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SURJECTIVE STABILITY IN DIMENSION 0
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ABSTRACT. This paper continues the investigation of generators and rela-
tions for Chevalley groups over commutative rings initiated in [14]. The main
resule is that if 4 is a semilocal ring generated by its units, the groups L(®, 4)
of [14] are generated by the values of certain cocycles on A* x A*. From this
follows a surjective stability theorem for the groups L(¢®, 4), as well as the
result that L(&®, A) ts the Schur multiplier of the elementary subgroup of the
points in A of the universal Chevalley-Demazure group scheme with root sys-
tem ¥, if ® has large enough rank. These results are proved via a Bruhat-type
decomposition for a suitably defined relative group associated to a radical ideal.
These theorems generalize to semilocal rings results of Steinberg for Chevalley
groups over fields, and they give an effective tool for computing Milnor’s groups

KZ(A) when A is semilocal.

Let q)[ be a reduced irreducible root system of rank / and A a commutative

ring with 1. There is an exact sequence
(1) 1 — L(®, A) — St(@, A) —E@,4) —1

where St (‘I)I, A) is the Steinberg group (14, (3.7)] and E((Dl, A) is the elementary
subgroup of the points in A of the universal Chevalley-Demazure group scheme
with root system (b[ [14, 3.3 If q)m is a second such root system, containing
‘I)l as a subsystem generated by a connected subgraph of the Dynkin diagram of
®_, there are induced homomorphisms (I, m): L(®,, A) — L(® , A), and Steinberg
[17] has shown these are surjective for all m > /> 1 when A is a field. In this
paper [ will prove that this is true for any semilocal ring A with at most one resi-
due field isomorphic to I,. I will also show, in this case, that the groups L(®, A)
are generated by the values of certain cocycles on .A* x A* and that (1) is a cen-
tral extension (and not just stably central; cf. {14, (5.1)]), theorems again due to

Steinberg [17] when A is a field. These results were announced in [13].
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166 M. R. STEIN

In general one conjectures that 0(/, m) is surjective for all m > 1> d,
where d is a fixed positive integer related to the dimension of the maximal
ideal space of A; the theorem proved here may thus be thought of as the dimension
0 case of a surjective stability theorem for L(®, ). If ®, belongs to one of the
infinite families Al’ Bl’ CI’ Dl’ one deduces, under the same hypotheses, the sur-
jectivity of
0(l, ): L(®), 4) — L(D, A) = lim, _ , L(D,, A).

This reveals one motivation of the present research, since L(A_, ) is Milnor’s
algebraic K, functor [9l.

The paper proceeds as follows. Let qC A be an ideal, and write (1 + q*
for the units congruent to 1 modulo 4. In $1 I define pairings (‘‘relative Steinberg

symbols’’)
b, A%+ q)* -—’L((Dl, Q)

and recall some of their properties. In S21 prove, when ¢Crad A, a normal form
for the relative group St(®, q) analogous to the Bruhat decomposition of the
Chevalley groups over fields [17, 7.6]. This implies that the groups L(®), q) are
generated by the relative symbols of $1, and, therefore, that L((Dl, q) — L(q)m, q)
is surjective for all m > [ > 1. Combining this with Steinberg’s theorem for fields
yields the above-mentioned results for semilocal rings. In addition the theorems
of this section allow one to deduce a presentation for E(®, A) of such a semilocal
ring.

In $3 I compute L((Dl, A) for various local rings, using the results of $S1 and

2. InS41 apply these results to the problem of surjective stability for the maps
H)(SL,(A), Z) —=H,(E(D,, A), Z).

The reader primarily interested in K, should note the following. Milnor’s
groups E__,(4), St_,1(A) are the groups E(4 , A), St(A_, A) of this paper (n>
2), and K,(A) = L(4_, A). The symbols { , }, are always bilinear in this case.
A positive root @ €A_ is to be identified with a pair (ij), 1 <i<j<n+1l;-a
then corresponds to {ji).

Milnor’s K, theory exists for noncommutative rings as well, and most of the
results of $2 remain true in this case, provided certain elements in A* lie in [A*,
A*]. I have omitted a discussion of these points since the surjective stability
theorem for K, of noncommutative semilocal rings has recently been obtained by
Dennis [3], based on work of Silvester [12].

When A = K is a field, Matsumoto [8] has shown that the maps 6/, m) are
injective as well. This injective stability theorem remains true for radical ideals
in the semilocal rings considered here, and will be the subject of a subsequent

paper [15].
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Notation and terminology. The definitions, notations and terminology regard-
ing root systems, Chevalley groups, Steinberg groups and their subgroups and
relations are to be found in [14, $3]. However in this paper we always assume that
the Chevalley-Demazure group schemes in question are universal [14, (3.3)]. If
(D[ C (I)m are reduced irreducible root systems, we say they are of the same type
if they satisfy

(a) (DI is generated by a connected subgraph of the Dynkin diagram of CI)m.

(b) If (I)m is symplectic, then (DI is also symplectic and at least one long
root of ®_occurs in P,.

The inclusions Dl C Bl violate (a) and the inclusions A[—l C Cl’ 1> 2, violate
(b).

The reader is reminded that the relative groups used in this paper differ from
those of [9] and [16] (cf. the warnings following [14, (3.13)]). However the results
of this paper do apply to the relative groups of [16], as follows from (16, (1.1),
(2.5) and (2.6)].

All rings are commutative with 1; all homomorphisms preserve 1. If A is a
ring, rad A is its Jacobson radical and A* is its multiplicative group of units. A
pair (A, q) consists of a ring A together with an ideal qC A; if q Crad A we
say (A, q) is a radical pair. We write (1 + q)* =(1 + q) N A*, If T is a subset
of A, the subring of A generated by T is denoted Z[T].

Let G be a group. For 0,7 € G we write To=ror~ Y, [r,0l="0.0"1 =
rorlo—1,

If H, K are subgroups of G, [H, K] is the subgroup generated by {5, &, b €H,
k € K}; in particular the commutator subgroup of G is (G, G]. We write G%¢ =
G/lG, Gl. If G is finite, |G| is its order.

Finally, Z denotes the rational integers and Fq a finite field with q elements.

1. Relative Steinberg symbols and the subgroup L(®, A) N K(®, g). Recall
(14, (3.12)] that H(®, q) is the smallest normal subgroup of H(®, A) containing
all Ea(v), ae®, vell + q* H(®, q) is a subgroup of St(®, q) (cf. (2.7)(a)).
Definition. Let a € ®, u, v € A*, and set

(D tu, U*a:};a(uv)/;a(u)_ll;a(v)_l.

The subgroup of H(®, A) generated by all {u, wi,, tw, ul , where u € A%, w €
(1 + 9)* and @ ranges over ® is denoted D(®, q). D(®, q) is a subgroup of
St (@, q) (cf. (2.7Xa)).
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168 M. R. STEIN
It follows from relation (R8) that for all a, 8 € P,
) fu B vig=[hy(w), b o).

Thus if there is an a € ® with (B, a) = 1, we have {u, U}B e [H(®, A), H(®, ]
C H(®, q). This will be the case except when ® is symplectic and B is long.

The following proposition summarizes various well-known identities satisfied
by {, },. Proofs may be found in [8, 5.5-5.7], [10, 3.2, 3.9, Appendix] and (18,
Lemma 39 and Theorem 12].

(1.1) Proposition. Let a € ®, u, v, w € A*, Then Yu, v§;1 ={vs ul_ . Writ-
ing {, V=1, 1, the following identities hold in D(®, A):

(S1) {u, 11 =141, ul=1.

(S2) tu, huv, wl = {u, vwliv, wi.

(83) fu, vi=tu~1, 071

(S4) {u, v={u, — uvl.

(85) tuy vl =tu, (1 — v} if 1 — u € A%,

(S6) fus v2w} = fu, v¥}us wh; {2, vw} = tu?, v}lu?, wh W2, vl = {u, 02 {u, o}

-1 -1,

=™ ub tu, = 1= ta, e, - v
(S7) If u, v generate a cyclic subgroup of A*, then {u, v}={v, ul.
(S8) If tu, v}=1v, uly then {u, v2}=1.

Moreover, if ® is nonsymplectic or if a is short,

(8°2) lus vwi = tu, vitu, wl

(S°3) f{u, v} =, u}~ 1.

Remarks. 1. The above identities are not independent. For example, (S1)—
(S4) imply (S6)—(S8), and if ® is nonsymplectic or if @ is short, (S1)(S5)(5°2)
(S°3) imply the others. (Cf. [10, Appendix].)

2. Identity (S5), which is of great importance for computations when A is a
field, is valueless when z € (1 + q)* (since in that case 1 —u ¢ A* if q# A). A
new identity which can sometimes be used to replace (S5) in such computations
when qCrad A will be proved in (2.8),

(1.2) Definition. A relative Steinberg symbol on the pair (A, q) with values

in an abelian group C is a mapping
L, A< +f —C

satisfying (S1)—(S5) of (1.1) and (2.8). When q = A, we call |, } a Steinberg sym-
bol. If (S°2) holds, we call {,} a (relative) bilinear Steinberg symbol. We some-
times abbreviate ‘‘Steinberg symbol’’ to ‘‘symbol.”’

In this paper the word symbol will always refer to one of the symbols ts
with values in D(®, q) constructed above.

Let R(®, q) be the subgroup of St(®, q) generated by D(®, q) and all 5 (v),
ae®, v ell + q)*
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SURJECTIVE STABILITY IN DIMENSION 0 FOR K2 169

(1.3) Proposition. (a) D(D, q) is a central subgroup of St (@, A).

LF(®, 4), H(@, I C L@, A) n H(®, 9 C L(®, 4) NK(®, ¢)CD(@, 9),

with equality if ® is nonsymplectic or if every element of (1 + @)* is a square.
(c) D(®, q) is generated by all {u, v}, u € A*, v € (1 + q)* for any fixed

long root a. Hence if @, C®  are reduced irreducible root systems of the same

type, the homomorphism D(‘Dl, q) — D(@m, q) is surjective for all m> 1> 1, in-

cluding m = oo if ® is classical.

Since H(A) is an abelian subgroup of E(®, A) [18, Lemma 28(b)], D(®, q) is
a subgroup of H(®, A) N L(®, A), and the latter group is central in St(®, A) (18,
p. 39, Corollary 1]. This also proves (A, A), H(®, 9] C LD, A) N A, q),
since H(®, q) is normal in H(®D, A).

If ueA*, ve(l + q*, then

bl g3y = h g™ M0 P T < B 0l ) € R, 9.

Since D(®, q) is central in St(®, q) by (a), this shows that K(®, q) is a normal
subgroup of H(A) containing all 5_(»); hence H(®, q) C R(®, q). Thus L(®, A)
N B(®, q) C L@, A) n K@, 9).

Given b € K(®, q), it follows from [17, 7.7] that we may write b = a’l;l(ul) cee
El(u[) where d € D(q), };i(ui) = };ai(uz‘)’ a, € A, and u, € (1 + 9)*. Then if

L=a(h)=h () -hu)

we must have u, =1 for all i, since E(®, A) is a subgroup of a universal Chevalley
group (18, Corollary to Lemma 28]. Hence }A)i(ui) =1 for all 7; that is, h=de
D(q) proving the last inclusion of (b).

Now if ® is nonsymplectic, it follows from (2) that D(®, ¢) C (@, A),
H(®, q)], and the inclusions in (b) are equalities. If ® is symplectic, we may

assume (B, a) =2 and (2) becomes
3) tw?, vig=1b @), b @)l

By (1.1), {42, v¥ﬁ= {u, vziﬁ; thus it follows from (3) that if every v € (1 + q)* is

a square, again
D@, 9) C [H(®, 4), H®, 9))

which completes the proof of (b).

For fixed f3, let DB be the subgroup of D(®, q) generated by all {u, vlﬁ,
u€A* v e(l+ q)* Let 0 =0, be an element of the Weyl group of ®. Then
relation (R5) and (a) imply
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170 M. R. STEIN

tu, vig=w,(1) - fu, vlg . w (- 1)
=6 ,(1) - hgu) b g@) b p@) 7 - @y(- 1)
= by g by g (™ hyg (b f(a) ™" by g (b )™
:boﬂ(nuu)ioﬁmu)";30[3(1;)‘lécﬁ(u)éaﬁ(q)éoﬂ(qy)-1
={nu, v}cﬁ{n, v};;g

for some 7 =+ 1. This proves DBC Daﬁ’ and, by symmetry, DB = DUB' Since
the Weyl group acts transitively on roots of the same length, we have shown that
if a and B have the same length, D = Dg.

Suppose then that B is short and choose a long root @ such thae (8, a) = 1.
Then by (2)

@ fu, vl g = (), B0 = b 4@), B )™t =t /@7 izt

which proves D,B CD,. Since by (1.1XS6) v, ul, = =1, vl, we have shown

D, = D(®, q), proving the first part of (c); the rest of (c) is now an easy corollary.

Remark. In view of (1.3) we will usually write {, } for {, },; in that case it
is to be understood that the symbol in question is taken with respect to a fixed

long root a.
2. The relative Bruhat decomposition for a radical ideal.

(2.1) Lemma. Let a € A.
() U@, q) = 0@, - la} q)-Ula, 9).
(™) U=(®, q) = 0®_ -{-al, 9).0( a, 9).
() U, - tal, q) is normalized by St (A).
®™) 0((1)_ —{-al, 9) is normalized by St (A).

The set of roots ®, - {al (resp. ®_ ~{-al) is an ideal in the closed sets of
roots @, and (@, - fal) Ui~ al (resp. ®_ and (®_ - {—- ad) ulal). The lemma
thus follows from {18, Lemmas 16, 17, 18, 36].

Definition. Set M(®, ) = U~(®, Q)K(®, Q)U(®, q), a subset of St(®, q)
(cf. (2.7)). Recall from (1.3) that if ® is nonsymplectic or if ((1 + 2 =1+ 9,
then K(®, q) = H(®, @), and that in any case, K(®, q) is the product of the cen-

tral subgroup D(®, @) with the group generated by all b (), v el + @* Thus
7 (K@, q)) = H(®, q).

(2.2) Lemma. U~ (®, K@, QM®, q) = M, q) = M, KD, U@, q).

This follows from relation (R6) which shows that H(®, q), and therefore also
K(®, q), normalizes U~ (®, q) and U(d, q).
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SURJECTIVE STABILITY IN DIMENSION 0 FOR KZ 171
(2.3) Theorem. (a) The product map

07(®@, 9) x K@, 9) x U(®, 9 — St(®, 9
is injective.
(b) L(®, A) N M(d, q) C K@, q).
(c) M(®, q) = St(®, q) implies qCrad A.

Suppose #, &' € U(q), 7, 7' € U~(q) and &, &' € R(q). Then if 7k = 'k'%,

we have

7@ Y= a2 2" e~ Ye UT(A) N UAHA) = {1}

by [18, Lemma 21]. Hence © = ?', since n|U~(4) is an isomorphism [18, Lemma
36]). Similarly 7 = &', and therefore k=F, proving (a).

Now suppose m#k#) =1. Then w(3) = a7 ~1E~1) € U=(4) n UA)H(A) = {1}
implies © = I; hence # =1 also, proving (b).

Finally, it is easily checked in SL (2, A) that (¢ ) € UT'HU implies a €
A*, Moreover, gb;l(U"HU) CUTHU, where the decomposition on the right is in
SL(2, A) and ¢,: SL(2, A) — E _(A) is the homomorphism of [14, (3.6)].

Applying these remarks to .

l+g -9

( € p2(m(x (1)x_ o(q)x o (= 1))
g 1-¢9

for any g € g, we see that M(q) =St(q) implies (1 + q) C A* and therefore, qC

rad A. This proves (c).

The key result of this section is the following partial converse to (2.3)(c):

(2.4) Theorem. Let (A, q) be a radical pair and assume A = Z[A*]. Then
St (@, q) = M(®, q).

(2.5) Theorem. Let (A, q) be a radical pair with A = L{A*], and suppose

®, CD_ are reduced irreducible root systems of the same type. Then L(® , q)
m m

is generated by all {u, vl u € A% v € (1 + q)* for any fixed long root o, and
the homomorphisms L(CI)I, q) — L((Dm, q) are surjective for all m > 1> 1, includ-
ing m=oe if ®  is classical.

If, in addition, (I)m and A satisfy one of the hypotheses of (14, Theorem 5.3],
St ((Dm, 0, q)) is the universal E((Dm, A)-covering (14, §2] of E((Dm, Q).

This theorem is a corollary of (2.3)b), (2.4) and (1.3).

Note. The hypothesis A = Z[A*] is innocent. It is fulfilled, for example, by
semilocal rings having at most one residue field with 2 elements [14, (4.2)] (in-
particular, by local rings) and by group rings.

The proof of (2.4) will be based on a series of lemmas.
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172 M. R. STEIN

(2.6) Lemma. Let a€+ A, t €A, Then x (1) normalizes M(q) if and only if
x (D= a, q)x (= 1) C M(q).

The “‘only if’’ is clear. For the converse, we assume & € A (the case a €~ A

is similar). By (2.1)(a™), we have
M) = 0@ ~{-al,q - U(-a, @ - K@) - U(9.

Since x(¢) normalizes U(‘D_ —{=a}, q) by (2.1)(b7) and also normalizes U(q),

it suffices to prove
x (0)- U= a, PK(Q) - x (- 1)C Hi(q)
and, in view of the hypothesis and (2.2), that would follow from
x (1) - R(9) - x (= 1) C K(QU(Q)
which is true since K(q)C H(A) and H(A) normalizes U(q) by relation (RG).

(2.7) Proposition. Let u, v € A*, a € ®. The following identities hold in
St (‘D, A)

{u, v§a1;a(v)

x (-u’l

® =x_ @ 'a-vly . 2 x (ulv = 1) «x (w@™! = 1)),

x ---u"‘1

~a 0w - 1)
(b) o R 1

= x_ow o™t = I u, vdgh (0)x (u(l = 07 ),

xa(—u) _1
(c) x_a(u 1 -v)

=X (u-l(v-l - 1))fu, U}a};a(lr)xa(u(l —11—1)).

-a

Proof. (a)

{u, u!al;a(v) = I;a(uzz)l;a(ll)- b llA'a(Ul’)Tz'a(— u)
= _ (= u” T (- u)

=x_(~u" l1/'1)xa(uv)x_m(— u” lv'l)wa(— u)

w (u)

mx_ (—um o) cx @) (—w) - % x_ (=TT

=x_ (- u—lv_l) ~x (uv)x (= w)x _ (u-1 )% (~ u) -xa(uv‘[)

a

=x_ @ lA-07x_ (- 0N x (o = D)x_ (a” x (! 1))
-1

(-u

x )
= x_a(u"[(l —pTly. e x (u(@ -1)) - .‘ca(u(v'1 -1

(b) follows immediately from (a).
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(c) In (b) exchange a with — @ and « with u'l; then take the inverse of
each side. The identities };_ a(v)-l = Ea(v) and {u~ 1, vi_’_}l ={v, =} fo = tu, vl

complete the proof.

(2.8) Corollary. Let a € ®, g €rad A. Forall u, v, u', v € A¥ such that u +

ve=u + v, the symbol i, fn satisfies the identity

fu, (1 +92)/(1 + q)l 1o, 1+ qul {1 v+ qu, - (1 + g2)}]!

S ’ 1 1 !
(Sq) =tu', (1 ¢ qz)/(1 v qv )(a ' 1 +qv i,lfl +qu, —(1 +qz)¥;l

where z = u+v=u'+ v . Morcover if z ¢ A*, both sides of (S9) equal 1z, 1 + gz} ..

. i 1
Since u +v=u + 1, we must have

(1) xa(-ll)xa(-v)
x_o(9) = _ (@)

We will use (2.7) to put (1) into M(q); (S9) will then follow by comparing the terms

al=2) 0y - xgl=u'Vxg(=v")
Te—a

in K( q) which are uniquely determined according to (2.3)(a).

Write w =1 - gqv € A*. Then ¢ = v~ N1 - w) and w™! 21 = qmu'l; applying
(2.7)(c) with u = v, v = w yields
(2) xgl=v) x_(g) =x_ (qu~ ])h/, w‘a/;a(w)xa(— qu w1,

1

Similarly write v = 1 — quw™" = w™ (1 = gz) € A*; then qu~' = 4= 11 - x), x~! =

1= qu(l - qz)'l and we have

(3) xa(u)x_a(qll‘_ l) -~ x-a((](l -gqz)~ l) fu, X(al:q(x )x '1(_ (1112(1 -qz)” ! ).

Combining (2) and (3), and simplifying using relation (RG) and the definition of
{ . 1, gives the identity

xa(-u)xa(—y)t @)

Tea

(4) )
=x_ {qQ1 —qz)_l)iu, x}ah', w}aiw, ﬂ;l /)a(l “qZ)XQ(—fIZZ(l —‘Iz)—l)-

(It should be noted that in deriving (4) we need only the weaker hypotheses «, v, 1 — gr,
l — qu, 1 — gz « A*; this will be important in (2.9) below.) We perform a similar

xa(—u')xa(—u')

calculation for x_{q); the identity follows by comparing the terms

in K(q) (noting that l;_a(l — ¢=) depends only on z) and replacing ¢ by — gq.
Finally if z € A¥*, we may use (2.7)(c) to compute xa(Z)x_a(q) directly; com-

paring k(q) terms, we sce that 1z, 1 + ¢z}  must equal both sides of (S9).

(2.9) Corollary. Let uy 1 € A¥, a€ ® and write p=u-1,qg=v-1, Then if
pg=0,11 +q, 1 +pt, =[x_ (g) v (p)].

We will compute the right-hand side using (4) above. Make the substitutions
—u=u~-v=-1,¢4=-4q in(4); then z:~[),1:qz:l—qp:l,x'1=w=1+q,
and
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174 M. R. STEIN

x (p) xa(u)xa(— 1)
1) = % _—@) =x_g(=)-u, x dx7 T, £30

Therefore

b _o@@), %@ =t~ u, 2} {x~ 1, 220
But (1.1) implies

{-—u,x!a{u'l,x§a:{—l,x2a=ix—l,xza

and therefore

“Lul_ =11+g,1 +0)_,

k_ @) x N =t <} =tx, M =k
which yields the desired result by interchanging @ and — a.
(2.10) Proposition. Let (A, q) be a radical pair. Then M(q) is a normal sub-
group of St(®, Z{A*]),

Let us first show that (2.10) completes the proof of (2.4). The hypotheses of
(2.4) imply that St(®, A) = St (®, Z[A*]); thus by (2.10), M(q) is a normal subgroup
of St(®, A) containing all Ula, q). Therefore St (®, ) C M(q). Buc M(q)C
St(®, q), whence (2.4).

Now let us prove (2.10). St(®, Z[A*]) is generated by all x(2), a € + A,

t € A*, By (2.6), the set M(q) is normalized by St(®, Z[A*]) if and only if
xa(l)x_ ol9) € M(q) forall @ €+ A, t € A*, q € q. Since q C Z[A*], this follows
from (2.7)b) and (c).

Now since U~(q) C St(®, Z[A*]), we have

MM (Q) = M) ~(PK(Q (@)= U~ () M4 K() U(q) = M9
by (2.2). Therefore M(g), being the monoid generated by 3 groups, is a group.

Remark. In showing M(q) = St (®, q) for a radical pair (A, q), the restriction
A = Z[A*]} was needed only in verifying (2.6). In SL (2, A), however, it is easy

to show that

e (U(~a, Pe (=) CUT(DHQU(9);

this is simply the matrix equation

1 ¢\ /1 o><1 -z> (1 0><u 0 (1 —tzqu'1>
01/\¢g 1/\0 1 qgu=' 1/ \0o«"Y \o 1

where u =1 + tg € A*, since ¢ Crad A. We conclude
(2.11) Corollary. Let (A, q) be a radical pair. Then

E@®, q) = UT(QH(q)U(Q).
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(2.12) Lemma. If tk ® > 2, St(®, ) preserves finite products. If tk ® =1,
Se(®, A) x St (@, B) = St{®, A x BY/C, where C is the normal subgroup generated by
all [x ((a, 0)), x_ (0, 6))].

There is always a surjective homomorphism p: St(®, A x B) — St (®, A) x
St(®, B) induced by the projections of A x B onto its factors. Now St{®, A) x
St (®, B) is generated by all (x,(a), 1), (1, x_(b)), and we may define a map s
backwards by

(xa@), 1) b x ((a, 0)), (1, x(6)) > x, (0, b)).

To show this defines an inverse isomorphism to p, we must check that the defin-
ing relations of St (®, A) x St (P, B) are preserved by s. These relations are
(i) the defining relations of St(®, A) applied to the generators (x (a), 1),

(ii) the defining relations of St(®, B) applied to the generators (1, x (b)),

(iii) [(x(a), 1), (1, xﬁ(b))] =1 forall a,Bed,acA,beB.

It is clear that s preserves (i) and (ii). Moreover relation (R2) in St (P, A xB)
shows that s preserves (iii) whenever 8 # — a. Hence the induced map 5: St (A)
x St(B) — St (A x B)/C is an isomorphism, since p(C) = 1. This completes the
proof when rk @ =1,

If tk ® > 2, there exist B,y € ®, B, y £ — a, such that

x_ (0, b)) = [x5((0, 1)), x,,((0, &))]y
where y € U(S, (0, B)), for some S C® with — a ¢ S. Hence
[x (((a, 0)), x _ (0, b))]
=[x (@@, 0, Lx 5((0, 1)), x,, (0, b)]y] =1

which proves C =1 and the lemma.

(2.13) Theorem. Let A be a semilocal ring with at most one residue field
isomorphic to F_, and suppose ®, C @ are reduced irreducible root systems of
the same type. Then the homomorphisms K1, m): L((DI, A) - L(d)m, A) are sur-
jective for all m>1>1, including m = o if ® is classical.

If 1>2, L®, A) is the central subgroup generated by all {u, vl u, v € A%,
for any [ixed long root a. This is also true when | =1, provided either that A
has no residuc field isomorphic to F, or that A is a local ring.

If, in addition, ‘b: and A satisfy one of the hypotheses of (14, Theorem 5.3},
St (@, A) is the universal covering of E(®,, A) and L(fbl, A) HZ(E((DI, A), 2,

Write A = A/rad A, a finite product of fields. Steinberg [17] has shown that
L(®, &) = D(®, k) when k is a field. Since E(®, ) preserves finite products, it
follows from (2.12) that L(®, A) = D(®, A) if tk ® > 2, and that L(P, A) is gen-
erated by D(®, A) and C when rk ® = 1, where C is the normal subgroup generated by all
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[xa((oy"'y k'v"'y O)))x_a((07".7 ki»"') O))]

H

(the appropriate generalization of the subgroup C of (2.12) when A is a product of
more than 2 factors).

Now suppose rk ® = 1. Then if A is local, L(®, A) = D(®, A) by Steinberg
[17]. If A is semilocal but has no residue field isomorphic to Fz, we want to show
C C D(®, A), and it clearly suffices to consider the case A = k£ x k', a product of
two fields. Then by (2.9),

[x (@@, 0)), x_ (0, D] =41 +a, 1), (1,1 + b)_, € D(®, A)
provided neither @ nor b equals — 1. But even if a = — 1,

x ((=1,00)
x (-1, 0)), x_,((0, b)] = be_, (€0, ), x (1, O))]
=11, 1 +8), @2, D}, eD(@, A)
and a similar argument applies if b = — 1. Hence if — 1 # 1, C C D(®, A).
Thus our hypotheses imply L(®, A) = D(®,, A); since A* — A* |s surjective,
sois D(®,, A) — L(D,, A). But our hypotheses also imply (2.5) for ¢ =rad 4;
therefore L(®, q) = D(®,, q) and the second part of the theorem follows from the

exact sequence
1= L(®,9—L@,A) — L(d)l, A) —1

together with (1.3).
The first part of the theorem is a consequence of the second and (1.3), and

the last part follows from [14, (5.3)].

(2.14) Corollary. Let A be a semilocal ring with at most one residue field
isomorphic to F,. If tk ® = 1, assume further that either A is local, or that A has
no residue field isomorphic to F,. Then E(®, A) has a presentation by generators
e (), a € ®,t € A, and relations (R1), (R2) (resp. (R3) if tk ® = 1) and

©)h ()b @) = b (wv), u,veA” aed.

The proof is the same as [18, Theorem 8(b)] in view of (2.13).
Note. Theorems related to (2.14) have been proved by Silvester [11], [12], and
Wardlaw [19].

(2.15) Proposition. Let b, q be ideals of A.
(a) If tk ® = 1, assume L(®, q) is central in St(®, A). Then if St(®, q) is
generated by M(q),

[St(@, A), [St(®, q), St(®, P C Se(P, hq).
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(b) Suppose rk > 1 and that 2 € A* if ® = C,. If either St (D, q) is generated
by M( q) or St(®d, ]:)2) is generated by M(bz), then
[St(®, 9), Se(®, )] CSu(@, ).
Suppose M, N are normal subgroups of a group G, and define
(M:N) =1g eG|[g,N]C M}

It follows from the commutator formulas of [14, (2.1)] that (M: N) is a normal sub-
group of G. The conclusions of the proposition are thus equivalent to

(a") Se(p) C (St q): St(A): St(q)),

(b") St(n?) C (Selp q): Se(q)).
The groups on the right in (a’) and (b') are normal in St(®, A); therefore by [14,
(2.1)] it suffices to prove

(@a") Ula, ) C((St{nq): St (A): Se(q)),

" U(a, p?) C (St (pq): St (q))
for one root & of each length.

If B# - a, (R2) implies that

5) (@, p, 0B, 9 Cst(hg.

Suppose rk ® > 1 and that 2 € A* if @ = C2. Then (R2) implies the existence of
B, y € ® such that

O, $2yc LUB, », Uy, w106, v?)
where SC® and a ¢ S. Therefore

©) [U(a, p?), U=, I LB, p), O, W1 06, 12, U= a, §IC Stha).

(The last inclusion follows from [14, (2.1)] and (5).)
Finally, K(®, q) is generated by elements of the form {u, vlﬁgﬁ(v), u€A*,

v € (1 + qQ)*. Therefore since {u, ufﬁ is central, relation (R6) implies
[ o(0), tu, 03 gh )] = [x (), B g@)] =2 (P ")
for some p' €, ¢’ € q, which implies that

) Wi, v, KNI CSt(ha.

Clearly b") is a consequence of (5), (6), (7); this is true under either hypothe-

sis of (b) since (b') is equivalent to

St(q) C (St (pg): St( ).
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From (5) and (7) we also conclude that

(O, D), St =Stpg - [0(a, ), 0(-a, OL

It is easily checked, moreover, that in SL(2, A)

W(a, W), U(-a, §)]CE (pg)

and therefore
(e, 1), St(q)] CSt(hg) - (LD, 4) NS (A)).

Since L(®, A) NSt (A) is central in St(®, A) (by [14, (5.1} if rk ® > 1 and by
hypothesis if rk ® = 1), (a) is proved.

(2.16) Corollary. Let (A, q) be a radical pair and assume A = L[A*]. If b C
A is an ideal such that % q =0, then [St(®, p), St(®, q)] is central in St(®, A).
Moreover if tk ®> 1 and 2 € A* if ® =C,, then forall i>2,

[Se(@, 1), St(@, D] = [St(®, b), St@, 9] ={1}.

(2.17) Corollary. Let (A, q) be as in (2.15) and suppose further that g+l =
0. Then T =[St (D, q'), St (D, q7)] is central in St(D, A) if i+j>n+ 1.
If tk®>1 and if 2 €A* if CI)=C2, U is trivial when i+ j>n+ 2.

3. Some computations for local rings.

(3.1) Proposition. For any pair (A, q), the sequence
1 = L(®, ) — L, A4) —L(®,A/9)

is exact.
Except for the *'1°’ on the left, this is just [16, (3.2)). Exactness at the left

holds because the group L(®, q) used here is the image under the natural homo-

morphism of the group L(®, q) of [16], and is therefore a subgroup of L(®, A).

(3.2) Proposition (17, 3.3). If k is an algebraic extension of a finite field,
L(®, &) = 1.

(3.3) Proposition. (a) For every positive integer m not divisible by 4,
L®, Z/ml) =1, provided tk @ > 2,

(b) For every integer n > 2, the groups L(®, 7/27+17) and L(®, 2/271) are
isomorphic and are generated by the symbol {- 1, ~ 1}, which has order at most 2

if ® is nonsymplectic.

Proof. (a) Since L(®,) commutes with finite products, the Chinese remainder
theorem implies we may assume m = p”, p a prime; we may further assume n > 1
and p # 2 by (3.2). Since Z/p"Z satisfies the hypothese's of (2.13), it follows from
(3.2) and from (3.1) with q = rad(Z/p"Z) = pZ/p"Z that L(®, Z/p"1Z) is isomorphic
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to L(®, pZ/p™ZL) which, according to (2.5), is generated by all {u, v}, u € (Z/p"Z)*,
v e(l 4+ pZ/p™L).

Now (Z/p™2)* is a cyclic group of order (p ~ 1)p"~ 1, isomorphic to the direct
product (Z/pZ)* x (1 + pZ/p"Z). Hence (1.1)(S7), (S8) imply {u, v*1=1 (4, v as
above). Since p is odd, every element of 1 + pZ/p"Z is a square, which proves (a).

(b) Again the hypotheses of (2.13) are satisfied. It follows from (1.1}(S1) that
{~ 1, = 1} is the only possibly nontrivial symbol in L(®, Z/4Z), and if ® is non-
symplectic, (1.1XS°2) implies that the order of this symbol is at most 2. Since
(Z/Z’”IZ)* — (Z/2"1)* is surjective, we have, by (2.13) and (3.1), an exact

sequence
1 — L(®, 2"2/2"*'Z) — L(®, Z/2"*'Z) —1L(D, Z/2"]) —1
for all » > 1 and all ®. Thus to complete the proof of (b) it suffices to show
L(®,2"2/2"* L) =1 forn > 2.

Let n> 2. According to (2.5), L(®, 2m7./27+17) s generated by the symbols

{1+27 ul, u € (Z/27*1Z)*. Now (Z/27*1Z)* is the direct product of the group

{+ 1} with the cyclic group of order 27!

2n+1

generated by the residue class of 5

modulo . Moreover, an easy induction argument shows that for all n > 2,

(1) 1+2"=5% mod2”*t!, s=27-2

Now assume n > 3. Then 1 + 27 is a square and (1.1XS6) implies that
L(®, 2"Z/27*'Z) is generated by the two symbols {1 + 2%, — 1}, {1 + 27, 5}; since
{1427 1} ={1 + 27,1 + 27} = {1 + 27, 5}° by (1), this group is generated by the
single symbol {1 + 27, 5. Again applying (1) and computing in L(®, 7/27+'17),
we have {1 +2%,51=1{5% 5}=1 by (1.1)(S8).

Now suppose n = 2. Then it follows from (2.5) and (1.1)(S1) and (S4) that
L(®, 4Z./87) is also generated by {5, — 1}. Take g=2,u=2v"=-1,4 =v=5
in (2.8) to conclude that, in L(®, Z/8Z), 1 =15, - 11

Note. For the functor K, =lim, L(A P ), this proposition was proved by
Milnor [9] using his computation of K,(Z) (cf. [11], [19]) and results of Mennicke,

Bass, Lazard and Serre [1] on the congruence subgroup problem.

(3.4) Proposition. Let A be an artinian ring such that A* is cyclic, and sup-
pose tk ® > 2. Then L(®, A) = 1, except possibly when A has a direct factor
isomorphic to L/4Z,

Eldridge and Fischer [4] have shown that if A is artinian and A* is finitely
generated, then A is finite. Moreover, a finite ring is a finite product of primary
rings Ay, .-+, A (rings with a unique prime ideal); if A* is cyclic, A must also

be cyclic for i=1,---, n with |A*| and lA;"] relatively prime for i £ j. Gilmer

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



180 M. R. STEIN

{5] has determined all primary rings with cyclic groups of units; they are

(a) Fq, g a prime power,

(b) Z/p”'Z, p an odd prime, m > 1,

(c) 2/4Z,

(d) FP[X]/(XZ), p prime,

(e) FZ[X]/(X3),

(£) ZIx1/(4, 2X, X* - 2).

Since L(®, ) commutes with finite products, it suffices to compute L(®, A)
when A is one of the rings in (a)—(f) and we may apply (2.13). Propositions 3.2
and 3.3 above settle cases (a)—(c). In (d), (e), (f) we let x denote the residue
class of X in A.

In (d) we use (3.1), with g =rad A =1 + Ax, and (3.2) to conclude that
L(®, A) = L(®, 1 + Ax). If ¢ is a generator of F%, A* is the product of the cy-
clic group ({) of order p — 1 with the cyclic group (1 + x) =1 + Ax of order p.
If p is odd, 1 + x is a square, and L(®, 1 + Ax) is generated by {{, 1 + x}{ and
i1 +x, 1+ xi according to (2.5) and (1.1)(S6). That these symbols are trivial fol-
lows from (1.1)(S6), (S8).

If p=2in(d),{=1 and L(®, 1 + Ax) is generated by

Horx, Laxb=l1+x, - +x)l=1
by (54) of (1.1).
In (e) and (f), A* is cyclic of order 4, generated by 1 + x, and L(®, A) is
generated by {1 + x, 1 + x}. In (e) we have

{1 +x,1+x§:fl +x, -(1 +x)}:1,
and in (f)

Hax, Taxd=f1+x, @ +x) Hafl vx, -1 +x)} =1,
which completes the proof of (3.4).

Our next objective is to generalize Proposition 3.3. Throughout the rest of
this section we will assume A s a local ring whose maximal ideal Y is principal
and generated by . We further assume that A/Y is a [inite [ield containing q =
p° elements.

For n >0, the group of units (A/1?*1)* is the direct product ({) x (1 +
b/b"*l), where { € (A/b"*l)* is of order g — 1 and maps to a generator of (A/})*

~ (Fq)*. Since A and A/p"*! are local, they are generated by their units.

(3.5) Lemma, Forall n>0 and 1 <i<n+ 1, the additive group v Lypn+l
and the multiplicative group 1 + P /0" bave exponent p"~ Y. Hence if p is

odd, every element of 1+ /YW is a square.

The map @  @p” induces, for all #n >0, an isomorphism of additive groups

A/ pRyr pnt ]
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where we write @ for the residue class of @ € A modulo p"*‘. Since (p7?/pn+1)2
=0,1+n"/p™! ~ p7/p”*! and both, therefore, have exponent p. The lemma

follows by descending induction on i and the exact sequences

0 — ¥:’i+1/}3"+1 — }Ji/bn+l - h"/‘p"” — 0,
1 — (1 + }:‘i+1/pn+l)_,(l + \pi/er»l)_,(l + pi/pi‘i»l)_,l.

(3.6) Lemma. Let k be a [inite field. Every element of k is a sum of squares.

Every element of k is a sum of fourth powers if and only if k £ F9.

Let k= Fq, g =p", and let d be a positive nonzero integer. The subset § of
k consisting of sums of dth powers is closed under addition, multiplication and
subtraction, since — 1 =p— 1= 14 + ...+ 19, Hence S, being a subdomain of a
finite field, is a subfield of &, and § = Fr, r=p™ for some m dividing ». In parti-
cular, p” -1 divides p" — 1 with quotient c.

Choose an x € k* of order p” — 1. Then x? €S and thus x4(P™-1 _ 1, which
implies p” — 1]d(p™ - 1). Hence c(p™ — I)|d(p™ —~ 1) and c|d. If d =2, then ¢ =
1 or 2. If ¢ =2, then

2" -2=p"-1, pT@-p""M=1, p=1.

Thus c=1 and n=m.
If d=4 we must have ¢ =1, 2 or 4, and we have seen above that ¢ = 2 leads

to a contradiction. If ¢ = 4, then
pm(4_pn—m):3’ p:3’m=1’n-_—2’

and it is easily checked that (FQ)4 = F;.
Note. 1 would like to thank Armand Brumer who supplied the neat proof of this

lemma.

(3.7) Corollary. The symbols {1 + s, 1 + 1, s € b/p""l, t € }:,"/}o"'rl generate
D((I), pn/bn+l).

Recall from (1.3) that D(®, 17/p™*!) is the subgroup of L(®, b"/b"”) gen-
erated by all {u, 1 + t}, u € (A/p7+ 1y, ¢ e p7/p™+! Write u=C 1 +5), s €
p/p"*l, where  is of order ¢ — 1. Then if p is odd, 1 + s is a square by (3.5),
and if p=2, éi is a square. In either case (1.1)(S6) implies

fu, L+t =41 + 031 +s, 1 + ¢}

and we must show {{%, 1 + t}=1. Suppose 1 + ¢ is a square and let v € 1 +
p"/p"*l, »2 =1+t Then v has exponent p by (3.5) and ¢’ has order prime to
p. Hence {' and v generate a cyclic subgroup of (A/p"*D* and {4, 1 +1}=1
by (1.1)(S7) and (S8). If 1 + ¢ is not a square, we must have p =2 and {lisa

square; a similar argument applied to (éi)l/’ and 1 + ¢ again yields {{, 1 + ¢} =1.
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(3.8) Lemma. If tk ® = 1, assume A/p # Fy. Then L(®, p7/p7+) s gener-
ated by all

f1+up’, 1+up™, 1<i<n,

where u is a power of { and i denotes the image of p in A/b"*l,
Moreover if ® £ Al’ C,, orif L) c, and p is odd, then these symbols are

trivial except possibly when i=1.

We begin by proving that the additive group p™/p"*! is generated by all
fﬁk, m < k < n, where € is an even power of { (resp. & is a fourth power of { if
A/b £ F9). By (3.6) this is true if m = n, for p"/p"*! is isomorphic to A/p. By
definition of ¢, p™1/0"*! is generated by all vji*, m —~ 1 <k < n, where v is a
power of {. According to (3.6), v=a, +---+ a modulo H/p"*! where the a, are
even (resp. fourth) powers of {. Therefore vk = alﬁk RREE a'[[’e + b for some
be p'"/p"“-, by descending induction on m, b is of the desired form.

Our hypothesis on p assures us, by (2.5), that L(®, b"/b""l) = D(®, b"/b"‘d)

and is generated, according to (3.7), by all
—n 1
(2 fl+s,1+&p"), se wpyth

where £ = by +-+-+b_ is a sum of even (resp. fourth) powers of ¢, and a is any

¢ 1]

fixed long root. (The ‘“‘resp.’’ statements hold under the hypothesis A/b £ F9.)
Now if ® is nonsymplectic, there is a B € ® with (a, 8) = 1, where a is the

root occuring in (2). We now show that the same is true if @ = Cl’ [>2,and p is

odd. In that case 1 + s = (1 +s)? for some s' € p/p™*! by (3.5), and we have, by

(4) of $1 and (1.1)(S°3),
f1+s,1+1} =1Q +s21 +1},

_ ! l_ !
=1 +¢,1+s }y =11 +s ,1+t}y

where y € ® is a short root such that (@, y) =2, (y, a) = 1. Replacing a by y
in (2), we are done.
Because (p/p"*1)(p7/p7*1) = 0, we may apply (2.9), (2.17), and the commuta-

tor identities of [14, (2.1)] to conclude

Hoas, L+ &a", = (), x (€F™M)
= e _ols), x o8 BN - (0 5™
=[x _ (o), % b m B (s), x (b, E™)]

(3

_ —n -
=ll+s, T+b ™l .. -1 +s,1 +bul,

which shows we may assume in (2) that £ itself is an even (resp. fourth) power of

¢ (and not just a sum of such powers).
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Conjugating
f1+s,1+8" Y, = le_ (), x €M)
by b, (€7 yields

Ho+s, 1+ 8™, = b_(és), x @MHl=11 + &5, 1 + 7,
and L(®, p?/p"*1) is thus generated by all
4) {1+s,1 +p‘"}a, sEb/b""‘l.

Now we may write s = a,jl +---+a ", where each a; is a sum of even

(resp. fourth) powers of {. Arguing as for (3) above, we have
f1+s,1+0" = (), x (F™)
(5) =lx_ o), 2 (B b @ 1), 2 (57
=lvay i, Lo el va g7 L ET
and a further argument of this type shows we may assume each a, is itself an

even (resp. fourth) power of {. We conclude, therefore, from (4) and (5) that
L(®, p"/n"*!) is generated by the symbols

) rags 1+, =b_ @i, (D) 1<i<n,

where a is an even (resp. fourth) power of Z.
Now if @ is nonsymplectic, or if p is odd and ® = C), [ > 2, take B so that

(a, B) =1 and let v be a power of ¢ such that vi-a It (I)=Al, or if p=2
and @ = Cp 1> 2, take B =a and let v be a power of { such that v* = a (these
choices are possible by our hypotheses and the previous discussion). Conjugating
(6) by gﬁ(v) yields

b o) : n
-8 _ @gh, x (77)]
=l x M =1l +am’, 1+ up’y,

1 +ap’, 1 +7"}

a

(e, is a power of { as desired.
Finally if ® £ A Cysor if P = C, and p is odd, it follows from (2.9) and
(2.17) that for i > 1,

where u=v

frup', 1+ ui™ =l i), x (g™ =1.

(3.9) Lemma. For every u € A* andall n> 1,

-k
1+ uuk)pn =1 +up"'kyk mod p7*!, 2 <k<m.

If v 42, this congruence holds for k=1 as well,

If £=n the congruence is clearly true, and we will prove the remaining cases

by induction on (n — &, n + 1) (lexicographically ordered).
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Our induction hypothesis implies

k-1
a+ uuk)pn =1 +up"~k-lyk mod W

and, therefore, for some s € b"/b“l,

k-1
( +u;1k)"n =1 +up Rk lyk s
=(1 +up” R %Y1 +5) mod Pt
since syk = 0.
Thus modulo }3"*1 we have

-k k-1
1+ uuk)"n = ((1+ uuk)"" )>

=(1 + up"'k"lyk)p(l +s)P

=1 + upn-le—lp.k)p

14 .
=1 upnhuk s 3 (P) (up™ k= 1k
i=2 VI
since 1 + b"/b"*l has exponent p by (3.5), and it suffices to show

(f) primkiziyki _ g podprtl
for 2 <i<p.
According to (3.5), p*/p7+! has additive exponent p" %+l Since (‘i’) is
divisible by p if 2<i<p — 1, we must have
ni-ki-i+1>n-ki+1l, 2<i<p-1,
np-kp—p>n—kp+l.
That is, we must have
i>n/(n-1), 2<i<p-1,
p> (n+ 1)/ (n-1).
These identities are satisfied except when n =1 {in which case the lemma is triv-
ial) and when p=2,n=2.
This completes the proof when p is odd. If p = 2, the lemma holds for n = 2,
k =2 and hence by induction for all (z, ¥) with n> 2, k> 2. The cases (n, 1),

n > 1 are true exceptions.

(3.10) Theorem. Let A be a local ring whose residue [ield is a finite field
with q = p° elements and whose maximal ideal Y is principal, generated by p =
s the image of p in A. If tk ® =1, assume that A/p £ Fg. Then forall n >0
and all odd primes p, L(®, A/p"*1) = 1. Moreover, if p = 2, the groups
L(®, A/p"*1) and L(®, A/p™) are isomorphic for all n > 2 and are generated by
the 25 — 1 symbols {1 + (i, 1+ Pl 1<i<2° ~ 1, where { € (A/p™*1)* bas
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order 2° — 1 and maps to a generator of A/%. Each of these symbols bas order
at most 2.

Since § = ji generates P/n™*! (we identify § € A with its image in
A/p7*1), (3.9) implies, for p odd, that

14+ uﬁ" =14 uﬁn—iﬁ-i =1+ uﬁi)pﬂ-l

and it follows from (3.8) that L(®, b”/p"*!) is generated by all

. .on-1
) f1+up?, A+ ugh)? | 1<i<n,

where u is a power of {. Since p is odd, (3.5) implies thar 1 + 4r' is a square,
and

. .o on-1i , . -7
1+ uil, @+ agh? =il s i, 1+ a@ie’ =1

by (1.1)(86), (S7) and (S8). The first part of the theorem now follows by induction

on n from (3.2) and the exact sequence
®) 1 — L@, p?/p"t 1) — L(A/W ) — L(A/Y) — 1.

Suppose, then, that p = 2. The above argument still applies if 2 < i <n, and

we conclude that ‘
. . . n-1i1
{1 ruﬁ",1+uﬁ"¥={1+uﬁ",(1+uﬁ')2 f=1

solongas 2<i<n and (1 + uﬁi)zn_l is a square; that is, when n — /> 1. Thus
these symbols are trivial whenever >/ +1>3 and i> 2.
If /=1, it follows from the argument of (3.8) that we may assume u = K:Zk is

an even power of {. Then, since we may take & = 2, we have

{1+ 5T, 1+ R = D (75T, x (¢ P4E™)

x  (~myp (L
- -a )ba )[x_a(éZkF), xa(élkl-[n)]

(9 -
- x—a(-“)‘[x_a(ﬁ), x (&R = [x (%™, x_ (- B))
T L R L N YOI C4k‘72)2""2,_ -1
if n—2>1; that is if n> 3. Thus we have shown that L(®, h"7/p"*!)) = 1 for all
n>3.

Finally suppose n = 2, and continue to take I = 2. Then the characteristic
of /\/})3 is 8, and for any u € A*,

{1+ 4u, 1 + 4ul = l_x_a(4u), xa(4u)]
(10) ()

w

= % lx_(4u), x (4uw)) = [x (4u), x_ (4)] =11 + 4u, 1 + 4u}™",
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Thus {1 + 4u, 1 + 4u}? =1 for any u € A* Now L(®, p?/p?) is generated by the
symbols {1 + 4u, 1 + 4ul, {1 + 2u, 1 + 4u}. But

- {1+ du, 1+ dud = [x__(du), x (du)]

= Lx_,Qu), x (4)]% = {1 + 2u, 1 + 4u}?

and we may take the symbols {1 + 2u, 1 + 4u}, u = {**, as generators. But (9),
(10), (11) then imply

{1+ 202k, 1+ 42k = {1 + 40 %%, - 1)1
= {1+ 4C%, 1+ 4C4R1m 1 {1 4 4%k 1 + 40 4%
_ [X_a(‘ié“z), xa(4é4k)] - [x_a(ZC4k), xa(4€4k)]2

{1+ 284k, 1+ 4C4R12 — {1 + 4¢8% 13- 2 = 1.
(Note that the last 3 lines of this computation follow from (9) by substituting 2k
for k.)

Thus by (8), L(®, A/p"*!) & L(®, A/p™ forall n>2 as stated. If n=1,
then (8) and (3.2) imply L(®, A/p?) = L(®, p/b?) is generated by the symbols
f1 + T, 1 + 4T} where u={% 1<i<2°-1. Since the characteristic of A/}>
is 4, an argument similar to (10) shows that each of these symbols has order at

most 2.

(3.11) Corollary. Under the bypothesis of (3.10) assume further that p is nil-
potent. Then if p is odd, L(®, AY =1, and if p =2, L(®, A) is generated by the
25 _ 1 symbols {1 + ('L, 1+ '}, 1 <i< 2% — 1, which bave order at most 2.

The corollary follows from the theorem, since if }3"*1 =0, A/};)"+1 =A,

(3.12) Corollary. Let 9 be the ring of integers in an algebraic number [ield
and let 0 £ b C9 be a prime ideal which is unramified over pL = p N Z. If tk ®
=1, assume that O/p £ F,. Then if p is odd, L(®, /9"t =1 for all n> 0.
Moreover, if p =2, the groups L(®, 9/p™*1) are isomorphic for all n> 1 and are
generated by the 25 — 1 symbols {1 +2{*, 1 +2{ '}, 1 <i<2° =1, where [9/h] =
25 and ¢ € (O/p"*N)* bas order 25 — 1 and maps to a generator of (O/p)*. These

symbols have order at most 2.

This follows from (3.11) with A = 9/p"™*L,
Note. For the groups of type A, [ 2 2, this corollary is due to Christofides

[21.

4. Swability for H,(E(®, A), Z). Throughout this section, A denotes a local
ring with maximal ideal p. We set &£ = A/}, but do not assume that & is finite or
that b is principal, as in $3.

We fix an /> 1 (depending on ® and A) such that L((I)I, A = HZ(E(CDI, A), 7)
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and write ® = ®,. It follows from [14, Theorem 5.3] that for a given A and @
there is an /; > 1 such that every [> [, satisfies this condition, and it is clear
that [ depends only on ® and A/rad A = k.

We abbreviate the functors St(A 1 ) and L(Al, ) by Stl( ) and Ll( ) and we
write Hl.(G) for the homology groups Hi(G, Z) of the group G, i =1, 2. Recall that
the functor E(A x ) is SLZ( ).

(4.1) Theorem. HZ(SL2 (A)) — HZ(E(<D, A)) is surjective whenever |k| > 4.
Apply the homology spectral sequence [6] to the diagram of group extensions

1— L ,(A) =St (A) — SL,(A) —1
l l l
1 — L(®, A) —St(®, A) = E@®, A) —1
to obtain the following commutative diagram with exact rows:
H,SLy(A4)) & L (4) —st,(4)® — SL,(4)® — 0
l l

(1) HE@, A)) 3 L@, A)
l
1

The surjectivity of L,(A) — L(®, A) is a consequence of (2.13). If |k| > 4, there
exists u € A* with u> — 1 € A* and by [14, (4.4)}, St, (4)*® = 0. Thus the theorem
follows from (1).

We shall require the following unpublished result of Bass.

(4.2) Lemma. Let q CA be the ideal generated by all u® — 1, u € A*. If k =

F,, assume that Y is principal, generated by p. Then St, (A2t ~ Sty (A/q)2b
and both groups are quotients of A/q. Morcover, @ = A except in the following
cases:

kZ}‘}) quy /‘/Q=P3,

k=F2, pA =24, q=8A, A/q=1/2"L, n=1,20r3,
k=F,,  2ep?A, q=p?A, A/q=F[X)/(x?),

Denote the image in St, (A)2b of g € St, (4) by [gl, and ser (r) =[x ()]
for ¢ € A. It follows from relation (R1) that ¢ + () is a homomorphism A ' —
St, (4)*". By relation (R3)

*

wou)x_ () (- u) = x (- ult), weA,

we have [x_a(t)] = (- u%t); hence t - (1) is surjective. Moreover by (RG)

L5 yw), %o (1)) = x,((u? = 1)1)
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and therefore (t) = 0 for ¢ € q. This proves that St, (4)*® is a quotient of 4/q
and that St , (¢) C [St1 (A), Sty (A)). Hence there is a surjective homomorphism
St,(A/q) — St, (A)*® which factors through St, (4, q)?®; the projection St, (4)2®
— St, (A/9)® is an inverse to this induced homomorphism.
Now let us determine the ideal q. Since A is local, ¢ = A if and only if |k|
>4, If k=F3,we have A* ={I + x, x ~ 1, x € p}. Hence if u € A*, 4* — 1 =
x(2 + x) or x(x — 2) for some x € }r; since 2 + x, 2 — x € A*, this proves ¢ = .
If k=F,, write 24 = pA with e = = if 24 =0. If ¢ = 1 we may assume g =
2, and (1 +2x)% — 1 = 4x + 4x? = 0 mod 8A. Taking x = 1, we see that q = 84
and, therefore, that A/q & /2”7, n=1,2 or 3. If ¢> 1, write 2 = p®v, v € A*.
Then

€+

Q+p?-1=2p+p?=ovp®tt o p? =20+ opf~ 1)

Since 1 + vye_l €A%, q = ;le and A/q =~ FZ[X]/(XZ) as desired.

(4.3) Theorem. The map
H,SL,(A)) — H,(E@, A)).
is surjective if k & FS'
I suffices, by (1), to show that L, (A) — St (4)2® is 0, and this map factors,

by (4.2), as
L(A)  — St (Ay®

¢ I
L,(A/q)— St (A/ q)®
But L,(4/q)=L,(F))=1 by (3.2).

(4.4) Lemma. Let {u, vl € LI(A)' Then us vi) = Blu - D)o~ 1)) in
St, (A)2b, Moreover, {u, v} lies in the image of H, (SL, (A)) if and only if ltu, vi]
=1.

Since [x_ (0] = (- u?t) (cf. the proof of (4.2)), taking ¢ = — u~ 1, we have
[x_ a(— =Nl = (). Hence [ﬁ/a(u)] = [xa(u)x_ a(— u- l)xa(u)] = (3u) and [l;a(u)] =
[&/a(u)ﬁ/a(— M = (3(u = 1)), Finally,

Uuy ol = Uhy(u) b ()™ b ()~
=3 -1)=3u=-1)=3@w-D)=(3w-1-u+1-v+1)=Bu-1D@-1)).

Now consider the commutative diagram
1 - L,A)— Stl(A)_——' SL,(A) ——1

l ! l

(2) 1 — L (A)/(H,(SL,(A)) — St;(A)® — SL(A)* —1
l l l
1 1 1
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Its columns and top row are clearly exact. Since the bottom row is obtained by
factoring out the image of H2(SL2 (A)) from the top row of (1), it too is exact. The

second part of the lemma follows easily from (2).

(4.5) Proposition. The map H)(SL (Z/2"Z)) — L,(Z/2"Z) is surjective for
n=1,2 but not for n> 3. Therefore the map

H,(SL,(Z/4L)) — H,(E(®, Z/4L))

is surjective.

It is clear from (1) that the second statement is implied by the first. For n =
1, the first assertion is trivial since LI(Z/ZZ) =1 by (3.2). Now LI(Z/4Z) is
generated by the symbol {- 1, - 1} whose image in St (Z/42)*® is
(3(-1 = 1X=1-1) = 1. This completes the proof for n = 2 by (4.4).

Now suppose n > 3. According to (4.2), St, (Z/277)2° St, (Z/87)2® for
all n > 3; thus (1) implies that

$: H,(SL,(Z/2"1)) — L (Z/2"Z)

is surjective for n = 3 if and only if ¢ is surjective for all n> 3.

Suppose that this is the case. Then from (1) we have
St (Z/2"Ly*® X SL(Z/2"L)*
for all n > 3, and the same must be true for the 2-adic integers
7 yab ~y 7 yab
St (Z,) R SLL (L)%™,

Hence HZ(SL2 (iz)) — Ll(iz) — LM(ZZ) = Kz(iz) is surjective by (1) and (2.13).

Dualizing, we have
Hom(H,(SL,(Z,)), 0/7) RH2SL,(Z,), 0/7)

by the universal coefficient theorem [7, p- 77]. But HZ(SL2 (iz)’ Qéz) =0 [1, :
Proposition 2]. Therefore if ¢ is surjective, we conclude that KZ(ZZ) =0; in
particular {~ 1, - 1} =0 in KZ(QZ). But it follows from results of Moore [10] and
Matsumoto [8] that {-~ 1, - 11 £ 0 in K,(Q,), whence the proposition.

(4.6) Corollary. The symbol {- 1, - 1} is nontrivial in Ll(Z/4Z).

Since {-1, - 1} generates LI(Z/4Z), if it is 1 we conclude from (3.1) that
L,(Z/8Z) = L (4Z/8Z) is generated by the symbols {l + 4a, 1 + 2b}, a, b € Z.
But in St, (Z/8Z)*", [{1 + 4a, 1 + 26} = (3(4a)(2b)) = 0, which implies that
HZ(SL2 (2/87)) — LI(Z/SZ) is surjective by (4.4). This contradicts (4.5).

Note. Despite (4.6), we cannot conclude that {~ 1, - 1} £ 0 in K,(Z/4Z)
since K,(Z/4Z) is a quotient of L (Z/4Z) by (2.13).
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Added in proof. Much more extensive information on the functor K, =lim, L(A P )
has been obtained since this paper was written. Dennis ([20], [21]) has proved the
conjecture of the Introduction, showing that when @ is of type A |, the maps
0(l, m) are surjective for all m > > d + 3, where d is the dimension of the maximal
ideal space of A,

The results concerning Kz of a semilocal ring (Theorem 2.13) have been
completed by Stein and Dennis [24]. They have also proved ([22], [23]) that for
nonsymplectic ®, the maps 6(/, m) are injective (and hence isomorphisms) when
A is a discrete valuation ring or a quotient thereof, and they have given a presen-
tation of the K, of such a ring. These papers also compute K, of a ring of alge-
braic integers modulo any nonzero ideal, generalizing the results of §3. Among
the consequences of this computation is the nontriviality of the symbol {-1, — 1}

€ KZ(Z/4Z) (see the Note at the end of $4).
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