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Abstract We introduce the notion of algebraic volume density property for
affine algebraic manifolds and prove some important basic facts about it, in
particular that it implies the volume density property. The main results of
the paper are producing two big classes of examples of Stein manifolds with
volume density property. One class consists of certain affine modifications of
C" equipped with a canonical volume form, the other is the class of all Linear
Algebraic Groups equipped with the left invariant volume form.
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Secondary 14R10 - 32M25

1 Introduction

In this paper we study a less developed part of the Andersén-Lempert the-
ory [1, 3, 7, 8, 20-22] namely the case of volume preserving maps. Recall
that Andersén-Lempert theory describes complex manifolds such that among
other things the local phase flows on their holomorphically convex compact
subsets can be approximated by global holomorphic automorphisms which
leads to construction of holomorphic automorphisms with prescribed local
properties. Needless to say that this implies some remarkable consequences
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for such manifolds (e.g., see [12, 22, 23]). It turns out that a complex man-
ifold has such approximations if it possesses the following density property
introduced by VAROLIN.

Definition 1.1 A complex manifold X has the density property if in the
compact-open topology the Lie algebra Lieno(X) generated by completely
integrable holomorphic vector fields on X is dense in the Lie algebra
VFpo1 (X) of all holomorphic vector fields on X. An affine algebraic manifold
X has the algebraic density property if the Lie algebra Lie,o (X) generated by
completely integrable algebraic vector fields on it coincides with the Lie alge-
bra VF;g(X) of all algebraic vector fields on it (clearly, the algebraic density
property implies the density property).

The algebraic density property was established for a wide variety of affine al-
gebraic manifolds, including all connected linear algebraic groups except for
C+ and complex tori by the authors [12]. Furthermore, in the coming paper
of DONZELLI, DVORSKY and the first author [6] it will be extended to con-
nected homogeneous spaces of form G /R, where R is a reductive subgroup
of a linear algebraic group G, with exception of C and complex tori.

However ANDERSEN, LEMPERT, FORSTNERIC, ROSAY and VAROLIN
considered also another property which has similar consequences for auto-
morphisms preserving a volume form.

Definition 1.2 Let a complex manifold X be equipped with a holomorphic
volume form w (i.e. w is a nowhere vanishing section of the canonical bun-
dle). We say that X has the volume density property with respect to w if in
the compact-open topology the Lie algebra Lie} | generated by completely
integrable holomorphic vector fields v such that L, (w) = 0 (where L, is the
Lie derivative), is dense in the Lie algebra VF" | (X) of all holomorphic vec-
tor fields that annihilate w (note that condition L, (w) = 0 is equivalent to the
fact that v is of zero w-divergence).

Compared with the density property, the class of complex manifolds with
established volume density property has been quite narrow. It was essentially
described by the original result of ANDERSEN and LEMPERT [1, 3] who
proved it for Euclidean spaces plus a few other examples found by VAROLIN
[22]. In particular he proved that SL,(C) has volume density property with
respect to the Haar form but he was unable to decide whether the following
hypersurface given by a similar equation like SL,(C)

3 ={(a,b,c,d)eC* : a*c—bd =1}
had volume density property or not ([24] Sect. 7).
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In order to deal with this lack of examples we introduce like in the previous
pattern the following.

Definition 1.3 If X is affine algebraic we say that X has the algebraic volume
density property with respect to an algebraic volume form w if the Lie algebra
Lie;‘ig generated by completely integrable algebraic vector fields v such that
L,(w) =0, coincides with the Lie algebra VFZ’lg(X ) of all algebraic vector
fields that annihilate w.

It is much more difficult to establish the algebraic volume density property

than the algebraic density property. This is caused, perhaps, by the following
difference which does not allow to apply the most effective criterion for the
algebraic density property (see [13]): VFZ)lg(X ) is not a module over the ring
C[X] of regular functions on X while VF¢(X) is. Furthermore, some fea-
tures that are straightforward for the algebraic density property are not at all
clear in the volume-preserving case. For instance, it is not quite obvious that
the algebraic volume density property implies the volume density property
and that the product of two manifolds with algebraic volume density property
has again the algebraic volume density property. We shall show in this paper
the validity of these two facts among other results that enable us to enlarge
the class of examples of Stein manifolds with the volume density property
substantially. In particular we establish the following.
Theorem 1 Let X' be a hypersurface in (CZI?)E given by an equation of form
P(u,v,x) =uv — p(x) =0 where p is a polynomial on C% with a smooth
reduced zero fiber C such that in the case of n > 2 the reduced cohomology
H"2 (C,C) =0 (for n = 1 no additional assumption is required). Let Q2 be
the standard volume form on C"*? and ' be a volume form on X' such that
o' ANAP = Q|x'. Then X' has the algebraic @'-volume density property.

This gives, of course, an affirmative answer to VAROLIN’s question men-
tioned before. The next theorem is our main result.

Theorem 2 Let G be a linear algebraic group. Then G has the algebraic
volume density property with respect to the left (or right) invariant volume
form.

Let us describe briefly the content of the paper and the main steps in the
proof of these facts.

In Sect. 2 we remind some standard facts about divergence.

In Sect. 3 we deal with Theorem 1 in a slightly more general situation.
Namely we consider a hypersurface X" in X x (Cﬁ,v given by an equation
P :=uv — p(x) =0 where X is a smooth affine algebraic variety and p(x) is
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a regular function on X. We suppose that X is equipped with a volume form
w and establish the existence of a volume form o’ on X’ such that Q|x =
dP A ' where Q = du A dv A . Then we prove (Proposition 3.3) that X’ has
the w’-volume algebraic density property provided two technical conditions
(A1) and (A2) hold.

Condition (A?2) is easily verifiable for X’ and condition (A1) is equivalent
to the following (Lemma 3.5): the space of algebraic vector fields on X with
w-divergence zero, that are tangent to the zero fiber C of p, is generated by
vector fields of form vy (fp)vy — v2(fp)vi where vy and vy are commuting
completely integrable algebraic vector fields of w-divergence zero on X and
f is a regular function on X.

Then we notice the duality between the spaces of zero w-divergence vec-
tor fields on X and closed (n — 1)-forms on X which is achieved via the
inner product that assigns to each vector field v the (n — 1)-form ¢,(w)
(Lemma 3.6). This duality allows to reformulate condition (A1) as the fol-
lowing:

(i) the space of algebraic (n — 2)-forms on X is generated by the forms of
type ¢y, Ly, (w) where vy and vy are as before; and

(ii) the outer differentiation sends the space of (n — 2)-forms on X that vanish
on C to the set of (n — 1)-form whose restriction to C yield the zero
(n —1)-formon C.

In the case of X isomorphic to a Euclidean space (i) holds automatically
with v; and v, running over the set of partial derivatives.

If the reduced cohomology ﬁ"‘z(C, C) =0 and also H"(X, C) =0 the
validity of (ii) is a consequence of the Grothendieck theorem (see Proposi-
tion 3.9) that states that the complex cohomology can be computed via the
De Rham complex of algebraic forms on a smooth affine algebraic variety
which concludes the proof of Theorem 1.

We end Sect. 3 with an important corollary of Theorem 1 which will
be used in the proof of Theorem 2: the groups SL,(C) (already proved by
VAROLIN as mentioned above) and PSL,(C) have the algebraic volume den-
sity property with respect to the invariant volume (Propositions 3.11 and
3.12). The proof is based on the fact that SL,(C) is isomorphic to the hy-
persurface in (C‘Lt’v’)qyx2 given by uv — xjxp — 1 =0.

Section 4 contains two general facts about the algebraic volume density
property with short but non-trivial proofs. The first of them (Proposition 4.1)
says that the algebraic volume density property implies the volume density
property (in the holomorphic sense). It is also based on the Grothendieck
theorem mentioned before. The second one (Proposition 4.3) states that the
product X x Y of two affine algebraic manifolds X and Y with the algebraic
volume density property (with respect to volumes wy and wy ) has also the al-
gebraic volume density property (with respect to wx X wy). As a consequence
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of this result we establish the algebraic volume density property for all tori
which was also established earlier by VAROLIN [22] (recall that the density
property is not established for higher dimensional tori yet and the algebraic
density property does not hold for these objects [2]).

We start Sect. 5 with discussion of a phenomenon which makes the proof of
Proposition 4.3 about the algebraic volume density of X x Y non-trivial and
prevents us from spreading it directly to locally trivial fibrations. More pre-
cisely, consider the subspace Fy of C[Y] generated by the images Im§ with
8 running over Lie;ig(Y). In general Fy # C[Y] and the absence of equality

here is the source of difficulties. Nevertheless one can follow the pattern of
the proof of Proposition 4.3 in the case of fibrations when the span of Fy and
constants yields C[Y]. This is so-called property (C) for Y which turns out to
be true for SL, and PSL;. We introduce also the notion of a volume fibration
p : W — X which a generalization of the product situation and has nicely
related volume forms of the fiber of p, the base X, and the total space W. The
main result in Sect. 5 is Theorem 4 saying that the total space of a volume
fibration satisfying some additional assumptions (such as the algebraic den-
sity property and property (C) for the fiber and the algebraic volume density
property for the base) has the algebraic volume density property as well.

Section 6 contains basic knowledge about invariant volume forms on lin-
ear algebraic groups. Of further importance will be Corollary 6.8 about the
Mostow decomposition of a linear algebraic group as the product of Levi
reductive subgroup and its unipotent radical. We end it with an important ex-
ample of a volume fibration that (as we shall see later) satisfies the assumption
of Theorem 4—the quotient map of a reductive group by its Levi semi-simple
subgroup (see Lemma 6.11).

Section 7 prepares the proof of Theorem 2 in the case of a semi-simple
group. The central notion discussed in that section is a p-compatible vector
field o’ € Liegig(W) for a locally trivial fibration p : W — X. Its most im-
portant property is that Span Kero’ - Kerd’ coincides with the algebra C[W]
of regular functions for any 8’ € VFg’lg(W) tangent to the fibers of p. It is es-

tablished that for any at least three-dimensional semi-simple group G and its
SL;- or PSL,-subgroup S corresponding to a root of the Dynkin diagram the
fibration g : G — G/S admits a sufficiently large family g-compatible vec-
tor fields. The existence of such a family (in combination with the fact that
SL, and PSL; have the algebraic volume density property and property (C))
leads to the claim that g satisfies all assumptions of Theorem 4 but the alge-
braic volume density for the base. This enables us to use properties of such
fibrations established earlier in Proposition 5.16 (but not Theorem 4 since it
is unknown whether G/ S has the algebraic volume density property).
Section 8 contains the proof of Theorem 2. The general case follows easily
from a semi-simple one (via Lemma 6.11, Theorem 4, and Corollary 6.8). The
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idea of the proof in the latter case is the following. We consider SL;- or PSL;-
subgroups Sy, ..., S;; corresponding to the simple roots of a Dynkin diagram
of a semi-simple group G and fibrations p; : G — G/S; withi =0, ..., m.
Using results of Sect. 7 we establish that there is a sufficiently big collec-
tion ® of completely integrable fields 6 of zero divergence that are of p;-
compatible for every i. Furthermore up to an element of Lieé“lg(G) every al-
gebraic vector field of zero divergence can be presented as a finite sum ) _ ;6;
where 6; € ® and h; € C[G]. Then we consider a standard averaging operator
av; on C[G] that assigns to each 1 € C[G] a regular function av (k) invariant
with respect to the natural S;-action on G and establish the following rela-
tion: Y h;6; € Liefﬁg(G) if and only if ) av;(h;)6; € Lie{;,(G). We show

alg
also that a consequent application of operators avy, ..., av,, leads to a func-
tion invariant with respect to each S;, j =0, ..., m. Since the only functions

invariant under the natural actions of all such subgroups are constants we see
that Y h;0; € Lie;ig(G) because Y c¢;b; € Lie;‘ig(G) for constant coefficients
¢; which concludes the proof of Theorem 2.

The appendix contains definition of strictly semi-compatible fields and re-
finements of two lemmas about it from our previous work [12].

2 Preliminaries

Recall that a holomorphic vector field v € VFy,1(C") is completely (or glob-
ally) integrable if for any initial value z € C" there is a global holomorphic
solution of the ordinary differential equation

Y@ =vy@), rO)=z. ()

In this case the phase flow (i.e. the map C x C* — C" given by (t, z) — y,(t))
is a holomorphic action of the additive group C; on C", where index z in
y, denotes the dependence on the initial value. It is worth mentioning that
this action is not necessarily algebraic in the case of an algebraic vector field
v € VFy (C").

A holomorphic (resp. algebraic) volume form on a complex (resp. affine
algebraic) manifold X of dimension n is a nowhere vanishing holomorphic
(resp. algebraic) n-form. Let us discuss some simple properties of the diver-
gence div,(v) of a vector field v on X with respect to this volume form w.
The divergence is defined by the equation

div, (V) = Ly(w) ()
where L, is the Lie derivative. Here is another useful formula

divy, (fv) = fdive(v) +v(f) 3)
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for any holomorphic function f on X. Furthermore, for any vector fields
v, 12 on X we have the following relation between divergence and Lie
bracket

dive, ([vi, v2]) = Ly, (dive (v2)) — L, (dive (v1)). “4)

In particular, when div,, (v;) = 0 we have
divey ([vi, val) = Ly, (divy (12)). (5)

Lemma 2.1 Let Y be a Stein complex manifold with a volume form Q on
it, and X be a submanifold of Y which is a strict complete intersection (that

is, the defining ideal of X is generated by holomorphic functions Py, ..., Py
on Y, where k is the codimension of X in Y). Suppose that v is a vector field
on X and  is its extension to Y such that w(P;) =0 for everyi =1, ... k.
Then

(i) there exists a volume form w on X such that Q|x =dP; A--- AdPy A w;
and

(i) divy(v) =dive(u)|x.

Proof Let x1, ..., x, be a local holomorphic coordinate system in a neigh-
borhood of a point in X. Then Py, ..., Pk, x1, ..., X, is a local holomorphic
coordinate system in a neighborhood of this point in Y. Hence in that neigh-
borhood 2 =hdPy A--- AdPx Adxy A --- Adx, where & is a holomorphic
function. Set w = h|xdx| A --- A dx,. This is the desired volume form in (i).

Recall that L, =d o1y, 41, o d where 1, is the inner product with respect
to v ([15], Chap. 1, Proposition 3.10). Since u(P;) = 0 we have L, (d P;) = 0.
Hence by formula (2) we have

divo(u)Qlx = L, Qlx =L (dPy A+ AdP Aw)|x

=dPiA---ANdPx ALyo+ Ly (dPyA---AdPY)|x Ao
=div,(V)(dP1 A--- AdPy)|x AN w=div,(V)2|x

which is (ii). O

Remark 2.2

(1) Lemma 2.1 remains valid in the algebraic category.

(2) Furthermore, it enables us to compute the divergence of a vector field on
X via the divergence of a vector field extension on an ambient space. It is
worth mentioning that there is another simple way to compute divergence
on X which leads to the same formulas in Lemma 2.5 below. Namely, X
that we are going to consider will be an affine modification o : X — Z
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of another affine algebraic manifold Z with a volume form wq (for defi-
nitions of affine and pseudo-affine modifications see [14]). In particular,
for some divisors D C Z and E C X the restriction of o produces an
isomorphism X \ E — Z \ D. One can suppose that D coincides with
the zero locus of a regular (or holomorphic) function « on Z. In the sit-
uation, we are going to study, the function @ = «@ o o has simple zeros
on E. Consider the form o *wp on X. It may vanish on E only. Dividing
this form by some power &* we get a volume form on X. In order to
compute divergence of a vector field on X it suffices to find this diver-
gence on the Zariski open subset X \ £ >~ Y \ D, i.e. we need to compute
the divergence of a vector field v on Y \ D with respect to a volume form
Bwo where B = a~*. The following formula relates it with the divergence
with respect to wp:

divge, (V) = dive, (v) + Ly (B)/B- (6)

In the cases, we need to consider, 8 will be often in the kernel of v, i.e.
divge, (v) = div,, (V) in these cases.

The condition in Lemma 2.1 that an algebraic field v on X has an exten-
sion p on Y with pu(P;) =0 is also very mild. We consider it in the case of
hypersurfaces only.

Lemma 2.3 Let X be a smooth hypersurface in a complex Stein (resp. affine
algebraic) manifold Y given by zero of a reduced holomorphic (resp. alge-
braic) function P on Y. Then every holomorphic (resp. algebraic) vector field
v on X has a similar extension u to Y such that u(P) = 0.

Proof Consider, for instance the algebraic case, i.e. P belongs to the ring
C[Y] of regular functions on Y. Since © must be tangent to X we see that
w(P) vanishes on X, i.e. u(P) = P Q where Q € C[Y]. Any other algebraic
extension of v is of form T =y — PO where 6 € VFyg(Y). Thusif 6(P) = Q
then we are done.

In order to show that such 6 can be found consider the set M = {0 (P)|0 €
VF,g(Y)}. One can see that M is an ideal of C[Y]. Therefore, it generates a
coherent sheaf F over Y. The restriction Q|y\ x is a section of F|y\ x because
QO = u(P)/P. Since X is smooth for every point x € X there are a Zariski
open neighborhood U in Y and an algebraic vector field 0 such that 9(P)
does not vanish on U. Hence Q|y is a section of F|y. Since F is coherent
this implies that Q is a global section of F and, therefore, Q € M which is
the desired conclusion. O
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2.4 Terminology and notation

In the rest of this section X is a closed affine algebraic submanifold of C",
w is an algebraic volume form on X, p is a regular function on X such that
the divisor p*(0) is smooth reduced, X’ is the hypersurface in ¥ = Cﬁﬁv X

X given by the equation P := uv — p = 0.! Note that X’ is smooth and,
therefore, Lemma 2.3 is applicable. We shall often use the fact that every
regular function f on X’ can be presented uniquely as the restriction of a
regular function on Y of the form

=) (a' +biv') +ag (7

i=I

where a; = n*(a?), b; = n*(b?) are lift-ups of regular functions a?, b? on X
via the natural projection 7 : ¥ — X (as we mentioned by abusing terminol-
ogy we shall say that @¢; and b; themselves are regular functions on X).

Let @ =du Adv Aw,i.e. itis a volume form on Y. By Lemma 2.1 there is a
volume form o’ on X’ such that Q|x» = dP A '. Furthermore, for any vector
field u such that w(P) = 0 and v/ = u|x» we have divy (V') = divo()|x.
Note also that any vector field v on X generates a vector field ¥ on Y that
annihilates # and v. We shall always denote « |x by v. It is useful to note for
further computations that ult*(divy, (v)) = dive(u'k) for every i > 0. Note
also that every algebraic vector field A on X’ can be written uniquely in the
form

m
h=jio+ Y ('t} + v i) + fod/du + god /v (8)

i=1

where (g, ,ul.j are algebraic vector fields on X, and fy, go are regular functions
on X'

For any algebraic manifold Z with a volume form @ we denote by
Lieag (Z) (resp. Lie;‘ig(Z )) the Lie algebra generated by algebraic completely
integrable vector fields on Z (resp. that annihilates w) and by VF;(Z) we
denote the Lie algebra of all algebraic vector fields on Z. We have a linear
map

Pr: VEyg(X') — VFyg(X)

defined by lgr()») = uo where A and pq are from formula (8). As it was men-
tioned in [13] the following facts are straightforward calculations that follow
easily from Lemma 2.1.

1By abusing notation we treat p in this formula as a function on Y, and, if necessary, we treat
it as a function on X’. Furthermore, by abusing notation, for any regular function on X we
denote its lift-up to ¥ or X’ by the same symbol.
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Lemma 2.5 Let vy, va be vector fields on X, and f be a regular function
on X. For i > 0 consider the algebraic vector fields

v = w0 ulo (p)a/ov, v =0T +viua(p)d/ou

and juy = f(ud/0u —vd/dv) on Y. Then

(i) v! and |y are tangent to X' (actually they are tangent to fibers of P =
uv — p(x)), i.e., they can be viewed as vector fields on X',
(i) wy is always completely integrable on X', and v! is completely inte-
grable on X' if v; is completely integrable on X,
(i) divey(uy) = 0, divy (V) = u T dive,(v1), divy (V) = v
and

i+1 div, (v2),
divey ([, v]1) = G 4+ Du'™ £ dive (v),
divey (V). g ) = (i 4+ Do f dive (1)
(iv) we have the following Lie brackets
[ g, Vi1 =G+ Du™' f1 +018/0u + 13 /dv,
W), wrl= G+ Dot 9y + a28/0u + p20/dv,

where a; and B; are some regular functions on X',
(v) more precisely, if i =0 in formulas for v| and v), then

[, vil= fudy —u?vi(£)d/du +vi(fp)d/dv,
V5, 1t p1= foda — v2va(f)d/dv + va(fp)d/du;

and

Pr([[i s, vi1, vy]) = vi(fp)va — va(fp)vi + fplvi, mal.  (9)

3 The proof of Theorem 1
3.1 Additional notation

For every affine algebraic manifold Z let C[Z] be the algebra of its regu-
lar functions, IVF,¢(Z) be the set of completely integrable algebraic vec-
tor fields on Z. If there is a volume form @ on Z then we denote by
Divz : VFy¢(Z) — C[Z] the map that assigns to each vector field its di-
vergence with respect to w, and set IVF;‘ig(Z) = Ker Divz NIVF,(2),
Vngg(Z) = Ker Divz N'VF,(Z). For a closed submanifold C of Z denote
by VF;‘ig(Z , C) the Lie algebra of algebraic vector fields of divergence zero
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on Z that are tangent to C. Formula (7) yields a monomorphism of vector
spaces ¢ : C[X'] < C[Y] and the natural embedding X < X x (0,0) C Y
generates a projection Pr: C[Y] — C[X]. Note that Pr(:( f)) = ag in the no-
tation of formula (7).

Lemma 3.2 Let A be a vector field on X' C X x (Cﬁ’v given by formula (8).
Suppose that wy is a volume form on X and a volume form w on X' coincides
with the pull-back of the volume form w1 = (wo A du)/u on Z := X x C},
under the natural projection (i.e. @ constructed as in Remark 2.2). Then
Pr(div,, (1)) = dive, (o). In particular, if divy, A = 0 then div, (o) = 0.

Proof The natural projection o : X’ — Z is an affine modification whose
restriction over X x Cj is an isomorphism. Hence A is the pull-back of the
following vector field

m
i =fio+ Y u' (3] + 7 /p') + fod/du
i=1

on Z. Thus it suffices to show that div,(ro) = To(divy, (x)) where Tj :
C(X)[u, u"'] = C(X) assigns to each Laurent polynomial in u its constant
term. By (6) divy, (k) = divgoagu () — k(1) /u = divgadu (k) — fo/u. Hence

To(dive, (k) = divey, (ko) + To(dfo/du) — To(fo/u).

The desired conclusion follows now from the obvious fact that 7o(dfy/0u) =
To(fo/u). O

Proposition 3.3 Let C be the smooth zero locus of p in X. Suppose also that
the following conditions hold.

(A1) the linear space VFZ’lg(X , C) is generated by vector fields that are of
the form ﬁ([[uf, vi1,v5]) where g and v; are as in formula (9) from
Lemma 2.5 with v; € IVFfﬁg(X);

(A2) VFu4(X) is generated by IVF;‘)lg(X) as a module over C[X].

Then Lieg’lg (X") coincides with VFfﬁg(X/), i.e., X' has the algebraic volume
density property.

Proof Let X, fo, and go be as in formula (8) and A = ¢(X) be the extension
of A to Y also given by formula (8). By formula (7) fy and go can be written
uniquely in the form

m m
fo=) (aiu’ +bv')+ag and go=) (au' +biv')+ao
i=l1 i=1

where a; , fl,‘, b,‘, [;,' S (C[X].
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Since A is a vector field tangent to X’ = P~1(0) we have A(P)|x =0.
Thus 0 =Pr(t(A(P)|x’)) = p(ai + b1) — no(p) (recall that P = uv — p(x)).
Hence po(p) vanishes on C, i.e. by Lemma 3.2 ug € VFY (X, C). Let

alg
wr, v € IVEY g(X ") be as in Lemma 2.5. Condition (A1) implies that adding

elements of the form [[u 7, vi], vé] to A we can suppose that g = 0. Using
condition (A2) and Lemma 2.5(iv) we can make /Ll] = 0 by adding fields of
the form [, vlf ] with v; € IVFZ)lg(X ). Note that this addition leaves not only
o equal to 0 but also div,, (1) equal to 0, since div,, ([ 7, vl./ 1) =0 as soon
as divy,(v;) =0. Hence A = f9/0u + go/ov and A(P)|x' = fv+ gu =0.

Using formula (7) one can see that f must be divisible by u, and g
by v. That is, there exists a regular function z on X’ for which f = uh and
g = —vh. Hence A = h(ud/d0u — vd/dv). Note that A(P) = 0 now. Thus by
Lemma 2.1

oh oh
0=divy(A) =divpgA) |y =u— —v—
ou av

X/
Taking 4 as in formula (7) we see that % is independent of # and v. Thus A is
integrable and of zero divergence by Lemma 2.5(ii)—(iii). O

Remark 3.4 The proof of Theorem 1 in the case of n = 1 (that is, when X" is a
Danielevski surface) is complete. Indeed, we have X = C,. Any divergence-
free vector field on C; is of form cd/dz where ¢ € C. Thus if it vanishes on
C it is identically zero, i.e. uo from the above proof is zero which implies
Condition (A1l). Condition (A2) is also straightforward. Hence from now on
we assume 7 = dim X > 2.

Taking vector fields v; and v, from IVF;‘ig(X) in formula (9) with
[v1, v2] = 0 we have the following.

Lemma 3.5 Condition (A1) in Proposition 3.3 holds ifVF;‘)lg(X, C) is gen-
erated as a linear space by vector fields of the form vi(fp)va — vo(fp)vy
where the vector fields vy, vy € IVF;{ g(X ) commute.

It is more convenient for us to reformulate this new condition in terms of
differential forms for which we need some extra facts. Let ¢, be the inner
product with a vector field v on X. Recall the following relations between the
outer differentiation d, the Lie derivative L, and ¢,

L,=dot,+tyod and [Ly, L] ="ty (10)
Then by formula (2) we have

div,(W)w =do t,(w) + t, o d(w) =d(ty(w)).
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Thus we have the first statement of the following.

Lemma 3.6

(1) Avector field v is of zero divergence if and only if the form 1, (w) is closed.

(2) Furthermore, for a zero divergence field v and every regular function f
on X we have d(1f,(w)) = v(f)w.

(3) Let vi, 1 € IVngg(X) commute and k = vi(fp)va — va(fp)vy. Then

d(ty, o ty, (fpw)) = 1 () where p, f € C[X].
Proof Indeed, by (10)

d(tfv(@)) = Lyy(w) —tyy od(w)

= Lyy(w) =divy,(fr)o = (fdivey(v) +v(f))eo=v(fe
which is (2).
Again by (10) we have
doty, oty (fpw) =L, o, (fpw) —t, odou,(fpw).
Then
Lv1 o tvz(fpa)) = LU[ (fp)LV2(w) + prvl o va (a))

and
Lv1 O ly, (w) = vaLvl () + L[vl,vz](w) =0
since [v1, 2] =0and L,,(w) = 0. Similarly
ty,odoty,(fpw) =L, (fp), (@) + fpLy, o Ly, (@) — 1y, 0ty, od(fpw)
= Ly, (fP)tr, ().

Therefore,
doty oy, (fpw) =Ly (fp)t, (@) — Ly, (fp)ty, (@)
=v1(fp)n, (@) —va(fp)y, (w)
which yields the desired conclusion. O

Suppose that 279(X) is the sheaf of algebraic g-forms on X, Q? (X) is its
subsheaf that consists of forms that vanish on C with multiplicity at least i
for i > 1, and vanish on all elements A"~ !TC c A"~ 'T X for i = 0 where
A9T X is the g-h wedge-power of T X, i.e. the set of ¢g-dimensional subspaces
of the tangent bundle. For every sheaf 7 on X denote by I'’(X, F) the space
of global sections. That is, rocx, Q’l‘_Z(X)) is the subset of (X, Q"~2(X)),
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that consists of forms divisible by p, and rowx, Qg_l (X)) is the set of alge-
braic (n — 1)-forms on X whose restriction to the zero fiber C of p yields a
trivial form on C.

As a consequence of Lemma 3.6 we have the following fact.

Lemma 3.7 Let k! = vi( f p)vé — vé( f p)v’l' and let the following condition

hold: l
(B) there exists a collection {vi, vé}:”zl of pairs of commuting vector fields
from IVF?;lg(X ) such that the set {1 vi Oy (w)}, generates the space of al-
gebraic (n — 2)-forms TO(X, Q"~%(X)) on X as C[X]-module.

Then the image of rowx, Q'IZ_Z(X)) under the outer differentiation d :
rox, Q"2(X)) — 'YX, Q" 1(X)) is generated as a vector space by
(n — 1)-forms {LKif (@)}, f e C[X].

3.8 Application of Grothendieck’s theorem

Let Z0(X, QS_I(X )) be the subspace of closed algebraic (n — 1)-forms in
rocx, Qg_l). Clearly, for every algebraic vector field v € IVF,(X) tangent

to C we have 1, (0) € Z29(X, Qg_l(X)). Our aim now is to show that under
mild assumption the homomorphism

d:TOX, "72(X)) — 2%(X, 21 (X))

is surjective and, therefore, condition (A1) from Proposition 3.3 follows from
Condition (B) from Lemma 3.7. Denote by F (resp. F;) the space of alge-

braic sections of Qilf] _; (resp. Q') over X. Note that the outer differentiation
d makes

complexes, and that the surjectivity we need would follow from
H" Y (F'(%))=0.

Proposition 3.9 Let H"'(X,C) = 0 and let the homomorphism
H"%(X,C) — H"2(C,C) generated by the natural embedding C — X
be surjective. Then H"~1(F'(x)) = 0.

Proof Consider the following short exact sequence of complexes 0 —
F' (%) = F(x) = F"(x) — 0 where F' = F;/F] in complex F"(x). This
implies the following long exact sequence in cohomology

= H'(FG) = H'(F () = H'HF (5)
= H'"H (F)) = -,
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ie. we need to show (i) that the homomorphism H" 2(F(x)) —
H"2(F" (%)) is surjective and (ii) that H"~!(F (x)) = 0. By the Grothendieck
theorem [9] De Rham cohomology on smooth affine algebraic varieties can be
computed via the complex of algebraic differential forms, i.e. H" =1 (F (%)) =
H"~1(X, C) which implies (ii). Similarly, H"~2(F(x)) = H"2(X, C). Note
that F' = F; /(p"~'='F;) for i <n — 2. In particular, modulo the space S
of (the restrictions to C of) algebraic (n — 2)-form that vanish on A"2TC
the term F,' , coincides with the space 7 of algebraic (n — 2)-forms on C
(more precisely, we have the following exact sequence 0 - S — F , —
T — 0). One can see that each closed t € S is of form dp A 7y where
79 is a closed (n — 3)-form on C. Hence v = d(ptg) (where pty can be
viewed as an element of F,' ; = F, 3/ (p*Fn—3)) is an exact form. Thus
the (n — 2)-cohomology of complex F”(x) coincides with the (n — 2)-
cohomology of the algebraic De Rham complex on C and, therefore, is equal
to H" 2(C,C) by the Grothendieck theorem. Now homomorphism from
(i) becomes H" 2(X,C) - H"%(C, C) which implies the desired conclu-
sion. (]

Thus we have Theorem 1 from Introduction as a consequence of Re-
mark 3.4 and the following more general fact (which gives, in particular,
an affirmative answer to an open question of VAROLIN ([24], Sect. 7) who
asked whether the hypersurface {(a, b, ¢, d) € C*: a’>c — bd = 1} in C* has
the volume density property).

Theorem 3 Suppose n > 2 and let X be an n-dimensional smooth affine
algebraic variety with H"~1(X, C) = 0 and a volume form w satisfying con-
ditions

(B) there exists a collection {v{, vé}l'.”: | of pairs of commuting vector fields
from IVF;’lg(X ) such that the set {tv,l‘ oLy (w)}iL, generates the space of

algebraic (n — 2)-forms T%(X, Q"2(X)) on X as C[X]-module;
(A2) VFqu(X) is generated by IVF;“lg(X) as a module over C[X].2

Suppose also that p is a regular function on X with a smooth reduced zero
fiber C such that the homomorphism H"%(X,C)— H"%(C,C) generated
by the natural embedding C — X is surjective. Let X' C X X (Cg’v be the
hypersurface given by uv = p and let ' be the pullback of the form w A du /u
on Z = X x C¥ under the natural projection X' — Z.> Then X' has the

algebraic w'-density property.

2Clearly, the standard volume form on C" satisfies both these conditions.
30ne can check that o' AdP =w Adu A dv|x where P =uv — p.
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3.10 Algebraic volume density for SL,(C) and PSL,(C)

Since X’ = SL,(C) is isomorphic to the hypersurface uv = xjx, + 1 =: p(x)
inY = (C;M’U =X x (Cﬁ’v with ¥ = (x1,x2) and X = C%, Theorem 1 im-
plies that SL,(C) has the algebraic volume density property with respect to
the volume form o’ on X’ such that ' A dP = Q where P = uv — p(x)
and Q = dx; A dxa A du A dv is the standard volume form on C*. On the
other hand by Remark 2.2(1) we can consider forms (dx; A dxy A du)/u,
(dx1 A dxp A dv)/v, etc. Each of these forms coincides with ' up to a sign
because their wedge-products with d P are ££2. Note that (dx; A dxy Adu)/u
is invariant with respect to the C_-action on SL,(C) given by (x1, x2, u, v) —
(x1,x2 +tx1,u,v +tu), t € C which is generated by multiplications of a
C_-subgroup of SL,(C). Thus «’ is invariant with respect to such multiplica-
tions. Similarly, consideration of (dx; A dxa A dv)/v yields invariance with
respect to the C-action (xy, x2, u, v) — (x| + tx2, X2, u + tv, v), etc. This
implies that ' is invariant with respect to multiplication by any element of
SL,(C) and we proved the following result, which is originally due to Varolin
([24], Theorem 2).

Proposition 3.11 Group SL(C) has the algebraic volume density property
with respect to the invariant volume form.

Furthermore, since the vector fields vy = d/dx; and vy = d/dxp on X = (C)ZE
commute and satisfy condition (B) of Lemma 3.7 we see that any vector field
Ko tangent to the zero fiber C of p is of form vi( fp)v, — va(fp)v1 where f
is a polynomial on X. This fact will used in the next unpleasant computation
which is similar to the argument in Proposition 3.3.

Proposition 3.12 Group PSL;(C) has the algebraic volume density property
with respect to the invariant volume form.

Proof Consider now X" = X'/Z, ~ PSL;(C) where the Zj-action on X’
given by (u,v,x) — (—u, —v, —x). Note that C[X"] can be viewed as the
subring of C[X'] generated by monomials of even degrees. Hence completely
integrable vector fields of form

. 9 ‘ 9
v, =u’+18/8xk+ulﬁa/8v and v, =v"19/0x; +v’87?a/au
J
% i+1 i op
resp. vy =u'" x;j3/0x; +u xjga/av and
k
" i+1 i ap
vy =v T xd/0xj +v xkga/au

J
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on X’ with even (resp. odd) i can viewed as fields on X”. The same is true for
w ¢ from Lemma 2.5 provided f is a linear combination of monomials of even
degrees. Fields v{, v}, s are of zero divergence. If j # k the same holds for
v{ and v} . Any algebraic vector field A on X" can be viewed as a vector field
on X’ and, therefore, it is given by formula (8). Since this field on X’ came
from X" each ,&f.‘ (resp. fip) in that formula consists of summands of form
q(x)d/dxx where polynomial u’g(xX) (resp. v'g(x)) is a linear combination
of monomials of odd degrees. Our plan is to simplify the form of a vector
field A with divergence zero on X” by adding elements of the Lie algebra
generated by fields like ¢, V], v}, V], v).

Recall that 1 is generated by a field g on X and it was shown in the proof
of Proposition 3.3 that pg is tangent to C. Hence, as we mentioned before
wo = vi(fp)va —va(fp)v;. Furthermore, if A comes from a field on X” poly-
nomial f € C[x1, x] must contain monomials of even degrees only. Thus by
virtue of Lemma 2.5(v) adding to A vector fields of form [[if, v{], V5] we
can suppose that fig = 0 without changing the divergence of X.

Following the pattern of the proof of Proposition 3.3 let us add to A the zero
divergence fields of form [ 7, v;] and [, v}']. Since we have to require that
J # k in the definition of v} and v we cannot eliminate summands u’*! /i 41
and vit! /11.2 1 completely. However, Lemma 2.5(iv) shows that after such ad-
dition one can suppose that u*! [1} 41 Vanishes for even 7, and for odd i/ it

is a linear combination of terms of form ui“xjf d/0x; where m is odd (and
similarly for vi+1,111.2+1 ).

Consider the semi-simple vector field v = x;0/dx; — x29/dx> on X. Then
v =u' 15 4+ ulv(p)d/dv is a completely integrable zero divergence vector
field on X’ and for odd i it can be viewed as a field on X”. Set f = x’I"_l. By

Lemma 2.5(v)
[, V1= G+ Du x5+ ad/du + Bo/dv.

Thus adding a multiple of [ ¢, V'] to A we can replace terms ui+1x’1’18/8x1
in ui+1/11.1+1 by ui+1x’171_lxz8/8xz. If m > 2 the latter can be taken care of
by adding fields of form [z, v/']. If m = 1 we cannot eliminate immediately
terms like u'x19 /dxq or u'x29 /0x2, but adding fields of form cu' D where ¢ is
a constant we can suppose that only one of these terms is present. The same
is true for similar terms with u replaced by v. Thus adding elements from

Lieg)lg(X ") we can reduce A to a zero divergence field of the following form

h= (ciu'x19/dx1 + div'x20/0x2) + g19/0u + 828/

i>1

where constants ¢; and d; may be different from zero only for even indices
i and by formula (7) gx = >_;; (af (D)u’ + bE(X)v') + af (%) with af and
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bk being polynomials on X. Since divergence div, A = 0 we immediately
have all_H =—¢;/(i+1)and bl2+1 = —d; /(i + 1), i.e. these polynomials are
constants.

Consider now an automorphism of X” (and, therefore, of X’) given by
(u,v, x1,x2) > (—x1, x2, —u, v), i.e. it exchanges the role of pairs (u, v) and
(x1, xp). It transforms A into a field

D (alxTo/0x + b7 x5 9/0x2) + Ao

i>1

where A9 does not contain nonzero summands of form ax;d/dx; (resp.
bx,0/0x,) with a (resp. b) being a regular function on X” non-divisible by x,
(resp. x1). Hence adding fields of form [[1 ¢, V{1, V}], [t f, vi ], and [ g, vy
as before we can suppose that [io and each /ll.l and [Liz are equal to zero,
i.e. A =ed/du + go/dv. Furthermore, arguing as in Proposition 3.3 we see
A =h(ud/ou —vd/dv) where h is a polynomial on X, i.e. A is completely
integrable. Since by construction it is a vector field on X”, we have proved
that X” possesses the algebraic volume density property. 0

4 Two basic facts about the algebraic volume density property

By considering differential forms and vector fields in local coordinate systems
one can see that the map v — ¢, (w) is bijective and, therefore, establishes a
duality between algebraic (resp. holomorphic) vector fields and the similar
(n — 1)-forms on X. This duality in combination with the Grothendieck the-
orem [9] enables us to prove another important fact.

Proposition 4.1 For an affine algebraic manifold X equipped with an alge-
braic volume form w the algebraic volume density property implies the vol-
ume density property (in the holomorphic sense).

Proof We need to show that any holomorphic vector field u such that
1 (w) = 0 can be approximated by an algebraic vector field v with L, (w) =0
Since the form ¢, (w) is closed, by the Grothendieck theorem one can find
a closed algebraic (n — 1)-form 7,_; such that ¢, (w) — 7,1 is exact, i.e.
ty(w) — 141 = d1,—2 for some holomorphic (n — 2) form t,,_». Then we
can approximate 7,2 by an algebraic (n — 2)-form 7, _,. Hence the closed
algebraic (n — 1)-form 7,1 +dt,_, yields an approx1mat10n of 1, (w). By
duality 7,1 +d t,/lfz is of form ¢, (w) for some algebraic vector field v (ap-
proximating p) and by Lemma 3.6(1) v is of zero w-divergence which is the
desired conclusion. O
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Lemma 4.2 If X has the algebraic volume density property, then there ex-
ist finitely many algebraic vector fields o1, ...,0p € Lieg’lg(X) that generate
VFae(X) as a C[X]-module.

Proof Let n = dim X. We start with the following.

Claim The space of algebraic fields of zero divergence generates the tangent
space of X at each point.

Let x € X and U be a Runge neighborhood of x such that H*~!1(U, C) =0
(for example take a small sublevel set of a strictly plurisubharmonic ex-
haustion function on X with minimum at x). Shrinking U we can assume
that in some holomorphic coordinate system zp, ..., z, on U the form w|y
is the standard volume dz; A --- A dz,. Thus the holomorphic vector fields
d/0z; on U are of zero divergence and they span the tangent space at x. We
need to approximate them by global algebraic fields of zero divergence on
X which would yield our claim. For that let v € VF? ,(U). The inner prod-
uct (,(w) =: « is by Lemma 3.6(1) a closed (n — 1)-form on U and since
H" (U, C) =0 we can find an (n — 2)-form B on U with dB = «. Since U
is Runge in X we can also approximate 8 by a global algebraic (n — 2)-form
,3 (uniformly on compacts in U). Then the closed algebraic (n — 1)-form d,é
approximates « and the unique algebraic vector field 6 defined by 1y (w) = dB
approximates v. Since df is closed, the field 8 is of zero divergence which
concludes the proof of the Claim.

Now it follows from the Claim and the algebraic volume density property
that there are n vector fields in Lie;"lg(X ) which span the tangent space at
a given point x € X. By standard induction on the dimension, adding more
fields to span the tangent spaces at points where it was not spanned yet, we
get the assertion of the lemma. U

Let us suppose that X and Y are affine algebraic manifolds equipped with
volume forms wy and wy respectively.

Proposition 4.3 Suppose that X (resp. Y) has the algebraic wy (resp. wy)
volume density property. Let w = wx X wy. Then X x Y has the algebraic
volume density property relative to .

Proof By Lemma 4.2 we can suppose that o1,...,0), € Lie(:l’g( (X) (resp.
81y...,0p € LieZi’é(Y)) generate VF,1g(X) as a C[X]-module (resp. VFyg(Y)

as a C[Y]-module).

Denote by Fy the vector subspace (over C) of C[Y] generated by
Im$éy,...,Im§,. Then C[Y] = Fy & V where V is another subspace whose
basis is v1, v2, .... Set F}, = C[X]® Fy and V' =C[X]® V, i.e. the algebra

@ Springer



624 S. Kaliman, F. Kutzschebauch

of regular functionson X x Y is A = C[X]®C[Y] = F{, @V’ Let f; € C[X]
and g; € C[Y]. Note that f; is in the kernel of all completely integrable fields
used in the Lie combination for §; and thus f;§; € Lie;‘ig(Y), analogously
gioj € LieZi{g‘ (X). The fields §; and o; generate (vertical and horizontal) vec-
tor fields on X x Y that are denoted by the same symbols. Consider

[fidi, gjojl=20i(figj)oj —oj(fig;)di-

By construction §; and o; commute and moreover Span f; - g; = C[X x Y.
Hence the coefficient before o; runs over Imé; and, therefore, for any
oy, ...,a, € Fy there are B, ..., B, € A such that the vector field

Za;aj — Z,B;(Si
J i

w

belongs to Lieallg

vector field

(X x Y). Thus adding vector fields of this form to a given

v:Zajoj — Zﬂi(si
i i

from VF¢_(X x Y) we can suppose that each «; € V’. Hence one can rewrite

alg
v in the following form

v=> "> "(hg®v)o;— Y Bi;
I i
where each 4 j; € C[X]. Then one has

0=divv =Z<Zaj(hﬂ)> ® v — 251'(,31')-
N i

Since the first summand is in V' and the last is in F{, we see that
>_j0j(hj) =0, ie. each vector field }°; ;0 belong to VF; ¥ (X) and by

the assumption to Lieflg (X). Hence it suffices to prove the following

Claim Consider the subspace B C VF} o (X x Y) that consists of vector fields

of form
v=" Bisi.
i
Then B is contained in Liefﬁg (X xY).
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Indeed, consider a closed embedding of Y into a Euclidean space. Then
it generates filtration on C[Y] by minimal degrees of extensions of regu-
lar functions to polynomials. In turn this generates filtrations B = | J B; and
LieZi’é(X x Y) =|JL;. Note that each B; or L; is a finitely generated C[X]-
module, i.e. they generate coherent sheaves on X. Furthermore, since Y has
algebraic wy-density property we see that the quotients of B; and L; with re-
spect to the maximal ideal corresponding to any point x € X coincide. Thus

B; = L; which implies the desired conclusion. O

Note that up to a constant factor the completely integrable vector field
z0/0z on the group X = C* is the only field of zero divergence with respect
to the invariant volume form w = % i.e., X has the algebraic volume density
property. Hence we have the following (see also Corollary 4.5 in [22]).

Proposition 4.4 For every n > 1 the torus (C*)" has the algebraic volume
density property with respect to the invariant form.

5 Algebraic volume density for locally trivial fibrations
5.1

Let Y be an affine algebraic manifold with a volume form w and Fy be the
subspace of C[Y] that consists of images of vector fields from Liegig(Y ), i.e.

V ~ C[Y]/Fy is the subspace that appeared in the proof of Proposition 4.3.
If V were trivial so would be the proof, but in the general case V # 0. We
shall see later that Proposition 4.3 can be extended to some locally trivial
fibrations with fiber Y for which, in particular, V' is at most one-dimensional.
More precisely, we shall need manifolds Y satisfying the following property

either C[Y]=Fy or C[Y]=FyaeC ©

where the isomorphism is natural and the second summand denotes constant
functions on Y.

+
,UX

q(x)—1=0where g(x) = Z?:l xl.2 (i.e. after a coordinate change uv + q(x)
can be replaced by any non-degenerate quadratic form). Suppose that Y is
equipped with a volume wy such that dP A wy = Q|y where Q2 is the standard
volume form on C". Then

Lemma 5.2 Let Y be the smooth hypersurface in C)"~ given by P = uv +

(1) Y has property (C) and
(2) Y/Zy has property (C) where the Zp-action is given by (u,v,x) —
(—u, —v, —Xx).
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Proof Consider the semi-simple vector field u = ud/du — vd/dv on Y. It
generates Z-grading of C[Y] = €,_, A; such that Keru = Ag and Imp =
@iez’#o A; C Fy. Note that Ag >~ C[x, ..., x,] since uv =1 — g(x) € Ay.
Assume for simplicity that n > 2 and replace x; and x, by u’ = x; + V—=1xs
and v/ = x| — +/—1x2 in our coordinate system. Consider the semi-simple
vector field u' = u’'9/0u’ —v'3/0v" whose kernel is A}, = Clu, v, x3, ..., x,].
Thus monomials containing u” and v’ (or, equivalently, x; or x; in the original
coordinate system) are in Im u’ C Fy. Repeating this procedure with other
x; and x; instead of x| and x, we see that Fy contains every nonconstant
monomial which is (1).

For (2) note that C[Y/Zj;] is the subring of C[Y] generated by monomials
of even degrees and that the semi-simple vector fields that we used preserve
the standard degree function. That is, if a monomial M; of even degree be-
longs, say, to Im p then M| = w(M>) where M> is also a monomial of even
degree. This yields (2). (]

Since SL,(C) is isomorphic to the hypersurface uv —xjx, = 1 in (Cﬁ’v’ X
we have the following.

Corollary 5.3 Both SLy(C) and PSL>(C) have property (C).

Remark 5.4 In fact for Y equal to SLy(C) or PSL>(C) we have C[Y]/Fy ~C.
More precisely, set F = Span{v(f) : v € VF;‘jg(Y), f € C[Y]}. Note that
vector fields of form fv span all algebraic vector fields because of Claim
in Lemma 4.2 (and Lemma 5.8 below). Therefore, (n — 1)-forms ¢ 7\, (w) gen-
erate all algebraic (n — 1)-forms on Y where n = dim Y. By Lemma 3.6(2),
d(tfv(@)) = v(f)w which implies that the image of Q" 1Y) in "(Y) un-
der outer differentiation coincides with Fw. Since d(2"(Y)) = 0 we have
ClY]/F ~ H"(Y,C) by the Grothendieck theorem. By Proposition 4.1 in
[14] for a smooth hypersurface ¥ C cmt2 given by uv = p(x) we have
H.(Y) = H,_»2(C) where C is the zero fiber of p. Thus the universal co-
efficient formula implies that dim C[Y]/F = rank H"~!(C, C). For SLy(C)
presented as such a hypersurface we have p(x1,x2) =xjx2 — 1,1e. Cisa
hyperbola and H!(C,C) = C which yields the desired conclusion because
F = Fy for manifolds with the algebraic volume density property.

Notation 5.5 Further in this section X, Y, and W are smooth affine algebraic
varieties and p : W — X is a locally trivial fibration with fiber Y in the étale
topology. We suppose also that Y is equipped with a unique (up to constant
factor) algebraic volume form wy, and VFye (W, p) (resp. VFZ)lg(W, p)) is
the space of algebraic vector fields tangent to the fibers of p (resp. and such
that the restriction to each fiber has zero divergence relative to wy). Similarly
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LieZ}Z(W, p) will be the Lie algebra generated by completely integrable vec-

tor fields from VF;‘ig(W, p). We denote the subspace of C[W] generated by

functions of form {Imv|v € Liezg(W, p)} by F(W, p).

wy

Definition 5.6 We say that a family 61, ...,68,,... € Liealg

dition (D) if
(D1) it generates Liefﬁg(Y) as a Lie algebra and
(D2) VF,g(Y) as a C[Y]-module.

(Y) satisfies con-

Remark 5.7
(i) Note that (D1) implies the sets {§; (C[Y])} generate the vector space Fy.
(i1) For (D2) it suffices to require that the set of vector fields 8y, ...,8,, ...

generates the tangent space at each point of Y. This is a consequence of
the next simple fact (e.g., see Exercise 5.8 in [10]) which is essentially
the Nakayama lemma.

Lemma 5.8 Let A C B be a finitely generated C[ X ]-module and its submod-
ule. Suppose that for every point x € X one has A/M, = B/M, where M, is
the maximal ideal in C[X] associated with x. Then A = B.

Example 5.9 Letoq, 03, ... (resp. 81, 62, ...) be a family on X with respect to
volume wy (resp. on Y with respect to volume wy ) satisfying Condition (D)
from Definition 5.6. Denote their natural lifts to X x Y by the same symbols.
Consider the set S of “horizontal” and “vertical” fields of form fo; and g§;
where f (resp. g) is a lift of a function on Y (resp. X) to X x Y. It follows
from the explicit construction in the proof of Proposition 4.3 that S generates
the Lie algebra Lie}| (X x Y) for w = wx x wy, i.e. it satisfies Condition (D1)
of Definition 5.6. Remark 5.7(2) implies that condition (D2) also holds and,
therefore, the family S satisfies Condition (D) on X x Y.

In particular, consider a torus T = (C*)" with coordinates z1, ..., z,. One
can see that the vector field v; = z;0/9z; is a family on the j-th factor with
respect to the invariant volume on C* such that it satisfies Condition (D). Thus
fields of form f;v;(j =1,...,n) with f; being independent of z; generate
a family on T with respect to the invariant volume for Condition (D) is also
valid.

Convention 5.10 Furthermore, we suppose that vector fields 8y, ...,8,, ...
form a family S in Lie(:l;(Y) satisfying (D) and there are vector fields
81,08, € VFfﬁg(W, p) such that up to nonzero constant factors the set
of their restrictions to any fiber of p contains 81, ..., 0y, ... under some iso-
morphism between this fiber and Y. (Note that if p: W — X is a Zariski

locally trivial fibration this Convention is automatically true.)
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Lemma 5.11 Suppose that p : W — X is one of the following

(i) a principal SL,,-bundle;
(i1) a quotient of a semi-simple group W with respect to a subgroup Y =~
PSL; that corresponds to a root of the Dynkin diagram for W .

Then Convention 5.10 holds.

Proof Recall that SL, is a special group in terminology of [19, Sect. 4] which
means that every principal SL,-bundle is Zariski trivial and therefore yields
the validity of Convention 5.10 and statement (i).

Though PSL, is not a special group, let us show that under the assumption
of (ii) we have a Zariski locally trivial fibration as well. Indeed, W = W'/ F’
where F’ is a finite subgroup of the center of a simply connected semi-simple
group W’. The preimage Y’ of Y in W’ is isomorphic to SLp, i.e. Y =Y'/F
where the order of the subgroup F of Y'N F’is 2. If Y’ is contained in an S L3-
subgroup of W then the generator a of F cannot be presented as a = b, k > 2
with b in the center of W’. In combination with the classification of centers of
simple Lie groups [17] this fact implies that the same remains true for every
Y’ corresponding to a node of the Dynkin diagram of W.

In the additive form F’ =~ Lg, ® - -+ ® Zg,, where d;|d; 1. Then a corre-
sponds to an element (ay, ..., a,) such that the GCD(ay, ...,a,) = 1 be-
cause of the above description of a. On the other hand each ¢; is either zero
of d; /2 since the order of a is 2. Hence the greatest common divisor is 1 if
only if the smallest nonzero a; = 1 and d; = 2. In this case F' is a summand in
F'ie. FF=F@®T.Set W=W'/T, thatis W = W/F.Then p: W — X is
a principal SLp-bundle induced by p : W — X. As we mentioned this bundle
is Zariski locally trivial and therefore it has a section over a Zariski neigh-
borhood of each point in X. Hence p : W — X has similar sections which
implies that this PSL,-bundle is also locally trivial. This yields the desired
conclusion. O

In the rest of the section we suppose that Convention 5.10 is valid. Then
we have the following.

Lemma 5.12

(1) A function g € C[W] is contained in F(W, p) if and only if its restriction
to each general fiber of p belongs to Fy. Furthermore, if Y has property
(C) from Sect. 5.1 then C[W]~ F(W, p) ® C[X].4

(2) Suppose that Y has the algebraic volume density property.

Then Ve (W, p) = Liegi (W, p).

*In fact for (1) one needs only that the sets {§; (C[Y])} generate the vector space Fy with §;
running over the family S from Convention 5.10.
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Proof There exists a cover X = Ul- X; such that for each i one can find an
étale surjective morphism X — X; for which the variety W/ := W; xx, X!
is naturally isomorphic to Xl’. x Y where W; = p_l(X,-). Lifting functions
on W to some Wi’( X which is the direct product we can introduce filtration
C[W]=;>( Gi as we did in the Claim in Proposition 4.3 (i.e. take a closed
embedding Y < C™ and consider the minimal degrees of extensions of func-
tion on W to X; x C™ with respect to the second factor).

Consider now the set S of functions g € C[W] such that for a general
x € X the restriction g|,-1(,) is in Fy. Since the degree (generated by the
embedding ¥ < C™) of the restriction of g to each (not necessarily general)
fiber p_l(xo) ~ Y is bounded by the same constant we see that g| =1 (x0)
belongs to Fy (because the finite-dimensional subspace of Fy that consists
its elements, whose degrees are bounded by this constant, is closed). Set §; =
SNG;and F; = F(W, p) N G;. If suffices to show that S; = F; for every i.
Note that both S; and F; are finitely generated C[X]-modules and because
of the existence of fields 61, e 81’ , ... In Convention 5.10 we see that for
every x € X there is an equality S;/M, = F; /M, where M, is the maximal
ideal in C[X] associated with x. Hence the first statement of (1) follows from
Lemma 5.8.

For the second statement of (1) note that G; /M, = (F; & C[X])/M, since
Y has property (C) from Sect. 5.1 and C[X]/M, = C. Thus another applica-
tion of Lemma 5.8 implies the desired conclusion.

The filtration of functions that we introduced, yields a filtrations of vector
fields VFfﬁ’é(W, p) =JB; and Lieéﬁ’é(W, p) = JL; as where B; and L;
are again finitely generated C[X]-modules. Because S in Convention 5.10
satisfies Condition (D) from Definition 5.6 and Y has the algebraic volume
density property we have B;/M, = L;/M,. Thus by Lemma 5.8 B; = L;
which yields (2). Il

Definition 5.13

(1) Suppose that wy is a volume form on X, X =J X;, X}, W;, and W/ are
as in the proof of Lemma 5.12, ¢; : W/ — X/ x Y is the natural isomor-
phism and o is an algebraic volume form on W such that up to a constant
factor gol?" (w) coincides with (wx X wy)|x;xy for each i. Then we call
p: W — X a volume fibration (with respect to the volume forms wy,
wy, and w).

(2) We call a derivation ¢’ € Lieg)lg(W) a lift of a derivation o € Lieg)l’éf (X)

if for every w € W and x = p(w) one has p.(c'(w)) = o (x). (Note that

the Lie bracket of two lifts is a lift.) We say that o’ is p-compatible if
for any &’ € VFZig(W, p) we have [0/,8'] € Vngg(W, p) and the span

Span (Kero’ - Ker$’) coincides with C[W1.
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We shall see later (Lemma 6.11) that for a reductive group G and its Levi
semi-simple subgroup L the natural morphism p : G — G/L can be viewed
as a volume fibration with respect to appropriate volume forms such that the
base possesses a family of algebraic vector fields satisfying Condition (D)
and admitting p-compatible lifts.

Since any algebraic vector field tangent to fiber of p : W — X has zero w-
divergence if and only if its restriction on each fiber has zero wy-divergence
we have the following consequence of Lemma 5.12(2).

Corollary 5.14 Let p : W — X be a volume fibration whose fiber has the
algebraic volume density property and Vngg(W, p) (resp. Lief,ﬁg(W, p)) be
the space of zero w-divergence algebraic vector fields tangent to the fibers
of p (resp. the Lie algebra generated by completely integrable algebraic
vector fields tangent to the fibers of p and of zero w-divergence). Then
VF;‘)lg(W, p) = Liefﬁg(W, p).

The next fact will not be used further but it is interesting by itself.

Proposition 5.15 Let p : W — X be a a volume fibration with both fiber Y
and base X having property (C) from Sect. 5.1. Suppose also that X possesses
a family of algebraic vector fields satisfying condition (D) and admitting p-
compatible lifts. Then W has property (C) as well.

Proof Indeed, the existence of lifts for a family of vector fields satisfying
condition (D) from Definition 5.6 makes Fy and, therefore, F(W, p) ® Fx a
natural subspace of Fy . It remains to note that C[W]= F(W, p)® Fx & C
by the assumption and by Lemma 5.12. O

Proposition 5.16 Let p : W — X be a volume fibration such that its fibers

have property (C) and Liez)l{g( (X) contains a family of vector fields sat-

isfying condition (D) and admitting p-compatible lifts. Let ® be the set
of p-compatible lifts of this family. Consider the space L generated by
Liey, (W, p) and vector fields of form v := [fo',8'] where 0’ € ®,8 €
Lie;"lg(W, p), and f € Kero'. Suppose that T = p*(T X) is the pull-back
of the tangent bundle TX to W, o : TW — T is the natural projection, and
L=0(L). Then

(1) L isaC[X]-module;

(2) L consists of all finite sums hgs'0(c') where hyr € F(W, p).

o'e®

®
alg

to consider fields like v = [o”, §'] only. Since o’ is a lift of o € Lie;“é (X) we

Proof The space Lie“ (W, p) is, of course, a C[ X ]-module. Thus it suffices
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see that 0’ (C[X]) C C[X] where we treat C[X] in this formula as a subring
of C[W]. Then for every a € C[X] we have av = [0/, @8] — o/ («)8’ which
implies (1).

Let f; € Kero’/, f> € Kerd’, and h = 8'(f1 f2). Then by the p-compatibility
assumption [ f1o’, f28'] = ho' + a with a € VF, (W, p) and, furthermore,
the span of functions like 4 coincides with §'(C[W]). Thus £ contains
F(W, p)o(c’) which is (2). O

Theorem 4 Let p: W — X and © be as in Proposition 5.16 and let Con-
vention 5.10 hold. Suppose also that the fibers and the base of p have the
algebraic volume density property. Then W has the algebraic volume density

property.

Proof Suppose that &/ is as in Convention 5.10, {0;} is a family on X satis-
fying Condition (D), and o/ € Liegﬁg( W) is a p-compatible lift of o;. Let k €
Vngg(W). Then k =} ; hjo/ + 6 where h; € C[W] and 6 € VFyg(W, p).
By Proposition 5.16 and Lemma 5.12(1) adding an element of L to «
one can suppose that each h; € C[X]. Since 6 is a C[W]-combination
of 8],...,8/,... and div,(f8]) = 8(f), we see that div,0 € F(W, p).
On the other hand div,, ) hio/ = ), 0;(h;) = divey Y _; hjo; € C[X].

Hence divyy ), hjo; =0 and 0 € Vngg(W, p). By assumption ), h;o; €

Lie‘;é (X). In combination with the existence of lifts for o; and Corollary 5.14
this implies the desired conclusion. (|

6 Volume forms on homogeneous spaces

Definition 6.1 We say that an affine algebraic variety X is (weakly) ratio-
nally connected if for any (resp. general) points x, y € X there are a sequence
of points xo = x, x1,x2,...,X, =y and a sequence of polynomial curves
Ci,...,C, in X such that x;_, x; € C;.

Remark 6.2

(1) This notion of rational connectedness is not, of course, new. For projec-
tive varieties it was introduced independently in [5] and in [16] where it
means that any two general points can be connected by a chain of rational
curves.

(2) Since finite morphisms transform polynomial curves into polynomial
curves we have the following: if X is an affine (weakly) rationally con-
nected variety and f : X — Y is a finite morphism then Y is also an affine
(weakly) rationally connected variety.
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Example 6.3 1t is easy to see that SL(C) is affine rationally connected. (In-
deed, SL,(C) can be presented as an algebraic locally trivial C-fibration over
C? without the origin o. Over any line in C? that does not contain o this
fibration is trivial and, therefore, admits sections which implies the desired
conclusion.) Hence any semi-simple group is rationally connected since its
simply connected covering is generated by SL,(C)-subgroups.

Proposition 6.4 Let X be an affine manifold and w, w1 be algebraic volume
forms on X.

(1) If X is weakly rationally connected then w = cw for nonzero constant c.

(2) If G is a rationally connected linear algebraic group (say, unipotent or
semi-simple) acting on X then w o ®y = w for the action &, : X — X of
any element g € G.

Proof

(1) Note that w = hw; where h is an invertible regular function on X. Let
X, ¥, xi, C; be as in Definition 6.1. By the fundamental theorem of algebra
h must be constant on each C;. Hence h(x) = h(y) which implies the first
statement.
(2) Let e be the identity in G. Then we have a sequence gy =e, g1, 82, - - -,
gm = g in g such that for any i > 1 there is a polynomial curve C; in
G joining g;_1 and g;. Again for every a € C; we have w o &, = h(a)w
where £ is a nonvanishing regular function on Cj, i.e. a constant. This
implies w o &, = w o ®, = w which concludes the proof.
O

For a Lie group G one can construct a left-invariant (resp. right-invariant)
algebraic volume form by spreading the volume element at identity by left
(resp. right) multiplication (one of these forms can be transformed into the
other by the automorphism ¢ : G — G given by ¢(g) = g~ ). Proposition 6.4
yields now the following well-known facts.

Corollary 6.5 For a semi-simple Lie group G its left-invariant volume form
is automatically also right-invariant.

Remark 6.6 Since up to a finite covering any reductive group G is a product
of a torus and a semi-simple group we see that the left-invariant volume form
on this group is also right-invariant.

Proposition 6.7 Let W be a linear algebraic group, Y be its rationally con-
nected subgroup, and X = WY be the homogeneous space of left cosets.
Then there exists an algebraic volume form wx on X invariant under the ac-
tion of W generated by left multiplication.
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Proof Consider a left-invariant volume form @ on W and left-invariant vec-
tor fields vy, ..., v, on the coset eY >~ Y, where e is the identity of W, so
that they generate basis of the tangent space at any point of this coset. Extend
these vector fields to W using left multiplication. Since eY is a fiber of the
natural projection p : W — X and left multiplication preserves the fibers of
p we see that the extended fields are tangent to all fibers of p. Consider the
left-invariant form wx =y, o --- oy, () (wWhere ¢,, is the inner product of
vector fields and differential forms). By construction it can be viewed as a
non-vanishing form on vectors from the pull-back of the tangent bundle 7' X
to W. To see that it is actually a volume form on X we have to show that
it is invariant under right multiplication by any element y € Y. Such multi-
plication generates an automorphism of 7W that sends vectors tangent (and,
therefore, transversal) to fibers of p to similar vectors. Hence it transforms
wx into fywy where y — f) is an algebraic homomorphism from Y into
the group of non-vanishing regular functions of W. Since the rationally con-
nected group Y has no nontrivial algebraic homomorphisms into C* we have

y = 1 which yields the desired conclusion. U

By Mostow’s theorem [18] a linear algebraic group W contains a Levi
reductive subgroup X such that as an affine algebraic variety W is isomorphic
to X x Y where Y is the unipotent radical of W. More precisely, each element
w € W can be uniquely presented as w = g - r where g € X and r € Y. This
presentation allows us to choose this isomorphism W — X x Y uniquely.

Corollary 6.8 For the isomorphism W — X x Y as before the left invariant
volume form @ on W coincides with wy X wy where wy is a left-invariant
volume form on X and wy is an invariant formon Y .

Proof Note that w is invariant by left multiplications (in particular by el-
ements of X) and also by right multiplication by elements of Y (see,
Lemma 6.4(2)). This determines w uniquely up to a constant factor. Similarly,
by construction wy X wy is invariant by left multiplications by elements of X
and by right multiplication by elements of Y. O

Example 6.9 Consider the group W of affine automorphisms z — az + b of
the complex line C with coordinate z. Then ¥ >~ C is the group of transla-
tions z — z + b and we can choose X ~ C* so that its elements are automor-
phisms of form z — az. One can check that the left-invariant volume ® on
W coincides with d—‘zl A db while wy = da/a and wy = db. The isomorphism
W — X x Y we were talking about presents az + b as a composition of az
and z + b/a. Thus in this case Corollary 6.8 boils down to the equality

da da db
—2/\db=—/\—.
a a a
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This example admits natural extensions to groups of higher dimensional
affine transformations. For the sake of notation we consider such an extension
only for the group of 3 x 3 invertible upper triangular matrices

=

1y <z
W= Xy w
0 x3

o o

where x1, x2, x3 € C*, y, z, w € C. Its Haar form is given by

dx dx dx
—31/\—22/\—1/\dy/\dz/\dw.
X3 X35 X1

Then Y ~ C? is the group of unipotent upper triangular matrices and X ~
(C*)3 is the group of the invertible diagonal matrices. The isomorphism W —
X x Y is given by

12Xz
X1 y Z X1 O 0 X1 X1
0 x w|— O0x, 0(,]0 1%
0 0 X3 0 O)C3 001

In this case Corollary 6.8 yields the equality

dx; dxp dxjs dx; dxp dxj3 dy dz dw
— AN—A—AdyAdzAdw = —A—A— A —A—A— ).
3 2 X1 x2 X3 X1 X1 X

X3 X5 X3
Proposition 6.10 Let W be a linear algebraic group, Y be its rationally con-
nected subgroup, and X = WY be the homogeneous space of left cosets.
Suppose that w is the left-invariant volume form on W, wy the invariant vol-
ume form on Y and wx the volume form on the quotient constructed in Propo-
sition 6.7. Then the natural projection p : W — X is a volume fibration with
respect to the volume forms w, wx, and wy .

Proof Choose locally nilpotent derivations o7, ..., o, and semi-simple deriva-
tions o} Iy ...,0, on W generated by the left multiplication of W by ele-
ments of its C; and C*-subgroups and such that they generate tangent space
at each point of W. Since they commute with morphism p they yield locally
nilpotent and semi-simple derivations o1, ..., 0, on X with the same prop-
erty. Take any point x € X and suppose that oy, ..., 0, generate the tangent
space Ty X (where [ <k <m). Then we have the dominant natural morphism
¥ : G — X from the group G := Ck=/+1 x (C*)"~k given by the formula
t=(,....ty) = hyo---ohy, (x) where f € G and hy; is the action of the
element ¢; from the C; or C*-group corresponding to the j-th factor in G.
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This morphism is étale at the identical element 0 = (0,...,0,1,...,1) of
G and ¥ (0) = x. The restriction of ¥ to an open Zariski dense subvariety
Z of C"™~!*1 may be viewed as an étale neighborhood of x € X. Suppose
that wz (resp. 67) is the lift of the form wy (resp. vector field o;) to Z.
By Proposition 6.7 wz is invariant under the local phase flow generated by
6i. Set W' =W xx Z. Then by construction, W’ is naturally isomorphic to
Z x Y and under this isomorphism each field o/ corresponds to the horizontal
lift of 6; to Z x Y. Hence wz X wy is invariant under the local phase flow
generated by this lift of 4;. It is also invariant under right multiplication by
elements of Y by Proposition 6.4(2) and, therefore, determined uniquely by
its value at one point. But the form o is also invariant under the local phase
flow generated by o/ and under right multiplication by elements of ¥ again
by Proposition 6.4(2). Therefore, the preimage of @ on W coincides with
wz X wy since one can choose wy so that both forms coincide at one point. [

We finish this section with the following useful observation.

Lemma 6.11 Let W be a reductive group and Y be its Levi semi-simple sub-
group. Then the base of the volume fibration p : W — X := W/Y possesses a
family of algebraic vector fields satisfying condition (D) and such that every
element of this family admits a p-compatible lift.

Proof Let T be the connected component of the center of G. Thatis, T is a
torus (C*)* and X >~ T /(T NY) is also a torus (C*)" since the group T NY is
finite. Let us start with the case when 7 NY is trivial, i.e. X =T. Then W =
X x Y and p is the projection to the first factor. In particular, any “vertical”
field 8’ € AVF(W, p) contains C[X] C C[W] in its kernel. Every vector field
o€ Lie;)é (X) has similarly a lift o’ € Liefa‘ig(W) such that this lift contains
C[Y] in its kernel. In particular, SpanKero’ - Ker§’ = C[W]. Furthermore,
any vertical field 8’ is of form Zj fjé; where f; € C[W]and §; is the natural
lift of vector field on Y to W. Since [¢”, § ;] = 0 we have [0', §'] € AVF(W, p)
which shows that any family of vector fields on X satisfying Condition (D)
has the desired p-compatible lifts.

In the general case when TN Y is not trivial we have a commutative dia-
gram

T xY B w

la Lp

T i X
where the horizontal arrows are unramified finite coverings. Let z1, ..., z, be
natural coordinates on T ~ (C*)" and wy, ..., w, be natural coordinates on

X =~ (C*)". Then up to constant factors we have w; = []/_, zkii. By Exam-
ple 5.9 a family on X satisfying Condition (D) consists of vector fields of
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form v = f;w;d/dw; where f; is a function on X independent of w;. Note
that w;d/dw; = Z?:l kijz;0/0z;. Since z;0/0z; is associated with multipli-
cation by elements of a C*-subgroup of T it may be viewed as a field on X
and we can find its lift to W. Thus the fields w;d/dw; and also v have lifts to
W and we need to check that they are p-compatible.

Let o’ be the lift of one of these fields and o” be its preimage on 7 x Y.
Each vertical vector field 8’ on W (i.e. it is from the kernel of p.) gener-
ates a vertical vector field 8” on T x Y (i.e. it is from the kernel of g, ). As we
showed before [0”, §"] € AVF(T x Y, q) and therefore [0, §'] € AVF(W, p).
Furthermore, since SpanKero” - Ker$” = C[T x Y] we have still the equal-
ity SpanKero’ - Ker§’ = C[W] by virtue of Lemma A.4. This concludes the
proof of p-compatibility and the lemma. O

Remark 6.12 Convention 5.10 holds under the assumption of Lemma 6.11.
This is clear in the case of W isomorphic to the direct product of Y and a torus
T = (C**. In the general case when W = (Y x T)/F (where F is a finite
subgroup of the center of ¥ x T') one can note that up to factors the vector
fields on Y, that will be used in the construction in Sect. 8, are associated
with multiplications by elements of C* and C_-subgroups. Therefore, their
natural extensions to ¥ x 7 commute with multiplications by elements of F
and can be pushed down to W.

7 Compatibility

Notation 7.1 Let G be a semi-simple Lie group, Sp and S be its SL, or PSL;-
subgroups, and p : G — X := G /Sy be the natural projection into the set of
left cosets. Suppose that § is a completely integrable algebraic vector field on
So generated by right multiplications. Then it generates §’ € Lie;‘)lg(G, p). Let
H ~ C4 be a subgroup of S. Left multiplication by elements of H generate
a locally nilpotent derivation ¢’ on G. Note that [¢/, §'] =0 (i.e. we have an
(S x Sp)-action on G) and o’ generates a locally nilpotent derivation o on X

associated with the corresponding H -action on X.

We think of Sy being fixed and our aim is to find “many” S such that ¢’
is p-compatible for S, i.e. the vector space generated by Kero’ - Ker§’ coin-
cides with C[G]. From now on we use the (seemingly overloaded) notation
of strictly semi-compatibility for pairs of vector fields (for Definition see Ap-
pendix A) since it was introduced in the work of DONZELLI, DVORSKY and
the first author [6] and we like to stick to this earlier introduced notation. We
apologize for any inconvenience to the reader.
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Lemma 7.2 Suppose go € G and S N goSog, V=T Then the isotropy group
of the point goSo € X under the S-action is I'. In particular, if the S-orbit of
20350 is closed then T is reductive by the Matsushima theorem.

Proof The coset goSp is fixed under the action of s € S if and only if sgoSo C
g0So which implies that g, lsgo € Sp and we have the desired conclusion. [J

In the proof of Proposition 7.3 we use slightly modified results from [12].
For the reader’s convenience we discuss these results in Appendix A (Lem-
mas A.4 and A.5).

Proposition 7.3 Let 'y = SN gSog™" be finite for every g € G. Then o' is
p-compatible.

Proof Consider the quotient morphism r : G — Z := G//(S x Sp). Since
", is always finite all orbits are equidimensional and, therefore, closed (in-
deed, for a reductive group S x So the closure of a non-closed orbit must
contain a closed orbit, automatically of smaller dimension, which is impossi-
ble because all orbits are of the same dimension). By Luna’s slice theorem for
every point z € Z there exists a Zariski neighborhood U C Z, a I';-invariant
slice V C G through a point of r~1(z) such that |y : V — U is a surjec-
tive quasi-finite morphism, and a surjective étale morphism W — r~1(U)
where W =V xr, (S x So). In particular, we have a natural surjective quasi-
finite morphism W :=V x (§ x Sp) — r~ (). Clearly, the algebraic vector
fields 0” and §” on W” induced by ¢’ and §' are strictly semi-compatible,
i.e. the span of Kero” - Kerd” coincides with C[W”]. Note also that for
any C;y ~ H < § the quotient G//H is smooth and the quotient morphism
G — G//H is a holomorphic C-fibration over its image. By Lemmas A.4
and A.5 in Appendix A the restrictions of ¢’ and & to r~'(U) are also
strictly semi-compatible. Thus there is a cover Z = | JU; such that each
U; is of form U; = Z \ gi_](O) with g; € C[Z] and the restrictions of o’
and &' are strictly semi-compatible on each W; = r~!(U;). For any function
h € C[Z] its restriction h|w, is contained in Kero'|w, N Kerd'|w,. Since for
any function ¢ € C[W;] there exists m > 0 such that ¢g;" € C[G] and since
gi € Kero’ N Kerd', for an appropriate m the function Ag" belongs to the
span of Kero’ - Ker 8. Now the desired conclusion follows from the standard
application of the Nullstellensatz. 0

Lemma 7.4 Let G, So, X, and S be as in Lemma 7.2 and 'y = S N gSog_1
where g € G. Suppose that 'y does not contain a torus C* for every g € G.
Then every Iy is finite.

Proof Assume that I'g, is not finite for some go € G. Then I'y, cannot be
reductive (without a torus) and the S-orbit O of gopSp € X is not closed by
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the second statement of Lemma 7.2. Furthermore, since any two-dimensional
subgroup of SL>(C) contains C* we see that I'g, is one-dimensional, i.e. O is
two-dimensional. Since S is reductive the closure of O must contain a closed
orbit O; of some point g1Sp € X. Thus dim Oy <1 and dim "y, > 2. But in
this case as we mentioned I'g, contains a torus which yields a contradiction. []

In order to find S such that I'y = g 'Sog N S does not contain a torus
for every g € G we need to remind the notion of a principal SL, or PSL;-
subgroup of a semi-simple group G (resp. principal slp-subalgebra in the Lie
algebra g of G) from [4]. Recall that a semi-simple element & of g is called
regular if the dimension of its centralizer is equal to the rank of g (more pre-
cisely, this centralizer coincides with a Cartan subalgebra ) of g). An sl sub-
algebra s of g is called principal if it contains a regular semi-simple element
h such that every eigenvalue of its adjoint operator is an even integer. The SL»
(or PSL,) subgroup generated by such subalgebra is also called principal. For
instance, in SL, up to conjugation every regular element is a diagonal ma-
trix with distinct eigenvalues and any principal SL;-subgroup acts irreducibly
on the natural n-space. Any two principal SL-subgroups are conjugated in G
and any SL,-subgroup corresponding to a root is not principal (unless g = sl»)
since its semi-simple elements are not regular.

Lemma 7.5 If S is a principal SLy (resp. PSLy) subgroup of a semi-simple
group G and Sy be any subgroup of G that does not contain regular semi-
simple elements. Then T'g = g 'Sog NS is finite for every g € G.

Proof Note that I'y cannot contain a torus since otherwise Sy contains a reg-
ular semi-simple element. Lemma 7.4 implies now the desired conclusion. []

Proposition 7.6 Let G be a semi-simple Lie group different from SLy(C) or
PSLy(C). Suppose that Sy, Z = G/So, p: G — Z, and ¢’ are is in Nota-
tion 7.1. Let Sy correspond to a root in the Dynkin diagram. Then ¢’ can be
chosen that it is p-compatible (for any So corresponding to a root in the
Dynkin diagram!!). Furthermore, there are enough of these p-compatible
completely integrable algebraic vector fields o', so that the Lie algebra L
generated by them generates VFy4(Z) as a C[Z]-module.

Proof Let an SL, (or PSLy) subgroup Sp correspond to a root and S be a
principal SL; (or PSL,) subgroup. By Proposition 7.3 and Lemma 7.5 o’ is
p-compatible and we are left with the second statement. Suppose that X, Y, H
is a standard triple in the sly-subalgebra s of S,i.e. [X,Y]=H,[H, X]=2X,
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[H, Y] = —2Y . In particular, the locally nilpotent vector fields generated by
X and Y are of form ¢’ and they are p-compatible. Suppose that the cen-
tralizer of H is the Cartan subalgebra § associated with the choice of a root
system and Xo, Yo, Ho is an sl,-triple corresponding to one of the roots. Con-
jugate S by xo = X0 where ¢ is a small parameter. Up to terms of order 2
element H goes to H + e[ H, Xo] after such conjugation, i.e. [H, Xo] belongs
(up to second order) to the Lie algebra generated by X, Y, and the nilpotent
elements of the Lie algebra of principal SL;-subgroup x, 'Sx0. Since each
X is an eigenvector of the adjoint action of H we have [H, Xo] = aXy. Fur-
thermore, a # 0 since otherwise X belongs to the centralizer h of the regular
element H. Thus X and similarly Yy are (up to second order) in the Lie al-
gebra L generated by fields of form o’. The same is true for Hy = [Xo, Yo].
Thus values of L at any point z € Z generate the tangent space 7, Z which
implies L generates VFy,(Z) as a C[Z]-module. O

8 Main Theorem

Notation 8.1 In this section G is a semi-simple Lie group except for the
proof of Theorem 2. By S; we denote an SL, or PSLy-subgroup of G (for
each index i > 0) and by p; : G — X; = G/S; the natural projection. In the
case of S; >~ PSL, we assume additionally the validity of Convention 5.10
(which is true under the assumption of Lemma 5.11). By abusing notation
we treat C[X;] as the subring p’(C[X;]) in C[G]. Note that Lemma 5.12
implies that C[G] =~ F(G, p;) ® C[X;] and denote by pr; : C[G] — C[X;]
the natural projection. For any semi-simple complex Lie group B denote by
BR its maximal compact subgroup whose complexification coincides with
B (it is unique up to conjugation). Let K; = S}R. Define a linear operator
av; : C[G] — C[G] by

avi(f)= [ f(wk)duk, (k)
K;
for any function f € C[G] where g, (k) is the bi-invariant normalized Haar
measure on K;.
Lemma 8.2 In Notation 8.1 we have

(1) the right multiplication by an element k € K; generates a map VWV :
CI[G] — C[G] (given by f(w) — f(wk)) whose restriction to F(G, p;)
is an isomorphism;

St is unfortunate, but we have to use the classical notation X, Y, H for a standard triple of
an sly-algebra while in the rest of the text these symbols denote affine algebraic varieties and
groups.
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(i) Ker av; = F(G, p;), i.e. av; = pr; and f —av;(f) € F(G, p;) for every
f eC[G].

Proof The right multiplication transforms every fiber Y := p,” Y(x) into it-
self and each completely integrable algebraic vector field on it into a sim-
ilar field. Hence for every f € F(G, p;) we have \Il(f)lpfl(x) € Fy. Now

(i) follows from Lemma 5.12. Thus operator av; respects the direct sum
CIG] ~ F(G, p;) ® C[X;] and sends C[G] onto C[X;] so that its restriction
to C[X;] is identical map. This implies (ii). O

Lemma 8.3 Let Sy and Ko be as before and let L = G® contain K. Con-
sider the natural inner product on C[G] given by

hi -y = /I 7 O du ()
el

where |1y is the bi-invariant measure on L. Then C[X] is the orthogonal
complement of F (G, pg).

Proof Consider h; € C[G] and hy € C[Xg]. Show that avg(h1) - ho = hy - hy.
We have

1= avothy) - ho = / f 1 (kYo (1) dpt kg (ko) duer (1),
L JKo
By Fubini’s theorem
I= f / 1 (tkoYia (1) due (1) djay (ko).
Ko JL

Set I’ = lky. Then hy(lkg) = h1(I') and ho(]) = hz(l/ko_l) = hy(I") since hj
is right Kp-invariant. Using the fact that measures are invariant we see that /
coincides with

/ /hl(l/)}_lz(l/)dl/«L(l/)dl/«Ko(kO)=/hl(l/)}_lz(l/)dML(l/)
Ko JL L

where the last equality holds since measure (g, is normalized. Thus av(hy) -
hy = hy - hy. Now the desired conclusion follows from Lemma 8.2 and the
fact that C[G] =~ F (G, po) & C[Xp]. O

Corollary 8.4 Let Sy, ..., S, be as in Notation 8.1 with each K; = SIR CL.
Set F =Y "" F(G, p;i). Then the orthogonal complement of F in C[G] co-
incides with the subspace V of functions that are invariant with respect to
any Si-action generated by the right multiplication. In particular, if this set
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S0, - - ., S contains all SLy or PSL;-subgroups corresponding to simple posi-
tive roots for the Lie algebra of G then this orthogonal complement V consists
of constants only and C[G] ~ F & C.

Proof Indeed, treating C[X;] as p’(C[X;]) we see that by Lemma 8.3 the
orthogonal complement of F in C[G]is V = ﬂ;-"zo C[X;] which is exactly the
space of functions invariant under each S;-action. For the second statement
note that if the sequence {S;} of subgroups generate the whole group G then
these invariant functions must be constants. (]

Lemma 8.5 Let {S;}!" ,, F,and V be as in Corollary 8.4 and fy € C[G]\ F.
Consider the smallest subspace U C C[G] that contains fy and such that for
every i and every f € U function av;(f) is also in U. Then

(1) U is of some finite dimension N
2) dmUNF=N—-—1landdimUNV =1.

Proof Consider a closed embedding p : G < C”" such that the induced action
of G on C" is linear. This yields a filtration on C[G] defined by minimal
degrees of polynomial extensions of regular functions on G to C". Let Wy
be the subspace of C[G] that consists of functions of degree at most k and
®; : C[G] — C[G] be the automorphism given by f(w) — f(wl) forl € L.
Since the G-action on C”" is linear each automorphism &; sends Wj into
itself. Hence the definition of av; implies that av; (Wy) C Wg. Thus U C W;
as soon as fo € Wi which yields (1).

Denote the orthogonal projection onto V by pr: C[G] — V and let
fo =pr(fo). Since fo ¢ F we have fj # 0. Let P be the hyperplane in C[G]
that consists of vectors of form fj + Py where Py is the hyperspace orthog-
onal to fé. In particular P contains fj. Since fé € C[X;] for every i we see
that P is orthogonal to each C[X;]. Recall that the operator av; = pr; is just
the orthogonal projection to C[X;], i.e. P is invariant with respect to these
operators. In particular, if we set f; =av;, o---oav; (fp) for a multi-index
J=(j1,..., Js) with j; €{0,...,m} then f; e PNU.

We want to show that for some sequence of such multi-indices f; is
convergent to a nonzero element of V or, equivalently, f; is convergent to
an element of V N Py for f; = f; — f;. Consider the subspace U’ gen-
erated by vectors of form f;. Let U/ = U’ N C[X;] and I = (J,i), ie.
f; = av;(f}). By construction the operator pr; | = av; |y is just the or-
thogonal projection to U/. Hence if f} ¢ U/ we have || /Il < || ;. Since
U’ is finite-dimensional this implies that one can choose {f;} convergent
to an element v € U’ and we can suppose that v has the smallest possi-
ble norm. Then pr(v) = v because of the last inequality. On the other hand
pr(f)) =pr(fr) —pr(fy) =proavj o---oav; o(fo) —pr(fo) = fj— f; =0.
Thus v = 0. This shows fj € V N U and therefore dimU NV > 1.
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On the other hand U contains a subspace Ug generated by vectors of form
Jo — f7. One can see that Uy is of codimension 1 in U. Furthermore, fy —
Jr="fo— f1)+(fsr— f1).Notethat f; — fr = fy—avi(fs) € F(G, p;) C
F by Lemma 8.2. Thus, using induction by the length of the multi-index J
one can show that fo — f; € F. Thatis,dimU N F > N — 1 which concludes
the proof. O

Proposition 8.6 Any semi-simple group G has the algebraic volume density
with respect to the invariant volume.

Proof Choose Sy, ..., Sy as in Corollary 8.4 and such that they correspond
to simple nodes in the Dynkin diagram (it is possible since every semi-simple
group G has a compact real form, i.e. we can suppose that S}R =K;CL=
G®). Consider the natural projections p; : G — X; := G/S; to the sets of left
cosets. Choose p;-compatible completely integrable algebraic vector fields o’
as in Proposition 7.6 and denote their collection by ®. That is, vector fields
from @® are of zero divergence, they commute with any § € VF;; g(G, pi), and
they are independent from index i. Furthermore, these fields from ® can be
viewed also as zero divergence vector fields on X; that generate VF,o(X;) as
a C[X;]-module.
Let us fix an index i. Any algebraic vector field on G is of form

v:Zhe@—i—S

6e®

where the sum contains only finite number of nonzero terms, hg € C[G]
and 6 € VFu,(G, p;). Since SL>(C) and PSL,(C) have property (C) from
Sect. 5.1, C[G] = F(G, p;) & C[X;] by Lemma 5.12. Thus by virtue of

Proposition 5.16 adding fields from Lie;"lg(G) to v we get a field

v = Z /’lé@ + 31‘
0e®

where §; € VFfa"lg(G, DPi), hé =av;(hg), and av; = pr; is as Notation 8.1. That

is, hé € C[X;]. Suppose that div,, v = 0 and, therefore, div,(v;) = 0. Note
that

divw<z hé@) = 6(h}) € CLX/]
fe® 0e®

while div,, 8; € F(G, p;). Hence divy,(Q yeq hg@) = div,(5;) = 0. Since
SL>(C) and PSL>(C) have the algebraic volume density property, §; €
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Lie?

2g(G, p) by Corollary 5.14. Thus v — Vi € Lieg’lg(G) where

=) ho.

0e®

In particular it suffices to show that v; € Lie;‘ig(G) and, therefore, we can

suppose that § = 0 in the original formula for v. Repeating this procedure we
see that v — vy € Lie_(G) where

alg
by=> hjo
fe®
for a multi-index J = (ji, ..., js) with j €{0,...,m} and ) =av; o---0

avj (hg).

JBy Corollary 8.4 and Lemma 8.5 the vector space generated by kg and
functions of form hg is also generated by constants and functions of form
ho — hgj . Thus adding to v = Zee@ hg6 vector fields of form v — f)ej and c6
(where ¢ € C) we can reduce the number of nonzero terms in this sum. Hence
Ve Lieg’lg(G) which implies the desired conclusion. Il

8.7 Proof of Theorem 2

Let us start with the case when G is reductive. Suppose that Y is its Levi
semi-simple subgroup. Then by Proposition 6.11 p: G — X :=G/Y is a
volume fibration whose base possesses a family of algebraic vector fields with
property (C) admitting p-compatible lifts. Furthermore, the base (which is a
torus) and the fiber of this fibration have algebraic volume density property
by Proposition 8.6. Thus G has the algebraic volume density property by
Theorem 4.

Now consider an arbitrary linear algebraic group G and let Y be its unipo-
tent ideal and X be a Levi reductive subgroup of G. By Corollary 6.8 the
Mostow isomorphism G — X x Y makes the left invariant volume @ on G
equal to wx X wy where wy is left invariant on X and wy is invariant on Y.
Now by Proposition 4.3 G has the algebraic volume density property with
respect to w which concludes the proof of our Main Theorem.

Remark 8.8 Theorem 2 remains, of course, valid if instead of the left invariant
volume form we consider the right invariant one, because the affine automor-
phism G — G, g — g~ ! transforms the left invariant volume form into the
right one while preserving the complete integrability of the algebraic vector
fields.
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Appendix A: Strictly semi-compatible fields

Notation A.1 In this section H; is isomorphic to C;. fori = 1, 2. We suppose
also that X is a normal affine algebraic variety equipped with nontrivial alge-
braic H;-actions (in particular, each H; generates an algebraic vector field §;
on X). The categorical quotients will be denoted X; = X//H; and the quo-
tient morphisms by p; : X — X;.

Definition A.2 A pair (81, §7) of algebraic vector fields (as in Notation A.1)
is called strictly semi-compatible if the span of Ker; - Ker §, coincides with
CIX].

We shall need the following obvious geometric reformulation of definition.

Proposition A.3 Let §; and 5, be as in Notation A.1. Set p = (p1, p2) : X —
Y := X1 x X5 and Z equal to the closure of p(X) in Y. Then §1 and &, are
strictly semi-compatible if and only if p : X — Z is an isomorphism.

Lemma A4 Let X, H;, X;, §;, and p; be as in Notation A.1 with &1 and 5
being strictly semi-compatible and [81, 8] =0. Set I' = H| x H,. Let X' be
a normal affine algebraic variety equipped with a non-degenerate I'-action
and p : X — X' be a finite T -equivariant morphism (for each i = 1, 2), i.e.
we have commutative diagrams

x 2 x
\L P \qu'
/ p’, /
X — Xi

where p] : X' — X! = X'//H; is the quotient morphism of the H;-action on
X'. Suppose also that p| makes X' an étale locally trivial C-fibration over
p1(X"), and X1, X» are affine.® Then Span(C[X/]- C[X}]) = C[X].

SIn all cases we apply this lemma the Cj-action generated by H; extends to an algebraic
SL,(C)-action and, therefore, X; is affine automatically by the Hadziev theorem [11].
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Proof Since p is finite, every f € C[X;] C C[X]is aroot of a minimal monic
polynomial with coefficients in C[X'] that are constant on H;-orbits (since
otherwise f is not constant on these orbits). By the universal property these
coefficients are regular on X l’ , l.e. f is integral over C[X lf] and g¢; is finite.
Consider the commutative diagram

X 2 x/xX
Ip la

,O,
X 5 X/ xx

where p = (p1, p2), p' = (p, P5), and ¢ = (g1, q2). Let Z (resp. Z’) be the
closure of p(X) in X1 x X» (resp. p’(X") in X| x X}). By Proposition A.3 p :
X — Z is an isomorphism and, therefore, by Lemma 3.6 in [12] p": X' — Z’
is birational finite. Since the statement of this lemma is equivalent to the fact
that p’ is an isomorphism, it suffices to prove p’ is a holomorphic embedding.

Consider an orbit O C X of H; and set 0" = p(0), 0} = p}(0’). Each
of these orbits is isomorphic to C; and, therefore, the Hj-equivariant finite
morphisms plo : O — 0" and pj}|o’ : O' — O must be isomorphisms. Thus
one has a regular function on X}, whose restriction yields a coordinate on
0’ >~ 0} C X}. Since locally X’ is biholomorphic to U x O’ where U is
an open subset of pj(X’) C X| we see that p’ : X’ — X| x X}, is a local
holomorphic embedding, i.e. it remains to show that p’ is injective. For any
x € X setx’ = p(x), and x] = p!(x’). Assume that x and y € X are such that
(x], x5) = (¥}, ¥}). Arguing as in Lemma 3.6” in [12] we can suppose that x
and y belong to the same fiber of p; that is, by assumption, an Hj-orbit O.
Since p5|p : O" — O} is an isomorphism we have x" = y" which implies the
desired conclusion. g

Lemma A.5 Let the assumption of Lemma A.4 hold with one exception: in-
stead of the finiteness of p we suppose that there are a surjective quasi-finite
morphism r : S — S’ of normal affine algebraic varieties equipped with triv-
ial T-actions and a surjective T -equivariant morphism @' : X' — §’ such that
X is isomorphic to fibred product X' x ¢ S with p : X — X' being the natural
projection (i.e. p is surjective quasi-finite). Then the conclusion of Lemma A.4
remains valid.

71t is shown in that lemma that Pj (p_l(x’ ) = qj_l (x;.) for a general point x € X and to

adjust the argument to the present situation one needs it to be true for every point in X, but this
follows, of course, from continuity and finiteness of g ;.
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Proof By construction, X; = X! xg S. Thus we have the following commu-
tative diagram

X B (X x X)) xxsy Sx8) ) sxs
Ny Va b
x 5 X} x X} D s«

Set Z (resp. Z') equal to the closure of p(X) in X| x X (resp. p/(X’) in
X} x X})andlet D ~ S (resp. D' ~ §') be the diagonal subset in S x S (resp.
S’ x 8. Since X = X' xg S weseethat Z=Z" xp D.

Assume that p'(x") = p’(y") =: 7/ for some x’, y’ € X’. Then by the com-
mutativity of the diagram we have also o’ (x") = ¢’(y") =: s'. Since r is sur-
jective r(s) = s’ for some s € S. Thus the elements (x’,s) and (y',s) of
X' xg S go to the same element (z',s") of Z' x pr D under morphism p.
By Lemma A.3 p : X — Z is an isomorphism and therefore x’ = y’. Hence
o'+ X' — Z' is bijective.® It was shown in the proof of Lemma A.4 that p’
is locally biholomorphic, i.e. it is an isomorphism which implies the desired
conclusion. O
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