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ABSTRACT. Let L be a Lie algebra, Der(L) be the set of all derivations
of L and Der.(L) denote the set of all derivations o € Der(L) for which
a(z) € [z, L] :== {[z,y]|ly € L} for all z € L. We obtain an upper bound
for dimension of Der.(L) of the finite dimensional nilpotent Lie alge-
bra L over algebraically closed fields. Also, we classify all finite dimen-
sional nilpotent Lie algebras L over algebraically closed fields for which
dimDer. (L) attains its maximum value.
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1. Introduction and preliminaries

In 2007, Yadav [6] classified all finite p-groups G for which |Aut.(G)| attains
its maximum value, where Aut.(G) is the group of all class preserving automor-
phisms of G. An automorphism « of G is called class preserving if a(z) € 2¢
for all z € G, where 2¢ denotes the conjugay class of = in G. The aim of this
paper is to study an anologous version of Yadav’s result for Lie algebras.

Let L be a Lie algebra over an arbitrary field F. A derivation of L is an
F-linear transformation o : L — L such that a([z,y]) = [a(z), y] + [z, a(y)] for
all z,y € L. We denote by Der(L) the set of all derivations of L, which itself
forms a Lie algebra with respect to the commutator of linear transformations,
called the derivation algebra of L. The map ad, : L — L given by y — [z, y]
is a derivation called the inner derivation corresponding to z for all x € L.
Clearly, the set IDer(L) = {ad,|z € L} of all inner derivations of L is an ideal
of Der(L).
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Special subalgebras of derivations 80

Let Der.(L) denote the set of all derivations « € Der(L) such that a(x) €
Im ad, for all x € L. If [z, L] := {[z,y]|y € L}, then

Der.(L) = {a € Der(L) : a(x) € [z, L],Vx € L}.

Notice that [z, L] is a vector space. Using the Jacobi identity, one can prove that
Der.(L) is a subalgebra of Der(L). Clearly, IDer(L) is contained in Der.(L).

Cicald, Graaf and Schneider [1] classified all nilpotent Lie algebras of dimen-
sion 6. Notice that, in this classification, the nilpotent Lie algebras are denoted
by Ly, Lax(€), LEIQJ)C, or Lg,)c (e) where d is the dimension of the corresponding
Lie algebra, k is its nilindex among the nilpotent Lie algebras with dimension
d, € is a possible parameter, and the superscript “(2)” refers to the fact that
the algebra is defined over a field of characteristic 2. The list of all nilpotent
Lie algebras with dimension at most 5, described with the same notations, can
be find in [2].

We use the following notations all over this paper. The center and derived
algebra of L will be denoted by Z(L) and L?, respectively. For x € L,Cr(x)
denotes the centralizer of x in L. Clearly, Cp(z) = {y € L | [z,y] = 0} is a
subspace of L. Also, for each ideal J of L, Cp(J) ={y € L | [z,y] =0,Vz € J}
is the centralizer of J in L. It is easily checked that Cp(J) is an ideal of L. We
write (z1,...,%,) for the subspace of L spanned by a given set {x1,..., 2},
where x; € L.

In this paper, only finite dimensional Lie algebras over the algebraically
closed fields are considered.

Our main results are as follows. Note that in Theorem A, we give an upper
bound for dimension of Der.(L) and in Theorem B, we classify all finite di-
mensional nilpotent Lie algebras L for which dimDer.(L) attains its maximum
value.

Theorem 1.1 (Theorem A). Let L be an n-dimensional nilpotent Lie algebra.
Then

n 1S even,

dim Der (L) < 47 .
T N s odd.

Theorem 1.2 (Theorem B). Let L be a non-abelian nilpotent Lie algebra.
Then, the equality holds in Theorem A if and only if one of the followings is
satisfied.

(i) L is a 3-dimensional Heisenberg Lie algebra.

(11) L= L473 = <.I17 e ,x4|[x1,x2] = I3, [1‘1,.%‘3] = J)4>.

(ili) L = Lgo2(e) = (1,...,w6|[r1,22] = x5, [11, 23] = 26, [12,24] = w6,
[z3,T4] = x5), where € # 0.

(iv) L = Leoa(e) = (x1,...,x6|[x1,22] = x3,[r1, 23] = @5, [01,24] = €6,

[z, 23] = g, [x2, T4] = x5), where e #£ 0.
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(v) L= ng);(ﬂ) = (@1, z6l[r1, 22] = w3, [w1, 23] = @s, [71, 24] = M6,
[x2, x3] = we, [v2, w4] = @5 + ), where n # 0.

Notice that over a field F' of characteristic # 2, we have Lg 22(1) = Lg 22(€2),
Lg24(1) = Lg 24(e2) if and only if e1 = ~2e, for some 0 # v € F, and over a
field F' of characteristic 2, we have Lg 22(€1) = Lg 22(€2), Le24(€1) = Lg,24(€2)
if and only if £; = y%e5 + 62 for some 0 # v € F and 6 € F. Also, n denotes a
fixed element from F\ {22 + z | € F}, where F is a field of characteristic 2.
For details, we refer the reader to [1].

We recall that a Lie algebra L is called Heisenberg provided that L? = Z(L)
and dimL? = 1. Such algebras are odd dimensional with basis 1,..., T,z
and the only non-zero multiplication between basis elements are [x9;_1, 22;] = x
fori=1,...,m.

2. Camina and almost Camina Lie algebras

Let L be a Lie algebra and I # 0 be a proper ideal of L. Then (L, T) is called
a Camina pair if I C [z, L] for all x € L\ I. Also, L is called a Camina Lie
algebra if (L, L*) is a Camina pair. In [1] we have introduced and studied some
properties of Camina Lie algebras. In this section, we present some new results
on Camina Lie algebras. Also, we introduce almost Camina Lie algebras and
give some properties of such Lie algebras. Our results here will be use to proof
main theorems.

The next two results come from [4].

Lemma 2.1. If (L, 1) is a Camina pair and J is an ideal of L contained in I,
then (L/J,1/J) is a Camina pair.

Theorem 2.2. Let L be a nilpotent Camina Lie algebra with nilindex 3, where
dim(L/L*) = m, dim(L?/L?) = n and dimL® = r. Then
(i) (L, L3) is Camina pair, m = 2n and n is even,
(i) L? = Z(L),
(iv) if r =1 then dim(L/CL(L?)) = n.
Lemma 2.3. Let L be a Lie algebra and i,j be two positive integers. Then
[Li, L7 C L.

Proof. We proceed by induction on j. For j = 1 the result follows by definition.
Now assume the result holds for j, i.e, [L?, LY] C L*J. By Jacobi identity,

(L%, L7*) = [[L7, L), L") € [[L, L"), L] + [[L*, L], L] € L™+,
hence the result holds for j + 1. O

Lemma 2.4. Let L be a Lie algebra and H be a subalgebra of L such that
L? = H?. Then L' = H' for all i > 2.
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Proof. Since L? = H? C H, H is an ideal of L. By Jacobi identity, one can
prove that the subalgebras Ht! = [H* H| are also ideals of L for all i > 1.
We use induction on i to prove the result. Assume that the result holds by
induction for 7 > 2. Then

([L,H',H|C[L' H]=[H' H| = H*".
Since [H,L] C L? = H?, by Lemma 2.3, one gets
([H, L], H™Y C [H2, Hi™Y C Hit.
Thus, by using the Jacobi identity, we obtain
L' =[L' L[] =[H' L] =[H ' H] L]
C [[H, L], H'™ ] + [[L, H'™"), H]
C H*,

from which the result follows. O

Let L be a Lie algebra and ®(L) be the Frattini subalgebra of L. Stagg [5]
proved that for any Lie algebra L, ®(L) is the set of all non-generators of L.
Also, Marshall [3] proves that a maximal subalgebra of a nilpotent Lie algebra
L is an ideal of L. Using this result he proves that the Frattini subalgebra of a
nilpotent Lie algebra equals the derived subalgebra of L. Therefore, a nilpotent
Lie algebra L such that dim(L/L?) = m must have a minimal generating set
{z1,22,...,2m} with m elements.

Lemma 2.5. Let L be a Camina Lie algebra with nilindex 2 and {z1,...,%m}
be a minimal generating set of L, where m > 2. Then, a subalgebra H with
minimal generating set {x1,...,Tm_1} satisfies L> = H%. In particular, H is
a mazimal ideal of L.

Proof. Since L is a Camina Lie algebra with nilindex 2, it follows that Z(L) =
L2, First suppose that dimZ? = 1. Then L is a Heisenberg Lie algebra and so m
is even. If L? # H? then H? = 0 and hence H + Z(L) is an abelian subalgebra
of the Heisenberg Lie algebra L. Thus dim(H + Z(L)) = m < 3 + 1. This
implies that m < 2, which contradicts to our assumption.

Now suppose that dimL? > 1. If L? # H?, then H? is contained in some
maximal subalgebra M of L? = Z(L). Thus, by Lemma 2.1, L/M is a Camina
Lie algebra. Clearly, L/M has nilindex 2 and {z1+M, ..., 2, +M} is a minimal
generating set of L/M. But then (H + M)/M has a minimal generating set
{z1 + M, ... 2p_1 + M} with (ZM)2 = 0, which is a contradiction by the
previous paragraph. Clearly, H is a maximal subalgebra of L and hence it is
an ideal by [3, Corollary 1]. O
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Proposition 2.6. Let {x1,...,x,} be a minimal generating set for a Camina
Lie algebra L with nilindex 3. Then a subalgebra H with minimal generating
set {x1,...,xm_1} satisfies H> = L*> ¢ Z(H). In particular, H is a mazimal
ideal of L.

Proof. Set dim(L/L?) = m, dim(L?/L3) = n and dimL?® = r. From Theorem
2.2 it follows that L3 = Z(L), m = 2n and n is even. So m > 2. Also,
by Lemma 2.1, L/L? is a Camina Lie algebra. Clearly L/L3 has nilindex
2, and {zy + L3,... 2, + L3} and {z; + L3,..., 2,1 + L3} are minimal
generating sets for L/L? and (H + L3)/L3, respectively. Thus, Lemma 2.5
gives us (L/L3)? = ((H + L3)/L3)?, which implies that L?/L? = (H?+ L3)/L?
and hence H? + L3 = L?. First suppose that r = 1 and H?> C L?. Since
dimL3® = 1, L? is the direct sum of two abelian Lie algebras Z(L) = L? and
H? = L?/L3 both of which are centralized by H. So [L? H] = 0. Since L? is
abelian, H + L? C C(L?). On the other hand, H C H + L? C L from which
we obtain dim(L/(H + L?)) = 1. Therefore, by Theorem 2.2,

n= dlm(m) < dim(
which is impossible as n > 0 is even.

Now assume that » > 1 and H? C L?. Since L? = H? + L3, we have
H?N L3 C L3 So, there is a maximal subalgebra M of L3 = Z(L) containing
H? N L?. We know that L/M is a Camina Lie algebra with nilindex 3, and
{z1+ M,...;2;m + M} and {z1 + M, ..., zym_1 + M} are minimal generating
sets for L/M and (H + M)/M, respectively. Since dim(L®/M) = 1 and the
result holds for r = 1, (L/M)? = ((H+M)/M)?. Hence L?/M = (H?*+M)/M
and so H? + M = L?. Therefore,

LP=H+M)NLAC(H*NL*+M=McC L?

which is impossible. This contradiction shows that H? = L2.
Finally, by Lemma 2.4, H® = L3 # 0. So, H?> C Z(H) when L? C Z(H)
and hence H® = 0, which is a contradiction. Therefore L? ¢ Z(H). O

L
= y=1
H—|—L2) ’

Lemma 2.7. Let L be a Camina Lie algebra with nilindex 3 such that dimL® >
2. Then Z(M) = Z(L) for every maximal ideal M of L.

Proof. Let M be a maximal ideal of L and « € L be such that L = M & (z).
Since L is a Camina Lie algebra, Z(L) C L? = ®(L) C M. Therefore, Z(L) C
Z(M).

Suppose on the contrary that Z(L) C Z(M) and z € Z(M)\ Z(L). If
z € L?\ L3, then L3 = [z, L] for, by Theorem 2.2, (L,L?) is a Camina pair.
If z € L\ L? then L? = [z, L] for L is a Camina Lie algebra. In both cases,
we have 2 < dimL? < dim([z, L]. Since z € Z(M) and L = M & (x), we have
dim[z, L] = 1, from which it follows that 2 < 1. This contradiction shows that
Z(L) = Z(M). O
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Definition 2.8. A finite dimensional nilpotent Lie algebra L is called an almost
Camina Lie algebra if for any minimal generating set {x1, ...,z } of L, we have
[x;, L] = L? for all but at most one i.

Notice that every nilpotent Camina Lie algebra is almost Camina Lie alge-
bra. But the converse is not true in general. For instance Ls 3 = (21, ..., z4|[z1,
xo] = w3, [x1, 23] = x4) (see [2]) is an almost Camina Lie algebra, which it is
not a Camina Lie algebra, because [z, L] = L?, [xq, L] C L.

Lemma 2.9. Let L be an almost Camina Lie algebra and {x = x1,...,2m} be
a minimal generating set of L such that [x,L] C L. Then

() [y, L] = L? for ally € L\ ({z) + L?)
(ii) [y, L] = L? for ally € H \ L?, where H = (xa,...,2my) + L%

Proof. (i) It is obvious that L/L? is an m-dimensional abelian Lie algebra with
basis {1 +L?, ..., 2, +L?}. Let K/L? be an ideal of L/L? spanned by 1+ L?.
Suppose on the contrary that there is an element y in L \ ({(x) + L?) such that
[y, L] € L?. Therefore, y+ L? € L/L*\ K/L? and the set {z; + L? y + L?}
is linearly independent. Hence, we can extend this set to a basis {1 + L2,y +
L?,ys + L2, ..., ym + L?} of L/L? which contradicts the fact that L is an
almost Camina Lie algebra, since [z, L] and [y, L] are proper subspace of L2.
(i) Let y € H \ L?. We claim that y € L\ ({(z) + L?). If y € (z) + L?, then
y = ax + u for some u € L? and a non-zero scalar o € F. This implies that
ar =y —u € H and hence x € H. This contradiction shows that our claim
holds. Now (ii) follows from (i). O

Proposition 2.10. Let L be an almost Camina Lie algebra such that dimL =
2m and dimL? = m, where m > 3. Then there exists a mazimal ideal H of L
such that L? = H%. Moreover, if the nilindex of L is at least 3, then L* ¢ Z(H)
for any such mazimal ideal H.

Proof. Since every nilpotent Camina Lie algebra has nilindex at most 3 (see [1]),
the result holds from Lemma 2.5 and Proposition 2.6 when L is a Camina Lie
algebra. Now, we proceed in three steps.

Step 1. Let 2’ € L\ L? such that Cr(2") + L? # (2') + L?. Then there exists
an element y' € L\ ((z’) + L?) such that [2/,y'] = 0. Hence, M = (z/,3') is an
abelian subalgebra of L and dim(M + L?)/L? = 2. Choose x € M \ L? such
that dim[z, L] < dim[z, L] for all z € M \ L?, and let {z = z1,22,..., 2} be
a minimal generating set of L and H = (x3,...,2,,) + L?. Clearly, dim((z) +
L?)/L* =1andso (z)+L* C M+ L% Lety € M\ ({(z)+ L?). Then [z,y] = 0.
If [z, L] = L? then, by minimality of dim[z, L], it follows that [y, L] = L? and
if [x, L] C L2, then it follows from Lemma 2.9 that [y, L] = L?. Thus, in both
cases, we have [y, L] = L?. Let u € L? be an arbitrary element of L?. Then
u = [y,!] for some | € L. Now [ can be written as | = ax + h for some h € H
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and a € F. Therefore,
u=1ly,l] = [y, 0z + h] = oy, 2] + [y, h] = [y, h] € H*.

This implies that L? C H2. Since H2 C L2, we have L? = H?.

Step 2. Let # € L\ L? such that dim[z, L] < m — 2. Since dim[z, L] =
dim(L/Cf(z)), we have dimCy,(z) > m+2. But dim({z) + L?) = m+1, which
implies that Cp(z) + L? # (z) + L?. By step 1, we have L? = H? for some
maximal ideal H of L.

Step 3. Let Cp(u) + L? = (u) + L? for all u € L\ L?. Then, it follows from
step 2 that dim[u, L] > m — 1 for all w € L\ L?. Let z € L\ L? such that
dim[z,L] = m — 1, {x = x1,...,2,} be a minimal generating set for L and
H = (xg,...,2,)+ L.

We know that dim((z) + L?) = m + 1. Since Cf(u) + L? = (u) + L? for all
u € L\ L?, we have Cr(u) C (u) + L2. In particular, Cr(z) C (z) + L2. Since
dimCp(z) =dim(L/[z,L]) = m + 1, we have CL(x) = (x) + L?. This implies
that L? C Cf(z).

First suppose that [z, L] N H? # 0. Let 0 # [z,l] € [z, L] N H?. Then
[2,1] = [z,ax + h] = [z, h] for some h € H\ L? and « € F. Since h € H \ L?,
it follows from Lemma 2.9 that [h, L] = L2. If [h,l'] be an arbitrary element of
L?, then [h,1'] = [h, Bz + k'] for some h' € H and 3 € F. Thus,

[h,1'] = [h, Bz + 1] = Blh,a] + [h, h'] € H?,

which implies that L? C H?. Since the reverse inclusion is obvious, we have
I? = g2

Now suppose that [z, L] N H? = 0. This implies that H?> C L2 If h €
H \ L?, then by assumption, Cr(h) C (h) + L? C H and hence Cy(h) =
Cr(h)N H = Cr(h). Since dimCp,(h) =dim(L/[h, L]) =dim(L/L?) = m, we
have dim[h, H] = dim(H/Cy(h)) = m — 1. This proves that [h, H| = H? since
[h, H] € H? C L?. Applying the Jacobi identity, one can show that H? is an
ideal of L. Now consider the Lie algebra L/H?. Since L? ¢ H? L/H? is a
non-abelian Lie algebra of dimension m + 1. Also, we have (L/H?)? = L?/H?>
and dim(L?/H?) = 1. Thus L?/H? C Z(L/H?) and hence L/H? has nilindex
2. Now, we show that L/H? is a Camina Lie algebra. Suppose on the contrary
that there is some element [+ H? € L/H?\ L?/H? such that [+ H?,L/H?] C
L?/H?. Then [l + H2, L/H? = 0 and so [I,L] € H2. Ifl € L\ ((z) + L?),
then L? = [I,L] € H?, which contradicts the fact that H> C L?. So, let
I € ((z) + L?). Then Il = Az + v for some v € L? and 0 # X\ € F. Since
(I, H] € H?, it follows that [I,h] = [\z + v,h] = A, h] + [v,h] € H?, where
h is an element of H \ L?. As v € L? C H, we have [v,h] € H? and hence
[,h] € H%. If [z, h] = 0 then h € Cf(z) so that Cp,(z)+L? # (x)+ L? contrary
to the hypotheses of this step. But then 0 # [z,h] € [z,L] N H? contradicts
the assumption that [x, L] N H? = 0. Therefore, L/H? is a Camina Lie algebra
with nilindex 2. Hence, by [, Corollary 2.5], L/H? is a Heisenberg Lie algebra
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and consequently m is even. Since H/H? is an abelian ideal of L/H?, we have
dim(H/H?) = m < m/2 + 1, which implies that m < 2 contradicting our
assumption that m > 3. Hence the latter case can not occur.

Now, from steps 1, 2 and 3, it follows that there exists a maximal ideal H of
L such that L? = H?. Let H be any maximal ideal of L such that L? = H?. If
L? C Z(H), then H? = L2 C Z(H). Hence H has nilindex 2 and, by Lemma
2.4, L has nilindex 2. Therefore L? ¢ Z(H) whenever the nilindex of L is at
least 3. This completes the proof. O

3. Proof of Theorem A

In what follows, we state some results that will be used in the proof of
Theorem A.

Proposition 3.1. Let L be an n-dimensional nilpotent Lie algebra and {1, . . .,
xq} be a minimal generating set of L. Then

d
dim Der.(L) < Z dim([z;, L].
i=1

Moreover, if dim L? = m, then
dim Der.(L)

Proof. 1If a € Der.(L), then a(x;) €
that the map

< m(n—m). (3.1)
[z;, L] for all 1 < i < d. Tt is easy to see
¥ : Der.(L) — ([z1,L] D ® [z4, L])

a — (a(z1),...,a(xq))
is an injective linear transformation. Hence the result follows.
Now if dim L? = m, then d = n — m. Since dim[z;, L] < dim L? for all
1 <4 < d, it follows that dim Der.(L) < m(n — m), as required. O

In the sequel, we denote the set
{feT(L/Z(L),L?*): f(x+ Z(L)) € [z, L],Vx € L}
by T.(L/Z(L), L?).
Proposition 3.2. Let L be a nilpotent Lie algebra with nilindex 2. Then
Der.(L) 2 T.(L/Z(L), L*) as abelian Lie algebras.

Proof. For any « € Der.(L), the map v, : L/Z(L) — L? defined by 9 (z +
Z(L)) = a(z) is a linear transformation. It is easy to see that the map ) :
Der.(L) — T.(L/Z(L),L?) defined by ¥(a) = 1), is a Lie isomorphism, from
which the result follows. O

Theorem 3.3. Let L be a nilpotent Lie algebra. Then the equality holds in
(8.1) if and only if either L is an abelian Lie algebra or it is Camina Lie algebra
with nilindez 2.
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Proof. Let L be a nilpotent Lie algebra of dimension n and dimL? = m. If L
is abelian, then the equality holds. Now let L be a Camina Lie algebra with
nilindex 2. Then L? = Z(L) and [z,L] = L? for all z € L\ L% Suppose
that a € T(L/Z(L),L?). Then a(x + Z(L)) € L? = [z,L] and hence o €
T.(L/Z(L),L*). Thus T(L/Z(L),L?) C T.(L/Z(L),L?). Since the reverse
inclusion is obvious, we have T.(L/Z(L),L?) = T(L/Z(L),L?). Now, from
Proposition 3.2, we get

dim Der.(L) = dimT(L/Z(L), L?) = dim(L/Z(L)) dim L? = m(n — m),

hence the equality holds.

Conversely, suppose that L is a nilpotent Lie algebra for which the equality
holds in (3.1). If L is abelian, then there is nothing to prove. So assume that
L is non-abelian. We know that every element x € L\ L? belongs to a minimal
generating set {x = x1,...,Zy_m} of L. If [z, L] C L?, then dim[z, L] < dimL?
and, by Proposition 3.1, dimDer.(L) < m(n — m), which is a contradiction.
Therefore, [z, L] = L? for all x € L\ L?. This implies that L is a Camina Lie
algebra and hence L has nilindex at most 3 by [4, Theorem 5.6].

Since L is a Camina Lie algebra and the equality holds in (3.1), the map
1 in Proposition 3.1 is onto. Therefore, for any minimal set of generators
{21,...,Tp_m} of L and any elements 41, . .., Yn_m € L? (need not be distinct),
there exists a derivation « € Der.(L) such that a(z;) = y; for 1 <i <n—m.
In particular, we can choose « in such a way that a(z;) =0, for all 1 < i <
n—m —1 and a(x,_,,) =y, where y is an arbitrary element of L2. Suppose
L is nilpotent with nilindex 3 and {x1,...,2,_m»} is a minimal generating set
of L. Then, by Proposition 2.6, the subalgebra H with minimal generating set
{z1,...,2p_m_1} is a maximal ideal of L such that H> = L? and L*> ¢ Z(H).
We fix an element y € L?\ Z(H). Now we can choose a derivation o € Der.(L)
such that a(z;) =0forall 1 <i<n—m-—1and a(zp_m) =y. Then a(h) =0
for all h € H and a(xy—m) € H. Since

0= O‘([xnfma h]) = [a(xn,m), h] + [xn,,ma(h)} = [y, h]

for all h € H, one gets y € Z(H). This contradiction proves that the nilindex
of L cannot be 3. Since L is non-abelian, L has nilindex 2, which completes
the proof of the theorem. O

Let L be an n-dimensional nilpotent Camina Lie algebra with nilindex 2 such
that dimZ? = m. Then, by [1, Theorem 3.2], n — m is even and n — m > 2m.
This implies that

m < (3.2)

n

3

Now, we are in a position to prove Theorem A.
Proof of Theorem A. If L is abelian, then the result holds obviously. So let

L be a non-abelian Lie algebra and dimL? = m. Since L is nilpotent, we have
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1 <m < n — 2. Therefore all possible values of m(n — m) are

{n—1,2(n—2>73(”—3>“'"7f}

if n is even and

{n—l,Q(n—2),3(n—3)7...,(n_l)(n"'l)}

4
if n is odd. Putting these values in (3.1), we get

'n,2 . .
dimDer.(L) << 4% ) if nis even,
= if nis odd.

If n is even and dimDer.(L) = n?/4, then m = n/2 and hence the equality
holds in (3.1). Now, by Theorem 3.3, it follows that L is a Camina Lie algebra
with nilindex 2 so that , by (3.2), m < n/3, which is a contradiction. Hence,

there exists no nilpotent Lie algebra L satisfying dimDer.(L) = %2. Therefore,

2 2_4
n_lzn .

dim Der.(L) < —
im er()_4 1

This proves the theorem.

4. Proof of Theorem B
We first give some results which will be used for the proof of Theorem B.

Lemma 4.1. Let L be a non-abelian nilpotent Lie algebra of dimension 2m
such that dimL? = m and the equality holds in Theorem A. Then L is an almost
Camina Lie algebra with nilindex > 3, which is not a Camina Lie algebra.
Moreover, dim|x,L] >m — 1 for allx € L\ L?.

Proof. If L has nilindex 2, then L? C Z(L). Therefore dimCp(z) > m + 1
for any element z € L\ L? and hence dim[z,L] =dim(L/Cr(z)) < m — 1
for all z € L\ L?. Now, from Proposition 3.1, it follows that dimDer.(L) <
(2m —m)(m — 1) < m? — 1, which is a contradiction. Hence, the nilindex of L
is at least 3.

Now, we show that L is not a Camina Lie algebra. Suppose on the contrary
that L is a Camina Lie algebra. Then L has nilindex 3. Let dim(L?/L3) = s
and dimL? = r. Then, by Theorem 2.2, L3 = Z(L), m = 2s, and s is even.
Also, 2m = dimL = m+ s+ r. Since m and s are even, it follows that r is even
and hence r > 2. Let {x1,..., 2, } be a minimal generating set for L. Then, by
Proposition 2.6, the subalgebra H with minimal generating set {z1,...,Zm_1}
is a maximal ideal of L such that L? = H2. Let D be the subalgebra of Der,(L)
consisting of all o € Der.(L) satisfying a(h) = 0 for all h € H and a(z,,) € H.
For each o € D and h € H, we have

0 = a([zm, hl) = [a@m), h] + [2m, ()] = [a(zm), k]
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and so a(x,,) € Z(H). Since the equality holds in Theorem A, dim{a(z,,) |
a € D) > m —1 and hence dimZ(H) > m — 1. On the other hand, by Lemma
2.7, we have Z(L) = Z(H) for r > 2. Hence

2 2 L2

dim — = dim = dim =1

L? Z(L) Z(H)

when dimZ(H) = m — 1, which contradicts the fact that s is even. Thus
dimZ(H) = m and so L? = Z(L), which is impossible as the nilindex of L is
3. This proves that L is not Camina.

Since L is not a Camina Lie algebra, there exists a minimal generating set
{x1,...,2p} for L such that [z;,L] C L? for some 1 < i < m. Suppose
that there are at least two numbers 1 < 4,5 < m such that [z;, L], [z, L] C
L2. Then dim[z;, L],dim[z;, L] < m and hence, by Proposition 3.1, m? — 1 =
dimDer.(L) < m(m — 2) + (m — 1) + (m — 1), which is impossible. Therefore,
[;, L] C L? for at most one 1 < i < m. Now, by definition of almost Camina
Lie algebras, it follows that L is almost Camina.

Finally, suppose that dim[z;, L] < m — 2 for some z; with 1 < i < m. Then,
by Proposition 3.1, we have m? — 1 =dimDer.(L) < m(m — 1) + (m — 2), which
is a contradiction. This completes the proof of the lemma. O

Proposition 4.2. Let L be an almost Camina Lie algebra of dimension 2m
(m > 2) such that dimL? = m. If the equality holds in Theorem A, then one
of the following holds:

(i) L= Lysz= (T1,. .. za|[r, 22] = 23, [21, T3] = T4).
(11) L = L6724(€) = <(E1,...,£C6|[(E1,.’E2] = X3, [.’El,irg] = £L'5,[£E17ZL'4] = E%g,
[z, 23] = g, [x2, T4]) = x5), where e #£ 0.
(iii) L = Lg&);(ﬁ) = (21,...,z6][x1, 22] = 23, [71, 23] = w5, [T1, 74] = N6,
[x2, 23] = 26, [T2, T4] = 25 + T6), where n # 0.

Proof. Since dimL? = m with m > 2, L must be non-abelian. Therefore, by
Lemma 4.1, the nilindex of L is at least 3 and L is not a Camina Lie algebra.
First suppose that m = 2. Then dimL = 4 and L has nilindex 3 so that
L =Ly (see [2]).

Now suppose that m > 3. Since L is an almost Camina Lie algebra and it
is not a Camina Lie algebra, there exists an z € L\ L? such that [z, L] C L?.
Thus, by Lemma 2.9, [y, L] = L? for all y € L\ ((2) + L?). Also, by Lemma
4.1, we have dim[z, L] > m — 1 for all z € L\ L? and hence dim|[z, L] = m — 1.
Therefore, Z(L) C L2 Since the equality holds in Theorem A, for a minimal
generating set {z1 = z,22,...,Zmn} of L, an element y; € [z, L] and elements
Yo, Ym € L?, there exists a € Der.(L) such that

alz;) =y, 1 <i<m.
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Since L is nilpotent with nilindex at least 3, from Proposition 2.10, it follows
that there exists a maximal ideal H of L such that H? = L? and L? ¢ Z(H).
We consider the following cases.

Casel. z € H. Since H? = L?, the element z € H \ L? can be extended to
a minimal generating set {z = x1,x2,..., 2} of L such that {z1,...,2m_1}
is a minimal generating set of H and x = x,, ¢ H. Since L is almost Camina
and [z, L] C L?, it follows that [z, L] = L?. Choose an element y € L?\ Z(H).
Then there exists a € Der.(L) such that

afz;)) =0,V1 <i<m—1and a(z,) =y.
Then a(h) =0 for all h € H and «o(z) € H, hence
0 = a([z, h]) = [e(z), h] + [z, a(h)] = [y, A,

which implies that y € Z(H), a contradiction.

Case 2. z ¢ H and [z, L] € Z(H). Let {z1 = z,22,...,%m} be a minimal
generating set of L such that {xa,..., 2} is a minimal generating set for H.
Since [z, L] € Z(H) we may choose a non-zero element y € [z, L]\ Z(H). Then,
there exists an element a € Der.(L) such that

a(r) =y, alz;)) =0, V2 <i<m.
Then a(h) =0 for all h € H and «a(z1) € H so that
0= a([z1, h]) = [a(z1), h] + [z, a(R)] = [y, k],

which implies that y € Z(H), a contradiction.

Case 3. z ¢ H and [z,L] C Z(H). Let {z1 = z,29,...,2,} be a minimal
generating set of L such that {xs,..., 2} is a minimal generating set for H.
Clearly, [z, L] € Z(H) N L? C L% Since dim[z, L] = m — 1 and dimL? = m,
we have [z, L] = Z(H) N L? = Z(H) N H?. Hence, to prove [z, L] = Z(H) it is
sufficient to show that Z(H) C H2. Suppose on the contrary that Z(H) ¢ H?.
Then, there exists a non-trivial element v € Z(H) \ H?. Since [z, L] C L? and
z ¢ H, it follows that for this u € H \ H? we have [u, L] = L?. Therefore

3 <m =dim L? = dim[u, L] = dim[u, () + H] = 1,
which is a contradiction. Hence Z(H) C H?.

If Cr(z) + L? # (2) + L?, then there exists an element y € H \ L? such
that [y,2] = 0. Since [2,L] C L? and 2z ¢ H, by Lemma 2.9, it follows that
[y, L] = L. Since y € H, we have Z(H) C Cy(y) C Cr(y). Also, y,z € Cr(y)
so that Z(H) + (y,z) C Cr(y). Thus dimCp(y) > m + 1 and hence

dim L? = dim[y, L] = d <m-1,

im

Cr(y)
which is a contradiction. So Cf,(z)+L? = (z) + L?. Since dimCf(z) = m+1 =
dim((z) + L?), it follows that Cp(z) = (z) + L?. Now we have L = Cp(z) + H
and so [z, H] = [z, L] = Z(H). Set M = [z, H]. Since [z, L?] = [z, H?] = 0,
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the map 3 : H/L? — M defined by B(h + L?) = [z, h] is a well-defined Lie
epimorphism. Since H/L? and M have dimension m—1, 3 is a Lie isomorphism
and M is abelian with basis B(z;) = [z,2;] for 2 <i <m. If y € H \ L?, then
L? = [y, L] = [y, () + H]. Since [y,2z] € M, H/M is a Camina Lie algebra.
Also, dim(H?/M) = dim(L?/M) = 1. Therefore, H/M is an m-dimensional
Heisenberg Lie algebra and so m is odd. Since H/M = H/Z(H) has nilindex
2, it follows that H is nilpotent with nilindex 3 and hence, by Lemma 2.4, L
has the nilindex 3.

Suppose that m > 3. Then we may suppose that [zo, z3] + M spans H?/M
and that [x9, 2], [z3,2;] € M for all 4 < i < m. Utilizing the Jacobi identity,
we have

[[z2, x3], ] + [[x3, ©i], x2] + [[2i, 2], 23] =0, V4 < i < m.

Since [x2, z;] and [z3,2;] belong to M = Z(H), we have [[z;, x2], x3] = [[x3, z;],
xa] = 0. Therefore [[z2,23),2;] = 0, which implies that [H?, z;] = 0 for all
4 < i < m. Since m > 5, we may assume (by re-indexing the generators
if necessary) that H2/M is spanned by [z4,25] + M. Since [z;,2;] € M for
i=2,3and j = 4,5, a similar argument shows that [H?, z5] = [H?, 23] = 0.
Hence

H? C Z((wa, 23, ..., 2m) + L*) = Z(H),

which is impossible for H has nilindex 3. Hence m = 3.

Now, we have dimM = 2 and dimH? = 3. Hence dimH = 5 and conse-
quently dimL = 6. The only 6-dimensional almost Camina Lie algebras with
dimL? = 3 are Lgi, L 24(¢) and Lé?%(n), where € and 7 are non-zero (see [1]).

A simple verification shows that an element of Derc(Lg%) has the following

matrix form

0 0 CM173 0 a1 5 1.6

0 0 Q9 3 0 25 Q25

0 0 0 0 Q23 Q25

0 0 0 0 —01,3 Q46 ’
0 0 0 0 0 Q23
00 0 O 0 0

and for Lie algebras Lg 24(¢) and ng(n), an arbitrary element of Der.(L) has
the following matrix form

a1z 0 a5 aig
a3 0 a5 g
0 0 a2 3 —01.3

OO OO OO
O O OO oo

0 0 Q45 Q4.6
0o 0 0 0
0O 0 0 0
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Therefore, the equality in Theorem A holds for Lie algebras Lg24(¢) and
ng(n), as required. O

Remark 4.3. Consider the Lie algebras L3 o, Ly 3 and Lg22(e), where ¢ # 0
(see [1,2]). A simple verification shows that elements of Der.(L) have the
following matrix form

0 0 0 O a1 5 016
0 0 Q13 014 0 0 0 O Qa5 026
8 8 z;z 0 0 azs O 00 0 0 ass asg
0 0 O’ 100 0 Q2.3 10 0 0 O Q45 Q46 ’
0 0 O 0 0 000 O 0
0 000 O 0

where L = L33, Ly 3 or Lgaa(¢), respectively. Clearly, the equality holds in
Theorem A for such Lie algebras.

Now we prove Theorem B.

Proof of Theorem B. Suppose the equality holds in Theorem A. Clearly, the
equality in Theorem A implies the equality in (3.1) when n is odd while this is
not always true when n is even. Hence, we consider two cases.

Case 1. Equality holds in (3.1). Then, by Theorem 3.3, L is a Camina
Lie algebra with nilindex 2. Now, from (3.2), it follows that m < n/3, where
dimL? = m.

First suppose that n is even. Hence, the equality holds in Theorem A only
if m= (n—2)/2 0orm = (n+2)/2. Since (n +2)/2 £ n/3 we must have
m = (n —2)/2. Since m < n/3, one gets n < 6. Therefore, n = 4 or 6.

If n = 4, then there exists no Camina Lie algebra with nilindex 2, because
the only 4-dimensional nilpotent Lie algebra with nilindex 2 is Ly o (see [1]),
which is not a Camina Lie algebra.

If n = 6, then among 6-dimensional nilpotent Lie algebras (see [1]), the only
Camina Lie algebra with nilindex 2 is Lg 22(¢), where € # 0.

Next suppose that n is odd. Then the equality holds in Theorem A only
if m=(n-1)/20orm = (n+1)/2. The value m = (n + 1)/2 contradicts
m < n/3. So the only possibility is m = (n —1)/2. Therefore (n —1)/2 <n/3,
which implies that n < 3. Since L is a non-abelian nilpotent Lie algebra, n = 3
and hence L is a 3-dimensional Heisenberg Lie algebra.

Case 2. Equality does not hold in (3.1). Since the equality in Theorem A
implies the equality in (3.1) when n is odd, n must be even and dimL? = %.
Therefore, dimL = 2m and dimL? = m, where m > 2. Now, by Lemma 4.1, it
follows that L is an almost Camina Lie algebra and, by Proposition 4.2, either
L=Lyg, L= Lea(e) with e # 0 or L = L} (n) with 7 # 0.

The converse is clear.
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