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Abstract.
A finite dimensional Lie algebra L with magic number ¢(L) is said to satisfy Rentschler’s
property if it admits an abelian Lie subalgebra H of dimension at least ¢(L) — 1.
We study the occurrence of this new property in various Lie algebras, such as non-
solvable, solvable, nilpotent, metabelian and filiform Lie algebras. Under some mild
condition H gives rise to a complete Poisson commutative subalgebra of the sym-
metric algebra S(L). Using this, we show that Milovanov’s conjecture holds for the
filiform Lie algebras of type L,, @Q,, R,, W, and also for all filiform Lie algebras of
dimension at most eight. For the latter the Poisson center of these Lie algebras is

determined.

1. Introduction

Let k be an algebraically closed field of characteristic zero and let L be a Lie algebra
over k with basis 21, ..., x,. Let S(L) = k[x1, ..., z,] be its symmetric algebra with
quotient field R(L). For each £ € L* we consider its stabilizer

L) ={x e L|&(x,y))=0foralye L}

The minimal value of dim L(&) is called the index of L and is denoted by i(L) [D,
1.11.6; TY, 19.7.3]. An element £ € L* is called regular if dim L(£) = i(L). The set

L} of all regular elements of L* is an open dense subset of L*.

We put L, . = L*\L,,. Clearly, codim L, , > 1. Following [JS] we call L singular if

sing reg* sing =

equality holds and nonsingular otherwise. For instance, any semi-simple Lie algebra
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L is nonsingular since codim L%, = 3. We recall from [D, 1.14.13] that

sing
i(L) = dim L — rankp(r) ([, z;]) (1)

In particular, dim L — (L) is an even number.

The integer ¢(L) = (dim L +i(L))/2 is called the magic number of L and in this
paper it will certainly live up to its name. Also, the Frobenius semiradical F'(L) of
L and quasi quadratic Lie algebras will play an important role (see Section 2 for
definitions, properties and examples).

Next, we denote by p, € S(L) the fundamental semi-invariant of L, i.e. the greatest
common divisor of the Pfaffians of the principal ¢ x ¢ minors of the structure matrix
B = ([z;,x]) € M,(R(L)) where t = rank B [O6, 2.6]. It is well-known that L is
singular if and only is py, ¢ k [OV, p.307].

1.1 The Poisson algebra S(L) and its center
The symmetric algebra S(L), which we identify with k[zi,...,z,], has a natural
Poisson algebra structure, the Poisson bracket of f, g € S(L) given by:

Y\ af Oy

{f,g}:;;[l“i,xj]&—xia—% (2)
The Poisson center Y (L) of S(L) coincides with the subalgebra S(L)L of invariants
of S(L). We say that L is coregular if Y (L) is a polynomial algebra over k.
Let A be a Poisson commutative subalgebra of S(L) (i.e. {f,g} =0forall f,g € A).
Then it is well-known that trdeg, (A) < ¢(L). A is called complete if equality holds
and strongly complete if it is also a maximal Poisson commutative subalgebra of
S(L). According to Sadetov there always exists a complete Poisson commutative
subalgebra of S(L) [Sal.

In 1999 Milovanov raised the following interesting open question, which has been
verified for some low-dimensional Lie algebras [Kol], in particular for all complex
nilpotent Lie algebras of dimension at most seven [O5], see also [Ko2]. In this paper
the conjecture is shown to hold for the filiform Lie algebras of type L,,, Q,, R,, W,
(Theorem 8.6) as well as for all filiform Lie algebras of dimension < 8 (Corollary

9.3) It is also verified for various solvable Lie algebras we will come across.



The Milovanov conjecture.
For any solvable Lie algebra L there exists a complete Poisson commutative subal-

gebra M of S(L) generated by elements of degree at most two.

1.2 The maximal abelian dimension «(L)

This is by definition the maximum dimension of all abelian subalgebras of L. Note
that the dimension of a maximal abelian subalgebra of L may be strictly smaller
than (L) [O2, Example 1], [BC, Example 2.2]. Furthermore, if L is solvable then

there is always an abelian ideal of L with dimension a(L) [BC, Proposition 2.6].

a(L) is an interesting invariant for L. Already in 1905 Schur proved that
a(gl(n, ©)) = [n2/4] + 1

where [ ] is the greatest integer function [Sc, p.67]. In 1944 Jacobson generalized
this by replacing C by any field [J, p.434]. In 1998 Mirzakhani, gave a one-page
proof, by induction on n, of Schur’s result [Mir]. We will also provide a short proof
by making use of the magic number (Corollary 6.10). See also [Co, G, K, SVVZ,
WLJ. In 1945 Malcev completely determined the abelian subalgebras of semi-simple
Lie algebras [Ma].

Table 1. The invariant o for a simple Lie algebra L

L dim L a(L)
Apn>1 nn+2)  [(2)7
Bs 21 5

Byn>4 n(2n+1) b4
Con>2 n(2n+1) 2ot
Dyn>4 n@2n-1) "ol

2
Gs 14 3
F 52 9
Es 78 16
Er 133 27
Ey 248 36

Later on, Kostant [K], Suter [Su| and Panyushev [P] studied the abelian ideals of a
Borel subalgebra of L.
Over the years the invariant «(L) and its general properties have drawn much at-

tention for various reasons. Several bounds on «(L) have been found depending



on the nature of L. For instance, (v8n+9 — 3)/2 < «(L) if L is solvable and
(vV8n+1—1)/2 < a(L) if L is nilpotent, where n = dim L [BC, C, CT, Mill, Mil2,
Mil3, Mo, R, St].

A useful algorithm has already been established in order to compute (L), in partic-
ular for all indecomposable solvable Lie algebras of dimension at most 6 and for all
indecomposable nilpotent Lie algebras of dimension at most 7. The same technique
was also employed to determine « for the following Lie algebras: the n-dimensional
Heisenberg Lie algebra H,, and T, (respectively N, ) the Lie algebra of all n x n
upper (resp. strictly upper) triangular matrices [BNT1, BNT2, C, CNT1, CNT2,
CNT3, T]. However shorter proofs can be given (Proposition 6.7, Theorem 6.9 and
Corollary 6.10) by making use of the following simple observation, which seems to
have been ignored in the literature.

For any Lie algebra L the following holds:

i(L) < (L) <c(L) (3)

To show the first inequality, just take a regular linear functional £ € L*. Its stabilizer
L(&) is an abelian subalgebra of L [D1.11.7]. Hence, i(L) = dim L(§) < a(L). See
[O2, Theorem 14] for the second inequality. We will encounter a few examples for
which i(L) = (L), for instance g5 4, sl(2, k), sl(3, k), Examples 5.4 and 6.4. On the
other hand, the equality (L) = ¢(L) happens more frequently. In that case there
is a commutative subalgebra P of L such that dim P = ¢(L), in other words P is a
commutative polarization (CP) with respect to any regular £ € L*. These CP’s play
an important role in the study of the irreducible representations of the enveloping
algebra U(L) and their kernels, the primitive ideals of U(L) [EO]. Moreover, S(P)
is a strongly complete Poisson commutative subalgebra of S(L), in particular it con-
tains the Poisson center Y (L) of S(L). Clearly S(P) is a polynomial algebra over
k, generated by elements of degree one, so in this situation Milovanov’s conjecture
is trivially satisfied. Also R(P) is a maximal, Poisson commutative subfield of R(L)
[O2]. CP’s often appear in low-dimensional solvable Lie algebras and even more so
in the nilpotent case. For instance in the list of the 159 indecomposable nilpotent
Lie algebras up to dimension 7 (a family is counted as one member) only 28 do not
possess a CP [04, O5]. Rudolf Rentschler discovered that each Lie algebra L of these
28 exceptions still admits an abelian subalgebra H of L of dimension ¢(L)—1. More-
over if Y(L) ¢ S(H) then the Poisson commutative subalgebra M = S(H)Y (L) is
complete in S(L). This led us to introduce the following definition.



1.3 Rentschler’s property

We say that a Lie algebra L satisfies Rentschler’s property (R-property for short) if
L either admits a CP or an abelian subalgebra H of dimension ¢(L) — 1. In other
words a(L) > ¢(L) — 1.

Remark. Let H be an abelian subalgebra of L of dimension ¢(L) — 1. Then
M = S(H)Y (L) is a complete Poisson commutative subalgebra of S(L) if and only
if Y(L) ¢ S(H) (however M is not necessarily strongly complete. See 2.2, Example
3). Suppose in addition that L is coregular without proper semi-invariants (or more
generally satisfying the Joseph-Shafrir conditions [O6, Definition 17]) and that

3i(L) +2degpy, = dim L + 2dim Z(L)

Then Y (L) is generated by elements of degree at most 2 [O6, Corollary 19] and
hence the same holds for M.

An n-dimensional Lie algebra L satisfies the R-property if

1. L is indecomposable and nonsolvable with n < 7. There are only 3 exceptions
if n = 8 (Theorem 4.1).

2. (i) L is solvable with n < 6 (Theorem 5.2 (1)).
(ii) n = 7, L is solvable but not quasi quadratic (Theorem 5.2(2)). The latter

condition cannot be removed (Example 5.4).

3. (i) L is nilpotent with n <7 (Theorem 6.2(1)).
(ii) n = 8, L is nilpotent but not quasi quadratic (Theorem 6.2(2)). The latter

condition cannot be removed (Example 6.4).
4. L is metabelian with dim[L, L] > 2 and n < 9 (Theorem 7.4).

5. L is filiform with n < 11 (Theorem 8.7) as well as those of type L,, Q,, R,
and W, (Theorem 8.6).

The existence of CP’s is not limited to low-dimensional Lie algebras [EO], so the
same holds a fortiori for the R-property. (Lemma 3.2, Proposition 4.2, Example
5.6, Theorem 6.6, Proposition 6.7, Theorem 6.9, Corollary 7.2, Proposition 8.5 and
Theorem 8.6).



In section 9 we determine, case by case, the Poisson center (among other things) of
all complex filiform Lie algebras g of dimension at most eight, since it is a useful tool
for the construction of complete Poisson commutative subalgebras of S(g) (see 9.2).
This allows us to verify Milovanov’s conjecture in this situation (Corollary 9.3). We

use MAPLE for the less trivial calculations.

2. The Frobenius semiradical F'(L) of L and quasi quadratic
Lie algebras [O3]
Let L be a Lie algebra. Its Frobenius semi-radical F'(L) is defined as follows:

P(L)= ) L)
§€LTeg
F(L) is a characteristic ideal of L containing the center Z(L) of L and F(F (L)) =
F(L). Moreover,

F(L)=0 < L is Frobenius (i.e. (L) =0 [O1])

F(L) can also be characterized as follows:

The Poisson center Y (L) is contained in S(F(L)) and F(L) is the smallest subal-
gebra of L with this property in case L is an algebraic Lie algebra without proper
semi-invariants.

If L admits a CP P then F'(L) C P and hence F/(L) is commutative in this situation.

We call L quasi quadratic if F(L) = L. Such Lie algebras have no proper semi-
invariants. In particular they are unimodular, trdeg,Y (L) = i(L) and R(L)* =
Q(Y (L)) (i.e. the quotient field of Y(L)). They form a large class containing all
quadratic Lie algebras (i.e. those equipped with a nondegenerate, invariant symmet-
ric bilinear form), in particular all semi-simple and abelian Lie algebras. However in
the nilpotent case they are rather rare (for instance there are only 5 indecomposable

ones in dimension 7 [O5, p.111]).

Finally, assume that L is quasi quadratic.
(i) If L is solvable and nonzero, then Z(L) # 0.
(ii) If L is nilpotent with dim L > 2 then dim Z(L) > 2.

2.1 Remark

A number of years ago Mustaphe Rais kindly sent us an unpublished manuscript by



André Cerezo [Cer], in which the soul (resp. the rational soul) of a Lie algebra L is
introduced and studied. This is the smallest Lie subalgebra of L whose enveloping
algebra (resp. enveloping quotient division ring) contains the center Z(U(L)) (resp.
Z(D(L))). It is not hard to see that the rational soul of L coincides with F(L) in
case L is algebraic.

2.2 Examples

Each of the following Lie algebras L is quasi quadratic. Only the first two are
quadratic. Since F(L) = L is not commutative, L does not admit a CP. Hence
a(L) < ¢(L) — 1 by formula (2)). By exhibiting an abelian subalgebra H of L of
dimension ¢(L) — 1, we may conclude that L satisfies the R-property and also that
a(L) = c¢(L) — 1. Below we will use the following abbreviations: i = i(L), ¢ = ¢(L),
a=al),Y =Y(L), p=p, and M will be a complete, Poisson commutative
subalgbra of S(L).

(1) Dy, the Diamond Lie algebra with basis ¢, z,y, z and nonzero brackets:
[th] =, [t>y] =Y, [Iay] =z

D, is solvable and quadratic. It is the smallest solvable, nonabelian quasi

quadratic Lie algebra. D, will be generalized in Example 5.6.

(2) L = g5.4 with basis 1, 9, 3, T4, 5 and nonzero brackets
[Il, 372] = I3, [Il, 373] = Ty, [172>173] =I5

L is nilpotent and quadratic.
i =3, ¢c=4,p =1 H = (x3,14,25) is abelian, « = 3 =i = ¢ — 1.
Y = ]{?[1’47255,{1,’% + 25(71255 — 2LU2.§(74], M = S(H)Y = k[$3,$4,$5,l’1l’5 — 1’21’4] iS

strongly complete.

(3) Let L be the 6-dimensional Lie algebra with basis x1, s, ..., xs and nonzero
brackets:
(21, 2] = —x9, [T1, 23] = 223, (11, 14] = =214, [21, T5] = T35,

(22, 23] = X5, [2, ¥5] = w6, 13, 14] = .
i=2,c=4,p=1. Lissolvable and H = (x4, x5, z¢) is abelian, « = 3 = ¢—1.
Y = k[xzg, f] where

f= :B4x§ + ToZsxg — 2X3T4Te — x1x§



M = S(H)Y = ]{J[I4, T, Tg, (1’2.]75 — 25(735(74 — xlxﬁ)x6]

which is complete but not strongly complete while the following
M, = k[wy, 5, 6, D205 — 20324 — T176]

is strongly complete and the Milovanov conjecture holds.

(4) Let L be the 7-dimensional Lie algebra with basis z1, xs, ..., x7 and nonzero
brackets:
(21, T2] = 9, (21, 23] = —x3, (1, 25] = —x5, [11, 26] = X6,
(22, T4] = g, [T2, 5] = @7, [3, W4] = —5, [23, 76| = —77

1=3,c=0,p=1
L is solvable and H = (x4, x5, x6, z7) is abelian, « =4 = ¢ — 1.

Y = k[z7,h, g], [ = 2506 — a7, g = 127 + T225 + T3%6

M = S(H)Y = k[$4,x5,$6,$7,g]

(5) L = Lgs (see [O3; O6, Example 54]) with basis h, z,y, e, €1, e2 and nonzero
brackets:
[h, x] = 2z, [h,y] = =2y, [x,y] = h, [h,e] = eo,
[h,e1] = —eq, [x,e1] = eq, [y, e0] = €1, [0, €1] = €.
i=2c=4,p=1. H = (x,eq,ey) is abelian and « =3 = ¢ — 1.
Y (L) = kley, f] where f = ea(h? + 4zy) + 2(eperh + €2 — ey),
M = k[z, e, €2, f].

3. Preliminaries

Lemma 3.1. [BC, p.3]
(1) Let H be a subalgebra of L. Then a(H) < a(L).

(ii) Suppose L = Ly @ Ly is a direct product. Let A; (resp. Ay) be an abelian
subalgebra of L; (resp. L) of maximum dimension. Then A = A; @ A, is an

abelian subalgebra of L of maximum dimension. In particular,

Oé(L) = Oé(Ll) + Oé(Lg)

Lemma 3.2.

Any n-dimensional Lie algebra L with ¢(L) > n — 2 satisfies the R-property.



Proof. We may assume that L is not abelian, i.e. i(L) < n. Hence i(L) =n — 2
and ¢(L) = (n+n —2)/2=n— 1. By formula (3

n—2=1iL)<a(l)<c¢L)=n-1

Consequently, a(L) >n—2=¢(L) — 1. O

Lemma 3.3. Let H be a subalgebra of L of codimension one. Then,
(i) If L admits a CP P then H satisfies the R-property.

(ii) If H admits a CP @ then L satisfies the R-property.

Proof. First we recall from [EO, Proposition 1.6] that we have either i(H) = i(L)+1
(ie. c(H)=c(L))ori(H)=1(L)—1 (ie. ¢(H)=c(L)—1).

(i) P is a commutative subalgebra of L with dim P = ¢(L). There are two cases

to consider:

(1) P C H. Then ¢(L) = dim P < ¢(H) < ¢(L). Therefore dim P = ¢(H),
ie. Pisa CP of H.

(2) P¢ H. Then PN H is a commutative subalgebra of H and
¢(L)y—1=dimP —-1=dim(PNH)<c(H)<c(L)

There are 2 possibilities:

(2a) dim(PNH)=c¢(H),ie. PN H isa CP of H.
(2b) dim(P N H) # ¢(H). Then ¢(H) = ¢(L) and dim(PNH) = ¢(L) — 1 =
¢(H) — 1. Hence H satisfies the R-property.

(ii) @ is a commutative subalgebra of H with dim @) = ¢(H) < ¢(L). We have to

consider 2 cases:

—~

[a—

—
o)

—~

=

~
I

¢(L). Then dim @ = ¢(L) and @ is a CP of L
(2) ¢(H)=1c¢(L)—1. Then dimQ = ¢(H) = ¢(L) — 1.

We may conclude that L satisfies the R-property. U



Remark 3.4. Let H be a abelian subalgebra of L with dim H = ¢(L) — 1.

(i) If feY(L)but f ¢ S(H) then S(H)k[f] is a complete Poisson commutative
subalgebra of S(L).

(ii) If F(L) C H then M = S(H)Y (L) is not complete
(Indeed, Y (L) C S(F(L)) C S(H) and so M = S(H)).

Proposition 3.5.

Let L be an algebraic Lie algebra without proper semi-invariants. Assume that H
is an abelian subalgebra of dimension ¢(L) — 1, which does not contain F'(L). Then
M = S(H)Y (L) is a complete, Poisson commutative subalgebra of S(L).

Proof. Suppose Y (L) C S(H). Then the second characterization of F'(L) (see
Section 2) asserts that F'(L) C H, which contradicts our assumption. Therefore
Y (L) ¢ S(H), which implies that M is complete. O

The following shows that the condition on the proper semi-invariants cannot be

omitted.

Example 3.6.

Let L be the algebraic Lie algebra with basis z, y, z and nonzero brackets [z, y] =y
and [z, z] = z. Then i(L) =1, ¢(L) =2, Y (L) =k, F(L) = (y, 2).

Now, take H = (z); which is an abelian subalgebra of L with dim H =1 = ¢(L) — 1.
Clearly F(L) ¢ H. On the other hand, M = S(H)Y (L) = k[z] is not complete.

In the following situation the condition that F'(L) ¢ H is automatically satisfied.

Proposition 3.7
Assume that L is nonsingular (i.e. py = 1) without proper semi-invariants. Then
any abelian subalgebra H of L of dimension ¢(L) — 1 does not contain F'(L).

Proof. Suppose F(L) C H. Then dim F(L) < dimH = ¢(L) — 1 and F(L) is
abelian. Since L is nonsingular the latter implies that F'(L) is a CP of L [O5, The-
orem 22]. In particular, dim F'(L) = ¢(L). Contradiction. O

Lemma 3.8.

Assume that each (n — 1)-dimensional, n > 2, solvable (respectively nilpotent) Lie

10



algebra satisfies the R-property. Then the same holds for any n-dimensional solvable

(resp. nilpotent) Lie algebra L which is not quasi quadratic.

Proof. First we see that L # F(L) since F(L) is quasi quadratic (as F(F(L)) =
F(L)). Being solvable, L admits an ideal H of codimension one containing F(L).
By [EO, Proposition 1.6(4)] ¢«(H) = i(L) + 1 which implies that ¢(H) = ¢(L). By
assumption H satisfies the R-property, i.e. a(H) > ¢(H) — 1. Finally we observe
that

c(Ly—1=c¢H)—1<a(H)<al)

We will now study the occurrence of the R-property in various Lie algebras.

4. The nonsolvable case
First we note that sl(2, k) is the only semi-simple Lie algebra with the R-property.

Theorem 4.1.
The R-property holds for each indecomposable, nonsolvable Lie algebra L of dimen-

sion at most seven. In dimension eight there are 3 exceptions, one of which is si(3, k).

Proof. We verify this for each member of the list [O6, pp. 125-136], see also
[OAV, pp.554-580]. First we look for a C'P in L. If this does not exist it suffices to
find an abelian subalgebra H with dim H = ¢(L) — 1.

(i) dim L < 7.

sl(2,k) (H=(h),i=1=a=c—1) (quadratic),

Ls (H = (eg,e1),i=1,a =2 =c— 1) (quasi quadratic),

Ls1 (H = (eg,e1,€2),i =2, =3 =c— 1) (quadratic)

Lss (H = (z,e0,€2),i =2, = 3 = c— 1) (quasi quadratic). This is Example (5) of

Section 2.

Les (H = (eg,e1),i =0, =2 =c— 1) (Frobenius)
L7y (H = (eg,e1,ez,e3),i=1,a=4=c)
L7y (H = (eg,e1,e2,e3),i=1,a=4=c¢)
L;7 (H = (eg,e1,e2),i=1,a=3=c—1)
L;s (H = (eg,e1,e2),i=1,a=3=c—1)
L;g (H = (z,ep,e9),i=1l,a=3=c—1)

11



(if) dim L = 8.
L871 (H = <€0,€1,€2,63,64> 1= 2 a=5=c

)
L872 (H <60761a €2, €3, €4> 1= 2,04 =5= C)
1
1

Ls13 (H = (x,eq,€2,€3),i =2, = 4 = c— 1) (quasi quadratic)

Ls1y (H = (x,e9,€9,63),i =2,a=4=c—1)

Ls15 (H = (x,eq,62,63),i =2, = 4 = ¢ — 1) (quasi quadratic)

Lg17 (H = (eq, €1,€2,€3),i = 2, = 4 = ¢ — 1) (quasi quadratic)

Ls19 (H = (eo, €1,€2,€3),i = 0, = 4 = ¢) (Frobenius)

Ls oo (a # —1) (H = (eg, €1,€2,€3),1 = 0,a = 4 = ¢) (Frobenius)

Lgoy (a=—1) (H = (eg,e1,e2,e3),i =2, =4 = ¢ — 1) (quasi quadratic)
Lso1 (H = (eg,e1,€0,€3),i =2, a0 =4=c—1)

Lsos (H = (eg,e1,€a,€3),i =2, 0 =4=c—1)

Lsos (H = (x,e9,€9,63),i =2,a=4=c—1)

Lsos (H = (eg,€1,62,63),i =2,a=4=c—1)

Lsos (H = (eq,€1,62,63),i =2,a=4=c—1)

Lgor (H = (x,e0,€2,€3),i =2,a =4 =c—1)

Lgos (H = (eo, €1, €2,€3),i =0, = 4 = ¢) (Frobenius)

Lgoy = sl(3,k) = As, i = 2, ¢ = 5. From the first row of Table 1 we see that

o= [%] =2 <4=c—1. So, sl(3, k) does not have the R-property.

The same is true for the following. Indeed,

Ls16 (H = (eo,€1,€2), i =2, c=5, a =3 < ¢ — 1) (quasi-quadratic)

Ls1s (H = (e, €1,62), 1 =2, c=5, « =3 < ¢ — 1) (quasi-quadratic) O

In [EO] we studied the occurrence of CP’s in various Lie algebras. In particular
we have

Proposition 4.2 [EO, p.142]

Let g be simple and V' an irreducible g-module with dimg < dim V. Consider the
semi-direct product L = g V. Then V is a CP of L. So L satisfies the R-property.

5. The solvable case

Lemma 5.1. Let L be an n-dimensional solvable Lie algebra with minimal index
(i.e. i(L) =0 (or 1) if n is even (or odd)). If n < 10, n # 9 then L satisfies the
R-property.

Moreover, L admits a CP if in addition L is Frobenius with n < 6.

12



Proof. Since L is solvable we obtain from the Introduction that
1
]5(\/871 +9-3)[ < (L) <c(L)

where we denote by |z[ the least integer greater than or equal to the real number x.
Now, from Table 2 below we deduce that

a(L) =¢(L) if i(L) =0 (i.e. L is Frobenius) and n <6
(which means that L contains a CP) and also that:

a(L)>c¢(L)—1ifn<10,n#9

in other words the R-property is satisfied. 0
Table 2
n (2 34567 89 10
i(L) 0101 0101 O
c(L) 1 2 2 3 3 4 4 5 5
]%(\/8n+9—3)[ 12 2 2 3 3 3 3 4

Theorem 5.2. Let L be solvable of dimension n.
(1) L has the R-property if n < 6.

(2) Let n = 7. Then L has the R-property if one of the following conditions is
satisfied:

Proof. We may assume that L is not abelian.

(1) First we suppose that n < 5. Then the result follows from Lemma 5.1 and
from Lemma 3.2 since i(L) is either minimal or is equal to n — 2.
Next, take n = 6.
Then the case i(L) = 0 or i(L) = 4 can be treated in the same way as above.

In the remaining case that i(L) = 2 we observe that

3 :]%(\/8n+ 5 3)[ < a(L) < (L) = 4

ie. (L) >3=c¢(L)—1.

13



(2) n="7

e If i(L) # 3 then the result follows at once from Lemma 5.1 and from
Lemma 3.2 since we have either i(L) =1 ori(L) =5=n—2.
e If L is not quasi quadratic, then it suffices to combine (1) with Lemma

3.8 UJ

Corollary 5.3.
Any 7-dimensional solvable Lie algebra with trivial center satisfies the R-property.

The following shows that condition (ii) of Theorem 5.2 cannot be removed.

Example 5.4.

Let L be the solvable Lie algebra with basis x1, ..., 27 and nonzero brackets:
(1, 23] = —x3, [11, 26] = X6, [T2, T4] = —24, [T2, 5] = x5, [T3, 6] = X7, [T4, 5] = 27.
L is quasi quadratic (but not quadratic) and H = (x5, zs,x7) is abelian. Also

a(L) =3 =i(L) and ¢(L) = 5, p, = 1. So, L does not have the R-property and
Proposition 3.5 is not applicable. However, by [JS, 5.7], [O6, Theorem 29]

Y (L) = k[zr, f, g] where f = x127 — 2326 and g = xowy — 45

and M = S(H)Y (L) = klxs, 6,27, f,g] is still a complete Poisson commutative
subalgebra of S(L). Moreover, it clearly satisfies Milovanov’s conjecture. We now
want to demonstrate that M is also strongly complete. Take & € L*. Using the fact
that de(x) = x for all x € L we see that

de(f) = §(z1)z7 + 218(27) — E(23)T6 — 3E(256)
de(g) = E(w2) 7 + 126 (27) — E(T4) 75 — T4E(5)

Next we consider the Jacobian locus of the generators of M:

J = {{e€L"| x5 2 x7,de(f),de(g) are linearly dependent}
{€e L | &(xs) = §(w6) = E(a7) = 0}

Clearly, codim J = 3 > 2. By combining [PPY, Theorem 1.1] and [PY, 2.1] we may
conclude that M is strongly complete. O

Example 5.5.
Let B be the Borel subalgebra of a simple Lie algebra of type Bs. We know that

14



dim B =12 and i(B) = 0 (so B is Frobenius), ¢(B) = 6 and «(B) = 5 by Table 1,
see also [EO, p.146; Su]. Hence, B does not have a CP, but the R-property holds.

Example 5.6. The generalized diamond Lie algebra D,, (n even)
Let H be the (2m + 1)-dimensional Heisenberg Lie algebra with canonical basis
X1y ey Ty Y1y - - - » Ym, 2 and nonzero brackets: [z;,y;] =z, 1 =1,...,m.
Next consider the semi-direct product D,, = kt & H, where t is the derivation of H,
defined by

t(z;) =4, t(y;) = —yi,i=1,... ,mand t(z) =0
and where n = 2(m + 1).
Then D, is solvable and quadratic. Indeed D, admits a nondegenerate, invari-
ant, symmetric bilinear form b given by the following nonzero entries b(t,z) = 1,
b(xiy;)) =1,i=1,...,m
One verifies that i(D,) = 2 and ¢(D,,) = m + 2. By [O6, Theorem 52]

Y(DTL> = ]{I[Z, f]7 where f =tz+xT1Y1 + ...+ TmYUm

f is the Casimir of D, w.r.t. b. D, being quadratic, is also quasi quadratic
and so does not possess any CP’s; i.e. a(D,) < ¢(D,) — 1. On the other hand,
A = (Y1,...,Ym, 2) is abelian with dimA = m + 1 = ¢(D,) — 1. Consequently
a(Dy) = ¢(Dy) —1=m+1= % and D, has the R-property.

Finally, M = S(A)Y(D,) = k[y1, ..., Ym, 2, ] is a strongly complete Poisson com-

mutative subalgebra of S(D,,), which satisfies the Milovanov conjecture.

6. The nilpotent case

Lemma 6.1. Let L be a n-dimensional nilpotent Lie algebra with minimal index
(i.e. i(L) = 11if nis odd and i(L) = 2 if n is even). If n < 11, n # 10 then L
satisfies the R-property. Moreover, L admits a CP if n < 7, n # 6.

Proof. Since L is nilpotent we know from the Introduction that

]%(m — 1) < (L) < ¢(L)

Now, from Table 3 below we deduce that:
a(L)=c(L)ifn<T7andn #6

which means that L admits a CP. We also notice that

a(l) >ce(L)—1ifn<11,n# 10
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which implies that L satisfies the R-property. 0

Table 3
n \234567891011
i(L) 21 21 21 21 2 1
(L) 2 2 3 3 4455 6 6
3(V8n+1-1)[|2 2 3 3 3 4 4 4 4 5

Remark. There exist 6-dimensional nilpotent Lie algebras of index 2 without CP’s.
For instance gg 15 (# 21 of [O4]) and ge20 (# 28 of [O4]).

In (1) of the following we give a proof for Rentschler’s case by case observation

mentioned in the Introduction.

Theorem 6.2. Let L be nilpotent of dimension n.

(1) If n <7 then L satisfies the R-property

More precisely:
(a) a(L) = c¢(L) if F(L) is abelian.
If in addition L is nonsingular then F'(L) is the only CP of L.
(b) a(L) =c(L) —1if F(L) is not abelian.

(2) Now assume that n = 8. Then L satisfies the R-property if one of the following
holds:

(i) (L) # 4.
(ii) (L) =4 and L is not quasi quadratic.
Proof.

(1) By Theorem 5.2 and Lemma 3.8 it suffices to show that any 7-dimensional
quasi quadratic nilpotent Lie algebra L satisfies the R-property. We may
assume that L is not abelian. Then L does not possess a CP (i.e. a(L) <
c¢(L) — 1) and i(L) > dim Z(L) > 2 (see Section 2). Consequently, we have
either (L) =5 or i(L) = 3.

(i) If i(L) = 5 we are done by Lemma 3.2 and in this situation a(L) =5 =
i(L).
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(ii) Now suppose i(L) = 3. Then ¢(L) = 5 and so we need to construct a
4-dimensional abelian subalgebra H of L. This is easy if dim Z(L) = 3
(simply take H = Z(L) & kw with w € L\Z(L)).

So we may assume that dim Z(L) = 2, say Z(L) = (y,2). Let Z;(L) be

the next ideal of the upper central series i.e.
Zi(L)={z e L|[L,z] C Z(L)}

Then Z(L) g Zy(L) as L is nilpotent. Choose v € Z,(L)\Z(L) and con-
sider a subspace U of L such that

U® (v,y,2) =1L
Then there are A\, u € U* such that
[, v] = ANu)y + p(u)z for all u € U

Since dim U = 4 we can find a nonzero u € U such that A(u) = 0 = p(u),
ie. [u,v] =0.

Finally H = (u,v,y, z) is a 4-dimensional abelian subalgebra of L. Note
that a(L) = 4 = ¢(L) — 1. The remainder of (i) follows directly from [O5,
p.93].

(2) (i) i(L) # 4. We may assume that L is not abelian. Hence either i(L) = 2
or i(L) = 6 since n = 8. In the first case it suffices to apply Lemma 6.1

and in the second case Lemma 3.2.

(ii) Now the result follows from (1) combined with Lemma 3.8. O

Corollary 6.3 Let L be an 8-dimensional nilpotent Lie algebra with dim Z (L) = 1.
Then L satisfies the R-property.

The following example shows that condition (ii) in Theorem 6.2 cannot be removed.

Example 6.4. Let L be an 8-dimensional nilpotent Lie algebra with basis x4, ..., zg
and nonzero brackets:

[ﬂfl,Is] = ¢, [551,934] = Ts, [171,1'5] = I, [$2,I3] = Ts,

(o, 4] = x6, X2, x6] = 7, [T3,25] = 8, [T4, T6] = Xs.

L is quasi quadratic (but not quadratic).

H = (x5, 4,7, xg) is abelian. (L) =4 =i(L) and ¢(L) = 6. Hence the R-property
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is not valid here.
Y (L) = k[z7, xs, f, g] where f = x128 — 1327 + T5T6, g = T2 + 22915 — 27427 + T2
M = S(H)Y (L) = kx5, x6, 7, x5, T1X8 — T3X7, Takg — T427|, Which is strongly com-

plete. Clearly L satisfies Milovanov’s conjecture.

Example 6.5. Let L be the 8-dimensional Lie algebra with basis zq,...,xs and
nonzero brackets:

(21, 2] = 5, [21, T3] = X6, [T1, W4] = W7, [T1, 5] = — 8, [W2, T3] = s,

(9, 4] = xg, [0, x6] = —27, (T3, 24] = —15, [¥3, 5] = —X7, [24, T6] = —s.

L is characteristically nilpotent [DL] of index 2, with center Z(L) = (z7,xs). Since
i(L) = 2 =dim Z(L) L is square integrable and F(L) = Z(L). This implies that
Y(L) = S(Z(L)) = k[zy,x5). By [EO, Remark 4.2(b)] L does not have any CP’s,
ie. a(L) < ¢(L) =5. On the other hand, H = (x5, x¢, v7,xs) = [L, L] is abelian
and dimH = 4 = ¢(L) — 1. So, the R-property holds and a(L) = 4. Note that
F(L) = Z(L) is contained in H. Therefore S(H)Y (L) = k[x;, z6, x7, x5] is not com-
plete. However put f = z12x7 + 2923 — x3w8 — x4w7. Then M = klxs, x6, x7, x5, f] 18
a strongly complete, Poisson commutative subalgebra of S(L). Clearly, L satisfies

tha Milovanov conjecture.

Theorem 6.6. [EO, Theorem 6.2]
Let L be a simple Lie algebra of type A or C', P a parabolic subalgebra of L. Then
the nilradical of P admits a CP.

We can now easily rediscover the value of a(L) for some standard Lie algebras.

As a bonus we will obtain a short proof for Schur’s formula (Corollary 6.10).

Proposition 6.7.

Let H, be the standard n-dimensional Heisenberg Lie algebra with basis

1y ooy Ty Y1y -+ Ym, 2 (S0 = 2m + 1) with nonzero brackets [x;,y;| = z, i =
1,...,m. Then

P = <y17"'aymaz>
is a CP of H,, and therefore a(H,,) = m + 1.

Proof. It is easy to see that i(H,) = 1 and ¢(H,) = 2m+1+1)/2 = m + 1.

On the other hand P is a commutative ideal of H,, of dimension m + 1 and hence is
a CP of H,,. ]
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Lemma 6.8.

(1) Let N be the nilradical of a solvable Lie algebra L. Then a(N) = a(L).

(2) Let B be a Borel subalgebra of an arbitrary Lie algebra L. Then a(B) = «(L).
Proof.

(i) a(N) < a(L) since N C L. Being solvable, L admits an abelian ideal A such
that dim A = «(L) [BC, Proposition 2.6]. But N is the greatest nilpotent
ideal of L. Therefore A C N and so a(L) = dim A < «(N). Consequently,
a(N) = a(L).

(2) a(B) < a(L) since B C L. Next, we take an abelian subalgebra A of L such
that dim A = «(L). In particular, A is a solvable subalgebra of L and therefore

it is contained in a Borel subalgebra B; of L. Hence
a(L) =dim A < a(B;) = a(B)

The latter equality is valid because B and B; are isomorphic [TY, Theorem
29.4.7]. We may conclude that a(B) = «a(L). O

Theorem 6.9.
Let N, be the Lie algebra of all n x n strictly upper triangular matrices, which we

consider as the nilradical of the standard Borel subalgebra B,, of si(n, k). Then,

(i) N, admits a CP-ideal P and a(N,,) = [n?/4], (which is clearly equal to ¢* if
n = 2q and equal to ¢(¢g+ 1) if n =2¢+ 1)

(i) a(N,) = a(B,) = a(sl(n, k)) = [n?/4]

In particular P is also an abelian subalgebra of B,, (and of si(n,k)) of maximum

dimension. Note that the latter equality proves the first row of Table 1.

Proof.

(i) N, is spanned by the standard matrices E;;, i <1i < j < n and B, is spanned
by the same E;;’s together with E;; — Ej;, 1 <i < j <n. Put ¢ = [n/2] and
consider the following abelian ideal of N,, (see [O3, p.285]):

P=(E;|1<i<q¢q+1<j<n)
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Clearly, dim P = q(n — ¢q). We claim that P is a CP of N,, (so this is a special
case of Theorem 6.6). We only have to check that dim P = ¢(N,,). It is well
known that (N, ) = ¢ [O3, Theorem 4.1].

Hence, ¢(N,) = (dim N,, +i(N,))/2 = (3n(n — 1) + q) /2
So, if n = 2¢q then
o(Nu) = (920 = 1) +q)/2=¢" = q(n— q) = dim P
On the other hand, if n = 2¢ + 1
c(Na) = ((2¢+ 1)+ a)/2=q"+q=qlg+1) = q(n —q) = dim P

We may conclude that P is indeed a CP of N,, and also that a(N,,) = ¢(N,,) =
[n?/4] by the above.

(ii) This now follows directly from (i) and Lemma 6.8. O

Corollary 6.10.
Let T,, be the Lie algebra of all n x n upper triangular matrices with coefficients in
k. Then «(T,) = [n?/4] + 1 = a(gl(n,k)) and kI, & P is an abelian subalgebra of

maximum dimension of both 7;, and gl(n, k).

Proof. Clearly, T,, = kI, ® B, and gl(n,k) = kI, ® sl(n,k) are direct prod-
ucts. Hence by (ii) of Lemma 3.1 kI, @ P is an abelian subalgebra of maximum

dimension of both of them and

a(Ty) =1+ a(By) =1+ [n?/4] = 1 + a(sl(n, k) = a(gl(n, k)

7. The metabelian case
The following is a slightly rephrased version of [Mil3, Theorem 2.

Theorem 7.1.

Let L be an n-dimensional metabelian Lie algebra (i.e. [L,L] C Z(L)) with ¢t =
dim[L, L] > 2. Then L contains an abelian subalgebra of dimension s = [(2n + % +
t)/(t+2)] (i.e. a(L) > s). If L is generic in the sense of [Mil3, Definition 1] then L
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does not contain any (s + 1)-dimensional abelian subalgebra (i.e. a(L) = s).

Corollary 7.2.
Let L be a metabelian Lie algebra with ¢t = dim[L, L] = 2 and (L) = 2 or 3. Then
L admits a CP.

Proof.

(1) First suppose i(L) = 2. Then n = dim L is even, i.e. n = 2q for some integer
q. Hence, ¢(L) = (dim L 4+ i(L))/2 = (2¢ + 2)/2 = ¢+ 1. By the previous
theorem

a(l) > [(2n—l—t2+t)/(t—|—2)]:[(4q—|—4+2)/4]:[q—|—1+%]=q+1:c(L)

By formula (3) a(L) = ¢(L) which implies that L has a CP. Note that in this
situation L is square integrable (i.e. dim Z(L) = i(L)) and [L,L] = Z(L).
Indeed, 2 = dim[L, L] < dim Z(L) < i(L) = 2.

(2) Next assume that ¢(L) = 3. Then dim L is odd, i.e. dim L = 2¢ + 1 for some
integer ¢q. Hence ¢(L) = (dim L +4(L))/2 = (2¢+1+3)/2 = ¢+ 2.
By the previous theorem «(L) > [(2n+t*+1)/(t+2)] = [(4g+2+4+2)/4] =
l[¢+2] = q+2=c(L). Consequently, «(L) = ¢(L) and so L contains a CP.[J
Example 7.3. [YD] Consider the 8-dimensional metabolism Lie algebra L, with
basis x1,...,xs and nonzero brackets [xy,zs] = x7, [, 23] = xs, [v3,24] = a7,
(24, x5) = 23, [T5, 6] = T7.
Clearly, L is metabelian since [L, L] = Z(L) = (7, xs), which is 2-dimensional.
i(L) =2 and ¢(L) = 5.

So, L contains a CP, namely (1, x3, x5, x7, Ts).

Theorem 7.4.
Let L be an n-dimensional metabelian Lie algebra with ¢t = dim[L, L] > 2. Then L
satisfies the R-property if n < 9.

Proof. We know that
2 <t<i(g)(x) and s < a(L) < (L)

where s = [(2n + t2 +t)/(t + 2)] by Theorem 7.1.
Clearly it suffices to show that ¢(L) — s < 1. By (1) of Theorem 6.2 we only need

to consider the cases n = 8 and n = 9.

21



(1) n = 8. Then i(L) is even and we may assume that 2 < i(L) (by Corollary
7.2) and also that i(L) <n —2 =6 (by Lemma 3.2). Therefore i(L) = 4 and
c(L)=(8+4)/2=6.

By (x) there remain inly 3 cases to examine:

(la) t=2. Then ¢(L) —s=6—[22/4]=6—-5=1
(1b) t =3. Then (L) —s =6 — [28/5] = 6 — 5 = 1
(lc) t=4. Then ¢(L) —s =6 —[36/6] =6—-6=0

(2) n=9. Then (L) is odd and i(L) > 3 (by (*)) and also that i(L) <n—2=7
(by Lemma 3.2).

So i(L) is 3 or 5 and we have to treat the following cases:
(2a) t =2, i(L) = 3. Now use corollary 7.2.
(2b) t =2,4(L) = 5. Then

o(L)—s=T=[24/4] =7—6=1
(2¢) t =3, i(L) = 3. Then

(L) —s=6-1[30/5]=6—-6=0
(2d) t = 3, i(L) = 5. Then

o(L)—s=T7-1[30/5]=7—6=1
(2¢) t =5, i(L) = 5. Then

e(L)y—s=T7—1[48/7]=7—-6=1.

8. The filiform case

Definition 8.1 Consider the descending central series of L
CYL)=L,C*(L)=[L,L],...,C"(L) = [L,C""*(L)],...

which satisfies [C*(L),C’(L)] ¢ C**I(L), 4,5 > 1.

An n-dimensional Lie algebra L is called filiform if dim C*(L) =n —i,1=2,...,n.
In particular C"(L) = 0 (and thus L is nilpotent) and Z(L) = C" (L) is 1-
dimensional.
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Proposition 8.2 [V, p.92], [B, p.24]

For any filiform Lie algebra L there exists a so called adapted basis x1, s, ..., 7,
with the following brackets, the undefined brackets being zero:

[z, 2] = xi41,1=2,...,n—1

(T3 2] € (@igjy - xp) 1,5 > 2,047 <n

[Ti1, Tni]) = (—i)laz,, 1 <i<n-—1

with a certain a € k, which is zero if n is odd.

Moreover, the brackets [z;, x;] for i, 7 > 2 are completely determined by the brackets

i, wipa] = Y ayzy, 2<i < [n/2)
j=2i+1

It is also easy to see that
C*(L) = (w3, 24, ..., Tp),...,C(L) = (Tig1, ..., Tp),...,C" L) = (x,).

Example 8.3. The standard filiform Lie algebra L,,.

This is the filiform Lie algebra with basis x1,...,z,, n > 3 with nonzero brackets
[z, 2] =241, 1 =2,...,mn— 1.

i(L,) = n—2and ¢(L,) = n—1. Clearly P = (x9,23,...,2,) is a CP, which
coincides with F'(L,) if n > 4. Moreover L, is coregular if and only if n < 4 [OV,
Example 1.7], [O6, Theorem 51].

Proposition 8.4. See [C, Proposition 3.2], [BC, Proposition 5.6]

Let L be an n-dimensional nonstandard filiform Lie algebra. Let m be the smallest
integer such that C™(L) is abelian. Then C™(L) is the unique abelian ideal of L of
maximum dimension.

In particular, a(L) = dim C™ (L) = n — m. Furthermore,
m = max{i | [x;,x;+1] # 0}

where x4, ..., x, is an adapted basis of L.

Proof. (of the last statement only)

Consider C™ (L) with its basis @y, i1, - - -, Tn. As C™(L) is abelian, the struc-
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ture matrix M = ([z;,2;]), i,j = m,...,n of C™ (L) is given by:

Tm LTm+1 P Tn
T, 0 [Ty g1 o [T, T
Tt | —[Tm, Tt ] 0 . 0

Since [z, xs41] = 0, s > m + 1, it suffices to show that [z,,, z,11] # 0. So, let us
suppose that [2,,, Ty41] = 0. Then we can show that [z, Tpyr] = 0,7 =1,...,n—m
by induction on r. This is clear if r = 1. Next take r > 2 and assume that

[Ty Tiar] = 0.
Then
0 = [xla [Zlfm, xm—i—r]] = Hxla Im]a xm—i—r] + [xma [Zlfl, xm—i—r]]
= [xm—l—l’ xm+r] + [l’m, xm—l—r—l—l] = [l’m, xm—l—r—l—l]

the first term being zero because C™(L) is abelian. Consequently M = 0, i.e.

C™ (L) is abelian, which contradicts the assumption of the proposition. O

Proposition 8.5.

Let L be an n-dimensional filiform Lie algebra. Put ¢ = [(n + 1)/2]. Then
H = C" (L) is a ¢g-dimensional abelian ideal of L, i.e. a(L) > q.

Assume in addition that L has minimal index , then L satisfies the R-property. More

precisely:
(1) If i(L) =1 (so n is odd) then H is a CP of L and a(L) = q.

(2) If i(L) = 2 (so n is even) then dim H = ¢ = ¢(L) — 1 (but the existence of a
CP is still possible, see (3b) of Theorem 8.6).

Proof. Let xiy,...,74-1,%¢, T¢11,...,%, be an adapted basis of L. We have to

consider 2 cases

(1) nisodd. Thenn =2¢—1and n—q = ¢—1. Tt turns out that H = C* (L) =
(g, Tgi1s ..., Tp) is a g-dimensional abelian ideal.
Next we assume in addition that i(L) = 1. Then

c(L)y=(n+1)/2=(2¢q—1+1)/2=qg=dim H

Therefore H is a CP of L.
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(2) n is even. Then n = 2¢q and
H=C"L)=CUL) = (xgs1,---,Tpn)
which is a ¢g-dimensional abelian ideal of L since
[H, H] = [C(L),C(L)] € C*(L) = C"(L) =0

Now assume in addition that i(L) = 2. Then ¢(L) = (2¢ +2)/2 = q + 1.
Hence, dim H = g = ¢(L) — 1. O

Theorem 8.6.

Let L be filiform of one of the major types L,, @,, R, and W,, [GK, p.111], [O6,
pp.120-121]. Then the R-property holds. In fact L,, R,, W, admit a CP. Further-
more, a(L,) =n—1, a(Q,) =n/2, a(R,) =n —2, «(W,) = [(n+2)/2]. Also, the

Milovanov conjecture is valid for L.

Proof.
(1) The case where L is type L, has already been done in Example 8.3.

(2) Suppose L is of type Q.

Basis: z1,...,x,, n = 2q
Nonzero brackets: [z1,2;] = i1, 1 =2,...,n—2
and [xja xn—j-l-l] = (_1)]'-1-11.”’ ] = 27 - 9.

Note that our basis differs slightly from an adapted basis. Put { =z} € L*.
it is easy to see that £ is regular and that L(§) = (x1, z,,).

Then i(L) =dim L(§) =2 and ¢(L) = (n+2)/2 = ¢+ 1.

By Proposition 8.5 L satisfies the R-property. More precisely, H = C9(L) =
(Tgt1, - .- Ty) is an abelian ideal of L and dim H = ¢ = ¢(L) — 1.

So a(L) > ¢(L) — 1. Furthermore,

F(L) = (x1,23,...,2,)

Indeed, [L,L(¢)] C [L,F(L)] C F(L). Hence z1,23,...,z, € F(L). On the
other hand, the centralizer C(z,_1) = (z1,23,...,2,) is of codimension one.
This implies that F'(L) C C(x,-1) by [EO, Propositions 1.9 and 1.6].

Since F'(L) is not commutative we deduce that L has no CP’s, i.e. o(L) < ¢(L).
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Hence a(L) = ¢(L) — 1 =q.
From [O6, Theorem 51] we know that Y (L) = k[x,, f] where

q
f = 2I1$n + (—l)qﬂxg“ + 2 Z(—l)il’il’n_i+2
i=3

We observe that F(L) ¢ H (as ;1 € F(L)\H).
Using Proposition 3.5 we may conclude that M = S(H)Y (L) = k[zg41, - - -, Tn, f]
is a complete (it is even strongly complete) Poisson commutative subalgebra
of S(L), generated by elements of degree at most two. Hence L satisfies the
Milovanov conjecture.

For the remaining cases it suffices to point out a CP.

Suppose L is of type R,.

Basisof L = x1,...,2,,n > 5

Nonzero brackets: [z1,2;] = 41, ¢ = 2,...,n — 1; [22,25] = Tj40, J =
3,...,n—2. One verifies that i(L) =n—4 and ¢(L) = (n+n—4)/2=n—2.
On the other hand C?*(L) = (w3, 24, ..., T,) is an abelian ideal of L of dimen-
sion n — 2 = ¢(L) and so is a CP of L. In particular, a(L) =n — 2.

The last equation can be obtained directly by using Proposition 8.4. Indeed

a(L) =n—max{i | [x;,zi41] #0}=n—2

Suppose L is of type W,,.
Put ¢ = [(n +1)/2]. Then we claim that

H = Cq_l(L) = (Tg, Tgi1,- -, Tn)

is a CP of L.
First, we see that £ = x) € L* is regular.

We distinguish 2 cases:

(4a) nis odd (i.e. n=2q —1)
Then L(§) = (x,) and so i(L) = dim L(§) = 1, ¢(L) = ¢q. Hence the claim
follows from (1) of Proposition 8.5. In particular, a(L) = g = [(n+2)/2]
(4b) n is even (i.e. n = 2q).
Then L(§) = (x4, x,,) and so i(L) = 2, ¢(L) = ¢+ 1. By direct verification
we see that
H=CT L) = (x4, Tgs1,- -+, Tn)
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is abelian of dimension 2¢ — (¢ —1) =g+ 1 =¢(L), i.e. Hisa CP of L
and a(L) = ¢+ 1 = [(n+2)/2]. O

Theorem 8.7.
Let L be an n-dimensional filiform Lie algebra. Then L satisfies the R-property if
n <11.

Proof. This is clear if n < 7 by (1) of Theorem 6.2 and if n = 8 by Corollary
6.3.

1)n=09

The condition holds if i(L) = 1 by Proposition 8.5 and also if i(L) = 7 by Lemma
3.2. So only the cases where i(L) = 3 or 5 remain.

By [B, Example 2.4.9] L has an adapted basis 1, ..., x9 such that the brackets are
given by (the undefined brackets are zero):

my = [T, 2] = Tip1, 1 =2,...,8.

Moy = |T2, T4| = G25%6 + A26T7 + Q278 + A28 %9
Moy = (T2, T5] = (ags — agr)wr + (a6 — ass)xs + (azr — azg) g
Mo = (T2, Te| = (a2 — 2a37)xs + (a6 — 2a3s)Tg

Mys = [Ty, T5] = A19Tg
The Jacobi identity holds if and only if the parameters a;; € k satisfy the following

equation:

a4g(2a25 + CL37) - 3&%7 =0 (J)
The structure matrix M = (m,;;) with respect to the basis z1,...,z9 is given in
Table 4.
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Table 4.

1 To T3 T4 Ts Tg Ty T g
Ty 0 T3 T4 Ts Tg T Ty T9 O
To | —T3 0 23 Moy Mos Mos Moy 0 0
T3 | —T4 —Ma3 0 m34 M35 M3e 0 0 0
Ta | —Ts —Moa —Msy 0 Mas 0 0 0 O
Ts | —Tg —Mos —Msgs —Mys 0 0 0 0 O
Te | —X7 —Mag —Msg 0 0 0 0 0 0
T7 | —r8g  —mMor 0 0 0 0 0 0 0
Tg | —T9 0 0 0 0 0 0 0 0
g | O 0 0 0 0 0 0 0 O

(1a) i¢(L) = 3
Then rank M = dim L—i(L) = 9—3 = 6 by formula (1), while ¢(L) = (9+3)/2 = 6.
Clearly,

04(L) = <I57 Xe, L7, T8, Z'g)

is an abelian ideal of L of dimension 5 = ¢(L) — 1, i.e. the R-property is valid.

(1b) (L) =5
Then rank M = dim L —i(L) =9 — 5 = 4, while ¢(L) = (9+5)/2 = 7. Tt suffices

to show that mys = 0, i.e. as9 = 0. Because then
03(L) = <Zl§'4, X5, L6, X7, T8, l’g)

is an abelian ideal of L of dimension 6 = ¢(L) — 1.

So, let us suppose that as9 # 0. Now, consider the following submatrix of M:

Ze X7 Ty g
B— Mas Mags Moy 0
mss 13g 0 0

mys 0 0 0

Then rank B < 2 since rank M = 4 and by the special form of M. This implies
that Mog = M3ze = Moy = O, ie. g5 = 2@37, Qas7 = Q49, Ag5 — 3@37 + aq9 = 0. Hence
ags = 2a49, az7 = ag9. Substitution in (J) gives 0 = ayg(dasy + as9) — 3a2y = 2a3,.

Contradiction.
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(2) n = 10

The R-property holds if i(L) = 2 by Proposition 8.5 and also if (L) = 8 by
Lemma 3.2. So, the remaining cases are i(L) = 4 or 6.

By [B, p.70] L has an adapted basis 1, ..., 219 such that the brackets are given by
(the undefined brackets are zero):

my; = [ZL’l,IZ‘] = Tij+1, 1= 2,...,9.

Q95 — A37)T7 + (ag6 — ags)xs + (a2r — asg)rg + (ass — as10)T10
ags — 2a37)xs + (a6 — 2ass) g + (agr — 2a39)T10
95 — 3a37 + Aa9) Ty + (age — 3ass + ()10

ass — dasy + 3agg)T10

o~ o~~~

a37T7 + 388 + A39T9 + A3,10T10
a37Tg + A38T9 + 39710

(asy — as9)xg + (azs — pt)x10

mgr = [x3, 7] = (asr — 2a49)x10
Mag = |T3,Tg| = A\T10

Mys5 = [T4, T5) = A49Ty + UT10
Mye T4, Tg) = A49T10

my7 = T4, 377] = =Mz

ms6 = [T5, T6] = AT10
The Jacobi identity holds if and only if the parameters satisfy the following equa-

tions:

)\(2&25 — asy — a4g) =0 (Jl)
CL49(2CL25 + a37) — 3@%7 =0 (J2)
)\(2@27 + CL39) — ,u(2a25 + a37) — 3@49(@26 + CL38) + 7a37a38 =0 (J?))

The structure matrix M = (m;;) with respect to the basis z1,..., 210 is given in
Table 5.

29



Table 5.

1 M) T3 Ty Ts Tg T s Tg T10
T 0 T3 T4 Ts Te T Ty Tg T1g 0
€2 —I3 0 ma3 Moy Mas Mae U Mog  —AT1p 0
T3 | —Ty —Mag 0 34 mss ms3e mas7 AT1g 0 0
Ty | —X5  —Moy  —Mzy 0 Mas  Mag  —AT190 0 0 0
Ty | —Tg —Maos —Ma3s —Mus 0 A1 0 0 0 0
Tg | —T7 —Maog —M3g —Myg —AT1g 0 0 0 0 0
T7 | —xg —Maor —M3r ATy 0 0 0 0 0 0
rg | —Tg —Mag —Aqg 0 0 0 0 0 0 0
Tog | =10 AT1o 0 0 0 0 0 0 0 0
T 0 0 0 0 0 0 0 0 0 0
(2a) i(L) = 4

Then rank M = dim L —i(L) = 10—4 = 6 by formula (1), which implies that A = 0.
Also, ¢(L) = (10+4)/2 =T1.
Clearly,

C4(L) = <Zl§'5, Xe, X7, T8, Ty, I10>

is an abelian ideal of L of dimension 6 = ¢(L) — 1, i.e. the R-property holds for L.

(2b) (L) =6

Then rank M = 10 — 6 = 4. Hence A = 0. Also, ¢(L) = (10 + 6)/2 = 8. It suffices
to show that mys = [x4,25] = 0. Because then mygs = [z4, x6] = [71,m45] = 0 and
thus

C3(L) = <$4a X5, Le, L7, T8, L9, le)

is an abelian ideal of L of dimension 7 = ¢(L) —1. Hence the R-property is satisfied.
So, let us suppose that mys # 0.
Because rank M = 4 and by the special form of M we see that

Tg T7  X10
0 = det mss Mg 0 = (m35m46 - m36m45)9310

Myas Mys 0

Hence mssmuag = masgmus, i.e.

(asrs + assTo + azo%10)aa9%10 = [(ag7 — aa9)T9 + (ass — p)x10)(as9r9 + p1210)
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From the identification of the coefficients we obtain:

_ 2 _
azrazg = 0, azrazg — Qg = 0, asgasg = (@38 - M)M

It follows that as9 = 0. Hence p # 0 (since 0 # mys = pwyo) and so azg = p. From
(J2) we get agr = 0, indeed 3a3; = ayg(2ass + azr) = 0. Moreover, (J3) now reduces
to p(2ags + asr) = 0 and thus ags = 0.

Next, rank M =4 and A = 0 imply that

T g T
—My5Mor X109 — det Mos  TMNoy 0 =0
mMys 0 0

Therefore mo; = 0. In particular ass — 3ass + pu =0, i.e. as = 2.

Since rank M = 4, the following 6 x 6 submatrix of M has a zero determinant.

0 I3 Ty 5 T  T10
—I3 0 Mmag Moy Moz 0
—Ty —Moa3 0 msqs  mzs 0O
—r5 —moy —mzg 0 myz 0
—Tg —maos —m3s —Mys 0 0

—Z10 0 0 0 0 0

It follows that

0 mMos Moy Maos
—d —Mag 0 m34 M35 o 2
0 = det = (Maamss — MasMgs — Ma3Mas)
—mgy —m3zy 0 mys

—Mas —Mags —Mmys 0
Therefore, moymss = mogmsy + Mmogmys.
Taking into account that as9 = az7 = ass = 0, asg = p, ase = 2. we obtain:
(2027 + agrxs + assTy + axT10)(UT9 + az9T10) =
(s + (agr — asg)xg + (a2s — as.10)10](1Ts + as9e + a3 10%10)+
(206 + 2727 + agsTs + a20Tg + A2,10710) LT 10
Comparing the coefficients of x7x9 (or of xgx19) of both sides, we get 2u? = 0. Con-

tradiction.

B)n=11

The proof, which uses the same approach as above, is quite long and therefore it
will be omitted. 0
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9. The Poisson center and Milovanov’s conjecture for filiform
Lie algebras of dimension < 8(k = C)

Let g be filiform of dimension n > 8. By Theorem 8.7 it satisfies the R-property.
The Poisson center Y (g) of g is not only an interesting object in its own right, but
for us it is a sueful tool in the construction, as outlined in 1.3, of a complete Poisson
commutative subalgebra M of S(g). It turns out that M (or sometimes a slight
enlargement of M) will be generated by elements of degree at most two, i.e. the
Milovanov conjecture is valid for g. If n < 7 this has been established already [O4,
O5]. Assume n = 8. We recall from [O6, Proposition 50| that:

g is coregular < i(g) = 2

In case i(g) = 2 we will exhibit algebraically independent generators of Y (g).
However, if i(g) > 4, i.e. Y(g) is not polynomial, exhibiting the generators of Y (g)
becomes quite complicated (see e.g. [O5, Example 27]). Therefore we will only
provide algebraically independent generators of the quotient field Q(Y (g)) of Y(g)
by using a technique due to Dixmier [O5, Theorem 31].

Let us now illustrate this by the following:
Example 9.1. g = gso())

(1) A # 1.
Basis: x1,x9,..., 23
Nonzero brackets: [z1,2;] = xj41, 7 =2,...,7, [2, 23] = Ave+x7, [T2, T4] = Av7+2s8,

[1'2,1'5] = ()\ — 1)1’8, [[L’g, 1'4] = I3.
Clearly ¢ = xf € g* is regular, g(¢) = (v6,27) and F(g) = (xg, x7,xs). Therefore,
i(g) = dimg(§) = 2 and ¢(g) = (84 2)/2 = 5. Since xy,..., 25 is an adapted basis

of g we obtain from Proposition 8.4 that
a(g) = 8 — max{j | [%’»%’H] #0}=8-3=5

and b = C3(g) = (x4, x5, T, T7, 13) is abelian with dim b = 5 = ¢(g). Consequently,
hisa CP of g.
One verifies that p, = 22 and xs, f = 2625 — 22 € Y (g).
Using the claim of the proof of [O6, Theorem 45] we get at once that Y (g) = k[zs, f].
But this can also be seen as an application of [JS, 5.7], [O6, Theorem 29|, since
i(g) =2 and

degags +deg f=3=5—2=c(g) — degp,
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Finally, M = k[xy, x5, x¢, x7, 23] is a strongly complete Poisson commutative subal-
gebra of S(g) because h = (x4, x5, x4, x7, x5) is a CP of g. So Milovanov’s conjecture

is trivially satisfied.

(i) A =1.

Basis: x1,x9,..., 23

Nonzero brackets: [z1,2;] = 241, 1 =2,...,7,

(9, 23] = x6 + X7, (X2, 4] = 27 + T8, [T3,24] = Ts.

Clearly £ = xf isregular, g(&) = (zy—x3, x5, x6, 3) and F(g) = (xa, 3, T4, T5, T, T7, Ts),
which is not abelian, so there are no CP’s.

i(g) =dimg(§) =4 > 2, so Y(g) is not polynomial, ¢(g) =6, py = 1.

As above we see that a(g) =5 = ¢(g) — 1 and also that

b = Cg(Q) = <x4,$5,$6,$7,$8>

is abelian of dimension 5. The following invariants:

s,

f1 = 2x6w8 — l’%a

fo = 3xs5x? — 360708 + T3,

f3 = 10(zo—x3)22 — 10232708+ 10747608+ 1024 0728 — D28 — 20506 T8 + 20207 — AT 502
= 10(zoxs — w378 — T327)28 + ¢,

where g = 10x4z628 + 10247708 — Briwg — 2057678 + 22207 — 42522 € S(h),

are algebraically independent generators of Q(Y (g)) by [O5, Theorem 31].

Note that f3 € Y(g)\S(h). By (i) of Remark 3.4

S(b)k[f?)] = k[$473€57$6,x7,3€87f3]
= klvg, w5, 76, 77, 78, (T228 — T35 — T37) T3]

is a complete, Poisson commutative subalgebra of S(g).
The same is true for

M = k[ZE4, X5, Te, X7, T8, LaLyg — L3y — ZE31'7]

which satisfies the conditions of Milovanov’s conjecture. M is also strongly com-
plete. Indeed, consider the Jacobian locus J of the generators of M.

Then J = {€ € g* | €(xr) = 0 = £(ax)}.

Clearly codim J = 2. The result then follows from [PPY, Theorem 1.1] combined
with [PY, 2.1].
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9.2. The list of filiform Lie algebras of dimension n < 8

Our primary aim is to exhibit generators of the Poisson center Y (g) (or in some
cases only of its quotient field Q(Y (g))) of each member g if the list

Secondly we will produce, among other things, a polynomial, complete Poisson

commutative subalgebra M of S(g), generated by elements of degree at most two.

o If n < 7 we will simply select the filiform Lie algebras from the list of all
indecomposable nilpotent Lie algebras of dimension at most seven [04, O5].
See also [GK, pp.58-62].

e If n = 8 our list is based on the classification of [GJK]. See also [AG].

Notation and abbreviations:

x1,...,x, will be a basis of g, n < 8.

SQ.I. = square integrable, i = i(g), ¢ = c(g), p = pg, F = F(g), @ = a(g), h is an
abelian ideal of g with dimbh = «a(g), €V = C(g), Y =Y (g), Q(Y) = Q(Y (g)).

in<5

1. g3 (=1 of [O4]) = L3
(21, x2] = x3.
SQL i=1,¢c=2p=ux3, F=(r3),a =2, = (x9,23) = CP,
Y = k[zs], M = k[zs, x3].

[$17$2] = X3, [x17x3] = T4.
i=2c=3,p=1,a=3, F=(xy,23,24) = h =CP,

Y = klzy, 23 — 2x914], M = k[zo, 73, 74].

3. 956 (=6 of [O4]) = R;
(21, xa] = x3, [1, T3] = 4, [T1, 24] = x5, [T2, 23] = 75
SQIL,i=1,c=3,p=a% F=(x5),a=3,h=C?= (x3,24,75) = CP,
Y = k[zs], M = k[zs, x4, x5).

4. g55 (=8 of [O4]) = Ls, not coregular
(1, x9] = x3, [x1, 23] = 24, [T1,24] = 5.
i=3,c=4,p=1, a=4, F = (x9,x3,24,25) = h = CP
Y = klzs, f1, fa, fs], f1 = 2as5 — x5, fo = 3waa? — 3wg2475 + T

f3 = 92222 — 18%9x3w475 + 6975 + 8735 — w302
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Relation:  f + fZ —22f3 =0, Q(Y) = k(zs, f1, fa),
M = k[x2,$3,x4,x5].

(ii)n=26
5. 96,18 (:21 of 04]) = QG

[$1,$2] = I3, [%;333] = T4, [$1,$4] = Ts, [$2,$5] = Tp, [$3,f1&’4] = —Ts-
i=2,c=4, p=uwg F = (v1,23, 14,75 26); no CP’s, a« = 3,
h=C3= (x4,75,76), Y = klzg, 13 — 22375 — 271 7¢).

M = ]{3[1’4, Ts, Tg, L3Ts + flfll’(g].

6. g617 (=26 of [O4])
(21, 22] = 3, (21, 23] = 24, |71, 4] = 75, [21, T5] = W6, [72, 73] = 6.
i=2,c=4,p=uxs F = (x4,257), a =4, h = C?* = (23,14, 75, 76) = CP,
Y = k[zg, 22 — 2x46], M = k[z3, 14, T5, T6).

7. oo (=27 of [04]) = Ry
(21, T2] = 3, (21, 23] = 24, [71, 4] = 25, [21, T5] = w6, [72, 23] = X5,
(g, 4] = .
i=2c=4,p=1a=4,F = (13,124,705 76) = h = C? = CP,
Y = klzg, 22 — 3vyz506 + 3w372], M = klxs, 14, T35, T6)].

8. go20 (=28 of [04])
(21, 22] = 3, (21, 23] = T4, |71, 74] = X5, [0, T3] = @5, [72, T5] = 6,
(3, 24] = —.
i=2c=4,p=1, F = (x,x3,24,75,26), no CP’s, o = 3,
h=C3 = (x4, x5, 76),

Y = klzg, 223 + 3wixe — 6320506 — 6117%], M = k|24, 75, T, T3T5 + T176].

9. gs16 (=25 of [O4]) = Lg, not coregular
(1, xo] = x3, [1, 23] = 4, [T1, 24] = x5, [21, 5] = X6.
i=4,¢c=5p=1, F = (xy,23,14,25,26) = CP =1, a = 5,
Y = klzg, f1, fo, f3, fa], f1 = 22 — 2x476, fo = 22 — 3wawsze + 3372,
fs = x5 + 20w — 235,
f1= 223 + 61222 + 92216 — 12797426 — 637475,
Relation:  f} — f3 = 3agfifs + 23 fs =0, Q(Y) = k(x, f1, fo, f3).
M = klzy, x3, x4, T5, T¢).

n==717

7.a g is coregular
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10.

11.

12.

13.

97,1.1(i)s A 7# 0,1 (= 30 of [O4])

[$1,I2] = I3, [Il,l’s] = Ty, [I1,964] = Ts, [$1,$5] = Te, [%;336] = &7,

(9, 23] = x5, 2, 4] = w6, [T2, 5] = Ax7, [T3, 4] = (1 — N)27.
SQIL,i=1,c=4,p=a3, F=(x;),a=4,=C%= (x4, 75,76, 27) = CP,
Y = k[zq], M = klzyg, x5, 6, 7).

g7,1.164) (= 31 of [O4])

[ﬂfl,Iz] = T3, [I1,933] = T4, [5171,1'4] = Ts, [37171175] = Tg, [Il,l"ﬁ] =7

(29, 5] = 27, |23, 24] = —27.

SQL,i=1,c=4,p=a3 F={(x7),a=4,0=C>= (x4, 25, 26,77) = CP,
Y = k[zq], M = klzy, x5, 26, 7).

g7.01 (= 83 of [O5])

[$1,I2] = I3, [Il,l’s] = T4, [I1,964] = Ts, [$1,$5] = Te, [%;336] = &7,

(g, 23] = xg, [T, 4] = 7, [T2, 5] = 27, [13, 4] = —27.
SQIL,i=1,c=4,p=a3 F=(x;),a =4, §=C3= (x4, 25,76, 77), = CP,
Y = k[zq], M = klzyg, x5, 6, 7]

g7.1.4 (= 106 of [O5])

[!131,1172] = T3, [I1,933] = T4, [5171,!134] = Ts, [!131,1175] = Tg, [Il,l"ﬁ] = T,
(29, 23] = X6, [T, x4] = T7.

i=3,c=5p=1a=>5 F = (13 14,75 36, 27) = C>=4h=CP,
Y = k[wy, 22 — 2x476 + 20377, 22 — 2x507], M = k[23, 14, 75, T4, 7]

7.b g is not coregular

14.

15.

9702 (= 153 of [O5])

[$1,I2] = I3, [I1,$3] = T4, [I1,964] = Ts, [$1,$5] = Te, [$1,$6] = &7,
(g, 23] = x5 + 7, [T2, 4] = 6, [T2, 5] = 27.
i=3,c=5p=1a=>5 F = (13 14,75 36, 27) =h =C*=CP,
Y = klz7, f,9,h], f = 2} — 3wsw677 + 31472,

g =g — drsxivy + 2002 + Avgwer? — 2xkx2 — dwsxd + dxsd,
h=(f*— g3 —622f%g) /3, relation: f*— g3 —622f%g — a3h =0,
QYY) = k(xr, f,9), M = klz, x4, 25, ¥6, 27].

9703 (= 141 of [OB])

(21, T2] = w3, (21, 23] = 24, |71, 4] = 25, [21, T5] = w6, [71, 26] = 27,
(29, 23] = w6 + 27, [22, 24] = 27.

i=3,c=5p=1,a=>5F = {x3,14,75 36, 77) = = C*=CP,
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16.

17.

18.

19.

Y = klwr, f,9,0], f = 2§ — 2527,

g = 2x3 — 3xixy + 6247677 — 6253677 — 62372 + 6472,

h=(4f% = g%) /s,

relation: 4f3 — g2 —axsh =0, Q(Y) = k(x+, f,9), M = klxs, x4, x5, T6, 77|

g7.1.6 (: 137 of [05])
[$17$2] = I3, [%;333] = X4, [$1,$4] = Is, [331,%] = Tp, [%;336] = 7,
[!132>5173] = Z7.

1= 3a c= 5a b=, F = <$47$5ax6ax7>a a = 5a b = CZ = <$3ax4ax57$67$7> =

Y = ]{?[LC?, f?gv h’]7 f = J}'% - 2'1:5'1:77 g = x% - 3.]:51‘61‘7 + 31’4.]}'%,
h = (f%— ¢g*)/22%, relation: f* — g*> — z2h =0,
Q(Y) = k’(!)ﬁ'7,f, g)a M = k[$3,1’4,$5,$6,1’7].

97,113, 0=1) (= 151 of [O5]) = R;

(21, 2] = w3, 21, 3] = 24, (21, T4] = X5, [T1, T5] = w6, [71, 26] = 27,
(29, 23] = x5, [T2, x4] = g, |2, T5] = 7.

i=3,c=5p=1a=>5 F = (13 14,75 36, 27) = h =C*=CP,
Y = klze, f,9,h], f = 2} — 3wsweryr + 3403,

g = xg — dasrive + 20kad + dwgwen? — dwsad, b= (f* — ¢%) /a3,
relation: f* —¢* —23h =0, Q(Y) = k(z+, f, g),

M = k[[lfg, Ty, X5, Te, 1'7].

g771_1(,~/\), A=0 (: 155 of [05])

[!131,1172] = T3, [551,933] = Ty, [5171,!134] = Ts, [!131,1175] = Tg, [551,936] = T,
(29, 23] = x5, [T2, 4] = g, |23, 4] = 7.

i=3,c=5p=1, F = (xg,x3,24, 5,26, 27), no CP’s,

a=4, b= (4,15 06, 77) = C>

Y = klzr, f, g, h], f = x5 — 2w527,

g =2x3 — 10z523207 + 15227622 — 15240573 + 152370675 — 157077,
h = (4f° — ¢g*)/23, relation: 4f° — g* — x2h = 0,

Q) = k(er, £,9),

M = k[$4,$57 Te, L7, L3Le — $2$7]-

gras (= 159 of [05]) = Ly

(21, T2] = 3, (1, 23] = 24, [T1, 74] = 75, [71, 5] = 6, [71, W6] = 77
i=5c=6,p=1 a=06, F = (xg,x3,14,75,26,07) = h = CP,
Y = k[f1, fo, .-, fass 1 = 27, fo = 0§ — 2x527,
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f3 = xp — 3wsw6T7 + w422, f1 = T2 — 2w476 + 27377,
f5 = 2x42% — 216 + v4T577 — HT3TET7 + Hox? are algebraically independent
over k, Q(Y) = k(fl,f2,f3,f4>f5), M = k[ZE2,$3>I4>I5,1'6,1'7]-

n==8

8.a g is coregular (i.e. i(g) = 2)

20.

21.

22.

23.

gs.1(A)
[.7}1, J]

(g, 23] = x5 + Az, [x2, :1:4] = T + A7, [T2, 5] = 3x7 + Axg, |19, x6] = D,
[0, 7] =

i=2,¢c=5p=1, F = () — x9,x3, 14, Ts5, Tg, T7, Tg), N0 CP’s,
a=4,b=C"= (x5, 26,77, 78), Y = klag, f],

f=akzl -2\ — 10)zsz72i + (N + 2)2d2d — 12060205 — dwsalag

Tjt1, J=2,...,7,

Ts, (3, 4] = =27, (T3, T5] = —2x8, [T3,T6] = —s, [T4,25] = 5.

+2x3wrws — 2050623 + 377 + 2139, where
g = x3%7 + bryxys — wywe + (N — 10)z478 + T108 — oy — D3T3y,

M = kf[l'5, Zg, L7, T8, g]

gs2(A # 0)

[z1, 2] =2j41, 1 =2,...,7,

(g, 23] = T + A7, [X2, 4] = x7 + Ag, [T9, 5] = X3, |22, 27| = w3,
(23, x6] = —xg, [24, T5] = 5.

i=2,¢c=5,p=us, F= (11— 19,3, 14, %5, T¢,T7,Tg), no CP’s,
a=4,b=C"= (x5, 6,77, 78), Y = klag, f],

[ = 3xkrs + 3xixg — 2023 — 651708 + 6ATETTTE — 6AT5TE + 6189
where g = (r7 — 22)Ts — T4T6 + T3T7 + T4T8

M = klzs, x¢, x7, T3, g].

[If A =0 then p = 2% and f = 22 + 22 — 2z527 + 2g].

gs.3
[xlvxj] = xj—l—lv .] = 27 E) 77
[$2,$3] = X7, [$2,$4] = Ts, [$2,$7] = g, [$3,$6] = —Is, [$4,$5] = Ig.

i=2,¢c=5,p=us, F=(r1 — 19,23, 14,5, T¢,T7,xg), no CP’s,
o = 4a h = 04 - <z5ax6ax7>$8>a Y = k‘[[lfg,f],
f = 3x2xg — 223 — 6w502 + 6xg2708 + 6139 Where

g= ($1 - $2)$8 — X4 + w337, M = k[x57x67x77x87g]'

Osa = Qs
(21, 25] =201, 1 =2,...,7,
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24.

25.

26.

27.

(o, x7] = xg, |23, 26] = —x3, [T4, 25] = 8.

i=2,¢c=5p=ai F = (r) — 29,3, 4,5, T, T7,Ts), no CP’s,
a=4,b=C"= (x5,6,77,75), Y = klxs, f],

f =2+ 2g where g = (v — 22)Ts + 1377 — T476

M = kf[[lf5, Zg, L7, T8, g]

gs5(A # 1,2)

(1,25 =201, =2,...,7,

(9, 23] = x5, 29, x4] = Axg, |22, 5] = (A — 1)a7 — s,

(22, k6] = (N — 2)xs, [x3, 24] = 27 + @3, |73, 75] = 8.
i=2c=5p=1F = (x5 26 77,28) = C3>=h=CP, a =5,

Y = klzs, f], [ = 12z623 + 3(A — 1)a? — 12(\ — 2)z4xd + 62323
+12(\ — 2)z52d + 4\ — 2)zdrg — 12(\ — V)zgriag — 12(\ — 2)xgrra’
+12(\ — 2)z5wr2d — 62223, M = k[z4, x5, T6, 77, T3]

[If A =1 then p = zg and

f= 6:)36:E§ — 6:)35:E§ + 61’4!)3% + 3:)3%:)38 + 6xrgr7Ts — 3:17%938 — 2:)3§]

gs5(A =2)

[Ty, 2] =i, 1 =2,...,7,

(o, 23] = 225, X2, 24| = 216, [T2, 5] = 27 — T,
(x5, x4) = 27 + @3, |3, 25] = 5.
i=2¢c=5,p=ux2— 2xev3 — x3, F' = (4,77, 78),
a=5,b=C3= (v4,z5 16, v7,78) = CP,

Y = ]f[xg, 2$6$8 - x%]a M = k[$4, X5, Te, L7, $8].

gs6(A # 1,2)

[Ty, 2] =i, 1 =2,...,7,

(g, 23] = x5, 29, 24] = Axg, |22, 25] = (A — 1),

(9, x6) = (N — 2)xs, [T3,24] = 27, [73, 5] = .

i=2,c=5p=1, F = (14,15 36, 77,28) = C> =h = CP,

a=>5Y = klxs, f]

[ =4\ —2)zgxd — 2 222 — 4\ — 2)z5w722 + 4(\ — 1)wea2ag — (A — 1)27,
M = klzy, x5, 26, T7, T3]

[If A =1 then p = x2, f = 2z478 + 72 — 22577

gs6(A =2)
[xlvxj] = Tj41, .] = 27 . '777

(9, 23] = 225, X2, 4] = 2w, (T2, 5] = X7, X3, 24] = 27, |23, 75] = w5,
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28.

29.

30.

31.

i=2 c=5,p=_2xe3 — 12, F = (w6, 77, 28), @ = 5,
b = Cg = <$4,$5,$6,$7,$8> = CP7

Y = kg, 2678 — 22|, M = k[zy, 75, 76, T7, T8].

gs.7
[xlvxj] = xj—i—lv .] = 27 E) 77
(T2, 3] = w6, [Xa, X4] = 27, (X2, T5] = —27 + s, (T2, x6] = —2u5,

[!133>5174] = Zr, [ZE3,935] = I,
i=2c=5p=1a=5 F = (x4 x5 16 x7,28) = C>=h=CP,
Y = k[l‘g, f], f = 825425% — 81‘51’71’% + 41’61‘%1’8 — LIZ‘%,

M = ]{5[1'4, X5, X6, X7, aj8]-

gs.8(A)

(21,25 =211, 1 =2,...,7,
(9, 23] = x5 + Ax7, (X2, 4] = w6 + A5, [T2, 5] = 27 — s,
(22, 26| = s, [73, 74] = 75,

i=2,¢c=5p=uas, F=(v5,x6 27, 28), @« =5,

h = C3 = (x4, x5, 16, 27, 78) = CP,

Y = klzs, f], f = 6(x5 + x6) 22 — 6x67778 — 30218 + 203,

M = ]{5[1'4, X5, X6, X7, aj8]-

9s.9(A # 1) (see Example 9.1)

(21,25 =201, 1 =2,...,7,

(22, T3] = A6 + X7, [T2, 4] = A7 + T8, [T2, T5] = (A — 1)xs,
(23, 74] = w3,

i=2c=5p=ux2 F = (xsx7,18), 0 =5,

h=C3 = (4, x5, 6, 17, 28) = CP,

Y = klxg, 2wexs — 23], M = k[zy, x5, 76, T7, T3]

gg10(A# 1)

21, 2] =i, 1 =2,...,7,

(g, 23] = Axg, [, 4] = AT7, 22, 25] = (A — 1)as, [x3,x4] = Ts.
i=2c=5p=xai F = (xsx7,18), =5,

h=C3 = (x4, x5, 76, 17, 28) = CP,

Y = klzg, 2w6xs — 23], M = k[zy, x5, 76, T7, T3).
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8.b g is not coregular (i.e. i(g) > 4)

32.

33.

34.

35.

Us.9 (see Example 9.1)

[x1>Ij] = Ij+1> ] - 27 ey 7a

(79, 23] = 26 + 7, (X2, 4| = T7 + s, (T3, T4] = T,

i=4,¢c=06,p=1, F = (19,13, 14, Ts5, Tg, T7, T3), n0 CP’s, o = 5,

b = Cg = <$4,$5,$6,x7,$8>, Q(Y) = k(l’g, f17 f27 f3)7

f1 = 21’61’8 — flf%, fg = 31’51’% — 31’61’71’8 + LL’%,

f3 = 10(zy — x3)22 — 10237778 + 10747678 + 10747708 — Driw8 — 2X5T678 +
221, — dwsal,

M = k[$4,$57 T, L7, T8, Lolg — T3Lg — $3$7]-

gg0(A=1)

(21,25 =201, 1 =2,...,7,

[z, 23] = w6, (2, 24] = 27, [T3, 4] = 78,

i=4,c=6,p=1, F = (19,23, 24, Ts5, g, T7, T3), N0 CP’s, a = 5,
b = C® = (24, x5, w6, 27, 78), Q(Y) = k(x3, f1, fa, f3),

f1 = 2wy — 22, fo = 2wox8 — 22377 + 2w476 — T2,

f3 = 3wsxs — 36708 + X3,

M = k[$4,$57 Lo, L7, T8, La2lg — x:ﬂ?]-

gg11(A # 0)

[Ty, 2] =i, 1 =2,...,7,

(g, 23] = A5 + 27 + 28, [T2, 4] = Axg + T3, [0, 5] = 27,

(29, x6) = Axs,

i=4,¢c=6,p=1, F = (13,14, 75, T6,27,78) = C* =h = CP, a = 6,

QYY) = k(xs, f1, f2, f3),

f1 = 3zs22 — 3zeT7008 + T3,

fo = 4z — Awg)xd 4+ 2\ (22 + 2x527) 2 — 20222 — A\aeaas + \ad,

f3 = 10(xg — A\x3)xg — da2ad + 2X\(hxywrxs + brswers — brsriers — bairrxd +
Sreridry — 3),

M = klzs, x4, x5, T6, T7, T8).

[If A =0 then Q(Y) = k(zs, f, g, h) with

[ = 2xexs — 2%, g = 3x502 — weT7T8 + T,

h =10(x3 — x4)x2 — 2x57608 — 1024707208 — Dxiws + 10T570728 + 4572 — 27227].

g8.12
[x1>xj] = Tj41, ] - 27 e '>7a
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(o, 23] = x5 + 27, [T2, 4] = x6 + x5, X2, T5] = 7, [T9, 6] = 5.
i=4,c=6,p=1, a=06, F = (13, 14,75, 76, 27,78) = C> =h = CP,
QYY) = k(zs, f1, f2. f3), J1 = 3523 — 3weuras + 23,

fo = 4(xy — w6)x3 — 20222 + 22202 + dwering — dxsrral — T3,

f3 = br3rs — brswers — BraT7w + Drsaiai + brivrx: — brerivs + 13),

M = k3, 14,75, 6, T7, Tg].

36. gs.13
(21,25 =201, =2,...,7,
(22, T3] = T5 + T3, T2, k4] = w6, [X2, T5) = X7, [T2, Tg] = xs.
i=4,c=6,p=1, a=6, F = (13,14, 75,76, 07,78) = C> =h = CP,
QYY) = k(xs, f1, f2, f3), fi = 3523 — Swewrrs + 23,
fo = dxyxd — Axswral — 2022k + dvgring — 24,
f3 = 30(x3 — we) g + 322523 + 152223 — 30w32503 — 30242703 — 34w s250703
+30x3x6x702 + 15w50202 + 300kw60? — 32x,020% — Breadas + 8xgws
—281'5:1%967:68 + 341'4956:17%968 — 101'355%8 + 21’%1’%:58 — 2:1721’? + 61'51'6:B§
—2z302 — Gryat + 23,

M = ]{5[1'3, Tyg, X5, Lo, L7, $8]-

37. gs1a = R
(21,25 =201, 1 =2,...,7,
(9, 23] = x5, [2, 4] = w6, [T2, 5] = X7, [T2, T6] = .
i=4,c=6,p=1, a=06, F = (13, 14,75, 76, 07,78) = C> = h = CP,
QYY) = k(xs, f1, fa, f3), J1 = 352§ — 3wgarrs + o3,
fo = dxyxd — Axswral — 2022k + dvgriag — 24,
f3 = brsxy — brswexs — BraTrws + Hriarxi + drswia: — brerirs + X3,

M = k3, 14,75, 6, T7, Tg].

38. gs.15
(21,25 =201, 1 =2,...,7,
(2, k3] = 26 + 7, T2, 14] = 27 + T3, T2, 5] = 5.
i=4,c=6,p=1, a=6, F = (13,14, 75,76, T7,78) = C> = h = CP,
QYY) = k(xs, f1, f2, f3), f1 = 22678 — :c%,
fo = 6(z4 — x5)22 + 32278 — 657708 + 6T6T7T8 — 203,
f3 = 10z323 — 12z47622 + 22050672 — 10247702 + 12250607738,

— 22 w703 —6x3r8+67 2208+ 450208+ 302 02— 63503, M = k[3, 14, 75, T65, T7, T8

39. gs.16

42



[z1, 2] =2j41, 1 =2,...,7,

(o, 23] = w6, [T, x4] = 7, [T2, 25] = 5.

i=4,c=6,p=1, a=06, F = (13, 14,75, 76, 07,78) = C> =h = CP,
QYY) = k(xs, f1, fa, f3), f1 = 2xexs — 23, fo = 2w428 + 25 — 22577,

f3 = brsxy — brywrxs — Brsrers + brsaiai + drivrai — brerirs + X3,

M = kl[z3, 14, 75, 6, T7, T3]

40. gs.17
(21,25 =211, 1 =2,...,7,
(g, 23] = X7, X9, 4] = Ts.
i=4,c=6,p=1, a=6, F = (13, 14,75, 76, 27,78) = C> = h = CP,
QYY) = k(xs, f1, f2, f3), f1 =2xews — a3, fo = Bwsxi — 3wgrrrs + 3,
f3 = Br3x: + T5TeT8 — BT4T7Ty — TaT7 + 2573,

M = k3, 14,75, 6, T7, Tg].

41. gs1s
(1,25 =201, 1 =2,...,7,
(g, 23] = xs.
i=4,c=06,p=uxs, FF'= (x4, 15 26,27, 78), @ = 6,
h = C? = (x3, 14, 75, 76, T7, 13) = CP,
QYY) = k(xs, f1, fa, f3), f1 = 2xews — 23, fo = 2w428 + 2§ — 22577,
f3 = 3wsa2 — 36708 + X3,

M = k3, 14,75, 6, T7, Tg].

42. gg19 = Lsg
[z1, 2] =2j41, 1 =2,...,7,
i=6,c=T,p=1, a="7,F = (x9, 13,14, x5, 26, T7,28) = h = CP,
QYY) = k(s, f1, f2, f3), f1 =2xexs — 23, fo = Bwsx§ — 3wgrras + 3,
f3 = 2wy + 7% — 2x577,
f1=Dr372 + T5T6T8 — BT4T7T8 — ToT7 + 2573,
f5 = 22918 + 22476 — T2 — 21377

M = k[$27 T3, T4, X5, L6, L7, .1:8].

Corollary 9.3
The Milovanov conjecture holds for all complex filiform Lie algebras of dimension
< 8. Among these Lie algebras only 9 (namely 5, 8, 18, 20, 21, 22, 23, 32, 33) do

not possess a CP.
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