) — K1(R) — K1(R/I) — Ko(I)---

PrROOF. We have a commutative diagram with exact rows:
Ky(R,I) —— St(R,I) —— GL(I) —— Ki(R,I)

|l l

Ky(R) —— St(R) —— GL(R) —— Ki(R)
| ] ! l
Ks(R/I) —— St(R/I) —— GL(R/I) —— K;i(R/I)
The exact sequence now follows from the Snake Lemma and Ex. 5.1.

If I and J are ideals in a ring R with I N J = 0, we may also consider I as an
ideal of R/J. As in §1, these rings form a Milnor square:

R —— R/J

! !

R/I —— R/(I+J).
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THEOREM 5.8 (MAYER-VIETORIS). If I and J are ideals of R with INJ =0,
then the Mayer-Vietoris sequence of Theorem 2.6 can be extended to Ky:

Ko(R) 2 Ko(R/I) @ Ka(R/J) = Ko(R/T + J) 2
A

Ki(R) 2K\(R/T) ® K1 (R/J) = K\ (R/I+J) 2 Ko(R) — - -

Proor. By Ex. 5.10, we have the following commutative diagram:

Ks(R, 1) — Ks(R) — Ks(R/I) — Ki(RI) — Ki(R) — Ki(R/I)

oo ! l H J l

Ka(R/J,I) — Ky(R/J) — Ka(7%5) — Ki(R/J, 1) — Ki(R/J) — Ki(£)

By chasing this diagram, we obtain the exact Mayer-Vietoris sequence.

Commutative Banach Algebras

Let R be a commutative Banach algebra over the real or complex numbers. Just
as SK1(R) = mpSL(R) and K1(R) surjects onto mgGL(R) (by 1.5 and 1.5.1), there
is a relation between K3 (R) and m GL(R).

PROPOSITION 5.9. Let R be a commutative Banach algebra. Then there is a
surjection from Ky(R) onto mSL(R) = m E(R).

PRrROOF. ([Milnor, p.59]) By Proposition 1.5, we know that E, (R) is the path
component of the identity in the topological group SL, (R), so mSL(R) = m E(R).
Using the exponential map M, (R) — GL,(R), we see that E, (R) is locally con-
tractible, so it has a universal covering space E,. The group map E, — E,.(R) is
a central extension with kernel m E, (R). Taking the direct limit as n — oo, we
get a central extension 1 — mE(R) — F — E(R) — 1. By universality, there
is a unique homomorphism ¢: St(R) — E over E(R), and hence a unique map
K3(R) — m E(R). Thus it suffices to show that ¢ is onto.

The map ¢ may be constructed explicitly as follows. Let €i;j(r) € E be the end-
point of the path which starts at 1 and lifts the path ¢t — e;;(tr) in E(R). We claim
that the map ¢ sends z;;(r) to &;(r). To see this, it suffices to show that the Stein-
berg relations (5.1) are satisfied. But the paths €;;(tr)é;;(ts) and [é;;(tr), €xi(s)]
cover the two paths e;;(tr)e;;(s) and [e;;(tr), exi(s)] in E(R). Evaluating at ¢t = 1
yields the Steinberg relations.

By Proposition 1.5 there is a neighborhood U,, of 1 in SL,(R) in which we
may express every matrix g as a product of elementary matrices eij(r), where r
depends continuously upon g. Replacing each e;;(r) with é;;(r) defines a continuous
lifting of U,, to E,. Therefore the image of each map ¢: St,(R) — E, contains a
neighborhood U, of 1. Since any open subset of a connected group (such as En)
generates the entire group, this proves that each qgn is surjective. Passing to the
limit as n — oo, we see that ¢: St(R) — E is also surjective.
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ExXAMPLE 5.9.1. If R = R then m SL(R) = 7150 is cyclic of order 2. It follows
that K5(R) has at least one nontrivial element. In fact, the symbol {—1,—1} of
Example 5.1.1 maps to the nonzero element of 71.50. We will see in 6.8.3 below that
the kernel of K5(R) — 7150 is a uniquely divisible abelian group with uncountably
many elements.

ExAMPLE 5.9.2. Let X be a compact space with a nondegenerate basepoint.
By Ex. I1.3.11, we have KO~?(X) = [X,Q50] = m SL(RY), so K3(RX) maps
onto the group KO~ ?(X).

Similarly, since QU ~ Z x QSU, we see by Ex. I1.3.11 that KU ?(X) <
(X, QU] = [X,Z] x [X,Q8U]. Since 1 SL(CX) = 7 (SUX) = [X,QSU] and [X, Z]
is a subgroup of CX, we can combine Proposition 5.9 with Example 1.5.3 to obtain
the exact sequence

Ky (C*) - KU3(X) - C¥ =22 K, (CX) - KU Y(X) — 0.

Steinberg symbols

If two matrices A, B € E(R) commute, we can construct an element in Ks(R) by
lifting their commutator to St(R). To do this, choose a,b € St(R) with ¢(a) = A,
¢(b) = B and define A% B = [a,b] € K3(R). This definition is independent of the
choice of a and b because any other lift will equal ac, b’ for central elements ¢, ¢/,
and [ac, bc’] = [a, b).

If P € GL(R) then (PAP™!)%(PBP~') = A% B. To see this, suppose that
A,B,P € GL,(R) and let g € Sta,(R) be a lift of the block diagonal matrix
D = diag(P, P71). Since gag~! and gbg~! lift PAP~! and PBP~! and [a,b] is
central we have the desired relation: [gag—!, gbg—'] = g[a,blg~! = [a, b].

The % symbol is also skew-symmetric and bilinear: (A% B)(B%A) = 1 and
(A142)% B = (A1% B)(A2% B). These relations are immediate from the commu-
tator identies [a, b][b,a] = 1 and [aqaq9, b] = [a1, [ag, b]][az, b][a1, b].

DEFINITION 5.10. If , s are units in a commutative ring R, we define the Stein-
berg symbol {r,s} € K3(R) to be

r S r S

{r,s} = r—t * 1 = 1 * s71

Because the % symbols are skew-symmetric and bilinear, so are the Steinberg
symbols: {r,s}{s,r} =1 and {rirs, s} = {r1, s}{r2, s}.

EXAMPLE 5.10.1. For any unit 7 of R we set w;;(r) = z;;(r)z;(—r~1)z;;(r)
and h;;(r) = w;;(r)w;;(—1). In GL(R), ¢w;;(r) is the monomial matrix with r and
—r~1in the (4,7) and (j,) places, while ¢h;;(r) is the diagonal matrix with r and

r~1in the ' and j*"* diagonal spots. By definition we then have:

{7“, 3} = [h12(r)’ h13(5)] = [hij(r)v hlk(s)]
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LEMMA 5.10.2. If both r and 1 —r are units of R, then in K5(R) we have:
{r,1—-r}=1 and {r,—r}=1.
Proor. By Ex. 5.8, wlg(—l) = w21(1) = .1‘21(1)3712(—1)1'21(1), wlz(T)Q?gl(l) =

212(—7r?)wia(r) and 221 (1)wia(s) = wia(s)r12(—s2). If s = 1—r we can successively
use the identities r —r2 =rs, r+s=1, s — s> = rs and % + % = % to obtain:

wlg(r>w12(—1)w12(8) = $12( r2)w12(7"):1:12(—1) ’wlz(s)x12(—82)
(

12(rs) o1 (—7’_1)3:12 (0)xa1 (—s Ha1a(rs)

I
8

E)xlz(rs)

= wia(rs).
)

Multiplying by wi2(—1) yields hia(r)hi2(s) = hi2(rs) when r + s = 1. By Ex. 5.9,
this yields the first equation {r,s} = 1. Since —r = (1 —r)/(1 — r~1), the first
equation implies the second equation:

(5.10.3) {r,—r}={r1—r}rl—r 1}t ={rt1-r1}=1

REMARK 5.10.4. The equation {r, —r} = 1 holds more generally for every unit
r, even if 1 — r is not a unit. This follows from the fact that K>(Z[r, 1]) injects
into Ko(Z|r, T, 11 ]), a fact we shall establish in chapter V. For a direct proof, see
[Milnor, 9.8].

The following useful result was proven for fields and division rings in §9 of [Mil-
nor|. It was extended to commutative semilocal rings by Dennis and Stein [DS],
and we cite it here for completeness.

THEOREM 5.10.5. If R is a field, division ring, local ring, or even a semilocal
ring, then K5(R) is generated by the Steinberg symbols {r,s}.

DEFINITION 5.11 (DENNIS-STEIN SYMBOLS). If ;s € R commute and 1 —rs is
a unit then the element

(r,s) = zj;(—s(1 = rs) gy (—r)zji(s)2ij (1 —rs) " 'r)hy; (1 —rs) ™"

of St(R) belongs to K3(R), because ¢(r,s) = 1. By Ex. 5.11, it is independent of
the choice of i # j, and if  is a unit of R then (r,s) = {r,1 — rs}. If I is an ideal
of R and s € I then we can even consider (r, s) as an element of Ko(R,I); see 5.7.
These elements are called Dennis-Stein symbols because they were first studied in
[DS], where the following identities were established.

(D1) (1, s)(s,r) =1
(D2) {r, s){r.t) = (r, s+t — rst)
(D3) (r,st) = (rs,t)(tr,s) (this holds in Ko(R,I) if any of r, s, or ¢t are in I.)

We warn the reader that the meaning of the symbol (r,s) changed circa 1980.
We use the modern definition of this symbol, which equals (—r,s)~! in the old
literature, including that of loc.cit..

The following result is essentially due to Maazen, Stienstra and van der Kallen.
However, their work preceded the correct definition of K5(R,I) so the correct his-
torical reference is [Keune].



36 III. K; AND K, OF A RING

THEOREM 5.11.1. (a) Let R be a commutative local ring, or a field. Then K3(R)
may be presented as the abelian group generated by the symbols (r,s) with r,s € R
such that 1 — rs is a unit, subject only to the relations (D1), (D2) and (D3).

(b) Let I be a radical ideal, contained in a commutative ring R. Then Ko(R,I)
may be presented as the abelian group generated by the symbols (r,s) with either
re Rands eI, orelser € I and s € R. These generators are subject only to the
relations (D1), (D2), and the relation (D3) whenever r, s, ort is in I.

The product K1(R) ® K1(R) — K3(R)

Let R be a commutative ring, and suppose given two invertible matrices g €
GLn(R), h € GL,(R). Identifying the tensor product R™ ® R™ with R™""  then
g® 1, and 1,,® h are commuting automorphisms of R ® R™. Hence there is a ring
homomorphism from A = Z[z,z71,y,y7!] to £ = Endgr(R™ ® R") = M, 1n(R)
sending x and y to g ® 1,, and 1,,, ® h. Recall that by Morita Invariance 5.6.1 the
natural map Ko(R) — K3(F) is an isomorphism.

DEFINITION 5.12. The element {g,h} of K3(R) is defined to be the image of
the Steinberg symbol {z,y} under the homomorphism K3(A) — K3(E) = K1 (R).

Note that if m = n = 1 this agrees with the definition of the usual Steinberg
symbol in 5.10, because R = E.

LEMMA 5.12.1. The symbol {g, h} is independent of the choice of m and n, and
is skew-symmetric. Moreover, for each o € GLy,(R) we have {g,h} = {aga™ h}.

Proor. If we embed GL,,(R) and GL,(R) in GL,, (R) and GL,/(R), respec-
tively, then we embed E into the larger ring £’ = End R(Rm/ ® R”/), which is also
Morita equivalent to R. Since the natural maps Ks(R) — Ko(E) — Ko(E') are
isomorphisms, and K3(A) — Ky (F) — K3(E') =2 K3(R) defines the symbol with
respect to the larger embedding, the symbol is independent of m and n.

Any linear automorphism of R™*" induces an inner automorphism of E. Since
the composition of R — E with such an automorphism is still R — FE, the symbol
{g,h} is unchanged by such an operation. Applying this to a ® 1,,, the map A —
E — E sends z and y to aga™'®1,, and 1,, ® h, so {g, h} must equal {aga=1,h}.

As another application, note that if m = n the inner automorphism of E induced
by R ® R™ = R™® R™ sends {h, g} to the image of {y, z} under K3(A) — K2(E).
This proves skew-symmetry, since {y,z} = {z,y} L.

THEOREM 5.12.2. For every commutative ring R, there is a skew-symmetric
bilinear pairing K1(R) ® K1(R) — K3(R) induced by the symbol {g, h}.

PROOF. We first show that the symbol is bimultiplicative when ¢g and ¢’ com-
mute in GL,,(R). Mapping A[z,27!] into E by z — ¢’ ® 1,, allows us to deduce
{94',h} ={g,h}{g’, h} from the corresponding property of Steinberg symbols. If g
and ¢’ do not commute, the following trick establishes bimultiplicativity:

= {2 () 3o} =

If either g of h is a commutator, this implies that the symbol {g, h} vanishes in the
abelian group Ko(R). Since the symbol {g, h} is compatible with stabilization, it
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describes a function K7 (R) x K1(R) — K3(R) which is multiplicative in each entry:
{9d',h} = {g,h}{g’, h}. If we write K7 and K additively the function is additive
in each entry, i.e., bilinear.

EXERCISES

5.1 Relative Steinberg groups. Let I be an ideal in a ring R. Show that there is an

exact sequence St(R,I) _add, St(R) — St(R/I) — 1.

5.2 Consider the function p,: R*~! — St,(R) sending (rq,...,7,_1) to the product
Z1n(r1)Tan(r2) -+ - Tn—1n(rn—1). The Steinberg relations show that this is a group
homomorphism. Show that p is an injection by showing that the composition
¢p: R — St,(R) — GL,(R) is an injection. Then show that the elements
x;5(r) with 7,7 < n normalize the subgroup P, = p(R") of St,(R), i.e., that
a:ij(r)anij(—r) = Pn.

5.2 Use the previous exercise and induction to show that there the subgroup 7;, of
St,,(R) generated by the z;;(r) with ¢ < j maps isomorphically onto the subgroup
of lower triangular matrices in GL,,(R).

5.3 Let G be a group whose commutator group [G,G] is abelian. Prove that the
Jacobi identity holds for every u,v,w € G:

[, [v, w]][v, [w, u]][w, [u, v]] = 1.

If in addition [u,w] = 1 this implies that [[u,v], w] = [u, [v, w]].

5.4 Product with Ky. Construct a product operation Ko(R) @ K2(A) — Ka(A),
assuming that R is commutative and A is an associative R-algebra. To do this,
fix a f.g. projective R-module P. Each isomorphism P & Q = R" gives rise to
a homomorphism h*:GL,,(A) — GL,,(A) C GL(A) sending o to a ® 1 and
E,.(A) to E(A). Show that h? is well-defined up to conjugation by an element of
E(A). Since conjugation acts trivially on homology, this implies that the induced
map h¥,: Hy(E,,(A);Z) — Hy(E(A);Z) = Ka(A) is well-defined. Then show that
hPoR, = hP, @ h9, and pass to the limit as m — oo to obtain the required
endomorphism [P]- of K5(A).

5.5 If R is commutative and P € P(R), show that Q — Q ®pr P defines a functor
from the translation category tP(A) to itself for every R-algebra A, and that the
resulting endomorphism of Ky(A) = @Hg([Aut(Q),Aut(Q)]) is the map hL of
the previous exercise. Use this description to show that the product makes Ko(A)
into a module over the ring Ko (R).

5.6 Projection Formula. Suppose that f: R — S is a finite map of commutative
rings, with S € P(R). Show that for all r € K;(R) and s € K;(S) with i +j = 2
we have f.(f*(r)-s) =r- fi(s) in Ko(R). The case i = 0 states that the transfer
f«: K2(S) — K3(R) is Ko(R)-linear, while the case ¢ = 1 yields the useful formula
fs{r,s} = {r, Ns} for Steinberg symbols in Ks(R), where r € R*, s € S* and
Ns = f.(s) € R* is the norm of s.

57IfY 2 X and X = G are central extensions, show that the “composition”
Y I @ is also a central extension. If X is a universal central extension of G,
conclude that every central extension Y % X splits.
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5.8 Show that the following identies hold in St(R) (for i, j and k distinct).

(a) wij(r)wi;(—r) =1

(b) wik(r)aij(s)wi(—r) =z (—r~'s);
(€) wij(r)zij(s)wiz(—r) = zji(—r~tsr™1);
(di wiz(r)w;si(s )wu( r) = wij(—rsr);

wu( rwji(r~t) =1;

5.9 Use the previous exercise to show that {r,s} = h;;(rs)hi;(s) " hi;(r)~'. Hint:
Conjugate h;;(s) by wir(r)wir(—1).

5.10 Excision. If I and J are ideals in a ring R with I N J = 0, we may also
consider I as an ideal of R/J. Show that St(R,I) surjects onto St(R/J,I), while
the subgroups E(R,I) and E(R/J,I) of GL(I) are equal. Use the 5-lemma to
conclude that Ky (R,I) = K1(R/J,I) and that Ko(R,I) — Ky(R/J,I) is onto.

5.11 Dennis-Stein symbols. Let (r,s);; denote the element of St(R) given in Def-
inition 5.11. Show that this element is in K3(R). Then use Ex. 5.8 to show that
if w is a product of elements w;;(1) such that the permutation matrix send ¢, j
to k,¢ then w(r,s);jw™! = (r,s)ye. This shows that the Dennis-Stein symbol is
independent of the choice of indices 1, j.

5.12 Let A be an abelian group and F' a field. Show that, for all n > 5, homomor-
phisms Ky(F) -5 A are in 1-1 correspondence with central extensions of SL,,(F)
having kernel A.

5.13 If p is an odd prime, use Theorem 5.11.1 to show that Ko(Z/p™) = 1. If n > 2,
show that Ko(Z/2™) = Ko(Z/4) = {£1}.
5.14 Let R be a commutative ring, and let 2z denote the module of Kéhler differ-
entials of R over Z, as in Ex. 2.6.
(a) Show that there is a surjection from K>(R,I) onto I ® Qpg/, sending (x,7)
tox®@dr (reR,xel).
(b) The dual numbers over R is the ring R[e] with €2 = 0. If 3 € R, show that
the map Ky(R[e],e) — Qg of part (a) is an isomorphism.

§6. K of fields

The following theorem was proven by Hideya Matsumoto in 1969. We refer the
reader to [Milnor, §12] for a self-contained proof.

MATSUMOTO’S THEOREM 6.1. If F' is a field then Ky(F) is the abelian group
generated by the set of Steinberg symbols {x,y} with x,y € F*, subject only to the
relations:

(1) (Bilinearity) {zz',y} = {x,yH{x',y} and {z,yy'} = {z,y}{z,y'};
(2) (Steinberg Relation) {x,1 —xz} =1 for all x # 0, 1.

In other words, K5(F') is the quotient of F’* ® F* by the subgroup gener-
ated by the elements x ® (1 — x). Note that the calculation (5.10.3) implies that
{z,—x} = 1 for all z, and this implies that the Steinberg symbols are skew-

symmetric: {z,y}{y,z} = {z, —~zyHy, —zy} = {7y, —zy} = 1.
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COROLLARY 6.1.1. Ky(F,) =1 for every finite field F,.

PROOF. If x generates the cyclic group F, we must show that the generator z®@x
of the cyclic group F; @ F;* vanishes in Kj. If ¢ is even, then {z,2} = {z, —z} =1,
so we may suppose that ¢ is odd. Since {z,z}?> = 1 by skew-symmetry, we have
{z,z} = {x,z}"™" = {2™, 2"} for every odd m and n. Since odd powers of x are
the same as non-squares, it suffices to find a non-square u such that 1 — u is also
a non-square. But such a u exists because u +— (1 — u) is an involution on the set
[F, —{0,1}, and this set consists of (¢ —1)/2 non-squares but only (¢ —3)/2 squares.

EXAMPLE 6.1.2. Let F(t) be a rational function field in one variable ¢t over F.
Then K5(F) is a direct summand of Ky F'(t).

To see this, we construct a map A: Ko F'(t) — Ko(F') inverse to the natural map
Ky(F) — KoF(t). To this end, we define the leading coefficient of the rational
function f(t) = (aot™ + -+ + an)/(bot™ + - -+ + by,) to be lead(f) = ap/bo and set
A{f,g}) = {lead(f),lead(g)}. To see that this defines a homomorphism Ky F'(t) —
K5(F), we check the presentation in Matsumoto’s Theorem. Bilinearity is clear
from lead(f1 f2) = lead(f1)lead(f2), and {lead(f),lead(1 — f)} = 1 holds in Ky(F)
because lead(1— f) is either 1, 1 —lead(f) or —lead(f), according to whether m > n,
m=mnorm<n.

Because Ko commutes with filtered colimits, it follows that Ko(F') injects into
Ky F(T) for every purely transcendental extension F(T) of F.

LEMMA 6.1.3. For every field extension F' C E, the kernel of Ko(F) — Ka(FE)
1S a torsion subgroup.

PROOF. F is an algebraic extension of some purely transcendental extension
F(X) of F, and K3(F) injects into KoF(X) by Example 6.1.2. Thus we may
assume that F is algebraic over F'. Since FE is the filtered union of finite extensions,
we may even assume that F/F is a finite field extension. But in this case the result
holds because (by 5.6.2) the composite Ko(F') — K3(F) — K3 (F') is multiplication
by the integer [E : F.

The next result is useful for manipulations with symbols.

LEMMA 6.1.4 (BAss-TATE). If E = F(u) is a field extension of F, then every
symbol of the form {biu — a1,bou — as} (a;,b; € F) is a product of symbols {c;,d;}
and {c;,u — d;} with ¢;,d; € F.

PRrooOF. Bilinearity allows us to assume that by = b = 1. Set * = u — aq,
y=u—azand a =as —a;,s0x = a+y. Then 1 =2 + ¥ yields the relation 1 =
{2,2}. Using {z,x} = {—1, 2}, this expands to the desired expression: {z,y} =
{a,y {-1,2}{a" 1, z}.

Together with the Projection Formula (Ex. 5.6), this yields:

COROLLARY 6.1.5. If E = F(u) is a quadratic field extension of F, then Ko(E)
is generated by elements coming from Ko(F), together with elements of the form
{e,u—d}. Thus the transfer map Ng p: K2(E) — K(F) is completely determined
by the formulas Ng,p{c,d} = {c,d}*, Ng/p{c,u—d} ={c, N(u—d)} (c,d€ F)
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EXAMPLE 6.1.6. Since C is a quadratic extension of R, every element of K5(C)
is a product of symbols {r, s} and {r, e} with r, s,0 € R. Moreover, N{r,e®} =1
in K2(R). Under the automorphism of K5(C) induced by complex conjugation, the
symbols of the first kind are fixed and the symbols of the second kind are sent to
their inverses. We will see in Theorem 6.4 below that K»(C) is uniquely divisible,
i.e., a vector space over Q, and the decomposition of K5(C) into eigenspaces for
+1 corresponds to symbols of the first and second kind.

EXAMPLE 6.1.7. Let F' be an algebraically closed field. By Lemma 6.1.4, K5 F(t)
is generated by linear symbols of the form {a,b} and {t — a,b}. It will follow from
6.5.2 below that every element u of KyF(t) uniquely determines finitely many
elements a; € F, b; € F* so that u = A(u) [[{t — ai, b;}, where A(u) € Ko(F') was
described in Example 6.1.2.

Steinberg symbols

DEFINITION 6.2. A Steinberg symbol on a field F' with values in a multiplicative
abelian group A is a bilinear map c¢: F* ® F* — A satisfying c(r,1 — r) = 1.
By Matsumoto’s Theorem, these are in 1-1 correspondence with homomorphisms
Ky(F) S A,

EXAMPLE 6.2.1. There is a Steinberg symbol (z,y) on the field R with values
in the group {£1}. Define (z,y)c to be: —1 if both z and y are negative, and +1
otherwise. The Steinberg relation (z,1—z) = +1 holds because x and 1—x cannot
be negative at the same time. The resulting map K2(R) — {£1} is onto because
(—1,—1) = —1. This shows that the symbol {—1,—1} in K5(Z) is nontrivial, as
promised in 5.2.2, and even shows that K5(Z) is a direct summand in Ks(R).

For our next two examples, recall that a local field is a field F' which is complete
under a discrete valuation v, and whose residue field k, is finite. Classically, every
local field is either a finite extension of the p-adic rationals Q, or of F,((?)).

EXAMPLE 6.2.2 (HILBERT SYMBOLS). Let F' be a local field containing . The
Hilbert (quadratic residue) symbol on F' is defined by setting cp(r, s) € {£1} equal
to +1 or —1, depending on whether or not the equation rz2 +sy? = 1 has a solution
in F. Bilinearity is classical when F' is local; see [OMeara, p.164]. The Steinberg
relation is trivial, because z = y = 1 is always a solution when r + s = 1.

Of course, the definition of cg(r,s) makes sense for any field of characteristic
# 2, but it will not always be a Steinberg symbol because it can fail to be bilinear
in r. It is a Steinberg symbol when F' = R, because the Hilbert symbol cg(r, s) is
the same as the symbol (r, ), of the previous example.

EXAMPLE 6.2.3 (NORM RESIDUE SYMBOLS). The roots of unity in a local field
F form a finite cyclic group pu, equal to the group p,, of all m* roots of unity for
some integer m with % € F. The classical m' power norm residue symbol is a
map Ko(F') — py, defined as follows (see [S-LF] for more details).

Because F'*™ has finite index in F'*, there is a finite “Kummer” extension K
containing the m!” roots of every element of F'. The Galois group Gr = Gal(K/F)
is canonically isomorphic to Hom(F™, i, ), with the automorphism g of K corre-
sponding to the homomorphism (: F'* — pu,, sending a € F* to ((a) = g(x)/x,
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where 2" = a. In addition, the cokernel of the norm map K * N pxis isomorphic
to G by the “norm residue” isomorphism of local class field theory. The composite
F* — F*/NK* = Gp = Hom(F*, ), written as x — (x,—)p, is adjoint to a
nondegenerate bilinear map ( , )p: F* @ F* — pi,.

The Steinberg identity (a,1 —a)r = 1 is proven by noting that (1 —a) is a norm
from the intermediate field £ = F(z), ™ = a. Since Ggp C Gp corresponds to
the norm map E* /N, g K* — F*/Ng,p K*, the element g of Gp = Gal(K/F)
corresponding to the map ((a) = (a,1 — a)p from F* to u,, must belong to Gg,
i.e., ¢ must extend to a map E* — p,,. But then (a,1 —a)p = ((a) = ((z)™ = 1.

The name “norm residue” comes from the fact that for each x, the map y —
{x,y} is trivial iff z € NK*. Since a primitive m‘" root of unity ¢ is not a norm
from K, it follows that there is an « € F' such that ({,z)r # 1. Therefore the norm
residue symbol is a split surjection with inverse (¢ — {¢*, z}.

The role of the norm residue symbol is explained by the following structural
result, whose proof we cite from the literature.

MOORE’S THEOREM 6.2.4. If F is a local field, then Ky(F') is the direct sum
of a uniquely divisible abelian group V and a finite cyclic group, isomorphic under
the norm residue symbol to the group u = p, of roots of unity in F'.

PrOOF. We have seen that the norm residue symbol is a split surjection. A
proof that its kernel V is divisible, due to C. Moore, is given in the Appendix to
[Milnor]. The fact that V is torsionfree (hence uniquely divisible) was proven by
Tate [Tate] when char(F') = p, and by Merkur’ev [Merk] when char(F') = 0.

Tame symbols

Every discrete valuation v on a field F' provides a Steinberg symbol. Recall that
v is a homomorphism F* — Z such that v(r+s) > min{v(r), v(s)}. By convention,
v(0) = oo, so that the ring R of all » with v(r) > 0 is a discrete valuation ring
(DVR). The units R* form the set v~1(0), and the maximal ideal of R is generated
by any m € R with v(m) = 1. The residue field k, is defined to be R/(7). If u € R,

we write @ for the image of v under R — k,.

LEMMA 6.3. For every discrete valuation v on F there is a Steinberg symbol

Ko(F) 2 k2, defined by

0u({r,s}) = (_1)1,(7«)1,(8)@.

rv(s)

This symbol is called the tame symbol of the valuation v. The tame symbol is onto,
because if u € R* then v(u) = 0 and 0y(7,u) = u.

PrOOF. Writing r = uyn"* and s = ugsm¥? with uy,us € R*, we must show that
_Ul

Op(rys) = (—1)vv2 2% is a Steinberg symbol. By inspection, 0,(r, s) is an element
1

of k), and 0, is bilinear. To see that 0,(r,s) = 1 when r + s = 1 we consider

several cases. If v; > 0 then r is in the maximal ideal, so s = 1 — r is a unit and

Oy(r,s) = s"* = 1. The proof when vy > 0 is the same, and the case v; = vy =0
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is trivial. If vy < 0 then v(2) > 0 and =2 = —1+ 1 is congruent to —1 (mod 7).
Since v(r) = v(1 — r), we have

o -1 = (0 () = ey

<

RAMIFICATION 6.3.1. Suppose that F' is a finite extension of F', and that w is
a valuation on F over the valuation v on F'. Then there is an integer e, called the
ramification indez, such that w(r) = e - v(r) for every r € F. The natural map
K5(F) — K3(F) is compatible with the tame symbols in the sense that for every
r1,72 € F* we have 0y(r1,7m2) = 0y (r1,72)° in kX.

Ko(F) =2 kX

v
l elxr—nrc
Ow %
KQ(E ) - kw
Let S denote the integral closure of R in E. Then S has finitely many prime
ideals p1, ..., pn lying over p, with corresponding valuations wy, ..., w, on E. We say
that S is unramified over R if the ramification indices eq,...,e, are all 1; in this
case the diagonal inclusion A:k) < [], k. is compatible with the tame symbols
in the sense that Ad,(ry,r2) is the product of the 9y, (r1,r2).

COROLLARY 6.3.2. If F' contains the rational function field Q(t) or Fy(t1,t2),
then Ko(F') has the same cardinality as F. In particular, if F' is uncountable then
so is Ko(F).

PRrROOF. By hypothesis, F' contains a transcendental element . Choose a subset
X = {x,} of F'sothat XU{t} is a transcendence basis for F' over its ground field Fp,
and set k = Fp(X). Then the subfield k(t) of F' has a t-adic valuation with residue
class field k. Hence K2(k(t)) contains a subgroup {t,k*} mapped isomorphically
under the tame symbol to k*. By Lemma 6.1.3, the kernel of k* — Ky(k(t)) —
K5(F) is contained in the torsion subgroup u(k) of roots of unity in k. Thus the
cardinality of K5 (F') is bounded below by the cardinality of k* /u(k). Since F' is an
algebraic extension of k(t), and k contains either Q or F,,(¢2), we have the inequality
|F| = |k| = |k*/p(k)| < |K2(F)|. The other inequality |K5(F)| < |F| is immediate
from Matsumoto’s Theorem, since F' is infinite.

THEOREM 6.4 (BASs-TATE). When F is an algebraically closed field, Ko(F') is
a uniquely divisible abelian group.

Recall that an abelian group is uniquely divisible when it is uniquely p-divisible
for each prime p; a group is said to be uniquely p-divisible if it is p-divisible and
has no p-torsion. Therefore, the theorem is an immediate consequence of our next
proposition.
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PROPOSITION 6.4.1 (BASS-TATE). Let p be a prime number such that each
polynomial tP —a (a € F') splits in F[t] into linear factors. Then Ky(F') is uniquely
p-divisible.

PRrROOF. The hypothesis implies that F'* is p-divisible. Since the tensor product
of p-divisible abelian groups is always uniquely p-divisible, F'* ® F'* is uniquely
p-divisible. Let R denote the kernel of the natural surjection F’* @ F* — Ky(F).
By inspection (or by the Snake Lemma), K5(F') is p-divisible and the p-torsion
subgroup of K3 (F') is isomorphic to R/pR.

Therefore it suffices to prove that R is p-divisible. Now R is generated by the
elements ¥ (a) = (a)®(1—a) of F*®@F* (a € F—{0,1}), so it suffices to show that
each ¥ (a) is in pR. By hypothesis, there are b; € F' such that t? —a = [[(t — ;) in
Flt],so 1—a =T][(1—b;) and bY = a for each i. But then we compute in F* @ F*:

Ya)=(@)@(l—a)=) (@1 =b)=Y (b:)P @ (L—b)=p> v(b)

COROLLARY 6.4.2. If F' is a perfect field of characteristic p, then Ky(F) is
uniquely p-divisible.

The Localization Sequence for Ko

The following result will be proven in chapter V, but we find it useful to quote
this result now. If p is a nonzero prime ideal of a Dedekind domain R, the local
ring R, is a discrete valuation ring, and hence determines a tame symbol.

LoCALIZATION THEOREM 6.5. Let R be a Dedekind domain with field of frac-

0
tions F. Then the tame symbols Ko(F) —= (R/p)* associated to the prime ideals
of R fit into a long exact sequence

[T K2(R/s) = Ka(R) — Ka(F) == [(R/9)* — SKi(R) -1
p p

where the coproducts are over all nonzero prome ideals p of R, and the maps from
(R/p)* = K1(R/p) to SK1(R) are the transfer maps of Ex. 1.11. The transfer
maps Ko(R/p) — Ko(R) will be defined in chapter V.

APPLICATION 6.5.1 (K5Q). If R = Z then, since K2(Z/p) = 1 and SK;(Z) =1,

we have an exact sequence 1 — K3(Z) — K2(Q) 9, [[F; — 1. As noted in
Example 6.2.1, this sequence is split by the symbol (7, $)s, so we have K5(Q) =
Ko(Z) @ [IF, .

APPLICATION 6.5.2 (FUNCTION FIELDS). If R is the polynomial ring F'[t] for
some field F', we know that Ky(F[t]) = Ko(F') (see 5.2.3). Moreover, the natural
map Ko(F') — Ky F(t) is split by the leading coefficient symbol A of Example 6.1.2.
Therefore we have a split exact sequence

1 — Ky(F) — Ky F ]_[
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WEIL'S RECIPROCITY FORMULA 6.5.3. Just as in the case R = Z, there is
a valuation on F'(t) not arising from a prime ideal of F[t|. In this case, it is
the valuation v (f) = —deg(f) associated with the point at infinity, i.e., with
parameter ¢t 1. Since the symbol (f, g)o vanishes on K»(F), it must be expressable
in terms of the tame symbols 0, (f, g) = (f, g)p,. The appropriate reciprocity formula
first appeared in Weil’s 1940 paper on the Riemann Hypothesis for curves:

(f;g)ooHNp<f,g)p:1 iIlFX.
p

In Weil’s formula “N,” denotes the usual norm map (F'[t]/p)* — F*. To establish
this reciprocity formula, we observe that KoF (t)/KoF = [[(F[t]/p)* injects into
Ky F(t)/K>F, where F is the algebraic closure of F. Thus we may assume that F'
is algebraically closed. By Example 6.1.7, K3F'(t) is generated by linear symbols
of the form {a,t —b}. But (a,t — b)oo = a and 9;_4(a,t —b) = a1, so the formula
is clear.

Our next structural result was discovered by Merkur’ev and Suslin in 1981, and
published in their landmark paper [MS]. Recall that an automorphism o of a field
E induces an automorphism of Ky(F) sending {z,y} to {ox,oy}.

THEOREM 6.6 (HILBERT’S THEOREM 90 FOR K3). Let E/F be a cyclic Galois
field extension of prime degree p, and let o be a generator of Gal(E/F). Then the
following sequence is exact, where N denotes the transfer map on Ks:

l1—0o

K2 (E) =% Ky (E) % Ko(F).

Merkur’ev and Suslin gave this result the suggestive name “Hilbert’s Theorem
90 for K5,” because of its formal similarity to the following result, which is univer-
sally called “Hilbert’s Theorem 90 (for units)” because it was the 90" theorem in

Hibert’s classical 1897 survey of algebraic number theory, Theorie der Algebraische
Zahlkorper.

THEOREM 6.6.1 (HILBERT’S THEOREM 90 FOR UNITS). Let E/F be a cyclic
Galois field extension, and let o be a generator of Gal(E/F). If 1 — o denotes the
map a +— a/o(a), then the following sequence is exact:

1 FX - gx 229, px N, px

We postpone the proof of Hilbert’s Theorem 90 for K5 until chapter VI, since it
uses higher algebraic K-theory in a crucial way to reduce to the following special
case.

PROPOSITION 6.6.2. Let F be a field containing a primitive nt" root of unity C,
and let E be a cyclic field extension of degree n, with o a generator of Gal(E/F).

Suppose in addition that the norm map E* N, FX s onto, and that F' has no
extension fields of degree < n. Then the following sequence is exact:

l1—0o

K»(E) =% Ky(B) 2 Ky(F) — 1.
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PROOF. Since N(¢ = 1, Hilbert’s Theorem 90 gives an r € F with o(r) = (r.
Setting ¢ = N(r) € F, it is well-known and easy to see that £ = F(r), r™ = c.

Again by Hilbert’s Theorem 90 for units and our assumption about norms,
E* 2% px N pX 1 s an exact sequence of abelian groups. Applying
the right exact functor ® F'* retains exactness. Therefore we have a commutative
diagram with exact rows

(1-0)®1 N®1
_ _

EX ® F* EX ® F* F*@F* —— 1

l l b

Ky(E) ——2 KyE) — C ——1

in which C' denotes the cokernel of 1 — 0.

Now every element of E is a polynomial f(r) in r of degree < n, and f(¢) is a
product of linear terms b;t — a; by our assumption. By Lemma 6.1.4, every element
of K5(F) is a product of symbols of the form {a,b} and {a,r — b}. Therefore the
vertical maps F* ® E* — K5(F) are onto in the above diagram. Hence + is onto.

If a € F* and = € E* then the projection formula (Ex. 5.6) yields

N(1—-o0){a,z} = N{a,z/(ox)} = {a,Nz/N(ox)} = 1.

Hence the transfer map Ky(F) — Ky(F') factors through C. A diagram chase
shows that it suffices to show that ~ is a Steinberg symbol, so that it factors through
K5(F). For this we must show that for all y € E we have v(Ny ® (1 — Ny)) = 1,
i.e., that {y,1 — Ny} € (1 —0)K2(FE).

Fix y € E and set z = Ng,p(y) € F. Factor t" — z = [] f; in F[t], with the
fi irreducible, and let F; denote the field F(z;), where fi(z;) = 0 and z} = z.
Setting t =1, 1 — 2z =[] fi(1) = [[ Np,yr(1 — ;). Setting E; = E ®p Fj, so that
Np,)p(1 —2;) = Ng,/g(1 — x;) and o(x;) = x;, the projection formula (Ex. 5.6)
gives

{y,1 -z} = [[ Ng, ey, 1 — 2} = [ [ Ve, ply/ai 1 — 23}

Thus it suffices to show that each Ng, /p{y/xi,1—2;} isin (1—-0)K>(E). Now E;/F;
is a cyclic extension whose norm N = N, /5, satisfies N(y/x;) = N(y)/z} = 1. By
Hilbert’s Theorem 90 for units, y/z; = v;/ov; for some v; € E;. We now compute:

Ng,/ety/zi,1 —2;} = Ng, ) p{vi/ovi,1 —x;} = (1 — 0)Ng, /p{vi, 1 — 24}

Here are three pretty applications of Hilbert’s Theorem 90 for K. When F'is a
perfect field, the first of these has already been proven in Proposition 6.4.1.

THEOREM 6.7. If char(F) = p # 0, then the group K5(F') has no p-torsion.

PROOF. Let z be an indeterminate and y = 2P —z; the field extension F'(z)/F(y)
is an Artin-Schrier extension, and its Galois group is generated by an automorphism
o satisfying o(z) = x + 1. By 6.5.2, Ko(F') is a subgroup of both KsF(x) and
K>F(y), and the projection formula shows that the norm N: Ky F(x) — KoF(y)
sends u € Ko(F') to uP.
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Now fix u € Ko(F) satisfying u? = 1; we shall prove that w = 1. By Hilbert’s
Theorem 90 for Ko, u = (1 — o)v = v(ov) ™! for some v € KoF(z).

Every prime ideal p of F[z] is unramified over p, = p N Fy|, because F[z]/p is
either equal to, or an Artin-Schrier extension of, F[y|/p,. By 6.3.1 and 6.5.2, we
have a commutative diagram in which the vertical maps 0 are surjective:

*

Ky F(y) — L K,F(z) 2 K,F(2)

dl al al
[T, Flul/py)* —=— 1L, (Fll/p)* —2 I1,(Flz]/p)"

We claim that the bottom row is exact. By decomposing the row into subse-
quences invariant under o, we see that there are two cases to consider. If a prime
p is not fixed by o, then the fields F[z]/o’p are all isomorphic to F = F[y]/p,, and
for a; € E* we have

(1—-o0)(ag,a1,...,ap—1) = (aoa;_ll,alaal, e ,ap_la;_lz)

in Hf;ol (F[z]/c'p)*. This vanishes iff the a; agree, in which case (ag,...,a,-1) is
the image of @ € E*. On the other hand, if o fixes p then F[z]/p is a cyclic Galois
extension of E = F[y]/p,. Therefore if a € Flz]/p and (1 —0)a = a/(ca)~! equals
1, then a = o(a), i.e., a € E. This establishes the claim.

A diagram chase shows that since 1 = du = 9(1 — o)v, there is a vy in KoF(y)
with d(v) = 9(i*vg). Since i* = oi*, we have (1 — 0)i*vg = 1. Replacing v by
v(i*vg) ™1, we may assume that d(v) = 1, i.e., that v is in the subgroup Ks(F) of
Ky F(x). Therefore we have u = v(ov)™! = 1. As u was any element of Ky(F)
satisfying u? = 1, K5(F') has no p-torsion.

EXAMPLE 6.7.1. If F =T (t), ¢ =p", we have Ko(F) = [[(F,[t]/p)*. Since the
units of each finite field F,[t]/p form a cyclic group, and its order can be arbitrarily
large (yet prime to p), K2IF,(t) is a very large torsion group.

THEOREM 6.8. If F contains a primitive n'" root of unity ¢, then every element

of Ko(F') of exponent n has the form {(,x} for some xz € F*.

PrOOF. We first suppose that n is a prime number p. Let x be an indeterminate
and y = xP; the Galois group of the field extension F(x)/F(y) is generated by an
automorphism o satisfying o(z) = (z. By Application 6.5.2, K5(F) is a subgroup
of KoF(x), and by the projection formula the norm N: KyF(x) — Ky F(y) sends
u € Ky(F) to uP.

Fix u € Ky(F) satisfying u? = 1. By Hilbert’s Theorem 90 for K, if u? =1
then u = (1 — o)v = v(ov)~! for some v € Ky F(x).

Now the extension F[y] C F[z| is unramified at every prime ideal except p = ().
As in the proof of Theorem 6.7, we have a commutative diagram whose bottom row
is exact:

Ky F(y) . Ky F(z) L, Ky F(x)

d | |

Iy, 20 (Flol/py)* —=— oy (Fll/0)* == TT, 00 (Fla]/p)"
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As before, we may modify v by an element from K5 F(y) to arrange that d,(v) =1
for all p # (). For p = (), let a € F' = F[z]/(x) be such that J(,)(v) = a and set
v' = v{a,r}. Then 0,)(v) = 1 and 9, (v") = 9y (v) = 1 for every other p. It follows
from 6.5.2 that v" is in K5(F'). Therefore (1 — o)v’ = 1; since v = v'{a,x}~! this
implies that u has the asserted form:

u=(1- O'){a’x}_l = {a,x}_l{a, Cz} ={a,(}

Now we proceed inductively, supposing that n = mp and that the theorem has
been proven for m (and p). If u € K(F) has exponent n then u? has exponent m,
so there is an # € F* so that u? = {¢P, z}. The element u{¢?, z} ! has exponent p,
so it equals {¢™,y} = {(,y™} for some y € F*. Hence u = {(,zy™}, as required.

REMARK 6.8.1. Suslin also proved the following result in [Su87]. Let F' be a
field containing a primitive p** root of unity ¢, and let Fy C F be the subfield
of constants. If z € Fy and {¢,2} = 1 in Ky(F) then {¢,2} = 1 in Ky(Fp). If
{¢,y} =1in K5(F) for some y € F* then y = 22 for some z € F;* and z € F*.

APPLICATION 6.8.2. We can use Theorem 6.8 to give another proof of Theo-
rem 6.4, that when F' is an algebraically closed field, the group K (F') is uniquely
divisible. Fix a prime p. For each a € F* there is an o with o = a. Hence
{a,b} ={a,b}P, so Ko(F) is p-divisible. If p # char(F') then there is no p-torsion
because {(,a} = {(,a}? = 1. Finally, if char(F) = p, there is no p-torsion either
by Theorem 6.7.

APPLICATION 6.8.3 (K3R). Theorem 6.8 states that {—1,—1} is the only ele-
ment of order 2 in KsR. Indeed, if r is a positive real number then:

(1,7} ={-1,vr}*=1, and {-1,—r}={-1,-1}{-1,r} ={-1,-1}.

Note that {—1,—1} is in the image of K3(Z), which is a summand by either Exam-
ple 6.2.1 or Example 5.9.1. Recall from Example 6.1.6 that the image of K5R in the
uniquely divisible group K>C is the eigenspace K>C™, and that the composition

K>R — KoC N K5R is multiplication by 2, so its kernel is K5(Z). It follows that

KoR 2 Ko (Z) & K>CF.

K5 and the Brauer group

Let F' be a field. Recall from I1.5.4.3 that the Brauer group Br(F') is generated
by the classes of central simple algebras with two relations: [A®p B] = [A]-[B] and
[M,,(F)] = 0. Here is one classical construction of elements in the Brauer group; it
is a special case of the construction of crossed product algebras.

CYCLIC ALGEBRAS 6.9. Let ¢ be a primitive n'? root of unity in F, and o, 3 €
F*. The cyclic algebra A = A¢(a, () is defined to be the associative algebra with
unit, which is generated by two elements x,y subject to the relations 2™ = a - 1,
y" = B3-1 and yr = (xy. Thus A has dimension n? over F, a basis being the



48 III. K; AND K, OF A RING

monomials x'y? with 0 <4,j < n. The identity (z + y)" = (a+ 3) - 1 is also easy
to check.

When n = 2 (so ( = —1), cyclic algebras are called quaternion algebras. The
name comes from the fact that the usual quaternions H are the cyclic algebra
A(—1,-1) over R. Quaternion algebras arise in the Hasse invariant of quadratic
forms.

It is classical, and not hard to prove, that A is a central simple algebra over F’;
see [BA, §8.5]. Moreover, the n-fold tensor product AQpr AQp - - ®p A is a matrix
algebra; see [BA, Theorem 8.12]. Thus we can consider [A] € Br(F) as an element
of exponent n. We shall write , Br(F') for the subgroup of Br(F') consisting of all
elements x with 2™ = 1, so that [A] € ,,Br(F)

For example, the following lemma shows that A¢(1, ) must be a matrix ring
because z" = 1. Thus [A¢(1,5)] =1 in Br(F).

LEMMA 6.9.1. Let A be a central simple algebra of dimension n? over a field F

containing a primitive nt" root of unity (. If A contains an element u & F such
that u™ =1, then A= M, (F).

PROOF. The subalgebra F[u] of A spanned by u is isomorphic to the commu-
tative algebra F[t]/(t" — 1). Since t" — 1 = [](t — ¢*), the Chinese Remainder
Theorem yields Flu] & F x F' x ---x F. Hence F[u] contains n idempotents e; with
e;ie; = 0 for @ # j. Therefore A splits as the direct sum e;A @ --- @ e, A of right
ideals. By the Artin-Wedderburn theorem, if A = My(D) then A can be the direct
sum of at most d right ideals. Hence d = n, and A must be isomorphic to M, (F).

PROPOSITION 6.9.2 (THE n!* POWER NORM RESIDUE SYMBOL). If F contains
a primitive n** root of unity, there is a homomorphism Ko(F) — Br(F) sending
{a, B} to the class of the cyclic algebra Ac(a, 3).

Since the image is a subgroup of exponent n, we shall think of the power norm
residue symbol as a map Ko(F)/nKo(F) — ,Br(F).

This homomorphism is sometimes also called the Galois symbol.

PRrROOF. From Ex. 6.10 we see that in Br(F') we have [A¢(a, §)] - [Ac(a, )] =
[A¢(ev, By)]. Thus the map F* x F'* — Br(F) sending (o, 3) to [A¢(w, B)] is
bilinear. To see that it is a Steinberg symbol we must check that A = A¢(a, 1 — )
is isomorphic to the matrix algebra M, (F). Since the element x 4+ y of A satisfies
(x +y)™ = 1, Lemma 6.9.1 implies that A must be isomorphic to M, (F).

REMARK 6.9.3. Merkur’ev and Suslin proved in [MS] that Ko(F)/nKs(F) is
isomorphic to the subgroup ,, Br(F') of elements of order n in Br(F'). By Mat-
sumoto’s Theorem, this implies that the n-torsion in the Brauer group is generated
by cyclic algebras. We will describe the Merkur’ev-Suslin result in chapter VI.

The Galois symbol

We can generalize the power norm residue symbol to fields not containing enough
roots of unity by introducing Galois cohomology. Here are the essential facts we
shall need; see [WHomo] or [Milne].

SKETCH OF GALOIS COHOMOLOGY 6.10. Let Fi., denote the separable closure
of a field F, and let G = G denote the Galois group Gal(Fiep/F). The family
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of subgroups Gg = Gal(Fyp/E), as E runs over all finite extensions of F', forms
a basis for a topology of G. A G-module M is called discrete if the multiplication
G x M — M is continuous.

For example, the abelian group G, = Fg, of units of Fi, is a discrete module,
as is the subgroup u, of all n'* roots of unity. We can also make the tensor
product of two discrete modules into a discrete module, with G acting diagonally.
For example, the tensor product u%? = p, ® u, is also a G-discrete module. Note
that the three G-modules Z/n, p,, and u®? have the same underlying abelian group,
but are isomorphic G r-modules only when u,, C F.

The G-invariant subgroup M% of a discrete G-module M is a left exact functor
on the category of discrete G'p-modules. The Galois cohomology groups H:,(F; M)
are defined to be its right derived functors. In particular, H, (F; M) is just M©.

If F is a finite separable extension of F' then Gg C Gr. Thus there is a forgetful
functor from G p-modules to G g-modules, inducing maps HZ,(F; M) — HE,(E; M).
In the other direction, the induced module functor from G g-modules to G p-modules
gives rise to cohomological transfer maps trE/F:Hét(E; M) — HYL(F;M); see
[WHomo, 6.3.9 and 6.11.11].

EXAMPLE 6.10.1 (KUMMER THEORY). The cohomology of the module G, is
of fundamental importance. Of course HY(F,G,,) = F*. By Hilbert’s Theo-
rem 90 for units, and a little homological algebra [WHomo, 6.11.16], we also have
HL(F;G,,) =0 and H%(F;G,,) = Br(F).

If n is prime to char(F’), the exact sequence of discrete modules

1—>un—>Gmi>Gm—>1

is refered to as the Kummer sequence. Writing p,, (F) for the group uS of all nt*
roots of unity in F', the corresponding cohomology sequence is called the Kummer
sequence.

1 —pn(F) — F* = F* — Hyy(F; pi) — 1

1 —HZ,(F; pn) — Br(F) = Br(F)
This yields isomorphisms HY,(F;pu,) & F*/F*" and HZ(F;u,) = ,Br(F). If
i, C F*, this yields a natural isomorphism HZ2 (F;u®?) = ,,Br(F) ® pn(F).

There are also natural cup products in cohomology, such as the product

(6.10.2) F*® F* — HY(F; i) @ HY(F; pn) = HEZ (F; p$?)
which satisfies the following projection formula: if E/F is a finite separable exten-
sion, a € F'* and b € E*, then trg/p(aUb) = aU Ng,p(b).

PROPOSITION 6.10.3 (GALOIS SYMBOL). The bilinear pairing (6.10.2) induces
a Steinberg symbol Ko(F) — HZ,(F; u®?) for every n prime to char(F).

ProOOF. It suffices to show that aU(1—a) vanishes for every a € F'—{0, 1}. Fixing
a, factor the separable polynomial " —a = [[ f; in F'[t] with the f; irreducible, and
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let F; denote the field F'(z;) with f;(z;) = 0. Settingt = 1, 1—a = [[, Ng,/p(1—2;).
Writing HZ, additively, we have

aU(l=a)=3 aUNpp(l=2) =3 trr/r(aV(l =)

:nZtrFi/F(a:iU(l — ;).

Since the group HZ (F;u%?) has exponent n, all these elements vanish, as desired.

REMARK 6.10.4. Suppose that F contains a primitive n** root of unity ¢. If we
identify Z/n with u,, via 1 — (, we have a natural isomorphism

WBr(F) = ,Br(F)®Zjn = ,Br(F) ® u, = H(F; ).

Tate has shown in [Tate| that this isomorphism identifies the Galois symbol of
Proposition 6.10.3 with the n'® power norm residue symbol of Proposition 6.9.2.
The Merkur’ev-Suslin isomorphism of [MS] cited above in Remark 6.9.3 extends
to a more general isomorphism Ko (F)/nKs(F) = HZ2(F;u®?) for all fields F of
characteristic prime to n. See chapter VI.

EXERCISES

6.1 Given a discrete valuation on a field F', with residue field k£ and parame-
ter m, show that there is a surjection \: K3(F) — Ksy(k) given by the formula
Murt, vn/} = {ii,v}. Example 6.1.2 is a special case of this, in which 7 =¢~1.

6.2 (Bass-Tate) If £ = F(u) is a field extension of F', and ej,ey € E are monic
polynomials in u of some fixed degree d > 0, show that {ej,es} is a product
of symbols {e1,e5} and {e,ef} with e, eh, e} polynomials of degree < d. This
generalizes Lemma 6.1.4.
6.3 If F' is a number field with r; distinct embeddings F' <— R, show that the
symbols (, )so on F' define a surjection Ko(F') — {£1}".
6.4 If I denotes the algebraic closure of a field F', show that K»(Q) = K»(F,) = 1.
6.5 2-adic symbol on Q. Any nonzero rational number r can be written uniquely
as r = (—1)%275Fu, where i,k € {0,1} and u is a quotient of integers congruent to
1 (mod 8). If s = (—1)" 275w/, set (r,s)y = (—1)% 135" +kk"  Show that this is a
Steinberg symbol on Q, with values in {£1}.
6.6 Let ((r,s)), denote the Hilbert symbol on Q, (6.2.2), and (r,s), the tame
symbol K3(Q,) — F)'. Assume that p is odd, so that there is a unique surjection
e:F) — {£1}. Show that ((r,s)), = ¢ (r,s), for all r,s € @;
6.7 Quadratic Reciprocity. If r,s € Q*, show that (1, 8)oo (7, 8)2 [[,42((1,8))p = +1.
Here (7, s)s is the 2-adic symbol of Ex. 6.5.

Hint: From 6.5.1 and Ex. 6.6, the 2-adic symbol of Ex. 6.5 must satisfy some

relation of the form
(7’, 8)2 = (T7 S)ggo H ((7”7 S));pa
pF#2
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where the exponents ¢, are either 0 or 1. Since (—1,—1)2 = (=1, —1)s we have
€00 = 1. If p is a prime not congruent to 1 (mod 8), consider {2,p} and {—1,p}.
If p is a prime congruent to 1 (mod 8), Gauss proved that there is a prime ¢ < ,/p
such that p is not a quadratic residue modulo ¢. Then ((p,q)), = —1, even though
(P,¢)oo = (p,q)2 = 1. Since we may suppose inductively that e, equals 1, this
implies that ¢, # 0.

6.8 (Suslin) Suppose that a field F' is algebraically closed in a larger field E. Use
Lemma 6.1.3 and Remark 6.8.1 to show that K5 (F') injects into Ky (F).

6.9 Let F be a field, and let Qr = Qg7 denote the vector space of absolute Kahler
differentials (see Ex. 2.6). The second exterior power of Q is written as Q%. Show
d

that there is a homomorphism Ky (F) — Q% sending {z,y} to CEN dy—y.

6.10 Show that A¢(a, B) ® Ac(e,v) = M, (A), where A = A¢(a, B7). Hint: Let
x’,y" generate A¢(c,3) and x”,y" generate Ac(a,7), and show that 2’,y = y'y”
generate A. Then show that u = (2/)712” + ¢y” has u™ = 1. (For another proof,

see [BA, Ex. 8.5.2].)

§7. Milnor K-theory of fields
Fix a field F', and consider the tensor algebra of the group F'*,

TF)=Z&F*®F*@F )@ (F*QF QF)&- .

To keep notation straight, we write {(z) for the element of degree one in T'(F*)
corresponding to x € F*.

DEFINITION 7.1. The graded ring KM (F) is defined to be the quotient of T'(F*)
by the ideal generated by the homogeneous elements I(z) ® I(1 — z) with = # 0, 1.
The Milnor K-group KM (F) is defined to be the subgroup of elements of degree
n. We shall write {x1,...,z,} for the image of I(71) ® --- ® I(z,,) in KM (F).

That is, KM(F) is presented as the group generated by symbols {z1,...,2,}
subject to two defining relations: {xi,...,z,} is multiplicative in each x;, and
equals zero if x; + ;41 = 1 for some ;.

The name comes from the fact that the ideas in this section first arose in Milnor’s
1970 paper [M-QF]. Clearly we have K} (F) = Z, and KM = F* (with the group
operation written additively). By Matsumoto’s Theorem 6.1 we also have K (F) =
K5(F), the elements {z, y} being the usual Steinberg symbols, except that the group
operation in K2 (F) is written additively.

Since {z;, ri11}+{ziy1,2:} = 0in KM (F), we see that interchanging two entries
in {x1,...,x,} yields the inverse. It follows that these symbols are alternating: for
any permutation 7 with sign (—1)" we have

{Tr1, s Zon} = (=1D)™{21, ..., 2}

EXAMPLES 7.2. (a) If F, is a finite field, then KM (F,) = 0 for all n > 2, because
KM(F,) = 0 by Cor. 6.1.1. If F has transcendence degree 1 over a finite field (a
global field of finite characteristic), Bass and Tate proved in [BT] that KM (F) =0
for all n > 3.
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(b) If F is algebraically closed then KM (F) is uniquely divisible. Divisibility is
clear because F'* is divisible. The proof that there is no p-torsion is the same as
the proof for n = 2 given in Theorem 6.4, and is relegated to Ex. 7.3.

(c) When F = R we can define a symbol KM(R) — {£1} by the following
formula: (x1,...,2,)s equals —1 if all the x; are negative, and equals +1 otherwise.
When n = 2 this will be the symbol defined in Example 6.2.1.

To construct it, extend Z — Z/2 to a ring homomorphism T'(R*) — (Z/2)[t] by
sending I(x) to t if x < 0 and to 0 if z > 0. This sends the elements [(x) ® I(1 — x)
to zero (as in 6.2.1), so it induces a graded ring homomorphism KM (R) — (Z/2)[t].
The symbol above is just the degree n part of this map.

By induction on n, it follows that K (R) is the direct sum of a cyclic group of
order 2 generated by {—1,...,—1}, and a divisible subgroup. In particular, this
shows that KM (R)/2KM(R) is the polynomial ring (Z/2)[e] on € = I(—1). Using
the norm map we shall see later that the divisible subgroup of KM (R) is in fact
uniquely divisible. This gives a complete description of each K (R) as an abelian
group.

(d) When F' is a number field, let 71 be the number of embeddings of F into R.
Then we have a map from KM (F) to KM(R)™ = (Z/2)™. Bass and Tate proved
in [BT] that this map is an isomorphism for all n > 3: KM (F) = (Z/2)™.

Tame symbols

Recall from Lemma 6.3 and Ex. 6.1 that every discrete valuation v on F' induces

a Steinberg symbol Ky (F') LN k) and a map Ko(F) 2, Ks(ky). These symbols
extend to all of Milnor K-theory.

THEOREM 7.3 (HIGHER TAME SYMBOLS). For every discrete valuation v on F,
there are two surjections
KM(F) 25 KM (k) and KM(F)

n

A KM (k,)

satisfying the following conditions. Let R = {r € F : v(r) > 0} be the valuation
ring, and m a parameter for v. If u; € R*, and u; denotes the image of u; in

k, = R/(m) then
Muim™, . upm™ ) = {tg,. .., Uy}, Ou{m,ug, ..., un} = {ta,...,u,}.

In particular, 0,: KM (F) — k) is the tame symbol of Lemma 6.3, and \: Ko(F) —
K5 (k) is the map of Example 6.1.2 and Ez. 6.1.

PROOF. (Serre) Let L denote the graded KM (k,)-algebra generated by an in-
determinate I in L;, with the relation {II, I} = {—1,II}. We claim that the group
homomorphism

d:F* - L =1(kX)®Z-1I, d(ur®) = (@) + I

satisfies the relation: for r # 0,1, d(r)d(1 —r) = 0 in Lo. If so, the presentation
of KM (F) shows that d extends to a graded ring homomorphism d: KM (F) — L.
Since L,, is the direct sum of K2 (k,) and K | (k,), we get two maps: \: KM(F) —
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KM (k,) and 0,: KM (F) — KM | (k,). The verification of the relations is routine,
and left to the reader.

If 1 #r € R*, then either 1 —r € R* and d(r)d(1 —r) = {r,1 —7} =0, or else
v(l—r)=i>0and d(r)=1(1)+0-II=0sod(r)d(l—r)=0-d(1 —r)=0. If
v(r) > 0 then 1 —r € R* and the previous argument implies that d(1 —r)d(r) = 0.
If r ¢ R then 1/r € R, and we see from (5.10.3) and the above that d(r)d(1 —r) =
d(1/r)d(—1/r). Therefore it suffices to show that d(r)d(—r) = 0 for every r € R. If
r = 7 this is the given relation upon L, and if » € R* then d(r)d(—r) = {r,—r} =0
by (5.10.3). Since the product in L is anticommutative, the general case r = ur®
follows from this.

COROLLARY 7.3.1 (RIGIDITY). Suppose that F is complete with respect to the

valuation v, with residue field k = k,. For every integer q prime to char(k), the
maps X @& O0y: KM(F)/q — KM(k)/q® KM |(k)/q are isomorphisms for every n.

PRrROOF. Since the valuation ring R is complete, Hensel’s Lemma implies that
the group 1+ 7R is g-divisible. It follows that I(1+7R)- KM | (F) is also g-divisible.
But by Ex. 7.2 this is the kernel of the map d: KM (F) — L, = KM (k,) o KM | (k,).

LEADING COEFFICIENTS 7.3.2. As in Example 6.1.2, KM (F) is a direct sum-
mand of KM F(t). To see this, we consider the valuation v (f) = —deg(f) on
F(t) of Example 6.5.3. Since t~! is a parameter, each polynomial f = ut™*
has lead(f) = 4. The map \: KMF(t) — KM(F), given by M f1,...,fn} =
{lead(f1),...,lead(f,)}, is clearly inverse to the natural map KM (F) — KMF(t).

Except for ve., every discrete valuation v on F'(t) which is trivial on F is the
p-adic valuation v, associated to a prime ideal p of F'[t]. In this case k, is the field
Ft]/p, and we write 0, for 0,.

THEOREM 7.4 (MILNOR). There is a split exact sequence for each n, natural in
the field F', and split by the map \:

0— KM(F) - KMF(t) M HK,Q{l(F[t]/p) — 0.
p

PROOF. Let Ly denote the subgroup of K} F(t) generated by those symbols
{f1,..., fr} such that all the polynomials f; have degree < d. By Example 7.3.2, Lg
is a summand isomorphic to KM (F). Since KM F(t) is the union of the subgroups
L, the theorem will follow from Lemma 7.4.2 below, using induction on d.

Let 7 be an irreducible polynomial of degree d and set k = k, = F[t]/(7). Then
each element a of k is represented by a unique polynomial a € F[t] of degree < d.

LEMMA 7.4.1. There is a unique homomorphism h = hy: KM (k) — Lq/Lq_1
carrying {asg, ...,ay} to the class of {m,aq,...,a,} modulo Lq_1.

PrOOF. The formula gives a well-defined set map h from k* x --- x k* to

Lg/Lg—1. To see that it is linear in as, suppose that as = abali. If as # abal

then there is a nonzero polynomial f of degree < d with ay = abay + fw. Since
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fr/as =1 — ahay/as we have {fr/az,abaly/as} = 0. Multiplying by {as,...,a,}
gives
{m,a%ay /as,as,...,a,} =0 modulo Lg_;.

Similarly, h is linear in as, ..., a,. To see that the multilinear map h factors through
KM (k), we observe that if @; + @;.1 = 1 in k then a; +a;1; =1in F.

LEMMA 7.4.2. The homomorphisms Oy and h induce an isomorphism between
Lg/Lq_1 and the direct sum ©.K | (k:) as m ranges over all monic irreducible
polynomials of degree d in F'[t].

PROOF. Since 7 cannot divide any polynomial of degree < d, the maps ()
vanish on Lq_1 and induce maps O(r): La/La—1 — K2 ,(kx). By inspection, the
composition of ®h, with the direct sum of the 9,y is the identity on ®r K} (kr).
Thus it suffices to show that ©h, maps onto Ly/Ly—1. By Ex. 6.2, L, is generated
by L4—1 and symbols {m,as,...,a,} where m has degree d and the a; have degree
< d. But each such symbol is h, of an element of KM | (k,), so ©h, is onto.

The Transfer Map

Let v be the valuation on F(t) with parameter ¢t~!. The formulas in Theo-
rem 7.3 defining O, show that it vanishes on KM (F). By Theorem 7.4, there are
unique homomorphisms Ny: KM (F[t]/p) — KM (F) so that —0., = > p NoOp.

DEFINITION 7.5. Let E be a finite field extension of F' generated by an element
a. Then the transfer map, or norm map N = Na/F:Ki‘J(E) — KM(F), is the
unique map N, defined above, associated to the kernel p of the map F[t] — E
sending t to a.

We can calculate the norm of an element z € KM (E) as Ny(z) = -9, (y),
where y € KM | F(t) is such that 8,(y) = = and 9,/ (y) = 0 for all p’ # p.

If n = 0, the transfer map N:Z — Z is multiplication by the degree [E : F] of
the field extension, while if n = 1 the map N: E* — F* is the usual norm map;
see Ex. 7.5. We will show in 7.6 below that N is independent of the choice of a € F
for all n. First we make two elementary observations.

If we let Ny, denote the identity map on KM (F), and sum over the set of all
discrete valuations on F(¢) which are trivial on F', the definition of the N, yields:

WEIL RECIPROCITY FORMULA 7.5.1. > N,9,(z) =0 for all z € KM F(t).

PROJECTION FORMULA 7.5.2. Let E = F(a). Then for v € KM(F) and y €
KM(E) the map N = Ny, p satisfies N{z,y} = {z, N(y)}.

PROOF. The inclusions of F in F(t) and F[t]/p allow us to view KM F(t) and
KM (F[t]/p) as graded modules over the ring KM (F). It follows from Theorem 7.4
that each 0, is a graded module homomorphism of degree —1. This remark also
applies to vo and O, because F(t) = F(t~'). Therefore each N, is a graded
module homomorphism of degree 0.

Taking y = 1 in KM (E) =Z, so N(y) = [E : F] by Ex. 7.5, this yields
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COROLLARY 7.5.3. If the extension E/F has degree d, then the composition

KM(F) — KM(E) N KM(F) is multiplication by d. In particular, the kernel of
KM(F) — KM (E) is annihilated by d.

DEFINITION 7.6. Let E = F(aq,...,a,) be a finite field extension of F. The
transfer map Ng,p: KM(E) — KM(F) is defined to be the composition of the
transfer maps defined in 7.5:

Na'r Na'rfl

Na
— KMF(ala"'uanl) - K;z\/[(F(a’l) — K7{LM(F)

n

Ky (E)

The transfer map is well-defined by the following result of K. Kato.

THEOREM 7.6.1 (KATO). The transfer map N, p is independent of the choice
of elements ay,...,a, such that E = F(ay,...,a,). In particular, if F C F' C E
then NE/F = NF’/FNE/F’

The key trick used in the proof of this theorem is to fix a prime p and pass from F
to the union F’ of all finite extensions of F' of degree prime to p. By Corollary 7.5.3
the kernel of KM (F) — KM (F’) has no p-torsion, and the degree of every finite
extension of F’ is a power of p.

LEMMA 7.6.2. (Kato) If E is a normal extension of F', and [E : F| is a prime
number p, then the map Ngp = No/p: KM(E) — KM(F) does not depend upon
the choice of a such that E = F(a).

PROOF. If also E = F(b), then from Corollary 7.5.3 and Ex. 7.7 with F/ = FE
we see that 6(z) = Ny p(x) — Ny/p(x) is annihilated by p. If 6(z) # 0 for some
r € KM(E) then, again by Corollary 7.5.3, §(x) must be nonzero in K (F'), where
F” is the union of all finite extensions of F' of degree prime to p. Again by Ex. 7.7,
we see that we may replace F' by F’ and z by its image in KM (EF’). Since the
degree of every finite extension of F’ is a power of p, the assertion for F’ follows
from Ex. 7.6, since the Projection Formula 7.5.2 yields N, p/{y,z2,...,2n} =

{N(y),x2,...,zpn}.

COROLLARY 7.6.3. If in addition F' is a complete discrete valuation field with
residue field k., and the residue field of E is k., the following diagram commutes.

KM(E) =22 KM (k)

n

v |
KM(F) e Kty (ko)

PROOF. Ex. 7.6 implies that for each u € KM (E) there is a finite field extension
F' of F such that [F’ : F] is prime to p and the image of u in K,,(E'F") is generated
by elements of the form v’ = {y,z2,...,2,} (y € EF’, x; € F'). By Ex. 7.7 and
Ex. 7.8 it suffices to prove that Ny /i, Ow(u) = 0y(Ngps pru) for every element u
of this form. But this is an easy computation.
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PROPOSITION 7.6.4 (KATO). Let E and F' = F(a) be extensions of F with E/F
normal of prime degree p. If E' = E(a) denotes the composite field, the following

diagram commutes.
Nu/g
"

Na/F
—

PROOF. The vertical norm maps are well-defined by Lemma 7.6.2. Let 7 € F'[t]
and 7’ € E[t] be the minimal polynomials of a over F' and F, respectively. Given
x € KM (E'), we have N, () = =00 (y), where y € KM | E(t) satisfies 0 (y) = x
and 0y, (y) = 0 if w # wy. If v is a valuation on F(t), Ex. 7.9 gives:

NE//F/(CL’) if/U:’UTr

O (New)/Fy) = ZNE(w)/F(v)(aw ) =19 Ne/r(0sy) if v =1
wlv 0 else

in KM(F"). Two applications of Definition 7.5 give the desired calculation:
No/p(Ngypz) = —0s(Ngw)/rtyy) = —Ne/r(0xy) = Ng/p(Na/pT).

PROOF OF THEOREM 7.6.1. As in the proof of Lemma 7.6.2, we see from Corol-
lary 7.5.3 and Ex. 7.7 with F/ = E that the indeterminacy is annihilated by [E : F].
Using the key trick of passing to a larger field, we may assume that the degree of
every finite extension of F' is a power of a fixed prime p.

Let us call a tower of intermediate fields FF = Fy C F}; C --- C F, = E mazimal
if [F; : F;_1] = p for all i. By Lemma 7.6.2, the transfer maps N: KM (F;) —
KM(F;_,) are independent of the choice of a such that F; = F;_1(a). f FC F; C E
and F' C I’ C E are maximal towers, Proposition 7.6.4 states that Np//p Ng/p =
Np, /rNg/p,, because if F' # Fy then E = I'I,. It follows by induction on [E : F]
that if F = Fy C F; C --- C F, = E is a maximal tower then the composition of
the norm maps

KM(E) 25 K) (Frq) =5 - K () =5 K

n

(F)

is independent of the choice of maximal tower.

Comparing any tower to a maximal tower, we see that it suffices to prove that if
F C Fy C I is a maximal tower and I/ = F(a) then N,/p = Np, /pNp//p,. But
this is just Proposition 7.6.4 with £ = F; and E' = F".

The dlog symbol and v(n)p

For any field F', we write 2% for the nth exterior power of the vector space

QO = Qp/z of Kahler differentials (Ex. 2.6). The direct sum over n forms a graded-

commutative ring Q%, and the map dlog: F* — Qp sending a to df extends to a

graded ring map from the tensor algebra T'(F*) to Q3. By Ex. 6.9, l(a) ® (1 —a)
maps to zero, so it factors through the quotient ring KM (F) of T(F*). We record
this observation for later reference.
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LEMMA 7.7. If F is any field, there is a graded ring homomorphism

d day,
dlog: KM(F) — Q3 dlog{al,...,an}:ﬂ/\---/\i.
a1 (07%

Now let F' be a field of characteristic p # 0, so that d(a”?) = pda = 0. In fact,
if {z;} is a p-basis of F' over F? then the symbols dz; form a basis of the F-vector
space (). Note that the set dQ}ffl of all symbols da; A- - - Ada,, forms an FP-vector
subspace of (2%.

DEFINITION 7.7.1. If char(F) = p # 0, let v(n)p denote the kernel of the
Artin-Schrier operator p: Q% — Q% /dQ% ™!, which is defined by

r— N AN— | =(@P —x)— N N —.
a Qp, ai an

( dCLl dan ) da1 dan
© A

In the literature, p + 1 is the inverse of the “Cartier” operator.
£

Clearly p(dlog{ai,...,a,}) = 0, so the image of the dlog map lies in v(n)p.
The following theorem, which implies that these symbols span v(n)g, was proven
by Kato [K82] for p = 2, and for general p by Bloch, Kato and Gabber [BK, 2.1].

THEOREM 7.7.2. (Bloch-Kato-Gabber) Let F be a field of characteristic p # 0.
Then the dlog map induces an isomorphism KM (F)/pKM(F) = v(n)r for every
n > 0.

Using this result, Bloch and Kato also proved that the p-torsion subgroup of
KM(F) is divisible [BK, 2.8]. Using this divisibility, Izhboldin found the following
generalization of theorem 6.7; see [Izh].

IZHBOLDIN’S THEOREM 7.8. Ifchar(F) = p, the group KM (F) has no p-torsion.

PrOOF. We proceed by induction on n, the case n = 2 being theorem 6.7. As
in the proof of theorem 6.7, let x be an indeterminate and y = P — x; the field
extension F'(z)/F(y) is an Artin-Schrier extension, and its Galois group is generated
by an automorphism o satisfying o(x) = = + 1. By theorem 7.4, we can regard
KM(F) as a subgroup of both KM F(x) and KM F(y).

For all field extensions E of F(y) linearly disjoint from F'(z), i.e., with no root
of t* —t —y, write E(x) for the field E®p(,) F(z). Let I(E) denote the set of all p-
torsion elements in KM E(x) of the form v—o(v), v € KM E(z), and let P(E) denote
the p-torsion subgroup of the kernel of the norm map N, p: KM E(z) — KM (E).
Since No(v) = N(v), I(E) C P(E). Both I(F) and P(E) vary naturally with E,
and are equal by proposition 7.8.2 below.

Fix v € KM(F) with pu = 0. The projection formula 7.5.2 shows that the
norm map KMF(x) — KMF(y) sends u to pu = 0. Hence u € P(F(y)). By
proposition 7.8.2, u € I(F(y)), i.e., there is a v € KM F(x) so that u = v — o(v) in
KMF(x). Now apply the leading coefficient symbol A of 7.3.2; since A(ov) = A(v)
we have: u = A(u) = A(v) — A(owv) = 0. This proves Izhboldin’s theorem.

Before proceeding to proposition 7.8.2, we need some facts about the group I(FE).
We first claim that the transcendental extension £ C E(t) induces an isomorphism
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I(E) =2 I(E(t)). Indeed, since E(z,t) is purely transcendental over E(z), theo-
rem 7.4 and induction on n imply that KM E(z) — KM E(xz,t) is an isomorphism
on p-torsion subgroups, and the claim follows because the leading coefficient sym-
bol 7.3.2 commutes with o.

We next claim that if E/E’ is a purely inseparable field extension then I(E’) —
I(FE) is onto. For this we may assume that EP C E' C E. The composition of the
Frobenius map F — EP with this inclusion induces the endomorphism of KM (E)
sending {ai,...,a,} to {a},...,a} = p"{a1,...,a,}. Hence this claim follows
from the following result.

LEMMA 7.8.1. The group I(FE) is p-divisible.

PrOOF. Pick v € KME(x) so that u = v — o(v) is in I(E). Now we invoke
the Bloch-Kato result, mentioned above, that the p-torsion subgroup of K (L)
is divisible for every field L of characteristic p. By theorem 7.7.2, this implies
that u vanishes in KM E(z)/p & v(n)p(,). By Ex. 7.12 and theorem 7.7.2, the
class of v mod p comes from an element w € KM (FE), i.e., v — w = pv’ for some
v' € KME(z). Then u = v —o(v) = pv’ — po(v'), it follows that v’ = v’ — o (V') is
an element of I(E) with u = pu/.

PROPOSITION 7.8.2. For all E containing F(y), linearly disjoint from F(x),
P(E)=1(F).

PROOF. We shall show that the obstruction V(FE) = P(FE)/I(FE) vanishes. This
group has exponent p, because if u € P(F) then

pu=pu— Ngppu=(p—1—0—--—0oP Mu
=((l-0)+(1-0*)+-+(1—-0"u

is in (1 — 0)KME(x) and hence in I(E). Tt follows that V(E) injects into I(E’)
whenever E’/F is an extension of degree prime to p.

Now we use the “Brauer-Severi” trick; this trick will be used again in chap-
ter VI, where the name is explained. For each b € E we let E}, denote the field
E(t1,...,tp—1,0) with t1,...,t,_1 purely transcendental over E and P — 3 —y +
S bt? = 0. It is known that b is in the image of the norm map Ey(z)* — EJ;
see [J37]. Since E - (E,)? is purely transcendental over E (on f,t5,...,th ), it
follows that I(E) — I(Ep) is onto. Since Fy(x) is purely transcendental over E(x)
(why?), I(E(z)) = I(Ey(z)) and KM E(x) embeds in KM Ey(x) by theorem 7.4.
Hence KM (E(z))/I(E) embeds in KM Ey(x)/I(E}y). Since V(E) ¢ KME(z)/1(E)
by definition, we see that V' (E) also embeds into V (Ej).

Now if we take the composite of all the fields F,, b € E, and then form its
maximal algebraic extension E’ of degree prime to p, it follows that V(E) embeds
into V(E’). Repeating this construction a countable number of times yields an
extension field E” of E such that V(E) embeds into V(E”) and every element of
E" is a norm from E”(x). Hence it suffices to prove that V(E”) = 0. The proof
in this special case is completely parallel to the proof of proposition 6.6.2, and we
leave the details to Ex. 7.13.

This completes the proof of Izhboldin’s Theorem 7.8.
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COROLLARY 7.8.3 (HILBERT’S THEOREM 90 FOR KM). Let j: F C L be a de-
gree p field extension, with char(F') = p, and let o be a generator of G = Gal(L/F).
Then KM(F) = KM(L)Y, and the following sequence is exact for all n > 0:

0— KM(F) 25 gMpy 229, gMpy N, gM (),

PRrOOF. Since KM (F) has no p-torsion, Corollary 7.5.3 implies that j* is an
injection. To prove exactness at the next spot, suppose that v € KM (L) has
o(v) = v. By Ex. 7.12 and theorem 7.7.2, the class of v mod p comes from an
element w € KM(E), i.e., v — j*(w) = pv’ for some v' € KM E(x). Hence po(v') =
o(pv’) = pv’. Since KM (L) has no p-torsion, o(v') = v'. But then pv’ equals
J*N(@') = > o' (v'), and hence v = j*(w) +5*(Nv'). In particular, this proves that
KM(F)~ KM(L)C,

To prove exactness at the final spot, note that G acts on KM (L), and that
ker(N)/im(1 — o) is isomorphic to the cohomology group H!(G,KM(L)); see
[WHomo, 6.2.2]. Now consider the exact sequence of Gal(L/F')-modules

0— KM(L) & kML) 22 vin), — 0.

Using Ex. 7.12, the long exact sequence for group cohomology begins
0— KM(F) 2 KM(F) - v(n)p — HY(G, KM(L)) & HYG, KM (L)).

But KM (F) maps onto v(n)r by theorem 7.7.2, and the group H!(G, A) has ex-
ponent p for all G-modules A [WHomo, 6.5.8]. It follows that H'(G, KM (L)) = 0,
so ker(N) = im(1 — o), as desired.

Relation to the Witt ring

Let F be a field of characteristic # 2. Recall from §5.6 of chapter II that the
Witt ring W (F) is the quotient of the Grothendieck group KoSBil(F') of symmetric
inner product spaces over F' by the subgroup {nH} generated by the hyperbolic
form (1) & (—1). The dimension of the underlying vector space induces an aug-
mentation KoSBil(F) — Z, sending {nH} isomorphically onto 27Z, so it induces
an augmentation e: W(F') — Z/2.

We shall be interested in the augmentation ideals I = ker(e) of W (F) and I of
KoSBil(F). Since HN I = 0, we have I = I. Now I is generated by the classes
(a) =1, a € F —{0,1}. The powers I" of I form a decreasing chain of ideals
W(FE)DIDIZD .

For convenience, we shall write KM (F)/2 for KM(F)/2KM (F).

THEOREM 7.9 (MILNOR). There is a unique surjective homomorphism
sn: KM(F)/2 — 1™/

sending each product {ay,...,an} in KM (F) to the product [T}, ({(a;) — 1) modulo
I"tY . The homomorphisms s; and ss are isomorphisms.

PROOF. Because ({a) —1) + ((b) — 1) = (ab) — 1 modulo I?* (I1.5.6.5), the map
l(ay)x---xl(an) — []({a;)—1) is a multilinear map from F* to I" /I"**. Moreover,
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if a; +a;41 = 1 for any ¢, we know from Ex. I1.5.11 that ((a¢> — 1) ((ai+1> — 1) = 0.
By the presentation of KM (F), this gives rise to a group homomorphism from
KM(F) to I"/I"!. Tt annihilates 2KM (F) because (a?) = 1:

n

2s,{a1,...,an} = sp{a? ay...} = ((a@ —1) H((aﬁ —1)=0.

=2

It is surjective because I is generated by the ((a) — 1). When n = 1 the map is the
isomorphism F*/F*2 = J/I? of chapter II. We will see that s is an isomorphism
in Corollary 7.10.3 below, using the Hasse invariant ws.

EXAMPLE 7.9.1. For the real numbers R, we have W(R) = Z and I = 2Z
on s;(—1) = (=1) — 1 = 2(—1). On the other hand, we saw in Example 7.2(c)
that KM(R)/2 = Z/2 on {—1,...,—1}. In this case each s, is the isomorphism
7,)2 = 207, /2717,

At the other extreme, if F' is algebraically closed then W (F) = Z/2. Since
KM(F) is divisible, KM (F)/2 = 0 for all n > 1. Here s,, is the isomorphism 0 = 0.

REMARK 7.9.2. In 1970, Milnor asked if the surjection s,,;: KM (F)/2 — 1™ /1" +!
is an isomorphism for all n and F', char(F') # 2 (on p. 332 of [M-QF]). Milnor proved

this was so for local and global fields. In 1996, Voevodsky proved this result for all
fields and all n; see [V-MC].

DEFINITION 7.10 (STIEFEL-WHITNEY INVARIANT). The (total) Stiefel- Whitney

invariant w(M) of the symmetric inner product space M = {(a1) @ --- ® (a,) is the
element of [[;-, KM (F)/2 defined by the formula

n

w(M) = [+ Ua) =1+1(ar--an) + -+ {a1,...,an}

i=1

The lemma below shows that w(M) is independent of the representation of M as
a direct sum of 1-dimensional forms. We write w(M) = 1+ w (M) +wo(M) +- - -,
where the i'" Stiefel-Whitney invariant w;(M) € KM (F)/2 equals the i elemen-
tary symmetric function of l(ay),...,l(a,). For example, wi(M) = a1---a, €
F*/F*2 is just the classical “discriminant” of M defined in 11.5.6.3, while the sec-
ond elementary symmetric function wz(M) = -, _{a;, a;} lies in K2(F)/2 and is
called the Hasse invariant of M; see [M-SBF].

For M = (a) & (b) we have wi(M) = ab and ws(M) = {a,b}, with w;(M) =0
for ¢ > 3. In particular, the hyperbolic plane H has w;(H) = 0 for all i > 2.

LEMMA 7.10.1. w(M) is a well-defined unit in the ring [[;o, KM (F)/2. It
satisfies the Whitney sum formula

w(M & N) =w(M)w(N),

so w extends to a function on KoSBil(F'). Hence each Stiefel-Whitney invariant
w; extends to a function K SBil(F) % KM(F)/2.

PROOF. To show that w(M) is well defined, it suffices to consider the rank two
case. Suppose that (a) @ (b) = (a) ® (3). Then the equation az? + by? = «
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must have a solution z,y in F. The case y = 0 (or x = 0) is straightforward,
since (a) = (ax?) = (a), so we may assume that = and y are nonzero. Since the
discriminant w; is an invariant, we have ab = afu? for some u € F, and all we
must show is that {a,b} = {a, 8} in K3(F)/2. The equation 1 = ax?/a + by?/«
yields the equation

0 = {az?/a,by?/a} = {a,b} + {a,a} — {a,a} — {b,a} = {a,b} — {a,ab/a}

in Ko(F)/2K5(F). Substituting ab = afu?, this implies that {a,b} = {«, 3}
modulo 2K5(F'), as desired.

EXAMPLE 7.10.2. Since I 2 I, we may consider the w; as functions on I C
W (F). However, care must be taken as w;(M) need not equal we(M & H). For
example, wo(M & H) = wa(M) + {w1(M),—1}. In particular, wy(H & H) =
{=1,—1} can be nontrivial. The Hasse-Witt invariant of an element x € I C
W (F) is defined to be h(x) = wa(V, B), where (V, B) is an inner product space
representing x so that dim(V’) = 0 mod 8.

COROLLARY 7.10.3. The Hasse invariant wy: I — Ko(F)/2 induces an isomor-
phism from 1213 = I?/I? to KM (F)/2, inverse to the map sy of Theorem 7.9.

Proor. By Ex. 7.11, ws vanishes on the ideal JERE= I3, and hence defines
a function from I2/I3 to K5(F)/2. Since the total Stiefel-Whitney invariant of
sa{a,b} = ({a) — 1) ({b) — 1) is 1+ {a, b}, this function provides an inverse to the
function s, of Theorem 7.9.

If char(F') = 2, there is an elegant formula for the filtration quotients of the Witt
ring W(F') and the W (F)-module WQ(F) (see I1.5) due to K. Kato [K82]. Recall
from 7.7.2 that KM (F)/2 = v(n)r, where v(n)r is the kernel of the operator p.
The case n = 0 of Kato’s result was described in Ex. I11.5.12(d).

THEOREM 7.10.4 (Karo [K82]). Let F' be a field of characteristic 2. Then the
map s, of Theorem 7.9 induces an isomorphism KM(F)/2 = v(n)p = I"/I"T1,
and there is a short exact sequence

0 — I"/I" — Qp 2 Qpfd — I WQ(F)/I™ WQ(F) — 0.

The Galois symbol

For the next result, we need some facts about Galois cohomology, expanding
slightly upon the facts mentioned in 6.10. Assuming that n is prime to char(F),
there are natural cohomology cup products HZ,(F; M)®H? (F; N) N H 7 (F;M®
N) which are associative in M and N. This makes the direct sum H}, (F; M®*) =
B HL(F; M®Y) into a graded-commutative ring for every Z/n-module M over
the Galois group Gal(Fyep/F). (By convention, M®° is Z/n.) In particular, both
HY(F;Z/n) and H} (F; u®*) are rings, and are isomorphic only when F' contains
a primitive n*" root of unity.
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THEOREM 7.11 (GALOIS SYMBOLS). (Bass-Tate) Fix a field F' and an integer
n prime to char(F').

(1) If F contains a primitive n'* root of unity, the Kummer isomorphism from
FX/F*" to HY,(F;Z/n) extends uniquely to a graded ring homomorphism

hp: KM(F)/n — H*(F;Z/n).

(2) More generally, the Kummer isomorphism from F* /F*™ to H*(F; u,) ex-
tends uniquely to a graded ring homomorphism

hips KM (F) /n— Hy(Fs pg*) = @2 Hey (F: ')

The individual maps KM (F) — H:,(F; u®*) are called the higher Galois symbols.

PrOOF. The first assertion is just a special case of the second assertion. As in
(6.10.2), the Kummer isomorphism induces a map from the tensor algebra T'(F'*)
to HY (F; u®*), which in degree i is the iterated cup product

FX @ X = (F)" 2 (HY (Fy ) 2 HI(F; u®).

By Proposition 6.10.3, the Steinberg Relation is satisfied in H% (F, p©?). Hence the
presentation of KM (F) yields a ring homomorphism from KM (F) to HZ,(F; u®*).

REMARK 7.11.1. Milnor studied the Galois symbol for n = 2 and stated (on
p.340 of [M-QF]) that, “I do not know any examples for which the homomorphism
hr fails to be bijective.” In 1996, Voevodsky announced a proof of this result for
n = 2; see [V-MC]. The following partial had been obtained a decade earlier, by
Rost and Merkurjev-Suslin [MS2].

THEOREM 7.11.2. If char(F') # 2, the Galois symbol
KéW(F)/Q - Hgt(FQ Z[2) = Hft(F;u§®3)

1s an 1somorphism

EXERCISES

7.1 Let v be a discrete valuation on a field F. Show that the maps \: KM (F) —
KM (k,) and 0,: KM(F) — K | (k,) of Theorem 7.3 are independent of the choice
of parameter 7, and that they vanish on I(u) - KM | (F) whenever u € (1 + 7R).
Show that the map A also vanishes on I(7) - KM | (F).

7.2 Continuing Exercise 7.1, show that the kernel of the map d: KM (F) — L,, of
Theorem 7.3 is exactly I(1 +7R) - KM | (F). Conclude that the kernel of the map
A is exactly I(1 +7R) - KM (F) + (7)) - KM | (F).
7.3 (Bass-Tate) Generalize Theorem 6.4 to show that for all n > 2:

(a) If F is an algebraically closed field, then KM (F) is uniquely divisible.

(b) If F is a perfect field of characteristic p then KM (F) is uniquely p-divisible.
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7.4 Let F' be a local field with valuation v and finite residue field k. Show that
KM(F) is divisible for all n > 3. Hint: By Moore’s Theorem 6.2.4, KM (F) is
(-divisible unless I has a ¢** root of unity. Moreover, for every = ¢ F'** there is a
y & F** so that {z,y} generates Ko(F)/f. Given a,b,c with {b,c} ¢ (K5(F), find
a', b & F** so that {b',c} = 0 and {a’,b'} = {a,b} modulo /K,(F), and observe
that {a,b,c} = {d',V/,c} = 0.

In fact, I. Sivitskii has shown that KM (F) is uniquely divisible for n > 3 when
F is a local field. See [Siv].

7.5 Let E = F(a) be a finite extension of F, and consider the transfer map N =
No/r: KM(E) — KM (F) in definition 7.5. Use Weil’s Formula (7.5.1) to show that
when n = 0 the transfer map N:Z — Z is multiplication by [E : F|, and that when
n = 1 the transfer map N: E* — F* is the usual norm map.

7.6 Suppose that the degree of every finite extension of a field F' is a power of some
fixed prime p. If F is an extension of degree p and n > 0, use Ex. 6.2 to show that
KM(FE) is generated by elements of the form {y,zs,...,2,}, where y € EX and
the x; are in F'*.

7.7 Ramification and the transfer. Let F’ and E = F(a) be finite field extensions of
F', and suppose that the irreducible polynomial = € F[t] of a has a decomposition
m = [[#% in F'[t]. Let E; denote F’(a;), where each a; has minimal polynomial
m;. Show that the following diagram commutes.

T @KM(Ei)

n

P
Na/Fl l Nai/F/

K(F) —— K(F)

7.8 Ramification and 0,. Suppose that F is a finite extension of F', and that w is
a valuation on E over the valuation v on F', with ramification index e. (See 6.3.1.)
Use the formulas for 9, and 8,, in Theorem 7.3 to show that for every z € KM (F)
we have Oy, (z) = e - 0,(x) in KM | (k)

7.9 If E/F is a normal extension of prime degree p, and v is a valuation on F'(t)
trivial on F', show that O, Ng)/r(t) = D NE(w)/F(v)Ow, Where the sum is over all
the valuations w of E(t) over v. Hint: If F(t), and E(t),, denote the completions
of F(t) and E(t) at v and w, respectively, use Ex. 7.7 and Lemma 7.6.3 to show
that the following diagram commutes.

0
KL E(t) —— @, KL Et)w —— @, Ky E(w)

P P
Ne@)/F@) w NBE®) w/F(t)o w Ne(w)/F(v)

KMP({t) ——  KMF(#), —2— KMF(®v)

7.10 If v is a valuation on F, and x € KM (F), y € KJM(F), show that

Ov(zy) = Ma)0y(y) + (—1)78,(2)p(y)
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where p: KM(F) — KM (k,) is a ring homomorphism characterized by the formula
pl(ur’)) = 1((=1)"a).

7.11 Let t = 27! and set z = []"",({a;) — 1); this is a generator of the ideal
I" in KoSBil(F). Show that the Stiefel-Whitney invariant w(z) is equal to: 1 -+
{an,...,an,—1,—1,...,—1} if nis odd, and to 1 + {an,...,a,,—1,—1,..., =1} if
n is even. This shows that the invariants w; vanish on the ideal 1™ if i < ¢ = 271,
and that w, induces a homomorphism from I7/I"+1 = [7/["+1 to KM (F)/2.

For example, this implies that w; vanishes on I 2. while ws and w3 vanish on I3,
7.12 (Izhboldin) Let L/F be a field extension of degree p = char(F'), with Galois
group G. Show that Q% is isomorphic to (27)¢, and that Q% / dQTIffl is isomorphic
to (7 /dQ7~1)E. Conclude that v(n)p = v(n)¢.

7.13 In this exercise we complete the proof of proposition 7.8.2, and extablish
a special case of 7.8.3. Suppose that E(x) is a degree p field extension of E,
char(E) = p, and that o is a generator of Gal(E(z)/FE). Suppose in addition that
the norm map F(x)* — E* is onto, and that F has no extensions of degree < p.
Modify the proof of proposition 6.6.2 to show that the following sequence is exact:

KME(z) =2 KME(x) &5 KME - 0.



CHAPTER IV

DEFINITIONS OF HIGHER K-THEORY

The higher algebraic K-groups of a ring R are defined to be the homotopy groups
K, (R) = m,K(R) of a certain topological space K(R), which we shall construct in
this chapter. Of course, the space K(R) is rigged so that if n = 0, 1,2 then m, K (R)
agrees with the groups K,,(R) constructed in chapters II and IIIL.

We shall also define the higher K-theory of a category A in each of the three
settings where K(A) was defined in chapter II: when A is a symmetric monoidal
category (§3), an exact category (§4) and a Waldhausen category (§6). In each
case we build a “K-theory space” KA and define the group K,.A to be its ho-
motopy groups: K, A = m, KA. Of course the group mgK.A will agree with the
corresponding group Ky.A defined in chapter II.

We will show these definitions of K, A coincide whenever they coincide for Kj.
For example, the group Ky(R) of a ring R was defined in §I1.2 as K| of the category
P(R) of f.g. projective R-modules, but to define KoP(R) we could also regard the
category P(R) as being either a symmetric monoidal category (I1.5.2), an exact
category (I1.7.1) or a Waldhausen category (11.9.1.3). We will show that the dif-
ferent constructions give homotopy equivalent spaces KP(R), and hence the same
homotopy groups. Thus the groups K,,(R) = 7, KP(R) will be independent of the
construction used.

Many readers will not be interested in the topological details, so we have designed
this chapter to allow “surfing.” Since the most non-technical way to construct K (R)
is to use the “+”-construction, we will do this in §1 below.

In §2, we summarize the basic facts about the geometric realization BC of a
category C, and the basic connection between category theory and homotopy the-
ory needed for the rest of the constructions. Indeed, the K-theory space KA is
constructed in each setting using the geometric realization BC' of some category C,
concocted out of A. For this, we assume only that the reader has a slight familiar-
ity with cell complexes, or CW complexes, which are spaces obtained by successive
attachment of cells, with the weak topology.

Sections 3-6 give the construction of the K-theory spaces. Thus in §3 we have
group completion constructions for symmetric monoidal categories (and the con-
nection to the +-construction). Quillen’s Q-construction for abelian and exact cat-
egories is given in §4; in §5 we prove the “+ = @)” theorem, that the (Q-construction
and group completion constructions agree for split exact categories (I1.7.1.2). The
wS. construction for Waldhausen categories is in §6, along with its connection to
the Q-construction.

We conclude with a short section (§7) on homotopy groups with finite coefficients.
These have shown to be remarkably useful in describing the structure of the groups
K, (A), especially as related to étale cohomology.
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2 IV. DEFINITIONS OF HIGHER K-THEORY

§1. The BGL™ definition for Rings

Let R be an associative ring with unit. Recall from chapter III that the infinite
general linear group GL(R) is the union of the finite groups GL,(R), and that its
commutator subgroup is the perfect group E(R) generated by the elementary ma-
trices e;;(r). Moreover the group K (R) is defined to be the quotient GL(R)/E(R).

In 1969, Quillen proposed defining the higher K-theory of a ring R to be the
homotopy groups of a certain topological space, which he called “BGL(R)*.” Be-
fore describing the elementary properties of Quillen’s construction, and the related
subject of acyclic maps, we present Quillen’s description of BGL(R)" and define
the groups K, (R) for n > 1.

For any group G, we can naturally construct a connected topological space BG
whose fundamental group is GG, but whose higher homotopy groups are zero. More-
over, the homology of the topological space BG coincides with the algebraic homol-
ogy of the group G. Details of this construction are in §2 below. For G = GL(R)
we obtain the space BGL(R), which is central to the following definition.

DEFINITION 1.1. The notation BGL(R)" will denote any CW complex X which
has a distinguished map BGL(R) — BGL(R)" such that

(1) mBGL(R)" = K1(R), and the natural map from GL(R) = m; BGL(R) to
m1BGL(R)" is onto with kernel F(R);
(2) H,(BGL(R); M) = H,(BGL(R)"; M) for every GL(R)-module M.
We will sometimes say that X is a model for BGL(R)*.
For n > 1, K,(R) is defined to be the homotopy group 7, BGL(R)™.

By Theorem 1.4 below, any two models are homotopy equivalent, 7.e., the space
BGL(R)™ is uniquely defined up to homotopy. Hence the homotopy groups K, (R)
of BGL(R)" are well-defined.

By construction, K;(R) agrees with the group K;(R) = GL(R)/E(R) defined
in chapter III. We will see in 1.6.1 below that K2(R) = moBGL™(R) agrees with
the group Ks(R) defined in chapter III.

Several different models for BGL(R)" are described in 1.8 below. We will
construct even more models for BGL(R)" in the rest of this chapter: the space
P 'P(R) of §3, the space QBQP(R) of §4 and the space Q(iso S.S) arising from
the Waldhausen construction in §6.

DEFINITION 1.1.1. Write K(R) for the product Ko(R) x BGL(R)". That is,
K(R) is the disjoint union of copies of the connected space BGL(R)™, one for each
element of Ky(R). By construction, Ko(R) = moK (R). Moreover, it is clear that
K (R) = 7, BGL(R)" = K,,(R) for n > 1.

FuncTORIALITY 1.1.2. Each K, is a functor from rings to abelian groups, while
the topological spaces BGL(R)* and K(R) are functors from rings to the homo-
topy category of topological spaces. However, without more information about the
models used, the topological maps BGL(R)* — BGL(R')" are only well-defined
up to homotopy.

To see this, note that any ring map R — R’ induces a natural group map
GL(R) — GL(R’), and hence a natural map BGL(R) — BGL(R'). This induces
a map BGL(R)T — BGL(R’)*, unique up to homotopy, by Theorem 1.4 below.
Thus the group maps K,(R) — K,(R') are well defined. Since the identity of
R induces the identity on BGL(R)™, only composition remains to be considered.
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Given a second map R' — R, the composition BGL(R) — BGL(R') — BGL(R")
is induced by R — R’ because BGL is natural. By uniqueness in Theorem 1.4, the
composition BGL(R)* — BGL(R')* — BGL(R")" must be homotopy equivalent
to any a priori map BGL(R)* — BGL(R")*.

HomoTory FiBER 1.1.3. The maps 7, X — 7.Y induced by a continuous map

x Ly can always be made to fit into a long exact sequence, in a natural way.
The homotopy fiber F(f) of a f, relative to a basepoint *y of Y, is the space of
pairs (x,v), where x € X and ~v: [0,1] — Y is a path in Y starting at the baspoint
~v(0) = #y, and ending at (1) = f(x). The key property of the homotopy fiber
is that (given a basepoint *x with f(xx) = *y) there is a long exact sequence of
homotopy groups/pointed sets

a1 Y 2>7rnF(f) —>7TnX—>7TnY2>7Tn_1F(f) — e
-ng(f) —-mX - mY 3>7roF(f) — mpX — mY.

RELATIVE GROUPS 1.1.4. Given a ring homomorphism f: R — R’, let K(f) be
the homotopy fiber of K(R) — K(R'), and set K,,(f) = m, K (f). This construction
is designed so that these relative groups fit into a long exact sequence:

K (R) 5K (f) = Ku(R) = Ku(R) 2 -
Ky (R, I) = K1 (R)toK,(R) 2 Ko(f) — Ko(R) — Ko(R).

When R’ = R/I for some ideal I, we write K(R,I) for K(R — R/I). It is easy to
see (Ex. 1.10) that Ko(R,I) and K; (R, I) agree with the relative groups defined in
Ex. I1.2.3 and II1.2.2, and that the ending of this sequence is the exact sequence
of III, 2.3 and 5.7. Keune and Loday have shown that Ko(R,I) agrees with the
defined in II1.5.7.

Acyclic Spaces and Acyclic Maps

The definition of BGL(R)™ fits into the general framework of acyclic maps, which
we now discuss. Our discussion of acyclicity is taken from [HH] and [Berrick].

DEFINITION 1.2 (AcycLIC SPACES). We call a topological space F' acyclic if it
has the homology of a point, that is, if H.(F;Z) = 0.

LEMMA 1.2.1. Let F be an acyclic space. Then F' is connected, its fundamental
group G = 71 (F') must be perfect, and Ho(G;7Z) = 0 as well.

PrROOF. The acyclic space F' must be connected, as Ho(F) = Z. Because
G/|G,G] = H{(F;Z) = 0, we have G = [G,G], i.e., G is a perfect group. To
calculate Hy(G), observe that the universal covering space F has H,(F ;Z) = 0.
Moreover, the homotopy fiber of the canonical map F' — BG is homotopy equivalent
to F (consider the long exact sequence of homotopy groups 1.1.3 to see this). The
Serre Spectral Sequence for this homotopy fibration is E2 = H,(G; H,(F;7)) =
H,14(F;Z) and the conclusion that Hy(G;Z) = 0 follows from the associated exact
sequence of low degree terms:

Ho(F;Z) — Ho(G;Z) -5 Hy(F;2)¢ — Hi(F;Z) — Hi(G;7).
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EXAMPLE 1.2.2 (VOLODIN SPACES). The Volodin space X (R) is an acyclic
subspace of BGL(R), constructed as follows. For each n, let T,,(R) denote the sub-
group of GL,(R) consisting of upper triangular matrices. As n varies, the union
of these groups forms a subgroup T'(R) of GL(R). Similarly we may regard the
permutation groups %, as subgroups of GL,(R) by their representation as permu-
tation matrices, and their union is the infinite permutation group ¥ C GL(R). For
each o € X,,, let T7(R) denote the subgroup of GL,(R) obtained by conjugating
T,.(R) by o. For example, if 0 = (n...1) then T7(R) is the subgroup of lower
triangular matrices.

Since the classifying spaces BT, (R) and BT, (R)? are subspaces of BGL,(R),
and hence of BGL(R), we may form their union over all n and o: X(R) =
U,,» BT»(R)?. The space X(R) is acyclic (see [Suslin]). Since X (R) was first
described by Volodin in 1971, it is usually called the Volodin space of R.

The image of the map m X (R) — GL(R) = m BGL(R) is the group E(R). To
see this, note that the maps BT,7 (R) — BGL(R) factor through X (R); applying m;
shows that the image of 71 (X') contains all the subgroups 77 (R) of GL(R). Hence
these subgroups contain the generators e;;(r) of E(R). Since the image of the
perfect group m X (R) is contained in the commutator subgroup E(R) of GL(R),
the image must be E(R).

DEFINITION 1.3 (AcycLiCc MAPS). Let X and Y be based connected CW com-
plexes. A cellular map f: X — Y is called acyclic if the homotopy fiber F(f) of f
is acyclic (has the homology of a point).

From the long exact sequence of homotopy groups/pointed sets, we see that if
X — Y is acyclic, then the map m(X) — m(Y) is onto, and its kernel P is a
perfect normal subgroup of 71 (X).

DEFINITION 1.3.1. Let P be a perfect normal subgroup of 71 (X), where X is a

based connected CW complex. An acyclic map f: X — Y is called a +—construction
on X (relative to P) if P is the kernel of 71 (X) — 71 (Y).

When Quillen introduced this definition in 1969, he observed that both Y and
the map f are determined up to homotopy by the subgroup P. This is the content
of the following theorem; its proof uses topological obstruction theory. Part (a) is
proven in Ex. 1.3; an explicit proof may be found in §5 of [Berrick].

THEOREM 1.4 (QUILLEN). Let P be a perfect normal subgroup of m1(X). Then

(1) There is a +—construction f: X — Y relative to P

(2) Let f: X — Y be a +—construction relative to P, and g: X — Z a map such
that P wvanishes in w(Z). Then there is a map h:Y — Z, unique up to
homotopy, such that g = hf.

(3) In particular, if g is another +—construction relative to P, then the map h
in (2) is a homotopy equivalence: h:Y — Z.

REMARK. Every group G has a unique largest perfect subgroup P, called the
perfect radical of G; see Ex. 1.4. If no mention is made to the contrary, the notation
Xt will always denote the +—construction relative to the perfect radical of 1 (X).

The first construction along these lines was announced by Quillen in 1969, so
we have adopted Quillen’s term “+—construction” as well as his notation. A good
description of his approach may be found in [HH] or [Berrick].
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LEMMA 1.5. A map f: X — Y is acyclic iff H. (X, M) = H.(Y,M) for every
m1(Y)-module M.

PROOF. Suppose first that f is acyclic, with homotopy fiber F'(f). Since the
map m F(f) — mY is trivial, m F(f) acts trivially upon M. By the Universal
Coefficient Theorem, H,(F(q); M) = 0 for ¢ # 0 and Ho(F; M) = M. Therefore
qu = 0 for ¢ # 0 in the Serre Spectral Sequence for f:

E}, = H,(Y; Hy(F(f); M)) = Hpyq(X; M).

Hence the spectral sequence collapses to yield H,(X; M) = H,(Y; M) for all p.
Conversely, we suppose first that mY = 0 and H.(X;Z) = H.(Y;Z). By the

Comparison Theorem for the Serre Spectral Sequences for F(f) — X Ly and
* —Y — Y, we have H,(F(f);Z) = 0. Hence F(f) and f are acyclic.

The general case reduces to this by the following trick. Let Y denote the universal
covering space of Y, and X = X xyY the corresponding covering space of X. Then
there are natural isomorphisms H,(Y;Z) = H,(Y; M) and H,(X;Z) = H,(X; M),
where M = Z[r1(Y)]. The assumption that H,(X; M) = H,(Y; M) implies that
the map f: X — Y induces isomorphisms on integral homology. But m(Y) = 0, so
by the special case above the homotopy fiber F'( f ) of f is an acyclic space. But by

path lifting we have F(f) = F(f), so F(f) is acyclic. Thus f is an acyclic map.

Recall from I11.3.3.3 that every perfect group P has a universal central extension
E — P, and that the kernel of this extension is the abelian group Hy(P;Z).

PROPOSITION 1.6. Let P be a perfect normal subgroup of a group G, with cor-
responding +—construction f: BG — BG™. If F(f) is the homotopy fiber of f then
m F(f) is the universal central extension of P, and mo(BG') = Hy(P;7Z).

PROOF. We have an exact sequence mo(BG) — m(BG') — mF(f) — G —
G/P — 1. But m(BG) = 0, and m(BG™) is in the center of m F(f) by [Wh,
IV.3.5]. Thus 7 F(f) is a central extension of P with kernel mo(BG™). But F(f) is
acyclic, so w1 F'(f) is perfect and Ho(F';Z) = 0 by 1.2. By the Recognition Theorem
I11.3.4, 1 F(f) is the universal central extension of P.

Recall from Theorem II1.3.5 that the Steinberg group St(R) is the universal
central extension of the perfect group F(R). Thus we have:

COROLLARY 1.6.1. The group Ko(R) = moBGL(R)™ is isomorphic to the group
Ks(R) = Ho(E(R);Z) of chapter I11.

In fact, we will see in Ex. 1.6 and 1.7 that K,,(R) = 7, (BE(R)" for all n > 2,
and K, (R) 2 7, (BSt(R)* for all n > 3, with K3(R) = H3(St(R);Z).

COROLLARY 1.6.2. The fundamental group m X (R) of the Volodin space (1.2.2)
is the Steinberg group St(R).

>~
>~

Construction Techniques

One problem with the +construction approach is the fact that BGL(R)" is not
a uniquely defined space. It is not hard to see that BGL(R)" is an H-space (see
Ex. 1.9). Quillen proved that that it is also an infinite loop space. We omit the
proof here, because it will follow from the + = @) theorem in section 5.

Here is one of the most useful recognition criteria, due to Quillen. The proof is
is an application of obstruction theory, which we omit (but see [Ger72, 1.5].)
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THEOREM 1.7. The map i: BGL(R) — BGL(R)™" is universal for maps into
H-spaces. That is, for each map f: BGL(R) — H, where H is an H-space,
there is a map g: BGL(R)™ — H so that f = gi, and such that the induced
map 7;(BGL(R)") — m;(H) is independent of g.

CONSTRUCTIONS 1.8. Here are some ways that BGL(R)™ may be constructed:

(i) Using point-set topology, e.g., by attaching 2-cells and 3-cells to BGL(R).
This method is described Ex. 1.3, and in the books [Berrick] and [Rosenberg].

(ii) By the Bousfield-Kan integral completion functor Z.,: we set BGL(R)" =
ZoBGL(R). This approach has the advantage of being absolutely functorial in R,
and is used in [Dror| and [Gersten].

(iii) “Group completing” the H-space [[ ~,BGL,(R) yields an infinite loop
space whose basepoint component is BGL(R)". This method will be discussed
more in section 3, and is due to G. Segal [Segal].

(iv) By taking BGL of a free simplicial ring F,(R), as in [Swan].

(v) Volodin’s construction. Let X (R) denote the acyclic Volodin space of Exam-
ple 1.2.2. By Ex. 1.5, the quotient group BGL(R)/X (R) is a model for BGL(R)™".

An excellent survey of these constructions (excluding Volodin’s) may be found
in [Ger72].

We conclude this section with a description of Quillen’s construction for the
K-theory of finite fields, arising from his work on the Adams Conjecture [QT70].
Adams had shown that the Adams operations 1* on topological K-theory (I1.4.4)
were represented by maps ¢*: BU — BU in the sense that for each X the induced
map

KU(X) = [X, BU] *5 [X, BU] = KU(X)

is the Adams operation.

Fix a finite field I, with ¢ elements. For each n, the Brauer lifting of the trivial
and standard n-dimensional representations of GL,,(F,) are n-dimensional complex
representations, given by homomorphisms 1,,, p,,: GL,(F,) — U. Since BU is an
H-space, we can form the difference b” = B(p,,) — B(1,,) as a map BGL,(F,) —
BU. Quillen observed that b and b"*! are compatible up to homotopy with the
inclusion of BGL,(F,) in BGL,4+1(F,). Hence there is a map b: BGL(F,) — BU,
well defined up to homotopy. By Theorem 1.7, b induces a map from BGL(F,)*
to BU.

THEOREM 1.9. (Quillen) The map BGL(F,)™ — BU identifies BGL(F,)* with
the homotopy fiber of 19 — 1. That 1s, the following is a homotopy fibration.
BGL(F,)* % BU =L BU
NOn homotopy groups, 11.4.4.1 shows that 19 is multiplication by ¢* on me; BU =
KU(S?"). Using the homotopy sequence 1.1.3 we immediately deduce:
COROLLARY 1.9.1. For every finite field Fy, and n > 1, we have

{Z/(qi—l) n=2-—1,

K,(F,) = WnBGL(IE‘q)+ =
0 n even.

Moreover, if F, C Fy then K, (F,) C K,(Fy) for all n.
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EXERCISES

1.1. (Kervaire) Let X be a homology n-sphere, i.e., a space with H,.(X) = H,.(S").
Show that there is a homotopy equivalence S™ — X*. Hint: Show that 7 (X) is
perfect if n # 1, so X is simply connected, and use the Hurewicz theorem.

1.2. a) If F is acyclic space, show that F'T is contractible.
b) If X Lyis acyclic and 71 (X) = m1(Y"), show that f is a homotopy equivalence.

1.3 Here is a point-set construction of X T relative to a perfect normal subgroup P.
Form Y by attaching one 2-cell e, for each element of P, so that m(Y) = m1(X)/P.
Show that Ho(Y';Z) is the direct sum of Ha(X;Z) and the free abelian group Z[P]
on the [e,]. Next, prove that the homology classes [e,] are represented by maps
hy: S? — Y, and form Z by attaching 3-cells to Y (one for each p € P) using the
hp. Finally, prove that Z is a model for X+.

1.4 Perfect Radicals. Show that the union of two perfect subgroups of any group
G is itself a perfect subgroup. Conclude that G has a largest perfect subgroup P,
called the perfect radical of G, and that it is normal subgroup of G.

1.5 Let cone(7) denote the mapping cone of a map F' - X. If F is an acyclic space,
show that the map X — cone(i) is acyclic. If F' is a subcomplex of X then cone(i)
is homotopy equivalent to the quotient space X/F, so it too is acyclic. Conclude
that if X (R) is the Volodin space of Example 1.2.2 then BGL(R)/X (R) is a model
for BGL(R)". Hint: Consider long exact sequences in homology.

1.6 Let P be a perfect normal subgroup of G. Show that BPT is homotopy
equivalent to the universal covering space of BG'. Hence m,(BP') = 7,(BG™")
for all n > 2. Hint: BFE is homotopy equivalent to a covering space of BG.

For G = GL(R) and P = E(R), This shows that BE(R)™" is homotopy equivalent
to the universal covering space of BGL(R)". Thus K,,(R) = 7, BE(R)* for n > 2.

If R is a commutative ring, show that the group map SL(R) — GL(R) induces
isomorphisms 7, BSL(R)" = K,,(R) for n > 2, and that m; BSL(R)" = SK;(R).
1.7 Suppose that A — S — P is a universal central extension (II.5.3). In par-
ticular, S and P are perfect groups. Show that there is a homotopy fibration
BA — BSt — BPT. Conclude that 7,(BS™) = 0 for n < 2, and that 7, (BS™) &
7o (BP1) 2 1, (BG™) for all n > 3. In particular, 73(BP') = H3(S;7Z).

Since the Steinberg group St(R) is the universal central extension of E(R), this
shows that K, (R) & 7,St(R)* for all n > 3, and that K3(R) = H3(St(R);Z).
1.8 For n > 3, let P, denote the normal closure of the perfect group E,(R) in
GL,(R), and let BGL,(R)" denote the +—construction on BGL,(R) relative to
P,,. Corresponding to the inclusions GL,, C GL, 1 we can choose a sequence of
maps BGL,(R)* — BGLy.1(R)*. Show that lim BGL,(R)* is BGL(R)*.

1.9 For each m and n, the group map O: GL,,(R) X GL,(R) — GLp1+n(R) C
GL(R) induces a map BGL,,(R) x BGL,(R) — BGL(R) — BGL(R)*. Show
that these maps induce an H-space structure on BGL(R)™.

1.10 Let I be an ideal in a ring R. Show that moK (R — R/I) is isomorphic to the
group Ko(I) defined in Ex. 11.2.3, and that the maps K1 (R/I) — Ko(I) — Ko(R)
in loc. cit. agree with those of 1.1.4. Hint: Use excision.

Use Ex. I11.2.8 to show that m K (R — R/I) is isomorphic to the group K;(R,I)
of I11.2.2, and that the maps K5(R/I) — Ki(R,I) — K;(R) in II1.2.3 agree with
those of 1.1.4..
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§2. Geometric realization of a small category

Recall (I1.6.1.3) that a “small” category is a category whose objects form a set.
If C is a small category, its geometric realization BC' is a CW complex constructed
naturally out of C. By definition, BC' is the geometric realization | NC| of the nerve
NC of C; see 2.1.3 below. However, it is characterized in a simple way.

CHARACTERIZATION 2.1. The realization BC' of a small category C' is the CW
complex uniquely characterized up to homeomorphism by the following properties:

(1) (Naturality) A functor F': C — D induces a cellular map BF: BC — BD,
and BF o BG = B(FG);

(2) If C is a subcategory of D, BC'is a subcomplex of BD;

(3) If C is the colimit of categories {C,} then BC' = |J BC,, is the colimit of
the BCy;

(4) B(C x D) is homeomorphic to (BC) x (BD).

(5) Bn is the standard (n — 1)-simplex, where n denotes the category with n
objects {0,1,--- ,n — 1}, with exactly one morphism ¢ — j for each ¢ < j.

Here are some useful special cases of (4) for small n:

B0 = () is the empty set, because 0 is the empty category.

B1 = {0} is a one-point space, since 1 is the one object-one morphism category.
B2 = [0, 1] is the unit interval, whose picture is: 0- — - 1.

B3 is the 2-simplex, whose picture is:

1

9 \f
0- -2

fog

The small categories form the objects of a category C AT, whose morphisms are
functors. By (1), we see that geometric realization is a functor from C'AT to the
category of CW complexes and cellular maps.

RECIPE 2.1.1. The above characterization of the CW complex BC gives it the
following explicit cellular decomposition. The 0-cells (vertices) are the objects of
C'. The 1-cells (edges) are the morphisms in C, excluding all identity morphisms,
and they are attached to their source and target. For each pair (f, g) of composable
maps in C, attach a 2-simplex, using the above picture of B3 as the model. (Ignore
pairs (f,g) where either f or g is an identity.) Inductively, given an n-tuple of
composable maps in C' (none an identity map), attach an n-simplex, using B(n + 1)
as the model. By (2), BC' is the union of these spaces, equipped with the weak
topology.

Notice that this recipe implies a canonical cellular homeomorphism between BC'
and the realization BC°P of the opposite category C°P. In effect, the recipe doesn’t
notice which way the arrows run.

EXAMPLE 2.1.2. Let C5 be the category with one object and one nontrivial
morphism o satisfying 02 = 1. The recipe tells us that BC, has exactly one n-cell
for each n, attached to the (n — 1)-cell by a map of degree 2 (corresponding to
the first and last faces of the n-simplex). Therefore the n-skeleton of BCy is the
projective n-space RP", and their union BC5 is the infinite projective space RP™.



IV. DEFINITIONS OF HIGHER K-THEORY 9

Although the above recipe gives an explicit description of the cell decomposition
of BC, we were a bit vague about the attaching maps. To be more precise, we
shall assume that the reader has a slight familiarity with the basic notions in the
theory of simplicial sets, as found for example in [WHomo| or [May]|. For example,
a simplicial set X is a sequence of sets Xg, X1,..., together with “face” maps
0;: X, — X,—1 and “degeneracy maps” o;: X,, — X,4+1 (0 < i < n), subject to
certain identities for the compositions of these maps.

The above recipe for BC' is broken down into two steps. First we constructs a
simplicial set NC, called the nerve of the category C, and then we set BC' = |[NC/|.

DEFINITION 2.1.3 (THE NERVE OF C). The nerve NC of a small category C
is the simplicial set defined by the following data. Its m-simplices are functors
cn+1— C,i.e., diagrams in C of the form

Cop—CL — ++ — Cp.

The i*" face 0;(c) of this simplex is obtained by deleting ¢; in the evident way; to
get the i'" degeneracy o;(c), one replaces ¢; by ¢; — c;.

The geometric realization |X.| of a simplicial set X. is defined to be the CW
complex obtained by following the recipe 2.1.1 above, attaching an n-cell for each
nondegenerate n-simplex z, identifying the boundary faces of the simplex with the
(n — 1)-simplices indexed by the 0;x. See [WHomo, 8.1.6] or [May, §14] for more
details.

BC' is defined as the geometric realization |[NC| of the nerve of C. From this
prescription, it is clear that BC' is given by recipe 2.1.1 above.

By abuse of notation, we will say that a category is contractible, or connected,
or has any other topological property if its geometric realization has that property.
Similarly, we will say that a functor F: C' — D is a homotopy equivalence if BF' is
a homotopy equivalence BC ~ BD.

HOMOTOPY-THEORETIC PROPERTIES 2.2. A natural transformation n: Fy = F}
between two functors F;: C' — D gives a homotopy BC' x [0,1] — BD between the
maps BFy and BF;. This follows from (1) and (3), because n may be viewed as a
functor from C' x 2 to D whose restriction to C' x {i} is F;.

As a consequence, any adjoint pair of functors L: C' — D, R: D — C induces a
homotopy equivalence between BC' and BD, because there are natural transforma-
tions LR = tdp and idc = RL.

EXAMPLE 2.2.1 (SKELETA). Any equivalence Cy L, C between small categories
induces a homotopy equivalence BCy — BC, because F has an adjoint.

In practice, we will often work with a category C, such as P(R) or M(R), which
is not actually a small category, but which is skeletally small (11.6.1.3). This means
that C is equivalent to a small category, say to Cy. In this case, we can use BCy
instead of the mythical BC', because any other choice for Cy will have a homotopy
equivalent geometric realization. We shall usually overlook this fine set-theoretic
point in practice, just as we did in defining K in chapter II.

EXAMPLE 2.2.2 (INITIAL OBJECTS). Any category with an initial object is con-
tractible, because then the natural functor C' — 1 has a left adjoint. Similarly, any
category with a terminal object is contractible.



10 IV. DEFINITIONS OF HIGHER K-THEORY

For example, suppose given an object d of a category C'. The comma category
C'/d of objects over d has as its objects the morphisms f: ¢ — d in C with target d.
A morphism in the comma category from f to f':¢’ — d is a morphism h: ¢ — ¢’ so
that f = f’h. The comma category C'/d is contractible because it has a terminal
object, namely the identity map idg:d — d. The dual comma category d\C with
objects d — c is similar, and left to the reader.

ExamMPLE 2.2.3 (COMMA CATEGORIES). Suppose given a functor F:C' — D
and an object d of D. The comma category F'/d has as its objects all pairs (c, f)
with ¢ an object in C' and f a morphism in D from F'(c) to d. By abuse of notation,

we shall write such objects as F'(c) ERFAY morphism in F'/d from this object to
F(cd) Ldisa morphism h:¢ — ¢ in C so that the following diagram commutes

in D.
F(h)
—

F(c) F(c)
F\ i
d

There is a canonical forgetful functor j: F'//d — C, j(c, f) = ¢, and there is a natural
transformation 7. ) = f from the composite Foj: F//d — D to the constant functor
with image d. So B(F o j) is a contractible map. It follows that there is a natural
continuous map from B(F/d) to the homotopy fiber of BC — BD.

There is a dual comma category d\ F', whose objects are written as d — F(c), and
morphisms are morphisms h:c — ¢ in C. It also has a forgetful functor to C, and a
map from B(d\F) to the homotopy fiber of BC' — BD. In fact, d\F = (d/F°)°P.

The set my of components of a category

The set mo(X) of connected components of any CW complex X can be described
as the set of vertices modulo the incidence relation of edges. For BC this takes the
following form. Let obj(C') denote the set of objects of C.

LEMMA 2.3. Let ~ be the equivalence relation on obj(C) which is generated by
the relation that ¢ ~ ¢’ if there is a morphism in C between ¢ and ¢’. Then

mo(BC) = 0bj(C)/ ~ .

TRANSLATION CATEGORIES 2.3.1. Suppose that G is a group, or even a monoid,
acting on a set X. The translation category G [ X is defined as the category whose
objects are the elements of X, with Hom(z,z") = {g € G|g-z = 2’}. By Lemma 2.3,
mo(G [ X) is the orbit space X/G. The components of G [ X are described in Ex. 2.2.

Thinking of a G-set X as a functor G — C' AT, the translation category becomes
a special case of the following construction, due to Grothendieck.

EXAMPLE 2.3.2. Let I be a small category. Given a functor X:I — Sets, let
I [X denote the category of pairs (i, ) with ¢ an object of I and z € X (4), in which
a morphism (i,x) — (i',2’) is a morphism f:7 — 4’ in I with X(f)(z) = 2/. By
Lemma 2.3 we have 7o (I [ X) = colim;er X (i).

More generally, given a functor X:I — CAT, let I [X denote the category of
pairs (i,x) with i an object of I and x an object of X (i), in which a morphism
(f,¢): (i,2) — (i',2’) is given by a morphism f:7 — 4’ in I and a morphism
¢: X(f)(z) — 2/ in X (i'). Using Lemma 2.3, it is not hard to show that mo( [ X) =
COlimieI 7T0X(i).



IV. DEFINITIONS OF HIGHER K-THEORY 11

The fundamental group m of a category

Suppose that T' is a set of morphisms in a category C'. The graph of T is the
1-dimensional subcomplex of BC' consisting of the edges corresponding to T" and
their incident vertices. We say that T is a tree in C'if its graph is contractible (i.e., a
tree in the sense of graph theory). If C'is connected then (by Zorn’s Lemma) a tree
T is maximal (a mazimal tree) just in case every object of C' is either the source or
target of a morphism in 7. The following well-known formula for the fundamental
group of BC'is a straight-forward application of Van Kampen’s Theorem.

LEMMA 2.4. Suppose that T is a mazimal tree in a small connected category C.
Then the group w1 (BC') has the following presentation: it is generated by symbols
[f], one for every morphism in C, modulo the relations that

(1) [t] =1 for every t € T, and [id.] = 1 for the identity morphism id. of each
object c.
(2) [f]-[g] = [f o g] for every pair (f,g) of composable morphisms in C.

This presentation does not depend upon the choice of the object ¢y of C' chosen
as the basepoint. Geometrically, the class of f: ¢; — ¢ is represented by the unique
path in T from cg to c¢1, followed by the edge f, followed by the unique path in T’
from co back to cg.

APPLICATION 2.4.1 (GROUPS). Let G be a group, considered as a category with
one object. Since BG has only one vertex, BG is connected. By Lemma 2.4 (with
T empty) we see that m1(BG) = G. In fact, m;(BG) = 0 for all i > 2. (See Ex. 2.2.)
BG is often called the classifying space of the group G, for reasons discussed in
Examples 2.8.2 and 2.8.3 below.

APPLICATION 2.4.2 (MonoIDs). If M is a monoid then BM has only one ver-
tex. This time, Lemma 2.4 shows that the group m = m1(BM) is the group com-
pletion (Ex. II.1.1) of the monoid M.

For our purposes, one important thing about BG is that its homology is the
same as the ordinary Eilenberg-MacLane homology of the group G (see [WHomo,
6.10.5 or 8.2.3]). In fact, if M is any G-module then we may consider M as a local
coefficient system on BG (see 2.5.1). The chain complex used to form the simplicial
homology with coefficients in M is the same as the canonical chain complex used to
compute the homology of G, so we have H,(BG; M) = H,.(G; M). As a special case,
we have H,(BG;Z) = H1(G;Z) = G/|G, G|, where |G, G] denotes the commutator
subgroup of G, i.e., the subgroup of G generated by all commutators [g,h] =
ghg™*h™1 (g,h € Q).

(2.5) THE HOMOLOGY OF C AND BC'. The ith homology of a CW complex
X such as BC'is given by the homology of the cellular chain complex C(X). By
definition, C, (X) is the free abelian group on the n-cells of X. If e is an n + 1-cell
and f is an n-cell, then the coefficient of [f] in the boundary of [e] is the degree of

the attaching map of e, followed by projection onto f: S™ — X (™) J. 87, attached
For example, H,(BC';Z) is the homology of the cellular chain complex C,(BC),
which in degree n is the free abelian group on the set of all n-tuples (fi, ..., f,) of

composable morphisms in C', composable in the order c,, I c1 iR co. The
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boundary map in this complex sends the generator (fi,..., f,) to the alternating
sum obtained by succesively deleting the ¢; in the evident way:

(fg, ceey fn) — <f1f27 fg, ey fn) 4+ .- + (~--7fifi+1; ) F--- + (, fn—lfn) F (---,fn—l)-

More generally, for each functor M:C — Ab we let H;(C; M) denote the i'"
homology of the chain complex

RN H M(cn)—>~--—> H M(Cl)ﬁHM(Co).

Cp—>—Co c1—¢o o

The final boundary map sends the copy of M(c;) indexed by ¢y J, co to M(co) @
M(cy) by x — (fx, —x). The cokernel of this map is the usual description for the
colimit of the functor M, so Hy(C; M) = colim.cc M(c).

LoCAL COEFFICIENTS 2.5.1. A functor C — Sets is said to be morphism-
inwverting if it carries all morphisms of C' into isomorphisms. By Ex. 2.1, morphism-
inverting functors are in 1-1 correspondence with covering spaces of BC. Therefore
the morphism-inverting functors M:C — Ab are in 1-1 correspondence with local
coefficient systems on the topological space BC'. In this case, the groups H;(C; M)
are canonically isomorphic to H;(BC; M), the topologist’s homology groups of BC'
with local coefficients M. The isomorphism is given in [Wh, VI.4.8].

Homotopy Fibers of Functors

If F': C — D isafunctor, it is useful to study the realization map BF: BC' — BD
in terms of homotopy groups, and for this we want a category-theoretic interpre-
tation of the homotopy fiber (1.1.3). The naive approximations to the homotopy
fiber are the realization of the comma categories F'/d and its dual d\ F'. Indeed, we
saw in 2.2.3 that there are continuous maps from both B(F/d) and B(d\F') to the
homotopy fiber.

Here is the fundamental theorem used to prove that two categories are homotopy
equivalent. We cite it without proof from [Q341].

2.6 QUILLEN’S THEOREM A. Let F:C — D be a functor such that F/d is
contractible for every d in D. Then BF: BC = BD is a homotopy equivalence.

ExamPLE 2.6.1. If F:C' — D has a right adjoint G, then F'/d is isomorphic to
the comma category C'/G(d), which is contractible by Example 2.2.2. In this case,
Quillen’s Theorem A recovers the observation in 2.2 that C' and D are homotopy
equivalent.

ExAMPLE 2.6.2. Consider the inclusion of monoids ¢: N — Z as a functor
between categories with one object *. Then *\i isomorphic to the translation
category N[Z, which is contractible (why?). Quillen’s Theorem A shows that
BN ~ B7Z, ~ S*.

The inverse image F~1(d) of an object d is the subcategory of C' consisting of
all objects ¢ with F'(¢) = d, and all morphisms A in C' mapping to the identity of
d. Tt is isomorphic to the full subcategory of F'/d consisting of pairs (¢, F(c) — d),
and also to the full subcategory of pairs (d — F(c),¢) of d\F. It will usually not
be homotopy equivalent to either entire comma category.

One way to ensure that F~1(d) is homotopic to a comma category is to assume
that F' is either pre-fibered or pre-cofibered in the following sense.
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FIBERED AND COFIBERED FUNCTORS 2.6.2. (Cf. [SGA 1, Exp. VI]) We say that
a functor F:C — D is pre-fibered if for every d in D the inclusion F~1(d) — d\F
has a right adjoint. This implies that BF~!(d) ~ B(d\F), and the base-change
functor f*: F~1(d") — F~1(d) associated to a morphism f:d — d’ in D is defined
as the composite F~1(d') — (d\F) — F~1(d). F is called fibered if it is pre-fibered
and g*f* = (fg)* for every pair of composable maps f,g, so that F~! gives a
contravariant functor from D to CAT.

Dually, we say that F is pre-cofibered if for every d the inclusion F~1(d) — F/d
has a left adjoint. In this case we have BF~1(d) ~ B(F/d). The cobase-change
functor f.: F~1(d) — F~1(d") associated to a morphism f:d — d’ in D is defined
as the composite F~1(d) — (F/d') — F~1(d’). F is called cofibered if it is pre-
cofibered and (fg). = f«g« for every pair of composable maps f,g, so that F~!
gives a covariant functor from D to CAT.

These notions allow us to state a variation on Quillen’s Theorem A.

COROLLARY 2.6.3. Suppose that F': C — D is either pre-fibered or pre-cofibered,

and that F~1(d) is contractible for each d in D. Then BF is a homotopy equivalence
BC ~ BD.

ExXAMPLE 2.6.4. Cofibered functors over D are in 1-1 correspondence with func-
tors D — C' AT. We have already mentioned one direction: if F': C' — D is cofibered,
F~1is a functor from D to CAT. Conversely, for each functor X: D — CAT,
the category D [X of Example 2.3.2 is cofibered over D by the forgetful functor
(d,z) — d. It is easy to check that these are inverses: C' is equivalent to D [F -1

Here is the fundamental theorem use to construct homotopy fibration sequences
of categories. We cite it without proof from [Q341], noting that it has a dual
formulation in which F'/d is replaced by d\F’; see Ex. 2.6.

2.7 QUILLEN’S THEOREM B. Let F:C — D be a functor such that for every
morphism d — d' in D the induced functor F/d — F/d' is a homotopy equivalence.
Then for each d in D the geometric realization of the sequence

FldLcL D
18 a homotopy fibration sequence. Thus there is a long exact sequence

- — miy1(BD) 9, m; B(F/d) J, 7;(BC) N m;(BD) o,

COROLLARY 2.7.1. Suppose that F is pre-fibered, and for every f: d — d' in D
the base-change f* is a homotopy equivalence. Then for each d in D the geometric
realization of the sequence

Fia Lot

18 a homotopy fibration sequence. Thus there is a long exact sequence

- — 1 (BD) 2 mBFY(d) L ny(BC) L my(BD) S -
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ToOPOLOGICAL CATEGORIES 2.8. If C' = C'P is a topological category (i.e.,
the object and morphism sets form topological spaces), then the nerve of C'P
is a simplicial topological space. Using the appropriate geometric realization of
simplicial spaces, we can form the topological space BC*? = |[NC*P|. Tt has the
same underlying set as our previous realization BC® (the § standing for “discrete,”
i.e., no topology), but the topology of BC'P is more intricate. Since the identity
may be viewed as a continuous functor C°® — C*P between topological categories,
it induces a continuous map BC° — BC*P.

For example, any topological group G' = G'°? is a topological category, so we need
to distinguish between the two connected spaces BG® and BG'P. It is traditional
to write BG for BG'P, reserving the notation BG? for the less structured space.
As noted above, BG? has only one nonzero homotopy group: m;(BG?®) = G°. In
contrast, the loop space Q(BG'P) is G'°?, so m; BG'P = m;_1 G for i > 0.

ExaMPLE 2.8.1. Let G = R be the topological group of real numbers under
addition. Then BR!? is contractible because R*P is, but BR? is not contractible
because 71 (BR?) = R.

ExAMPLE 2.8.2 (BU). The unitary groups U, are topological groups, and we
see from 1.4.10.1 that BU,, is homotopy equivalent to the infinite complex Grass-
mannian manifold G,,, which classifies n-dimensional complex vector bundles by
Theorem 1.4.10. The unitary group U, is a deformation retract of the complex
general linear group GL,,(C)t*P. Thus BU,, and BGL,, (C)!*? are homotopy equiv-
alent spaces. Taking the limit as n — oo, we have a homotopy equivalence
BU ~ BGL(C)tr.

By Theorem 11.3.2, KU(X) = [X,Z x BU] and I/(\[/](X) = [X, BU] for every
compact space X. By Ex. I1.3.11 we also have KU~ "(X) = [X,Q"(Z x BU)] for all
n > 0. In particular, for the one-point space * the groups KU " (x) = m,(Z x BU)
are periodic of order 2: Z if n is even, 0 if not. This follow from the observation in
I1.3.2 that the homotopy groups of BU are periodic — except for mo(BU), which
is zero as BU is connected.

A refinement of Bott periodicity states that QU ~ Z x BU. Since Q(BU) ~ U,
we have Q%(Z x BU) ~ Q?BU ~ Z x BU and Q?U ~ U. This yields the periodicity
formula: KU ™(X) = KU ""%(X).

EXAMPLE 2.8.3 (BO). The orthogonal group O, is a deformation retract of the
real general linear group GL,(R)'P. Thus the spaces BO,, and BGL,(R)"? are
homotopy equivalent, and we see from 1.4.10.1 that they are also homotopy equiv-
alent to the infinite real Grassmannian manifold G,. In particular, they classify
n-dimensional real vector bundles by Theorem 1.4.10. Taking the limit as n — oo,
we have a homotopy equivalence BO ~ BGL(R)P.

Bott periodicity states that the homotopy groups of BO are periodic of order 8
— except for mo(BO) = 0, and that the homotopy groups of Z x BO are actually
periodic of order 8. These homotopy groups are tabulated in 1.3.1.1. A refinement
of Bott periodicity states that Q'O ~ Z x BO. Since Q(BO) ~ O, we have
08(Z x BO) ~ Q¥(BO) ~ 7Z x BO and Q30 ~ O.

By Definition I1.3.5 and Ex. 11.3.11, the (real) topological K-theory of a compact
space X is given by the formula KO™"(X) = [X,Q"(Zx BO)], n > 0. This yields
the periodicity formula: KO™"(X) = KO~ " 8(X).
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EXERCISES

2.1 Cowvering spaces. If X:I — Sets is a morphism-inverting functor, use the
recipe 2.1.1 to show that the forgetful functor I [X — I of Example 2.3.1 makes
B(I [X) into a covering space of BI with fiber X (i) over each vertex i of BI.

Conversely, if E = BI is a covering space, show that X (i) = 7~1(7) defines a

morphism-inverting functor on I, where ¢ is considered as a 0-cell of BI. Conclude
that these constructions give a 1-1 correspondence between covering spaces of BI
and morphism-inverting functors.
2.2 Translation categories. Suppose that a group G acts on a set X, and form
the translation category G [X. Show that B(G[X) is homotopy equivalent to
the disjoint union of the classifying spaces BG, of the stabilizer subgroups G,
one space for each orbit in X. For example, if X is the coset space G/H then
B(G[X)~ BH.

In particular, if X = G is given the G-set structure g - ¢’ = g¢’, this shows
that B(G[G) is contractible, i.e., the universal covering space of BG. Use this to
calculate the homotopy groups of BG, as described in Example 2.4.1.

2.3 Let H be a subgroup of G, and ¢: H — G the inclusion as a subcategory.
(a) Show that ¢/* is the category H [G of Ex. 2.1. Conclude that the homotopy
fiber of BH — BG is the discrete set G/H, while B.~!(x) is a point.
(b) Use Ex. 2.2 to give another proof of (a).

2.4 If C is a filtering category [WHomo, 2.6.13|, show that BC' is contractible.
Hint: By [Wh, V.3.5] it suffices to show that all homotopy groups are trivial. But
any map from a sphere into a CW complex lands in a finite subcomplex, and every
finite subcomplex of BC' lands in the realization BD of a finite subcategory D of
C. Show that D lies in another subcategory D’ of C' which has a terminal object.

2.5 Mapping telescopes. If Un denotes the union of the categories n of 2.1, then
a functor Un = CAT is just a sequence C; — Cy — C3 — --- of categories.
Show that the geometric realization of the category L = (Un)[C of Example 2.3.2

is homotopy equivalent to BC, where C' is the colimit of the C),. In particular, this
shows that BL ~ lim,,_.., BC,,. Hint: C;, ~n[C.

2.6 Suppose that F': C' — D is pre-cofibered (definition 2.6.2).
(a) Show that F°P: C°? — D°P is pre-fibered. If F is cofibered, F°P is fibered.
(b) Derive the dual formulation of Quillen’s theorem B, using d\F', from 2.7.
(c) If each cobase-change functor f, is a homotopy equivalence, show that the

geometric realization of F~1(d) — C L Disa homotopy fibration sequence
for each d in D, and there is a long exact sequence:

. = m41(BD) 2 mBF(d) — m(BC) 5 my(BD) 2 -+

2.7 Let F:C — D be a cofibered functor (2.6.2). Construct a first quadrant
double complex E° in which qu is the free abelian group on the pairs (¢ —

- — ¢q, F(cq) = do — -+ — dp) of sequences of composable maps in C and D.
By filtering the double complex by columns, show that the homology of the total
complex Tot E° is H,(Tot E°) = H,(C;Z). Then show that the row filtration
yields a spectral sequence converging to H,.(C;Z) with Ezq = H,(D; H,F '), the
homology of D with coefficients in the functor d — H,(F~'(d);Z) described in 2.5.
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2.8 A lax functor M: I — C' AT consists of functions assigning: (1) a category M(i)

to each object i; (2) a functor f.:M(i) — M(j) to every map i J, jinI; (3) a
natural transformation (id;). = idpg ;) for each i (4) a natural transformation
(f9)x = f«g« for every pair of composable maps in I. This data is required to be
“coherent” in the sense that the two transformations (fgh). = f.g.h« agree, and
so do the various transformations f, = f.. For example, a functor is a lax functor
in which (3) and (4) are identities.

Show that the definitions of objects and morphisms in Example 2.3.2 define
a category I [M, where the map ¢” in the composition (f'f,¢"”) of (f,¢) and
(f,0")is (f' f(z) — flLfe(x) — fl(z') — 2”. Show that the projection functor
m: I [M — I is pre-cofibered.

2.9 Subdivision. If C is a category, its Segal subdivision Sub(C) is the category
whose objects are the morphisms in C; a morphism from i: A — Btoi': A’ — B’
is a pair of maps (A’ — A, B — B') so that i’ is A’ — A% B — B'.
(a) Draw the Segal subdivisions of the unit interval 2 and the 2-simplex 3.
(b) Show that the source and target functors C°P «— Sub(C) — C are homotopy
equivalences. Hint: Use Quillen’s Theorem A and 2.2.2.

2.10 Given a simplicial set X, its Segal subdivision Sub(X) is the sequence of sets
X1, X3, X5, ..., made into a simplicial set by declaring the face maps 0,: Xo,,41 —
Xgn_l to be 8182n+2_i and O'gi X2n+1 — X2n+3 to be 0;,02n4+2—4-

If X is the nerve of a category C, show that Sub(X) is the nerve of the Segal
subdivision category Sub(C) of Ex. 2.9.

2.11 If C is a category, its arrow category C/C has the morphisms of C as its objects,
and a map (a,b): f — f'in Ar(C) is a commutative diagram in C:

f

A —— B

! L
A I p

If f: A — B then the source s(f) = A and target ¢(f) = B of f define functors
c/C —C.

Show that s is a fibered functor, and that t is a cofibered functor. Then show
that both s and ¢ are homotopy equivalences.
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§3. Symmetric Monoidal Categories

The geometric realization B.S of a symmetric monoidal category is an H-space
with a homotopy-commutative, homotopy-associative product. To see this, recall
from Definition 1.5.1 that a symmetric monoidal category is a category S with
a functor [J: S x S — S which has a unit object “e” and is associative and is
commutative, all up to coherent natural isomorphism. By 2.1(4) the geometric
realization of [J is the “product” map (BS) x (BS) = B(S x S) — BS. The
natural isomorphisms sl e = s = el ls imply that the vertex e is an identity up to
homotopy, .e., that BS is an H-space. The other axioms imply that the product
on BS is homotopy commutative and homotopy associative.

In many cases e is an initial object of S, and therefore the H-space BS' is con-
tractible by Example 2.2.2. For example, any additive category A is symmetric
monoidal category (with 0 = @), and e = 0 is an initial object, so BA is con-
tractible. Similarly, the category Sets; of finite sets is symmetric monoidal (O
being disjoint union) by 1.5.2, and e = () is initial, so BSets; is contractible.

Here is an easy way to modify S in order to get an interesting H-space.

DEFINITION 3.1. Let iso.S denote the subcategory of isomorphisms in S. It has
the same objects as S, but its morphisms are the isomorphisms in S. Because iso S
is also symmetric monoidal, B(isoS) is an H-space.

By Lemma 2.3, the abelian monoid 7 (iso S) is just the set of isomorphism classes
of objects in S — the monoid S™° considered in §I1.5. In fact, iso S is equivalent
to the disjoint union [] Autg(s) of the one-object categories Autg(s), and B(iso S)
is homotopy equivalent to the disjoint union of the classifying spaces B Aut(s),
s € Siso,

ExAMPLES 3.1.1. B(isoS) is often an interesting H-space.

(a) In the category Sets; of finite sets, the group of automorphisms of any n-
element set is isomorphic to the permutation group X,. Thus the subcategory
iso Sets¢ is equivalent to [, the disjoint union of the one-object categories X,,.
Thus the classifying space B(iso Setsy) is homotopy equivalent to the disjoint union
of the classifying spaces BY,,, n > 0.

(b) The additive category P(R) of f.g. projective R-modules has 0 as an initial
object, so BP(R) is a contractible space. However, its subcategory P = iso P(R)
of isomorphisms is more interesting. The topological space BP is equivalent to
the disjoint union of the classifying spaces B Aut(P) as P runs over the set of
isomorphism classes of f.g. projective R-modules.

(c) Fix aring R, and let F = F(R) be the category [ [ GL,,(R) whose objects are
the based free R-modules {0, R, R?,--- , R",---}. There are no maps in F between
R™ and R™ if m # n, and the self-maps of R™ form the group GL,(R). This is a
symmetric monoidal category: R™OR™ = R™™™ by concatenation of bases. The
space BF(R) is equivalent to the disjoint union of the classifying spaces BGL,,(R).

If R satisfies the Invariant Basis Property (I.1.1), then F(R) is a full subcategory
of iso P(R). In this case, we saw in I1.5.4.1 that F(R) is cofinal in iso P(R).

(d) Fix a commutative ring R, and let S = Pic(R) be the category of invertible
R-modules and their isomorphisms. This is a symmetric monoidal category in which
O is tensor product and e is R; see I1.5.2(5). In this case, S = iso S and S™° is the
Picard group Pic(R) discussed in §1.3. By Lemma 1.3.3, Aut(L) = R* for every
L. Thus Pic(R) is equivalent to a disjoint union of copies of R*, and B(Pic) is
homotopy equivalent to the product Pic(R) x B(R*).
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(e) If F'is a field, we saw in I1.5.7 that the categories SBil(F) and Quad(F) =
Quad™ (F) of symmetric inner product spaces and quadratic spaces are symmetric
monoidal categories. More generally, let A be any ring with involution, and € = +1.
Then the category Quad®(A) of nonsingular e-quadratic A-modules is a symmetric
monoidal category with [0 = @& and e = 0. See [B72, Bak] for more details.

The S—YS Construction

In [GQJ, Quillen gave a construction of a category S~1S such that K(S) =
B(S71S) is a “group completion” of BS (see 3.4 below), provided that every map in
S is an isomorphism and every translation sCI: Autg(t) — Autg(s[Jt) is an injection.
The motivation for this construction comes from the construction of the universal
abelian group completion of an abelian monoid given in Chapter II, §1.

DEFINITION 3.2 (S71S5). The objects of S™1S are pairs (m,n) of objects of S.
A morphism in S~1S is an equivalence class of composites

(my,m2) =N (s0Omy, sOms) ), (n1,m2).

This composite is equivalent to

(ml,mg) £> (tDml,tsz) M (nl,ng)

exactly when there is an isomorphism a: s — ¢ in S so that composition with alm;
sends f’ and ¢’ to f and g.

EXPLANATION 3.2.1. There are two basic types of morphisms in S~'S. The
first type is a pair of maps (f1, f2): (m1,ma) — (nq,n2) with f;:m; — n; in S,
arising from the inclusion of S x S in S~!S. The second type is a formal map
sO: (m,n) — (sOm, sOn).

We shall say that “translations are faithful” in S if every translation Aut(s) —
Aut(s(t) in S is an injection. In this case every map in S~1S determines its object
s up to unique isomorphism.

REMARK 3.2.2. S~1§is a symmetric monoidal category, with (m,n)0(m’,n’) =
(mOm’,nOn’), and the functor S — S~1S sending m to (e, m) is monoidal. Hence
the natural map BS — B(S™1S) is an H-space map, and 7o(S) — mo(S719) is a
map of abelian monoids.

In fact mo(S~1S) is an abelian group, the inverse of (m,n) being (n,m). This
follows from the existence of a morphism 7 in S=1S from (e, e) to (m,n)d(n, m) =
(mOn,nOm). Warning: 7 is not a natural transformation! See Ex. 3.3.

DEFINITION 3.3. Let S be a symmetric monoidal category in which every mor-
phism is an isomorphism. Its K-groups are the homotopy groups of B(S~15):

K9(S) = m,(BS1S).

n

It is sometimes convenient to write K (S) for the geometric realization B(S~1S),
and call it the K-theory space of S, so that KJ(S) = m, KB(S).
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In order to connect this definition up with the definition of K (S) given in
section IL.5, we recall from 3.2.2 that the functor S — S—!S induces a map of
abelian monoids from 7 (S) = S° to mo(S~1S).

LEMMA 3.3.1. The abelian group K5 (S) = mo(S~1S) is the group completion
of the abelian monoid my(S) = S'°. Thus definition 3.3 agrees with the definition
of K§(S) given in IL.5.1.2.

PROOF. Let A denote the group completion of 7y(S), and consider the function
a(m,n) = [m] — [n] from the objects of S71S to A. If s € S and f;:m; — n; are
morphisms in S then in A we have a(m, n) = a(sOm, sCn) and a(mq, ma) = [mq]—
[ma] = [n1] — [n2] = a(n1,n2). By Lemma 2.3, a induces a set map m(S~15) — A.
By construction, « is an inverse to the universal homomorphism A — 7o(S~15).

Group Completions

Group completion constructions for K-theory were developed in the early 1970’s
by topologists studying infinite loop spaces. These constructions all apply to sym-
metric monoidal categories.

Any discussion of group completions depends upon the following well-known
facts (see [Wh, IIL.7]). Let X be a homotopy commutative, homotopy associative
H-space. Its set of components moX is an abelian monoid, and Hy(X;Z) is the
monoid ring Z[my(X)]. Moreover, the integral homology H,(X;Z) is an associative
graded-commutative ring with unit.

We say that a homotopy associative H-space X is group-like if it has a homotopy
inverse; see [Wh, II1.4]. Of course this implies that 7y(X) is a group. When X is a
CW complex, the converse holds [Wh, X.2.2]: if the monoid 7y(X) is a group, then
X 1is group-like.

For example, if S = iso0 .S then my(BS) is the abelian monoid S° of isomorphism
classes, and Ho(BS;Z) is the monoid ring Z[S™°]. In this case, the above remarks
show that BS is grouplike if and only $%° is an abelian group under [J.

DEFINITION 3.4 (GROUP COMPLETION). Let X be a homotopy commutative,
homotopy associative H-space. A group completion of X is an H-space Y, together
with an H-space map X — Y, such that mo(Y) is the group completion of the
abelian monoid 7y(X) (in the sense of §1.1), and the homology ring H.(Y;k) is
isomorphic to the localization mo(X) 1 H,(X;k) of H.(X;k) by the natural map,
for all commutative rings k.

If X is a CW complex (such as X = BY), we shall assume that Y is also a CW
complex. This hypothesis implies that the group completion Y is group-like.

It is possible to show directly that Z x BGL(R)" is a group completion of BS
when S = [[GL,(R); see Ex. 3.9. We will see in theorems 3.6 and 3.7 below that
the K-theory space B(S™19) is a group completion of BS, and that B(S™1S) is
homotopy equivalent to Z x BGL(R)™.

LEMMA 3.4.1. If X is a group-like H-space then X its own group completion,
and any other group completion f: X — Y is a homotopy equivalence.

PROOF. Since f is a homology isomorphism, it is an isomorphism on 7y and
1. Therefore the map of basepoint components is a +—construction relative to the
subgroup 1 of 71 (X ), and Theorem 1.4 implies that X ~ Y.
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SEGAL’S B METHOD 3.4.2. If X is a topological monoid, such as [[ BGL,(R)
or [[ BY,, then we can form BX, the geometric realization of the (one-object)
topological category X. In this case, Q2BX is an infinite loop space and the natural
map X — QBX is a group completion. For example, if X is the one-object monoid
N then BN ~ S| 79(Q2BN) is Z, and every component of QBN is contractible. See
[Adams]| for more details.

MACHINE METHODS 3.4.3. (See [Adams|.) If X isn’t quite a monoid, but the
homotopy associativity of its product is nice enough, then there are constructions
called “infinite loop space machines” which can construct a group completion Y of
X, and give Y the structure of an infinite loop space. All machines produce the
same infinite loop space Y (up to homotopy); see [MT]. Some typical machines are
described in [Segal|, and [May74].

The realization X = BS of a symmetric monoidal category S is nice enough
to be used by infinite loop space machines. These machines produce an infinite
loop space K(S) and a map BS — K(S) which is a group completion. Most
infinite loop machines will also produce explicit deloopings of K(.S) in the form
of an Q-spectrum K (S), the K-theory spectrum of S. The production of K (S)
is natural enough that monoidal functors between symmetric monoidal categories
induce maps of the corresponding spectra.

Actions on other categories

To show that B(S~1S) is a group completion of BS, we need to fit the definition
of S71S into a more general framework.

DEFINITION 3.5. A monoidal category S is said to act upon a category X by a
functor O0: S x X — X if there are natural isomorphisms sO(t0z) = (sO¢)0x and
ellr = x for s,t € S and x € X, satisfying coherence conditions for the products
sUtHulx and sUeldx analogous to the coherence conditions defining S.

DEFINITION 3.5.1. If S acts upon X, the category (S, X) has the same objects as

X. A morphism from z to y in (S, X) is an equivalence class of pairs (s, sOx 2, ),
where s € S and ¢ is a morphism in X. Two pairs (s, ¢) and (s’, ¢’) are equivalent

in case there is an isomorphism s = s’ identifying ¢’ with s'Oxz = sz 2, Y.

We shall write S™1X for (S, S x X), where S acts on both factors of S x X.
Note that when X = S this definition recovers the definition of S~1S given in 3.2
above. If S is symmetric monoidal, then the formula sO(t0x) = (s0¢, z) defines
an action of S on S71X.

For example, if every arrow in S is an isomorphism, then e is an initial object of
(S,S) and therefore the space B(S,S) is contractible.

We say that S acts invertibly upon X if each translation functor sl1: X — X
is a homotopy equivalence. For example, S acts invertibly on S™1X (if S is sym-
metric) by the formula sCI(¢, x) = (s0¢, z), the homotopy inverse of the translation
(t,z) — (sOt,z) being the translation (¢,x) — (¢,s0x), because of the natural
transformation (¢, z) — (sOt, sCz).

Now 7S is a multiplicatively closed subset of the ring Hy(S) = Z[noS], so it
acts on H,(X) and acts invertibly upon H,(S~'X). Thus the functor X — S71X
sending x to (0, ) induces a map

(3.5.2) (m0S8) T H, (X) — Hy (S™1X).
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THEOREM 3.6 (QUILLEN). If every map in S is an isomorphism and translations
are faithful in S, then the map (3.5.2) is an isomorphism for all X and q.
In particular, B(S™1S) is a group completion of the H-space BS.

PROOF. (See [GQ, p. 221].) By Ex. 3.4, the projection functor p: S71X — (S, S)
is cofibered with fiber X. By Ex. 2.7 there is an associated spectral sequence qu =
H,((S,S); H/(X)) = Hp1,(S7'X). Localizing this at the multiplicatively closed
subset mS of Hy(S) is exact, and mS already acts invertibly on H,(S™'X) by
Ex. 2.7, so there is also a spectral sequence E>, = Hy((S, S); My) = Hp14(S™'X),
where M, = (moS) 'H,(X). But the functors M, are morphism-inverting, so by
Ex. 2.1 and the contractibility of (S, .S), the group H,((S,S); M,) is zero for p # 0,
and equals M, for p = 0. Thus the spectral sequence degenerates to the claimed
isomorphism (3.5.2).

The final assertion is immediate from this and definition 3.4, given remark 3.2.2
and lemma 3.3.1.

Bass gave a classical definition of K;(S) and K»(S) in [B72]; we gave them
implicitly in I11.1.6.3 and II1.5.6. We can now state these classical definitions, and
show that they coincide with the K-groups defined in this section.

COROLLARY 3.6.1. If S =isoS and translations are faithful in S, then:

K1(S5) = lim H, (Aut(s); Z),

seS

Ky(S) = lii>nH2([Aut(s), Aut(s)]; Z).
seS

PROOF. ([We81]) The localization of H,(BS) = @scsHy(Aut(s) at mo(X) =
S50 is the direct limit of the groups H,(Aut(s), taken over the translation category
of all s € S. Since 7m1(X) = H1(X;Z) for every H-space X, this gives the formula
for Kl(S) = WlB(S_ls).

For Ky we observe that any monoidal category S is the filtered colimit of its
monoidal subcategories having countably many objects. Since K5(.S) and Bass’ Hy
definition commute with filtered colimits, we may assume that S has countably

many objects. In this case the proof is relegated to Ex. 3.10, which is worked out
in [We81].

Relation to the +—construction

Let S = F(R) = [[GL,(R) be the monoidal category of free R-modules, as in
example 3.1.1(c). In this section, we shall identify the +—construction on BGL(R)
with the basepoint component of K(S) = B(S™1S). As theorems 3.6 and 1.7
suggest, we need to find an acyclic map from BGL(R) to a connected component
of B(S™1LS).

Any group map 7 from GL, (R) to Autg-15(R", R™) gives a map from BGL, (R)
to B(S™1S). Consider the maps n = 1, defined by 7,(g9) = (g,1). Because

GL,(R) —X—  Aut(R", R")
DRl D(R,R)l
GLpi1(R) —1— Aut(R"*!, R*t1)
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commutes, there is a natural transformation from 7 to n(CR). The resulting ho-
motopy of maps BGL,(R) — B(S™1S) gives a map from the “mapping telescope”
construction of BGL(R) to B(S™1S); see Ex. 2.5. In fact, this map lands in the
connected component Yg of the identity in B(S™1S5). Since B(S™1S) is an H-space,
so is the connected component Yg of the identity.

BGL,

BGL,
BGLs ——BS™'S

etc. :

Figure 1. The mapping telescope of BGL(R) and B(S~189).

THEOREM 3.7. When S is [[ GL,(R),
B(57'S) ~Z x BGL(R)™".

PROOF. (Quillen) We shall show that the map BGL(R) — Yg is acyclic. By
theorem 1.7, this will induce an acyclic map BGL(R)"™ — Yg. This must be a
homotopy equivalence by lemma 3.4.1, and the theorem will then follow.

Let e € moBS be the class of R. By theorem 3.6, H,B(S™1S) is the localiza-
tion of the ring H,(BS) at mo(S) = {e™}. But this localization is the colimit of
the maps H.(BS) — H,.(BS) coming from the translation @R: S — S. Hence
H,B(S718) = H,(Ys) ® Z[e,e™ '], where Ys denotes the basepoint component of
B(S718), and H.(Ys) = colim H.(BGL,(R)) = H.(BGL(R)). This means that
the map BGL(R) — Yg is acyclic, as required.

EXAMPLE 3.7.1. (Segal) Consider the symmetric monoidal category S = [[ X,
equivalent to the category Sets; of example 3.1.1(a). The infinite symmetric group
> is the union of the symmetric groups ¥,, along the inclusions [11 from 3,, to
Yn+1, and these inclusions assemble to give a map from the mapping telescope
construction of BY to B(S™1S), just as they did for GL(R). Moreover the proof of
theorem 3.7 formally goes through to prove that B(S™1S) ~ K (Setsy) is homotopy
equivalent to Z x BXT. This is the equivalence of parts (a) and (b) in the following
result. We refer the reader to [BP71] and [Adams, §3.2] for the equivalence of parts
(b) and (c).

THE BARRATT-PRIDDY-QUILLEN-SEGAL THEOREM 3.7.2. The following three
infinite loop spaces are the same:
(a) the group completion K(Setsy) of BSetsy;
(b) Z. x BXY, where X is the union of the symmetric groups ¥, ; and
(c) The infinite loop space QS = lim,,_,o, Q"S™.
Hence the groups K,,(Setsy) are the stable homotopy groups of spheres, 5.

More generally, suppose that S has a countable sequence of objects si,... such
that s,4+1 = s,Ua,, for some a, € S, and satisfying the cofinality condition that
for every s € S there is an s’ and an n so that s(Js’ = s,,. In this case we can form
the group Aut(S) = colim,,_,o Autg(sy).
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THEOREM 3.7.3. Let S =1iso S be a symmetric monoidal whose translations are
faithful, and suppose the above condition is satisfied, so that the group Aut(S) exists.
Then the commutator subgroup E of Aut(S) is a perfect normal subgroup, K;(S) =
Aut(S)/E, and the +-construction on B Aut(S) is the connected component of the
identity in the group completion K(S). Thus

K(S) ~ Ko(S) x BAut(S)*.

PROOF. ([We81]) The assertions about E are essentially on p. 355 of [Bass].
On the other hand, the mapping telescope construction mentioned above gives an
acyclic map from B Aut(S) to the basepoint component of B(S~1S), and such a
map is by definition a +—construction.

Cofinality
A monoidal functor f: S — T is called cofinal if for every ¢ in T there is a t’ and
an s in S so that tO0t' = f(s); cf. I1.5.3. For example, the functor F(R) — P(R)

of example 3.1.1(c) is cofinal, because every projective module is a summand of a
free one. For Pic(R), the one-object subcategory R* is cofinal.

COFINALITY THEOREM 3.8. Suppose that f: S — T is cofinal. Then
(a) If T acts on X then S™'X ~T71X.
(b) If Auts(s) = Autp(fs) for all s in S then the basepoint components of K (S)
and K(T) are homotopy equivalent. Consequently, for all n > 1 we have
K,(S) = K,(T).

PRrROOF. By cofinality, S acts invertibly on X if and only if 7" acts invertibly on
X. Hence Ex. 3.5 yields

STIX ST HSsTIX)=2sTHTIX) & TIX.

An alternate proof of part (a) is sketched in Ex. 3.7.

For part (b), let Y5 and Y7 denote the connected components of B(S~1S) and
B(T~IT). Writing the subscript s € S to indicate a colimit over the translation
category 2.3.1 of m(.5), and similarly for the subscript ¢ € T, theorem 3.6 yields:

H,(Ys) = colimge g H, (B Aut(s)) = colimses H.(B Aut(fs))
= colimier Hy (B Aut(t)) = H.(Yr).

Hence the connected H-spaces Yg and Y7 have the same homology, and this implies
that they are homotopy equivalent.

Note that Ko(F) = Z is not the same as Ko(P) = Ky(R) in general, although
K, (F) = K, (P) for n > 1 by the Cofinality Theorem 3.8(b). By theorem 3.7 this
establishes the following important result.

COROLLARY 3.8.1. Let S = iso P(R) be the category of f.g. projective R-modules
and their isomorphisms. Then

B(S7'8) ~ Ko(R) x BGL(R)™.
Let’s conclude with a look back at the other motivating examples in 3.1.1. In

each of these examples, every morphism is an isomorphism and the translations are
faithful, so the classifying space of S~15 is a group completion of BS.
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EXAMPLE 3.9.1 (STABLE HOMOTOPY). The “free R-module” on a finite set de-
termines a functor from Sets; to P(R), or from the subcategory [[ %, of Setsy
to [[ GLy,(R). This functor identifies the symmetric group ¥,, maps with the per-
mutation matrices in GL,,(R). Applying group completions, theorem 3.7 and 3.7.1
show that this gives a map from Q>S5 to K(R), hence maps 7, — K, (R).

EXAMPLE 3.9.2 (PICARD GROUPS). Let R be a commutative ring, and con-
sider the symmetric monoidal category S = Pic(R) of Example I1.5.2(5). Because
7o(S) is already a group, S and S~1S are homotopy equivalent (by lemma 3.4.1).
Therefore we get

KyPic(R) = Pic(R), K;Pic(R)=U(R) and K,Pic(R)=0 forn > 2.

The determinant functor from P = iso P(R) to Pic(R) constructed in §1.3 gives a
map from K(R) = K(P) to KPic(R). Upon taking homotopy groups, this yields
the familiar maps det: Ko(R) — Pic(R) of I11.2.6 and det: K;(R) — R* of III.1.1.1.

EXAMPLE 3.9.3 (L-THEORY). Let S = Quad®(A) denote the category of non-
singular e-quadratic A-modules, where ¢ = +1 and A is any ring with involution
[B72, Bak]. The K-groups of this category are the L-groups L, (A) of Karoubi
and others. For this category, the sequence of hyperbolic spaces H™ is cofinal (by
Ex. I1.5.10), and the automorphism group of H" is the orthogonal group .O,,. The
infinite orthogonal group .O = .O(A), which is the direct limit of the groups O,,
is the group Aut(S) in this case. By theorem 3.7.3, we have

K(Quad®(A)) ~ Ly x B.O™.

When A = R, the classical orthogonal group O is ;0. When A = C and the
involution is complex conjugation, the classical unitary group U is +1O(C). The
description of K;(S) and K5(S) in 3.6.1 is given in [B72, p. 197]. For more bells
and whistles, and classical details, we refer the reader to [Bak].

ExXAMPLE 3.9.4. When R is a topological ring (such as R or C), we can think
of P(R) as a topological symmetric monoidal category. Infinite loop space machines
(3.4.3) also accept topological symmetric monoidal categories, and we write K (R'°P)
for K(P(R)!P). This gives natural maps from the infinite loop spaces K(R°) to
K(R'P). The naturality of these maps allows us to utilize infinite loop space
machinery. As an example of the usefulness, we remark that

K(R"YP)~7 x BO and  K(C'"P)~Z x BU.

EXERCISES

3.1 Let N be the additive monoid {0, 1, ...}, considered as a symmetric monoidal
category with one object. Show that (N, N) is the union Un of the ordered categories
n, and that N™!'N is a poset, each component being isomorphic to Un.

3.2 Show that a sequence Xg — X; — --- of categories determines an action of N
on the disjoint union X =[] X,,, and that (N, X) is the mapping telescope category
Un[X of Ex. 2.5.
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3.3 (Thomason) Let S be symmetric monoidal, and let +: S™1S — S~1S be the
functor sending (m,n) to (n,m) and (f1, f2) to (f2, f1). Show that there is no
natural transformation 0 = id[J:. Hint: The obvious candidate is given in 3.2.2.

Thomason has shown that B¢ is the homotopy inverse for the H-space structure
on B(S™19), but for subtle reasons.

3.4 (Quillen) Suppose that S = isoS, and that the translations in S are faithful.
Show that the projection S~*X % (S, S) is cofibered, where p(s,z) = s.

3.5 Let S = iso S be a monoidal category whose translations are faithful (3.2.1).
Suppose that S acts invertibly upon a category X. Show that the functors X —
S71X (x + (s,7)) are homotopy equivalences for every s in S. If S acts upon a
category Y, then S always acts invertibly upon S~'Y, so this shows that ™'Y ~
S=1(S™1Y). Hint: Use exercises 2.6 and 3.4, and the contractibility of (S, S).

3.6 Suppose that every map in X is monic, and that each translation Autg(s) e,

Auty (sOz) is an injection. Show that the sequence S—19 Do, g-1x T, (S, X)

is a homotopy fibration for each x in X, where 7 is projection onto the second

factor. In particular, if (S, X) is contractible, this proves that S—19 51X s

a homotopy equivalence. Hint: Show that 7 and S~1m: S~1(S71X) — (S, X) are
cofibered, and use the previous exercise.

3.7 Use exercises 3.4 and 3.5 to give another proof of the Cofinality Theorem 3.8(b).

3.8 If S is a symmetrical monoidal category, so is its opposite category S°P. Show
that the group completions K (S) and K (S°P) are homotopy equivalent.

3.9 Fix a ring R and set S = [[GL,(R). The maps BGL,(R) — BGL(R) —
{n} x BGL(R)™" assemble to give a map from BS to Z x BGL(R)*. Use Ex. 1.9 to
show that it is an H-space map. Then show directly that this makes Z x BGL(R)™"
into a group completion of BS.

3.10 Let S be a symmetric monoidal category with countably many objects, so
that the group Aut(S) exists and its commutator subgroup E is perfect, as in 3.7.3.
Let F denote the homotopy fiber of the H-space map B Aut(S)t — B(K;9).
(a) Show that m1(F) =0 and Ha(F;Z) = ma(F) = Ka(S).
(b) ([We81]) Show that the natural map BE — F induces H,.(BE) = H,(F), so
that F = BE*. Hint: Show that K1S acts trivially upon the homology of
BFE and F, and apply the comparison theorem for spectral sequences.
(c) Conclude that Ky(S) = Hy(E) = hi>nses Hy([Aut(s), Aut(s)]; Z).

3.11 If f: X — Y is a functor, we say that an action of S on X is fiberwise if

Sxx 2 x Ly equals the projection S x X — X followed by f.

(a) Show that a fiberwise action on X restricts to an action of S on each fiber
category X, = f~!(y), and that f induces a functor S™'X — Y whose fibers are
the categories S™1(X,).

(b) If f is a fibered functor (2.6.2), we say that a fiberwise action is cartesian
if the basechange maps commute with the action of S on the fibers. Show that in
this case S™!X — Y is a fibered functor.
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84. Quillen’s )-construction

The higher K-theory groups of a small exact category A are defined to be the
homotopy groups K,,(A) = m,4+1(BQ.A) of the geometric realization of a certain
auxiliary category .4, which we now define. This category has the same objects
as A, but morphisms are harder to describe. Here is the formal definition; we refer
the reader to Ex. 4.1 for a more intuitive interpretation of morphisms in terms of
subquotients.

DEFINITION 4.1. A morphism from A to B in QA is an equivalence class of
diagrams

(4.1.1) ALB, S B

where j is an admissible epimorphism and ¢ is an admissible monomorphism in A.
Two such diagrams are equivalent if there is an isomorphism between them which is
the identity on A and B. The composition of the above morphism with a morphism
B«—C’2>—>C’isA«—C’1HC,Whereclng XBCQ.

Cl>—>02>—>0

. |

A « By — B

Two distinguished types of morphisms play a special role in QA: the admissible
monics A — B (take By = A) and the oppositely oriented admissible epis A «- B
(take B, = B). Both types are closed under composition, and the composition of
A « By with By — B is the morphism (4.1.1). In fact, every morphism in Q.A
factors as such a composition in a way that is unique up to isomorphism.

SUBOBJECTS 4.1.2. Recall from [Mac| that (in any category) a subobject of an
object B is an equivalence class of monics By — B, two monics being equivalent
if they factor through each other. In an exact category A, we call a subobject
admissible if any (hence every) representative By ~— B is an admissible monic.

By definition, every morphism from A to B in QA determines a unique admissible
subobject of B in A. If we fix a representative By — B for each subobject in A,
then a morphism in QA from A to B is a pair consisting of an admissible subobject
By of B and an admissible epi By — A.

In particular, this shows that morphisms from 0 to B in QA are in 1-1 corre-
spondence with admissible subobjects of B.

Isomorphisms in QA are in 1-1 correspondence with isomorphisms in A. To see

this, note that every isomorphism i: A = B in A gives rise to an isomorphism in
X .1

QA, represented either by A ~ B or by A “ B. Conversely, since the subobject
determined by an isomorphism in Q.4 must be the maximal subobject B ~— B,
every isomorphism in QA arises in this way.

REMARK 4.1.3. Some set-theoretic restriction is necessary for QA to be a cate-
gory in our universe. It suffices for A to be well-powered, i.e., for each object of A
to have a set of subobjects. We shall tacitly assume this, since we will soon need
the stronger assumption that A is a small category.

We now consider the geometric realization BQ.A as a based topological space,
the basepoint being the vertex corresponding to the object 0. In fact, BQA is a
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connected CW complex, because the morphisms 0 — A in QA give paths in BQA
from the basepoint 0 to every vertex A. (See Lemma 2.3.)

PROPOSITION 4.2. The geometric realization BQA is a connected CW complex
with m (BQA) =2 Ko(A). The element of m(BQ.A) corresponding to [A] € Ky(A)
is represented by the based loop composed of the two edges 0 — A and 0 « A:

(4.2.1) 0— A 0.

PRrROOF. Let T denote the family of all morphisms 0 — A in Q.A. Since each
nonzero vertex occurs exactly once, 7' is a maximal tree. By Lemma 2.4, m1(BQ.A)
has the following presentation: it is generated by the morphisms in Q.4, modulo
the relations that [0 — A] = 1 and [f] - [g] = [f o g] for every pair of composable
arrows in QA. Moreover, the element of 7 (BQ.A) corresponding to a morphism
from A to B is the based loop following the edges 0 — A — B « 0.

Since the composition 0 ~— By »— B is in T, this shows that [By — B] =1
in m (BQA). Therefore [A «— By — B| = [A « By]. Similarly, the composition
0 «- A « B yields the relation [A « B][0 «- A] = [0 «- B]. Since every morphism
(4.1.1) factors, this shows that 71 (BQ.A) is generated by the morphisms [0 « A].

If A— B — C is an exact sequence in A, then the composition 0 — C' « B in
QA is 0 «~ A — B. This yields the additivity relation

(4.2.2) [0 «~ B] = [C « BJ[0 « C] = [0 « A][0 « C]
in m (BQ.A), represented by the following picture in BQ.A:

0O — A — B

Lol

0O — C — 0

Since every relation [f] - [g] = [f o g] may be rewritten in terms of the additivity
relation, m (BQ.A) is generated by the [0 « A] with (4.2.2) as the only relation.
Therefore Ko(A) = m1(BQA).

DEFINITION 4.3. Let A be a small exact category. Then K A denotes the space
QBQ.A, and we set

K,(A) =m,KA=m,1+1(BQA) for n > 0.

Proposition 4.2 shows that this definition of Ky(.A) agrees with the one given in
chapter II. Note that any exact functor F: A — B induces a functor QA — QB,
hence maps BQA — BQB and K,,(A) — K, (B). Thus the space KA = Q BQA
and all the groups K, (A) are functors from exact categories and exact functors to
spaces and abelian groups, respectively. Moreover, isomorphic functors induce the
same map on K-groups, because they induce isomorphic functors QA — QA’.

REMARK 4.3.1. If an exact category A is not small but has a set of isomor-
phism classes of objects then we define K,,(A) to be K,,(A’), where A’ is a small
subcategory equivalent to A. By Ex. 4.2 this is independent of the choice of A'.
From now on, whenever we talk about the K-theory of a large exact category A we
will use this device, assuming tacitly that we have replaced it by a small A’. For
example, this is the case in the following definitions.
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DEFINITION 4.3.2. Let R be a ring with unit, and let P(R) denote the exact
category of f.g. projective R-modules. We define the K-groups of R by K, (R) =
K, P(R). For n =0, lemma 4.2 shows that this agrees with the definition of K¢ (R)
in chapter II. For n > 1, agreement with the +—construcion definition 1.1.1 will
have to wait until section 5.

If R is noetherian, let M(R) denote the category of f.g. R-modules. Otherwise,
M(R) is the category of pseudo-coherent modules defined in I11.7.1.4. We define
the G-groups of R by G,(R) = K,M(R). For n = 0, this also agrees with the
definition in chapter II.

Similarly, if X is a scheme which is quasi-projective (over a commutative ring),
we define K,,(X) = K, VB(X). If X is noetherian, we define G,,(X) = K, M(X).
For n = 0, this agrees with the definition of Ky(X) and Go(X) in chapter II.

MORITA INVARIANCE 4.3.3. Recall from II1.2.7 that if two rings R and S are
Morita equivalent then there are equivalences P(R) = P(S) and M(R) = M(95).
It follows that K, (R) = K,,(S) and G,,(R) = G,(S) for all n.

ELEMENTARY PROPERTIES 4.3.4. Here are some elementary properties of the
above definition.

If A°P denotes the opposite category of A, then Q(.A°P) is isomorphic to Q.A by
Ex 4.3, so we have K,,(A°?) = K,,(A). For example, if R is a ring then P(R°P) =
P(R)°? by P +— Hompg(P, R), so we have K, (R) = K,,(R°P).

The product or direct sum A & A’ of two exact categories is exact by Ex-
ample 11.7.1.6, and Q(A ® A") = QA x QA’. Since the geometric realization
preserves products by 2.1(4), we have BQ(A & A') = BQA x BQA' and hence
K, Ao A') =2 K,(A) & K,(A"). For example, if Ry and Ry are rings then
P(R1 X Rg) = P(Rl) @D P(RQ) and we have Kn(Rl X RQ) = Kn(Rl) D Kn(RQ)

Finally, suppose that i — A; is a functor from some small filtering category
I to exact categories and exact functors. Then the filtered colimit A = lii)nAi

is an exact category (Ex. I1.7.9), and QA = li_H}QAZ-. Since geometric realization
preserves filtered colimits by 2.1(3), we have BQA = lim BQA,; and hence K, (A) =
li_r)n K, (A;). The K version of this result was given in chapter II, as 6.2.7 and 7.1.7.

~/

For example, if a ring R is the filtered union of subrings R; we have K, (R)
li_H>1Kn(Ri). However, i — P(R;) is not a functor. To fix this, we need to replace

the category P(R;) by the equivalent category P’(R;) whose objects are idempotent
matrices over R;; P(R) is equivalent to the category P'(R) = lim P;. Alternatively

one could use the Kleisli rectification, which is described in Ex. 4.5.

EXERCISES

4.1 Admissible subquotients. Let B be an object in an exact category A. An
admissible layer in B is a pair of subobjects represented by a sequence By — By —
B of admissible monics, and we call the quotient By/ By an admissible subquotient
of B. Show that a morphism A — B in QA may be identified with an isomorphism
j:Ba/By =2 A of A with an admissible subquotient of B, and that composition in
QA arises from the fact that a subquotient of a subquotient is a subquotient.

4.2 If two exact categories A and A’ are equivalent (and the equivalence respects
exactness), show that QA and QA’ are equivalent. If both are small categories,
conclude that K,,(A) = K,,(A’) for all n.
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4.3 If A is an exact category, so is its opposite category A°P (see Example 11.7.1.5).
Show that Q(.A°P) is isomorphic to Q.A.

4.4 Let B be an object in an exact category A. Show that the comma category
QA/B is equivalent to the poset of admissible layers of B in the sense of Ex. 4.1.
If P is an exact subcategory of A and 7 denotes the inclusion QP C QA, show that
i/ B is equivalent to the poset of admissible layers of B with By/B; € P.

4.5 Kleisli rectification. Let I be a filtering category, and let I — C' AT be a lax
functor in the sense of Ex. 2.8. Although the family of exact categories Q.A(7) is
not filtering, the family of homotopy groups K, .A(7) is filtering. The following trick
allows us make K-theoretic sense out of the phantom category A = lim A(i).

Let A; be the category whose objects are pairs (A4;, 7 ER i) with A; in A(j)
and f a morphism in /. A morphism from (A4;,j ER i) to (A, k 5 i) is a pair
(j LA k,0;) where f = gh in I and 6, is an isomorphism h,(A;) = Ay in A(k).
Clearly A; is equivalent to A(7), and i — A; is a functor. Thus if A denotes lii)nAi
we have K A = lim Ky, A(i).

4.6 (Gersten) Suppose given a surjective homomorphism ¢: Ko A — G.

(a) Show that there is a functor ¢: QA — G sending the morphism (4.1.1) of
QA to ¢lker(j)], where G is regarded as a category with one object . Using 4.2,
show that the map 7 (QA) — 71 (G) is just ¢.

(b) Show that the hypotheses of Theorem B are satisfied by 1, so that B(/x%)
is the homotopy fiber of BQA — BG.

(c) Let B denote the full subcategory of all B in A with ¢[B] = 0 in G. Use
Theorem A to show that QB — 1 ~!(*) is a homotopy equivalence.

(d) Suppose in addition that for every A in A there is an A’ such that ¢[A’] =
—¢[A], so that KyB is the subgroup ker(¢) of KoA by 11.7.2. Use Theorem A
to show that ¢ ~1(x) ~ /. This proves that BQB is the homotopy fiber of
BQA — BG. Conclude that K,B = K, A for alln > 1.
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§5. The “4 = @” Theorem

Suppose that A is an additive category. One way to define the K-theory of A
is to consider the symmetric monoidal category S = iso.A (where [0 = @) and use
the S71S construction: KPA =7, B(S71S) and K®A = K(S) = B(S™15S).

Another way is to suppose that A has the structure of an exact category and
form the Q-construction on A with the S~1S construction on S. Comparing the
definitions of KJA and KA in 11.5.1.2 and I1.7.1, we see that the K, groups are
not isomorphic in general, unless perhaps every exact sequence splits in A, i.e.,
unless A is a split exact category in the sense of I1.7.1.2.

Here is the main theorem of this section.

THEOREM 5.1 (QUILLEN). If A is a split exact category and S = iso A, then
QOBQA ~ B(S™1S). Hence K, (A) = K,,(S) for alln > 0.

In fact, B(S~19) is the group completion of BS by Ex. 5.1. In some circum-
stances (see 3.7, 3.7.3 and 3.8.1), the S~1S construction is a +—construction. In
these cases, theorem 5.1 shows that the (Q—construction is also a +—construction.
For A = P(R), this yields the “+ = Q” theorem:

COROLLARY 5.2 (+ = Q). For every ring R,
QBQP(R) ~ Ko(R) x BGL(R)*.

Hence K,,(R) 2 K,,P(R) for alln > 0.

DEFINITION 5.3. Given an exact category A, we define the category £A as
follows. The objects of £A are admissible exact sequences in A. A morphism from
E': (A — B —- (') to E:(A— B — () is an equivalence class of diagrams of
the following form, where the rows are exact sequences in A:

E: A — B -

a) I i

(5.3.1) l A — B -
[ s 1

E: A — B — C(C.

Two such diagrams are equivalent if there is an isomorphism between them which
is the identity at all vertices except for the C”" vertex.

Notice that the right column in (5.3.1) is just a morphism ¢ in QA from C’ to
C, so the target C =t(A — B — () is a functor ¢t: EA — QA.
In order to improve legibility, it is useful to write £¢ for the fiber category t=1(C).

FIBER CATEGORIES 5.4. If we fix ¢ as the identity map of C' = C’, we see
that the fiber category £c = t~1(C) of exact sequences with target C has for its
morphisms all pairs (a, 3) of isomorphisms fitting into a commutative diagram:

A — B = C
o 2 ~| 3 |
A — B —- C.

In particular, every morphism in £¢ is an isomorphism.
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EXAMPLE 5.4.1. The fiber category & = ¢t~1(0) is equivalent to S = iso.A. To
see this, consider the functor from iso. A to & sending A to the trivial sequence

A>—>A — 0. This functor is a full embedding. Moreover, every object of & is
naturally isomorphic to such a trivial sequence, whence the claim.

LEMMA 5.5. For any C in A, Ec is a symmetric monoidal category, and there
1s a faithful monoidal functor S — Ec sending A to A — A C — C.

ProOF. Given E; = (A; — B; — C) in &g, set Ey x Fy equal to
(551) Al D A2 — (Bl X Bg) —- C.

This defines a symmetric product on £~ with identity e: 0 — C — C. It is now
straightforward to check that S — £¢ is a monoidal functor, and that it is faithful.

REMARK 5.5.2. If A is split exact then every object of ¢ is isomorphic to one
coming from S. In particular, the category (S, Ec) is connected. This fails if A has
a non-split exact sequence.

PROPOSITION 5.6. If A is split exact, each S™'S — S~ '&c is a homotopy
equivalence.

PROOF. By Ex. 3.6 and 5.1, S7'S — S71&c — (S,&¢) is a fibration, so it
suffices to prove that L = (S, E¢) is contractible. First, observe that the monoidal
product on Ec induces a monoidal product on L, so BL is an H-space (as in 3.1).
We remarked in 5.5.2 that L is connected. By [Wh, X.2.2], BL is group-like, i.e.,
has a homotopy inverse.

For every exact sequence F, there is a natural transformation ép: F — Ex E in
L, given by the diagonal.

A — B —-

l l I
ADPA — BxegcB —» C

Now ¢ induces a homotopy between the identity on BL and muliplication by 2.
Using the homotopy inverse to subtract the identity, this gives a homotopy between
zero and the identity of BL. Hence BL is contractible.

We also need a description of how £ varies with C.

LEMMA 5.7. For each morphism ¢: C' — C in QA, there is a canonical func-
tor ¢*: Ec — Ecr and a natural transformation ng: ¢*(E) — E from ©* to the
inclusion of Ec in EA.

In fact, t is a fibered functor with base-change ¢* (Ex. 5.2). It follows (from 2.6.4)
that C +— &¢ is a contravariant functor from QA to C AT.

PRrROOF. Choose a representative C’ «— C”" — C for ¢ and choose a pullback B’
of B and C" along C. This yields an exact sequence A — B’ — C” in A. (Why?)
The composite B’ — C" — (' is admissible; if A’ is its kernel then set

¢ (A— B—>C)= (A'HB'—»C').

Since every morphism in £¢ is an isomorphism, it is easy to see that ¢* is a functor,
independent (up to isomorphism) of the choices made. Moreover, the construction
yields a diagram (5.3.1), natural in E; the map [ is an admissible monic because

A B' 2. B is. Hence (5.3.1) constitutes the natural map ng from E to o*(FE).
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Now the direct sum of sequences defines an operation ® on £A, and S acts on
EA via the inclusion of S in EA given by 5.4.1. That is, A’'0(A — B — C) is the
sequence A’ A— A’ @ B — C. Since t(A'OFE) = t(E) we have an induced map
T=S5"1%: S71A— QA. This is also a fibered functor (Ex. 5.2).

THEOREM 5.8. If A is a split exact category and S = iso A, then the sequence
S5 — s-lea L QA is a homotopy fibration.

ProoF. We have to show that Quillen’s Theorem B applies, i.e., that the base-
changes ¢* of 5.7 are homotopy equivalences. It suffices to consider ¢ of the form
0 C and 0 « C. If ¢ is 0 ~ C, the composition of the equivalence S~1S —
S—1Ec of 5.6 with ¢* is the identity by Ex. 5.5, so ¢* is a homotopy equivalence.

Now suppose that ¢ is 0 «- C. The composition of the equivalence S~15 —
S~1& of 5.6 with ¢* sends A to A ® C by Ex. 5.5. Since there is a natural
transformation A — A @ C in S~19, this composition is a homotopy equivalence.
Hence ¢* is a homotopy equivalence.

ProOOF OF THEOREM 5.1. This will follow from theorem 5.8, once we show
that S~1€A is contractible. By Ex. 5.3, £A is contractible. Any action of S
on a contractible category must be invertible (3.5.1). By Ex. 3.5 and Ex. 5.1,
EA — S71EA is a homotopy equivalence, and therefore S~'£A is contractible.

EXERCISES

5.1 If A is an additive category, S = iso A is equivalent to the disjoint union of
one-object categories Aut(A), one for every isomorphism class in 4. Show that the
translations Aut(A) — Aut(A@® B) are injections. Then conclude using theorem 3.6
that B(S™1S) is the group completion of the H-space BS =[] Aut(A).

5.2 Show that the target functor t: EA — QA is a fibered functor in the sense of
definition 2.6.2, with base-change ¢* given by 5.7. Then show that the action of
S on EA is cartesian (Ex. 3.11), so that the induced functor ST1€A4 — QA is also
fibered, with fiber S~15 over 0.

5.3 Let 1QA denote the subcategory of QA whose objects are those of A but whose
morphisms are admissible monomorphisms. Show that the category £A of 5.3 is
equivalent to the subdivision category Sub(iQ.A) of Ex. 2.9. Conclude that the
category £A is contractible.

5.4 Show that Quillen’s Theorem B can not apply to £EA — QA unless A = 0.
Hint: Compare myS to KyA.

5.5 If ¢ is the map 0 — C, resp. 0 «- C, show that ¢*: E¢ — & = S5 sends
A— B — C to A, resp. to B.

5.6 Describe &' A = (£A)°P, which by Ex. 2.6 and 5.2 is cofibered over (Q.A)°P.
Use &' A to prove the + = @Q Theorem 5.1. Hint: There is a new action of S. Use
pushout instead of pullback in (5.5.1) to prove the analogue of proposition 5.6.

5.7 Finite Sets. Let Sets; denote the category of pointed finite sets, as in 3.1.1(a).
We say that a sequence A — B — (' is exact just in case the first map is an
injection and the second map identifies C' with B/A.

(a) Copy the @Q-construction 4.1 to form a category QQSets;.

(b) Show that there is an extension category £'Setsy, defined as in Ex. 5.6, which
is cofibered over (QSetsy)°P with S = iso Sets; as the fiber over the basepoint.
(c) Modify the proof of the + = @Q theorem to prove that QBQSets; ~ S~1S.
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§6. Waldhausen’s wS. construction

Our last construction of K-theory applies to Waldhausen categories, i.e., “cate-
gories with cofibrations and weak equivalences.” Unfortunately, this will occur only
after a lengthy list of definitions, and we ask the reader to be forgiving.

Recall from chapter II, section 9 that a category with cofibrations is a category
C with a distinguished zero object ‘0’ and a subcategory co(C) of morphisms in
C called “cofibrations” (indicated with feathered arrows ). Every isomorphism
in C is to be a cofibration, and so are the unique arrows 0 — A for every object
A in C. In addition, the pushout C »— B U4 C of any cofibration A — B is a
cofibration. (See Definition I1.9.1 more precise statements.) These axioms imply
that two constructions make sense: the coproduct B Il C = B Uy C' of any two
objects, and every cofibration A — B fits into a cofibration sequence A — B —»
B/A, where B/A is the cokernel of A - B. The following is a restatement of
Definition 11.9.1.1:

DEFINITION 6.1. A Waldhausen category C is a category with cofibrations, to-
gether with a family w(C) of morphisms in C called “weak equivalences” (indicated
with decorated arrows —). Every isomorphism in C is to be a weak equivalence,
and weak equivalences are to be closed under composition (so we may regard w(C)
as a subcategory of C). In addition, a “Glueing axiom” (W3) must be satisfied,
saying that the pushout of weak equivalences is a weak equivalence.

A functor F': A — C between two Waldhausen categories is called an ezxact func-
tor if it preserves all the relevant structure: zero, cofibrations, weak equivalences
and the pushouts along a cofibration.

A Waldhausen subcategory A of a Waldhausen category C is a subcategory which
is also a Waldhausen category in such a way that: (i) the inclusion A C C is an
exact functor, (ii) the cofibrations in 4 are the maps in .4 which are cofibrations in
C and whose cokernel lies in A, and (iii) the weak equivalences in A are the weak
equivalences of C which lie in A.

In order to describe Waldhausen’s wS. construction for K-theory, we need a
sequence of Waldhausen categories S,,(C). So(C) is the zero category, and S1(C) is
the category C, but whose objects A are thought of as the cofibrations 0 — A. The
category So(C) is the extension category £ of I1.9.3. For convenience, we repeat its
definition here.

EXTENSION CATEGORIES 6.2. The objects of the extension category S(C) are
the cofibration sequences A; — Ay — Ajo in C. A morphism E — E’ in S3(C) is
a commutative diagram:

E: A — Ay — Ao

A

E'": Al — AL —» Al

We make S3(C) in to a Waldhausen category as follows. A morphism F — E’ in
S2(C) is a cofibration if A — A), Ajo — Ay and A} Ux, Ay — Al are cofibrations
in C. A morphism in S3(C) is a weak equivalence if its component maps A; — A
(i =1,2,12) are weak equivalences in C.

The following technically convenient axiom is often imposed on C. It says that
weak equivalences are closed under extensions.
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EXTENSION AXIOM 6.2.1. Suppose that f: £ — E’is a map between cofibration
sequences, as in 6.2. If the source and quotient maps of f (A — A’ and C' — (')
are weak equivalences, so is the total map of f (B — B’).

DEFINITION 6.3. (S.C) If C is a Waldhausen category, let S,,C be the category
whose objects A. are sequences of n cofibrations in C:

A.I 0:A0>—>A1>—>A2>—>>—>An

together with a choice of every subquotient 4;; = A;/A; (0 <i < j < n). These
choices are to be compatible in the sense that there is a commutative diagram:

An—l,n

f

(6.3.0) Agz omem Ao

A12 — A13 e — Aln

f f f

Al — A2 — A3 e > An

The conventions Ag; = A; and A;; = 0 will be convenient at times. A morphism
A. — B.in S,,C is a natural transformation of sequences.

If we forget the choices of the subquotients A;; we obtain the higher extension
category &,(C) constructed in I1.9.3.2. Since we can always make such choices, it
follows that the categories S,,C and &,(C) are equivalent. By Ex. I1.9.4, £,(C) is a
Waldhausen category, so S,,C is also a Waldhausen category. Here are the relevant
definitions for S,,, translated from the definitions 11.9.3.2 for £.

A weak equivalence in S,,C is a map A. — B. such that each A; — B; (hence,
each A;; — B;;) is a weak equivalence in C. A map A. — B. is a cofibration when
for every 0 < i < j < k < n the map of cofibration sequences

is a cofibration in S2(C)(C).
The reason for including choices in the definition of the categories S, (C) is that
we can form a simplicial Waldhausen category.

DEFINITION 6.3.1. For each n > 0, the exact functor dy: S, (C) — S,—1(C) is
defined deletion of the bottom row of (6.3.0). That is, i.e., Jy is defined by the
formula

60(A) O=A11>—>A12>—>A13>—>--->—>A1n

together with the choices dy(A.)i; = Ait1,j+1. By Ex. 6.1, 0p(A.) is in S,—1(C).

For 0 < i < n we define the exact functors 0;: S, (C) — S,—1(C) by omitting the
row A;, and the column containing A; in (6.3.0), and reindexing the A;j as needed.
Similarly, we define the exact functors s;: S, (C) — S,+1(C) by duplicating A;, and
reindexing with the normalization 4; ;4 = 0.
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By Ex. 6.2, the S,,C fit together to form a simplicial Waldhausen category S.C,
and the subcategories wS,,C of weak equivalences fit together to form a simplicial
category wS.C. Hence their geometric realizations B(wS,,C) fit together to form
a simplicial topological space BwS.C, and we write |wS.C| for the realization of
BwS.C. Since Sy(C) is trivial, |wS.C| is a connected space.

Recall from chapter II, 9.1.2, that Ky(C) is defined as the group generated by
the set of weak equivalence classes [A] of objects of C with the relations that [B] =
[A] + [B/A] for every cofibration sequence

A— B — B/A.

PROPOSITION 6.4. If C is a Waldhausen category then m|wS.C| = Ky(C).

Proor. If X. is any simplicial space with X, a point, then |X.| is connected
and 71| X.| is the free group on 7y(X7) modulo the relations dy(x) = da(x)do(z)
for every x € mp(X2). For X. = BwS.C, mo(BwS:1C) is the set of weak equivalence
classes of objects in C, mo(BwS2C) is the set of equivalence classes of cofibration
sequences, and the maps 0;: S2(C) — 51(C) of 6.3.1 send A — B — B/A to B/A,
B and A, respectively.

DEFINITION 6.5. If C is a small Waldhausen category, its algebraic K-theory
space K(C) = K(C,w) is the loop space

K(C) =QwS.C|.
The K-groups of C are defined to be its homotopy groups:

REMARK 6.5.1. Since the subcategory wC is closed under coproducts in C by
axiom (W3), the coproduct gives an H-space structure to |wS.C| via the map

[wS.C| x |wS.C| = |wS.C x wS.C| = |wS.Cl.

SIMPLICIAL MODEL 6.5.2. Suppose that C is a small Waldhausen category in
which the isomorphisms ¢C are the weak equivalences. Let s,,C denote the set of
objects of S,C; as n varies, we have a simplicial set s.C. Waldhausen proved in
[W1126, 1.4] that the inclusion |s.C| — |¢S.C| is a homotopy equivalence. Therefore
Q|s.C| is a simplicial model for the space K(C).

REMARK 6.5.3. In fact K(C) is an infinite loop space. To see this, note that
we can apply the S. construction to each S,,C, obtaining a bisimplicial Waldhausen
category S.S.C. Iterating this construction, we can form the multisimplicial Wald-
hausen categories S."C = S.S.---5.C and the multisimplicial categories wS."C of
weak equivalences. Waldhausen points out on p. 330 of [W1126] that |wS."C| is
the loop space of |wS."T1C|, and that the sequence of spaces

QS.C|, Quws.Scl, ..., Quws."c|, ...

forms a connective -spectrum KC, called the K-theory spectrum of C. Many
authors think of the K-theory of C in terms of this spectrum. This does not affect
the K-groups, because:

7T1(KC) = W@K(C) = KZ(C), 1 Z 0.

An exact functor F' induces a map F.: K(B) — K(C) of spaces, and spectra,
and of their homotopy groups K;(B) — K;(C).



36 IV. DEFINITIONS OF HIGHER K-THEORY

ExAcT CATEGORIES 6.6. We saw in I11.9.1.3 that any exact category A becomes
a Waldhausen category in which the cofibration sequences are just the admissi-
ble exact sequences, and the weak equivalences are just the isomorphisms. We
write i(A) for the family of isomorphisms, so that we can form the K-theory space
K(A) = Q[iS.A]. Waldhausen proved in [W1126, 1.9] that there is a homotopy
equivalence between [iS..4| and BQ.A, so that this definition is consistent with the
definition of K(A) in definition 4.3. His proof is given in exercises 6.5 and 6.6
below.

Another important example of a Waldhausen category is R¢(X), introduced in
I1.9.1 and Ex. 11.9.1. The so-called K -theory of spaces refers to the corresponding
K-theory spaces A(X).

EXAMPLE 6.7 (A(x)). Recall from 11.9.1.4 that the category Ry = Ry(*) of
finite based CW complexes is a Waldhausen category in which the family ARy of
weak equivalences is the family of weak homotopy equivalences. This category is
saturated (I1.9.7.1) and satisfies the extension axiom 6.2.1. Following Waldhausen
[W1126], we write A(x) for the space K(Ry) = Q|hS.R¢|. In particular, Ag(x) =
KoRy =Z by 11.9.1.5.

EXAMPLE 6.7.1 (A(X)) More generally, let X be a CW complex. The cate-
gory R(X) of CW complexes Y obtained from X by attaching cells, and having X
as a retract, is a Waldhausen category in which cofibrations are cellular inclusions
(fixing X') and weak equivalences are homotopy equivalences (see Ex. 11.9.1). Con-
sider the Waldhausen subcategory R¢(X) of those Y obtained by attaching only
finitely many cells. Following Waldhausen [W1126], we write A(X) for the space
K(Rs(X)) =QhSRs(X)|. Thus Ag(X) = KoR¢(X) is Z by Ex. I1.9.1.

Similarly, we can form the Waldhausen subcategory R¢q(X) of those Y which
are finitely dominated. We write A/4(X) for K(Ra(X)) = QhS.R;a(X)|. Note

that AJ%(X) = KoRsq(X) is Z[r1(X)] by Ex. IL9.1.

Cylinder Functors

When working with Waldhausen categories, it is often technically convenient to
have mapping cylinders. Recall from Ex. 2.10 that the category C/C of arrows in
C has the morphisms of C as its objects, and a map (a,b): f — f" in Ar(C) is a
commutative diagram in C:

A—1 B
(6.8.0) % ﬁ
A p
The source s(f) = A and target t(f) = B of f define functors s,t: C/C — C.

DEFINITION 6.8 (CYLINDERS). Let C be a Waldhausen category. A (mapping)
cylinder functor on C is a functor T from the category C/C of arrows in C to
the category C, together with natural transformations ji: s = T, jo: t = T and
p: T = t so that for every f: A — B the diagram

AL T &2 B
N lp /=
B
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commutes in C. The following conditions must also hold:
(i) T(0 — A) = A, with p and js the identity map, for all A € C.

(ii) j1 U jo: AL B — T(f) is a cofibration for all f: A — B.

(iii) Given a map (a,b): f — f' in Ar(C), i.e., a commutative square (6.8.0), if a
and b are weak equivalences in C then so is T'(f) — T'(f').

(iv) Given a map (a,b): f — f" in Ar(C), if a and b are cofibrations in C, then so
is T(f) — T(f"), and the following map, induced by condition (ii), is also a
cofibration in C.

AT, T(f) g B — T(f")

We often impose the following extra axiom on the weak equivalences of C.
CYLINDER AXIOM 6.8.1. All maps p: T(f) — B are weak equivalences in C.

Suppose C has a cylinder functor T'. The cone of an object A is cone(A) = T'(A —
0), and the suspension of A is ¥A = cone(A)/A. The cylinder axiom implies that
cone(A) — 0 is a weak equivalence. Since A ~— cone(A4) — YA is a cofibration
sequence it follows from the description of Ky(C) in 11.9.1.2 that [¥A] = —[4] in
Ko(C). (Cf. Lemma I1.9.2.1.) In fact, the Additivity Theorem (see Chapter V
below) implies that the map ¥: K(C) — K(C) is a homotopy inverse with respect
to the H-space structure on K (C), because ¥, + 1 = cone, = 0.

The name ‘cylinder functor’ comes from the following two paradigms.

EXAMPLE 6.8.2. The Waldhausen categories R ;(*) and R (X) of examples 6.7
and 6.7.1 have a cylinder functor: T'(f) is the usual (based) mapping cylinder of f.
By construction, the mapping cylinder satisfies the cylinder axiom 6.8.1. Because
of this paradigm, j; and jo are sometimes called the front and back inclusions.

EXAMPLE 6.8.3. Let Ch be the Waldhausen category of chain complexes and
quasi-isomorphisms constructed from an abelian (or exact) category C; see 11.9.2.
The mapping cylinder of f: A. — B. is the usual mapping cylinder chain complex,
with

T(f)n=An® An_1® By,

The suspension functor ¥(A.) = A.[—1] here is the shift operator: X(A.),, = A,_1.

EXAMPLE 6.8.4. Exact categories usually do not have cylinder functors. This is
reflected by the fact that for some A € A there may be no B such that [A® B] =0
in Ko(A). However, the Waldhausen category Ch®(A) of bounded chain complexes
does have a cylinder functor, and we used it to prove that Ky(A) 2 KoCh®(A) in
11.9.2.2. In fact, K(A) ~ K(Ch®(A) by the Gillet-Waldhausen theorem presented
in chapter V. Thus many results requiring mapping cylinders in Waldhausen K-
theory can be translated into results for Quillen K-theory.

Cofinality

Let A be a Waldhausen subcategory of B. We say that A is strictly cofinal in B if
for every B in B there is an A in A so that AA B is in A. The following result was
proven by Waldhausen in [W1126, 1.5.9]. We will prove a different cofinality result
in chapter VI.
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STRICT COFINALITY THEOREM 6.9. If A is a strictly cofinal Walhausen sub-

category of B, then K(A) — K(B) is a homotopy equivalence. In particular,
K, (A) = K, (B) for all n.

EXERCISES

6.1 Show that for every 0 <17 < j < k < n the diagram
Ajj— Aik = Ajk

is a cofibration sequence, and that this gives an exact functor from S,,C to S>C.

6.2 Show that each functor 0;: S,,C — S,,_1C is exact. Then show that S.C is a
simplicial category.

6.3 Let F,F': A — B be a pair of exact functors. A natural transformation
n: F — F' is called a weak equivalence from F to F' if each F(A) — F'(A) is a
weak equivalence in B. Show that a weak equivalence induces a homotopy between
the two maps K(A) — K(B). Hint: Show that the maps wS,A — wS,B are
homotopic in a compatible way.

6.4 If X. is any simplicial space with Xy a point, the formula for | X.| gives a map
from the reduced suspension ¥X; to | X.|. Using the Freudenthal map X; — QX X,
this gives a map X; — Q|X.| and hence maps m;(X1) — mi+1|X.|. When X. =
BwS.C, this yields a map from X; = Bw(C) to K(C).

(a) Show that every weak self-equivalence a: A — A determines an element [a] of
K1(C). If ¢ is another weak self-equivalence, show that [a][5] = [a A G].

(b) If A is an exact category, considered as a Waldhausen category, show that the
resulting map B(iso.A) — K(A) induces a map from the group K" A of 3.6.1 to
Ki(A).

6.5 (Waldhausen) Let A be a small exact category. In this exercise we produce a
map from [iS.A| ~ |s.A| to BQA, where s.A is defined in 6.5.2.

(a) Show that an object A. of iS3.4 determines a morphism in QA from A;5 to As.
(b) Show that an object A. of iS5.4 determines a sequence A3 — Ay — As of row
morphisms in QA.

(c) Recall from Ex. 2.10 that the Segal subdivision Sub(s..A) is homotopy equiva-
lent to s.A. Show that (a) and (b) determine a simplicial map Sub(s.A) — Q.A.
Composing with [iS.A| ~ Sub(s..A), this yields a map from [iS.A| to BQ.A.

6.6 We now show that the map [iS.A| — BQA constructed in the previous exercise
is a homotopy equivalence. Let iQ,.A4 denote the category whose objects are the
degree n elements of the nerve of QA, i.e., sequences Ag — --- — A, in QA, and
whose morphisms are isomorphisms.

(a) Show that iQ.A is a simplicial category, and that the nerve of QA is the sim-
plicial set of objects. Waldhausen proved in [W1126, 1.6.5] that BQA — |iQ.A| is
a homotopy equivalence.

(b) Show that for each n there is an equivalence of categories Sub(iS,A) — iQ,A,
where Sub(iS,,.A) is the Segal subdivision category of Ex. 2.9. Then show that the
equivalences form a map of simplicial categories Sub(iS.A) — iQ.A. This map
must be a homotopy equivalence, because it is a homotopy equivalence in each
degree.
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(c) Show that the map of the previous exercise fits into a diagram

Is.A| ——— |Sub(s.A)] —— BQA

S

liS.A| ——— |Sub(iS.A)] —— [iQ.A.

Conclude that the map [iS.A| — BQ.A of Ex. 6.5 is a homotopy equivalence.

6.7 Let Ch(C) be the Waldhausen category of chain complexes in an exact category
C, as in 6.8.3. Show that Ch(C) and Ch®(C) satisfy the Saturation axiom I1.9.7.1,
the Extension axiom 6.2.1, and the Cylinder Axiom 6.8.1.

6.8 Finite Sets. Let Setsy be the Waldhausen category of finite pointed sets, where
the cofibrations are the injections and the weak equivalences are the isomorphisms.
Show that the argument of Ex. 6.5 and 6.6 may be used, together with theorem 3.7.2
and Ex. 5.7, to prove that the Waldhausen K-theory space K (Setss) is Z x X1 ~
>3, Thus K, (Setsy) = w; for all n.
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§7. The Gillet-Grayson construction

Let A be an exact category. Following Grayson and Gillet [GG|, we define a
simplicial set G. = G.A as follows.

DEFINITION 7.1. If A is a small exact category, G. is the simplicial set defined
as follows. The set G of vertices consists of all pairs of objects (A, B) in A. The
set GG of edges consists of all pairs of short exact sequences with the same cokernel:

(710) AO — A1 i A017 BO — Bl - A()l.

The degeneracy maps G; — Gy send (7.1.0) to (A1, B1) and (A, By), respectively.
The set G,, consists of all pairs of triangular commutative diagrams in A of the
form

An—l,n An—l,n
i f
Ajg — - — Ay, Ajg — - — Aqn,
(7.1.1) %2 Tl %2 Tl
Apr — Agy — = Ay Apr — Agy — - Apy

f f f f f f

A0>—> Al — A2>—>>—> An B0>—) Bl — B2>_>>_> Bn

so that each sequence A; — A; - A;; and B; — B; — A;; is exact. As in the
definition of S.A (6.3.1), the face maps 0;: G,, — G,,_1 are obtained by deleting
the row A;, and the columns containing A; and B;, while the degeneracy maps
oi: G, — Gn41 are obtained by duplicating A; and B;, and reindexing.

Omitting the choices A;; for the cokernels, we can abbreviate (7.1.1) as:

A0>—>A1>—>A2>—>~~~>—>An
(7.1.2) By— By — By »— -+ — B, .

REMARK 7.1.3. |G.| is a homotopy commutative and associative H-space. Its
product |G.| x |G.| — |G.| arises from the simplicial map G. x G. — G. whose
components G, x G,, — G,, are termwise &.

Note that for each isomorphism A = A’ in A there is an edge in G; from (0,0)
to (A, A"), represented by (0 — A — A,0 — A’ — A). Hence (A, A") represents
zero in the group mo|G.|.

LEMMA 7.2. There is a group isomorphism mo|G.| = Ko(A).

PROOF. Asin 2.3, my|G.| is presented as the set of elements (A, B) of Gy, modulo
the equivalence relation that for each edge (7.1.0) we have

(A1, B1) = (Ap, By).

It is an abelian group by 7.1.3, with operation (4, B)® (A',B’) = (A® A’, B& B’).
Since (A® B, B® A) represents zero in mp|G.|, it follows that (B, A) is the inverse of
(A, B). From this presentation, we see that there is a map Ky(.A) — m|G.| sending
[A] to (A,0), and a map m|G.| — Ky(A), sending (A, B) to [A] — [B]. These maps
are inverses to each other.
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(7.3) We now compare G. with the loop space of the simplicial set s.A of 6.5.2. If
we forget the bottom row of either of the two triangular diagrams in (7.1.1), we get
a triangular commutative diagram of the form (6.3.0), i.e., an element of s,,.A. The
resulting set maps G,, — s, A fit together to form a simplicial map 0y: G. — s.A.

PATH SPACES 7.3.1. Recall from [WHomo, 8.3.14] that the path space PX. of a
simplicial set X. has PX,, = X,, 11, its ¢th face operator is the 0,11 of X., and its ith
degeneracy operator is the o;41 of X.. The forgotten face maps 0p: X,+1 — X,
form a simplicial map PX. — X., and m(PX.) = Xo. In fact, op induces a
canonical simplicial homotopy equivalence from PX. to the constant simplicial set
Xo; see [WHomo, Ex. 8.3.7]. Thus PX. is contractible exactly when X is a point.

Now there are two maps G,, — s,+1.4, obtained by forgetting one of the two
triangular diagrams (7.1.1) giving an element of G,,. The face and degeneracy maps
of G. are defined so that these yield two simplicial maps from G. to the path space
P. = P(s.A). Clearly, either composition with the canonical map P. — s.A yields
the map 0y: G. — s.A. Thus we have a commutative diagram

G. —— P.

(7.3.2) l l

P. —— s. A

Since s¢.A is a point, the path space |P.| is canonically contractible. Therefore this
diagram yields a canonical map |G.| — €|s.A|. On the other hand, we saw in 6.6
that |s.A| ~ BQA, so Q|s.A| ~ QBQA = K(A).

We cite the following result from [GG, 3.1]. Its proof uses simplicial analogues
of Quillen’s theorems A and B.

THEOREM 7.4. (Gillet-Grayson) Let A be a small exact category. Then the map
of (7.3) is a homotopy equivalence:

|G.| ~ Qls. Al ~ K(A).

Hence m;|G.| = K;(A) for all i > 0.

EXAMPLE 7.5. A double s.e.s. in A is a pair £ of short exact sequences in .4 on
the same objects:

0. aLpitc alpilo

Thus £ is an edge (in G;) from (A4, A) to (B, B). To ¢ we attach the element [¢] of
K1(A) = m|G.| given by the following 3-edged loop.

(4,4) -5 (B,B)

ea™\. /e
(0,0)

where e4 denotes the canonical double s.e.s. (0 — A — A, 0— A — A).
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The following theorem was proven by A. Nenashev in [Nen].

NENASHEV’S THEOREM 7.6. Kj(A) may be described as follows.
(a) Every element of K1(A) is represented by the loop [¢] of a double s.e.s.;
(b) K1(A) is presented as the abelian group with generators the double s.e.s. in A,
subject to two relations:
(i) If E is a short exact sequence, the loop of the double s.e.s. (E, E) is zero;
(ii) for any diagram of six double s.e.s. (7.6.1) such that the “first” diagram
commutes, and the “second” diagram commutes, then

[ro] — [r1] + [r2] = [co] — [e1] + [e2l,

where r; is the i'" row and c; is the i'" column of (7.6.1).

Al j A j A//

i 1 1l
(7.6.1) B = B = B
n 1 L

cC' = C = 0"

EXAMPLE 7.6.2. If o is an automorphism of A, the class [a] € K;(A) is the

class of the double s.e.s. (0— A 5405 A4S A).
If 3 is another automorphism of A, the relation [af] = [a] + [5] comes from
relation (ii) for
0 = 0 = 0
1l 1l 1l

0o = A % A
1
H 1]]1 gl

af

0o = A = A
1

EXERCISES

7.1 Verify that condition 7.6(i) holds in m|G.|.

7.2 Show that omitting the choice of quotients A;; from the definition of G.A yields
a homotopy equivalent simplicial set G'..A. An element of G, A is a diagram (7.1.2)
together with a compatible family of isomorphisms A;/A; = B;/B;.

7.3 Consider the involution on G. which interchanges the two diagrams in (7.1.1).
We saw in 7.2 that it induces multiplication by —1 on Ky(A). Show that this
involution is an additive inverse map for the H-space structure 7.1.3 on |G.|.

7.4 1If a: A= Ais an isomorphism, use relation (ii) in Nenashev’s presentation 7.6
to show that [a~!] € K;(A) is represented by the loop of the double s.e.s.:

A5 A
A—A

7.5 If A is a split exact category, use Nenashev’s presentation 7.6 to show that
K1 (A) is generated by automorphisms (7.6.2).
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§8. Karoubi-Villamayor K-theory

Following Gersten, we say that a functor F' from rings (or rings without unit)
to sets is homotopy invariant if F(R) = F(R]t]) for every R. Similarly, a functor
F from rings to CW complexes (spaces) is called homotopy invariant if for every
ring R the natural map R — R][t] induces a homotopy equivalence F'(R) ~ F(R]t]).
Note that each homotopy group 7, F(R) also forms a homotopy invariant functor.

Of course, this notion may be restricted to functors defined on any subcategory
of rings which is closed under polynomial extensions and contains the evaluations
as well as the inclusion R C R[t]. For example, we saw in I1.6.5 and 7.8.3 that
Go(R) is a homotopy invariant functor defined on noetherian rings (and schemes)
and maps of finite Tor-dimension.

Conversely, recall from II1.3.1 that R is called F-regular if F'(R) = F(R[t1, ..., tn])
for all n. Clearly, any functor F' from rings to sets becomes homotopy invariant
when restricted to the subcategory of F-regular rings. For example, we see from
I1.7.7 that Ky becomes homotopy invariant when restricted to regular rings. The
Fundamental Theorem in chapter V implies that the functors K,, are also homotopy
invariant when restricted to regular rings.

There is a canonical way to make F' into a homotopy invariant functor.

STRICT HOMOTOPIZATION 8.1. Let F' be a functor from rings to sets. Its strict
homotopization [F] is defined as the coequalizer of the evaluations at ¢t = 0, 1:
F(RJt]) = F(R). In fact, [F] is a homotopy invariant functor and there is a
universal transformation F'(R) — [F](R); see Ex. 8.1. Moreover, if F' takes values
in groups then so does [F]; see Ex. 8.2.

ExaAMPLE 8.1.1. Recall that a matrix is called unipotent if it has the form 1+ v
for some nilpotent matrix v. Let Uni(R) denote the subgroup of GL(R) generated
by the unipotent matrices. This is a normal subgroup of GL(R), because the
unipotent matrices are closed under conjugation. Since every elementary matrix
ei;(r) is unipotent, this contains the commutator subgroup E(R) of GL(R).

We claim that [E]R = [Uni|R = 1 for every R. Indeed, if 1 + v is unipotent,
(1 + tv) is a matrix in Uni(R[t]) with Jp(1 + tv) = 1 and 01(1 + tv) = (1 + v).
Since Uni(R) is generated by these elements, [Uni|R must be trivial. The same
argument applies to the elementary group E(R).

We now consider GL(R) and its quotient K;(R). A priori, [GL|R — [K1]R is a
surjection. In fact, it is an isomorphism.

LEMMA 8.2. Both [GLIR and [K1|R are isomorphic to GL(R)/Uni(R).

DEFINITION 8.2.1. For each ring R, we define KV;(R) to be GL(R)/Uni(R).
Thus KVi(R) is the strict homotopization of K;(R) = GL(R)/E(R).

PROOF. The composite Uni(R) — GL(R) — [GL]R is trivial, because it factors
through [Uni]R = 1. Hence [GL]R (and [K;|R) are quotients of GL(R)/Uni(R).
By Higman’s trick I11.3.4.1, if g € GL(R[t]) is in the kernel of 9y then g € Uni(R][t])
and hence 01 (g) € Uni(R). Hence 01 (NGL(R)) = Uni(R). Hence GL(R)/Uni(R)
is a strictly homotopy invariant functor; universality implies that the induced maps
[GLIR — [K1]R — GL(R)/Uni(R) must be isomorphisms.

To define the higher Karoubi-Villamayor groups, we introduce the simplicial ring
R[A], and use it to define the notion of homotopization. The simplicial ring R[A]
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will also play a critical role in the last chapter, when we construct higher Chow
groups and Motivic cohomology.

DEFINITION 8.3. For each ring R the coordinate rings of the standard simplices
form a simplicial ring R[A‘]. It may described by the diagram

R = R[th] & Rlt1,ta] & -+ Rltr, . ty] -

=

with R[A"] = Rlto,t1, - ,tn]/ (O ti =1) = R[t1,-- -, t,]. The face maps are given
by: 0;(t;) = 0; 0;(t;) is t; for ¢ < j and ¢;_; for ¢ > j. Degeneracies are given by:
oi(ti) = ti + tiz1; 04(t;) is t; for ¢ < j and t;4; for i > j.

DEFINITION 8.4 (HOMOTOPIZATION). Let F' be a functor from rings to CW
complexes. Its homotopization F"(R) is the geometric realization of the simplicial
space F(R[A‘]). Thus F" is also a functor from rings to CW complexes, and there
is a canonical map F(R) — F"(R).

LEMMA 8.4.1. F" is a homotopy invariant functor. Moreover, if F is homotopy
invariant then F(R) ~ F"(R) for all R.

PrROOF. We claim that the inclusion R[A'] C R[z]|[A'] is a simplicial homo-
topy equivalence, split by evaluation at x = 0. For this, we define ring maps
hi: R[z][A"] — R[z][A™] by: hi(f) = o:(f) if f € R[A"] and h;(z) = x(t;ir1 +
-+++t,). These maps define a simplicial homotopy between the identity map of
R[z][A'] and the composite

R[z][A] == R[A’] C R[z][A].

Applying F gives a simplicial homotopy equivalence between F"(R[A‘]) and
FM(R[z][A"]). Geometric realization converts this into a topological homotopy
equivalence between F(R) and F"(R[z]).

Finally, if F' is homotopy invariant then the map from the constant simplicial

space F(R) to F(R[A']) is a homotopy equivalence in each degree. It follows (see
[Wa78]) that their realizations F(R) and F"(R) are homotopy equivalent.

It is easy to see that F' — F” is universal (up to homotopy equivalence) for
functors from F' to homotopy invariant functors. A proof of this fact is left to

Ex. 8.3.

LEMMA 8.5. Let F be a functor from rings to CW complexes. Then mo(F") is
the strict homotopization [Fy| of the functor Fy(R) = moF(R).

PRrOOF. For any simplicial space X., the group mo(|X.|) is the coequalizer of
00,01 mo(X1) = mo(Xo). In this case mo(Xo) = moF(R) and m(X1) = moF (R][t]).

Applying the functor GL gives us a simplicial group GL. = GL(R[A]).
COROLLARY 8.5.1. KVi(R) = my(GL.).
DEFINITION 8.6. For n > 1, we set KV, (R) = m,—1(GL.) = m,(BGL.).
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COROLLARY 8.6.1. The abelian groups KV, (R) are homotopy invariant, i.e.,
KV,(R) 2 KV, (R[t]) for every n > 1.

Gersten observed that BGL. ~ BGL(R[A'])". In this case, the standard spec-
tral sequence for a simplicial space E, = mp(X,) = mp4q|X.| becomes the first
quadrant spectral sequence (for p > 1,q > 0):

(8.6.2) E}, = K,(R[AY]) = KV,44(R).
If R is regular, then each simplicial group K,(R[A']) is constant (by the Funda-
mental Theorem in chapter V). Thus the spectral sequence degenerates at E?:

THEOREM 8.7. (Gersten) If R is regular, then K,(R) = KV, (R) for allp > 1.
For general R, there is a natural edge map K,(R) — KV,(R).

We now quickly develop the key points in KV -theory.
DEFINITION 8.8. We say that a ring map f: A — B is a GL-fibration if

GL(Alty,...,tn]) x GL(B) — GL(B|t1, ..., ts])
is onto for every n. Note that we do not require A and B to have a unit.

REMARK 8.8.1. Any GL-fibration must be onto. That is, B = A/I for some
ideal I of A. To see this, consider the (1, 2) entry a5 of a preimage of the elementary
matrix e12(bt). Since f(a12) = bt, evaluation at t = 1 gives an element of A mapping
to b € B. However, not every surjection is a G L-fibration; see Ex. 8.5(b).

ProprosITION 8.9. If A — B is a GL-fibration with kernel I, there is a long
exact sequence
KV,41(B) — KV,(I) - KV,(A) - KV,(B) — ---

PrOOF. Let G,, C GL(B[A"]) denote the image of GL(A[A™]). Then there is
an exact sequence of simplicial groups

(8.9.1) 1— GL(][A]) — GL(A[A]) —G. — 1.

Now any short exact sequence of simplicial groups is a fibration sequence, meaning
there is a long exact sequence of homotopy groups. Since the quotient GL(B[A'])/G.
is a constant simplicial group, it is now a simple matter to splice the long exact
sequences together to get the result. We have indicated the details in Ex. 8.3.

Here is an application of this result. Since R[x| — R has a section, it is a GL-
fibration. By homotopy invariance, it follows that KV, (zR[x]) = 0 for all n > 1.
(Another proof is given in Ex. 8.4.)

DEFINITION 8.10. For any ring R (with or without unit), we define QR to be
the ideal (22 — x)R[x] of R[z].

Since QR is the kernel of x = 1: zR[x] — R, and this map is a G L-fibration by
Ex. 8.7, we have the following corollary of 8.9.

COROLLARY 8.10.1. For all R, KVi(R) is isomorphic to the kernel of the map
Ko(QR) — Ko(xR[z]), and KV,,(R) = KV,,_1(QR) for alln > 2.

This shows that we can define KV,,(R) as KV;(Q" 1 R) for all n > 2.
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The following definition is due to Karoubi and Villamayor.

DEFINITION 8.11. A positive homotopy K -theory consists of a sequence of func-
tors K" n > 1, on the category of rings without unit, together with natural
connecting maps 6,: K/ (R/I) — K!'(I) and do: KI'(R/I) — Ko(I), defined for
every G L-fibration R — R/I, satisfying the following axioms:

(1) The functors K" are homotopy invariant;
(2) For every GL-fibration R — R/I the resulting sequence is exact:

Kl (R/D) S KNI — K!NR) — KR/ S KE_ (1) —
KMR) — KMR/I) 2 Ko(I) — Ko(R) — Ko(R/I).

THEOREM 8.11.1. There is a unique positive homotopy K -theory (up to isomor-
phism), namely K" = K'V,,.

PrROOF. The fact that K'V,, form a positive homotopy K-theory is given by 8.6.1
and 8.9. The axioms imply that any other positive homotopy K-theory must satisfy
the conclusion of 8.10.1, and so must be isomorphic to KV -theory.

EXERCISES

8.1 Let F be a functor from rings to sets. Show that [F] is a homotopy invari-
ant functor, and that every natural transformation F(R) — G(R) to a homotopy
invariant functor G factors uniquely through F(R) — [F|(R).

8.2 If F' is a functor from rings to groups, let NF(R) denote the kernel of the
map t = 0: F(R[t]) — F(R). Show that the image Fy(R) of the induced map ¢ =
1: NF(R) — F(R) is a normal subgroup of F'(R), and that [F]R = F(R)/Fu(R).
Thus [F]R is a group.

8.3 Let F' and G be functors from rings to CW complexes, and assume that G
is homotopy invariant. Show that any natural transformation F(R) — G(R) fac-
tors through maps F"(R) — G(R) such that for each ring map R — S the map
F"R) — F"(S) — G(S) is homotopy equivalent to F"(R) — F"(S) — G(9).
8.4Let R= Ry®R1D--- beagraded ring. Show that for every homotopy invariant
functor F' on rings we have F'(Ry) ~ F(R). In particular, if F' is defined on rings
without unit then F(zA|z]|) ~ F(0) for every A. Hint: Copy the proof of I11.3.3.2.

8.5 GL-fibrations. Let f: A — B be a G L-fibration with kernel I.

(a) Show that tA[t] — tB]t] and QA — QB are G L-fibrations.

(b) Show that Z — Z/4 is not a G L-fibration, but GL(Z) — GL(Z/4) is onto.

(c) If B is a regular ring (with unit), show that every surjection A — B is a
G L-fibration. Hint: K1(B) = K1(B][t]).

8.6 Let f: A — B is a GL-fibration with kernel I, and define GG, as in the proof of
Proposition 8.9. Show that GL(B[A'])/G. is a constant simplicial group. Use this
to show that m;(G.) = KV;y1(B) for all i > 0, but that the cokernel of 7y(G.) —
moGL(B[A']) is the image of K;(B) in Ky(I) under the map of I11.2.3. Then
combine this with the long exact sequence of homotopy groups for (8.9.1) to finish
the proof of 8.9.

8.7 Show that the map tA[t] — A, f(t) — f(1), is a G L-fibration with kernel QA.
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89. Mod ¢ K-theory

In addition to the usual K-groups K;(C) of a category C, it is often useful to
study its “mod ¢ K-groups” K;(C;Z/{¢), where ¢ is a positive integer. In this
section we quickly recount the basic construction from mod ¢ homotopy theory.
Basic properties of mod ¢ homotopy theory may be found in [N].

Recall [N] that if m > 2 the mod ¢ Moore space P"(Z/¢) is the space formed
from the sphere S™~! by attaching an m-cell via a degree £ map. The suspension
of P™(Z/¢) is the Moore space P™*1(Z /), and as m varies this yields a suspension
spectrum, called the Moore spectrum P> (Z/?).

DEFINITION 9.1. If m > 2, the mod ¢ homotopy “group” m,,(X;Z/¢) of a based
topological space X is defined to be the pointed set [P™(Z//), X] of based homotopy
classes of maps from the Moore space P™(Z/¢) to X.

For a general space X, mo(X;7Z/¢) isn’t even a group, but the m,,(X;Z/{) are
always groups for m > 3 and abelian groups for m > 4. However, if X = QY
then mo(X;7Z/¢) is a group and we can define m(X;Z/¢) as mo(Y;Z/L); this is
independent of the choice of U by Ex. 9.1. More generally, if X = Q*Y}, for k >> 0
and P™ = P™(Z/{) then the formula

Tm(X; Z/€) = [P™, X] = [P, QY}] 22 [P™*F V3] = Tk (Vi Z/0)

shows that we can ignore these restrictions on m, and that 7, (X;Z/{) is an abelian
group for all m > 0 (or even negative m, as long as k > 2 + |m]|).

In particular, if X is an infinite loop space then abelian groups m,,(X;Z/{) are
defined for all m € 7Z, using the explicit sequence of deloopings of X provided by
the given structure on X.

If m > 2, the cofibration sequence S™~1 L ogm=1 P"™(Z/?0) defining P™(Z/¢)
induces an exact sequence of homotopy groups

Ton(X) 5 T (X) = T (X3 Z/0) 2 T 1(X) 5 T (X).

It is convenient to adopt the notation that if A is an abelian group then ;A denotes
the subgroup of all elements a of A such that ¢-a = 0. This allows us to restate
the above exact sequence in a concise fashion.

UNIVERSAL COEFFICIENT SEQUENCE 9.2. For all m > 3 there is a natural
short exact sequence

0= (T X) ®Z/C — T (X;2/0) 2 p(m1X) — 0.

This sequence is split exact (but not naturally) when ¢ #Z 2 mod 4.

For 7y, the sequence 9.2 of pointed sets is also exact in a suitable sense; see [N,
p. 3]. However this point is irrelevant for loop spaces, so we ignore it.

ExaMPLE 9.2.2. When ¢ = 2, the sequence need not split. For example, it is
known that m,,2(S™;Z/2) = Z/4 for m > 3, and that m3(BO;Z/2) = Z/4; see
[AT65].
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Now suppose that C is either a symmetric monoidal category, or an exact cate-
gory, or a Waldhausen category, so that the K-theory space K(C) is defined, and
is an infinite loop space.

DEFINITION 9.3. The mod ¢ K-groups of C are defined to be the abelian group:

K, (CZ/l) =mn(K(C);2/0), m € Z.

If m > 2 this definition states that K,,(C;Z/¢) = [P™(Z/¢), K(C)]. Because
K(C) ~ Y, we can define K1(C;Z/¢) in a way that is independent of the choice of
Y. However, the groups K((C;Z/¢) and K,,(C;Z/¢) for m < 0 depend not only
upon K(C), but also upon the choice of the deloopings of K(C) in the underlying
K-theory spectrum KC. In fact, the literature is not consistent about K,,(C;Z/¢)
when m < 2, even for K1(R; Z/?).

By Theorem 9.2, the mod ¢ K-groups are related to the usual K-groups.

UNIVERSAL COEFFICIENT THEOREM 9.4. There is a short exact sequence
0—-KnC)®Z/H — K,(C;Z2/0) — (Kp—1(C) — 0

for every m € Z, C, and L. It is split exact (not naturally) unless £ = 2 mod 4.

In particular, for C = P(R) we have an exact sequence
0— Kn(R)®Z/NH — Kn(R;Z/0) — Ky 1(R) — 0

Ex. 9.2 shows that the splitting in 9.4 is not natural in R.

EXAMPLE 9.4.1. (¢ = 2) Since the isomorphism Q*¥> — Z x BO factors
through K(Z) and K(R), the universal coefficient theorem and 9.2.2 show that

Ko(Z;2)2) = Ko (R;Z/2) = wo(BO;Z/2) = Z7./4.

It turns out that for £ = 2 the sequence for K,,,(R;7Z/2) is split whenever multipli-
cation by [—1] € K1(Z) is the zero map from K,,_1(R) to K,,(R). For example,
this is the case for the finite fields [, an observation made in [Br].

EXAMPLE 9.4.2 (BOTT ELEMENTS). Suppose that R contains a primitive ¢‘*
root of unity (. The Universal Coefficient Theorem 9.4 provides an element § &
Ks(R;Z/0), mapping to ¢ € ¢K1(R). This element is called the Bott element, and
it plays an important role in the product structure of the ring K, (R;Z/?).

REMARK 9.4.3. A priori, 8 depends not only upon ¢ but also upon the choice
of the splitting in 9.4. One way to choose 3 is to observe that the inclusion of iy in
GL1(R) induces a map Buy, — BGL(R) — BGL(R)" and therefore a set function
e — Ko(R;7Z/C). A posteriori, it turns out that this is a group homomorphism
unless £ = 2 (mod 4).

EXAMPLE 9.5. Let k be the algebraic closure of the field F,,. Quillen’s compution
of K.(F;) in 1.9.1 shows that K, (k) = 0 for m even (m > 2), and that K,,(k) =
Q/Z[%] for m odd (m > 1). It follows that if ¢ is prime to p then:

7/t if miseven, m>0

0 otherwise.

Kp(k;Z/0) = {
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In fact, K, (k;Z/?) is the polynomial ring Z/¢[3] on the Bott element 3 € K (k;Z/?),
under the K-theory product we will discuss in the next chapter. See [Br] for more
details.

Here is another way to define mod ¢ homotopy groups, and hence K,(C;Z/¢).
Suppose that X is a loop space, and let ' denote the homotopy fiber of the map
X — X which is multiplication by .

PROPOSITION 9.6. There are isomorphisms mp, (X;Z/0) = 7p—1(F) for allm >
2.

PrOOF. (Neisendorfer) Let map(A, X) be the space of pointed maps. If S = S¥
is the k-sphere then the homotopy groups of map(S*, X) are the homotopy groups
of X (reindexed by k), while if P = P*¥(Z//) is a mod ¢ Moore space, the homotopy
groups of map(P, X) are the mod ¢ homotopy groups of X (reindexed by k).

Now applying map(—, X) to a cofibration sequence yields a fibration sequence,
and applying map(A, —) to a fibration sequence yields a fibration sequence; this may
be formally deduced from the axioms (SMO0) and (SMT7) for any model structure,
which hold for spaces. Applying map(—, X) to S* — S* — Pk1(Z/() shows
that map(P, X) is the homotopy fiber of map(S*, X) — map(S*, X). Applying
map(S*, —) to F — X — X shows that map(S¥, F) is also the homotopy fiber,
and is therefore homotopy equivalent to map(P, X ). Taking the homotopy groups
yields the result.

EXERCISES

9.1 Suppose that X is a loop space. Show that 71(X;7Z/¢) is independent of the
choice of Y such that X ~ QY. This shows that K;(R;Z/¢) and even K;(C;Z/¢)

9.2 Let R be a Dedekind domain with fraction field F'. Show that the kernel of the
map K (R;Z/l) — K1 (F;Z/0) is SK1(R)/¢. Hence it induces a natural map

¢Pic(R) & F*/F*'R*.

Note that F*/R* is a free abelian group by 1.3.6, so the target is a free Z/¢-module
for every integer ¢. Finally, use [.3.6 and 1.3.8.1 to give an elementary description
of p.

In particular, If R is the ring of integers in a number field F', the Bass-Milnor-
Serre Theorem I11.2.5 shows that the extension K;(R;Z/¢) of ; Pic(R) by R* injects
into F*/F*!,
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Algebraic K-theory has two components: the classical theory which centers
around the Grothendieck group Ky of a category and uses explicit algebraic presen-
tations, and higher algebraic K-theory which requires topological or homological
machinery to define.

There are three basic versions of the Grothendieck group K. One involves the
group completion construction, and is used for projective modules over rings, vector
bundles over compact spaces and other symmetric monoidal categories. Another
adds relations for exact sequences, and is used for abelian categories as well as exact
categories; this is the version first used in algebraic geometry. A third adds relations
for weak equivalences, and is used for categories of chain complexes and other
categories with cofibrations and weak equivalences (“Waldhausen categories”).

Similarly, there are four basic constructions for higher algebraic K-theory: the
+—construction (for rings), the group completion constructions (for symmetric
monoidal categories), Quillen’s @-construction (for exact categories), and Wald-
hausen’s wS. construction (for categories with cofibrations and weak equivalences).
All these constructions give the same K-theory of a ring, but are useful in various
distinct settings. These settings fit together like this:

number theory and — algebraic geometry
other classical topics
! !
Homological and Q-construction: K-theory of
+-constructions vector bundles on schemes,
K-theory of rings exact categories, modules
and abelian categories
T AN T
Group Completions Waldhausen Construction:
relations to L-theory, K-theory of spaces,
i — .
topological K-theory, K-theory of chain complexes
stable homotopy theory topological rings

! !

algebraic topology — geometric topology

Typeset by ApS-TEX
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All the constructions have one feature in common: Some category C' is concocted
from the given setup, and one defines a K-theory space associated to the geometric
realization BC' of this category. The K-theory groups are then the homotopy
groups of the K-theory space. In the first chapter, we introduce the basic cast of
characters: projective modules and vector bundles (over a topological space, and
over a scheme). Large segments of this chapter will be familiar to many readers,
but which segments are familiar will depend upon the background and interests
of the reader. The unfamiliar parts of this material may be skipped at first, and
referred back to when relevant. We would like to warn the complacent reader that
the material on the Picard group and Chern classes for topological vector bundles
is in this first chapter.

In the second chapter, we define Ky for all the settings in the above figure,
and give the basic definitions appropriate to these settings: group completions for
symmetric monoidal categories, K for rings and topological spaces, A-operations,
abelian and exact categories, Waldhausen categories. All definitions and manipula-
tions are in terms of generators and relations. Our philosophy is that this algebraic
beginning is the most gentle way to become acquainted with the basic ideas of
higher K-theory. The material on K-theory of schemes is isolated in a separate
section, so it may be skipped by those not interested in algebraic geometry.

In the third chapter we give a brief overview of the classical K-theory for K;
and K5 of a ring. Via the Fundamental Theorem, this leads to Bass’ “negative
K-theory,” meaning groups K_;, K_», etc. We cite Matsumoto’s presentation for
K> of a field from [Milnor|, and “Hilbert’s Theorem 90 for K5” (from chapter VI)
in order to get to the main structure results. This chapter ends with a section on
Milnor K-theory, including the transfer map, Izhboldin’s theorem on the lack of
p-torsion, the Galois symbol and the relation to the Witt ring of a field.

In the fourth chapter we shall describe the four constructions for higher K-theory.
In the case of P(R), we show that all the constructions give the same K-groups, the
groups K, (R). Very few theorems are present here, in order to keep this chapter
short. We do not want to get involved in the technicalities lying just under the
surface of each construction, so the key topological results we need are cited from
the literature when needed.

The fundamental structural theorems for higher K-theory are presented in chap-
ter 57

In chapter 6 we apply the homological methods due to Suslin to describe the
structure of the K-theory of fields. We also present the Merkurjev-Suslin material
here.

In chapter 7 we intend to give several applications to Algebraic Geometry.

In chapter 8 we discuss Higher Chow Groups and Motivic Cohomology. This
material is quite new, and I don’t know how much I will say here.
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