msp



ANALYSIS AND PDE
Vol. 16 (2023), No. 1, pp. 233-277

DOI: 10.2140/apde.2023.16.233

HOLOMORPHIC FACTORIZATION OF MAPPINGS INTO Sp4(C)
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We prove that any null-homotopic holomorphic map from a Stein space X to the symplectic group Sp,(C)
can be written as a finite product of elementary symplectic matrices with holomorphic entries.
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1. Introduction

The continuous or holomorphic parameter dependence of classical linear algebra results over the fields R
or C form a circle of very natural questions of general mathematical interest. For example the factorization
of continuous matrices as a product of continuous elementary matrices has been studied and solved by
Vaserstein [1988]. The corresponding holomorphic problem for the special linear group SL,, was posed
by Gromov [1989] and was finally solved by the first two authors in [Ivarsson and Kutzschebauch 2012].
The study of algebraic dependence is connected with famous work by Suslin [1977], Cohn [1966], Bass,
Milnor, and Serre [Bass et al. 1967] and many others.
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These parameter dependence questions are a part of algebraic K-theory and the study of linear algebra
over general rings. Factorization of Chevalley groups over R and C into elementary matrices is classically
well known. For Chevalley groups over general rings this is much more difficult and studied a lot. For an
overview, see, for example, [Vavilov and Stepanov 2011].

We are mainly interested in the rings of holomorphic functions on Stein spaces. The only known
holomorphic result is the existence for the special linear groups in [Ivarsson and Kutzschebauch 2012],
where Gromov’s problem is solved in full generality. In the special case of an open Riemann surface the
problem was solved earlier (absolutely unnoticed) by Klein and Ramspott [1987]. The authors [Ivarsson
et al. 2020] also proved the main result of this paper for any size of symplectic matrices in the special
case of an open Riemann surface.

In the present paper we consider the symplectic groups over rings of holomorphic functions on Stein
spaces. The main result is (see Section 2 for notation)

Main Theorem (Theorem 3.1). Let X be a finite-dimensional reduced Stein space and f : X — Sp,(C)
be a holomorphic mapping that is null-homotopic. Then there exist a natural number K, depending only
on the dimension of X, and holomorphic mappings

Gl,...,GK:X—>C3
such that
f(x) =M (G(x))--- Mg (Gk(x)).

We remind the reader that a mapping is null-homotopic if it is homotopic to a constant map. By the
Oka—Grauert principle it is equivalent for a holomorphic map from a Stein space into a complex Lie
group to be null-homotopic via holomorphic maps or via continuous maps (see Theorem 5.3.2 in the
standard reference [Forstneri¢ 2017]).

Our main tool is the Oka principle for stratified elliptic submersions, the most elaborate result in
modern Oka theory. In order to apply an Oka principle one needs a topological solution which we take
from our previous work on symplectic groups over rings of continuous functions on topological spaces.
The Oka principle lets us homotope the topological solution to a holomorphic one. The technical details
needed to prove that certain fibrations are stratified elliptic are considerable and we have so far only been
able to complete these details for Sp,. We expect that a similar result holds for Sp,,,.

Factorization of symplectic groups over other rings (of mainly algebraic nature) has been considered
before for example by Kopeiko [1978], and Grunewald, Mennicke and Vaserstein [Grunewald et al. 1991].

The paper is organized as follows. In Section 2 we recall our results on factorization of continuous matri-
ces and prove a slight extension about the number of factors. In Section 3 we state our main results and give
an overview over the proof. In Section 4 we explain how our results can be reformulated in the language
used in algebraic K-theory. In Section 5 we recall the theorems from Oka theory which we use in our proof.

In Section 6 we give the proofs of Lemmas 3.3 and 3.4, where we prove that the most important
fibrations in this paper, the projections of products of elementary symplectic matrices onto their last row,
are surjective and we determine where they are submersive. This is done for symplectic matrices of all
sizes, since we hope to be able to prove in the future that these fibrations are stratified elliptic for all sizes.
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The rest of the paper is devoted to proving that our fibration (for (4 x 4)-matrices) is stratified elliptic
in order to be able to apply Oka theory. In Section 7 we describe the stratification with respect to which
we want to prove that the important fibration is stratified elliptic. This has to do with how the set of
2n algebraic equations defining a fiber in the fibration can be reduced to n equations. In the case of
the special linear group in [Ivarsson and Kutzschebauch 2012] we were able to reduce to one single
equation independent of the size of the matrices. This was the crucial trick to prove ellipticity by finding
complete vector fields, which corresponds to Gromov’s example of a spray. This inability to reduce to
fewer equations is the main difference between the situation of the symplectic group and the special linear
group. It leads to all the difficult technical work in the rest of the paper. In Section 8 we introduce our
method to find complete vector fields tangent to the fibration. However not all of them are complete and
we deduce that the Gromov-spray produced by them is not dominating. We determine which of them
are complete. In Section 9 we explain our strategy to enlarge the set of complete vector fields so that
this enlarged collection now spans the tangent space at all points and thus gives a fiber-dominating spray.
The realization of this strategy takes Section 10, where we introduce useful quantities, Sections 11, 12,
and 13, where we prove the result for three, four, and five (elementary symplectic) factors, and finally we
can give an inductive (over the number of factors) proof in Section 14. The reason for dealing with the
low numbers of factors separately is that some of the fibers of our fibration are reducible when there are a
small number of factors, and from five factors on all fibers are irreducible. In Section 15 we end the paper
with an application to the problem of a product of exponentials and formulate some open questions.

2. Continuous factorization

Let

n
©=Ydz; Adzji
j=I

be the symplectic form in C?". With respect to w, symplectic matrices are those that can be written in

(5)

where A, B, C and D are complex n x n matrices satisfying

block form as

ATc=cTa, (2.0.1)
B'D=D"B, (2.0.2)
ATD-Cc"B=1,, (2.0.3)

where [, is the n x n identity matrix. In the case B = C = 0 this means D = (AT)~!, and in the case
A = D = I, this means B and C are symmetric and C” B = 0. Let U, denote an nxn matrix satisfying
U, = UnT and 0,, the nxn zero matrix. We call those matrices that are written in block form as

I, 0, or I, U,
U, I, 0, I,
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elementary symplectic matrices. Let

X1 X2 e Xn

X2 Xp41 ... X2n—1
Un(X1, .oy Xnay2) = A .

Xn X2n—1 -+. Xn(n+1)/2

Given amap G : X — C""+D/2 Jet

Un(G(x)) =Un(G1(x), ..., Guut1)/2(x)),

where the G;’s are components of the map G. For odd k let

My(G(x)) = (U o 3)

and for even k

(G = (ln Un<G<x>>) |

0, I,
The following result is a refinement of [Ivarsson et al. 2020, Theorem 1.3].

Theorem 2.1 (continuous Vaserstein problem for symplectic matrices). There exists a natural number
K (n, d) such that given any finite-dimensional normal topological space X of (covering) dimension d
and any null-homotopic continuous mapping M : X — Sp,, (C) there exist K continuous mappings

Gi,...,Gg: X — ChntDh/2
such that
Mx)=M{(Gi(x))---Mg(Gg(x)).

Proof. Theorem 1.3 in [Ivarsson et al. 2020] does not give a uniform bound on the number of factors
depending on n and d. Suppose such a bound does not exist; i.e., for all natural numbers i there are normal
topological spaces X; of dimension d and null-homotopic continuous maps f; : X; — Sp,, (C) such that f;
does not factor over a product of less than i elementary symplectic matrices. Let X equal | ;= X;, the dis-
joint union of the spaces X;, and F : X — Sp,,, (C) be the map that is equal to f; on X;. By Theorem 1.3 in
[Ivarsson et al. 2020] F factors over a finite number of elementary symplectic matrices. Consequently all f;
factor over the same number of elementary symplectic matrices, which contradicts the assumption on f;. [

3. Statement of the main result and overview of proof

We state the main result of this paper which is a holomorphic version of Theorem 2.1 for Sp,(C).

Theorem 3.1. There exists a natural number N (d) such that given any finite-dimensional reduced Stein
space X of dimension d and any null-homotopic holomorphic mapping f : X — Sp4(C) there exist
N holomorphic mappings
G],...,GN:X—>C3
such that
F(x)=Mi(Gi(x)) - Mn(Gn(x)).
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We have the following corollary.

Corollary 3.2. Let X be a finite-dimensional reduced Stein space that is topologically contractible and f -
X — Sp4(C) be a holomorphic mapping. Then there exist a natural number N and holomorphic mappings

Gl,...,GN:X—H[Z3
such that
f(xX) =M (G1(x)) - Mn(Gn(x)).

The strategy for proving Theorem 3.1 is as follows. Define

Wk : (C)X — Sp,(0)
as
Wi (X1, ..., x38) = Mi(x1,x2,x3) - - - Mg (X3K -2, X35 —1, X3K). (3.0.1)

We want to show the existence of a holomorphic map

G=(Gy,...,Gg): X —> (CHX
such that
(CHX
S
X — Sp4(C)

is commutative. Theorem 2.1 shows the existence of a continuous map such that the diagram above is
commutative.

We will prove Theorem 3.1 using the Oka—Grauert—Gromov principle for sections of holomorphic
submersions over X. One candidate submersion would be to use the pull-back of W : (C)X — Sp4(C).
It turns out that U is not a submersion at all points in (C*)X. It is a surjective holomorphic submersion
)K

if one removes a certain subset from (C>)X. Unfortunately the fibers of this submersion are quite difficult

to analyze and we therefore elect to study
(CHX
|
7'[40\1/](

X ——C*
_y C*\ {0}

where we define the projection 74 : Sp,(C) — C*\ {0} to be the projection of a matrix to its last row:

2 ... 214
el . | = (241, .5 244).
41 ... 244

However, even the map &g = w40 Wi : (CHK - ¢ \ {0} is not submersive everywhere. We have the
three results below (Lemmas 3.3 and 3.4 and Proposition 3.6) about that map which will be proved in
later sections.
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We introduce some notation. Projecting to the last row introduces an asymmetry between upper and
lower triangular elementary matrices and therefore we will denote by z’s the variables in the lower
triangular matrices and by w’s the variables in the upper triangular matrices. For example, the right-hand
side of (3.0.1) becomes

1 000 1 0 w wy 1 0 war—y wik—1
0100 01 wy ws .__Olwgk,l W3k
2712210 001 O 00 1 0
22 z3 01 00 0 1 00 O 1
for even K = 2k.
Let
7y = {(Z1,22,Z3, Wi, W2, W3, ..., W3k_2, W3—1, w3) if K =2k,
(21, 225 23, W1, W2, W3, ..., Z3k415 23k42> 23k+3) if K =2k +1
and
<w1 Wy W4 W5 ... W35 w3k-4> it K = 2k,
Wy W3 W5 We ... W3k—4 W3Hk-3
Wy =
(wl Wy W4 W5 ... W3k—2 w3k—1> K =21,
Wy W3 W5 We ... W3k—] W3k

Also, when K =2k or K =2k +1, let
Ag = m {Zk e (CHE :23j-1 =23 =0},
I<j=<k
By = {Zk € (C*)X : Rank Wx < 2}
and
Sk = Ax N Bg. (3.0.2)

We have Lemma 3.3, which follows from a simple calculation.

Lemma 3.3. The mapping
G =40 Wg : (CHE\ Sx — C*\ {0}

is surjective when K > 3.

Lemma 3.4. For K > 3 the mapping
Gx =40 Vg : (CHK - C*\ {0}

is a holomorphic submersion exactly at points Z x € (CHX\ Sk, where Sk is defined by (3.0.2) above.
That is, Sk is the set of points where the entries in the last row of each lower triangular matrix are zero,
except for the K -th matrix where no conditions are imposed, and the rank of the matrix Wy, which does
not involve entries from the K -th matrix, is strictly less than 2.

Remark 3.5. Lemmas 3.3 and 3.4 both generalize to 2n x2n matrices and the proofs are identical. In
Section 6 we therefore consider the general case.
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Proposition 3.6. Forn =1 and n = 2 the map

(Cn(n-‘rl)/Z)K \ Sk
lnznolllk (3.0.3)
€\ {0}
is a stratified elliptic submersion.

Corollary 3.7. Letn=1o0orn=2. Let X be a finite-dimensional reduced Stein space and f : X — Sp,, (C)
be a holomorphic map. Assume that there exists a natural number K and a continuous map F :
X — (C*"0+DIHKN §p such that

(Cn(n+1)/2)K \ SK

/ l
o 0Wk

X C>"\ {0}

T2n Of

is commutative. Then there exists a holomorphic map G : X — (C"0+D/2)K\ Si homotopic to F via
continuous maps F, : X — (C"0HV/2)KN\ Spsuch that the diagram above is commutative for all F,.

Proof. The pull-back of (3.0.3) by w2, o f is a stratified elliptic submersion over the Stein base X. Thus by
Theorem 5.6 there is a homotopy from the given continuous section to a holomorphic section. This is equiv-
alent to the desired homotopy F;. An even better way to perform this proof is to say that the map (3.0.3)
is an Oka map, see [Forstneri¢ 2017, Corollary 7.4.5(1)], which yields the desired conclusion. (I

Remark 3.8. The fact that the map (3.0.3) is an Oka map yields a parametric version of Corollary 3.7.
This means that the holomorphic map can be replaced by a continuous map fp : X x P — Sp,,(C),
which is holomorphic for each fixed parameter p € P, where P is a compact Hausdorff topological space.

We need the following version of the Whitehead lemma:

100 O 1 000 100 O 1000 1000
alOO: 0 10011010 —a 0100]1010a (3.0.4)
001 —a —a—-110J1001 0)J{0110})Jj0010 o
000 1 -1 001 000 1 1001 0001

Proof of Theorem 3.1. We will prove the theorem for a single map. The existence of a uniform bound
N (d) follows as in the proof of Theorem 2.1. Since a finite-dimensional Stein space is finite-dimensional
as a topological space there are K — 2 continuous mappings
G],...,GK_QZX—>(E3
such that
Jx) =Mi(G1(x)) - Mg —2(Gg—2(x)).
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Let H : X — C3 be a constant map such that U, (H) has nonzero second row, let O : X — C3 be the
zero map, and replace the above factorization by

J ) =M (H)M(O)M3(G1(x) — H)M4(G2(x)) - - - Mg (G k—2(x))

(suppressing the variables in the constant maps H and Q). Notice that the second factor is the identity
matrix.
This factorization by K continuous elementary symplectic matrices avoids the singularity set Sx and
thus we find F : X — (C*)X \ Sx with Ug(F) = f.
Using Corollary 3.7 we know that Fy := F is homotopic to a holomorphic map G = F}, via continuous
maps F;, such that
wa(f(x)) =m0 Wk (Fr(x)), 0=<t<1,

that is, the last row of the matrices Wg (F;(x)) is constant. Therefore

fn,t(x) f:lz,t(x) fls,t(x) J§4,z(x)

J210(0) f220(6) f23.0(%) f24.0(x)

F31.0(x) f32.0(x) f33,0(x) faa,0(x)
0 0 0 1

Wi (F(x) f(x)' =

Since these matrices are symplectic, it automatically follows that flz,t(x) = 0, fgz,,(x) =1, and
j%z,t(x) = 0 so that

Fia) 0 fi3 ) frai )
frex) 1 f23:(x) faa,:(x)

Wk (F, =73 : : 3.05
(B () () f31,:(x) 0 f33:(x) f34,(x) ( )
0 0 0 1
and in addition _ .
z fi:(x) f13,:(x)
) = ()T, Sp,(C) = SLy(C). 3.0.6
fi(x) (f3l,t(x) f33,z(X)) € Sp,(0) 2(C) ( )

Since Wk (Fy(x)) = f(x), we see that fo = Id, and thus the holomorphic map f = fl : X — SLL(0O) is
null-homotopic. Let ¢ be the standard inclusion of Sp, in Sp,; see for example [Grunewald et al. 1991].
By the main result from [Ivarsson and Kutzschebauch 2012] the matrix

f3x) 0 —fi3(x) 0
0 1 0 0

y(fo™H= R (3.0.7)
0 0 0 1
is a product of holomorphic elementary symplectic matrices. Therefore it suffices to show that
10 0 fuw
W (G f) - (Foo ) = —f3a(x) 1 fia(x) faa(x) (3.0.8)

0 0 1 fu®
0 0O O 1
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is a product of elementary symplectic matrices. In order to deduce that the right-hand side of (3.0.8) has
the claimed form one has to use the fact that (3.0.5) is symplectic. Since

1 0 0 fuux) 1 00 0 10 0 fra(x)
—f3a(0) 1 fra(x) foa(x) | _ [ =f3ax) 100 01 fra(x) fra(x) fr4(x)+ faa(x)
0 0 1 fyk 0 01 fzkx) 00 1 0 ’
0 0 0 1 0 00 1 00 O 1
the result follows by the Whitehead lemma, (3.0.4). O

Analyzing this proof and using Remark 3.8 one sees that we can actually prove a parametric version of
our main theorem.

Theorem 3.9. Let X be a finite-dimensional reduced Stein space, P be a compact Hausdorff topological
(parameter) space, and f : P x X — Sp4(C) be a continuous mapping, holomorphic for each fixed p € P,
that is null-homotopic. Then there exist a natural number K and continuous mappings, holomorphic for
each fixed parameter p € P,
Gl,...,GKIPXX—>(E3
such that
f(p,x) =Mi(Gi(p,x))--- Mg (Gk(p,x)).

To complete the proof of the theorem we need to establish Proposition 3.6 and Lemmas 3.4 and 3.3.

Remark 3.10. Proposition 3.6 is the crucial ingredient in the proof of Theorem 3.1. Its proof is by far
the most difficult part of the paper. As pointed out in Remark 3.5, Lemma 3.4 holds for general n. Also if
Proposition 3.6 holds for some n then Corollary 3.7 also holds for that n. Moreover the reduction of the
size of the symplectic matrix from Sp, to Sp, done in the proof of Theorem 3.1 generalizes easily to a
reduction from Sp,, to Sp,,_, if Corollary 3.7 holds for n (see for example the proof of Lemma 4.4 in
[Grunewald et al. 1991]). Therefore if Proposition 3.6 can be proven for n =1, ..., m then the following
holds true.

Conjecture 3.11. Let X be a finite-dimensional reduced Stein space and f : X — Sp,,,(C) be a holomor-
phic mapping that is null-homotopic. Then there exist a natural number K and holomorphic mappings

Gi,...,Gg: X — CmmtD/2
such that
fxX)=M(Gi(x)) - Mg(Gg(x)).

In the case of a 1-dimensional Stein space, i.e., an open Riemann surface, this conjecture was established
in [Ivarsson et al. 2020]. The condition of null-homotopy is automatically satisfied in this case, since an
open Riemann surface is homotopy equivalent to a 1-dimensional CW-complex and the group Sp,,,(C) is
simply connected. The proof uses the analytic ingredient that the Bass stable rank of O(X) is 1 for an
open Riemann surface and proceeds then by linear algebra arguments.
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4. Formulation in algebraic terms

We relate our results to algebraic K-theory and reformulate them in those terms. The following is a
standard notion:

Definition 4.1. For a commutative ring R the set U,, (R) of unimodular rows of length m is defined as
{(ri,r2, ..., rm) € R™ :ry,ra,...1ry generate R as an ideal}.

In our main example, if O(X) is the ring of holomorphic functions on a Stein space X, a row
(f1s fos -y fm) € O™(X) is unimodular if and only if the functions fi, f>, ..., fi, have no common
zeros, a well-known application of Cartan’s Theorem B.

Since null-homotopy is an important assumption in our studies we denote the set of null-homotopic
unimodular rows in U, (O(X)) by U,?l (O(X)). This set can be seen as the path-connected component of
the space of holomorphic maps from X to C™ \ {0} containing the constant map (0,0, ,...,0, 1) =e,,.
By the Oka—Grauert principle C" \ {0} = GL,,(C)/ GL,,—(C) is an Oka manifold; therefore the path-
connected components of continuous and holomorphic maps X — C™ \ {0} are in bijection. This says
that unimodular rows in U, (O(X)) are null-homotopic in the holomorphic sense if and only if they are
null-homotopic in the continuous sense.

Algebraic K-theorists consider Chevalley groups over rings; in our example we consider the null-
homotopic elements of them.

Definition 4.2. Spgn (O(X)) denotes the group of null-homotopic holomorphic maps from a Stein space X
to the symplectic group Sp,,,(C), which in other words is the path-connected component of the group
Sp,, (O(X)) containing the identity.

Again by the Oka—Grauert principle holomorphic maps X — Sp,,,(C) are homotopic via holomorphic
maps if and only if they are homotopic via continuous maps.

Clearly the last row of a matrix in Sp,, (O(X)) is unimodular, i.e., an element of U, (O(X)). Whether
a unimodular row in U, (O(X)) is the last row of a matrix in Sp,, (O(X)) is by Oka theory a purely
topological problem. Let us illustrate this by an example.

Extending a unimodular row to an invertible matrix can be reformulated as follows: given a trivial line
subbundle of the trivial bundle X x C" of rank n over X, can it be complemented by a trivial bundle?

This of course is not always the case: The (nontrivial) tangent bundle 7 of the sphere S?**! (n > 4) is
the complement of the trivial normal bundle N to the sphere S?"*! in R*"*2. To make this a holomorphic
example consider X to be a Grauert tube around S>"*!, i.e., a Stein manifold which has a strong deformation
retraction p onto its totally real maximal-dimensional submanifold $?**!. The bundle T is replaced by
the complexified tangent bundle to the sphere pulled back onto X by the retraction p and equipped with
its unique structure of holomorphic vector bundle (which is still not a trivial bundle). The pull-back of the
complexified trivial bundle N is still a trivial line subbundle of X x C?. Thus we have found an example
of a holomorphic row which cannot be completed to an invertible matrix in GL,,,(O(X)) and thus not to
a matrix in Sp,, (O(X)) either.

For null-homotopic rows the situation is better.
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Lemma 4.3. Every element Ugn (O(X)) extends to a null-homotopic matrix A € Spgn (O(X)).

Proof. Let F = (fi, ..., fa): X — C?*\ {0} be a null-homotopic holomorphic map, and the homotopy to
the constant map F(x) = ez, be denoted by F;, ¢ € [0, 1]. The map w2, : Sp,,(C) — c¥ \ {0} is a locally
trivial holomorphic fiber bundle with typical fiber F = Sp,, ,(C) x C*~! which is an Oka manifold.
Our problem is to find a global section of the pull-back of this fibration by the map F = Fj. Since a
locally trivial bundle is a Serre fibration and the constant last row can be extended to a constant (thus
null-homotopic) symplectic matrix, we find a continuous section of this pull-back bundle over the whole
homotopy. Thus the restriction to X x {0} is a null-homotopic continuous symplectic matrix. Since the
fiber F is Oka, we find a homotopy to a holomorphic symplectic matrix, which is still null-homotopic. [

The notion of elementary symplectic matrices over a ring R is the same as explained in Section 2.
Let W, denote an nxn matrix with entries in the ring R satisfying W,, = W! and 0, the nxn zero
matrix. We call those matrices that are written in block form as

I, 0, I, W,
() o o)

elementary symplectic matrices over R. The group generated by them, the elementary symplectic group,
is denoted by Ep,,(R). We consider the group Ep,, (O(X)) which is easily seen to be a subgroup of
Spgn (O(X)) (multiply the symmetric matrices W, by a real number ¢ € [0, 1]).

The meaning of Corollary 3.7 in K-theoretic terms is now the following:

Proposition 4.4. Let n =1 or n = 2. For a Stein space X the group Ep,,(O(X)) acts transitively on the
set of null-homotopic unimodular rows Ugn (O(X)).

Proof. Letu € Ugn (O(X)) be a null-homotopic unimodular row. By the above lemma we can extend
it to a null-homotopic symplectic matrix A € Spgn((’)(X )). Now we just follow the beginning of the
proof of Theorem 3.1. By Theorem 2.1 we can factorize A(x) as a product of elementary symplectic
matrices with continuous entries. Adding two more elementary symplectic matrices we can achieve
that the factorization avoids the singularity set Sx. Applying Corollary 3.7 we know that Ag := A is
homotopic to a holomorphic map G = Ay, via continuous maps A;, such that

4(A(x)) =m0 Wk (Ai(x)), O0=<r=l,
that is, the last row of the matrices Wg (A;(x)) is constant. Therefore

ar,: (x) ap,(x) apz(x) aa,(x)

a1, (x) ax,(x) a3;(x) aa, (x)

as1,;(x) az,(x) aszs, (x) aza.(x)
0 0 0 1

W (A (x))AX) ™ =

This shows that the element Wg (G (x)) of Ep,, (O(X)) has the last row equal to u or equivalently moves
the constant row ey, to u. |
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Let ¢ : SL, — Sp, be the standard embedding given by

a0bO

ab 0100

(c d)r—) codol (4.0.1)
0001

Continuing like in the proof of Theorem 3.1 we see that it gives the following “inductive step”.

Proposition 4.5. For a Stein space X we have

SPY(O(X)) = Ep,(O(X)) - ¥ (SpY(O(X))).

In a similar way one can deduce from our earlier results (Proposition 2.8 and the proof of Theorem 2.3
in [Ivarsson and Kutzschebauch 2012]) the corresponding statements for the special linear groups. The
definition of the elementary group E, and the inclusion ¥ of SL,_; into SL,, are the usual ones.

Proposition 4.6. For a Stein space X and any n > 2 the group E,(O(X)) acts transitively on the set of
null-homotopic unimodular rows U,? (O(X)).

Proposition 4.7. For a Stein space X and any n > 2 we have

SLY(O(X)) = E,(O(X)) - ¥ (SLY_, (O(X))).

5. Stratified sprays

We will introduce the concept of a spray associated with a holomorphic submersion following [Gromov
1989; Forstneri¢ and Prezelj 2002]. First we introduce some notation and terminology. Let & : Z — X be
a holomorphic submersion of a complex manifold Z onto a complex manifold X. For any x € X the fiber
over x of this submersion will be denoted by Z,. At each point z € Z the tangent space T, Z contains the
vertical tangent space V T,Z = ker Dh. For holomorphic vector bundles p : E — Z we denote the zero
element in the fiber E; by 0.

Definition 5.1. Let 4 : Z — X be a holomorphic submersion of a complex manifold Z onto a complex
manifold X. A spray on Z associated with # is a triple (E, p, s), where p : E — Z is a holomorphic
vector bundle and s : E — Z is a holomorphic map such that for each z € Z we have

(1) s(E;) C Zh(z),
(i) s(0;) =z, and

(iii) the derivative Ds(0;) : To, E — T,Z maps the subspace E,; C Tp, E surjectively onto the vertical
tangent space VT,Z.

Remark 5.2. We will also say that the submersion admits a spray. A spray associated with a holomorphic
submersion is sometimes called a (fiber-)dominating spray.

One way of constructing dominating sprays, as pointed out by Gromov, is to find finitely many
C-complete vector fields that are tangent to the fibers and span the tangent space of the fibers at all
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points in Z. One can then use the flows <pj’. of these vector fields V; to define s : Z x CN — Z via
5z, 11, ..., ty) = @}l 00 @y (z), which gives a spray.

Definition 5.3. Let X and Z be complex spaces. A holomorphic map & : Z — X is said to be a submersion
if for each point zo € Z it is locally equivalent via a fiber-preserving biholomorphic map to a projection
p:U xV — U, where U C X is an open set containing /(z) and V is an open set in some CZ.

We will need to use stratified sprays, which are defined as follows.

Definition 5.4. We say that a submersion 4 : Z — X admits stratified sprays if there is a descending chain
of closed complex subspaces X = X,,, D - -- D X such that each stratum Y; = X \ X;_; is regular and
the restricted submersion 4 : Z|y, — Y; admits a spray over a small neighborhood of any point x € Y.

Remark 5.5. We say that the stratification X = X,,, D - - - D X¢ is associated with the stratified spray.
In [Forstneri¢ and Prezelj 2001], see also [Forstneri¢ 2010, Theorem 8.3], the following is proved.

Theorem 5.6. Let X be a Stein space with a descending chain of closed complex subspaces X = X, D
.-+ D Xo such that each stratum Y, = Xy \ Xy—1 is regular. Assume that h : Z — X is a holomorphic
submersion which admits stratified sprays. Then any continuous section fo: X — Z such that fylx, is
holomorphic can be deformed to a holomorphic section f| : X — Z by a homotopy that is fixed on X.

6. Proofs of Lemmas 3.3 and 3.4

Lemmas 3.3 and 3.4 hold for square matrices of any size. In this section we therefore look at
2nx2n matrices. Given two vectors a and b in C" (i.e., n x 1 matrices), we denote by

a
b
We shall consider products of 2n x2n matrices

L O\ (I Wi\ (I O\ (I W2\
zi L,J\o 1,)\z, 1,)]\o 1, ’

where Z;, Z>, ... and Wy, W5, ... are n X n matrices of variables

the obvious vector in C2".

Zi = (2k,ij)y Wi=(wr;j), 1=i,j=<n.

They are symmetric, i.e., zx,;j = 2k, ji and wy ;; = wy j;. We call the variables zx ,1, .. ., Zk,nn last row
variables (this term does not apply to the w-variables). If we have K factors, there are Kn(n 4 1)/2
variables. We will also think of the K -tuple (Z, Wy, Z,, W, ...) as a point in CK"®**+D/2_We will study
the last row of this product, which is a map ®g : CK?*+D/2 5 €27\ {0}. We prefer to work with the
transpose of this row, which we denote by PX, a vector in C?". It follows that

pr=(2
en)’

where Z = (Z1.n1, ..., 21..n) and é, is the last standard basis vector of C".
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The set S for K > 2 is now defined as the set of K-tuples of symmetric matrices (Z;, Wi, ...) such
that in the first K — 1 matrices all the last row variables (of the Z’s) are 0 and the set of all columns of
the W’s does not span C". (This means that the augmented matrix W;|W5| - - - has rank less than n.)

Lemma 6.1. PX : CKr'+D/2\ §p — C2"\ {0} is surjective for K > 3.

Proof. We prove the result for K = 3. For K > 3, simply put W, = Z3 = W3 = ... =0. The proof uses an
easy fact from linear algebra; given two vectors ¢ and d in C" with ¢ # 0 there is a symmetric matrix M

such that MZ = d. Now let
a
- ) e €\ {0).
(b) \(0)

Pick any symmetric matrix Z, such that 7 = a — Zgl; # 0 and let Z 1 be any symmetric matrix whose last

-

row is Z and W, a symmetric matrix such that W,z = bh— en. Then (Z1, Wy, Z,) ¢ S3 and for this choice

3_InZ2 InO Z_InZZ E_El)
P_<Oln)(W11n e,)] \0 I,)\b) \b)’ B

Slightly abusing notation, we denote the Jacobian matrix of ®x by JPX. Thisisa (2n x Kn(n+1)/2)-
matrix whose columns are the derivatives of PX with respect to one particular variable. We denote the
components of PX by PX, 1 <i <2n. It follows that

we have

Pl = (i) Z’;“) P, 6.0.1)
n
L 0
2k+2 __ n 2k+1
P2 (Wk+1 1n> P, (6.02)

We shall look at the final part of JP2*! the part where we differentiate with respect to the new
variables Zx41.115 - - - » Zk+1.n1s Tk+1,225 -« + » Tkt 1.n2s - - - » Tk+1.nn- Thisis a (2n x n(n 4 1)/2)-matrix. The
column where we differentiate with respect to zx1,;; will consist of Pnzfrl. in row number j and Pnzj‘r j
in row number i. Hence the bottom half of this matrix is zero and we only look at the upper half, an

(n x n(n + 1)/2)-matrix which we denote by A . If we consider just the columns which contain one

particular Pnz_lﬁl., we get a square nxn-matrix whose i-th row is (Pnz_/ﬁ 1r oo Pzzrlf), has Pfﬁi along the
diagonal and is otherwise zero. The determinant of this submatrix is (Pnzfrl.)”.

The situation is similar for the final part of JP**2 except now the top half is zero and the bottom half
Bj+1 contains P12k+1, el Pnz"“ in the same pattern as for Ay.

In the proof of the next lemma it will be convenient to use the following notation: if A and B are two
matrices with the same column length, we let A| B denote the matrix obtained by augmenting A with B
to the right. By ey, we denote the last vector in the standard basis of c2,

Lemma 6.2. PX is a submersion exactly on the set CK""tD/2\ Sy If K = 2k and all the last row
variables are zero, then P** = e, and the span of the bottom half of the JP?* columns equals the span of
the columns of Wi, Wy, ..., W;.
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Proof. For N =1 the theorem is empty. Pl = @Z1nts-+-»21,m,0,...,0,1) and

I
1 _ n
Jp_(o),

where we have removed all zero columns. For N = 2 we have

I, 0
N P
(Wl 1n>

= ) )-() 2)

which has full rank if and only if B; has full rank. Since Pl.1 = Z1.ni, by the discussion preceding the

This implies

lemma, Bj has full rank if and only if at least one z; ,; is nonzero.
If all zy ,; are zero, then P! =¢,, and B; = 0. Hence the statement about the span is trivially true.
We now assume that the theorem is true for N = 2k. We have

JpAH _ (In Zk+1) Jpk <Al(<)+1>‘ (6.0.3)

0 I,
If at least one of the previous last row variables is nonzero, then JP?* has full rank by the induction

hypothesis and so does JP**!, If not, then P> = e,, and Ay = I,, after removing zero columns. If

JP* = (g), then
A+Zk 1B 1
P2k+1 — + n
J B 0/’

which has full rank if and only if B has full rank. But the column span of B equals the column span of
Wi, ..., Wi. This proves the first part of the lemma for N = 2k + 1.
If all the previous last row variables are zero, it also follows that

2k+1 t
P + =(Zk+1,nlv"-’zk+l,nn507"'90’ 1) .

0
, 6.04
(Bk-H) ( )
which has full rank if JP2**! does.

If not, then by the above all the previous last row variables are zero and
JpA+2 ( A+Zi1B I, )JP2k+l ( 0 >
Bt

B+ Wi (A+Zi1B) Wi
which has full rank if and only if at least one zx+1 ,; 1S nonzero by the discussion preceding the lemma.
This proves the first part of the lemma for N = 2k 4 2.
If all the z; 11, also are zero, then P%**! = ¢, and so P%**2 = ¢,,. Also By;; = 0 and since the

Finally

I 0
Wit1 I

columns of Wiy (A + Zi41 B) are linear combinations of the columns of Wy, the span of the bottom
half of JP%+2 equals the span of the columns of Wy, ..., Wi1 by the induction hypothesis. ]
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7. The stratification

The goal in this section is to describe the stratification needed to understand that the submersion 74 o Wi :
(CHE\ Sg — C*\ {0} is a stratified elliptic submersion. Let

- {(Zl, 22,23, Wi, W2, W3, ..., W3k—2, Wi—1, w3k) if K =2k,

Zg = )
(21, 225 23, W, W2, W3, .., Z3k415 23k42> 23k+3) if K =2k +1
and

40 Wk (Zg) = (PK(Zk), PX(Zx), PK(Zx), PK(Zk)).

Remark 7.1. We will abuse notation in the following way in the paper. A polynomial not containing
a variable can be interpreted as a polynomial of that variable. More precisely, let L < K. We have
the projection 7 : CX — CL, w(xy,...,x7,...,xx) = (x1,...,x7) and 7w* : C[C}] — C[CX]. For
p € C[CL] we still write p instead of 7*(p).

We want to study the fibers

f(gl,azmm) = (40 Vg) (a1, a2, a3, as).
Assume first that K =2k + 1 > 3 is odd. We see that

1 0O 00
0 1 00
Bk+1 k2 1 0
Bk+2 23k+3 01

mqaoWg(Zg) =msoVk 1(Zk-1)

and we get
P& (Zyg) =P} N (Zk-1) +Z3k+1P3K_1(ZK—1) + 232 PN (Zk o),

P (Zi) = Pf 7 (Zi ) + zaeaPET (Zk ) + zavas P (Zk ),
P (Zk) = Pf N (Zk ),
PE(Zi)=Pf 7 (Zk ).
We are led to the equations
a) = PlK(ZK) = PlK_l(ZK—l) +Z3k+1P3K_1(2K—1) +Z3k+2P4K_1(ZK—1),
ay=PX(Zyg) = PZK_I(zK—O + z3k42 Py ! (Zk-1) +Z3/<+3P4K_1(ZK—1),
ay = Pf(Zx) = P{ (Zk ),
as=Pf(Zx) =P (Zx ).

(7.0.1)

Notice that these equations simplify to
a; = PIK_I(ZK—I) + a3z3k+1 + asz3k+2,
ay = P! (Zk—1) +a323k42 + AaZ3k43,
az = P3K_1(ZK—1),

ag = P4K_1(ZK—1)-
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If (a3, as) # (0, 0) then we can solve the two first equations for two of the three variables z3xt1, Z3k+2,
K—1

Z3k+3 and we see that the fiber is a graph over Q(a3 a X C, where
g(lfz;al4) ={Zx_1eC¥* a3 = P3K71(ZK—1), as = P4K71(ZK_1)}.

If (a3, as) = (0, 0), we get ]-"(fl’az’oso) = ]:(121_,;2,0,0) x C3. We see that we get two main cases, namely
(a3, as) = (0, 0) and (as, as) # (0, 0). The last case will break into the two subcases, namely (a3, as) #
(0, 1) and (a3, ag) = (0, 1). We need these subcases because Q{éfl; is not smooth. We list the strata below:

o The strata of generic fibers: When (a3, as) # (0, 0), the fibers are graphs over Q(IZ;;‘) x C. This set is
divided into two strata as follows:

— Smooth generic fibers: When (as, a4) # (0, 1), the fibers are smooth.
— Singular generic fibers: When (a3, a4) = (0, 1), the fibers are nonsmooth.

o The stratum of nongeneric fibers: When (as, a4) = (0, 0), the fibers are ]—"(’;1’”2’0,0) = ]:(1;1112,0,0) x C3,

Moreover the fibers are smooth.
We now analyze the case when K = 2k > 3 is even. Now we have

I 0 w3k—2 w3k—1

7 ~ 0 1 WAL — w
TaoWg(Zyx) =maoWg 1 (Zk_1) 00 3; 1 (;k ’
00 0 1

and FX

(ay,az,az,asq)
ar = PK(Zg) = PE~1(Zk_),
ay=PX(Zg) = PZK_I(ZKA),
az = PgK(ZK) = P3K_1(21<—1) + w3k—2P1K_1(ZK—1) + w3k—1 PZK_I(ZK—l),
as= PK(Zg) = PE N (Zk—1) + wya PETN(Zk_1) +wa PF ' (Zk ).

is the solution set of the equations

(7.0.2)

As in the previous case these equations simplify:
K—1,7
ay =P (Zg-1),
K—1,7
ar= Py, " (Zg-1),
K—1,7
ay= Py~ (Zg-1) +arwszk—2 + a2w3k—1,

K—1,5
as =P, (Zg-1) +ayws—1 + a2wsi.
Let

’H{Z:;z) ={Zx_1€CK3 g = PlK_l(ZKfl), ap = PZK_I(ZK,I)}.

An analysis similar to that above gives us the following strata:

» The stratum of generic fibers: When (a;, a») # (0, 0), the fibers are graphs over H(IZ:}Q) x C. Moreover
the fibers are smooth.
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o The strata of nongeneric fibers: When (a;, a;) = (0, 0), the fibers are ]-'(Ig’o’ aan) = f(g 61543 a) X C3.
This set is divided into two strata as follows:

— Smooth nongeneric fibers: When (as, a4) # (0, 1), the fibers are smooth.

— Singular nongeneric fibers: When (as, a4) = (0, 1), the fibers are nonsmooth.

8. Determination of complete vector fields

The description of the fibers in Section 7 leads us to study vector fields simultaneously tangent to the level
sets {P=c1}, {Q=c»} of two functions P, Q : C¥ — C. Such fields can be constructed in the following
way. Pick three variables x, y, z from the variables x1, ..., xy on CV and consider the vector fields

3/dx  9/dy  8/dz
Dy, (P, Q) =det [ 9P/0x 9P/dy 0P/oz |, (8.0.1)
3Q/dx 9Q/dy 0Q/dz

which are simultaneously tangent to the level sets. As mentioned in Section 5 we want to use a finite
collection of complete vector fields spanning tangent space at every point to prove (stratified) ellipticity.
It is an easy exercise to show that the collection of these vector fields over all possible triples spans the
tangent space at smooth points of the variety {P =c;} N {Q=c;}. It turns out that many of the vector
fields we get by this method are complete but unfortunately not all of them. The complete vector fields
from this collection will not span the tangent space at all points for all level sets. To overcome this
difficulty and still producing dominating sprays from this collection of available complete fields is the
main technical part of our paper explained in Section 9.

Now we will begin to describe the complete vector fields tangent to the fibers of w4 o Vg =
(PE, PK, PX, PJ) that we get using (8.0.1). It will be convenient to group the variables as in Section 6,

Z1, Wy, Zy, W, ..., where
Z3k—2 Z3k—
Z =< 3k—2 Z3k—1
Z3k—1 23k

and similarly for W;. Since the variable z; never enters in PX, we omit it from the first group Z;. Note
that P! = (25, z3, 0, 1)7. We are going to study the vector fields

VK (x, y.2) = Dy (PX, PF).
The 2x2 minors occurring as coefficients are denoted by Ci’; (-,), e,

The description of the complete vector fields will be done inductively. We start with K = 2. We have
to study gfagm, or equivalently, the equations
as = P{(z1, ..., w3) = 22wy + 23wy,

5 (8.0.2)
as = P4 (Zl, ey w3) =1 + 22w2 + Z3W3.
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We are interested in which triples (x, y, z) of variables from the list z5, z3, w;, w2, w3 give complete
vector fields V324 (x, y, z) and we denote the set of these triples by 7,. By definition 7] = &.
An easy computation gives that

To = {(wi, wa, w3), (22, w2, w3), (23, Wi, W2),
(22, wi, w3), (z3, wi, w3), (22, 23, w1), (22, 23, w3)}. (8.0.3)

For all the remaining noncomplete triples there is a variable such that the equation is quadratic for that
variable. We are now interested in determining at every stage the triples of variables (x, y, z) such that
VlzzkH(x, v, 2), for K =2k + 1 odd, and V324k+2(x, v, 2), for K = 2k + 2 even, are complete. We shall
denote the set of such triples by Tx. The terms occurring in PX are of degree 1 in the occurring variables;
hence the coefficients C 5 are either of degree 1 or 2 in the occurring variables. A triple giving a coefficient
which is quadratic in the integration variable (for instance if C lI/{ (y, 2) is quadratic in the x-variable) will
not be complete, and we shall refer to such a triple as a quadratic triple and the corresponding vector field
as a quadratic vector field. The content of the next lemma is that all the remaining triples give complete
vector fields. The variables that do not occur in a triple will have constant solutions and are therefore
treated as such in the proof.

Lemma 8.1. For k > 1, we have Tox C Tok+1 C Tor+2. Moreover

Tok+1\ Tok = {(23k+1, 23k+25 23k+3) }
U {(w3k—2, Z3k+1, 23k+3)» (W3k—2, Z3k+25 Z3k+3)}
U {(w3k, Z3k+1, 23k+2), (W3ks Z3k+1, 23k+3)}
U{(a, b, z3k+1), (@, b, z3x+3) : a and b are from the same group}
U{(a, b, z3k+1) : a the last variable of one group and b the first of the next}
U{(a, b, z3k+3) : a the last variable of one group and b the first of the next}
U{(a, b, z3k+1) : a the first variable of one group and b the last of the next}
U{(a, b, z3x+3) : a the first variable of one group and b the last of the next} (8.0.4)
and
Tok+2 \ Tok+1 = {(W3k41, W3kt2, W3k+3)}
U{(zZ3k+1> W3k+15 W3k+3), (Z3k+15 W3k+25 W3k+3)}
U {(23k+3> W3k+1, W3k+2)s (23k+3> W3k+1, W3k+3)}
U{(a, b, war+1), (a, b, wirs3) : a and b are from the same group}
U{(a, b, war+1) : a the last variable of one group and b the first of the next}
U{(a, b, wir+3) : a the last variable of one group and b the first of the next}
U{(a, b, wir+1) : a the first variable of one group and b the last of the next}

U{(a, b, war+3) : a the first variable of one group and b the last of the next}. (8.0.5)

In combination with (8.0.3) this gives us a complete description of the sets Ty, L > 2.
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Proof. The result is true for 7,. The first group is interpreted as {z2, z3} and z34+1 must be replaced by z».
The missing triplets are precisely the quadratic triples.

We shall prove (8.0.4), the proof of (8.0.5) being identical. There is a lot of symmetry in the proof
and we will not repeat arguments already given in a situation symmetric to a proven statement. We first
consider triples (x, y, z) not containing any variables from the new group Zj, 1, i.e., Z3k+1, Z3k+2 and
Z3k+3. It then follows from (6.0.1) (omitting variables for shorter notation) that

2%k+1 2% 2% 2% % % 2 %
Voo = Vi3 + 231V — 232 Voy — k2 Vay 233 Vig + (23k123k43 — 23542) Vg - (8.0.6)

A quadratic triple will still be quadratic since Vﬁf is. For a triple in 75, notice that in all of the first
five terms the Vi?k is obtained by replacing one or two of the functions P32k and P42k by PIZk and/or
P22k. By (6.0.2) all of the terms occurring in Plzk or P22k divide a term occurring in P32k and also a term
occurring in P42k. This means that all terms occurring in the first five vector fields above are already
present in Vﬂ‘ and completeness is not destroyed. We also notice that for any pair x, y of previous
variables, the coefficient C 1212‘+1(x, y) will also satisfy (8.0.6).

We next consider triples containing some of the new variables z3x1, Z3x+2 and z3x43. The Jacobian
matrix is now given by (6.0.3), where

PZk P2k 0
Ak =< 34 2k>. (8.0.7)
0 P P
If the triple contains all three variables, then
0 0 9
VAL g — (P22 _ (p2ky(p2k 4 (P22 ,
12 (k+1 k+2 k+3) ( 4 ) 8Z3k+1 ( 3 )( 4 )3Z3k+2 ( 3 ) 3Z3k+3

and the coefficients do not contain any of the Z;|-variables; hence this is complete. (The solutions are
just affine functions.)

We now consider the case of two new variables. The first possibility is (x, z3x+1, z3k+2). The coefficient
of d/dx is (P32k )2. Since P32k contains all previous variables except w3y, this is quadratic in all those vari-
ables and x = w3, is the only possibility. The solution for w3y is affine. The coefficient of 9/9z342 is now

9 P P
dws dwsk

which is just a constant and the solution is again affine. Finally the coefficient of d/0z3;4; is given by

an’<+ Pk
W3y Zk+28w

’

which is an affine function and the solution is entire. Hence this field is complete.

Precisely the same logic applies to the triple (x, z3g+2, Z3k+3) €xcept now wszk_s is the only missing
variable (now in P42k).

The final possibility of two new variables is the triple (x, z3g+1, 23k+3). The coefficient of d/dx is
now P7* P2¥ which is of degree 1 in w3x_ and w3 and quadratic in all other previous variables. We
consider the case of x = ws3;_», the case x = w3 being identical. The coefficient is an affine function
of ws_»; hence the solution is entire. The coefficient of d/0z341 is —z3k+1P12k_1P2k, which is just a



HOLOMORPHIC FACTORIZATION OF MAPPINGS INTO Sp4(C) 253

linear function of z3;4; and the solution is entire. The coefficient of 9/0z3513 1S —z3k+2 P22k_l P42k, which
is just a constant and the solution is affine.

We finally consider the case of one new variable and two previous variables x, y. It follows that
CIZIZ‘“(X, y) satisfies (8.0.6), and hence is quadratic in z3;42, so this cannot be the new variable. In order
to investigate z3r4+1 and z3x4+3 we need to understand which variables are involved in the coefficients. To
do this we look at each previous group of variables Z; and W; for 1 < j < k and see which variables
are involved in the first two rows of the Jacobian with respect to these variables at level 2k + 1. For a
Z;-group we need to consider the matrix

APHN 323, 0 aPF M jaz3;1 PP /823,
AP dz3; 0 aPFM Jaz3;1 PP )8z3;
and the same for a W;-group. The Z;-group only consists of z; and z3. The Z;-variables do not occur in

the above matrix. There is a simple formula for the above matrix which follows from (6.0.3) and (6.0.4).
The matrix is the first two rows of the matrix (I = 1) :

6 57) G D ()

and this formula makes it easy to track which variables are missing at each step, in addition to the
Z;-variables. We arrive at the following matrix of missing variables:

W3j-3, W3j, 23k+3  Z3k+3  W3j—5, W3j—2, Z3k+3
W3j-3, W3j, Z3k+1  Z3k+1 W3j—5, W32, T3k+1

In the case j = 1 the missing-variable matrix is

w3, 23k+3 W1, I3k+3
W3, Z3k+1 W1, Z3k+1

We now consider a W;-group. Again the W;-variables do not enter. We now have to consider the first

I Zigr) (1 Zjs1 )\ (O
0 I o 1 )\B)

and this leads to the following missing-variable matrix for j < k:

two rows of the matrix

(13 o343 Th43 T43 Z3j—25 L3415 Z3k+3)
737, 2343, T3k T3k41 23j-2, 23415 23k+1)

For j =1 we replace z3;_ by z2. For j = k the middle entries in the upper-left and the lower-right
corners are replaced by z3x42.

We first investigate triples (x, y, z3x+1), where x and y are not from Z;. If x and y are from the
same group, then since z3;4; occurs in every entry in the second row of the missing-variable matrix,
CIZIZ‘H(X, Z3k+1) and Cfé‘“(y, z3k+1) do not depend on any of the variables x, y, z3;+1; hence x and y
are both affine functions. C 12§+1 (x, y) does not depend on x, y and is of degree 1 in z3411; hence the
solution is entire.
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Now assume that x and y are from different groups. If x is not a missing variable in 8P22k+1 /3y, then

y is not a missing variable in 8P22kJrl /0x. The variables x and y are not both wsy; let’s say x is. Then
g p2k+1
CHH (v, zakr) = —(;—y)Pf"

is quadratic in x and the field is not complete. Hence x and y must both appear in the second row of the
missing-variable matrix of each other.

We now look at possibilities for x and y. Assume first that x is in Z; group with 1 < j < k. There are
now four possibilities:

e x =232 in which case y = w3;_3 or y = w3, or

e x =z3; in which case y = w3;j_s or y = w3;_».
We consider the first case. Then
8P12k+1 3P22k+1 8P22k+1 8P12k+1

C2k+1
9
dwsj_3 0z3j—2 w33 023j-2

(w3j-3,23j—2) =

and from the missing-variable matrix we see that this does not depend on z3;_, and w3;_3 and is of
degree 1 in z3;4+1; hence we have an entire solution for z3;4;. We also have

g p2k+l
%41 2 2%
Chm (w33, 23k41) = — P3",
dwsj_3
2%k+1
JoP
2%k+1 2 2%
Clh (-2, 23k+1) = ———P;
0z3j-2

The partial derivatives on the right-hand sides do not depend on any of the variables in the triple, and
hence are just constants. It also follows from the missing-variable matrix that P32k does not contain the
product of z3;_» and w3;_3; hence the equations for these two variables form a linear system with constant
coefficients. This has an entire solution. The three other cases all have similar structure and have entire
solutions. In the case j = 1, we either have x = z, and y = w3, or x = z3 and y = w; and the discussion
is the same. It also follows from the missing-variable matrix that x and y cannot come from different
W-groups. This proves the result in the case of picking z3x.+; from the last group. The proof in the case of
picking z3x+3 from the last group is completely symmetric. This provides the final detail in the proof. [J

In order to produce complete fields that are also tangential to fibers of the submersion, we introduce
the following notation and terminology.

Definition 8.2. Let E5 = 7,. For K > 4 let
Ex =Tk-1\Tk-2-
We say that the triples in Ex are introduced on level K .

We will now use these complete fields to produce complete fields which are tangential to the

fibers ]-"(Ia(] «ar.as.a,)- Here we will use triples introduced on level K to produce complete tangential fields.
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First consider the case K =2k + 1 > 3 odd.
If a3 # 0, we use (7.0.1) to get

1 2% (5
k42 = a—3(02 — P57 (Zak) — asz3i43)
and
_ 1 P*z
L3kl = a—S(al — P (Zo) — asz3i42)

1 - - -
= (o= P20 = S = PP Zan) — 2 P (Z0)))

1 > >
= ;(QICB — a3 P (Zow) — avag + as P (Zop) + a3z43)-
3

Using this we define a biholomorphism

. 2k K
. g(az,tM) x Cz3k+3 - ‘F(al,az,a3,a4)'

On

2k
g(a3 ,aq) X (]:ZSkJrS

aZk

we have the complete fields 95/, .

for x1, x3, x3 in Egx41 and also the complete field 3/9z33. Using

the biholomorphism « we get complete fields on FX for az # 0 of the form

(a1,a2,a3,a4)

k41 _ a2k L ok 2% 5 0 1 .ok 2% 5 2%, 5
9x1x2x3* - 8X1X2X3 + aamxzxs(PZ (ZZk)) 8Z3k+2 + %8x1x2x3 (Cl3 Pl (ZZk) - a4P2 (ZZk)) 8Z3k+1 (8.0.8)
and )
2tlx _ 0O 99 9 _as_ 9 (8.0.9)
0Z3k+3 a3 0Z3k+1 a3 023k42
Since P32k =aj3 and Pfk = a4 on the fiber, we get meromorphic fields on (CHX
g2k+15 _ 52k 8§fx2x3(P22k(ZZk)) d
Haks TR P32k(22k) 0Z3k42
(8)%1](x2x3(P12k(Z2k)) _ P42k(ZZk)8)%1kx2x3(P22k(22k))> d (8 0 10)
P2(Zy) P2 (Zy)? 0zaksr
and 2k (7 \2 2k (7
y L 9 P5(Zy)” 9 Pio(Zy) 9 8.0.11)

02343 P2K(Zoy)? 023k+1 a P2 (Zyy) 023k42

(abusing notation), with poles on P32k =0. Since P32k is in the kernel of these fields, we can multiply the
fields by (P32k)2 and get the following complete fields that are globally defined on (C*)X and preserve
the fibers of 714 o Wk :

92k+1 — P32k(22k)292k+1,*

X1X2X3 X1X2X3
> > > a
= PP (2003 + P5 (22005 0y (P2 (Z2a)) 5
: 23k+2

+[PH(Za)*

X1X2X3

d - e a
(PP(Zo1)) = PP (Zai) 83, (P (Z2) | 5——  (8.0.12)
23k+1
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for X1, X2, X3 € Ezk+1, and

y2k+1 — P32k(Z2k)2y2k+1,*
ad
0z3k+2

- a - 8 - -
= P (Zy)* —— + P (Za)* —— — P (Zu) PP (Zx) (8.0.13)
023k+43 0Z3k+1

If a4 # 0 we can define a biholomorphism

. 2k K
B g(a3,a4) X CZ31<+1 - ]:(01,02,03,114)

using (7.0.1) and

1 2% 5
L3k42 = a—4(a1 — P (Zy) — azzag1)

and
LX)~
3k+3 = a—4(02 5 (Zok) — a3z3k42)
1 > a =
= —(az — P (Zoy) — S (a1 — P (Zap) — a3Z3k+1))
as as
1 - -
= a—z(aza4 —ay P (Zoy) — araz + a3 PP (Zap) + a3 z341).
4
On
2%
g(ag,cu) X CZ}HI

2k

we have the complete fields 8x1 o3

for x1, x2, x3 in Eor41 and 9/9z3x+1. Proceeding as above we get the
complete fields

0
0Z3k42

2k+1 _ p2k,7 202k
¢X|xz)C3 - P4 (ZZk) 8X1x2x3

+ PE(Za) 2 (PP (Zor))

+[PF(Za)d%, (PF(Za)) — PF(Za) 0%, (PE(Za))] (8.0.14)

X1X2X3 X1X2X3

0Z3k43

for xq, x2, x3 € Wygy1. The field y2k+1 is the same as in the case a3 # 0.
For the case K = 2k > 3 even, an analogous procedure leads to the following complete fields on (C)%

tangent to the fibers of w4 o Wk:

0% =PH N Zy )20% L 4 PN Zoy )02 (PPN (Zok1))

X1X2X3 X1X2X3 X1X2X3

dws3g—1

H[PHF N Za )02 (PE N Zope ) = P (Zok— )2 L (PN (Zoi—1))]

X1X2X3 X1X2X3

(8.0.15)
dw3zk—2

for x1, x2, x3 € Ex,

Grrne = P2 Zak0) 050 P (Za D0 (P (Zaie) o —

1,5 - 1,5 1,5 - —1,5 0
+H[ P Zae 005, (P (2o )= PET (2o 050 (P Za ) [ = 8.0.16)

X1X2X3 X1X2X3

for X1, X2, X3 € Eoy, and

0 1,3 1,3 0
—P12k 1(sz—l)Pzzk Y Za-1)

2% %15 2 0 2h—1,5 2
=P Zok—1) — + P, Zok—
14 7 (Zok-1) 8w3k+ s (Zog—1) FT FT

. (8.0.17)
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Remark 8.3. It follows from the inductive formulas (7.0.1) and (7.0.2) that 9)5 Yoxs fl oxs

considered as vector fields on (C3)%, are tangent to the fibers ]-"(Zl dr.a3aa) for L > K. In other words, the

and yX,
fields associated with triples introduced on level K are tangential to all fibers F~ for L > K.

9. Strategy of proof of stratified ellipticity

We outline the strategy for proving that the submersion is a stratified elliptic submersion. We have seen
that the fibers are given by four polynomial equations. We have also seen that these four equations can be
reduced to two equations. We then use the exact form of these two equations to find Ex so that a§x2x3
are complete vector fields exactly when xy, x5, x3 € Eg. This leads us to the globally defined complete
vector fields 0;? Yoxs> fl v, and y X described in Section 8. Find a big (a complement of an analytic
subset) “good” set on the fibers where the collection of these vector fields spans the tangent space of the
fiber. For points outside the good set find a complete field V whose orbit through the point intersects the
good set. At points along the orbit that are also in the good set, the collection of complete vector fields
above spans. Now pull back the collection of vector fields by suitable flow automorphisms of V and
add these fields to the collection (see Definition 10.7). This enlarged collection of complete vector fields
spans in a bigger set, thus enlarging the good set. Continue this enlarging of the collection of vector fields
until it spans the tangent space at every point of every fiber in the stratum. To accomplish this strategy we

need the following technical results.

Lemma 9.1. Let M be a Stein manifold and No C N C M analytic subvarieties. Given a finite collec-
tion 01, ..., 6y of complete holomorphic vector fields on M which span the tangent space T, M at all
points x € M\ N and given another complete holomorphic vector field ¢ on M (whose flow we denote by
a; € Autho (M), t € C) with the property that the orbit through points of N \ Ny is leaving N i.e., for
all x € N\ Ny we have {a;(x) : t € C} ¢ N. Then there are finitely many times t; € C, i =1, ...,1, such
that for all x € N \ Ny we have {a;, (x)}ﬁzl ¢ N. In particular the finite collection {O‘t*,- (Qm)}fil’m:] of
complete holomorphic vector fields on M spans the tangent space Ty M at all points x € M \ Nj.
Proof. The analytic subset N has at most countably many components. Denote by B; those components
which are not entirely contained in Ny. Define ag to be the maximal dimension of them. Choose a point x;
from each of those B;. For every i the set A; := {t € C: o, (x;) € N} is discrete. Since a countable union
of discrete sets is meager in C, we can find #; such that #; ¢ A; for all i. Denote by Ei those components
of the analytic subset Ny :={y € N : a;,(y) € N} which are not entirely contained in Ny and define a; to
be the maximal dimension of them. By construction a; < ag. Choose a point x; from each of those El-.
For every i the set Ai :={t € C: a,(x;) € N} is discrete. Since a countable union of discrete sets is
meager in C, we can find , such that #, ¢ fi,’ for all i.

Let a, be the maximal dimension of those components of the analytic subset N, := {y € N :
oy (y) € N and o, (y) € N} which are not entirely contained in Ny. By construction ay < a; and
continuing the construction after finitely steps we reach our conclusion. U

The next lemma is a generalized and parametrized version of the previous one. It is adapted to the
stratified spray situation. Namely, we have to produce sprays not on a single fiber but in a neighborhood
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of the fiber in each stratum (see Definition 5.4). In our case it will be on the whole stratum. The
following definitions are straightforward. The first one was introduced in [Andrist and Kutzschebauch
2018, page 918].

Definition 9.2. Let 7 : X — Y be a holomorphic map between complex manifolds and denote by
dr : TX — TY the tangent map. We call a holomorphic vector field 6 on X fiber-preserving if dmw(8) = 0.

Definition 9.3. A subset N of a complex manifold M is called invariant with respect to a collection of
vector fields on M if for each of the vector fields we have: for each starting point x € N the local flow of
the field (which is defined in a neighborhood of time 0) remains contained in N.

Lemma 9.4. Consider a submersion w : M — Y with connected fibers M, := 7~ (y) and a finite
collection of complete fiber-preserving holomorphic vector fields on M such that in each fiber M there
is a point x € M, where they span the tangent space T, M. Suppose there is no analytic subset N of M
contained in a fiber My which is invariant under the flows of 0., ..., 0r. Then a finite subset of the set
L6, ...,6k) is spanning T, My for all x € M.

Proof. Let N C M be the set of points x where span{(0y, ..., 0)} # Tx My (). By assumption N U M,
is a proper analytic subset of M, for each y € Y. Since there is no invariant analytic subset different
from the fibers for each xg € N, there is a field 6; whose flow starting in xo will leave N, i.e., go through
points where (01, ..., 6;) span Ty M, (.,. Now choose (at most countably many) points, one from each
component of N. As in the proof of the proceeding lemma find finitely many times #; and enlarge the
collection 6y, .. ., 6 by the pullbacks («;(t;))*(6,,)i, m =1, ..., k. We then get a new finite collection
of complete fields where the set of points where this new collection does not span the tangent space of
the w-fiber has smaller dimension. By finite induction on the dimension we get the desired result. [

10. Auxiliary quantities and results

Define
aPK/ox1 aPK/ox, dPK/dx3

< aPK/ox; aPK/dx, aPK/dxs
Mion = | 2ok X p (10.0.1)
dPK/ax, aPK/ax, dPK/dx;

aPK/ox1 aPK/oxs dPK/dxs

K

Y1, S1Ves us 3x3 matrices which we

for any triple x{, x3, x3 from Z k- Removing the j-th row from M

denote by M,Iflx]z x;- Let

REJ = det MK

X1X2X3 X1X2X3°

The significance of the functions Rflx]z x; 18 understood if one notices, because of (8.0.1), that

2k+1,1 __ a2k 2k

RXI;;XS - ax1x2x3 P37, (10.0.2)
2k+1,2 __ a2k 2k

Rxl)j;m = Oy P (10.0.3)
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and that
2k,3 2k—1 p2k—1
RX1X2X3 = axlxzx3 P4 ’ (1004)
2k,4 2k—1 p2k—1
Rmx;)@ = ax1x2x3 P3 . (1005)

From (7.0.1) and (7.0.2) we get the relations

2%k+1,1 2,1
RX]XZ.X} 1 0 00 RXIXZX3
RIS —Z3k+1  23k+2 (1) (1) R¥3, o
Z3k+2 —Z3k+3
R I Ritiass
and
2k, 1 2k—1,1
Ririars 1 0 —wsk— w3k—1 R
2%k,2 2k—1,2
Rx1x2x3 _ 01 w1 —ws Rx1x2x3 (10.0.7)
- I LA A
R, Ry
Consider the vector fields GXlem and ¢xle2x3, where (x1, x,x3) € Tp and 3 < L < K. Rewriting
(8.0.12), (8.0.14), (8.0.15) and (8.0.16) using these functions we get
g g
2k+1 2% 5 \242k 2% (5 241,17 0
0}61;;63 = P35 (Z2k) 05,0, + P35 (Z2k)RX1x+2x3 (Z2t) 02342
- - - - d
+ (P (Za)RET L2 (Zaw) — PP (Za)RETY) (sz))m, (10.0.8)
2%k+1 2% (5 22k 2% 5 2%+1.2,5 0
b = PiN(Za)? 07 oy + PP (Za) RO (Zo) P
- - - - d
+ (P (Za)REG 1 (Zon) — Pf"(zzkmi’f;;f(sz))M, (10.0.9)
_1.3 _ 1,3 > ad
0 e, = P o )?030, + P (2o DRI (Zaiy) w1
+ (P 2o DR Zoie) = P (Zas DR, (Zai) ge— (10.0.10)
2k 2%—1,5 202k—1 2%—1,5 2%k4 (5
By = Pr (Zok—1)705 00y T Po7 (Zok— 1R s (Z2k—1) S0
15 - 1 - d
+ (P (Za)RED  (Zoir) — P 1(zzk_l)Ri’;;‘;m(Zzzc_l))m. (10.0.11)

We see that half of the functions Rflx’z x; occur in the coefficients of the last three directions. As already

observed the fields QXlem and xLl xox; fOr L < K have zero components along the last three directions.

We have to make sure that the projection onto the last three variables of the collection of fields 95 toxs

and fl xox; SPans a 3-dimensional space. If this is true for a point, we will say that the fields span all new

directions in the point. In order to determine if our fields span all new directions in a point Z kK €F, aln( arasas
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we will use the following. Let Nx = |Tg| be the number of complete triples. Define the (2 x Ng_1)-
matrices

Rﬁf;ﬂgf(ZK)
RE=12(7,) ...

X1X2X3

) when K odd,

Qf (Zx)= .
(Rfl;zl,éf(zk) .
RK—1,4(ZK)

X1X2X3

) when K even,

where (x1, x2, x3) run over all triples in 7Tx_;. Using the formulas (10.0.8), (10.0.9), (10.0.10), (10.0.11),

: K
and remembering that a fiber Fay.ar.as.az)

(a3, as) # (0,0) when K is odd, it is an exercise in linear algebra to prove the lemma below.

is called generic if (a1, a2) # (0, 0) when K is even and if

Lemma 10.1. Ifin a point ZK € ]:a’faza3a4 in a generic fiber

Rank QX (Zg) =2
then
K. K . K
{01 xoxs * (01 X2, X3) € Tk—1 ULy 1)y © (X1, X2, x3) € Tk—1} U {y "}

span all three new directions. If
Rank QX (Zx) =1

X1X2X3

then
B, + (01,02, 33) € Tk} Uy, * (01 22, 303) € Tr—1} Uy ")
span two out of three new directions.
Because of the formulas (10.0.6) and (10.0.7) we have the lemma below.
Lemma 10.2. Let K < L and put
RLL (Zp) ...

X1X2X3

ML (Z )— RJIC‘I£2X3(ZL)
L - -
‘ RE3 (Zp) ...

X1X2X3

RLA (Z1) ...

X1X2%3
where (x1, x3, X3) run over all triples in Tx. Forall L > K
Rank MK (Z,) = Rank M%(Z)).
The importance of Lemmas 10.1 and 10.2 is seen in the following corollary.
Corollary 10.3. Let L > K and Zx be a point whfre Railk Mg(ZK) = 4. Then for all points 71
contained in a generic fiber .7-"(21’ wr.as.ay) SUCh that w(Z1) = Z , the complete fields
{0F ny t (X1, X2, X3) € TLo }U{DL ), 1 (X1, X2, x3) € T} U {y")
span all new directions (the directions along the last three variables in (C*)L).

Proof. Two rows of the rank-4 matrix M%(Z 1) are linearly independent. U
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s | Ribs Rity Ritn Rt
83)1 wHws3 0 0 0 0
azzzw2w3 0 Z% 0 0
az23w| w Z% 0 0 0
aZ22w| w3 0 2223 0 0
85311)111)3 22323 0 0 0
3z22z3w1 2W2  —Z2W3 0 2
02wy | —23W1 W2 23 0

Table 1. The expressions for R

X1 X2X3°

Corollary 10.4. Let L >3 and Z; bea point that is contained in a generic fiber ]-'(L and such that

a1,a,a3,as)
72023 # 0. Then
{08 ny - (X1, X2, X3) € TL_1}U{BE 1t (k1. X2, x3) € L1} U {y"}
span all new directions in Z L-

Proof. The corresponding matrix for L = 3 is contained in Table 1. From this table the claim is an easy
exercise in linear algebra. O

In order to use this corollary we need the following lemma.
Lemma 10.5. We have the following cases for the function P = z,z3 and the fibers FX:

(1) P isnot identically zero on }"(Z] r.a.da) for K = 5. Forthese K the fibers .7-"(1;1 ar.as.ag) 4T€ irreducible.
(2) The fibers .7-'(4

a1.av.az.az) A€ irreducible except when

(a1, a2, a3,a4) =(0,0,0, 1).
The function P is not identically zero on fibers except for one component of .7-"(‘(‘) 0.0.1)"

(3) The fibers T,

a1.a0.as.az) A€ irreducible except when

(a1, az, a3, as) = (ay, a2, 0, 1).

The function P is not identically zero on fibers except on ]-'(%’ 1.0.0) 0T f(fl

1.0.0,0) OF on one component
of the reducible fiber }—(il,az,o,l) where it is identically zero.

Proof. We first prove (3). The fibers F, (f” 1.0.0) are just biholomorphic to C3 and 75, z3 are constantly equal
to ay, ap. This shows that they are irreducible and that the assertion about P is true. The fibers F, (21 .0.1)

are isomorphic to the variety 9(20 1) given by two equations which can be written in matrix form as
w; w 0
LW (e2) = (1) (10.0.12)
wy w3/ \z3 0
From this it can be seen that 9(20 1y has two irreducible components. One is

Al ={2, z3: 20=23=0} = C} (10.0.13)

wiwaws3
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and the other is

Ay = {("’1 w2> : (wl wz) <22) — <0> and det <w1 w2> :o}. (10.0.14)
wy w3 wy w3/ \23 0 wy w3

The singularity set of 9(20’1) is A1 N A,. Clearly P is identically zero on A; and not identically zero
on A,. Observe that ]-'(21’ 1.0.1) are connected, their smooth part consists of the two connected components
A1 \A2 and A2 \ Al.

The smooth generic fibers F, (3

ay,az,as,as)

for (a3, aq) ¢ {(0, 0), (0, 1)} are isomorphic to the variety 9(2%04)
given by the two equations

w1 + 3w = as, (10.0.15)
w2+ zzw3+ 1 =ay. (10.0.16)

In the case zp # O these equations can be used to express w, and w3 by the other variables and we
get a chart isomorphic to C} x C,; x Cy,. In the case z3 # 0 we can express wy and w3 by other
variables, which gives us a similar chart. Thus g(lm a4 18 covered by two connected charts with nonempty

intersection which shows that it is connected. Thus the smooth generic fibers ]—"(3 are irreducible.

ai,a,as,as)
The function P is not identically zero on both charts. The assertion (3) is completely proven.

Next we prove assertion (2). The nongeneric fibers ]-"(‘6’0’ a3.a4) 1€ isomorphic to ]-"(%’0’ anaz) X C3, where
c? corresponds to the new variables w4, ws, wg. All assumptions about these fibers follow therefore from
the corresponding assumptions about ]—"(%’Omm).

In the case of generic fibers which are known to be smooth (see Section 7) we just have to prove that

they are connected. For this consider

4 _ 3
f(al,uz,u3sa4) - U ‘F(al,aqu3,b4)’ (10.0.17)

(w4, ws, we)€C?

where b3 = a3 — wga; — wsap and by = a4 — wsa; — weay. In other words we consider the surjective

projection p : F* — C3, mapping a point to its last three coordinates (wy, ws, wg), Where the

ap,ap,as,a
p-fibers are just(lilbérs3]-"iil’ w.bs.by)- CONNectedness of the p-fibers implies that a connected component
of f(‘t‘ll’az’%w has to be p-saturated. Since p is a submersion in generic points of the fiber (it is not a
submersion only in singular points of an JF 3-fiber), any connected component of ]:(jn, wr.as.ay) 15 €qual to
o~ (U), where U is some open subset of the base C>. Since the base is connected and p is surjective,
follows. The function P is not identically zero on any F 3-fiber contained
itself. This concludes the proof of (2).

for K > 5 can be proven by

connectedness of ]-"(il tr.3.03)
. 4 R . 4
in f(al’az’as,w, and thus not identically zero on f(al’az’%w

: K
Last we prove assertion (1). The connectedness of the fibers ]-'( a1.a2.03.a3)

induction in a way similar to the connectedness of the generic F *-fibers is deduced from the properties

of F3-fibers. As above we consider the surjective projection p : FX — C3 onto the last three

(a1,a2,a3,a4)
variables whose fibers are FX~!-fibers. Since again FX~!-fibers are connected and p is a submersion

in smooth points of the FX~!-fibers, any connected component of FX is of the form p~1(U),

(ar,a2,a3,a4)
where U is some open subset of the base C>.
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In addition we will prove by induction that the smooth part of the singular fibers

K . K
]:(al,az,us,m)\ Sing f(al,az,as,m)

is connected for K > 5. Together with connectedness of the fibers this implies the irreducibility of the fibers.
For even K, the singular fibers are the singular 7X~!-fibers times C* and therefore the connectedness
of the smooth part follows by the induction hypothesis.

For odd K =2k + 1, we are faced with the following situation: The singular fiber is F, and

K
(a1,a2,0,1)
it is fibered by FX~!-fibers all of which are smooth except for the fibers ]-"(1575,10’ 1y- The union of those

fibers forms a codimension-2 subvariety of ]-'(I;’ .01y (g1ven by the equations z3x42 = z3k+3 = 0). By the

argument above, the complement, call it W, of this union in ]:(’a(l

of ]:(51 .0.1) are contained in that union and are contained in (but not equal to) the union of the singular

.a.0.1y 18 connected. The singular points

points of the fibers ]-"(Ig 610 1y~ We want to prove that any smooth point p of ]-"(Icfl 1.0.1) Which is contained
in a fiber ]—"(Ig 610 ) 1s contained in the connected component containing W. Since the complement of
W has codimension 2 in f(lél,az,o,ly an open neighborhood of p in f(lél,az,o, ) has to intersect W, which
gives the desired conclusion.

As in the proof of (2), the function P cannot be identically zero on any fiber ]-"(fl’ w.a.ay) SiNCE this
fiber contains X ~!-fibers on which, by the induction hypothesis, P is not identically zero. ]

Remark 10.6. The fact that after a certain number of factors the fibers of the fibration all become
irreducible is very general. It was proven by J. Draisma as an outcome of an interesting discussion
with the second author. The irreducibility statement in our lemma is just an example of a much more
general property. We refer the interested reader to [Draisma 2022]. The exact number at and past which
irreducibility of the fibers holds (in our case 5) is not known in general, although Draisma gives a bound.

Definition 10.7. Let M be a manifold and A be a set of complete vector fields on M. The flows of
elements of A give one-parameter subgroups of Aut(M). Denote by S the group generated by elements
of those one-parameter subgroups (finite compositions of time maps of vector fields of elements from A).
Define

[(A)={a*X:a € Sand X € A}.

Obviously I'(A) consists of complete vector fields and we call it the collection generated by A.

Definition 10.8. Let L > 3. We define

L
QL= F(U{{ijmx3 D (x1, X2, x3) € By} U] o, 0 (X1, X2, X3) € EJ}U{VJ}}>-
J=3
At each step of the induction we will prove the following proposition, which plays a crucial role in the
inductive proof of Proposition 3.6.

Proposition 10.9. For each L > 4 we have: There are finitely many (complete) fields from Qp which
span the tangent space T, F* at each smooth point of any generic fiber FL. For L = 3 there are finitely
many (complete) fields from Q3 which span the tangent space T JF 3 at each point of any smooth generic
fiber F3.
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Remark 10.10. For L = 3 singular generic fibers ]-"(2] 1.0.1) have two irreducible components and we
can prove the statement about smooth points on generic fibers only for one of those components. It is
false for the other component.

11. Proof of Proposition 3.6: three matrix factors

In Table 2 we list the coefficients of the fields 92 for all xi, x2, x3 € 7.

X1X2X3
We first consider the stratum of smooth generic fibers, where we have

(a3, a4) ¢ {(0,0), (0, D}.

Notice that zo = z3 = 0 is contained in ]-'é 26.0.1) and therefore z, and z3 are never simultaneously zero
on any fiber in this stratum. It is enough to show that Q( ws.ap) 18 elliptic. We see from the table that
the fields 8223wlw3, Bzzzwlwg, Bilwzw span the tangent space T g(a ay) for all points Z where 7573 # 0.
The complement of this good set is the disjoint union of the analytlc subsets A = {Zz zo =0} and

= {Z2 : z3 = 0}. From the table we see that aszzwg (z2) = z3, which is nowhere-zero on A. Also

8z23w1 w, (23) = z3, which is nowhere-zero on B. By Lemma 9.1 there exist finitely many complete fields from

T ({07 1, : (X1, %2, X3) € T2})

that span the tangent space T, Q(zaw“ for all points in the stratum. Therefore gfag’w is elliptic. It follows
that there are finitely many complete fields from

T({6; 1y, (51, X2, X3) € TIIUAS] L, 2 (x1, X2, x3) € TR}U (7))

that span the tangent space T, F}

(a1,a2,a3,a4)
Now we consider the stratum of nonsmooth generic fibers (a3, as) = (0, 1). The two equations defining

wy w2\ (22 _ (0
(wz w3> (Z3> B (o) ‘ (11.0.1)

for all points in the stratum.

g(zo ) can be written in matrix form as

d/dz2  0/0z3 9/dw d/dwn 3/dws
ag)w)zw; 0 0 Z% —Z2Z3 Z%
8z22w2w3 Z% 0 0 —wii3 Wi2—w213
aZ23wlwz 0 Z% 3W3—w222 —22W3 0
8222w1un <213 0 —w1Z3 0 —ZoW2
azzgwlwz 0 <2433 —WwW223 0 —Z2oW3
az2213w1 —2wW3  Z2w» w1w3—w§ 0 0
822223w3 W2Z3 W13 0 0 w1w3—w%

Table 2. Coefficients of complete vector fields. For example, 92 1 w23 Z%(a Jdw)—
2223(3/0w))+23(3/dw3).
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Recall that Q(ZO’I) has two irreducible components. The components are given by (see (10.0.13) and
(10.0.14))

={2,23:20=23=0} = Cw1w2w3 (11.0.2)

Ay = {(wl w2> : (““ w2> <Z2) — <0> and det <w1 “’2) :o}. (11.0.3)
wy w3 w2 w3 23 0 wy w3

The singularity set of g(zo 1y is A1 N Az. We have to show that the smooth part of g(zo 1y» that is, the

and

disjoint union of A; \ A, and A; \ Ay, is elliptic. In the proof for the smooth generic case it is shown
that on the set where z, and z3 are not both zero, there exists a collection of complete spanning vector
fields. Since A, \ A; is contained in that set, we need only consider A \ A;. The set A} \ A, is
biholomorphic to C*\ {wjws — w3 = 0}. The vector fields (wjw3 — w3)(3/0w1), (w1w3 —w3)(3/0ws),
2wy (9/0wy) + w3 (d/dwy), 2w, (d/0ws) + w1 (9/dw,) are complete on C\ {wyws — w2 0} and span
the tangent space in all points outside the analytic set A’ = {w; =w3=0}N(A;\ A2). Since w, is nowhere-
zero on A’ any of the four complete fields points out of A”. By Lemma 9.1 the proof is complete. Observe
that we also have proved Proposition 10.9 for L = 3. Notice that the fields 2w, (d/0w;) + w3(d/0w>),
2wy (0/0w3) + wi(d/dwy) are not in Q3 and this explains the difference between L =3 and L > 4 in
Proposition 10.9. See Remark 10.10.

The stratum of nongeneric fibers is a locally trivial bundle with fibers C> (= ]—'(2]’ a2,0,0)) which is an
elliptic submersion.

12. Proof of Proposition 3.6: four matrix factors

We begin the proof by studying the stratum of generic fibers, (a;, ax) # (0, 0). We write

4 — 3
Flar,w,as,a) = U f(al,uz,b3,b4)v (12.0.1)

(wa,ws,we)eC?
where b3 = a3 — wqa; — wsap and by = a4 — wsa; — weay. We need to find finitely many complete

vector fields spanning 77, F for points 24 in the stratum of generic fibers. Because of (12.0.1)

7, (a1,a2, a3 as)
there are b3 and b4 so that Z3 € ]-'( 41.a0.b3.b3) and Z4 = (Z3, w4, Ws, We). We first consider the set of points
in these fibers having the property that (b3, bs) #~ (0, 0) or (0, 1). Under these assumptions, Z4 lies in a
generic smooth fiber }'(al’az, by by aDd we know from Section 11 that there is a finite collection of fields

from Q3 which spans
3 4
Tz4f(a1,a2,b3,b4) C TZ4F(a],a2,a3,a4)-
Corollary 10.4 together with Lemma 10.5(3) shows that for the set defined by z2z3 7% 0 (which is a Zariski

. . 4
open and dense set of points of the generic fiber 7, . . a) the fields

(05 1y, (X1, X2, X3) € TIIULQY ¢ (¥1, X2, x3) € TIIU{v7)

span the new directions w4, ws, we. Since these new directions are complementary to

R 3 R 4
TZ4‘7:(al,az,b3,b4) C TZ4]:(11| ,a2,a3,d4)°
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we have found finitely many complete fields spanning 77, Fi

(a1.a2.a3.a,) 10T points in a Zariski open dense set

in all smooth generic fibers F, by- Using Lemma 9.1 we get finitely many complete fields spanning
Ts .7-'(‘;1 w.a.a) Tor all points in all generic fibers f(al w.a3.ay With the property that (b3, bs) # (0, 0)

or (0, 1). Next we consider points Z4 where (b3, by) = (0, 1), i.e,

(ul,az,bz,

= 3 4
Z4 € F 142,00 © Flay.aras.an)

Remember that
Foramony = A1UAs = A1U(A2\ A) (12.0.2)

(see (10.0.13) and (10.0.14)), where A| and A, are irreducible components. In the proof for K =3 we
saw that there is a finite collection from Q3 which spans all tangent spaces

. 3 . 4
TZ4]:(LI1 ,a2,0,1) C TZ4]:(a1,a2,a3,a4)

for all points in A, \ A;. Lemma 10.5(3) gives that z,z3 is not identically zero on A, \ A and as above,
appealing to Lemma 9.1, we get spanning fields for the fiber F?*

(a1,az,a3,a4)
aim is to exclude the existence of a subset of the fiber invariant under the flows of fields from Q4. By the

in all points of A\ A;. Our

reasoning above, such a subset must be contained in A or the set of points 24 where (b3, by) = (0, 0).
Next we show that such a subset is disjoint from A;. A calculation shows that

0 0
8232“26 (z4w2—i—z5w3)8—Zz — (1 +z4wy +15w2)8—m +oe

Therefore the complete fields
4 3
02326 = 41 aZzZzZo o

¢t —a2d3

222326 ZZZ}Z6

move points out of A; (into the big orbit) unless, in addition to z, = z3 = 0, also
1+ z4wq + z5w0 = Z4w2 +z5W3 = 0. (12.0.3)

Points in an invariant subset must also satisfy these equations. A calculation gives that 8> =0/0z4

242526
when z, = z3 = 0. Therefore the complete fields

4 3
0 13

242526 242526

¢t —a2d3

242526 Z4ZSZ6
move points out of this set since

242526(1 + z4wi + z5W0) = a%wl,
0242526 (z4wr +z5W3) = CllleQ,
¢?41526(1 + 4w + 25w2) = azwy,
¢?41526 (z4wr +z5W3) = a%ll)z

cannot all be zero, because this would contradict (12.0.3). We now turn to points Z4 where (b3, bs) = (0, 0)
and again show that these points are not contained in an invariant subset and hence no such invariant subset
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exists. We will find fields 6% or ¢4 such that R>3 £ 0 or R3*

X1X2X3 X1X2X3 X1X2X3
that at points Z4 with z,z3 % 0 we can leave the invariant set. Also zp = 0 = z3 cannot occur in ]-"(21 1.0.0)"

Two cases, zp # 0 = z3 and zp = 0 # z3, remain. Assume first that z, # 0 = z3 (and b3 = by = 0). Here

. . . . 3 3 _ _ 2
we begin by choosing the triple (z3, wi, w2). Since Ry}, ), = —2214 and szm 7525, We move out

of ]-"(2 0.0.0) unless z4 = z5 = 0. Assuming in addltlon that z4 = z5 = 0 we choose the triple (z2, z3, wy).
Taaw = 22+ 22W326 (and R332 =0)soif | +ws3zg # 0 we move out of .7-"(21’&2’0’0).
Choose (z2, 23, z¢). Notice that

# 0. We begin by noticing

X1X2X3

For such points, R>*

2223W1

4 2 0 2 0

222326 = a and ¢ZZZ3Z6

at these points and 9222326(1 +w3z6) = a? [w3, ¢2223Z6
1+ w3 z¢ = 0 implies w3 # 0 and we assume that (a;, az) # (0, 0).

Now assume that zp = 0 # z3 (and also b3 = by = 0) and choose the triple (z3, w2, w3). Since

(I4+ws3z6) = a2 w3 which both cannot be zero since

3.3 2 2
RZwow, = 2325 and RZQWQW3 = —Z732¢ We move out of .Fa a,.0,0) unless z5 = zg = 0. Assuming in

addition that z5 = z¢ = 0 we choose the triple (z2, z3, w3). For such points Rzmw z3 + z3w; z4 (and

R32§3w3 =0) soif 1 + w;z4 # 0 we move out of F(al,az,O,O)' Therefore assume also that 1 +w;z4 =0

Choose (z2, 23, z4). Notice that

2 0 2 0
0! — d =a5—
and @7 a, 0z

222324 a 222324

at these points and Z2Z3Z4(1 +wiz4) = a1 wi, ¢m3z4(1 +wiz4) = azwl, which both cannot be zero since
14+ w;z4 =0 implies w; 7# 0 and we assumed that (a;, a2) # (0, 0). This lets us conclude that there is
no invariant subset with respect to Q4 and we have handled the stratum of generic fibers. Note that this
proves Proposition 10.9 for K = 4.

We need to study the stratum of nongeneric fibers. This stratum consists of those fibers where
a; = ap = 0. We notice that these fibers satisfy

4 _ 3 3
F0.0.a3.a5) = F0.0.a3.a5) X C

and since ‘F(%,O,a3,a4) is elliptic we have proven Proposition 3.6 for K = 4.

13. Proof of Proposition 3.6: five matrix factors

We assume that K = 5 and we have seen that the submersions ®; = m4 o Wy are stratified elliptic
submersions when 3 < L < 4 and that Proposition 10.9 is true when 3 < L < 4.

We study

]:(fllyﬂz,abazt) = U ‘7:(?71,172,613,04)’ (13.0.1)
(z7,28,29)€C?

where by = a1 —z7a3 — zgaq and by = ap — zgaz — z9ay. Let 25 € ]:
are b; and b, so that 24 € .Fbl by.a3.a3) and 25 = (24, 27, 28, 29).

First we study the stratum of smooth generic fibers. Fibers in this stratum are those satisfying
(az, aq) € {(0,0), (0, 1)}. First notice that if (b1, by) # (0, 0) then ]—'(‘;]

Because of (13.0.1) there

(a1,a2,a3,a4)"

by.as.ay) 18 @ generic smooth fiber
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3/02> 9/923 9/0z5 /326
P14 14w z4 w324 1 0
ry 0 1 0 1
Pf witwatwiwazs wrtws+wrwazs  wa ws
P} | wytwstwiwszs witwetwawsza  ws We

Table 3. The nonzero partial derivatives of P, P24 , P34 , and Pf .

for ®,4 and as above, Proposition 10.9 for L = 4, Corollary 10.4 and Lemma 10.5(2) show that for these
points we have spanning fields. If (b, b) = (0, 0) then ]-'(‘(‘)’0’ as.a4) is a nongeneric smooth fiber for ®4 and

4 _ 3 3
F0.0.a3.a3) = F(0.0.a3.a5) X €

Since we assume that (a3, a4) # (0, 1) (in this case (a3, as) # (0,0) is automatic), we know by
Corollary 10.4, Lemma 10.5(3) and Proposition 10.9 that we have spanning fields. This also shows that
Proposition 10.9 holds for these fibers when L = 5.
We now study the stratum of singular generic fibers. Here (a3, as) = (0, 1). Again notice that if
(b1, b2) # (0, 0) then
Fior 0.1

is a generic smooth fiber for @4, and Proposition 10.9 (for L = 4), Corollary 10.4 and Lemma 10.5 show
that for these points we have spanning fields as above. Next we study the case (b1, b) = (0, 0). In this
case we see that
F0,0,0,1) = F0,001 X C.
We write, as in Section 11,
3
f(o’oy()’l) - Al U A2

In A, \ A; we can use the argument as in the smooth generic case in Section 11: zz3 # 0 and

8z22w2w3 (z22) = z% make it possible to leave the set where z, = 0, and 92 (z3) = z% makes it possible to

3w Wy
leave the set where z3 = 0.
Now we need to deal with points in Aj x Cc ]-"(‘(‘) 0.0.1)" Because of the inclusion we find z5 = z¢ = 0.

Define C ={zp =23 =25 =26 =0} C ]-"(‘(1)’0’0’1) C ]-"(%’0,0’1), which contains the set of singularities

. w| Wy W4 Ws
Sing(Fg = C N {Rank 2t

neFoo0n) { " (wz w3 ws w6> b }
In order to prove Propositions 10.9 and 3.6 we need to show that fields from Qs move out from
C\ Sing(}'(%’oﬂo’ 1) Calculating the partial derivatives of P}, ..., Pf in points of C we find that the ones
that are nonzero are those listed in Table 3. We examine the complete field ¢Z52 2325+ Lhis field has some
complicated components which on C take the form

5 0 0 9

=Dj—+Dy—+D3—+---
¢22Z3Z6 1322+ 2323+ 3326+ ’
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where
wrtws+wowaz4 W
w3+we+wrwsz4 We
witwstwiweze w
Dy = det 3 ,
wrt+ws+wiws24 We

W1twa+wiwa24 Wr+ws+wrws4
D3 = det .
W2 Ws+wiwWs 24 W3+we+wowsz4

Whenever at least one of Dy, D, or D3 is nonzero we can move out of C. Suppose we are in a point of
C\ Sing(]-"(% 0.0.1y) Where D; =D, = D3 = 0. Observe that

wp w2 w4 Ws W W4+wWiw4z4 W2+Ws+WrW474 W4 Ws
Rank = Rank
w2 W3 Ws We wrtws+wiws24 W3+wWet+wWrWs24 Ws We

(in this case it is 2) since
Wi1twa+wi w424 _(w (1 +wizs) W4 ’
wr+ws+wiws 24 w2 ws

Wyt wWs+wrws 24 w2 ws Wy
= + + wrz4 .

w3+ We+waWs 24 w3 We Ws
The fact that D; = D, = D3 = 0 means that the rank drops when we remove the third column from
these matrices. This implies that the third column is nonzero and the other columns are multiples of a
nonzero vector v which moreover is linearly independent of the third column. Now we use the field >
(see (8.0.13)) to show that the set

I =C\ Sing(Fy 0,0.1)) N{D1=D,=D3=0}

does not contain an invariant subset under fields from Qs. In the points of I we have that y3 = 3/3z4.

‘We consider two cases.

Case 1: (ws, wg) # (0, 0). In this case
det (w“ ’”5) £0.

Ws We
‘We have

y3(Dy) = w, det <w4 w5).
w5 We

Thus y3 moves points out of I unless w, = 0. Looking at

y3(Dy) = w) det <“’4 “’5)
w5 We

we see that w; = 0 for I to be invariant. Assuming in addition w; = w, = 0 we find that

w w
Dy = det < 4 3 >
ws We,

which is a contradiction since D, =0 on 1.
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Case 2: (ws, wg) = (0, 0). This implies w4 # 0. On these assumptions

D3 = (wjwsz — w%)(l + z4wyq) + w3wy
and
y3(D3) = (wiws — wHws.

Now y3(D3) = 0 implies that wjws; — w% = 0, which in combination with D3 = 0 implies that w3 = 0.

w); W2 w4 Ws . w1 0 w4 0
wy W3 W5 We o 0000
which contradicts the assumption that

Rank (wl 02 s w5) =2.

This in turn gives wy = 0 and

w2 w3 ws We

Finally we study the stratum of nongeneric fibers, that is, (as, a4) = (0, 0). Here all fibers are smooth.
Also
5 4 3
Far,,00 = Far.a,00 X C

and since F;, . ) 1s elliptic we are done.

14. Proof of Proposition 3.6: induction steps

Recall the description of the stratification for the submersion ®,; = 74 0 Wy, given in Section 7. When
M is odd we have the following strata:

o The strata of generic fibers: When (as, as) # (0, 0), the fibers are graphs over Q(AZ;;A‘) x C. This set is
divided into two strata as follows:

— Smooth generic fibers: When (as, a4) # (0, 1), the fibers are smooth.
— Singular generic fibers: When (a3, a4) = (0, 1), the fibers are nonsmooth.

o The stratum of nongeneric fibers: When (as, aq) = (0, 0) the fibers are ]-"(1(‘141 .00 = ]-'(1(‘1/11 _alz 0.0 X 3.
Moreover the fibers are smooth.

When M is even we have the following strata:

o The stratum of generic fibers: When (a1, az) # (0, 0), the fibers are graphs over 7-[?:;;2) x C. Moreover
the fibers are smooth.

o The strata of nongeneric fibers: When (ay, az) = (0, 0), the fibers are ]-"(1(‘)4’0’03’@) = J:(I(‘)’{& ;MA) x C3.

This set is divided into two strata as follows:

— Smooth nongeneric fibers: When (as, a4) # (0, 1), the fibers are smooth.

— Singular nongeneric fibers: When (a3, a4) = (0, 1), the fibers are nonsmooth.

We will now complete the proof by doing the induction steps necessary.
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14.1. Even number of factors. We begin by showing that the stratified submersion is elliptic when
the number of matrix factors is even. This case is easier than the case when the number of factors is
odd, which we will deal with in Section 14.2. Assume that K = 2k — 1 > 5 and that the submersions
®; =m0 Wy are stratified elliptic submersions when 3 < L < K and that Proposition 10.9 is true when
3<L<K.
We study
FK+1 — F2% U F k-1 (14.1.1)

(a1,a2,a3.a8) — 7 (a1.a2.03.a4) — (a1,a2,b3,b4)°
(w3k—2, w31, w3x) €C?
where b3 = a3 — wsg_pa; — wig—1az and by = a4 — w3;_1a; — waray. That is, we use the new group of
variables w3k—2, wig—; and w3, to present }'(i'l" w.az.ay) 35 A fibration over C? with fibers F <1,

Let us describe the strategy similar to the cases of four and five matrix factors. We want to use
Proposition 10.9 for K = 2k — 1, which gives us complete fields that span along that fibration. Next we
want to find complete fields among those that are tangential to f(%z]f,az,ag,m) that also are transversal to the
fibers in the fibration. We will appeal to Corollary 10.4 and Lemma 10.5(1) to find these fields. Taken
together this will show that a subset A in the fiber }—(il]{, aatts.aa)
fields from Q,; must be contained in the union of nongeneric fibers 72*~! and singular points of generic
fibers 7 2*~1. Call this union Ué’imyaw“. Our aim will then be to show that there cannot exist such an

. . . . . 2k . 2k 2k
invariant set A by showing that every pointin ¢g, . ,. .., canbe movedinto Fii' o \UG 40 o0 4

that is invariant with respect to vector

by vector fields in Qy.
We now take care of the details. By (14.1.1) there are b3 and b4 so that Zy;_; € .7-"(2]1‘;; bs.ba) and

Zog = (Zog—1, W3k—2, W3k—1, W3k).

We begin by studying the stratum of generic fibers, that is, (a;,a2) # (0,0). For points where
(b3, by) ¢ {(0,0), (0, 1)} we have that f(lef_ai bs.bs) is a smooth generic fiber for the submersion ®y;_,
and Proposition 10.9 (for L = 2k — 1) together with Corollary 10.4 and Lemma 10.5(1) let us conclude
that we have complete vector fields spanning the tangent space of ]:(i]f, w.a.ay) At these points. For points
where (b3, bg) = (0, 0) we have

Faarar0.0) = Faayar0.0 X ©
and Proposition 10.9 (for L = 2k — 2 applied to the first factor) together with Corollary 10.4 and
Lemma 10.5(1) (Lemma 10.5(2) when 2k — 2 = 4) show that we have spanning fields in these points. If
(b3, by) = (0, 1) then ]-'(ilf ;1;0’1) is a singular generic fiber for ®,;_; and at smooth points of the fiber we
have complete spanning fields by Proposition 10.9 (for L =2k — 1), Corollary 10.4 and Lemma 10.5. It
remains to study
Zo—1 € Sing(FEL o).

which is given by

=73=275=26=""-=23k-4=23-3=0 (14.1.2)
and

Rank (wl w2 e W3S w3"4) <2. (14.1.3)
W2 W3 ... W3k—4 W3k_3
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A calculation assuming (14.1.2) shows that

2%k—1 _
Vosimazsioszn = (E3-2W3k—4 + T3—-1W3k-3) 5

— (1 4 z3k—2W3k—5 + Z3k—1 W3k —4)
3k—4 023k—3

Therefore the complete fields

2k 2k—1
923k—413k—323k - aZ3k 423k—323k +e

2k _ 2k—1
¢13k—413k—313k a2823k 423k—323k +-

move points out of Sing(F, (a. w. 0 1)) (into the big orbit) unless in addition to (14.1.2) and (14.1.3) also
23k—2W3k—4 + 3k—1W3k—3 = | + Z3p—2W3k—5 + Z3k—1W3k—4 = 0. (14.1.4)

Points in an invariant subset must satisfy also these equations. A calculation assuming (14.1.2) gives that
2%—1
I3k—233k—133k

= 0/0z3;—2. Therefore the complete fields

2k 2k—1
0231(7213/(7113/{ - 8Z3k sz T

2k _ 2k—1
023k—2z3k—ll3k aQazak 223k—123k +-

move points out of this set since

2% _ 2
Oz za (1 23k—2W3k—5 + Z3k—1W3k—4) = AjW3k—s,

2% _ 2
0 zn 1z (3k—2W3k—4 + Z3k— 1 W3k—3) = AT W3k—4,

2k 2
Do sz L+ 23k—2W3k—5 + Z3k—1 W3k—4) = A W35,
2k 2
3273k 123 (Z3k—2W3k—4 + Z3k—1 W3k—3) = Ay W3k—4
¢3k23k13k(z w +z w ) =aw
cannot all be zero, because this would contradict (14.1.4). Notice that this proves Proposition 10.9 for

L =2k.
Now we study the stratum of nongeneric fibers, that is, a; = a, = 0. In this case we know that

2k—1 3
Fo0asan = Fovuasan X C

and by the induction assumption we are done. This finishes the induction step for an even number of
factors.

14.2. Odd number of factors. We assume that K = 2k > 6 and that the submersions ®; = 74 0 ¥ are
stratified elliptic submersions when 3 < L < K and that Proposition 10.9 is true when 3 < L < K.
We study
K+1 _ r2k+1 _
]:(01,1125113,04) - ]:(01,112503,04) - U ‘7:(}71752 az,as)’ (14.2.1)

(23k+1,23k42,23k4+3) €C3

= 2k+1
where by = a) — 2314103 — Z3x12a4 and by = a — 23k42a3 — Z3k4304. Let Zyy € F 7 Because

- (a1,a2,a3,a4)"
of (14.2.1) there are by and b, so that Zy; € ]:bl and

by,a3,a4)

Zoiy1 = (Zok, Z3k41, 23k+25 T3k+3)-
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Begin with the stratum of smooth generic fibers, that is,

(a3, as) € {(0,0), (0, D}.

First notice that if (b1, by) # (0, 0) then F3¥,
Proposition 10.9 (for L = 2k), Corollary 10.4 and Lemma 10.5 show that for these points we have
spanning fields. If (b, b») = (0, 0) then

is a generic smooth fiber for ®,; and as above,

~ 3 2k—1
F(O 0,a3,a4) — C x ‘F(O,O,a3,a4)

is a nongeneric smooth fiber for ®,; and, since .F(%)If()_’ ;3’04) is a generic smooth fiber, Proposition 10.9 (for
L =2k — 1), Corollary 10.4 and Lemma 10.5 show that for these points we have spanning fields.

We now study the stratum of singular generic fibers. Here (a3, as) = (0, 1). Again notice that if
(b1, b2) # (0, 0) then ]—"(%jl" b2.0.1) is a generic smooth fiber for ®,4, and Proposition 10.9 (for L = 2k),
Corollary 10.4 and Lemma 10.5 show that for these points we have spanning fields as above. Next we
study the case (by, by) = (0, 0). In this case we see that F2k 0.0.0.1) is a singular nongeneric fiber of ®,; and

]:(0001> _‘F(%)kO(l)l) xC;

W3k—2W3k—1 W3k *

The smooth points of ]-"(0 0. 0 1y (Which is generic) are handled using Proposition 10.9 (for L =2k — 1),
Corollary 10.4 and Lemma 10.5. We have the chain of inclusions

2k— 2k—1 3 . 2k 3 . 2k+1
F a2 01) 2 ]'-(o 0,0.) = F0,0,0,1) X € D Sing(F0,0,1)) x € D Sing(F, 0.1))-

(ai, (a1,a2,

By the arguments above any possible invariant subset must be contained in

J = (Sing(f((z)]fo’o’l)) X <[:3) \Sing(kaJr] 0, 1))

(ar,az,
Points in J are characterized by zo = z3 = - - - = 23k—4 = 2343 = 23k—1 = 23k = 0,
W] Wy ... W3k—5 W3k—
Rank( 1 w2 3k—5 W3k 4)<2
w2 W3 ... W3k—4 W3k-3
and
Wp Wy ... W3g—5 W3g—4 W3g—2 W3k—
Rank( 1 w2 3k—5 W3k—4 W3k—2 W3k 1):2.
w2 W3 ... W3k—4 W33 W3k—1 W3k

Take the largest [ < k such that

w3j—2 W3[—
Rank 31-2 W3[—-1 —1.
w3j—1 Wz

2k+1

Let Z = Z];=1+1 z3j—2. We examine the complete field d)zy_lmm.

This field has some complicated
components which on J take the form

2k+1 d 0 B
=D D D
¢Z3l—123113k 1823[—1 + 28231 + 3823k + ’




274 BJORN IVARSSON, FRANK KUTZSCHEBAUCH AND ERIK LOW

where R
Dy = det <w3l—1+w3k—1+w31—1w3k—2z w3k—l)
w3t w3t ws -1 Wik—12Z W3k

Dy = det <w3l—2+w3k—2+w31—2w3k—2z w3k—l)
W31 FWwak—1F+wy2wxk—1Z  wz )’

Ds = det W32+ W32t W3 2W3k—2Z W3- 1+W3k—1+HW3 -1 W3k—2Z
W31t W3k—1FW32W3k—1Z  w3twWa+w3—wik—1Z

Whenever at least one of Dy, D, or D3 is nonzero we can move out of J. Now suppose we are in a
point of J where D; =D, =D3 =0.
Let

_<w31—2+w3k—2+w31—2w3k—2§ W3- 1T W3k—1 T W3- 1W3k—2Z W3k-2 W3k-1
W31+ W31 TW3y2W3k—1Z  W3y+W3+w3—wik—1Z  W3k—] W3k

and observe that

w3j—2 W3j—1 W3k—2 W3k—
2 — Rank 31-2 W3l-1 3k—2 W3k—1 — RankC
Ww3j—1 W3} W31 W3k

by column operations.

The fact that D = D, = D3 = 0 means that the rank drops when we remove the third column from
these matrices. This implies that the third column is nonzero and the other columns are multiples of a
nonzero vector v which, moreover, is linearly independent of the third column. Now we use the field y¥
(see (8.0.13) or (8.0.17)) to show that the set

I =JN{Dy=D,=D3=0}

does not contain an invariant subset under fields from Qy;+;. In the points that we are considering,
v =9/8z3141. We consider two cases.

Case 1: (w3g—1, w3g) # (0, 0). In this case

det (w3k—2 w3k—1) £0.

W3k—1 W3k
‘We have

3 W3k—2 W3k—1
vy~ (D) = w3 det ( ) )
W3k—1 W3k

Thus y3l moves points out of / unless ws;—; = 0. Looking at

W3k—2 W3k—1
v (D2) = wy_, det ( ) ,

W3k—1 W3k
we see that w3;_» = 0 for [ to be invariant. Assuming in addition w3;_, = w3—; = 0 we find that
W3k_2 W3k_
Dg:det( 3k—2 W3k 1)=0’
W3k—1 W3k

which is a contradiction.
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Case 2: (w3r—1, w3k) = (0, 0). This implies wz;_> # 0. By these assumptions

D3 = (wy—_2wy — wi_)(1+ W2 Z) 4+ w3 w2
and

3 2
Y~ (D3) = (w31 2w3; — W3_1)W3k_2.

Now D3 = y3l(D3) = 0 implies that (w3;_ow3; — w§1—1) = 0 and wy; = 0. The first equality gives
w3;—1 = 0, which altogether contradicts the assumption that

W3j—2 W3j—1 W3k—2 W3k—
Rank ( 3[-2 W3l-1 3k—2 W3k 1) -2
w3j—1 W3] W3k—-1 W3k

Finally we study the stratum of nongeneric fibers, that is, (a3, a4) = (0, 0). Here all fibers are smooth.
Also
2k+1 ) 3
Far.a2.0.0) = Flar,a,00 X €

and since ]:(i’:’az,o’o) is elliptic, by the induction hypothesis we are done.

15. Product of exponentials and open questions

For a Stein space X, a complex Lie group G and its exponential map exp: g — G, we say that a holomorphic
map f : X — G is a product of k exponentials if there are holomorphic maps fi, ..., fr : X — g such
that

f=exp(f1)---exp(fi)-

It is easy to see that any map f which is a product of exponentials (for some sufficiently large k) is
null-homotopic. In the case where G is the special linear group SL,(C) the converse follows from
[Ivarsson and Kutzschebauch 2012] as explained in [Doubtsov and Kutzschebauch 2019]. In the same
way we prove:

Theorem 15.1. For a Stein space X there is a number N depending on the dimension of X such that any
null-homotopic holomorphic map f : X — Sp,(C) can be factorized as

F(x)=exp(G1(x)) ---exp(Gg (x)).
where G; : X — sp,(C) are holomorphic maps.

Proof. By Theorem 3.1 we find K elementary symplectic matrices A;(x) € Sp,(O(X)), i =1,2,...K,
such that

f)=A1(x) - Ag(x).
Now remark that the logarithmic series
1
In(Id + B) = —B"
n(ld+B) =) p
is finite for the nilpotent matrices B; = A; — 1d. O

Open Problem 15.2. Determine the optimal number K in Theorem 15.1.
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Open Problem 15.3. Determine the optimal numbers of factors in Theorem 3.1.

The smooth fibers

K -1
Flay.apas.ay) = Tao Vi)™ (a1, az, az, as)

of the fibration projecting the product of K elementary symplectic matrices to its last row are smooth
affine algebraic varieties. They are new examples of Oka manifolds, since we prove as a by-product
of Proposition 3.6 that they are holomorphically flexible (for a definition see the work of Arzhantsev,
Flenner, Kaliman, Kutzschebauch and Zaidenberg [Arzhantsev et al. 2013]). Our proof does not give the
algebraic flexibility of them, even if our initial complete fields obtained in Section 8 are algebraic. The
problem is that their flows are not always algebraic (not all of them are locally nilpotent). Therefore the
pull-backs by their flows are merely holomorphic vector fields.

Open Problem 15.4. Which other (stronger) flexibility properties like algebraic flexibility, algebraic

(volume) density property, or (volume) density property do the fibers .F(K admit?

ap,a,as,as)

For the definition of these flexibility properties we refer to the overview article [Kutzschebauch 2014].

Let us remark that the fibers of the fibration for five elementary factors in [Ivarsson and Kutzschebauch
2012] have been thoroughly studied in [Kaliman and Kutzschebauch 2011; 2016, Section 7]. They
were the starting point for the introduction of the class of generalized Gizatullin surfaces whose final
classification was achieved by Kaliman, Kutzschebauch and Leuenberger [Kaliman et al. 2020]. The
topology of these fibers for any number of elementary factors has been studied in [De Vito 2020], where
it was also proven that they admit the algebraic volume density property. Such studies are interesting
since the possible topological types of Oka manifolds or manifolds with the density property are not
understood at the moment.

Open Problem 15.5. Determine the homology groups of the fibers ‘7:(51, .a3.a4)"
And finally:

Open Problem 15.6. Prove Conjecture 3.11.
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