ALMOST INNER DERIVATIONS OF 2-STEP NILPOTENT LIE ALGEBRAS
OF GENUS 2

DIETRICH BURDE, KAREL DEKIMPE, AND BERT VERBEKE

ABSTRACT. We study almost inner derivations of 2-step nilpotent Lie algebras of genus 2, i.e.,
having a 2-dimensional commutator ideal, using matrix pencils. In particular we determine all
almost inner derivations of such algebras in terms of minimal indices and elementary divisors
over an arbitrary algebraically closed field of characteristic not 2 and over the real numbers.

1. INTRODUCTION

One of the fundamental problems in spectral geometry is to what extent the eigenvalues
determine the geometry of a given manifold. A classical question here, going back to Hermann
Weyl, asks whether or not isospectral manifolds need to be isometric. A first example with
a negative answer was given in 1964 by John Milnor. He constructed a pair of isospectral
but non-isometric flat tori of dimension 16 using arithmetic lattices. Several other examples
were given later and in 1984 Gordon and Wilson [6] even constructed continuous families of
isospectral non-isometric manifolds. These manifolds were compact Riemannian manifolds of
the form G/T" with a simply connected exponential solvable group G and a discrete cocompact
subgroup I'. The isospectral non-isometric property was derived from the existence of almost
inner but non-inner automorphisms of the Lie group G. Such automorphisms of G can be
studied on the Lie algebra level. They correspond to almost inner but non-inner derivations of
the Lie algebra g of G.

Denote by AID(g) the subalgebra of the derivation algebra Der(g) consisting of almost inner
derivations, for a given finite-dimensional Lie algebra over a field K. The motivation from
spectral geometry and other applications leads us to study the algebras AID(g) in general.
Several classes of Lie algebras do not possess an almost inner but non-inner derivation. Clearly
any semisimple Lie algebra g over a field of characteristic zero satisfies AID(g) = Inn(g). The
same is true for free-nilpotent Lie algebras or almost abelian Lie algebras and for other classes
of Lie algebras, see [2]. Also all complex Lie algebras of dimension n < 4 have no almost inner
but non-inner derivations. In dimension 5 however there exist complex Lie algebras with almost
inner but non-inner derivations. An example is the filiform nilpotent Lie algebra with basis
{z1,..., x5} and brackets [z, z;] = x;41 for 2 < i <4 and [z, 23] = 5.

A particular interesting class of Lie algebras with respect to almost inner derivations are 2-
step nilpotent Lie algebras. The first examples of nilpotent Lie algebras with almost inner
but non-inner derivations by Gordon and Wilson were 2-step nilpotent. However, in general
there is not much known about almost inner derivations of 2-step nilpotent Lie algebras. We
have shown in [I] that 2-step nilpotent Lie algebras determined by a finite simple graph do not
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have non-inner almost inner derivations. Furthermore we have shown in [I] that every 2-step
nilpotent Lie algebra with a 1-dimensional commutator algebra does not have non-inner almost
inner derivations. On the other hand we have constructed there 2-step nilpotent Lie algebras
of dimension 4n + 2 having n linearly independent non-inner almost inner derivations for every
n > 2.

In this article we compute AID(g) for all 2-step nilpotent Lie algebras with a 2-dimensional
commutator ideal over R and over an algebraically closed field K of characteristic not 2. Such
Lie algebras can be described by skew-symmetric matrix pencils and their invariant polynomials
and elementary divisors due to Weierstrass and Kronecker. Using these canonical invariants
helps a lot in computing the almost inner derivations of such Lie algebras and we obtain an
explicit formula for the dimension of AID(g).

In section 3 we review all necessary notions concerning matrix pencils, minimal indices and
elementary divisors. We give several examples of 2-step nilpotent Lie algebras of genus 2 with
their associated invariants. In section 4 we introduce the subalgebra of central derivations C(g)
in Der(g), which contains AID(g). We give necessary and sufficient criteria for a derivation
D € C(g) to be almost inner. Finally, in section 5, we compute AID(g) separately for each type
of elementary divisor or minimal index and combine this for a general formula for AID(g) in

Theorems [£.10 and B.111

2. PRELIMINARIES

Let g denote a Lie algebra over an arbitrary field K if not said otherwise. We will always
assume that g is finite-dimensional over K. The lower central series of g is given by g° = g D
g' D g? D g®D - where the ideals g’ are recursively defined by g° = [g,g" '] for all i > 1. A
Lie algebra g is called c-step nilpotent if g¢ = 0. The genus of a Lie algebra g is the number
dim(g) — |S|, where S is a minimal system of generators. If g is nilpotent, then the genus is

given by dim(g) — dim (g/[g, g]) = dim([g, g]).

We recall the definition of an almost inner inner derivation [6, [IJ.

Definition 2.1. A derivation D € Der(g) of a Lie algebra g is said to be almost inner, if
D(z) € [g, ] for all z € g. The space of all almost inner derivations of g is denoted by AID(g).

Let us denote by Inn(g) the ideal of inner derivations in Der(g). Certainly every inner
derivation of g is almost inner. The converse need not be true. So we obtain a chain of
subalgebras Inn(g) C AID(g) C Der(g).

Let g be a 2-step nilpotent Lie algebra. Then g? = [g,[g,0]] = 0 so that [g,g] C Z(g). If g
has genus 1, then we have AID(g) = Inn(g) by Lemma 3.3 and Corollary 3.6 of [I]. The next
interesting case is genus 2, which we will study here.

3. PENCILS, ELEMENTARY DIVISORS AND MINIMAL INDICES

Two-step nilpotent Lie algebras have not been classified in general so far. For certain sub-
classes however there is a complete description. We are interested in two-step nilpotent Lie alge-
bras g of genus 2, i.e., satisfying dim([g, g]) = 2. Such algebras can be described in terms of ma-
trix pencils. This has been studied for several purposes in the literature, see [5], 9] 4, 111 7, [3] §].
We mainly follow the notation of [5]. Let K[\, u] be the polynomial ring in two variables.
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Definition 3.1. Let A, B € M,(K). A polynomial matrix uA + AB € M, (K[, ) is called
a matriz pencil or just a pencil. Two such pencils uA + AB and uC' + AD are called strictly
equivalent if there are matrices S,T € G L, (K) satisfying

S(uA+ AB)T = uC + AD.

The pencil is called skew-symmetric if both A and B are skew-symmetric. Two skew-symmetric
pencils pA+AB and puC'+ D are called strictly congruent if there is a matrix S € GL,(K) such
that S*(uA+ AB)S = uC 4+ AD. A pencil is called reqular or non-singular if its determinant is
not the zero polynomial in K[\, u]. We say that a pencil uA + AB has rank r, if there exists a
minor of order » which is not identically zero, but all minors of order bigger than r are zero.

It is known that skew-symmetric pencils over an algebraically closed field of characteristic
different from two are strictly equivalent if and only if they are strictly congruent [5]. The same
is true over the field of real numbers [7].

Let g be a two-step nilpotent Lie algebra of genus 2 with a basis (x1,...,%,, y1,¥2), where
(y1,y2) is a basis of [g, g]. Denote by A = (a;;) and B = (b;;) the skew-symmetric matrices of
structure constants determined by

[z, z;] = aijyn + bijyo
forall 1 <1,57 <n.

Definition 3.2. Let g be a two-step nilpotent Lie algebra of genus 2 over an arbitrary field K.
Then puA 4+ AB € M, (K[X, u]) is called the pencil associated to g with respect to a given basis
as above.

The following proposition is a special case of [, Proposition 4.1]

Proposition 3.3. Let g and b be two-step nilpotent Lie algebras of genus 2 over an arbitrary
field K. If the pencils associated to g and b with respect to some bases of g and by are strictly
congruent, then g and b are isomorphic.

From this proposition it follows that it is important for our study to be able to classify skew
pencils up to strict equivalence. For regular pencils this was solved by Weierstrass in terms of
elementary divisors. For a pencil pA+AB of rank r let G,,, (11, A) be the greatest common divisor
of all its minor determinants of order m. Then G,, (i, A) | Gy (p, A) for all 1 <m < r —1.
Let i1 (p, A) = Gy(p, A) and
i (p, A) = Gnlin2)
Gmfl (:uv )‘)
forl<m<r.

Definition 3.4. The homogeneous polynomials {i,,(x, )}, are called the invariant factors
of the pencil uA + AB. Each polynomial i,,(¢, \) can be written as a product of powers of
prime polynomials because K[\, p] is a unique factorization domain. These prime power factors
(which are only determined up to scalar multiple) are called the elementary divisors eq(p, A),
fora =1,2,...,t of the pencil uA + AB. An elementary divisor is said to have multiplicity v if
it appears exactly v times in the factorizations of the invariant factors 4,,(u, A) for 1 <m <.

Suppose that K is algebraically closed. In this case, the elementary divisors are all linear.
Since the elementary divisors are only determined up to scalar multiple, each elementary divisor
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is either of type (bu + \)¢ or of type u/. The first one is called of finite type. The second one
is called of infinite type, which means that the divisor belongs to K[u]. Elementary divisors
of infinite type exist if and only if det(B) = 0. The elementary divisors e,(u, A) of finite type
correspond to the elementary divisors of the pencil A+ AB € K[)] as follows. Setting u =1 in
eq(pt, A) we clearly obtain the elementary divisors e,(\) of A+ AB. These can be computed by
the Smith normal form because K[A] is a PID. The diagonal elements of the Smith normal form
are just the invariant polynomials. Conversely, from each elementary divisor e,(\) of A+ AB of
degree e we obtain the corresponding elementary divisor e, (i, A) by e, (p, \) = ,ueea(ﬁ). In case
K = R, apart from these elementary divisors of degree 1, there are also elementary divisors of
degree 2 which are of the form (XA — p(a + bi))(A — p(a — bi)) = A2 — 2a p + (a* + b*)p?, with
acR, beR”.

Example 3.5. Let g be the 6-dimensional real Lie algebra with basis {x1,...,x4,y1,Yy2} and
Lie brackets defined by

[x17$2] = Y1, [$2a$4] = Y2,
[x17x3] = Y2, [1’3,.1'4] = —U1-

Then the associated pencil is given by

0O uw X O

= 0 0 A

WA+ AB = A0 0 —p
0O =X u 0

The pencil is reqular because det(uA+ AB) = (u? + A?)? is not the zero polynomial. The Smith
normal form of A+ AB is given by diag(1,1,A\* + 1,A? + 1). Hence there is one elementary
divisor ey (j, \) = p?(1+ 2_;) = 12+ X2 of finite type of multiplicity 2 and no elementary divisor
of infinite type.

When we consider the complexification g ® C of this Lie algebra, then the corresponding pencil
has two elementary divisors: A —ip and X+ ip both of multiplicity 2.

For singular pencils we still need another invariant. Let pA + AB be a singular pencil of
size n. Then (A + AB)x = 0 has a nonzero solution in K[A]". Let z1(\) be such a nonzero
solution of minimal degree ;. Of all solutions which are K[A]-independent of () let us select
a solution z5(\) of minimal degree e5. It is obvious that £ < €5. By continuing this process we
obtain a set x1(\), ..., k() of solutions, which is a maximal set of elements in K[\]" satisfying
(A+ AB)x;(\) =0 for i = 1,...,k and being K[\]-independent. We have k& < n. Note that
this set is not uniquely determined, but that different sets have the same minimal degrees
g1 < &9 < ... < e Hence the following notion is well-defined.

Definition 3.6. Let u A+ AB be a singular pencil. The associated numbers ¢4, . . ., g are called
the minimal indices of the pencil uA + AB.

Example 3.7. Let g be the 7-dimensional real Lie algebra with basis {x1,...,x5,y1,y2} and
Lie brackets defined by

[1’1,$3] = Y1, [$279€4] = Y1,

[$1,=’B4] = Y2, [932>$5] = Y2.
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Then the associated pencil is given by

0 0 pu A0
0 0 0 p A
pA+AB=|-p 0 0 0 0
“X = 0 0 0
0 —-A 00 0

Since det(uA + AB) = 0 the pencil is singular. The equation (A + AB)x = 0 has a non-zero
solution x1(\) = (0,0,A2, =\, 1)¢, and the set is mazimal. Hence there is one minimal index
g1 = 2. The Smith normal form of A+ AB is given by diag(1,1,1,1,0).

The following well-known result classifies skew pencils up to congruence, see Corollary 6.6 in

[5] and Theorem 3.4 in [9].

Proposition 3.8. Let K be an algebraically closed field of characteristic not 2 or the field of
real numbers. Two skew-symmetric pencils of the same dimension are strictly congruent if and
only if they have the same elementary divisors and the same minimal indices.

For a skew pencil A + AB over an algebraically closed field K the elementary divisors occur
in pairs and we can arrange them as

:uelauel? T ’Iu657ues’
()‘ - :ual)flv <>‘ - Ual)ﬁ? T ()‘ - :uat)ftv ()‘ - :uat)ft

where a1, as, ..., € K.
When K = R, the elementary divisors still occur in pairs, and apart from the above set of
elementary divisors (where of course aq,...,a; € R), we can also have pairs of the form

€<a17 bl)ml ) é(alv bl)mla T g(apv bil?)mp’ é(apv bp>mp>
where ay,...,a, € R, by,...,b, € R* and &(a,b) = (A — p(a+1b))(A — p(a — bi)) with a,b € R.
Since elementary divisors occur in pairs, we introduce a notation to indicate such pairs. Let
K be an algebraically closed field or K = R. For given a € KU {oo} or & € CU {oo} in case
K =R and e € N we denote by («, e) the following pairs of elementary divisors

e, pe if a =00
(a,e) == (A —pa)é, (A —pa)® ifaekK
&(a,b)¢, &(a, b)® fK=Rand a=a+bi € C\R.

Hence for a skew pencil uA + AB over an algebraically closed field K we can associate in a
unique way a set of elementary divisors as follows:

<OO761)7 R (00,63), (a17f1>7 R (@taft)

with aq,...,q; € K and for a skew pencil uA + AB over R we find a set of elementary divisors
of the form

(00761)7 LR (00765)7 (041, f1)7 ct (aty ft)» (617m1>7 R <6p7mp>7

where a; € R and 3; € C\ R.

For a giving pair of elementary divisors («, e) as above or a minimal index &, there exists a
canonical skew pencil having exactly that one pair of elementary divisors («, ) (and no minimal
indices or other elementary divisors) or having no elementary divisors and exactly one minimal
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index ¢.
These skew pencils are given by the following cases:

Case 1: For (a, e) = (00, €) the skew pencil is given by

0 A, + A,
F(oo,e) := (_MAQ A e ) € Moo (K[u, \),
where
1 0
] 0 1
Ae = . ) Ae = 1 € Me<K)
1 0
1 0 1
Case 2: For (a, f) = (A — pa)?, (X — pa)’ the skew pencil is given by
_ 0 (A —pa)Ap + phy
Fla,f) = (—()\ — o) Ay — phy 0 € My (K[p, A]).

Case 3: Only in case K = R and for (a, m) = (a+bi,m) = &(a,b)™, &(a,b)™ (with a+bi € C\R)
the real skew pencil is given by

0 1.,
C(a,b,m) = <—T 0 ) € Mym(R[p, A)),
where
0 R
R [LAQ
0 R
R /,LAQ

for m > 2 and

—ub A — pua
L= R- <A A ) & My(R[ji, \).

Case 4: For each minimal index € > 1 the skew pencil is given by

0 Lc(p, A
O S

where
A0 ... 0
mooA 0
Ea(ljﬁ >‘) - IR S Me—i—l,s(K[/% >\])
0 T
0 ... 0 u

For minimal index ¢ = 0, the skew pencil is just My = (0), the 1 x 1 zero matrix.

Using the notations of above we have the following result, see [5, [].
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Proposition 3.9. Let K be an algebraically closed field of characteristic not 2. Any skew pencil
over K with elementary divisors (0o, e1),...,(00,¢es), (a1, f1), ..., (au, fi) and minimal indices
€1,...,E 18 Strictly congruent to the pencil consisting of a matriz with the blocks

F(o0o,€1),...,F(00,e5), Flay, fi),..., Flou, fr), M, ..., M,
on the diagonal. Any skew pencil over R having elementary divisors
(OO7 el)a cety (007 €5>, (ab f1)7 ety (atv ft)a (al + blia m1)7 ceey (ap + bpi7mp)7

and minimal indices €1, . . ., €y 1S strictly congruent to the pencil consisting of a matrix with the

blocks
F(oo,e1),...,F(00,e5), Flan, f1),..., F(a, fi),
C(al, bl, ml), Cey C(CLP, bp, mp), MEl? ceey Msk
on the diagonal.
Definition 3.10. A 2-step nilpotent Lie algebra of genus 2 over an algebraically closed field K

of characteristic not 2 or K = R is called canonical if its associated skew pencil is of a blocked
diagonal form as in Proposition [3.9] above.

As an immediate consequence of Proposition [3.3] we obtain the following corollary:

Corollary 3.11. Let K be an algebraically closed field of characteristic not 2 or K = R.
Any 2-step nilpotent Lie algebra of genus 2 over K is isomorphic to a canonical one with the
same elementary divisors and minimal indices.

It follows that the computation of AID(g) for 2-step nilpotent Lie algebras of genus 2 over
K can be reduced to canonical Lie algebras.

Two canonical Lie algebras associated to a different set of elementary divisors can still be isomor-
phic. In fact, we have the following. Let g; and g be two Lie algebras. Let p1(u, A), ..., pr (1, A)
resp. py(p, A), ... p.(p, A) denote the elementary divisors of g; resp. go. Then g; and g are iso-
morphic if and only if they have the same minimal indices, » = s and there exists a matrix

A= <a171 “172) € GLy(K)
G271 022
such that after renumbering the p} it holds that for all 4
Pty A) = cipiaripn + ay o), g1t + ag o)) for some ¢; € K.
See [9] for further details.

Example 3.12. Let g, be the canonical Lie algebra without minimal indices and with one
elementary divisor (00, ¢€), so p1(u, A) = p¢. We claim that g, is isomorphic to the canonical
Lie algebra gy having no minimal indices and one elementary divisor (a,e) (with a € K), so
Pi(p, A) = (A — pa)®. Indeed, let

(@11 a12) [ —C 1
A= <a2,1 am) = ( 1 0) € GLy(K),

prlayip+ aro), agip 4 ago)) = pr(—op + A ) = (A — po)® = pl (i, M),
which shows that g, = go.

then
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4. CENTRAL DERIVATIONS AND ALMOST INNER DERIVATIONS
Any almost inner derivation D of a 2-step nilpotent Lie algebra g maps the center Z(g) to

zero and g to [g, g], see Proposition 2.9 in [I]. Hence the space C(g) defined below contains
AID(g) and is a subalgebra of Der(g).

Definition 4.1. Let g be a 2-step nilpotent Lie algebra over a field K. Then

C(g) ={D € End(g) | D(Z(g)) = 0, D(g) < [g, 8]}
is a subalgebra of Der(g) with AID(g) C C(g). It is called the algebra of central derivations.

Since [g, 9] C Z(g) for 2-step nilpotent Lie algebras, any D € C(g) is a derivation of g.

Let us now assume that g be a 2-step nilpotent Lie algebra of genus 2. We fix a basis

{xh e 7In7y17y2}7

where 31,2 spans [g,g]. Let uA 4+ AB be the associated pencil. Every element in v € g can
be written as v = x + y in this basis, where x = a121 + ..., a,x, and y = byy; + bays for
a;,b; € K. For every D € C(g) we have D(y) = 0 and D(z) = dy(x)ys + da(x)ys for some
di,dy € Hom(U,K), where U = (xy, 22, ...,2,). Recall that D € AID(g) if and only if there
exists a map ¢p: g — g such that

D(v) = [v, ¢p(v)]
for all v € g. We may assume that ¢p(v) = ¢p(z) € (z1,...,x,) for v = x 4+ y as above, i.e.,
that v = z and
op(x) = ci(z)xy + - - + cp(x)2y
for some ¢;(z) € Kfori=1,...,n. Let

Lemma 4.2. Let g be a 2-step nilpotent Lie algebra of genus 2 over K with the notations as
above. Then a given map D € C(g) is in AID(g) if and only if L(z)c(x) = d(x) has a solution
in the unknowns c¢;(x), i =1,...,n for all v = a1x1 + - -+ + a,x, in g.

Proof. We have D € AID(g) if and only if for all z = a;xq + -+ + a,x, there exists a map
vp: g — g such that D(z) = [z, op(x)], i.e., if and only if we can find ¢;(z) fori =1,...,n

such that
D(.ﬁE) = [Z a; Ty, Z Cj (.Z')fEJ] = Z Z CLZ‘C]‘ (m)(aijyl + szyg)
i=1 1

j= i=1 j=1
This is equivalent to the system of linear equations L(z)c(z) = d(z) for all z = ayjzq + -+ +
ApTr- OJ

We obtain the following result.
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Proposition 4.3. Let g be a 2-step nilpotent Lie algebra of genus 2 over K with associated
pencil pA 4+ AB and the notations as above. Then a given map D € C(g) is in AID(g) if and
only if for all x = ayx1 + - - - + a,x, in g and all \, p € K we have the condition

(1) (WA + AB)a(z) = 0 = pdy(x) + Ada(z) = 0.

Proof. Suppose that D € AID(g) and (uA + AB)a(x) = 0. Since A and B are skew-symmetric,
we have
0= (pA+ AB)a(z) = —(na(z)'A+ Aa(z) B)",

so that pa(z)'A + Xa(z)'B = 0. Now a(z)'A is the first row of L(z) and a(z)'B the second
row of it. Since D € AID(g), both L(z) and the extended matrix (L(x) | d(x)) have the same
rank by Lemma . Hence for any linear combination of rows of L(z) which equals zero, the
same linear combination of rows of (L(z) | d(x)) equals zero. Hence ud;(x) + Ady(x) = 0. The
converse direction follows similarly. O

We will apply this result to Example [3.7}

Example 4.4. Let g be the 7-dimensional real Lie algebra with basis {x1,...,x5,y1,y2} and
Lie brackets defined by

[xlax?)] = Y1, [ZL‘Q,LE4] = Y1,

(21, 24] = o, (T2, T5] = 1.

Let D € C(g) and x = a1y + - - - + asxs. Then the matriz of D is given by
0 -0
D = W T9 T3 T4 Tg 0
S1 SS9 S3 S4 S5
and di(x) = airy + -+ + asrs, do(x) = a181 + -+ + asss.  Condition then yields that
D € AID(g) if and only if r5 = s3 = 0 and s5 = ry, S4 = r3. Thus we have dim(AID(g)) = 6
and dimInn(g) = 5. In fact, the kernel of pA+ AB for this Lie algebra is 1-dimensional for all

(, A) # (0,0), generated by a(x) = (0,0, A2, —uX, u?)t. Therefore condition applied to this
vector yields

0 = pdyi(x) + Ada(x)
= p(arry + -+ +asrs) + AMars; + -+ + asss)
= 1Prs + 112\ (55 — 14) + pA2(r3 — 54) + A3s3.
for all A\, u € K, which shows the claim.

Corollary 4.5. Let g be a 2-step nilpotent Lie algebra of genus 2 over R, whose associated
pencil pA + AB satisfies det(uA + AB) = 0 if and only if u = A = 0. Then AID(g) = C(g) and
dim(AID(g)) = 2dim(Inn(g)) = 2n.

Proof. By assumption the system (A + AB)a(x) = 0 only has the trivial solution z = 0.
Hence condition () is satisfied and it follows AID(g) = C(g) from Proposition 4.3} Since the
assumptions imply that [g, g] = Z(g) we have dimInn(g) = n, spanned by ad(x;),...,ad(x,),
and dim C(g) = 2n. It follows that dim(AID(g)) = 2n. O

We can apply this corollary to Example 3.5 with n = 4.
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Example 4.6. Let g be the Lie algebra over a field K with basis {x1,...,24,y1,y2} and Lie
brackets defined by

(21, 2a] = Y1, [T2, T4] = W2,

[.]}'1,1‘3] = Y2, [x37x4] = —U1-
Then for K = R, we have that det(uA+ AB) = (u?+ X?)* = 0 if and only if u = X = 0, so that
AID(g) = C(g) and dim(AID(g)) = 2 - dim(Inn(g)) = 8. Howewver, we have AID(g) = Inn(g)

for K being an algebraically closed field of characteristic not 2. This will follow from our main
result Theorem [B.111.

5. ALMOST INNER DERIVATIONS OF LIE ALGEBRAS OF GENUS 2

In this section we determine the algebra AID(g) for canonical Lie algebras in the sense of
Definition [3.10| over K, where K is either R or an algebraically closed field of characteristic not
2. We will start with the case that the canonical pencil only consists of one block.

Definition 5.1. Let g be a Lie algebra with a given basis B. We say that a linear map D: g — g
is B-almost inner, if D(z) € [z, g] for all basis elements x € B.

A derivation, which is B-almost inner for some basis B need not be almost inner.

Lemma 5.2. Let g be a canonical Lie algebra over K with one pair of elementary divisors
(00,€). Then we have dim(Inn(g)) = 2e and dim(AID(g)) = 4e — 2.

Proof. By assumption the matrix pencil of g is F'(co,e), so that the Lie brackets of g in the
usual basis B are given by

(i, Toeq1-4] = y1, 1 <i <e,
[T, Toeya—j] =42, 2<j <ee.
We have dim(Inn(g)) = 2e. We will compute AID(g) by Proposition [1.3] A basis for C(g) is
given by the maps D; ; : g — g for 1 <i < 2e and j = 1,2 defined by
2e
Z arxy + (b1y1 + bayo) — ay;.
k=1
We have dimC(g) = 4e. It is easy to see that all D, ; are B-almost inner except for D; 5 and
De.y12. We also see that oDy 9 + 8D,y 2 is only B-almost inner when o = 8 = 0. Hence the
span of Dj 5 and D, o has trivial intersection with AID(g). Then we have dim AID(g) = 4e—2
if we can show that all of the remaining 4e — 2 derivations are actually almost inner.
Let D € C(g) be B-almost inner. We have det(uA + AB) = p?¢. For u # 0 condition is
satisfied, so that we may assume that g = 0. Then the kernel of pA + AB = AB = F(o0, €) is
equal to the set of all vectors a(x) = (k1,0,...,0,key1,0,...,0)" with ki, k.;1 € K. For these
vectors we have dy(a(x)) = 0, so that condition (1)) is satisfied and the proof is finished. O

Since we know by Example that the canonical Lie algebra with one elementary divi-
sor (o, f) is isomorphic to the one with one elementary divisor (oo, f), the previous result
immediately implies the following lemma.

Lemma 5.3. Let g be a canonical Lie algebra over K with one pair of elementary divisors
(e, f). Then we have dim(Inn(g)) = 2f and dim(AID(g)) =4f — 2.
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The next Lemma is only for the case K = R.

Lemma 5.4. Let g be a canonical Lie algebra over R with one pair of elementary divisors
(B,m), where f =a+bi and b # 0. Then we have dim Inn(g) = 4m and dim AID(g) = 8m.

Proof. The Lie brackets of g with respect to the usual basis {x1, ..., T4m,y1,y5} and matrix
pencil A + AB = C(a, b, m) are given by

[T2i-1, Tam—oit1] = —byr, 1 <i < m,
(T2, Tam—2ir2] = byr, 1 <i<'m,
(), Tami1 5] = v5 — ayy, 1< j < 2m,
and in addition, for m > 2,
[Tk, Tam—its] = 1, 3 <k < 2m.

We can pass to a basis B = {z1,...,Z,, y1, Y2} by setting ys := y, — ay;. Then a basis for C(g)
is given by the maps D; ; : g — g for 1 <7 < 4m and j = 1,2 defined by

4m

Z arer + (b1yr + baye) — ay;.

k=1
We have dim(C(g)) = 8m and det(uA + AB) = (A\* + p?0?)®*™, so that AID(g) = C(g) over R
by Corollary [4.5] O

Let us again consider Example [3.5]

Example 5.5. Let g be the 6-dimensional Lie algebra over R with basis {x1, ..., x4,y1,Yy2} and
Lie brackets defined by

(21, 22] = 1, [T2, T4] = 12,

(21, 23] = Yo, [x3,24] = —01.
This is a canonical Lie algebra with one pair of elementary divisors (5, m) = (i,1). Hence,

Lemma says that dim(Inn(g)) = 4 and dim(AID(g)) = 8 which coincides with what we
obtained in Example [{.0]

Lemma 5.6. Let g be a canonical Lie algebra over K with minimal index € > 1. Then it holds
dim(Inn(g)) = 2¢ + 1 and dim(AID(g)) = 3e.

Proof. The Lie brackets of g with respect to the usual basis B = {x1,...,Z2.41,%1,y2} and
matrix pencil uA + AB = M. are given by
[$i?xi+€+l] = Y2, 1 S i S &,

[Tj1, Tjgerr] =01, 1 < j <.
It is easy to see that Z(g) = (y1,¥2), so we have dim(Inn(g)) = 2¢ + 1. For ¢ = 1 we have
AID(g) = Inn(g) by Theorem 4.1 of [1] since g is determined by a graph. For ¢ > 2 a basis of
C(g) is given by the maps D, ; : g — g for 1 <7 <2¢+1 and j = 1,2 defined by

2e+1

Z arxr, + (biyr + baye) — ay;.
k=1
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Hence we have dim(C(g)) = 4¢ + 2 and AID(g) C C(g). Suppose now that

2e+1 2e+1

D= Z a; Dy + Z BiD; 2
i=1 i=1

is an element of AID(g). Then for any b € K we have

e+1 e+1 e+1
(2) D (Z ba:) =Y aib'yi+ > Bib'ys.
=1 =1 =1

Since D € AID(g) there exist ¢;(b) € K for all ¢ +2 < j < 2¢ + 1 such that

e+1 e+1 2e+1 e+1 €
(3) D <Z bZIL'Z) = [Z bi[lﬁ'i, Z & (b)ZL']] = Z bici+a(b)y1 + Z bici+a+1(b)y2.
i=1 i=1 1=2 =1

Jj=e+2

We also have
e+1

(4) b (Z biCHEH(b)) = Zbicm(b).

Comparing coefficients of y; and vy, in and and using we find that

e+1 e+1

bz Bib — Z ;b =0,
=1 =1

so that
e+1

—ab + Z(5¢—1 - Oéz‘)bi + 55+1bg+2 = 0.
i=2
Since this holds for all b € K we obtain

041:(), 65+1:0, ai:@-,lfor2§z’§€+1.

This means that AID(g) is contained in the subspace

2e+1 2e+1

V= {D = Z OéiDz',l + ZBiD@Q S C(g) | ] = 554_1 = 0,0éi = Bz‘—l for 2 <i1<e+ 1}
=1 =1

Note that dim(V') = dim(C(g)) — (e +2) = 4 +2— (¢ +2) = 3¢. Hence dim(AID(g)) < 3. We
claim that there holds equality. More precisely we will show that each D;; fore+2 < j < 2¢is
almost inner and that the span of these D,;’s has trivial intersection with Inn(g). Here we do
not consider Ds.111 because it already coincides with the inner derivation ad(x.1;) and hence

is almost inner. Let
2e+1

T = Z a;x; + (biyr + bay2)
i=1

be an element in g. If a; = 0, then D;;(z) = [z,0] = 0. Otherwise we have

—Ty—| = Q5

Djﬂl(ZL‘) = |:JZ, g
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for ¢ := max{j < k <2e+1 | ay # 0}. This shows that D; is almost inner for all e+2 < j < 2e.
Consider the subspace W of AID(g) generated by all D;; for e +2 < j < 2¢. We claim that

W NInn(g) = 0.

Then we are done. We know that dim(Inn(g)) = 2¢+1 and dim(W) = e—1, so that Inn(g) & W
is a 3e-dimensional subspace of AID(g). This implies dim(AID(g)) > 3¢ and hence there

holds equality. So assume that D = 37 10Dy € W nn(g) with D = ad(x) for some

T = Z?i?l k;x;. We will show that all £, = 0 and all «; = 0. Because of
241

0 = ad(z)(z;) = D(z;) = [Z ki, x;

= —ke+j+192 - kerjyl

for 2 < j <e we have k.yo = kenz = -+ = koey1 = 0. Also we have
Qerjyy = D(2opj) = [k1x1 + -+ 4+ kep1@es1, Terj] = kj1ye + kjin
for all 2 < 7 < e+ 1, where we take as.y; = 0. Hence all o; and all k; are zero and we have

shown that W N Inn(g) = 0. O

Remark 5.7. For a minimal index ¢ = 0, the corresponding Lie algebra g is just the abelian
3-dimensional Lie algebra (with basis 1, y1, y2) over K and so in this case Inn(g) = AID(g) = 0.

Example 5.8. For ¢ = 2 the canonical Lie algebra g of Lemma |5.6] is isomorphic to the Lie
algebra of Ezample[A.4, We have dim(Inn(g)) = 2¢ + 1 =5 and dim(AID(g)) = 3¢ = 6, which
coincides with the result of Example [4.4]

For the next lemma, let g be a 2-step nilpotent Lie algebra over an arbitrary field K with
basis {21, ..., Zn, Y1, -+, Ym, 21, - -, 2p}, Where the z; span [g, g]. Define Lie subalgebras by

gx: <x17"'7xn7217"'7zp>7
gy: <y17'-'7ymazla"'72p>'

Lemma 5.9. Let g be a 2-step nilpotent Lie algebra over a field K with the above basis such
that [z;,y;] =0 for all 1 <i<n and 1 < j <m. Then we have

dim(AID(g)) = dim(AID(g,)) + dim(AID(g,)).

Proof. Let D € AID(g) and write e = x + y + z, where x is a linear combination of the z;, y
is a linear combination of the y; and z a linear combination of the z;. Then there are maps
¢p, : 8z — 9. and pp, : g, — @, such that

D(e) = D(xz+y+ 2) = [z, 0p,(x)] + [y, ¢p0,[)] -

This means that D, : g, — g, v — D), () € AID(g,) with determination map ¢p, and
Dy :gy = 9y, y = D, (y) € AID(g,) determined by ¢p,. Conversely, any almost inner
derivation of g, or g, can be extended to an almost inner derivation of g. 0

Finally we can state our main result of this paper by combining the previous lemmas. For
clarity, we formulate this result as two separate theorems depending on the type of field K we
are considering. We only give a proof for the last theorem in case K = R. The proof for the
other case is similar.
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Theorem 5.10. Let g be a 2-step nilpotent Lie algebra of genus 2 over an algebraically closed
field K of characteristic not 2 with minimal indices €1, ..., and elementary divisors

(OO? 61), cees (00768)a (ala fl)a R (alafl>

with a; € K for all 1 < 3 <. Then we have

dim(AID(g)) = dim(Inn(g)) + Y (55— 1) +2> (e;— 1) +2Y (fi—1).
j=1,6;7#0 j=1 j=1

Theorem 5.11. Let g be a 2-step nilpotent Lie algebra of genus 2 over R with minimal indices
€1,...,Ek and elementary divisors

(OO,€1>,...,<OO,68), (al,fl),...,(ozl,fl), (61,m1>,...,<5p,mp>
with a; € R and B, = a, +b,i € C\R forall1 <j<land1l <r <p. Then we have

dim(AID(g)) = dim(Inn(g)) + Z (e, —1)+2 Z(ej -1)+2 Z(fl 1)+ 4ij.
j=1,;#0 j=1 j=1 j=1

Proof. We may assume that g is canonical with N := k + s + [ + p blocks. We will show the
result by induction over N. For N = 1 the claim follows from the previous lemmas. If we have a
canonical Lie algebra g with NV 4 1 blocks, we take a basis {z1,...,Zn, Y1, -, Ym, 21, 22}, Where
21, 22 span [g, g] and where {z1,...,x,} corresponds to the first N blocks and {y,...,ymn} to
the last block. Since we have [z;,y;] = 0 for all 4, j, we can apply Lemma to show that the
results holds for N + 1 blocks if it holds for N blocks. O
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