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In this paper we study the minimal dimension pu(g) of a faithful g -module for n —dimensional Lie
algebras g . This is an interesting invariant of g which is difficult to compute. It is desirable to obtain
good bounds for u(g) , especially for nilpotent Lie algebras. Such a refinement of Ado’s theorem is
required for solving a question of J. Milnor in the theory of affine manifolds. We will determine here u(g)
for certain Lie algebras and prove upper bounds in general. For nilpotent Lie algebras of dimension n ,

the bound n™ + 1 is known. We now obtain pu(g) < %2“ with some constant « ~ 2.76287 .

1. Introduction

Let g be an n-dimensional Lie algebra over a field K of characteristic zero. Ado’s
Theorem states that there exists a faithful representation of g of finite dimension. We
consider the following integer valued invariant of g :

p(g, K) := min{dimg M | M is a faithful g-module}

It follows from the proof of Ado’s Theorem that (g, K) can be bounded by a function
depending only on n. We will write u(g) if the field is fixed.

Virtually nothing is known about p(g) . Interest for a refinement of Ado’s Theorem in this
respect comes from the question whether a given solvmanifold or nilmanifold admits a left-
invariant affine structure or not. In the 70’s Milnor conjectured that every solvmanifold
admits such an structure. In particular, if the conjecture was true, p(g) < n-+1 for all
solvable Lie algebras. However, there are counterexamples in dimension 10 and 11 even
in the nilpotent case [BU2]. There are filiform nilpotent Lie algebras without any affine
structure.

In [REE] it is proved that u(g) < n* + 1 for nilpotent Lie algebras of dimension n and
nilpotency class k. Then pu(g) < n™ + 1 independently of k. We will improve this
bound by showing u(g) < %2” with «a ~ 2.76287 .

In the following we will assume char(K) = 0 if not mentioned otherwise. Note however,
that for prime characteristic p the invariant pu(g) is also an integer by Iwasawa’s Theo-
rem. Moreover g can be embedded in an associative algebra with identity over K whose
dimension is at most p™ with m = n3 . This gives an upper bound for u(g) over K ,

see [BAH], § 6.2 .

Mathematics subject classification: 17B10, 17B30 .
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First estimates of p were made in connection with linearizable Lie groups over R and
C . Any Lie group is locally linearizable by Ado’s Theorem, but there exist nonlinearizable
Lie groups, e.g., the simply connected universal covering group of SLy(R) . However, if G
is simply connected and solvable of dimension n , then G is linearizable by a Theorem
of Malcev and isomorphic to a Lie subgroup of 7T,, , the group of non—singular upper
triangular matrices. It arises the question about the size of m .

For the problem it is interesting to consider filiform nilpotent Lie algebras. All known
counterexamples to the Milnor conjecture belong to this class. The bound n* 4+ 1 for
1(g) in that case is very rough. We provide a better bound in Proposition 7. If g is
filiform with abelian commutator algebra, or is of dimension less than 10, then g admits
an affine structure and we obtain a sharp result for p(g) (see Proposition 5 ).

It is not known whether pu(g) grows polynomially or exponentially in n for nilpotent Lie
algebras. The proof of Ado’s theorem using the universal enveloping algebra does not give
a polynomial bound. If g is a solvable of dimension n with ¢ — dimensional nilradical
n, we conjecture that u(g) < pu(n) +n — 2.

We remark that the question of minimal faithful linear representations is also interesting
for p — groups, see [WEH].

2. First examples

Let g be a Lie algebra of dimension n . How does u(g) depend on n ?

If g has trivial center then the adjoint representation is faithful, hence u(g) < n.
Assume g to be abelian. Then g is just a vector space. Any faithful representation ¢
of g into gl(V), where V is a d—dimensional vector space, turns ¢(g) into an n —
dimensional commutative subalgebra of My(K) . Since ¢ is a monomorphism, n < d?.
But, in fact, n < [(d? +4)/4] is true:

Proposition 1. (Jacobson) Let M be a commutative subalgebra of My(K) over an
arbitrary field K . Then dim M < [#] and this bound is sharp.

The proof for K = C is due to Schur. The result implies that a faithful g —-module has
dimension d with n < [(d?>+4)/4] ,ie., d> [2y/n—1] where [z] denotes the ceiling
of z . On the other hand, it is easy to construct commutative subalgebras M of My(K)
of dimension exactly equal to [(d® + 4)/4] . We denote pu(g) here by u(n) since the
number is independent of the field for abelian Lie algebras. As a corollary we obtain the
following proposition:

Proposition 2. Let g be an abelian Lie algebra of dimension n over an arbitrary

field K . Then u(n)= [2¢/n—1].

Note that p(n) = n is not true for n > 4: Let g be an abelian Lie algebra with
basis {z1,...,25} . A faithful representation A : g — gl(V) of dimension 4 is given
by A(x1) = e13, AM(x2) = ea3, AM(x3) = e14, A(z4) = €24, AM(x5) = 1d. Here {e;; | i,j =
1,2,3,4} denotes the canonical basis for the matrix algebra. In fact, wu(5) =4 .
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Let t4 be the nilpotent Lie algebra of strictly upper triangular matrices of order d and
dimension n =d(d —1)/2. Then u(t;) = d , and this is even smaller than p(n) in the
abelian case.

Proposition 3. Let g be a 2-step milpotent Lie algebra of dimension n with 1-
dimensional center. Then n =1(2) and p(g) =(n+3)/2.

Proof: Let 3 denote the center of g . By assumption, [g,g] C 3 is 1-dimensional. Hence
the Lie algebra structure on g is defined by a skew-symmetric bilinear form U AU — K
where U is the subspace of g complementary to K . It follows from the classification
of such forms that g is isomorphic to a Heisenberg Lie algebra b,,(K) . This algebras
are defined on a (2m + 1)-dimensional vector space with basis =1, ..., Zm, Y1, -, Ym, 2
and brackets [z;,y;] = z . It is well known that they have a faithful (m 4+ 2)-dimensional
representation, see example 1.1.2 in [COG]. This means pu(g) < m+2 = (n+3)/2.
On the other hand, there are no faithful representations of smaller dimension for §,,(K) .
Since we have not found a proof in the literature, we will give one:

Lemma 1.  For the Heisenberg Lie algebras, pu(hy,) =m+2 .

Proof: We first observe two facts:

(1) If the center 3 of a nilpotent Lie algebra g is 1-dimensional, then a representation
A g— gl(V) is faithful if and only if 3 acts nontrivially.

(2) In case of (1) thereexistsa v € V'\0 such that A(z)v # 0, where z is a generator
of 3. If V has minimal dimension, then V is spanned by v and all A(x)v for
reg.

If ker(\) # 0 then it intersects the center 3 nontrivially, since g is nilpotent and ker(\)

is a nonzero ideal of g. Hence ker(\) contains z, ie, Az) = 0. If Az) # 0,

then ker(A) = 0. This shows (1) . For the second assertion observe that v and A(x)v
generate a faithful submodule W of V . By minimality it follows W =V .

Assume that A is a faithful representation of b,,(K) of minimal degree. Fix v € V
with A(2)v # 0. We have to show dimV >m +2.

Consider the evaluation map e, : b, =V, v +— Az)v. Let a = ker(e,), b = im(e,) .
It is clear that a is a subalgebra of b,, , not containing = .

Claim: a 1s abelian:

Let z,y € a, then [z,y] € a, ie., A(z,y])v =0. On the other hand, [z,y] € 3 and
A(z)v # 0, hence [z,y] =0. We have dimV > dim b = dim b,,, —dima . The number on
the right hand side is minimal if a is a maximal abelian subalgebra. However, any maximal
abelian subalgebra of b,, not containing 2z has dimension m . Hence dimb > m + 1.

Claim: vé&b,ie, dmV >dimb+1>m+2:

Assume v € b: Then there exists an x not in a and not in 3 such that A(zx)v =wv.
(Since A(z) is a commutator of two upper triangular endomorphisms, by Lie’s theorem it
is nilpotent. Therefore A(z)v = v is impossible.) There must be some y € a such that
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[z,y] = z . If not, z would commute with a and < a,z >= a because a is maximal
abelian. This implies * € a and v = A(z)v = 0, contradicting the choice of v . We

obtain
A(z)v = [A(z), A(y)]v = AMz)A(y)v — Ay)A(z)v = 0,

by using A(y)v =0 and A(xz)v =wv . This is a contradiction. O

Remark 1. If g isa 2-step nilpotent Lie algebra of dimension n then pu(g) <n-+1,
see proposition 4. For two Lie algebras gi,g2 we have pu(gr @ g2) < p(g1) + u(gz2) -
Here we may have a strict inequality: Let g = @le h1. Then Ele w1(h1) = 3k whereas
w(g) < 2k+1: g hasbasis {x1,...,Zk,Y1,---, Yk, 21,---, 2k} with brackets [z;,y;] = 2 .
A faithful representation A: g — gl(V) of dimension 2k + 1 is given by

AMxi) = eriv1, AMzi) = erivk+1, AYi) = €iptitht1-

Here {e;;|4,j=1,...,2k+ 1} denotes the canonical basis for the matrix algebra. We
have [6173', ekJ] = 5jk€i,l — 51'16;“‘.

3. Lie algebras with an affine structure

If g is the Lie algebra of an n — dimensional connected Lie group G which admits a left-
invariant affine structure, then g is said to admit an affine structure. The left-invariant
affine structures on G are in 1-1 correspondence to so called LSA—structures on g :

Definition 1. A left-symmetric algebra structure or LSA—structure in short on g over
a field K isa K —bilinear product g x g — g, (x,y) — = -y satisfying the conditions
[':E?y] =z-y—y-z and (.’B,y, Z) = (y7$72) , where (.’,E,y,Z) = .’,E(yZ) - (.’L‘y) -z denotes
the associator of x,y,z € g.

For Lie algebras admitting an affine structure a stronger version of Ado’s theorem holds
(see [BU2)):

Lemma 2. If g admits an LSA-structure then pu(g) <n+1.

Which Lie algebras do admit an LSA—structure ? This is a difficult question, in particular
for solvable Lie algebras. Semisimple Lie algebras over characteristic zero do not admit
LSA-—structures. This is no longer true for prime characteristic. LSA-structures for certain
reductive Lie algebras can be classified ([BU1]). In the nilpotent case we have ([BU2]):

Proposition 4. Let g be a nilpotent Lie algebra of dimension n satisfying one of the
following conditions:

(1) n<8.
(2) g is p —step nilpotent with p < 4.
(3) g is Z —graded, i.e., has a nonsingular derivation.

Then g admits an LSA-structure and u(g) <n-+1.
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However, there exist nilpotent Lie algebras g with u(g) > n+ 1, see [BU2|. These are
the counterexamples to the Milnor conjecture. They are all filiform nilpotent, i.e., of step
n—1.

On the other hand, it is often possible to find an LSA—structure on filiform Lie algebras.
Consider the following construction:

Let g be an n — dimensional filiform Lie algebra with structure constants véf ; - Define
an index set
Dy :={(k,s) eN*|2< k< [n/2], 2k+1<s<n}

and set D =Dy if n isodd, D=DyU{(n/2,n)},if n iseven. Since g is isomorphic
to an infinitesimal deformation of the standard graded filiform L by a 2 — cocycle ¥ €
H?(L, L) , we can obtain a special form for the structure constants of g (see [BU3]):

Lemma 3. Let g be a complex filiform nilpotent Lie algebra of dimension n . Then
there exists a basis {ei1,...,en} such that

(a) [e1,ei] =eip1 for i>2
e structure constants in |e;,e;] = Poex (for i> can be written as
b) The struct tants i ; k%k,g > ; »

[(G—i-1)/2] i1
753‘ = Z (_1)l( I )ai+l,k—j+i+2l+1
1=0

where the constants «; j are zero for all pairs (i,j) notin D .

We set e = 0 for k > n, whereas vﬁj need not be zero in this case. There are

(n—3)?/4 structure constants «; ; if n isodd, and 1(n—2)(n—4)+1 otherwise. The

formula above can be used to define filiform Lie algebras, but the Jacobi identity is not
satisfied automatically (unless n < 8 ).

Definition 2. Let g be as above and set A :=ad(e;), B:=ad(es). Let C be the
linear map defined by Ce; = (;e, with (; € C. We define linear maps A(e;) as follows:

)\(61) =A
Aeg) = A'BA+C
)\(81) = [)\(81), /\(61_1>], 7 Z 3

They define an LSA—structure on g if and only if

(I) ad(ei)ej = )\(87;)6]‘ — /\(6j)87;
(1) Ales, e5]) = [A(esi), Alej)]

If (I) and (II) are satisfied we call this the standard LSA-structure. Note that Ae; =
eir1, Ale;=e;_1, Be; =[es,e;] and AC =0.
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Under which conditions on ¢; and g do equations ([),(II) hold ? We would like to
determine the filiform Lie algebras admitting a standard LSA—structure.

Lemma 4.  With the notations of definition 2 we have:
(a) For i>2
1—2 .
1 —2\ .
d(e;) = —1)k Aimk=2p Ak
(e = (- (')

1 —3

Aer) = (~1)'(A'BA™! + CA™?) + i(—l)"’( k
k=0

)Ai—k—BBAk—i—l

(b) Property (1) is satisfied if and only if for k=0,1,...,[(n—1)/2]

k
2k — 1
+1 -1
C2k+1 = Vaopt2 = lE—o(_l) < 11 )Ofl+1,n—2k+2l

(¢) Property (2) is satisfied if and only if a system of certain linear equations in the (o
holds.

For a proof see [BU3].

This construction provides an LSA-structure for many filiform Lie algebras. However,
not all admit a standard LSA-structure. The linear equations in the (o do not have a
solution in all cases.

Example 1. Let g be a complex filiform Lie algebra of dimension 7 . Then there is
a basis {ei1,...,er} such that

[61,61] = €41, 7 Z 2

e2, €3] = aa se5 + Qg €6 + 2 7e7
€2, e4] = 2 5€6 + 2 6€7

€2, 65] = (042,5 - 043,7)67

es, eq] = a3 rey

[
[
[
[

In this case, the Jacobi identity is satisfied automatically. Let A(e;) as above. Then ()
is satisfied iff (; = (7 =0, (3 =27, (s =25 —2a37. The condition (II) is satisfied
iff

C6(2a25 +as7) =0.
We may take (g = 0 , hence this defines a (standard) LSA—structure on all 7 — dimensional
filiform Lie algebras.

Proposition 5. Let g be a complex filiform nilpotent Lie algebra satisfying one of the
following conditions:



(1) g has abelian commutator algebra.
(2) g is of dimension n < 10 .
(3) g is the quotient of another filiform nilpotent Lie algebra of higher dimension.

Then g admits an LSA—-structure and pu(g) =n .

Proof: 1t is known that u(g) > n for filiform nilpotent Lie algebras of dimension n. To
prove equality therefore it is enough to provide a faithful representation of dimension n.
If [g,g] is abelian, then there exists a basis ey, ..., e, such that the defining Lie brackets
are as follows (see [BRA]):

le1, €] = €ir1, 12> 2

[eg,ei] :()62’561'_1_24—"'4—062’”6” , i:3,...,n—2

Here the Jacobi identity is satisfied automatically. Then g admits a standard LSA-
structure by setting (; = s ,43—; : In fact, the product is given by:

€1.6; =€i41 , &> 2

€2.€; = (2 5642 + *+ + Q2 nén

for ¢ =2,...,n—2. All other products e;.e; are zero. This clearly satisfies [e;,e;] =
ei.e; —ej.e;. We have to show (e;,e;,er) = (e;,€;,ex) forall ¢ < j < k. Thisis clear
for ¢ =7 and ¢ > 2. The only nontrivial caseis 1 =1,5 =2 :

(e1,€2,er) = e1.(ez.e;) — (e1.€2).€ = 81-(042,56k+2 +---+ Ozz,nen) — €3.e

= Qi 5€k+3 + -+ Qo e, = €g.€541 = (€2, €1, €F)

The matrices A(e;) are strictly lower—triangular. Its first and last column are zero. Hence
the affine representation associated to this LSA—structure has a faithful subrepresentation
of dimension n (see [BU2]), hence u(g) =n . This proves (1).

For the second assertion, note that all nilpotent Lie algebras of dimension n < 7 admit
a nonsingular derivation and hence an LSA-structure by proposition 4 . Moreover the
filiform Lie algebras of dimension n < 7 have abelian commutator algebra. The case
n =7 is done in example 1 .

Let g be filiform of dimension 8 . Then the brackets are given by lemma 3 , with eight
parameters «j, s . The Jacobi identity is equivalent to

ay8(2005 +ag7) = 0.

If 2a55 4+ a7 is nonzero, g admits a standard LSA-structure by setting (3 = (7 =
0, (3 =asg, (5 =aze —2a3g and (g = az;5(2025 — dSag,7)/(202,5 + as.7) .

If 2000 5+ 7 =0, then the standard LSA-structure does not work always. But it is easy
to check that we can find a LSA-structure defined by A(e;) = ad(e;) and some strictly
lower-triangular matrix A(es).



Let g be filiform of dimension 9. Then g depends on 9 parameters oy s . The Jacobi
identity is equivalent to
044’9(2(1/275 + 043’7> — 30&%77 =0.

In case 2a25 4+ as7 # 0 g admits a standard LSA-structure. Otherwise the Jacobi
identity implies @95 = a3 7 =0 and there are LSA-structures with A(e;) = ad(e;) and
some strictly lower-triangular matrix A(e2). Again the associated affine represenation has
a faithful subrepresentation of dimension n such that u(g) =n for n < 10.

For the third assertion let h and g be filiform Lie algebras with dimbh > dimg and
0O — a —bh — g — 0

be a short exact sequence. We may assume that dimh = dimg+1=n+1 and h =

span{ey,...,e,+1} with [e1,e;] = €;41. Then a ~ 3(h) = span{e,1} and the adjoint
representation of b restricted to g ~ bh/3(h) is faithful. This defines a faithful g-—
module of dimension n + 1. It is obvious that M := span{ey,es,...,e, 11} is a faithful

submodule of dimension n , hence u(g) =n. It can be shown that M is isomorphic to
a module N such that Z!(g, N) possesses a nonsingular 1 - cocycle. Hence we obtain
an LSA—structure on g . O

4. A general bound for nilpotent Lie algebras

In the general case of a nilpotent Lie algebra of nilpotency class k& , there is the bound
u(g) < nF +1 given in [REE]. This seems to be a very rough bound, in particular for
k=mn —1. One can improve this bound:

Proposition 6. Let g be a nilpotent Lie algebra of dimension n and nilpotency class
k. Then p(g) <v(n,k) with k<n . Here v(n, k) := E;'C:o (Z:;)p(j) and p(j) is the
number of partitions of j .

Proof:  One can construct a faithful representation o : g — gl(V) , such that o(X) is
nilpotent for all X € g as follows, see [COG]:

Let g =g and gtV =[g,g]. Since g is k -step nilpotent, g(*+1) =0 . Choose a
basis x1,...,x, of g such that the first n; elements span g(k) , the first no elements
span g*~1 and so on. We will take V as a quotient of the universal enveloping algebra
U(g) of g. By the Poincaré-Birkhoff-Witt Theorem the ordered monomials

=zt

An
n

a=(ay,...an) € ZY

form a basis for U(g) . Let ¢t = ) cox® be an element of U(g) (with only finitely
many nonzero ¢, ). Define an order function as follows:

ord(r;) = max{m: z; € g™} ord(z®) = Z?Zl ajord(z;)
ord(tf) = min{ord(z?®) : ¢4 # 0} ord(1y(g)) = 0, ord(0) = oo



Let U™(g) = {t € U(g) : ord(t) > m}. One can show that it is an ideal of U(g)
having finite codimension. Define V' = U(g)/U"(g). Choose a basis {t1,...,t;} of V
such that tq,...,t, span U™ 1(g)/U™(g) , ti,...,t;, span U™ 2(g)/U™(g) and so
on. Then it is easy to check that the desired representation of g is obtained by setting
o(x)(t;) = xt; (mod U™(g)). If m >k then o(x) -1y = #0 forall » € g, so
that p is faithful.

Now we will construct a bound for dimV : Choose m minimal, i.e., m = k+ 1. Let

B = {z“ | ord(z*) < k} be a basis for V as above. Then zi,...,z,, have order k ,
Tpy41,---,Tn, have order k£ —1 and so on. Hence
k
#B=#{(ar,...,an) € Z1 | Y (k= j+D(an, 41+ +an,) <k}
=1

with ng = 0. On the other hand, dimg® > 1, dimg®*~" > 2 and so on.
We can choose the x; such that ord(z;) = k, ord(xz3) > k — 1, ord(x3) > k —

2,...,ord(zg) = --- = ord(z,) > 1. If actually ord(z;) = k+1—1id for ¢ =1,...,k
and ord(zg41) = -+ = ord(xz,) = 1, then #B will be maximal, i.e. #B < v(n,k),
where
k
v(n, k) = #{(o1,...,0n) € Z7 | Z —Jj+ Do) +agyr + -+ oy <k}
7j=1

Using the generating function (1/(1—x))" ! = > k>0 (Hk‘k)xk for |z| <1 we obtain
n . n+1 " n —|— ]{3
#llon, o) € Z1| Y0y < Ky = #{(00... o) € 25 | Yoy =k = ("),
Jj=1 =0
Since p(k) = #{(a1,...,,) € Z | koy + (k—1)as+ -+ ap = k} we have

= zk:o (Z :j)p(J)

1=

Example 2
(a) Let g=span{zi,...,x¢} with Lie brackets

(22, w6] = —x1, [23, T6] = — 2, T4, 75] = —21, [25, 76] = —3.
This is a 4 —step nilpotent Lie algebra of dimension 6 . We have ord(zy) = 4, ord(z2) =
3, ord(xz3) = 2,ord(x;) =1 for i =4,5,6. The proposition yields a faithful g— module
V with dimV = #B = v(6,4) = 51. Here n* +1 = 1297 .
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(b) Let g=<uz1,...,26 | [v6,7;] = xi-1, 1 =2,...,6 > . This is a filiform Lie algebra
of dimension 6 . We obtain a faithful g— module V with dimV = #B = v(6,5) = 45.
Here n* +1 = 7777 . But in fact, u(g) =6, see proposition 5 .

To estimate v(n,k) we introduce the following notations:

f(n) = 2—\7/r§2exp(7r\/2n/3), = Q/WFOO(%) ~ 2.762872, k, :=[(n+3)/2],

k
Fi(g):= [J(1 = ¢/)~" for g <1

j=1

Lemma 5.  The following holds for v(n,k) :

(1) vin+1,k)=v(n,k)+v(nk—1) for 1<k<n

(2) vin k) < (D)Fr(E) for 1 <k <n. One has v(nk) ~ (})Fsx(£) if k,n — o0
with k/n<1—4¢ for some fired § > 0.

(3) v(n,k) <v(n,k,) < 52" for fived n>1 and all 1<k <mn.

4) vin,n—1)< f(n).

Proof: Formula (1) follows by induction using (”}H) = (jﬁl) + (7;) . For (2),let pr(4)
be the number of those partitions of j in which each term in the partition does not exceed

k. Then Y0 (p(j)¢’ < Y320 pe(i)e? = [15_,(1 —¢7)~! for |g| < 1. Using this and

(Z:j) < (Z)(%)] we obtain

v, k) = g (=)< () équm <(}) 1i[1<1 ~a) = (1))
with ¢ = £ . This proves (2).

One can SﬁOW that for fixed n, v(n,k) becomes maximal for k = k,, . Asymptotically

v(n,ky) ~ FOO(%)(,:;) and (,:;) ~ 2" /y/mn/2 . Then it is not difficult to see that

v(n, kn) < Fxo(3)27/\/Tn/2 = R

There is a convergent series for the partition function (see [RAD]). By estimating the
terms we derive p(n) < f(n+1) —2f(n)+ f(n —1) Vn > 6. Using this, it follows by
induction that v(n,n) < f(n+1) — f(n) Vn. Here v(n,n) =p(0)+p(l)+...+p(n).
Then v(n,n—1) < f(n) again by induction: For small n , it is true and v(n+1,n) =
v(in,n)+v(n,n—1)< f(n+1)— f(n) +v(n,n—1) < f(n+ 1) . This proves (4) . O

The lemma shows that the bound dim V' < v(n,k) for u(g) is much better than n*+1 ,
especially if £ is not small with respect to n . However, the real size of u(g) might be
much smaller than v(n,k). Note that k£ =1 corresponds to the abelian case. By part
(3) of the lemma we know that we may bound p(g) independently of k as follows:
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Corollary 1. Let g be a nilpotent Lie algebra of dimension n . Then

o n
n(g) < —=2".

vn

For n =k —1 we can improve proposition 6 :

Proposition 7.  Let g be a filiform nilpotent Lie algebra of dimension n. Then

H(@) <1+ 3 p(3) < 1+ fln—1) = f(n—2).

Proof: Using the construction of proposition 6 with x1 = e,, x2o = €p_1,...,2, = €1
we obtain a faithful module V' with basis B = {eg---ei" | 327 _,(j —1)aj+a1 <n—1}
for g=<ey,...,, > and dim V =v(n,n—1). Here ord(e;) =i—1,i=2,...,n and

ord(e;) = 1. The elements e; of g acton V by e;e; = [e;,e;] +eje; for i < j and
eje; is element of V' for j >1¢. Let U be the submodule of V' generated by e; . U
has a basis of all monomials Q" ---ef" with a3 # 0, hence dim U = v(n—1,n—2) . The
factor module V/U is a faithful g — module of dimension v(n,n—1)—v(n—1,n—2) =
v(n —1,n—1) . Its basis B contains the monomials e - - -e9? of maximal order, i.e.,

with 377 5(j — 1)a; = n— 1. These are p(n — 1) monomials. We may omit these

monomials from B, except for e, in order to preserve faithfulness. Then we obtain a
faithful module of dimension v(n—1,n—1)—p(n—1)4+1=1+ Z;:(? p(j) . This equals
1+v(n—2,n—2) which can be bounded by 1+ f(n—1)— f(n—2) , see lemma 5(4). O
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