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SECOND COHOMOLOGY OF LIE RINGS AND THE SCHUR MULTIPLIER

M. HORN AND S. ZANDI*

Communicated by Alireza Abdollahi

ABSTRACT. We exhibit an explicit construction for the second cohomology group H?(L, A) for a Lie
ring L and a trivial L-module A. We show how the elements of H> (L, A) correspond one-to-one to the
equivalence classes of central extensions of L by A, where A now is considered as an abelian Lie ring.
For a finite Lie ring L we also show that H?(L,C*) = M(L), where M (L) denotes the Schur multiplier

of L. These results match precisely the analogue situation in group theory.

1. Introduction

Let L be a Lie ring and A a trivial L-module. Our first aim in this paper is to give an explicit
description of the cohomology group H?(L, A) and to show how its elements correspond one-to-one to
the equivalence classes of central extensions of the Lie algebra L with the module A, where we regard

A as abelian Lie ring. We then prove the following first main result.

Theorem 1.1 (see Theorem . Let H be a central ideal of L. Then there is an exact sequence
0 — Hom(L/H, A) — Hom(L, A) — Hom(H, A) — H*(L/H, A) — H*(L, A).

The Schur multiplier M (L) of a Lie ring L is defined as M (L) = Hs(L,Z). This has been investigated
in [I] and [3]. Our second main result here relates the second cohomology group of a Lie ring with its

Schur multiplier.

Theorem 1.2 (see Theorem . Let L = F/R be a finite Lie ring, where F' is a free Lie ring and R
an ideal of F. Consider C* as a trivial L-module. Then H?(L,C*) = (RN F?)/[F, R).
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Combining this with [Il, Theorem 3.3.1] we obtain the following Corollary.
Corollary 1.3. Let L be a finite Lie ring. Then M (L) = Ho(L,Z) = H?*(L,C*).

Our results have analogues in group theory and in the theory of Lie algebras. But note that while
Lie algebras are also Lie rings, it is not true that all corresponding results on Lie algebras follow as a
consequence of our work. Indeed, the categories of Lie rings and k-Lie algebras (where k is a field) are
quite different. For example, they have different free objects, so the notions of presentations do not
coincide directly. Also, while every central extension of Lie algebras is a central extension of Lie rings,
the converse is not true. For example, let p be a prime and consider the Lie algebra L = Z/pZ. Then
the only central extension as a Lie algebra of L by itself is L x L. But as a Lie ring, there is also the
central extension Z/p?Z, which is not a vector space and hence not a Lie algebra. Therefore, our proof
of the correspondence between central extensions and H?(L, A) does not imply the similar result for

Lie algebras.

We now briefly discuss the analogues of our results for groups and Lie algebras.

The five-term exact sequence from Theorem is analogue to a special case of the well-known
inflation-restriction exact sequence, where the Lie ring L and its central ideal H are replaced by a
group with a central subgroup, respectively by a Lie algebra with a central ideal.

In turn, Theorem corresponds to a well-known result for finite groups proved by Schur in [7, [§],
which is also known for Lie algebras, see e.g. [2].

Finally, note that [I, Theorem 3.3.1] we used above to establish Corollary is a Lie rings analogue
of the Hopf formula for groups, see [4]. Again there are similar results for Lie algebras, see e.g. [0l
Section 7.5]. Thus if X is a group, Lie algebra or Lie ring, and finite, then Hy(X,Z) = H?(X,C*).

2. Preliminaries

We collect some definitions and facts that we use throughout this paper. A Lie ring L is an additive
abelian group with a (not necessarily associative) multiplication denoted by [-, -] satisfying the following
properties:

(1) [x,2] =0 for all z € L (anti-commutativity),

(2) [z, [y, 2]] + [z, [, y]] + [y, [z, 2]] = O for all z,y,z € L (Jacobi identity),

(3) [z +y,z] =[z,2] + [y, 2] and [z,y + z] = [z,y] + [z, 2] for all z,y, z € L (bilinearity).
The product [z,y] is called the commutator of x and y. Subrings, ideals and homomorphisms of Lie
rings are defined as usual, and we write K < L and I < L if K is a subring and I an ideal of L. The

center of L is an ideal defined as
Z(L)={x e L|[z,yl=0forally € L}.

If L =Z(L) then L is called abelian.

Given a Lie ring L and two Lie subrings U and V', we define [U, V] as the Lie subring of L generated
by all commutators [u,v] with u € U and v € V. We also write U? instead of [U, U].
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Free Lie rings and (finite) presentations of Lie rings are again defined as usual, see [0, 5.3] for details.
3. Second cohomology of Lie rings

In this section we give an explicit construction of the second cohomology group of Lie rings. Through-

out this section L is a Lie ring and A is a trivial L-module.

Definition 3.1. Let Z?(L, A) be the set of all pairs of functions (f,g), where f,g: L x L — A satisfy
the following conditions for all x,y,z € L:

(1) fl@+y,2) = flz,2) + fly, 2) + g([z, 2], [y, 2]) and

f(z, y+2) f(@,y) + f(z,2) + g([2, y], [z, 2]).
(2) flz,2) =
(3) flz [y, ])+f( [z, y]) + f(y, [2,2]) = —g([z, [y, 2]}, [2, [z, ¥]]) — 9(—ly, [z, 2]] [y, [z, 2]])-
(4) 9(z +y,2) +g(z,y) = g(z,y + 2) + g(y, 2).
(5) g9(z,y) = g(y,z).

We shall refer to the elements of Z*(L, A) as cocycles of L in A.
Given two cocycles (f,g), (f',g") € Z%(L, A), we define their sum by

Lo+ d)=U+19+9),

where f + f and g + ¢’ denote pointwise addition of the two functions. It is now straightforward to

verify that the set Z2(L, A) endowed with this operation is an abelian group.

Definition 3.2. Lett: L — A be a map such that t(0) = 0. We define

f: LxL— A (z,y)— —t(x,y]),
g: LxL—A, (x,y)—tx)+tly)—tlz+y);

and refer to the pair (f,g) as a coboundary of L in A, and denote the set of all coboundaries by
B2*(L, A).

One can readily verify that B?(L, A) is a a subset and in fact a subgroup of Z2?(L, A). The factor
group H?(L,A) := Z*(L,A)/B?*(L, A) is called the second cohomology group of L with coefficients
in A, the elements H?(L, A) are called cohomology classes. Any two cocycles contained in the same
cohomology class are said to be cohomologous. Given (f,g) € Z?(L,A) we write (TQ) to denote the

cohomology class containing (f, g).
4. From central extensions to cohomology and back
Let L be a Lie ring and A an abelian Lie ring. In this section we study the connection between

equivalence classes of central extensions of L by A on the one hand, and the cohomology group H?(L, A)

on the other hand, where A is regarded as a trivial L-module.
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A central extension of L by A is a short exact sequence

B

E: 0 A—25 B L 0

of Lie rings such that «(A) is contained in the center of B. A section of 8 is a map X : L — B such
that fo A =idy. If a section of (3 exists that is a homomorphism, we say that the extension E is split.
Two central extensions E and E’ of L by A are said to be equivalent if there exists a Lie ring

homomorphism ~ which makes the following diagram commutative:

E: 0 A—25 B L 0
| ]
E': 0 A2 p P 0

By the well-known Five Lemma (whose standard proof in the category of groups via diagram chasing
transfers almost verbatim to the category of Lie rings) it follows that v is an isomorphism.
Observe that any central extension is equivalent to one in which « is simply the inclusion map. So

we will from now on always assume that:

B

E: 0 A—".B L 0

where ¢ denotes the inclusion map. Let A denote a section of 3 such that A(0) = 0. Since B([A(z), A(y)]) =
B(A[z,y]), we find that [A(x), A\(y)] and A[z,y] belong to the same coset of A. Similarly, we can argue
that A(z) + A(y) and A(z + y) are in the same coset of A. Hence we may define the following maps:

f: LxL—A, (z,y)
g: LxL— A, (z,y)

A (@), A(y)] — Alz, yl,
AMz) + My) — Mz + ).

—
H
Intuitively, these two maps measure how far away A is from being a Lie ring homomorphism.

Lemma 4.1. (f,g) is a cocycle.

Proof. 1t is easy to show that (f,g) has properties (2), (4) and (5). To verify the property (1), consider
x,y and z € L. By using that Img € A < Z(L), we get

f(@,y+2) = M2), My + 2)] = Alz,y + 2]
= [A@), A(y) + A(2) — 9(y, 2)] = A[z, y] + [, 2])
= [M@), Aw)] + @), A(2)] = A, y] = Al 2] + g ([, 9], [, 2])
= [z, y) + (2, 2) + 9([2, 9], [, 2]).
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Similarly we obtain f(x +y,2) = f(x,2) + f(y,2) + g([z, 2], [, y]). It remains to verify the condition

(3). Since L and B are Lie rings, using the Jacobi identity, we have:

f(@ 1y, 2]) + [z, [2,9]) + f(y, [2,2])

= A=), M), A + [A(2), [A(@), A»)]] + A () [M2), Ay)]
= Al [y 2]] = Alz, [, 9]] = Aly, [2, 2]

= —9([2, [y, 2], [z, [z, 1)) — 9(= [y, [z, 2]], [y, [, 2]))-

Thus (f,g) is a cocycle as claimed. O
Lemma 4.2. The cohomology class of (f,g) does not depend on the choice of \.

Proof. Assume that p is another section of # such that pu(0) = 0. For all z € L, since u(z) and \(x)
belong to the same coset of A, there is a function ¢ : L — A such that u(z) = t(z) + X(z). If (f',4¢")
denotes the cocycle corresponding to u, then
f@,y) = (@), p(y)] — plz, y)

= [t(z) + Ax), t(y) + A(y)] — (E+ A)[z, y]

= [A@), AW)] = tlz, y] = Alz, y]

= f(z,y) —tlz,yl,
and of course ¢'(z,y) = g(z,y) + t(z) + t(y) — t(x + y). Thus (f,g) and (f', ¢') are cohomologous. [

It follows that every extension E of L by A determines a unique cohomology class Cg in H?(L, A).

We will now establish that this actually yields a bijection between the equivalence classes of extensions

and the cohomology classes. We need the following result which is readily proved.

Proposition 4.3. Suppose E and E' are central extensions. Then E and E' are equivalent if and only
’l,f CE‘ = CE’ holds.

Finally, we may connect equivalence classes of extensions with the cohomology classes.

Proposition 4.4. The assignment E — Cg determines a bijective correspondence between the equiva-
lence classes of central extensions of L by A, and the second cohomology group H?(L, A). Furthermore,
if E is a split extension, then Cr = 0+ B%(L, A).

Proof. From the preceding proposition, we know that the map from equivalence classes of central
extensions to cohomology classes is injective. It remains to show that it is also surjective.

To see this, consider an arbitrary cocycle (f,g) € Z?(L,A). Then we define an addition and a
bracket on the set B = A x L by putting

(a,z) + (by) == (a +b+g(z,9), +y),
[(a,z), (b,y)] == (f(z,9), [z,y]),
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for any (a,z), (b,y) € B. First we check that (B, +,[,]) is a Lie ring. Suppose that (a,x), (b,y) and
(c,z) are in B. That + defines an associative and commutative binary operation follows from (4) and

(5). The bracket operation is bilinear on the left:

[(a,2) + (b,y), (¢, 2)] = [(a + b+ g(z,y), x + y), (¢, 2)]

= (f(z+y,2),[r+y,2])

= (f(z,2) + f(y,2) + g([x, 2], [y, 2]), [, 2] + [y, 2])

= (f(@,2), [z, 2]) + (f(y, 2), [y, 2])

= [(a,2), (¢, 2)] + [(b,y), (¢, 2)].
Similarly we can show [(a, z), (b, y)+ (¢, 2)] = [(a, ), (b,y)]+[(a, ), (c, z)]. Hence the bracket operation
is bilinear. We next turn our attention to the Jacobi identity. Since L is a Lie ring, we have
[(a,2), [(b,9), (¢, 2)]] + [(c, 2), [(a, @), (b, )] + [(b: ), [(c, 2), (a, )]
= [(a,2), (f(y,2), [y, 2D] + [(c, 2), (f (2, 9), [z, y])] + [(b,9), (f (2, %), [2, 2])]

= (f(2, 1y, 2]), [2, ly, 21]) + (f (2, [, ), [ [, ) + (F s [2, 20, [y, [, 20))
= (f(2, 1y, 2]) + F(z [z, 9]) + 9([2, [y, 2}, [z [, ), [, [y, 2]] + [z, [, 9]])
+ (F(y, [2,2]) [y, [2,2]))
= (=1 [z 2]) = 9(=ly, [z, 2]}, [y, [z, 21)), =y, [z, 1)) + (F (y; [z, 1), [y, [z, 2]))
= (0,0).

Finally by the condition (2),

[(aa 33‘), (avx)] = (f(l’,$), [J},QS‘]) = (070)'

We conclude that B is a Lie ring. Now {(a,0) | a € A} is an isomorphic image of A contained in the

center of B. Identifying A with this image, we obtain a central extension of L by A:

B

E: 0 A B L 0,

where B(a,x) =z for alla € A and x € L. Let A : L — B be the section of B defined by A(x) = (0, z).
Then by definition of addition and bracket on B, we see that (f,g) is the cocycle corresponding to E.
We conclude that the map sending E to Cg is surjective, hence bijective.

Finally, assume that F is a split extension. Then there is a homomorphism « : L — B which is a

section of B. Accordingly the cocycle corresponding to a is a coboundary, hence Cp = 0+B?(L, A). O

5. An exact sequence for Lie rings

In this section we show that for a central ideal H of L, the following sequence of Lie rings is exact:

0 — Hom(L/H, A) — Hom(L, A) — Hom(H, A) — H*(L/H,A) — H*(L, A).
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We also construct the connecting maps explicitly. Note that this sequence is a Lie ring analogue for

the well-known 5-term short exact sequence for groups.

Let L = F/R be a presentation of L, that is F' is a free Lie ring and R < F. Since R/[F, R] is a
central ideal of F/[F, R], the short exact sequence

0 —— R/[F,R] —— F/|F,R] L 0
is a central extension.

Lemma 5.1. Suppose 0 — A — B 2 C — 0 is a central extension and o : L — C' is a homomorphism.

Then there is a homomorphism (3 : F/[F, R| — B making the following diagram commutative:

0 —— R/[F,R] —— F/[F,R] L 0
| ? :
0O—— A —— B Y. C 0

Here the map from R/[F, R] to A is the restriction of 3 to R/[F, R].

Proof. As F' is free, there is a homomorphism f : F — B such that the following diagram commutes:
F—— L

bk

B —*2.C
Thus f maps the Lie ring R into ker p = A. Now for x € F and y € R we have f[x,y] = [f(z), f(y)] =0
since f(y) € A and A is a central ideal of B. Thus [F,R] C ker f. It follows that f induces a
homomorphism 3 : F'/[F, R] — B such that for v = 3|, JER] the diagram

0 —— R/[F,R] —— F/[F,R) L 0
[ s [
0O—— A —— B Y, C 0
1s commutative. O

Consider the set Hom(L, A) of all homomorphisms from L into the abelian Lie ring A. It is routine to
check that this set forms an abelian group under pointwise addition. The identity element of Hom(L, A)
is the zero homomorphism and the inverse —« of « is given by (—a)(z) = —a(z) for all z € L.

Suppose 8 : B — L is a Lie ring homomorphism. Then we can assign to any homomorphism
a : L — A the homomorphism o 3 : B — A. Thus we obtain a map f, : Hom(L, A) — Hom(B, A)
with f«(a) = a0 8. We easily verify that 5, is a homomorphism. Similarly, suppose that §: A — B
is a homomorphism of abelian Lie rings. Then each homomorphism « : L — A determines the
homomorphism (o« : L — A which defines a homomorphism 5* : Hom(L, A) — Hom(L, B).

The above definitions lead to the following lemmas.

Lemma 5.2. Let 0 — L1 = Loy N L3 — 0 be a short exact sequence. Then the induced sequence

0 — Hom(L3, A) b, Hom(Ly, A) =5 Hom(L1, A)
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1s exact.

Lemma 5.3. Let 0 — A % B % ¢ — 0 be a short ezact sequence of abelian Lie rings. Then, for an

arbitrary Lie ring L, the induced sequence
0 — Hom(L, A) %> Hom(L, B) 2 Hom(L, C)
18 exact.

Now we introduce two maps Inf and Tra. Suppose that §: L — B is a Lie ring homomorphism. We

define the inflation map Inf by

Inf : HQ(B;A) - HZ(L7A>7 (f7g) = (f/vg/)v
where f'(z,y) = f(8(x), 8(y)) and ¢'(z,y) = g(B(x), B(y)) for all z,y € L.

Lemma 5.4. The map Inf is a well-defined injective homomorphism.

Proof. We first show that Inf is well-defined. Assume that (f1, 1) = (f2,92) € H?(B, A). Consequently
there is a map t : B — A such that (f1 — f2)(z,y) = —t[x,y] and (g1 — g2)(x,y) = t(x) +t(y) — t(x +y)
for all 2,y € L. Since § is a homomorphism, we conclude that
(fi = )@, y) = (fL = f2)(B(2), B(y)) = —t[B(x), B(y)] = —(t o B) [z, yl,
(g1 = 92)(@,y) = (91 — 92)(B(x), B(y)) = t(B(x)) + t(B(y)) — t(B(z) + B(y))
= (toB)(@) + (toB)(y) — (toB)(z +y).

It follows that (f],¢}) = (f5,g5) since t o 5 is a map from L to A with (o 5)(0) = 0. It is easily seen

that Inf is a homomorphism. O

Next we define transgression map Tra. Let 0 — H 5 L % B — 0 be a central Lie ring extension.

Choose a section A of a and define the corresponding cocycle (f, g) as in Section {4} that is,

f: BXBHH? (x,y)i—>[A(x),A(y)]—A[m,y],
g: BxB—H, (xz,y)— Xx)+ Ay)—Az+y).

Given any x € Hom(H, A), it is straightforward to verify that (x o f,x 0 g) € Z?(B, A). Accordingly,
we define the Tra by

Tra: Hom(H,A) — H?(B,A), x+ (xof,xog),
which one readily verifies to be a well-defined homomorphism.

Theorem 5.5. Let H be a central ideal of L, and let 0 — H LLn L/H — 0 be the corresponding
natural exact sequence. Then the induced sequence

0 — Hom(L/H, A) 2% Hom(L, A) 2% Hom(H, A) =% HA(L/H, A) 25 H2(L, A)

is exact, where Res denotes the restriction map.
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Proof. By Lemma we need only verify the exactness at Hom(H, A) and H%(L/H, A). Let p denote

a section of 7w such that p(0) = 0 and let (f,g) be the corresponding cocycle, that is, f(x,y) =
[1(@), w(y)] = plz,y] and g(z,y) = p(x) + ply) — w(z +y).

(1) Exactness at Hom(H, A). We first observe that Im(Res) consists of all homomorphisms x : H —

A that can be extended to a homomorphism Y’ : L — A. Another preliminary observation is

the following. Fix x € Hom(H, A) and consider the central extension 0 — A LBL L/H—0

whose cohomology class is Tra(x). Then we may choose a section, say A, of § such that

(x o f)(s1,52) = [A(s1), A(s2)] — Als1, s2] and (x o g)(s1,52) = A(s1) + A(s2) — A(s1 + s2) for

s1,82 € L/H. Consequently, we claim that the map o : L — B defined by o(h + u(s)) =

X(h) + A(s) for h € H and s € L/H is a homomorphism. Clearly o |g= x. For the rest of the

proof, put lj,lo € L in the form I; = h; + p(s;) for i = 1,2 such that h; € H and s; € L/H.

First we show that o is a bilinear. We have

o(ly +12) = a(hy + p(s1) + hg + u(s2))

o(h1 + ha + g(s1,82) + p(s1 + s2)

h1) + x(h2) + x(g(s1,82)) + A(s1) + A(s2) — x(g(s1,52))
hi) + A(s1) + x(ha) + A(s2)
o(hy + ,M(Sl)) + U(hl + M(Sl)) = O’(ll) + O'(ZQ).

X
X
X

(
(
(h1 + h2 + g(s1,82)) + A(s1 + s2)
(
(
(

So o is bilinear. Next we prove that o[l1,l2] = [0(l1),0(l2)]. Since h; € H and H C Z(L), we
can check that o[ly,l2] = (x o f)(s1,s2) + A[s1, s2]. On the other hand, by x(h;) € Z(B) we can

write
[0(l),0(l2)] = [o(hap(s1), o (he + p(s2))] = [x(h1) + A(s1), x(h2) + A(s2)]
= [A(s1), A(s2)] = xof (s1, s2) + A[s1, s2].
Therefore, oll1,l2] = [0(l1),0(l2)]. Hence o is a homomorphism.

Now assume that x € ker(Tra). Thus there is a homomorphism 6 : L/H — B with fo06 =
lp/g- Then B = A @ 6(L/H) and the composite map L — A @ 0(L/H) — A provides a
homomorphism that extends x. Hence ker(Tra) C Im(Res).

Conversely, let y € Im(Res), so there is a x’ € Hom(L, A) such that X\/ y = X- Consider the
map 1 : L — B defined by ¢(l) = —x/(I) + o(l). Obviously ¢ is a homomorphism. Now for
l € L, we have

V(1) =Y(h+ p(s)) = =X (h+ pu(s)) + o(h+ u(s))
= —x'(h) = x'(1u(s)) + x(h) + A(s) = =x(h) — X" (u(s)) + x(h) + A(s)
= —x'(1(s)) + A(s).
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Since (1) = —x'(u(s)) + A(s), then ¢ factors through H and therefore determines a homo-
morphism ¢’ : L/H — B. If we define § : L/H — L/H by putting 6(s) = u(s) + H then
Bo (' ob)=1p,g. It follows that x € ker(Tra) so Im(Res) C ker(Tra).

(2) Exactness at H?(L/H,A). Assume that (fi,g1) € ker(Inf), that is, there is some v : L — A
with v(0) = 0 such that fi(ly + H,lo+ H) = —~[l1,l2] and g1 (L + H,lo + H) = ~v(l1) +v(l2) —
(i +1). Tl € Hand ly € H then fi(ly + H,lo + H) = 0 and g1(lh + H,ly + H) = 0
hence v(l1) + v(l2) = (I3 + l2). Therefore the map y : H — A defined by x(h) = —7y(h) is a
homomorphism. Set fo = xo f, go = xog and t = you. By definition of f; and g;, we obtain
Y[u(s1), p(s2)] = —Als1, s2] +t[s1, s2] and y(p(s1) + p(s2)) = —(x0g)(s1, 82) +t(s1+s2). Then

we have
fi(s1,82) = —y[p(s1), u(s2)] = —Als1, s2] + ts1, s2]
= —(x o f)(s1,52) +t[s1, s2]
g1(s1, 82) = v(u(s1)) +v(u(s2)) — v(u(s1) + p(s2))
=v(u(s1)) +v(p(s2)) + (x © g)(s1,52) — t(s1 + s2)
=t(s1) + t(s2) — t(s1 + s2) + (x 0 9)(s1, $2)-

Therefore, Tra(x) = (f2,92) = (f1,91), so ker(Inf) C Im(Tra).

Finally, any element of Im(Tra) has the form (f1, g1), where fi = y o f and g; = x o g for some
X € Hom(H, A). Then Inf((f1,91)) = (f2,92) where fa(l1,l2) = fi(lh + H,lo + H) = f1(s1, 52)
and ga(l1,1l2) = q1(l1 + H,lo + H) = g1(s1,s2). Next consider the mapping 6 : L — A defined
by 0(h + u(s)) = —x(h). It is easy to show [l1,ls] = f(s1,82) + u[s1, s2]. By definitions of fo
and g2, we deduce that fo(ly,la) = —0[l1,12] and g2(l1,12) = 6(11) + 0(l2) — 6(l1 + l2). Hence
Im(Tra) C ker(Inf) as asserted. O

6. A Hopf formula for second cohomolgy

We now prove a version of Hopf’s formula for the second cohomology of finite Lie ring. The results
and proofs found here unsurprisingly are very similar to the corresponding ones in the theory of (finite)

groups and also of Lie algebras.

A Lie ring L is said to be divisible if for every positive integer n and every x € L, there exists an

element y € L such that ny = x.

Lemma 6.1. Suppose that A, B and C are abelian Lie rings such that B C A and C' is divisible. Then

any homomorphism B — C extends to a homomorphism A — C.
Proof. The proof is similar to that of [5, Lemma 2.1.6]. O

The following is an adaption of a well-known statement for groups, originally proven in [7].
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Proposition 6.2. Let K be a central ideal of L such that L> N K is finite. Then L> N K is isomorphic
to the image of the transgression map Tra : Hom(K,C*) — H?(L/K,C*). In particular,

(1) L? N K s isomorphic to a Lie subring of H*(L/K,C*),

(2) L’ N K = H?*(L/K,C*) if the map above is surjective.

Proof. The proof is closely based on that of [5, Lemma 2.1.7]. Let 0 = K — L — L/K — 0 be the
natural exact sequence. By Theorem the associated sequence

Hom(L,C*) 2% Hom(K,C*) =2 H2(L/K,C*)

is exact. Thus, if H := Im(Res) denotes the Lie subring of Hom(K,C*) consisting of all y that can
be extended to a homomorphism L — C*, then H = ker(Tra) and so Hom(K,C*)/H = Im(Tra). It
remains to prove that L2 N K = Hom(K,C*)/H. Since Hom(L? N K,C*) = L? N K, we only need to
show that Hom(K,C*)/H = Hom(L? N K,C*). By Lemma we conclude that the restriction map
¢ : Hom(K,C*) — Hom(L? N K, C*) is surjective. It remains to show that kert = H.

Suppose now that x € H. Then there is x* € Hom(L,C*) with x* |x= x. As C* is abelian, we
have L? C ker xy* and thus L? N K C kery. Conversely, suppose x € ker, thus L? N K C ker y.
By the isomorphism theorem, K/(L? N K) = (K + L?)/L? holds, thus y induces a homomorphism
(K + L*)/L? — C*. Due to Lemma this can be extend to a homomorphism L/L? — C* and hence
to a homomorphism x* : L — C*. One readily verifies that x* |x= x. It follows that H is the kernel
of the homomorphism . O

Lemma 6.3. Let L. = F/R, where F is a free Lie ring. Then for any abelian Lie ring A, the
transgression map Hom(R/[F, R),A) — H?*(L,A) associated with the natural evact sequence 0 —

R/[F,R) — F/[F,R] % L — 0 is surjective.

Proof. Fix (f,g) € H?(L,A) and a central extension 0 — A — L* ¥, L — 0 associated with (f,9)-
Then by Theorem there is a homomorphism ¢ : F'//[F, R] — L* such that for v := 0 |g/r,r) the

diagram

0 —— R/[F,R] —— F/[F,R] —— L 0
5 o |
0—— A —— L* L § 0

commutes. Let p be a section of ¢. Then by commutativity of the diagram, A := 6 o y is a section
of ¢ and therefore the cocycle (f1,91) € Z%(L,A) defined by fi(z,y) = M), A\(y)] — Mx,y] and
gi(z,y) = AMx) + AMy) — M +y) for z,y € L is cohomologous to (f,g). It is clear that fi(z,y) =

Y([(@), w(y)] — plz, y]) and g1(z,y) = v(u(@) + p(y) — p(z +y)) for z,y € L. Thus, (f,g) is the image
of v under the transgression map. O

Lemma 6.4 ([3, Lemma 7]). Let L be a Lie ring. If Z(L) has finite index in L, then L? is finite.
More precisely, if the additive group of L/Z(L) has rank n and exponent e, then L? has rank at most

n(n —1)/2 and its exponent divides e.
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Theorem 6.5. Let L = F/R be a finite Lie ring, where F is a free Lie ring. Then H?(L,C*) =
(F2N R)/[F, R] and H*(L,C*) is finite.

Proof. Set R = R/[F,R] and F = F/[F, R]. Tt is clear that R is a central ideal of finite index in F'.
By Lemma it follows that F~ is finite, hence so is RN . Also, by Lemma the transgression
map Hom(R,C*) — H?(L,C*) associated with the central extension 0 — R — F — L — 0 is
surjective. Consequently, Proposition (ii) implies that H%(L,C*) = RN F°. As [F,R] C F?% we
have F~ = F?/[F, R] whence as claimed RNF = (F2N R)/|F, R). O
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