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Abstract

The purposes of the present note are to consider Lie algebras of polynomial
vector fields on the complex line C and to investigate its Lie algebra structure;
the results obtained here are included in the first author’s master thesis study,
supervised by the second author, and are detailed there [3].

1 Introduction

Let M=C be the complex line with the standard coordinate z. A vector field X on C is
a polynomial vector field, abbreviated PVF(of degree n € NU {0}), if it is expressed as

X = f(z)%, where f(2) = > " a;27, (a; € C,1 < j <mn,a, # 0) is a polynomial of

0
degree n. Then for two PVFs X = f 5 Y we have the usual bracket product
z

0
= 957
[(X,Y] = (fg — gf’)%, which is again a PVF. Hence the set p of PVF’s on C with
this bracket product is obviously an infinite dimensional complex Lie algebra, which is
referred to the polynomial Lie algebra or the LAP. Any Lie subalgebra of p may be called

a LAP. Then we consider a LAP g generated by finitely many k£ polynomial vector fields
{Xi;1 <1 <k} of degree less than n + 1:

Xi = (Z ClijZ])&, aij € C
j=1

We investigate conditions for g to be finite-dimensional and further we examine which
one is abelian, nilpotent, solvable, or semisimple. The procedure of investigation is ad
hoc and not comprehensive. If a LAP g is finite dimensional we can define its degree
d, denoted d = deg g, by the highest degree of PVF in g. Then we have two numerical
invariants, deg g and dim g, closely related but differ in general. We first consider LAPs
of degree less than 3 and have only three cases to investigate: dim = 1,dim = 2, and
dim = 3. The first case; g is abelian and trivial, the second and the third are worth to
examine. For higher degree cases we examine whether there exist LAPs of dim > 2. For
further references we use the terminology low dimension for dimensions less than three,
otherwise higher dimension. The readers are referred to [10] for the basics of Lie algebras
of holomorphic vector fields on complex manifolds. We should remark that even if g is
generated by finitely many PVF's of degree less than n, it doesn’t imply deg g< n, as is
easily observed; deg g> n in general.
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2 Lie algebras of quadratic vector fields

In this subsection we consider polynomial vector fields of degree two, which we call
quadratic vector fields, or QVF. A linear vector field mean degree one PVF. If a C vector
space g is generated by finitely many QVF’s, it is obvious dim g< 3, since the quadratic
polynomials are generated by 1, z,22. As for the bracket product of the Lie algebra
structure, we have
9 0

[XZ‘, XJ] = ((aﬂaﬂ — CLiQ(ljl)Z + 2(@2‘0@]'2 — CLiQCLj())Z + (aioaﬂ — ailajo))&.
Thus we have [X;, Xj| € g, for all X;, X, € g, which implies every element X of g is a
linear or quadratic vector field. So we can define a quadratic Lie algebra g to be a LAP
of degree two. Furthermore it is of dimension less than 4. We define the generic LAQ

0
to be g generated by the base {1, z, 22}8—.
2

2.1 Three dimensional quadratic Lie algebra

In this subsection we discuss the generic LAQ), i.e., three dimensional case. Before stating
a result we recall the definition of the (first) derived ideal D. := [g,g] of g. Then we
have the following

Theorem 2.1 There exists a unique three dimensional LAQ), the generic g which is
semisimple.

Proof. We know that g is semi-simple iff g satisfies the condition g=D., which is verified
by the arguments in the previous sections (see also [3]). The uniqueness is obvious from
the construction of g. Q.E.D.

2.2 Two dimensional quadratic Lie algebras

Here we discuss the two dimensional case.

Theorem 2.2 The set S of two dimensional LAQs is in one to one correspondence with
an algebraic surface of the quasi projective variety C* x CP' defined by the following
homogeneous polynomial of degree 4:

(a12a20 - a10a22)2 = (a10a21 - a11a20)(a11a22 - CL12€L21),

0

where an element g € S is generated by X, = (a122> + a1z + alo)a— and Xy = (a2 +
z

0

0z’

a91%2 + (1,20)

Proof. The LAQ g = < X3, Xy >¢ is of dimension two, iff there exist a, 5 € C such
that
(X1, Xo] = aX; + 8X;

0
[le X2] = ((a11a22 - G12a21)22 + 2(a10a22 - a12a20)2 + (Clloam - a11a20))&
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0
OCX1 -+ 6X2 = ((aalz -+ ﬁCLQQ)ZZ -+ (OCCLH + ﬁagl)z + (Oéalo -+ ﬂago))

&.
Hence we have the following linear equations with respect to the variables («, 3)

a12 Qa22 a A11022 — Q12021
ail a1 < ) = 2(a10a22 - a12a20)
aip ago Q10Q21 — A11G20

For the above to have solutions it suffices to hold

Q12 A22 11022 — A12021
det ail a9 2(&10&22 — alzago) = 0 .

Q10 Q20 a10a21 — A11G20-
2 _
Hence we have (aj2a20 — ajpage)® = (a10a91 — a11a20)(a11a2e — a1za91). Q.E.D.

On the structures of other LAQs we will remark in the final section.

3 Polynomial Lie algebras of higher degree (d > 3)

In the previous section we determined the possible LAQs. The finite dimensionality
follows from the definition as was shown. In this section we will determine possible (finite
dimensional) LAPs of higher degree (i.e.deg> 3). Henceforth we use the terminology
LAP for the proper LAP, i.e.non quadratic one, if there is no fear of confusion.

3.1 Two-dimensional LAP g

Since any one dimensional LAP is abelian we first examine the condition for g to be of
dimension two. Let us take

X = a2 ¥ = (X hH)

by, an
bn— 1 Ap—1
. =S
by a2

Then g is 2-dimensional, iff there exist a,3 € C such that [X,Y] = aX + Y. By
comparing the coefficients of each terms, if we assume a; = b; = 0 for + < 1,n < i, we
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have

aa, + [Bb, (a+ sB)ay Yoo 2k =1 —n)an_gi1bg

an—j + Bbn—; (a+ sB)an—; 2k = j = 1= n)an gpabe

s = : = : (1)
2n—2

aas + ﬁbg (CM + 5/6)02 k=1 (2k —2n—+ 1)an,k+1bk,n+2
oa + ﬁbl aay + ﬂbl 22711(2]@‘ — 2n)an_k+1bk_n+1
aag + Bby aag + Bbg iil(Qk —2n — 1)an_s1bk—n

Here from (1) we have

n

(o + sB)a, = 2(2/7{: —1—n)an_rs1bx
k=1
= (1 —n)a,by + (n — 1)ab,
= (1 —=n)a,b; + s(n — 1)aya,
= (n—1)a,(sa; — by) .
Hence
(a+sB) = (n—1)(sa; — by). (2)
We have also
n+j
(4 58)an—j = (2k—1—n—j)an by (1<j<n—2)
k=1

= —1—n)ap_—jp1bo+ (j+1—n)a,_;jb
+(n+1—7j)agbn—ji1+ (n—1—j)aib,_;
=(n+1-j)(sap—bo)an—j41 + (n —1—j)(sar — b1)a,—;
(n—1)(sa1 —bi)an—j = (n+1—j)(sao — bo)an—j+1 + (0 — 1 — j)(sar — bi)an—;.

Hence
(n + 1-— j)(Sao — bg)an_]‘+1 = j(sa1 — bl)an_j. (3)

Hence from (2),(3), we have

(sag —bo) _ np1 _  _ JOn—j :...:w:t (4)
(sa; — by) G, (n+1—j)an_jn 3as '
Letting (1)
a, Sy, Cn
Qp—1 SQp_1 Cn—1
: : a :
a9 Sao (5) Ca ( )
ay by 1
Qo bo Co



Lie algebras of polynomial vector fiels on the complex line C

we have from (4),
Cn Cn—1 (&)

ap Ap—1 a2

Thus for (5) to have solutions, we must have

an, b, (n—1)(sa; —by)a,
det aq b1 2(a0b2 — agbo) =0.
Qo bo a061 — a1b0

So we have

1 s (n—1)(sa; —b)
det aq bl 2((10(72 — agbo)

ap by apby — a1bg

:bl (a0b1 — albo) + 28&0&2(8@0 — bo) —f- albo(n — 1)(8&1 — bl)
— a0b1 (n — 1)(8&1 — bl) — 2@2[)0(8&0 — bo) — Sal(aobl — albo)

:(bl — Sa1)<a0b1 — albo) — 2@2(1)0 — 8&0>(S(Io — bo) + (n — 1)((10()1 — (11b0)<b1 — 8@1)
:n(b1 — sal)(aobl — a1b0> + 2&2(()0 — SCLO)2
=0.

Hence

n(by — say)(aghy — aby) + 2as(by — sag)* = 0

sag — b
2&2(5@0 — bo) sa(l) — b(l) = n(a061 — albo)
2@2(8@0 — bo)t = n(a0b1 — albo)
naghy + (2tas — nay)by = 2tsagas (6)
Also we have from (4), and from sao —bo _ t
sap — b1
bo = tbl - s(ta1 - ao) (7)

Hence from (6),(7)

nagby + (2tas — nay ) (tby — s(tay — ag)) = 2stagas

(nag + 2t*ay — tnay )by = (nag + 2t*ay — tna;)sa;.

We have to examine case by case:

(case I) nag + 2t%ay — tna; # 0

by =sa; and by = sag
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Hence we have
Y =sX,

which implies g is one -dimensional.

(case IT) nag + 2t%ay — tna; =0

Then from (6,7) we have

nag 2tas — nay bi\ 2tsagas
¢ —1 bo)  \s(tay —ag) )"

2tas — nay

For this to have solutions we deduce from det (n?O 1

) = 0, the rank of

(8)

nag 2tas — nay 2tsagas
t -1 s(tay — ap)

must be 1, where

ank <na0 2tas — nay 2tsapas )

t -1 s(tay — ap)
tnay 2t2a, — nayt  2t*sagas
=rank
t -1 s(tay — ap)
tnag — tnag  2t*ay — nayt + nag  2t3sagas — snag(tay; — ag)
=rank
t -1 s(tay — ap)

rank <t -1 s(ta; — ap) ) '

0 0 2t’sapay — snag(ta; — ag)

Hence we have only to verify (if sag # 0)
2t2sagas — stnaga; + snag =0,

which holds whenever nag + 2t%ay — tna; = 0.
Hence the rank of (8) is always one, if nag + 2t?a; — tna; = 0.
Hence from

2t%ay — tnay + nag =0
tna; — nag = 2t%as
2t>
tay — ag = —aso,
n

we have

bo = tbl — s(ta1 — (10)
tbl — bg = S(t(ll - ao)
2t?
tbl - bg == —SCLQ (9)
n

Here we can choose ag, a1, by, and by so that by # sag, or by # say.
Hence we have
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Theorem 3.1 The LAP g =< X,Y >¢ of degree n is two dimensional iff the following
conditions are satisfied:

bn Ay,
n— Ap—
b2 asg
n— .n—' -9
2~ EltE(Cs.t.a 1:~~-: Ja ,j ::u:t
n (n +1- J)a”—j+1 3as
3. na0+2t2a2—tna1:0

2t2s
4. tbl — bo = —Q9 (bo 7£ Sy Or bl 7é 8@1)
n

As a corollary to the above we can generalize Theorem 2.2 in the following way:

Corollary 3.1 The set S of two dimensional LAPs (of d=deg> 3) is in one to one
correspondence with an algebraic surface of the quasi projective variety C3—1 x CP!

Proof. Let us take generators X = (3_,_apz®)(£),Y = (34—, bkz")(2) of LAP g of
degree n. We can represent X, Y by the complex vectors a = (a1, .. an),b=(b1,...,by).
Then we can assume X or a is monic, i.e., the top coefficient is normalized; a,, = 1.
Then we can assume (from the linear independence) Y is of deg< n — 1. Then from the
first condition we have b,_; = --- = by = 0. Also we have (b;,by) € CP'. The vector
(a,b) virtually represents an element of C4~1 x CP*

3.2 Three dimensional LAP g

In the preceding sections we have investigated two dimensional LAP. As for the other
cases we have the following

Theorem 3.2 There are no LAPs of dim > 3.

Proof. Here we prove only the 3-dimensional case. For the other cases the readers are
referred to [3]. now assume the contrary; dimg= 3. Let

Zakz 8,2 Zbkz 82 chz

be a base of the vector space g. Then from the assumption [X, Y], [X, Z],[Y, Z] € g, we
have by the same reasoning in the previous section

s, teCst. [ |l=s]:].,]|:|=t
bg (05} (&) (05}

From [X,Y] € g, we have also

o, 8,7 € Cst. [X,Y]=aX + Y ++Z
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and letting
- 0
X,Y] = P
[ Y ] (;_0 k;Z )azﬂ

we have
a, b, c, a, Ssa, ta, d,
: : : o : : : «Q :
as by ¢ 6 =1 ay say tay 6 =\ ds (10)
a; b Y ap b o Y dq
ap by co ap by <o do

Since there are a, (3, satisfying (10), we have

d, d,_ d
Qn, ap—1 az
and ,
n+yj
dog =) 2k —j—1=n)ap by (0<j<n—2).
k=1

Hence we have

d,
a—:(a—i—sﬁ—irt’y)

(a+ sB+ty)a, = Z(Qk —1—n)an_r+10k
k=1

=(n—1)(sa; — by).

Further we have

A
L= (a+s8+1ty)

n—j
n+j

(a + Sﬁ + tfy)an—j = Z(Qk ol Bl e j)an—k-i-lbk—j
k=1

= (n+1—j)(sao — bo)an—jr1 + (n =1 = j)(sar — br)an—;.
(11)

And so from

(n—1)(sa1 = bi)an—j = (n+1 = j)(sag — bo)an—j41 + (n — 1 = j)(sa1 — by)an—;,

we have
(n+1—j)(sao — bo)an—j+1 = j(sar — bi)an_;
Hence ‘
say — by e Jn—j o (n —2)as (12)
sa; — by na, (n+1—j)an_j+1 3as
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Similarly from [X, Z] € g, we have

tag—co _any _ Jan—j _ (n —2)asy (13)
ta; —c;  nay, (n+1—7)an—j+1 3as
and from [Y, Z] € g we have
tho—sco _bna _  _ Ibn—s _ =2 (14)
tbl — 8C1 nbn (n +1-— j)bnfj+1 3b3
Hence from (12, 13, 14), we have
Sao—bozta()—C():tbo—SCQZU (15)
sap — bl ta1 —C1 tbl — SC1
Further from (15) we have
sao——bo =u and uby — by = s(ua; — ap) (16)
S, — bl
t _
tZ? — Z? =u and ucy — co = t(ua; — ap) (17)
Here
ap -+ Gy ai Qg 1 1 a1 ag
det bn cee b2 bl b(] =det | s S b1 bo
Cp, '+ C C Cg t t 1 ¢
0 01 ay Qo
=det | O 0 s b1 bo
0 0 t C1 (O
1 a; Qo
=det | s b1 b()
t 1 ¢

= b100 + ta1b0 + sapcy — ta061 — boCl — Sa1Cy
= (SCLO — bo)Cl — (SCLl — bl)C(] + t(a1b0 — a0b1>

From (15) we have sag — by = u(sa; — by)

= u(sa; — by)cy — (sa; — by)co + t(arbyg — agby)

= (sa; — by)(ucy — cp) + t(arbo — agby)

= t(say — by)(uay — ap) + t(aibg — aphy) (from(17))
= stua® — stayag — ta; (ub; — by)

= stua] — stayag — sta; (ua; — ag) from(16)

= 0.

Thus it is proved the C vectors a = (a,---ag), b = (by---by), and ¢ = (¢, ---¢o) are
C-linearly dependent, hence a contradiction. Q.E.D.
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3.3 Structure of two dimensional LAP/Q

Here we remark the structure of two dimensional LAP/Q g: when g is commutative,
solvable, nilpotent? We have mentioned the 3-dimensional case just before: the semisim-
pleness of g. The solvability of two dimensional g is well known for general abstract Lie
algebras. W give only the following remark without proof (see [3] for the details).

Remark 3.1 Every two dimensional LAP g is solvable but never nilpotent irrespective
of its degree.

4 Concluding remarks

The CR version of the corresponding theory might be formulated, but there seem few
works to exist in this direction except [1, 5, 6, 10, 11]. We can also consider similar
problems in the complex affine or projective spaces of higher dimension. One could
obtain some interesting results in this direction, which might give non-trivial examples
non-linear rational or geomorphic actions there.
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