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ABSTRACT. This paper addresses the classification problem of integrable deformations of
solutions of “degenerate” Riemann—Hilbert—Birkhoff (RHB) problems. These consist of those
RHB problems whose initial datum has diagonal pole part with coalescing eigenvalues. On
the one hand, according to theorems of B.Malgrange, M. Jimbo, T. Miwa, and K. Ueno,
in the non-degenerate case, there exists a universal integrable deformation inducing (via
a unique map) all other deformations [JMUS81, Mal83a, Mal83b, Mal86]. On the other
hand, in the degenerate case, C.Sabbah proved, under sharp conditions, the existence of
an integrable deformation of solutions, sharing many properties of the one constructed by
Malgrange-Jimbo-Miwa—Ueno [Sab21]. Albeit the integrable deformation constructed by
Sabbah is not, stricto sensu, universal, we prove that it satisfies a relative universal property.
We show the existence and uniqueness of a maximal class of integrable deformations all
induced (via a unique map) by Sabbah’s integrable deformation. Furthermore, we show
that such a class is large enough to include all generic integrable deformations whose pole
and deformation parts are locally holomorphically diagonalizable. In itinere, we also obtain
a characterization of holomorphic matrix-valued maps which are locally holomorphically
Jordanizable. This extends, to the case of several complex variables, already known results
independently obtained by Ph.G.A. Thijsse and W. Wasow [Thi85, Was85|.
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1. INTRODUCTION

1.1. Riemann—Hilbert—Birkhoff (RHB) problems: the analytical and geometrical
settings. Consider the n-dimensional system of ordinary differential equations

d _ T = —k
Y =AQ)Y, Al =2 ;Akz . Ay #0, (1.1)

where the series is convergent for |z| > R;, and r is a non-negative integer, called the
Poincaré rank of (1.1) at z = co. In 1909, and again in 1913, G.Birkhoff addressed the
following question [Bir09, Birl3|:

Riemann—Hilbert—Birkhoff Problem (analytical version): Does it exist an analytic
matriz-valued function T(z) = > p  Tiz"F, with Ty € GL(n,C) and the series converging
for |z| > Ra, such that the transformed equation

d _ 71 _ 1 -1 _ —1£
z%Z—A(Z’)Z, Y(2)=T(2)Z(z), A=T AT — 2T dzT’

has a polynomial matrixz coefficient of the form
./Z(Z) = ZT./Z[() + Zr_l./zl\1 +-+ ./Zl\r, ./Zl\j S M(n, (C)?

In general, the solvability of the RHB problem is an open problem: although several®
sufficient conditions for the solvability have been given [Bir13, JLP76, Bal90, Bol94a, Bol94b,

More details on known results will be given in the main body of the paper, see Section 4.
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BB97|[Sab07, Ch.IV], it may happen that the RHB Problem does not always admit a positive
answer (contrarily to what Birkhoff believed to have proved), see [Gan59, Masb9|.

In more geometrical terms, the RHB Problem can be recast as follows:

Riemann—Hilbert—Birkhoff Problem (geometrical version): Given a trivial vector
bundle E™ on a disc D C P' centered at z = 0o, equipped with a meromorphic connection
V™ with a pole at z = oo, is it true that (E™ V™) extends to a pair (E°,V°), where E°
is a trivial vector bundle on P!, and V° is a meromorphic connection with only another
logarithmic pole at z =07

If one does not insist on the triviality of the vector bundle £, or on the logarithmic nature
of the pole z = 0 of V°, then the problem is easily solvable, see [Sab98, App.A.2|. What
makes the RHB Problem difficult is the conjunction of these requirements.

This paper is devoted to the study of families of RHB problems, rather than focusing on a
single one. If (X, z,) is a pointed complex manifold, we consider families of equations (1.1),
parametrized by points of X, that is

zdile = A(z,2)Y, Az, z) = 2" Z Ap(z)27",  Ap: X — M(n,C) holomorphic,
k=0

(1.2)
with the further assumptions that Ay is not identically zero, and that the series defining
A(z,z) is convergent for |z| > R (independent of ). The family (1.2) can be interpreted
as a deformation of the equation given by the specialization © = z,. The deformation is
sald to be integrable if there exist holomorphic matrix-valued functions Oy, ..., BO4im x on
{|z] > R} x X such that (1.2) is compatible with the system of equations

dim X a dim X
dy =ey, d= ; 57400, O(z2) = ; Q;(z, x)da’. (1.3)

In the geometrical description, the joint system of equations (1.2),(1.3) defines a flat
meromorphic connection V on a trivial vector bundle £ over D x X, with a pole along
{00} x X of order r 4+ 1. The connection V is a deformation of its restriction at z = x,,
namely the connection (*V on the pulled-back vector bundle (*E, where ¢v: D — D x X,
2 (2,2,).

From now on (including the main part of the paper), we consider® the case r = 1 only. In
this case, the Birkhoff normal form reads

iZ = (.»Zl\o + 1./2{1) Z, A\o,./zl\l € M(n,@)
dz z

Given a family of RHB problems, parametrized by a pointed complex manifold (X, z,),
we can raise a legitimate question: is solvability an open property? More precisely:

2We expect that many results mentioned (or obtained) in this paper can be generalized to higher Poincaré
ranks.
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Question: Assume that the RHB problem defined by the system (1.2) is solvable when
specialized at z, € X. Is it true that there exists an open neighborhood U C X of x, such
that the RHB problem is solvable when specialized at x € U?

According to a theorem originally due to B. Malgrange (in [Mal83a, Th. 2.2.(1)| the result
is formulated with some un-necessary assumptions), and subsequently refined by C.Sabbah
[Sab07, Th. VI.2.1| (see also [DH21, Th. 5.1(c)|), the answer to the question above is positive
if

e the deformation is integrable,
e the manifold X is simply connected?.

Under these assumptions, one can prove the existence of a sufficiently small open neighbor-
hood U C X of z,, and the existence and uniqueness of a frame of sections of E|pyy, with
respect to which V|pyy has matrix of connections 1-forms

Qz,x) = — <A(:)§) + %Bo) dz — 2 C(x), xeU, (1.4)

where A is a holomorphic matrix-valued function on U (referred to as the pole part of V),
B, is a constant matrix, and C' is a holomorphic matrix-valued 1-form on U (referred to as
the deformation part of V). See Theorem 4.5.

Remark 1.1. Assume to be given a family of RHB problems as in (1.2) (for the moment not
necessarily an integrable deformation), solvable for each value of the deformation parameter
x € X. The solutions of the RHB problems define a family of equations

d

dz
For each fixed z € X, the solutions Z(z,z) are multivalued functions, and they manifest
both monodromy and a Stokes phenomenon (at z = oo). The integrability condition of the
deformation can be recast in terms of the family of equations (1.5) only: one can prove that
the family of RHB is an integrable deformation if and only if the family of equations (1.5) is
weakly isomonodromic in the sense of [Guz18|. This means that there exists a fundamental
system of solutions Z(z, z) whose monodromy matrix M := Z(z,z)~'Z(e*"V=1z,z) does not
depend on xz € X. Other refined sets of monodromy data (e.g. the Stokes matrices) may still
depend on z € X.

7 = (ﬁo(x) + %ﬁﬂx)) Z, Ay, Ay: X — M(n,C) holomorphic. (1.5)

1.2 Malgrange—Jimbo—Miwa—Ueno universal integrable deformations, and its Sab-
bah’s analogue. Consider a trivial vector bundle E° on P!, equipped with a meromorphic
connection V¢, defined (in a suitable basis of sections) by matrix €, of connection 1-forms
in Birkhoff normal form, namely

Q) = — (Ao + %Bo) dz, A, B, € M(n,C). (1.6)

By the discussion of the previous section, the germ of an arbitrary integrable deformation

(V,E, X, x,) of (E°, V°) can be defined by a matrix Q(z,z) as in (1.4), where A(z,) = A,.

3This can always be realized up to replacing X with a simply connected neighborhood of z,.
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Denote by M, and Maiae the subsets of M(n,C) of regular and diagonalizable n x n-
matrices, respectively. These sets can be defined as finite unions of smooth semi-algebraic
strata in M (n, C), called bundles of matrices, introduced by V.I. Arnol’d [Arn71], see Section
2. Each bundle of matrices is defined by fixing the “type” of the Jordan form of its elements,
i.e. by fixing the number of Jordan blocks of each size (the numerical values of the eigenvalues
is free).

As it will be explained below, the classification problem of germs of integrable deformations
of V° is of varying difficulty, according to which bundle the matrix A, € M(n,C) belongs
(i.e. to the Jordan form of A,).

In the case A, € M., the classification of germs of integrable deformations is completely
understood. According to a theorem of B. Malgrange [Mal83a, Mal86], indeed, there exists
a germ of universal integrable deformation (V**, C",C", u,), where C" denotes the trivial
vector bundle C" x C" over C". By universality we mean that any other germ (V', E', X', x)
of integrable deformation of V° is induced by (V" C",C", u,) via a unique base change,
i.e. via a unique germ of map ¢: (X', 2)) — (C", u,). See Theorem 4.7.

In the case A, € Miee N Mging, @ more detailed description of the universal integrable
deformation V" is available. In this semisimple-regular case, it follows from independent
results of B. Malgrange and M. Jimbo, T. Miwa, K. Ueno [JMUS81, Mal83b, Mal86] that the
germ of the universal integrable deformation V" can be defined (in a suitable basis of section
of the trivial bundle C") by the matrix

Qo) = = (=) + £ (8 + [Mla) Aw) )
_dA(uw) — [[(w),dA(w)], weD (L7)

e D C C" is a sufficiently small polydisc centered at u, € C",
e A(u) = diag(u', ..., u"), where u € C",

o B/ =diag(by,...,b,) is a constant diagonal matrix,

o I'=(I'y)5—, is an off-diagonal matrix.

Moreover, these data are such that:

(1) there exists P € GL(n,C) such that P~'A,P = A(u,), and the diagonal part of
P~'B,P equals B,

(2) and V"™ is formally equivalent, at z = oo, to the matrix connection —d (zA(u)) —
B,

As long as the matrix A, is not a regular matrix, the classification problem of germs of
integrable deformations of V° becomes extremely more difficult?. In this paper, we address
the classification problem of germs of integrable deformations of V°, in the case A, € M giag
only, i.e. A, is a diagonalizable matrices with possibly non-simple spectrum.

4By quoting B. Malgrange [Mal83a, Rk. 3.8]: «|...] le probléme de trouver les solutions [of the integrability
equations| passant par un A, non régulier semble trés difficile.»
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In the case A, € Mg, in [Sab21] C.Sabbah considered a connection V¢ satisfying the
following Property of Partial Non-Resonance (for short, Property PNR):

Property PNR: There exists a matrix P € GL(n,C) diagonalizing A,, i.e. P 'AP =
A, = diag(ul, ..., u"), and such that the matrix B, := P~!B,P has the following properties:

(x) B € Im ad(A(u,)).
(%x) B! is partially non-resonant, i.e. we have (B)); — (B.);; ¢ Z\ {0} whenever u’ = uJ.

Remarkably, under this assumption, Sabbah proved the existence of a germ of integrable
deformation of V° of the form (1.7), and satisfying the properties (1) and (2) above. For an
analytical proof of Sabbah’s result, see [Cot21a).

Although the integrable deformation constructed by Sabbah shares many properties of the
Malgrange-Jimbo-Miwa—-Ueno connection V"™, no claim of universality was formulated in
[Sab21]. On the one hand, this is coherent with the fact that, in general, there is no versal
deformation of V if A, is not regular (see e.g. Appendix A.2). On the other hand, we will
prove that Sabbah’s connection still enjoys a relative universality property: this was one of
the motivating themes of the current work.

Remark 1.2. When n = 2, the cases A, € M, and A, € Mg, are exhaustive. In such
a case a complete classification of germs of integrable deformation has been developed in
the very interesting preprint [Her21]. In the current paper, we address the case of arbitrary
n, and we do not obtain a complete classification as in loc. cit.. Our results, however, still
emphasize the richness of the classification in the non-regular case.

1.3. Results. The first main result of this paper is of preliminary nature, framed in the
general study of operator-valued holomorphic functions. It consists of a characterization of
matrix-valued holomorphic functions A: X — M (n,C), defined on a complex manifold X,
which are locally holomorphically Jordanizable. We say that A is locally holomorphically
Jordanizable at x, € X if there exist an open neighborhood U C X of z, and a holomor-
phic function P: U — GL(n,C) such that P~'AP is in Jordan canonical form. Clearly, a
necessary condition for A to be locally holomorphically Jordanizable at z, is

(I) the existence of a holomorphic function J: U — M(n,C), in Jordan canonical form
for any x € U, and similar to A(z) for any = € U.
The validity of condition (I) only, however, is not sufficient. Set

e 0(A(z)) to be spectrum (i.e. the set of eigenvalues) of A(x) for any = € X;

e \,....,\: U — C to be the holomorphic eigenvalues functions of A|y (without
counting multiplicities);

e coal(A) C X to be the coalescence locus of A, namely the set of points z € X such
that

V Vneigh.of x, 3z € V: cardo(A(2)) > card o (A(x));

e G, to be the disjoint union of complex Grassmannians of subspaces in C", i.e. G, =
[15— G(k,n) (with the complex analytic topology).

In Theorem 3.21, we prove that A is locally holomorphically Jordanizable at z, if and only
if conditions (I) above, (II) and (IIT) below hold true:
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(IT) For each ¢ = 1,...,r, the function ¢;: U \ coal(A) — G,, defined by x — ker(A(z) —
Ai(2)Id,)"™ admits a limit L; € G,, at x = x,.

(III) We have @;_, L; = C™.

Moreover, standing on results of W.Kaballo [Kab76], we prove that the limit L;, with
i = 1,...,r, necessarily equals the space K[(A — \;1d)"; z,] of values at z, of C"-valued
holomorphic functions in the kernel sheaf £ (A — \;1d)" of the morphism of &x-modules

(A—NId)": 0% — 05"
We also prove that condition (II) is equivalent to the condition

(IL.bis) the function U 3 x — dim K[(A—\;1d)"; z] is continuous at x,, forany i =1,...,r.

Theorem 3.21 extends to the case of several complex variables previous results of Ph.G.A.
Thijsse and W. Wasow, independently obtained in [Thi85, Was85|. See Corollary 3.24.

Remark 1.3. Let us stress the main differences of our results with those of [Thi85, Was85]:

(1) The results of both Thijsse and Wasow work under the assumption dime¢ X = 1 (more
precisely, X C Cis an open region). In this case, condition (II) above is automatically
satisfied. Thijsse realized this standing on the results of [BKL75]. Alternatively, we
will deduce this from results of W. Kaballo [Kab76, Kab12].

(2) Wasow’s Theorem actually works under the further assumption coal(A) = (). In such
a case, also condition (III) is automatically satisfied.

(3) Thijsse’s and Wasow’s results are statements of global holomorphic similarity. 1f
X C C is an open region, and if A is locally holomorphically Jordanizable at each
point x € X, then one can prove that there exists a globally defined holomorphic
matrix T: X — GL(n,C) such that T'(z) "' A(x)T () is in Jordan form. This actually
is an important peculiarity of all 1-dimensional Stein manifolds X, see |[Gur88, Lei20,
For17] and Theorem 3.1.

To the best of our knowledge, our characterization of locally holomorphically Jordanizable
matrices, depending on several complex variables, was never explicitly formulated in lit-
erature. The local holomorphic Jordanizability condition plays a crucial condition in the
theory of isomonodromic deformations at irregular singularities with coalescing eigenvalues
[CG18, CDG19]. We expect that our characterization will be useful for generalizing re-
sults of [CG18, CDG19], as well as for the study of strata of Dubrovin—Frobenius and flat
F-manifolds [CG17, CDG20, Cot21b|.

The second main results of the paper concerns the classification problem of integrable
deformations of V° defined by (1.6). We first introduce several classes of germs of integrable
deformations of V°, namely:

e the class J(V?) of all germs of integrable deformations of V°;

e the class J4(V?) of germs of diagonal type (d-type) integrable deformations of V°,
that is those integrable deformations whose pole and deformation parts (A and C' in
equation (1.4)) are locally holomorphically diagonalizable;

e the class 38" (V?) of germs of generic d-type integrable deformations of V°, that
is those integrable deformations (V, E, X, x,) of V° of d-type whose pole part has
holomorphic diagonal form Ay = diag(fi(x),. .., fu(z)) with d,, f; # d,, f; for ¢ # j;
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e the class J4,(V?) of germs of diagonal-vainshing type (dv-type) integrable deforma-
tions of V°, that is those integrable deformations (V, E, X, x,) which are defined (in
a suitable basis) by a matrix of connection 1-forms

Qz,z) = — (Ao(z) + %B(m)) dz — zdAg(z) + w(x),

where the Ay and B are holomorphic matrix-valued functions, and w is a holomorphic
matrix-valued 1-form such that®

Ao(x) = diag(fi(z),..., fu(x)), B" =L, A, @ = [dAo, £],

for a holomorphic matrix-value function £: X — M (n,C), £ = L";
e the class Jg(V?) of germs of formally simplifiable integrable deformations of V° which
are formally equivalent, at z = oo, to the connection

d —d(zAq(x)) — ‘B;%,
z
where Ag(z) = diag(fi(z), ..., f.(z)) and B! is a diagonal constant matrix.
In Theorems 4.24 and 4.25 we show that
(1) if A, € Myeg N Miag, then we have
0#357(V?) € I6(V?) = Tae(V°) = Ta(V°) = T(V?),
(2) while if A, € Mg,y and the Property PNR holds true, then we have a more rich
classification, since
0 #T5"(V°) € (V) C Tav(V°) C Tq(V°) CI(V9),
where all the inclusions are in general strict (see e.g. Example 4.21).

For clarity of exposition, let us denote with the unified notation® V/MUMS the integrable
deformation of V° constructed by Jimbo-Miwa-Ueno-Malgrange (in the case A, € Mgiag N
M), and by Sabbah (in the case A, € Mgiag & Property PNR). In Theorem 4.31 we further
show the existence and uniqueness of a class Jyums of germs of integrable deformations of

V? such that

(1) the integrable deformation is an element of Jyvuwms,

(2) any germ of integrable deformation, which is induced by V'MUMS via a base change
map, is an element of Jyuwms,

(3) Jymums is maximal with respect to the properties above.

VJMUMS

Moreover, we show that if a germ of integrable deformation is induced by V'MUMS yia a

base change map, then the germ of such a map is unique. For short, we say that V/MUMS jg
Jymums-universal, see Definition 4.29.

In the case A, € M;eg N Maiag, We necessarily have Jjums = J(V?) by universality of
the JMUM integrable deformation. In the more general case A, € Mg, & Property PNR,
we show that Jjvums is large enough to satisfy the inequality

J37(V?) € Tnaoms € Ts(V°). (1.8)

"Here, and in the main body of the text, we denote by M’ the diagonal part of a matrix M, and by
M" = M — M’ its off-diagonal part.
SHere JMUMS stands for Jimbo-Miwa—Ueno—Malgrange-Sabbah.
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In addition to that, in Appendix A.3 we show that the validity of the PNR condition is
a sharp condition for the results above. More precisely, we exhibit a connection V° with
A, € Mgiag and for which the Property PNR cannot hold true: we show that the germs
in 35" (V°) cannot be induced by a single germ of integrable deformation, in opposition to

(1.8).

The proof of the left inequality in (1.8) is based on a remarkable initial value property
of an overdetermined system of non-linear PDEs, that we call generalized Darboux—FEgoroff
equations. Consider n holomorphic functions fi(x),..., f,(x) in d complex variables =
(xt,...,2%). Let by,...,b, € C be arbitrary constants. The generalized Darboux—Egoroff
system DEq,,((fi)i1; (bi)j-,), in the n* —n unknown functions (Fjn(x))f ,—;, with k # h, is
given by

(0jfrn — 05 fr)0iFin, — (Oifn — 0ifx)0; Fien =
Z(aifé — 0; fi)(0j fr. — 0; fo) FreFon — Z(ajfé — 0, f1)(0ifr — 03 fo) FreFun,

/=1 /=1

(fn = fr)0iFen = (bn — by, — 1)(0i fr. — Oifx) Frn
+ Y (e = 0ufi) (o — ) FxeFn =Y (fe = f1) @i fn = 0ifo) FreFun,
=1 =1
forany i, =1,...,d, and any k,h = 1,...,n, with k £ h. The solutions F}, of this system
can be arranged in an off-diagonal matrix F': U C C* — M(n,C).
Theorem 4.28, which is the third main result of the paper, asserts that
o if £, € C?,
o if dg fr # dg, fr for any h,k =1,... n, with k # h,

o if by — by & Z\ {0} whenever fy(z,) = fi(z,),

then any formal power series solution F' of DE,,,((fi)i;; (b;)i,), centered at x,, is uniquely
determined by its initial value F'(x,). Consequently, the same result holds for any analytic
solution defined in a neighborhood of @,. This generalizes the results of [Cot21la, Lemma
5.21] |Cot21b, Lemma 6.16] for the (standard) Darboux—Egoroff equations.

1.4 Structure of the paper. In Section 2, we review the theory of bundles of matrices,
introduced by V.I. Arnol’d. Special emphasis is given on both geometrical and combinatorial
aspects of the theory. In particular, we review its connection with the theory of double
partitions of integers (an aspect which is missing in the original source [Arn71]), as well as
some of the main results on the semi-algebraic stratification of the space of matrices defined
by the bundles.

Section 3 is devoted to the study of matrix-valued holomorphic maps which are lo-
cally/globally holomorphically similar. After reviewing known results due to R.M. Guralnick,
J. Leiterer, and F. Forstneri¢, we address the study of Jordan forms of matrix-valued holo-
morphic maps. The first main result of the paper, Theorem 3.21, is formulated and proved.

In Section 4, we first review known results on families of RHB problems due to B. Malgrange,
M. Jimbo, T.Miwa, K.Ueno, and C.Sabbah. We subsequently introduce several classes
(d/dv/fs-types) of germs of integrable deformations of a solution of a RHB problem, and



10 GIORDANO COTTI

we study their inclusive relations, see Theorems 4.24 and 4.25. We introduce the notion
of J-universality, and we prove that the Sabbah’s integrable deformation satisfies a relative
universal property for a suitable maximal class Jjyums, see Theorem 4.31. Furthermore,
we study the generalized Darboux—Egoroff system of PDEs, and we prove its initial value
property, Theorem 4.28.

In Appendix A.1, we recall Malgrange’s proof of existence of a universal integrable defor-
mation for the connection (1.6) with A, € M.

In Appendix A.2, we show via an example that if A, & M,.,, then in general there is no
versal integrable deformation of (1.6).

In Appendix A.3, we show via an example that the Property PNR is a sharp condition
for the existence of an integrable deformation inducing all germs of integrable deformations
of generic d-type.

Acknowledgements. The author is thankful to R.Conti, G.Degano, D.Guzzetti, C.
Hertling, P. Lorenzoni, D. Masoero, A.T. Ricolfi, and C. Sabbah for several valuable discus-
sions. This research was supported by the FCT Project PTDC/MAT-PUR/ 30234/2017
“Irregular connections on algebraic curves and Quantum Field Theory”.

2. BUNDLES OF MATRICES

In what follows by multiset we mean a pair (A, m) where A is a finite set and m: A — N*
is an arbitrary function, called multiplicity function. More informally, a multiset consists of
a finite collection of objects (the elements) which may occur more than once: the element
a € A will occur exactly m(a) times.

For short, we will represent multisets by listing their elements, with multiplicity, between
{...} brackets.

Partitions of integers provide examples for multisets. Given a non-negative number n, a
multiset A = {Aq,..., A} of non-negative integers is a partition of n provided that n =
> i Ai. We denote by &2(n) the set of partitions of n.

2.1. Double partitions. A double partition of a positive integer n is a double sum repre-
sentation of n as follows

n=ny+---+ng, nj:j1+"'+bjlj> jzla"'>k> (21)

with b;; € Z~o, and where k, [y, ...} are arbitrary positive integers. The numbers n, ..., n;
are the rough parts of the double partition, whereas the numbers b;; are its fine parts. The
order of rough parts, and of fine parts —inside a single rough part— is not relevant.

A double partition of n can thus be identified with the datum of a multiset of ordinary
partitions of the summands n;’s, with ¢ = 1,..., k. We denote by &?(2,n) the set of double
partitions of n, and by p(2,n) its cardinality.

For short, we use the notation b = {by1,...,b1,;...:bk1, ..., by, )} for the multiset of
partitions. The integer k is the rough length of b, denoted by |b|, whereas the integers
ly,...,lx are the fine lengths of b.
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Eb=Lbi1,....,0u; 30k, b} € P(2,n), without loss of generality we may (and
will) assume that b is monotonically ordered: this means that by > bjo > -+ > bji; for any
ji=1,..., k.

2.2. Bundles of matrices. Given n € N*, we denote by M (n,C) the complex vector space
of n x n-matrices.

Two matrices A1, Ay € M(n,C) have the same Jordan type if their Jordan forms differ
by their eigenvalues only, the number of distinct eigenvalues and the orders of the Jordan
blocks being the same. A bundle of matrices is a maximal set of matrices with the same
Jordan type.

Bundles of matrices are in 1-1 correspondence with double partitions of n.

Given the double partition A = { A1, ..., Ay Ak, - o5 A ), we define My to be set
the of matrices with Jordan form

w10 ...
Foh 0O wp 1 ...
A R S AMES 5 € M(h,C). (2.2)
i=1 j=1 : :
0 ... W
The partition {1, ..., Ay, } is called the Segre characteristic of the eigenvalue ;.

The space M (n,C) admits thus a decomposition into bundles,
Mn,C)= J[ Ma,
AeZ(2,n)

where each bundle M is a smooth semi-algebraic submanifold of M (n,C).
We will also adopt the following notation: the bundle M, associated with A € &(2,n)
will be labelled by the string

A1, A12 A21 ,,A22 Akl Ak2
I R L R o S

where i1, ...,y denote distinct eigenvalues.

For example, for n = 2, we have 3 bundles of matrices, labelled by

a2, M%> M1,

which correspond to the Jordan forms
pr 0 pr 1 pr 0
0 )’ 0 )’ 0 m

For n = 3, we have 6 bundles of matrices, labelled by

respectively.

Mo 3, M%M% M2, M?? M%Mla M1y -
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2.3. Number of bundles. By the preceding paragraph, the number of bundles of matrices
in M(n,C) equals the number p(2,n) of double partitions of n. The first values of p(2,n),
forn=1,...,20, are

1,3, 6, 14, 27, 58, 111, 223, 424, 817, 1527, 2870, 5279, 9710, 17622,
31877, 57100, 101887, 180406, 318106, . . .

The history of this numerical sequence is quite rich and interesting. In 1854, A. Cayley
first introduced and studied the sequence of numbers p(2,n), see [Cay55]. He claimed that
the same numbers arise in the classification of homographies of the projective space P".
Furthermore, Cayley noticed that the first numbers of this sequence (minus 2, and with
some computational mistakes for n = 5,7,8) appeared in [Syl51], a study of intersections
of quadrics by J.J.Sylvester. Subsequently, all these research directions were extensively
developed by C.Segre. In 1883, C.Segre completed the classification of intersection of two
quadrics in a projective space, one of the main topics of his Tesi di Laurea |Seg83, Pt. 11, §3].
Moreover, in [Segl12, Ch.II.14] Segre presented a complete classification of collineations in
projective spaces. In both classification problems, a multiset of partitions (the Segre symbol)
is a classifying invariant. Segre symbols are indeed double partitions of integers, and their
number thus equal p(2,n). For further details see [HP94a, Book II, Ch. VIII] [HP94b, Book
IV, Ch. XIII, §10-11]. See also [Bell6, FMS21].

Introduce the generating function
P(2;2) = Zp(Q,n)z", p(2,0) := 1.
n=0

Denote by p(n) the number of ordinary partitions of n.

Theorem 2.1 (|Cay55]). We have

[e.e]

P(2z) =[] —2")".

n=1

Proof. For n € N, the number p(2,n) equals the number of representations of n as following
sums

n = Z k(mm +- mk,p(k))v mi,; 2 0.
k=1

This follows from the interpretation of a double partition as a multiset of partitions, and the
m; ;’s represent the multiplicities. We have

H(l _ Z”)—ID(”) — H Z Zn(m1+---+mp(n)) _ Z z1m1,1+2(m2,1+m2,2)+.... 0
n=1 n=1 m;=0 my, ;=0
1<j<p(n) 1<i,g
Corollary 2.2. We have the recursive formula
1 n
p2.n) =~ ok)p2n—k). olk):=) d- p(d).

k=1 dk
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Proof. From Theorem 2.1, we obtain logP (2, z) = Z:mzl %znm. The recursive formula

follows from the identity LP(2,z) = P(2, 2)L(log P(2, 2)). O

The numbers p(2,n) have an exponential growth, as described by the following result, due
to R. Kaneiwa and V.M. Petrogradsky, which provides an analog of the well-known Hardy—
Ramanujan asymptotic formula for p(n), see [HR18].

Theorem 2.3 (|[Kan79, Kan80, Pet99]). We have the following asymptotic expansion

() = (= +o(1)) o O
n)=|-—+o — n .
P& 6 nn’

Remark 2.4. Although [Kan79, Kan80| provide more precise terms of the expansion, the
results of [Pet99] have wider implications. Ordinary partitions and double partitions are
just the first instances of r-fold partitions, defined as representations of an integer n € N
as r-fold sums of non-negative integers, see [Kan79|. Denoting by p(r,n) the number of
r-fold partitions of n, with p(r,0) := 1 for any r > 1, the generating function P(r,z) :=
>, p(r,n)z" satisfies the identity

[e.9]

P(r, z) = H(l — )P e > 0,
n=1
See [Kan79]. As an application of [Pet99, Th.2.1], one obtains that
w2 n
lnp(r,n) = (F_I_O(l)) m, n — oo,

where In®) z := Inln...Inx for & > 1. More general applications of [Pet99, Th.2.1] allows
——

k times
an estimate of the growth of the number of some generalized partitions, and growth of free
polynilpotent finitely generated Lie algebras. See also [Pet00)].

2.4. Bundles as fibered spaces. Given a = (a,...,a;) € N' with h > 1, set |a| :=
Z?Zl a;j. Let &, to be the subgroup of the symmetric group &, defined by &4 1= &,, X
.- X B,,, where G&,, is the symmetric group on the elements {(30_" a;) + 1, (0 a;) +
2, ) aif, fori=1,... h
Define the configuration space Cq of |a| colored points in the plane as the quotient
Co = (Cl\ A) /&,
where A be the union of big diagonal hyperplanes in C", defined by the equations
A= U{u eC": u' =u'}.
i<j
The tuple a dictates the coloring of the points: in total we have h colors, and for each

1 =1,...,h we have a; points with the same i-th color. The order of points with the same
color is not relevant.

The bundles M are fibered spaces over suitable colored configuration spaces C,. More
precisely, for each A € #(2,n) denote by my = (my, ..., my;,) € N the tuple of multiplicities
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16 15 14 13 12 11 10 9 8 7 1

aafy + o?Bf +——— aafB
N \ N

aBy0 «— a?By +— a3 +——— a?af3

\ 252\ 4 \\ \2 aaaﬁ\

o oo a’aa — aaan

FIGURE 1. Hasse diagram of the closure stratification of bundles in M (4, C).
The numbers on the top row denote the dimensions of the bundles.

of the elements of the multiset A. We have a natural map mx: My — C,,,, defined by
associating to a matrix A its colored spectrum, i.e. the set of its colored distinct eigenvalues.
Two distinct eigenvalues have the same color if they have the same Segre characteristics.
The fibers of my are similarity orbits of the Jordan matrices (2.2).

Theorem 2.5 ([Arn71]). The codimension of the bundle My equals

IAl

C = Z)\j1+3)\j2+5>\j3+... —HAH

j=1
Proof. The dimension of M equals the dimension of the base space C,,, plus the dimension
of the fiber. We have dimC,,, = |A|, and the codimension of the similarity orbit of the
Jordan matrix (2.2) equals the first summand above. See [Gan59, Ch. VIII]. O
2.5. Stratification of bundles. The decomposition M(n,C) = J[yc(,) Ma defines a
semi-algebraic stratification of the space of matrices: the family (Mx)acz(2,n) is locally
finite, and if My N M, # 0 then My C M,,.

Define the relation < on the set of bundles in M (n,C) by
M)\ < M,, = M)\ - M—,,

The relation < defines a partial ordering on bundles, called closure relation. Such a relation
has been extensively studied in [BHM98, DE95, EEK97, EEK99, EJKO03]. A convenient way
to visualize” the closure stratification of bundles is via the Hasse diagram of the relation <:
each bundle M, is represented by a point in the plane (the vertices of the diagram), and
one draws an arrow from v; to vy if v9 covers vy (i.e. we have v; <wy and there is no v3 such
that v; < w3 Qwg). See Figure 1.

Introduce the following two types of elementary transformations of A:

Type I. A — X, where X’ is obtained by “merging” two distinct partitions inside X, say
i, - A b and A1, ..., Ay} with @ # 5, in the single one
Ait F A1 Z Ao+ Ao = Nig+ Ajz >
"We invite the reader to use the software StratiGraph, developed at the Umea University (Swe-

den), to visualize the Hasse diagrams in low dimensions. The software is available at the web-page
https://www.umu.se/en/research/projects/stratigraph-and-mes-toolbox /
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The resulting rough length |A'| equals | A — 1.

Type I. A — X, where X is obtained as follows. Fix ¢ € {1,...,k}, and consider the
Ferrers diagram corresponding® to the partition \; = £, ..., Ay, J} inside A. Then move
one box rightward one column, or downward one raw, so long as the corresponding partitions
A; remains monotonic. The double partition A’ is obtained by A by replacing \; — A.. The
resulting rough length || equals |A].

Theorem 2.6 (|[EEK99, Th.2.6]). Let
A:{)\11,...,)\1[1;...;)\kl,...,)\klk}}, A,:{{)\al,..., ,1l/1,7 ;i"l"“’ ;f/l;c}},

be two double partitions of n, with k' < k. We have My < My if and only if X' can be
obtained from X\ wvia a finite sequence of transformations of type I and II.

If X and N are related by a single transformation of type I and I, then there is an arrow
from X' to X in the Hasse diagram of the closure relation <. O

Remark 2.7. Transformations of Type I correspond to coalescences/splittings of eigenval-
ues.

The following result gives some insights into the difficulty of the decision procedure for
testing the closure relation.

Theorem 2.8 (|[EEK99, Th.2.7]). Deciding whether a bundle is in the closure of another
bundle is an NP-complete problem. 0

2.6. Conjugate bundles, and sets M, Maiag. The set Z(n) of ordinary partitions of
n is equipped with a natural involution (—)¥: Z(n) — Z(n), called conjugation.

The easiest way to define it is in terms of Ferrers diagrams. Given A € #(n), with
associated Ferrers diagram F), the conjugate partition AV is the one associated with the
transposed Ferrers diagram FY (i.e. the diagram obtained by flipping F) along its main
diagonal, by turning rows to columns, and vice-versa).

This involution A — A\Y naturally extends to double partitions. Given a double partition
A=\, ..., A} in Z(2,n), its conjugate AV is obtained by applying (—)" elementwise,
that is

A=A N

We say that two bundles My, and M, are conjugate, if A; and A are conjugate double

partitions via (—)V.

Introduce the following two subsets R, D C Z(2,n): let R to be the set of double parti-
tions of n whose fine lengths equal 1, and let D to be the set of double partitions whose fine
parts equal 1.

Lemma 2.9. Elements of R are conjugate of elements of D, and vice-versa. U

Define the following unions of bundles

Mieg = [ M. Maiag == [ Mar.

AER AeD

8In the first column we have Ai1 boxes, in the second column we have ;> boxes, ...and so on.
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The set M,e, equals the set of regular matrices, that is the set of matrices A € M(n,C)
satisfying one (and hence all) of the following equivalent conditions:

(1) the characteristic polynomial of A equals its minimal polynomial,
(2) the centralizer of A in M(n,C) is of minimal dimension (i.e. it equals n),

(3) the centralizer of A in M(n,C) is C[A].

The set M giag is the set of diagonalizable matrices, with possibly non-simple spectrum.

3. ON THE SIMILARITY AND THE JORDAN FORMS OF HOLOMORPHIC MATRICES

3.1. Global and local holomorphic similarity. Let X be a complex manifold. Two
holomorphic maps Ay, Ay: X — M(n,C) are said to be

e (globally) holomorphically similar on X if there exists a holomorphic map H: X —
GL(n,C) such that A, = H 1A, H.

e locally holomorphically similar at x, € X if there exists a neighborhood U C X of z,
such that A;|y and Ay|y are holomorphically similar on U.

Analogue definitions of continuous or C*-smooth similarity, with 0 < k < oo, can be given,
according to the regularity of the matrix-valued function H above.

The problem of upgrading local to global holomorphic similarity has been addressed in
[Gur88, Lei20, Forl7|. The following positive results have been obtained, provided that X
is a Stein space.

Theorem 3.1 (|[Gur88, Lei20, Forl7|). Let X be a one dimensional Stein manifold, and
Ay, Ay: X — M(n, C) be two holomorphic maps. If Ay, Ay are locally holomorphically similar
at each point of X, then they are globally holomorphically similar on X. U

In the original proof of R.M. Guralnick, X is assumed to be a noncompact connected
Riemann surface only. Recently, J. Leiterer extended Guralnick’s result to all one dimensional
Stein spaces (not necessarily smooth): his proof is based on the Oka principle for Oka pairs
by O.Forster and K.J. Ramspott [FR66]. An alternative proof of this result also appears in
the book [Forl7], where it is invoked an alternative Oka principle established in [For03|.

For Stein spaces of arbitrary dimensions, we have the following result, which requires
stronger assumptions.

Theorem 3.2 (|Lei20, Th.1.4]). Let X be a Stein space, and Ay, As: X — M(n,C) be two
holomorphic maps such that:

(1) Ay and Ay are globally continuously similar on X, i.e. there exists a continuous map
C: X — M(n,C) such that A, = C7'A,C,

(2) Ay and As are locally holomorphically similar at each point of X, i.e. for each x, € X
there is a neighborhood U, of x,, and a holomorphic map H,: U, — GL(n,C) with
Al = HO_IAQHO on U,,

(3) we have H,(z,) = C(x,) for each x, € X.

Then Ay and As are globally holomorphically similar on X. U

Conditions (1) and (2) alone do not imply global holomorphic similarity. For a counterex-
ample, see [Lei20, Th. 8.2].



17

3.2. Three criteria for local holomorphic similarity. Let X be a complex manifold,
Ay, Ay: X — M(n,C) be two holomorphic maps, z, € X, and & € M(n,C) such that
®A1(xo) = AQ(ZL’O)@.

Below are some criteria on X, Ay, Ay, ® which will allow to infer local holomorphic simi-
larity of A; and As on a neighborhood of z,. Following Leiterer, we will call them Wasow’s,
Smath’s, and Spallek’s criterion respectively.

Wasow’s criterion: The dimension of the complex vector space
{© € M(n,C): OA(x) = Ay(z)O}
is constant for x in some neighborhood of z,.

Smith’s criterion: The space X is one dimensional, and there exist a neighborhood V,, of
x, and a continuous map C,: V, — M (n,C) such that C,A4; = A;C, on V,, and C,(z,) = P.

Spallek’s criterion: There exist a neighborhood V, of x, and a smooth map T,: V, —
M (n,C) such that T,A; = AT, on V,, and T,(z,) = P.

Theorem 3.3 (|Lei20, Th. 1.5]). If one of the criteria above holds, then there exists a neigh-
borhood U, of x, and a holomorphic map H,: U, — M(n,C) such that H,Ay = AsH, on U,,
and Hy(z,) = ®. In particular, if ® is invertible, then Ay and Ay are locally holomorphically
similar. O

Remark 3.4. The names of the criteria are justified as follows. In [Was62|, W. Wasow
formulated the first criterion and proved the statement of Theorem 3.3 under the unnecessary
assumption that X is a domain in C. The proof of Theorem 3.3 under the Smith’s criterion
is based on applications of the Smith factorization theorem, see [Jac75, Ch.III, Sec. 8] [GL09,
Th.4.3.1]. On the other hand, the proof of Theorem 3.3 under the Spallek’s criterion follows
from a special case of a result of K. Spallek, see [Spa65, Satz 5.4| [Spa67, Introduction].

Spallek’s criterion and Theorem 3.2 imply the following result.

Corollary 3.5. Let X be a Stein manifold. Let Ay, As: X — M(n,C) be two holomorphic
maps, globally C*°-smoothly similar on X. Then Ay and As are globally holomorphically
similar on X. 0

Remark 3.6. The statement of this corollary is optimal: the C*-smoothness condition
cannot be replaced by a CF-smoothness with k < co. See [Lei20, Th.8.2].

Smith’s criterion allows to strengthen Theorem 3.1 as follows.

Corollary 3.7. Let X be a one dimensional Stein manifold, and let Ay, Ay: X — M(n,C)
be two holomorphic maps. If A1 and Ay are locally continuously similar at each point x € X,
then they are globally holomorphically similar on X. 0

3.3. Holomorphically Jordanizable matrices. Let X be a complex manifold, and A: X —
M (n,C) be a holomorphic map.

We say that A is locally holomoprhically Jordanizable (or similar to a Jordan matriz) at
r, € X if there exists a neighborhood U C X of z,, and a holomorphic map S: U —
GL(n,C) such that

J(x) = S(x) 'A(x)S(z), x€U, (3.1)
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is a Jordan matrix for each x € U. If one can take U = X, then we say that A is globally
holomorphically Jordanizable.

Given ® € M(n,C), denote by o(®) the spectrum of ®, i.e.the set of its eigenvalues.
Furthermore, for A\ € ¢(®) and k = 1,...,n, denote by ¥;(®,\) the number of Jordan
blocks of size k and eigenvalue A in the Jordan form of ®, and set

(@) = > Uu(®, ).
)

A€o (P
Lemma 3.8. If A: X — M(n,C) is locally holomorphically Jordanizable and (3.1) holds,
then we have the following necessary conditions:

(1) The Jordan matriz J(z) is holomorphic on some open set U C X,

(2) there exist some holomorphic functions Ay, ..., Apm: U — C such that o(A(z)) =
{M(@), ..., n(2)} for any x € U,

(3) for each k =1,...,n, the functions U > x — Vi (A(x)) are constant.

Proof. Condition (1) directly follows from (3.1). Condition (1) implies both (2) and (3). O

Notice that condition (2) implies that card o(A(z)) < m for x € U. In particular, the sign
< holds in case of coalescences of some of the eigenvalues \q, ..., \,,.

Neither condition (1), nor conditions (2) and (3) together, are sufficient for the holomorphic
similarity of A.

Counterexample 3.9. Consider the unit disc D = {z € C: |z] < 1} in C, and let A and J
be the holomorphic matrices given by

z 1 0 z 0 0
Az)=(0 22 2|, Jkr=[0 22 1|, 2eD.
0 0 22 0 0 22

It is easy to see that A(z) is similar to J(z) for any z € D. However, A(z) is not holomor-
phically similar to J(z). Assume there exists a holomorphic matrix S(z) = (s;(2))?,_, such
that S(2)J(z) = A(z)S(z) for z € D. We have
2811 + S21 = 2811, 2%so1 + 2831 = 2501,
22822 + 2832 = 22822, 22823 + 2833 = S92 + 22823,
for z € D. Hence, so1 = s31 = s32 = 0, and s22(0) = 0 - s33(0) = 0, so that S(0) is not

invertible.

Counterexample 3.10. Conditions (2) and (3) together do not imply condition (1) above.
Consider the disc D = {z € C: |z| < 1} in C, and the holomorphic map A: D — M (4,C)
defined by

A(z) =

o O o
o
—_
+
I
+ v o o
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The eigenvalues of A(z) are given by the holomorphic functions Ay (2) = z, A\a(2) = —2, A\3(2) =
1+ z. Furthermore, we have 91(A(2)) = 2 and ¥2(A(z)) = 1 for each z € D. The matrix A,
however, does not admit a holomorphic Jordan form.

3.4. Coalescing points. Let X be a complex manifold, and A: X — M(n,C) be a holo-
morphic map.

Definition 3.11. A point x, € X is called a coalescing point of the eigenvalues of A if for
any neighborhood U of z, there exists x € U such that card o(A(x)) > cardo(A(z,)). We
denote by coal(A) the set of coalescing points of eigenvalues of A.

For a proof of the following well-known result, see e.g. [Leil7].

Proposition 3.12. Let A: X — M(n,C) be a holomorphic map, x, € X, o(A(z,)) =
{Xo1s -, Aom ), and let n; be the algebraic multiplicity (i.e. the order as a zero of the char-
acteristic polynomial of A(x,)) of Xoj forj=1,...,m.
The following conditions are equivalent:
(1) z, ¢ coal(A(z,));
(2) there exists a neighborhood U of x,, and uniquely determined holomorphic functions
Ay A U — C such that
o \i(z,) =Npj forj=1,...,m,
o 0(A(x)) ={M(x),..., \n(2)} for each x € U,
o the eigenvalue \j(x) of A(x) has algebraic multiplicity n; for each x € U. O

Theorem 3.13. If the set coal(A) is non-empty, then it is a nowhere dense closed analytic
subset of X of codimension 1. U

Remark 3.14. There exist many sources in the literature for a proof of this result, e.g. see
[Bau74, Bau85|[FG02, Ch.III, Th.4.3 and 4.6]. In the recent preprint [Leil7, Th.4.3],
J. Leiterer considered also general complex spaces X (i.e. by allowing singularities). Leit-
erer’s result provides finer estimates: if X is irreducible, and coal(A) # (), then there exist
finitely many holomoprhic functions hq, ..., hy: X — C such that
coal(A) ={z € X: hj(x)=0,57=1,...,(}.
Each h; is a finite sum of products of the entries of A(z). Moreover, we have
|hi(@)] < 2n)" A, zeX, 1<j<L

3.5. The gap topology. In what follows, we denote by |f| the operator norm of any linear
map f: C" — C™, which is defined by |f| := supj,_; | f(z)|. Here the spaces C",C™ are
intended to be equipped with the standard hermitian metric.

Denote by G, the set of all C-vector subspaces of C". Given Ly, L, € G,, denote by
Iy, II5: C* — C” the orthogonal projections onto L; and Ly respectively. We define the gap
distance between L and Lo as

@(Ll, LQ) = HH1 — HQH

Proposition 3.15 (|[GLRO06, Ch. XIII|). The gap distance © defines a metric on G,,. More-
over, we have

(1) ("‘)(Ll,L2> < 1 fOT each Ll, L2 S Qn,
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(2) ©(Ly, Ly) < 1 only if dim Ly = dim Ls. O

Denote by G(k,n) the Grassmannian of complex k-dimensional subspaces in C". The
space G(k,n) can be defined as the topological quotient U(n)/U (k) x U(n — k), with respect
to the inclusion U(k) x U(n — k) < U(n). In particular, it follows that G(k,n) is compact
and connected.

Corollary 3.16. The connected components of the metric space (G, ©) are homeomorphic
to the Grassmannians of complex subspaces in C", i.e. G, = [[,_, G(k,n). In particular, the
metric space (G, ©) is complete.

Proof. By the previous proposition, the function L +— dim L is locally constant on G,,
and consequently constant on the connected components of G,,. Denote G,  the connected
component of G, whose points are k-dimensional subspaces of C". We claim that the identity
map G(k,n) — G, is continuous, for ecach k = 0,...,n. To see this, it is sufficient to show
the continuity of the map f: U(n) — G, x defined by

A+ C-span of the first k columns of A.

Let Ay, Ay € U(n), and denote by Avh A, the n x k matrices obtained by the first & columns
of Ay and As, respectively. Let I1;, Il € End(C") be the orthogonal projections onto f(A;)
and f(A,), respectively. With respect to the standard basis of C”, the matrices representing

IT; and Iy equal glA’{ and /LAE. We have
@(f(Al)v f(Az)) = ”H1 - Hz” = Hglfsz - EzﬁZH = HA'I(A'T - KZ) + (111 - gz)f%”
< JALAT = A3+ [ Ay — Ao A3
< JALIAT — A5| + AL — Ao | A3 = 2] Ay — Aq.

This proves that the identity map G(k,n) — G, is continuous. Moreover it is also closed,
since G(k,n) is compact and G,, is Hausdorff. O

3.6. Holomorphic families of subspaces. The topological space G, can be made into a
complex manifold in a natural way, due to Corollary 3.16.

We call a holomorphic family of subspaces of C", parametrized by a complex manifold
X, any holomorphic map f: X — G,. If X is connected, then f takes values in a complex
Grassmannian G(k,n) for some k= 0,...,n.

Remark 3.17. There is a 1-1 correspondence between the following data:
(1) a holomorphic family of subspaces f: X — G(k,n);
(2) a rank k holomorphic subbundle of the trivial bundle C" := X x C™;
(3) a continuous map f: X — G, such that, for any x, € X there exist a neighborhood
U of z, and holomorphic maps vy,...,v5: U — C" such that vi(z),...,vx(z) are
linearly independent and f(z) = span(vy(2),...,vg(z)) for each z € U.

Proposition 3.18. Let X be a locally compact metric space, and T: X — M(n,C) a con-
tinuous map. The following conditions are equivalent:

(1) dimker T'(x) is locally constant on X ;

(2) dimImT(x) is locally constant on X ;
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(3) the map f: X — G,, v+ ker T'(z), is continuous;

(4) the map f: X — G,, v — ImT'(x), is continuous.
If moreover X is a complex manifold and T is holomorphic, then the conditions above are
equivalent to the following ones:

(5) the map f: X — G, © — ker T'(x), is holomorphic;

(6) the map f: X — G,, x — ImT(z), is holomorphic.

Proof. The only non-trivial statements are (1) = (3) = (5) and (2) = (4) = (6). The
implications (1) = (3) and (2) = (4) can be easily proved by adapting the argument of
[GLRO6, Prop.13.6.1]. The implications (3) = (5) and (4) = (6) follow from a result of
Ph.G.A. Thijsse, [Thi78, Th. 3.1], proved in the more general case of families of complemented
subspaces of Banach spaces. See [Jan88, Prop. 5 and Appendix| for the complete argument,
and the reproduction of the proof of Thijsse’s result. See also the argument of [GLRO6,
Prop. 18.1.2] for the case dim X = 1. O

Given a holomorphic map T: X — M (n,C), define ng := min,cx{dimker T'(x)}. The set
Y(T') of jump points of T is the set

Y(T):={xr e X: dimkerT'(z) > ng}.
Proposition 3.19 (|Kab76, Satz 1.1]). The set Y(T') is an analytic subset of X. O

For x € Y(T'), the space ker T'(z) is “too big” if compared to ker T'(y) for y ¢ Y(7') near
x. We can however introduce a suitable replacement for the space ker T'(x).

With any holomorphic map 7": X — M (n,C), there is a naturally associated morphism
of Ox-modules (for simplicity denoted by the same symbol)

T: 6% - 0%,
where Oy denote the structure sheaf of X. For any z € X denote by 4T, the stalk of

the kernel sheaf 4> T. Define K[T';z] to be the space of values at x of germs of C"-valued
holomorphic functions in Z: Ty, i.c.

K[T;z) = {v € ker T(x)|3f, € £+ Ty, folz)=v}

Theorem 3.20 (|[Kab76, Kab12]).
(1) We have K[T;z] C ker T'(z) for any x € X.
(2) We have K[T;z] = ker T'(x) for x ¢ Y(T).
(3) There exists an analytic subset ¥ C X of codimension at least 2 such that f: X\ ¥ —
Gn, x — K[T;x], is a holomorphic family of subspaces. O

3.7. A generalization of a theorem of Thijsse and Wasow. As shown by Counterex-
amples 3.9 and 3.10, conditions (1), (2), (3) of Lemma 3.8 are not sufficient to infer the
existence of a holomorphic Jordan form. In this section, we find a further condition which,
jointly with condition (1), will ensure the locally holomoprhically Jordanizability of a matrix.

Theorem 3.21. Let X be a complex manifold, and A: X — M (n,C) be a holomorphic map.
The matrixz A is locally holomorphically Jordanizable at a point x, € X if and only if the
following conditions are satisfied:
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(1) there exists a neighborhood U of x, and a holomorphic map J: U — M(n,C) such
that J(x) is a Jordan form of A(x) for each x € U; in particular, there exist local
holomorphic functions Ay, ..., A.: U — C such that o(A(z)) = { i (x),..., \(z)} for

each v € U;
(2) for each i =1,...,r the limits of the generalized eigenspaces
Jim  ker (A(z) — Ni(2)Id)"
z¢coal(A)

exist in the gap topology of G, ;
(3) we have

C'=EP lim ker(A(z) - Ai(2)1d)".
i=1 z¢coal(A)

Moreover, conditions (2) and (3) are respectively equivalent to the following ones:
(2bis) the function x — dim KC[(A — \;Id)™; z] is continuous at z,, for anyi=1,...,7;
(3bis) we have C" = @;_, K[(A — NId)™; z,].
Remark 3.22. If the limit of point (2) exists it necessarily equals K[(A — A\;Id)"; z,]. This
follows form Proposition 3.18 and Theorem 3.20. This implies the equivalences of (2) and
(2bis), and of (3) and (3bis). Moreover, notice that conditions (2), (2bis), (3), and (3bis) are
trivially satisfied if x, ¢ coal(A). This follows from Propositions 3.12 and 3.18.

Before proving the theorem, we consider a simpler case, namely that of a holomorphic
Jordan form with one eigenvalue only.

Lemma 3.23. Let T: X — M(n,C) be a holomorphic map. Assume that

(1) there exists a holomorphic map J: X — M(n,C) such that J(x) is a Jordan form of
A(z) for each z € X,
(2) T has a unique holomorphic eigenvalue function \: X — C.

Then T is holomorphically Jordanizable on any domain of X biholomorphic to a polydisc.
Proof. For any z € X, set M(z) := T(z) — M(2)Id, and N;(z) := ker M(z)’ for any j =
1,2,3,.... We have the tower of subspaces
Ni(2) € No(2) C N3(2) €+ C Npq1(2) € Np(2) = Npysa(2) = ...
First, we show that we have well-defined holomorphic maps N;: X — G, for any j.

For each j, let us introduce the analytic subsets Y; C X of jump points of M7. We claim
that Y; = ) for any j.

For j > n the statement is obvious. We have the following facts:
(i) since the matrix T has a single eigenvalue A, we have

Vp(T(2) = 9(T(2),M(2)), ze€X, k=1,....m

(ii) since J(z) is holomorphic, the function z +— ¥4 (7(2)) is constant on X for any k;
(iii) we have

Nea(z)  TNLG)

Ne(z) g New(2)

e(T(2), A\(2)) = dim k=1,...,n, Ny:=0.
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From (i), (ii), (iii) for ¥ = n, and the fact that T, = 0, we deduce that Y,,_; = (). Then,
by applying (i), (ii), (iii) for & = n — 1, we deduce that T, o = (. By iteration of this
argument, one proves that all the sets T, are empty. So N;: X — G, are holomorphic for
any j. In particular, by Remark 3.17, each IV; can be seen as a holomorphic subbundle of

Cr.= X xC".

Let A C X a domain biholomorphic to a polydisc. In particular, A is a Stein manifold.
For any j > 1, there exists a holomorphic vector subbundle V; — A of C"| such that
Njla & V; = Njii|a. This follows from a general result of Shubin [Shu70, Th.1]. Since
A is Stein, the topological and analytical classifications of vector bundles coincide, by the
Oka-Grauert principle. Consequently, all vector bundles N;|a and Vj, with j > 1, are trivial.

Let n; be the dimension of the subspaces N;(z) for any j > 1, and set ¢ := min{j: n; =
nji1}. Since Vy_j is trivial, there exist a global basis of sections, i.e. holomorphic maps
Ui, ..oy Uppen, - A = C" such that

Ni(z) = No—1(z) @ span(vy(2), ..., Vpy—n, ,(2)), z€ X.
The tuple
V1(2)y oy Unyeny_ (2), M(2)v1(2), ..., M(2)Un,—n, ,(2)
is easily seen to be linearly independent. Hence, by the triviality of V,_s, there exist vector-
valued holomorphic functions
Unp—np_1+1s - Unpq—ng_p s X — C",

such that
NZ—I(Z) = Nf—2 D span(M(z)m (Z)7 SR M(Z)Unz—nzﬂ(z))

©® Span(“w—mzq-i-l('z% s avneq—nefz(z»a z€X.

Proceeding in this way, by applying the standard construction, a family of holomorphic
Jordan bases of N, is obtained. O
Proof of Theorem 3.21. The necessity of condition (1) is clear. The limits
lm ker (J(z) — \()Id)", i=1,....m,
z¢coal(A)
satisfy conditions (2) and (3). Moreover, if S: U — GL(n,C) is such that J = S7'AS, we
have
lim  ker (A(z) — \i(2)Id)" = Jim S(z)ker (J(z) — N\i(2)Id)",
z¢coal(A) z¢coal(A)
and conditions (2) and (3) are satisfied as well.

Let us prove the sufficiency of conditions (1), (2), and (3). If condition (1) is satisfied,
there exist holomorphic families of subspaces L;: X \ coal(A) — G, defined by L;(z) =
ker (A(z) — \i(2)Id)" for ¢ = 1,...,r. By Proposition 3.18 and Kaballo’s Theorem 3.20,
these families can be prolonged to holomorphic families L;: X \ ¥; — G,,, defined by

x— K[(A = NId)™; x],

on the complement of analytic subspaces 3; C X of codimension > 2. By condition (2), we
necessarily have z, ¢ |J,_, 3.
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Hence, there exist

e a sufficiently small neighborhood U of x, on which the functions
ni(z) =dimK[(A — NId) " 2], i=1,...,m

are constant,

e holomorphic functions W;: U — GL(n;,C), for i = 1,...,r, with W;(z,) = 1d,
such that
Li(z) =W;(2)L?, L =K[(A—-NId)";z,], i=1,...

Moreover, by condition (3), up to shrinking U, we may assume that C" = L,(2)&---® L,(2)
for all z € U. Define W: U — GL(n,C) as the direct sum W =W, & --- & W,. We have

W 2)A(2)W (z) = @Zi(z), zel,

where each matrix gl(z) has a unique eigenvalue \;(z), for i = 1,...,r. Moreover, for any
1 =1,...,r, there exist holomorphic matrix-valued functions j; U — M(n,C) which are
the Jordan forms of /L(z), by condition (1). The result follows by applying Lemma 3.23 to
each matrix /L, withi=1,...,r.

This completes the proof. O

Corollary 3.24 (|Thi85, Main Theorem| [Was85, Th. 12.2-2]). Let X be a one dimensional
Stein manifold, and A: X — M(n,C) be a holomorphic map. The matriz A is globally
holomorphically Jordanizable if and only if the following conditions are satisfied:

(1) there exists a holomorphic map J: X — M(n,C) such that J(x) is a Jordan form of
A(z) for each x € X ; in particular, there exist holomorphic functions Ay, ..., A0 X —
C such that o(A(x)) = {\(x),..., \.(x)} for each x € X;

(2) we have C" = @;_, K[(A — \Id)"™; z] for each x € X .

Proof. The result follows from Corollary 3.7, and Theorem 3.21. Notice that conditions
(2) and (2bis) of Theorem 3.21 are trivially satisfied in the one dimensional case, due to
Kaballo’s Theorem 3.20. U

Example 3.25. Consider the holomorphic map A: C?* — M(3,C) defined by A(x) =
r1 0 a9
0 21 2 |. There exists holomorphic eigenvalues functions A\ () = 27 and Ag(x) = 0.
0 0 0
We have coal(A) = {z; = 0}, and the only points at which A(x) is not diagonalizable are
coal(A)\ {(0,0)}. The only point x, at which one of the limits of condition (2) of Theorem
3.21 does not exist is @, = (0,0). For @ ¢ coal(A), we have

ker (A(x) — \p(2)Id)? = K[(A — \1d)? s z] = span((—za, —z2,21)"),
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whose limit & — (0, 0) does not exist. Notice that at points @ in coal(A) \ {(0,0)} condition
(2) is satisfied, but not condition (3). We have indeed

K[(A — \Id)*; 2] = span((1,0,0)", (0, 1,0)")
o K[(A- )\QId)?’ x] = span<(—z2, —X9, O)T>.
3.8. Holomorphic Jordanization and bundles of matrices. Given two multisets A} =

(X1,mq) and Xy = (Xo, my), we define their multiunion X}V X as the multiset (XU X5, m),
where the multiplicity function m: X; U Xo — N* is defined as follows

my(x), ifze X;\ Xy,
m(z):= mo(z), ifze Xy\ Xy,
mi(x) +meo(z), if x € X;N X,
We have a natural “forgetful” surjection £: £(2,n) — Z(n), defined by
D T W .V AVAREAVD
For each A € #(n), define
Fri= H M,,.
ves—t(A)

Theorem 3.26. Let X be a connected complex manifold, and A: X — M(n,C) be a
holomorphic map, locally holomorphically Jordanizable at each point of X. Then we have
A(X) C Fy for some A € Z(n).

Proof. For any k = 1,...,n, the map = — J4(A(x)) is constant on X, by connectedness of
X and Lemma 3.8. Assume z1,29 € X to be such that A(z,) € My, and A(x;) € M,,.
We have Uy (A(z1)) = 9x(A(xs)) for any k = 1,...,n. This means that the multiplicities of
k as an element of both £(A1), and £(Az) resp., are all equal for any £ = 1,...,n. Hence

§(A1) = &(A2). U

Although the inverse statement is not true (as shown, e.g., by Counterexample 3.9), we
have the following result.

Theorem 3.27. Assume A: X — M(n,C) is holomorphic with A(X) C My for some
A€ Z(2,n). Then A is locally holomorphically Jordanizable at each point of X .

Proof. Since A(X) C My, we have coal(A) = (). Hence conditions (2) and (3) of Theorem
3.21 are trivially satisfied. Also condition (1) holds true, by Proposition 3.12. O

4. UNIVERSALITY OF INTEGRABLE DEFORMATIONS OF SOLUTIONS OF RHB PROBLEMS

4.1. Riemann—Hilbert—Birkhoff problems. Consider a disc D in P!, centered at z = co.
Given a holomorphic vector bundle £° on D, equipped with a meromorphic connection V°
admitting a pole at z = oo, the Riemann—Hilbert—Birkhoff (RHB) problem is the following:

Problem 4.1. Does there exist a trivial vector bundle E° on P! equipped with a meromor-
phic connection V¢, restricting to the given data on D, and with a further logarithmic pole
only at z =07
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Assume that the pole at z = oo is of order 2: in a basis of sections on D, the meromorphic
connection has matrix of connection 1-forms 2 = —A(z)dz, where the n x n matrix A(z)
equals

A(z) =) A, A #0.
k=0

Denote by C{z'} the ring of convergent power series in z~!. The RHB Problem 4.1 is then
equivalent to find a so-called Birkhoff normal form: does it exist a matrix G € GL(n, C{z7'})
such that B(z) = G7'AG — G714 G is of the form

B
B(z) = By+ =%, By, B; € M(n,C)?
z

Remark 4.2. The RHB Problem 4.1 is not always solvable. G.Birkhoff himself proved
that the problem is solvable provided that the monodromy matrix of the differential system
1Y (z) = A(2)Y is diagonalizable [Bir13], but he seemed to believe that the same would
hold generally. This was disproved in 1959 by F.R.Gantmacher and P. Masani: they in-
dependently exhibited connections €2 which cannot be put in Birkhoff normal form. See
[Gan59] and [Masbh9]. The counterexamples found by Gantmacher and Masani are of re-
ducible nature, in the sense that they can be put in lower triangularly blocked form via an
analytic transformation. This led to the following restricted problem: is the RHB Problem
4.1 solvable in the irreducible case? This question was answered positively, first for rank
n = 2 by W.B. Jurkat, D.A. Lutz, and A.Peyerimhoff [JLP76|, then for n = 3 by W.Balser
[Bal90], and finally for any dimension by A.A.Bolibruch [Bol94a, Bol94b]. We also refer to
[Sab07, Ch.IV|, where the reader can find further irreducibility assumptions (named after
J. Plemelj, A.A.Bolibruch, and V. Kostov) ensuring the solvability of the RHB Problem 4.1.
For the reducible case, the reader can find in [BB97] sufficient conditions for the solvability
of the problem.

Remark 4.3. The RHB Problem 4.1 admits several variants.

(1) If one allows B(z) to have a more general form
B
B(z) = B_yzV+---+B_jz+By+—, N2>1, B;eM(n,C),
z

then the problem always admits a positive solution. This was the original result
proved by G. Birkhoff in [Bir09], see also [Sib90, §3.3].

(2) If one allows meromorphic equivalences, i.e. gauge transformations B(z) = G 'AG —
G'LG with G € GL(n,C{z7'}[z]), then the problem is known to be solvable in
several cases. For example, if n = 2, 3, then the problem is always solvable as proved
by W.B. Jurkat, D.A. Lutz, and A.Peyerimhoff [JLP76|, and W. Balser [Bal89|. For
arbitrary ranks n, but under the assumption that Ag has pairwise distinct eigenvalues,
H. Turrittin showed that the problem always admits a positive solution [Tur63] [Sib90,
§3.10].

4.2. Families of Riemann—Hilbert—Birkhoff problems. Throughout the remaining part
of the paper, X will denote a connected complex manifold of dimension d. If Z C X is a
smooth analytic hypersurface, we denote by &x (xZ) the sheaf of meromorphic functions on



27

X with poles on Z at most. If £ is a holomorphic vector bundle on X, with sheaf of sections
&, we set &(x7) =& Qg Ox(x2).

In what follows, we want to consider families of RHB problems, parametrized by points
of X.

Definition 4.4. Let (E°, V°) be a holomorphic vector bundle on a disc D C P!, centered
at z = 0o, equipped with a meromorphic connection with a pole of order 2 at z = co. An
integrable deformation (V, E, X, z,) of (E°, V°) parametrized by X is the datum of

e a vector bundle £ on D x X,
e a flat connection V on E with a pole of order 2 along {oo} x X,
e a point x, € X at which (F, V) restricts to (E°, V°).

The integrable deformation is called wversal if any other deformation with base space X' is
induced by the previous one via pull-back by a holomorphic map ¢: (X', 2)) — (X, x,). It
is universal if the germ at x/ of the base-change ¢ is uniquely determined.

Assume (E£°, V°) to be extendable to a solution of the RHB Problem 4.1: this means that
(in a suitable basis of sections) the matrix of connections 1-forms of V° takes the form

Q, = — (Ao + %) dz. (4.1)
z
Let (V, E, X, z,) be an integrable deformation of (E°, V°). The next result shows that, for

generic © € X, the restriction (F,V)|px. is extendable to a solution of the RHB Problem
4.1, provided that X is simply connected.

Theorem 4.5 ([Sab07, Th. VI.2.1|[DH21, Th.5.1(c)|). Under the assumptions above, if X
1s simply connected, then there exists

e an analytic hypersurface © C X \ {z,},
e ¢ unique basis of sections of & (x(D x ©)),

with respect to which the the matriz of connection 1-forms of V takes the form
B,
Q= <A(:)§)+7) dz — zC(x), r e X\ O, (4.2)

where

e the matriz A(x) is a matriz of holomorphic functions on X \ ©, and meromorphic
along ©, such that A(z,) = A,,

o the matriz C(x) is a matriz of holomorphic 1-forms on X \ ©, and meromorphic
along ©, such that C(z,) = 0. O

Definition 4.6. The matrix-valued holomorphic function A: X\ © — M (n, C) above is the
pole part of the integrable deformation V.

The matrix-valued 1-form C: X \ © — M(n,C) ® Q% above is the deformation part of
the integrable deformation V.

The integrability condition for V translates into the system of equations

dC=0, CAC=0, [AC]=0, dA=C+[C, B, (4.3)
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If & = (z',. .., 2% are local holomorphic coordinates on X, and if C' = Y% | C;()da’, these
equations take the form
oC;  9C; 0A

Ci,C5] =0, [A,Ci] =0,

Cz‘ + [Cu Bo]a (44)

ori  Oxt’ ori

fori,j=1,...,d.

4.3. Universal integrable deformations: Malgrange’s and Jimbo—-Miwa—Ueno’s
theorems. Let (E°, V°) be a solution of a RHB problem 4.1, i.e. a trivial vector bundle (of
rank n) on P! with meromorphic connection with matrix (in a suitable basis of sections) of
the form

Q, =— (Ao + &) dz. (4.5)
2

Question 1: Under which conditions on (A,, B,) there exists a universal integrable defor-
mation of the connection (4.5)7

A first positive result, due to B. Malgrange, requires that the pole part A, is an element
of the regular stratum M., of Section 2.6.

Theorem 4.7 ([Mal83a, Mal86|). Assume that the matriz A, is reqular. The connection V°
with matriz (4.5) has a germ of universal deformation.

The reader can find the proof in Appendix A.1.
This result can be made more explicit, under the further semisimplicity assumption on

A, Assume that A, € Mg N Maiag = My1,1,..13, and let P € GL(n,C) such that
PrAP = A, = diag(u,...,u"), u’ #ul, fori##j.

» o

Set
Q,:=P'QP=— (Ao + Bo) dz, B,:= P 'B,P. (4.6)

z
For u € C", denote A(u) := diag(u',... u"), so that A(u,) = A,. Given a matrix M
denote by M’ its diagonal part, and by M" its off-diagonal part.

Theorem 4.8 (|[Mal83b, Mal86]). Under the assumptions above, there ezists a sufficiently
small polydisc D = D(u,) € C" with center at u,, and a holomorphic off-diagonal matriz
I''D— M(n,C), I'(u) =I"(u), such that:

(1) the matriz of 1-forms Q on C* x D, defined by

Q(z,u) = —d (zA(w) — ([D(w), A(w)] + B,) % — [[(w), dA(w)], (4.7)

defines an integrable connection V on the trivial bundle C* — C* x D;
(2) the dz-component of Q0 restricts to €, at u,, i.e.

~ o~

Oz, u0) = L +w, w€ M(n,Qp); (4.8)



29

(3) V is formally equivalent at z = 0o to the matriz connection
d
—d(zA(w) — B, (4.9)

z

that is there exists a z~'-formal base change ®(z,u) = >~ Pr(w)z7F, with ®;: D —
M (n,C) holomorphic and ®o(D) C GL(n,C), such that

dz

]
z

10D + & 'dd = —d (zA(u)) — B,
(4) V defines a universal integrable deformation of its restriction at any point u € D.
Moreover, the matriz I' is uniquely determined by these conditions. 0
Remark 4.9. The integrability condition of V is equivalent to the following equations
d[I',dA] = [[', dA] A [T, dA], d[l', Al = [[T,dA], B, + [T, A]],

called Darboux—FEgoroff equations. In local coordinates u, they read

Oel'y; =Ty, Kk #1,7, (4.10)

(uj - u’)@ll“w = Z (uk - u])FZkaJ - (b] — bl — 1>Fij7 (411)
k#1,j
k#1,j

where I' = ([';)7,_;, and B, = diag(by, . .., bn).

The statement of Theorem 4.8 ca be further refined to a global one. Let A be the union
of big diagonal hyperplanes in C", defined by the equations

A= U{u eC": u' =u'},
i<j

let X, be the complement C"\ A, with base point wu, := (u!, ..., u?). Denote by 7: (X, @,) —

(Xn, u,) the universal cover of X,,, equipped with fixed base points @, and wu,, respectively.
The space X, is identified with the space of diagonal regular n x n matrices.

Theorem 4.10 ([JMUS1, Mal83b]). There exists on P* x X, a vector bundle E, equipped
with a meromorphic connection V, such that
(1) the coefficients of V have poles along the hypersurface © C X, of points u € X, such
that E|p1y(ay is not trivial;
(2) V is flat, with a pole of Poincaré rank 1 along {oo} x X,,, and a logarithmic pole
along {0} x X, ;
(3) (E, V) restricts to (E°,V°) at w,;
(4) for any u € X, the eigenvalues of the pole part of V at the point (0o, w) equal (up
to permutation) the n-tuple w(a).
Moreover, for any u € X, \ ©, the bundle with meromorphic connection (E,V) induces a
universal deformation of its restriction (E,V)|p1xqa}- O
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4.4. Integrable deformations of degenerate Birkhoff normal forms: Sabbah’s the-
orem. Malgrange’s and Jimbo-Miwa—-Ueno’s Theorems 4.7, 4.8, 4.10 provide an answer to
Question 1, in the case the pole part A, € M,,. In a sense, these results are the best possi-
ble: if A, ¢ Mg, then in general the connection (4.5) does not admit versal deformations,
see the example in Appendix A.2.

Consider now the stratum M g;,, of diagonalizable matrices, that is the conjugate stratum
of M, in the sense of Section 2.6.

Let us assume that A, € Mg, that is, in the notations of the previous section, assume
u, € A. Define the partition {1,...,n} =[], I, such that for any r € R we have

{i,j} € I, if and only if u’ = .
In [Sab21], C.Sabbah addressed the following problem.

Question 2: Is it possible to find an integrable deformation of the form (4.7) of the Birkhoff
normal form (4.6) with z~'-formal normal form (4.9)?

Remarkably, in [Sab21, Section 4] it is shown that the answer is positive, under (sharp)
sufficient conditions on the coefficient B, of the normal form (4.6).

Property PNR?’: There exists a matrix P € GL(n,C) diagonalizing A,, i.e. P'A,P =
A, = diag(ul, ..., u"), and such that the matrix B, := P~!B,P has the following properties:
(x) B € Im ad(A(u,)).
(xx) Bl is partially non-resonant, i.e.
Vre R, i 1,J € L«, (B:))“ — (B;)jj ¢ Z, \ {0}
Theorem 4.11 ([Sab21, Th. 4.9]). Assume that Property PNR above holds true. Letu, € A,

and YV a neighborhood of u, in C". IfV is sufficiently small, there exists a holomorphic
hypersurface © in V\ {u,} and a holomorphic off-diagonal matriz I (u) on V\ O, such that
(1) the 1-forms matriz (4.7) defines a meromorphic connection NV on the trivial vector
bundle on P! x (V' \ ©);
(2) V restricts to the connection (4.6) at w,;
(3) V is formally equivalent at z = oo to the connection defined by the matriz of 1-forms
(4.9).
The matriz I" is uniquely determined by these conditions. U
Remark 4.12. Property PNR-(x) is equivalent to (B,);; = 0 whenever ¢,j € I, for some

r. It is a necessary condition for the statement of Theorem 4.11: by restriction of (4.7) at
u = u,, we obtain B = [I'(u,), A,].

4.5. Integrable deformations of d/dv/fs-type. Let V° be a connection on a trivial vector
bundle E° — P'with matrix of connection 1-forms (4.5). Consider an integrable deformation
(V,E, X, x,) of V° parametrized by a complex manifold X, with matrix of connection 1-
forms €2 as in equation (4.2). In particular let

A: X\© = M(n,C), C:X\60—= Mn,C)x 0,
be the pole and deformation parts, respectively.

9PNR stands for “partial non-resonance”.
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Definition 4.13. The deformation (V, E, X, z,) is said to be

e of diagonal type (for short, d-type) if the pole part A and the deformation part C' of
Q) are locally holomorphically diagonalizable matrices at x,;

e of generic diagonal type (for short, generic d-type) if it is of d-type, and if fi,..., f,
are the holomorphic eigenvalues of A, then we have d,, f; # d,, f;, for any i # j.

A germ of integrable deformation will be said of (generic) d-type if at least one (and hence
any) of its representative is of (generic) d-type. We denote by J4(V?) (resp. T§™"(V°)) the
classes of germs of integrable deformations of V? which are of d-type (resp. generic d-type).

Remark 4.14. The genericity condition implies that no 1-form d(f; — f;) is vanishing in a
neighborhood of z,. In particular, no pair of eigenvalues f; and f;, with ¢ # j, are identically
equal.

Remark 4.15. If (V, E, X, x,) is a (germ of) integrable deformation of (generic) d-type, we
can construct a new (germ of) integrable deformation (V', E', X x C, (z,,0)) as follows. Set
E' = pr*E, where pr: X x C — X. If Q(z,2) is the matrix of V as in (4.2), define V' by
the matrix of connection 1-forms

V(z,2,8) =Qz,2) +d(zs - 1d,,), (x,s) € X xC, n=r1k(E).
We have V = *V', where ¢: X — X x C is the canonical embedding ¢(z) = (z,0).

Theorem 4.16. Let (V,E, X, x,) be an integrable deformation of V° of d-type. Let U C
X \ © a neighborhood of x, such that A|y, C|y are holomorphically diagonalizable.
(1) If Ag: U — M(n,C), with Ay = 0, is the holomorphic diagonal form of Ay, then
dAg € Q}; ® M(n,C) is the diagonal form of Cly.
(2) There exists a base of holomorphic sections of El|piy with respect to which V has
the following matriz O of connection 1-forms

Qz,x) = — (Ao(x) + %B(m)) dz — zdAp(z) + w(x), (4.13)

where B: U — M (n, C) is holomorphic, and w € Qf; @ M(n,C).
Remark 4.17. The integrability conditions for V, in terms of (Ag, B, w) as in (4.13), read
[dAg, B] + [Ag, ]| = 0, dB = [B, w], dAg AN+ AdAy =0, do+wAw =0.

Moreover, notice that B is holomorphically similar to the constant matrix B,, and hence
holomorphically Jordanizable.

Proof. Consider the matrix Q(z,z) = — (A(z) + 1B,) dz — 2C(x) defining V. The matrices
A and C are, by assumption, locally holomorphically diagonalizable at x,. Moreover we
have [A,C] = 0, by integrability of V. Consequently, there exists a holomorphic map
G: U — GL(n,C) which simultaneously diagonalizes A(z) and C(x), i.e.

G(z) T A(2)G () = Ao(2), G(z)'C(2)G(x) = Ai(z).
Set B:= G~'B,G, and w = G~'dG. We have

G_IQG + G_ldG = — <A0($) + %B) dz — ZAl(SL’) + w,
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and the integrability conditions read

dAg = Ay + [Ay, B] + [Ag, @], dB = [B, =], [Ao, A1] =0,
dA1+A1/\w—|—w/\A1:0, Al/\Alzo, dw—i—w/\w:O
From the first equation we deduce A; = dA,. O

Definition 4.18. Let (V, E, X, z,) be an integrable deformation of d-type. We say that
(V,E, X, x,) is of diagonal-vanishing type (for short, dv-type) if there exist

e a neighborhood U C X \ © of z,,

e a holomorphic off-diagonal matrix £: U — M(n,C), L" = L,

e a basis of holomorphic sections of F|pi,

with respect to which V has matrix of connection 1-forms as in (4.13) with
B" =L, A, w” = [dAo, L]. (4.14)

We say that a germ of integrable deformation is of dv-type if at least one (and hence any)
of its representative is of dv-type. We denote by T4, (V°) the class of germs of dv-type
integrable deformations of V°.

Theorem 4.19. Let (V, E, X, x,) be an integrable deformation of V° of dv-type. There exist
a neighborhood U of x,, and a basis of sections of E|pi«y with respect to which ¥V has the
following matriz of connection 1-forms

Qz,2) = — <A0(x) + %‘B(m)) dz — zdAg(x) + w(x), (4.15)
where
B' =B = const., B" =L, Agl, w' =0, W' = [dAy, L], (4.16)

for some holomorphic off-diagonal matriz L: U — M(n,C).

Proof. Let U be as in Theorem 4.16. Consider a matrix Q defining V as in (4.13). By
splitting w = w’ + @w”, we have

dw’ = (@ A@") = ([dAo, L] A [dAg, £])" = 0.

Since @’ is closed, locally there exists an invertible diagonal matrix H: U — G L(n, C) such
that @’ = —H 'dH. The matrix Q = H 'QH + H~'dH is as in (4.15), with

B = H 'BH, w=H"'wH+ H 'dH.

The last three equations of (4.16) are automatically satisfied, with L = H='LH. The first
equation follows from the integrability condition dB = [B,w]: we have

d®B’' = [B", "] = [[L, Ao], [dAg, L]]' = 0. O

Remark 4.20. In terms of the matrices (Ag, B!, L), the integrability condition of the con-
nection (4.15) reads

d[L, dAo] = [L,dAq] A [L, dAg], (4.17)

d[L, Ao] = [[L,dAo], B, + [L, A]] . (4.18)

We call these equations the generalized Darbouxz—FEqgoroff equations.
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In general, the class of dv-type integrable deformations is strictly contained in the class of
d-type ones, as the following example shows.

Example 4.21. Let f: C — C an arbitrary holomorphic function, and d;, ds € C. Introduce
the matrix-valued functions Ag,B: C — M(2,C) and the 1-form valued matrix w: C —
M(2,C) ® Qf defined by

sie (51 ) w0 (5 43, o3 Yo

The 1-forms valued matrix Q(z,z) = — (Ag(z) + 1B(2)) dz — 2dAg(z) + w defines an
integrable deformation of its restriction at any x, € C. Such a deformation is of d-type,
but not of dv-type. Assume, indeed, that there exists a gauge equivalence T'(z, z) such that

T=YQT + T-dT is as in (4.15). In particular, the 1-form & := T wT + T8, T dz should
satisfy

w=w+w&"=[dAy, L] = 0.
0.
Tll T12
T —
(T21 T22) ’

0,111 + T =0, 0. T1a + Thy = 0, 0.1 =0, 0. Thy = 0.

Hence, we have w1 + 0T, dx =

we necessarily have

This implies that

T(z,z) = (_;27:2(2()2) _;52(2()2)) — det T = 0.

This is absurd.

Definition 4.22. Let (V, FE, X, z,) be an integrable deformation of V° with matrix 2 as in
(4.2). We say that (V, E, X, z,) is of formally simplifiable type (for short, fs-type) if there
exist

e a neighborhood U C X \ © of z,,

e a sequence of holomorphic maps ®;: U — M(n,C), with & > 0 and &y(U) C
GL(n,C),

e a holomorphic diagonal map Ag: U — M(n,C),

e a constant diagonal matrix B! € M (n,C),

such that

POP + 1P = —d (2A¢(7)) — %;%.

We say that a germ of integrable deformation is of fs-type if at least one (and hence any) of
its representative is of fs-type. We denote by Jg (V) the class of germs of fs-type integrable
deformations of V.
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Remark 4.23. The functions ®;, in the definition of integrable deformation of fs-type satisfy
the following equations:
Ady = DAy, CPy = PydAy,
ADp .y + By®y + kDy, = Op 1A + DB, k
d®y = CPppy — Pp1dAy, k

0,
0

VoWV

Denote by J(V?) the set of all germs of integrable deformations of a connection V°.

Theorem 4.24.
(1) The classes J4(V°),Tav(V?), and T(V°) are closed by arbitrary base change of the
deformation parameter spaces ¢: (X, z,) — (X', 20).
(2) For any connection V° of the form (4.5), we have
st(V )\(\
Jav(V?) € T34(V?) CT(V?)
(V)Y
(3) If the pole part A, of V° is in Myeg N Maiag, then we have
jfs(vo) = jdv(vo) = jd(vo) = j(vo)
Proof. Point (1) is obvious, by definition of the classes J4(V?), J4,(V°), and Jg(V?).

The only nontrivial inclusion of point (2) is (Jg(V°) U 3§ (V) C T4y (V). Let V €
J:(V°) be defined by the matrix €2 as in (4.2). Let (®g)r=0 be the matrix-valued functions
such that ® := >, @z 7* satisfies @71QP + ¢'dd = —d (2A¢(z)) — B,%. By invoking
the equations of Remark 4.23, it is easy to see that

1
Oy 10P) + &y tddy = — (AO + ;(%; + (@', AO])> dz — 2zdAg — [®5 '@y, dA].

This proves that Jg(V°) C T4, (V).

Let V € 35"(V°). By Theorem 4.16, it can be defined by a matrix Q of connection
1-forms as in (4.13) for a suitable pair (B,w) of matrices. By integrability, we have dAy A
w4+ w AdAy = 0. The equation for the (4, j) entry, with i # j, reads @w;; A (df; —df;) = 0.
Assume temporarily that the deformation is parametrized by a complex manifold X with
dime X > 2. Since df; — df; # 0 in a neighborhood U of z,, we deduce the existence'® of
a holomorphic function £;;: U — C such that w,;; = L£;;(df; — df;). This is a special case
of de Rham’s division lemma, see [dR54][NY04, Lemma 3.1]. By integrability, we also have
[dAg, B]+[Ap, @] = 0. The equation for the (7, j) entry reads (df; —df;) B+ (fi— f;)wi; = 0.
Hence, we necessarily have B;; + (f; — f;)£i; = 0. This shows that, if dim¢ X > 2, V is
of dv-type, since B” = [£,A¢] and w = [dAo, £]. If dim¢ X = 1, by Remark 4.15, we
can consider an extended integrable deformation V' parametrized by X x C and such that
V = *V', where 1: X — X x C, «(x) := (x,0). The connection V' is of generic d-type, so
that V' € J4,(V?). The result for V follows from point (1). This proves point (2).

191f dime X = 1, the vanishing condition w;; A (df; — df;) = 0 does not imply that w;; is a multiple of
(df; —df;j). The vanishing condition is indeed satisfied by any arbitrary holomorphic 1-form w;;.
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Let us prove point (3). Consider an arbitrary integrable deformation defined by a matrix
2 as in (4.2). The set Myeg N Maiag is an open dense subset of M(n,C). Hence, if A, €
Mieg N Maiag, there exists a neighborhood U C X of z, such that A(z) € Meg N Mgiag for
any = € U. Consequently, A(z) is locally holomorphically diagonalizable by Theorem 3.27.
By integrability, the matrices A(x) and C(z) commute for any x € U. By regularity of A(x),
it follows that C'(x) is a polynomial expression of A(x). Thus, C(z) is locally holomorphically
diagonalizable. This shows that J(V°) = J4(V°).

Consider an integrable deformation V of d-type, defined by a matrix Q as in (4.13) for
a suitable pair (B,w). By integrability, we have [dA, B] + [Ag, @] = 0. The equation for
the (i, j) entry, with i # j, reads (df; — df;)Bi; + (fi — fj)wi; = 0. By the argument above,
we also have f;(z) # f;(z) for any ¢ # j and any + € U. Hence, if we set £;; := ff_’”ﬁ,
we obatin a holomorphic off-diagonal matrix £: U — M (n,C) such that B = [£, A¢] and
w = [dAy, £]. This shows that J4(V°) = Jq,(V?).

It thus remains to show that J4,(V?) C Ji(V?). Let V € J4,(V°) to be defined by the
matrix Q) as in (4.15). As before, we can take U sufficiently small so that f;(z) # f(x) for
any 7 # j and any x € U. We claim that there exists a unique sequence of holomorphic
functions Fy: U — M(n,C), with k > 1, such that

FYOF + F7'AF = —d (2Ao(2)) — B dzz

where

F(z,2) :=1d,+ > Fi(x)z™*, B, =B(z,)

This holds if and only if the following identities are satisfied

Ao, Fiy1] + BE, — FB) + kF, =0, k>0, Fy=Id,, (4.19)
dFy = [F1,dAo| Fy, + [dAo, Fiiq], k > 0. (4.20)
The functions F}’s can be found by iteratively solving equations (4.19). For i # j, we find
1
(Fk+1)ij - (%Fk—Fk%;‘i‘ka)U, ]f 2 0
fi—fi
and the diagonal elements are given by
F Bio( i k > 0.
(Flet1 )i k+1; ((Fry1)ei

The resulting functions F}’s are holomorphic on U. In particular, notice that F{' = L. Let
us prove that equations (4.20) are automatically satisfied. The proof is standard, but for
completeness we outline it below. Fix the sector V in the universal cover of C* defined
by V = {z € C*: |argz| < §}. By a theorem of Y.Sibuya [Sib62, Main Th.] [HS66]
[Was65, BJL79], the differential system of equations

jzy (Ao(x) + %%@)) y (4.21)
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admits a unique fundamental system of solutions Y'(z,x) such that
Y (z,2)z Boe 2@  F(z,2), |2| = o0, z€V, uniformly in z. (4.22)

If we prove that Y satisfies the system of equations
dY = (zd'Ag(z) + [F1,dAg) Y, d:= Z —dx 2"’s coordinates on X,  (4.23)

then equations (4.20) immediately follow from the asymptotic expansion (4.22). For any
1=1,...,d, set

Wiz, z) = 0;Y (z,2) — (20;Ao(x) + [F1, 0:A0]) Y (2, x).

We claim that each function W; is a solution of (4.21): by a simple computation, and by
invoking the first two identities of Remark 4.17, we find that

Hence, for any x € X, there exists a matrix C;(x) such that W;(z,z) = Y (z,2)C;(x). On
the one hand, we have

Wiz, z) ~ (O;F + z[F, 0; No| + [F1, 0; Ao F) 2o R0, |z| = 00, z €V, uniformly in z.
On the other hand, we also have
Wiz, @) ~ F(z,2)2%eC;(z), |2] = o0, z€V, uniformly in x.

Consequently, we deduce that

1
o = formal power series in — (4.24)
z

For a fixed x € X, and for j # k, the sector V contains rays ¢ of points z along which
Re(z(fj(x) — fu(x))) > 0. We deduce that the (j, k)-entry of C;(x) vanishes, otherwise we
would have a divergence, for |z| — oo along the rays ¢, on the Lh.s. of (4.24). So the matrix
C;(x) is diagonal, and we have
Cy(x) = 2Bee0C;(z)e R0z~ o
= F(z,2) Y (0;F(2,2) + 2[F (2, 7),0:A0(2)] — [F1(2), 0 Ao (2)] F (2, 7))

1 1

= Z(&Z‘AO — 82A0) + (Fl 82A0 — 82A0 F1 — [Fl, &Ao]) -+ @] (;) =0 (—) .

z

Z‘B’Oeon Cz (LU) on —B’

This shows that C;(z) =0 for any ¢ = 1,...,d. Hence, (4.23) hold true. This completes the
proof. O

The following result further clarifies the relation between the classes Jg(V?) and J5™(V°).
Theorem 4.25. Let V° be a connection with matriz (4.5). Assume one of the following

assumptions hold:

e The pole part A, is an element of Myeg N Mgiag;
e The pole part A, is an element of Maiag and the Property PNR holds.

Then we have O # I5(V°) C Tg(VO).
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Proof. Let us first assume that A, € Mgiag N M,ee. We have T57(V?) C TJ5(V?), by point
(3) of Theorem 4.24. Consider the universal integrable deformation (V™M™ C" D(u,),u,)
of V?, whose existence is established by Malgrange’s and Jimbo-Miwa—-Ueno’s Theorems 4.7
and 4.10. Tts germ is an element of 38" (V?). Moreover, if ,(z) is the matrix of connection
1-forms defining V° as in (4.5), then the matrix Q(z, s) := Q,(2) + d(zs - Id,), with s € C,
defines an element of Jg(V°) \ 35"(V?). This proves the statement in the case 4, is in

Mrog N Mdiag-
Let us now assume that A € Mgi,e, and that the Property PNR holds. Consider the inte-

grable deformation (V52" C" D(u,),u,) of V°, whose existence is established by Sabbah’s
Theorem 4.11. Tt defines an element of Jg(V°) N J5™(V?). This proves that 357 (V?) # 0.

Assume that u? = ub, with a # b, and consider the hyperplane Ay := {u® = u’} of C.
Denote by ¢: Ay ND(w,) — D(u,) the natural inclusion map. The germ of the integrable
deformation (1*V52 *C", A, ND(u,), u,) defines an element of J(V°) \ 357 (V?). Hence,
we have J(V?) \ J57(V?) # 0.

It remains to show that J5§™(V°) C Jg(V°). Consider a connection V° with pole part
A, € Mgiag, and assume that Property PNR holds. Let (V, E, X, z,) € 35"(V?) be defined

by a matrix (z,z) as in (4.15), for a suitable triple of holomorphic matrices (Ao, B! L)
defined on an open neighborhood U of x,. Without loss of generality, by the Property PNR
we may assume that the constant matrix B/ = diag(by,...,b,) itself is such that

b —b; ¢ Z\ {0} whenever f;(z,) = fj(x,), for some i # j.

One can always recover this condition up to a gauge equivalence QO T71QT by a constant
matrix 7.

We need to show the existence of a sequence of holomorphic matrices Fy: U — M (n,C),
with k£ > 1, such that

FTIQF + F7'dF = —d (2A¢(2)) — %;%, F:=1d, + Z F.z7F
z

k=1
As in the proof of point (3) of Theorem 4.24, the functions F}’s can be found by iteratively
solving the equations

(Ao, Fyat] + B, Fe] + [L, Ao)Fe + kF, =0, k>0, Fy=1d,. (4.25)

The procedure is standard. The matrices Fi(z) can be computed, entry by entry, in terms
of the entries of Fj,(z) with h < k, for any x € U. At each x € U, the procedure works case
by case, according weather f;(z) # f;(x) or fi(z) = f;(x):

o if fi(x) # f;(x), with i # j, then
Fiopr ()i = m ([B5, Fi(2)] + [L(x), Ao ()] Fio(x) + kF(x))
o if fi(x) = f;(x), with i # j, then

“hi— b, 1+ 1 > (folx) = fi@) L(@)ieFesa (), k=05 (4.27)

k>0; (4.26)

ij

Fra(w); =
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e the diagonal entries are given by

1

Fipi(x)i = _k—+1

> B(@)i(Fir)a, k=0 (4.28)
0£i

From this construction, it is clear that the F}’s are holomorphic on U \ coal(A). Moreover,
on the complement U \ {J,,{z: fu(x) = fi()}, the following identities hold: for any pair
(,7), with i # j, we have

(dfj — dfi)(Frs1)i = ([F1, dDo] Fy — dFy),; - (4.29)

This follows from the argument used in the proof of point (3) of Theorem 4.24.

Notice that equation (4.25), specialized for k = 0, is trivially solved by the choice F|' = L.
In particular, F}" holomorphically extends on the whole open set U, including the coalescence
set coal(Ay). Moreover, equation (4.28) implies that F; holomorphically extends to the whole
U.

We claim that the holomorphicity of Fj at a point z. € coal(Aq) implies that all the
matrices Fj are holomorphic at x.. In order to prove this, we proceed by induction on k.
For k = 1, the claim is tautological. Assume that F},..., F} are holomorphic on X. If we
introduce local coordinates (z',...,2%) on X, with d = dim X, by assumption there exists
h e {1,...,d} such that 0y, f; — O f; is not vanishing on U. Hence, we have

1
 Onfi— Onlf;

and the right-hand-side is holomorphic at z.. This shows that the off-diagonal entries of each
F}’s are holomorphic at z.. The diagonal entries of Fj,; are determined by the off-diagonal
ones, by equation (4.28), and they are holomorphic at x.. This completes the proof. U

(Frs1)ij ([F1, OnAo] Fr — OnFy)

15

Remark 4.26. Due to equations (4.26) and (4.27), the holomorphicity of F} and F, at
points of coal(Ag) is equivalent to the following condition on the holomorphic matrix L: for
any . € coal(A), such that f;(z) = f;(z) for some i # j, there exists a neighborhood U(x,)
where

(b — b — ) Lij(x) = Y (folw) = filx)) Lin(x) Les(x) = O (filw) — fi(x)), @ € U(xe).
O£

At this point of the presentation, it is not not obvious why such an estimate holds true.
We will give a direct justification of this fact in the subsequent sections, standing on a
deeper analysis of the generalized Darboux—Egoroff system of equations (4.17) and (4.18).
See Remark 4.32.

4.6. Generalized Darboux—Egoroff equations, and its initial value property. Con-
sider n holomorphic functions fi(x), ..., f.(x) in d complex variables & = (z!,...,2%) € C%.

Let by,...,b, € C be arbitrary constants. In what follows we set J; = &aﬂ-.
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The generalized Darboux—Egoroff system DEg,, ((fi);; (bi)7—,) is the following system of
PDE’s for n* — n unknown functions (Fip(x))} ,—,, with &k # h:

(0jfrn — 05 fr)0iFin, — (Oifn — 0ifr)0; Fien =
Z(aifz — 0ifx) (0 fn — O0; fe) FreFn — Z(ajfz — 0; fu)(Oifn — Oifo) FreFun, (4.30)

/=1 /=1

(fn = fr)0iFen = (b — by — 1)(0i fr. — O fr) Frn
+ > (Dife = 0ufi)(fn = Jo) FieFun = Y (fe = f1) (i fn = Oife) FreFun, (4.31)
=1 =1
for any 7,7 = 1,...,d, and any k,h = 1,...,n, with k £ h. Solutions F' of the generalized
Darboux—Egoroff system can be arranged in a off-diagonal matrix in M(n,C). In matrix
notation, equations (4.30), (4.31) read

d[F,dAo] = [F,dAg] A [F, dAy], d[F, Ag] = [[F,dA], B, + [F, Ao]],
where Ag(x) = (fi(x),..., fu(x)), and B! = diag(by, ..., b,).

Remark 4.27. In the very special case d = n = 3, and fi(z!, 22, 23) = 2%, with i = 1,2, 3,
the system of nonlinear PDEs (4.30) and (4.31) reduces to the generic Painlevé equation
PVI, . See [Lorl4, Th.4.1].

Set A := M(n,C)[(z* — 21)L,].

Theorem 4.28. Let x, € C?, and assume that
e forany k,h =1,...,n, with k # h, we have dg, fr # da, fn,
o by, — by & Z* whenever fr(x,) = fr(x,).
If F, F5 € A are two formal power series solutions of the system DEg,((fi)i—y; (b)) such
that Fl(CCO) = Fg(wo), then F1 = FQ.
In particular, given an initial condition F, € M(n,C), with F, = F, there exists at most
one holomorphic solution F' of DEq,,((fi)i=y; (b)) such that F(x,) = F,.

Proof. We have to show that the derivatives 0, ... 0;, Frn(x,) can be computed from the
only knowledge of the numbers Fyj,(x,). We proceed by induction on N. Let us start with
the case N = 1.

Before proceeding with the proof, notice for any k,h = 1,...,n, with k& # h, there exists
an index' jo € {1,...,d} such that 9;, fu(x,) # 0j, fx(x,), by assumption (1).

Step 1. Let a € {1,...,d} besuch that 0, fy(x,) = 0. fr(x,). Consider the equation (4.30)
with specialization of indices (7, j) = (a, jo). By evaluation at * = x,, we can compute the
number J, Fyp(x,).

Step 2. Assume that fy(x,) # fu(x,). Then, for any a € {1,...,d}, we can compute all
the number 0, Fy(x,) from equation (4.31), with specialzation of index i = a, by evaluation
at © = x,.

H(learly jo depends on (k,h), but we omit the dependence for brevity of notation.
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Step 3. Assume that fi(x,) = fa(x,). Let a € {1,...,d} be such that 0, fy(x,) #
Oufn(x,). Consider equation (4.31), with specialization of index ¢ = a, and compute the
0;,-derivative of both sides of the equation: we obtain

(oS — Dso [i)Oa o + (f1 — fr)Oijo Fron =
(bh — by — 1)(82j0fh — 82jofk)Fkh + (bh — by — 1)(aafh - &sz)&joFkh

+0jo [ D (Oafe = Oufi) (fn = fo) FeeFon — Y (fo = fr) Ot = Oufo) FreFun | (4.32)

=1 =1
and the last summand can be further expanded by using Leibnitz rule. By evaluating (4.32)
at * = x,, we obtain an identity of the type

(Ojo.fr(®0) = Ojo f1(0)) O Flen (o)
— (b — b — 1)(0ufr(®o) — O fr(®0))0jo Frn(,) = X1, (4.33)
where X is an expression involving only

e the values at * = x, of fj, fi, and of their first and second partial derivatives,
e the values at @ = x, of F', and of its first partial derivatives which can be computed
in Step 2.
Similarly, consider equation (4.30), with specialization of indices (i, 7) = (a, jo). By evalua-
tion at * = x,, we obtain an identity of the type

(Djo [ (®0) = Ojo fu(20)) O Fin (o) — (Oufr(T0) — Oafi(0))0jo Fien (o) = Xo, (4.34)

where X5 is an expression involving only

e the values at * = x, of first derivatives of f,, fr,
e the values at @ = x, of F},,.

Equations (4.33) and (4.34) define a linear system of equations
((ajofh(mo) — Ojofr(®0))  —(bn — b — 1)(0afn(o) — 8afk(wo))) (aaFkh(fL’o)) _ (Xl)
(Ojo f(o) = Djo fir () —(Oafn(®o) = Oufi(0)) Ojo Fen () ’

Such a system admits a unique solution since

det ((ajofh(a:O) — Ojo fr(®o))  —(bn — bp — 1)(Oafu(®,) — aafk(wo»)
(Djo Sn(®o) — Ojy fi(o)) —(Oafn(®0) = Oafr(2,))

= (0jo fr(x0) = Ojo [1(X0)) (O fr(@0) — O fiu(x0)) (br — b — 2) # 0.
This proves that all the first derivatives 0, Fy;(@,) can be computed.

Inductive step. Assume to know all the N-th derivatives 0;, ... 0;, Frn(x,). We show
how to compute all the (N + 1)-th derivatives 0;, ... 0y, Fin(Z,)-

Step 1. Assume there exists an ¢ € {1,..., N + 1} such that 0;, fi(x,) = 0;, fr(x,).
Without loss of generality, we can assume ¢ = N + 1. Consider equation (4.30), with
specialization of indices (i,j) = (in+1,Jo0), and take the ;, ... 0;,-derivative of both sides.
By evaluation at & = x,, we can compute the number 0;, ...0;, ., Fin(®,) in terms of lower
order derivatives of Fy, at @, (hence previously computed).
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Step 2. Assume that f,(x,) # fr(x,). Consider equation (4.31), with specialization of
index ¢ = in41, and take the 0;, ...0;,-derivative of both sides. By evaluation at « = x,,
we can compute the number 0;, ... 0;, ., Fin(®,) in terms of lower order derivatives of F, at
&, (hence previously computed).

Step 3. Assume that f(x,) = fr(x,), and that for any ¢ € {1,...,N + 1} we have
O, fn(xo) # O, fre(x,). Set

a() = 0,~18i2...8iN+1, 82 = 8]-0&-1 ... 0,

ieilai )

TN419

s (=1,...,N+1.
For any ¢ € {1,..., N + 1}, consider equation (4.30), with specialization of indices (i,j) =
(i, jo). By taking the 0;, ...0;,_,0;,., - .. 0;\.,-derivative of both sides, we obtain an identity

tog—1Yi04q - IN41
of the form

(Ojofrn — 0jo fie) O Frn — (O, fr — O, f1) 03 F i = Z1 4, (4.35)

where Z; 4 is a polynomial expression in the p-th derivatives of (f, — fx), with 0 < p < N+1,
and the g-th derivatives of F with 0 < ¢ < N.

Consider equation (4.31), with specialization of index ¢ = iyy;. By taking the 0@—
derivative of both sides we obtain an identity of the form

N
(fu = J)O02 i Frn + (Di fro — 5o f1) O Fon + Z(ailfh — i, f1) O3 Fn

(=1
- (bh - bk - 1)(82'N+1fh - &-Nﬂfk)@@Fkh - ZQ, (436)

where Z5 is a polynomial expression in

e the p-th derivatives of f, — fi, with 0 < p < N + 2,
e in the ¢-th derivatives of F', with 0 < ¢ < N + 1.

Moreover, by evaluating at @ = x, both sides of (4.36), one can notice that:

e the first term in the left-hand-side of (4.36) (i.e. the one with the (N+2)-th derivative
of Fyp,) cancels,

e the only (N + 1)-th derivatives of F' appearing in Z,(x,) are those computed in Step
2.

Hence, equations (4.35) evaluated at € = «x,, for £ = 1,..., N + 1, and equations (4.36)
evaluated at & = x,, define a linear system of equations in the N + 2 unknowns 0y Fis(x,),
81Fkh(wo), .o 8/‘\Fkh(wo)1

- O§NTI
Oy Fien (o) Z1(x,)
0; Fyn () Zy2(x,)
aﬁFkh(wo) Zl,N—l—l(wo)
8@Fkh(wo) Zg(wo)
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where the matrix W equals

Dy -D;y 0 o ... 0 0
gg 8 _é)? _(1]73 8 8 Do = 05, fu(®,) — 0j fu(,),
W= : : : D : : ; Dy = 0;, fu(®o) — 0i, fr(20),
D, 0 0 0 .. —Dy 0
Dy 0 0 0O ... 0 —Dyi1 K="by—b,—1.
Dy Di Dy Dy ... Dy —kDyp
We have
N+1
Aet W = (9 f(@2) — O fu(@a)) [ O fol@o) — Oi fl@a) (N 41— by +by) £0.
=1
This proves that all the (V4 1)-th derivatives 0;, ... 0;,, Fipn(2,) can be computed. O

4.7. J-universal integrable deformations. Consider a meromorphic connection V° on a
vector bundle £° — P!, with matrix of connection 1-forms

Q,=— (Ao + 1Bo) dz.
z

Assume that one of the following assumptions holds true:

(I) Ao € Mdiag N Mreg;
(II) A, € Maiag, and the Property PNR is satisfied.

Definition 4.29. Let J be a class of integrable deformations of V°. An integrable deforma-
tion (V, E, X, z,) of V° is J-versal, if
e (V,E, X, x,) is an element of J,
e any element (V',E', X' z) of J is induced by (V, E, X, z,) via pull-back along a
base-change ¢: (X', z)) — (X, z,).

It is J-universal, if the germ at z/ of the base change ¢ is uniquely determined.

Remark 4.30. Given a integrable deformation V of the connection V°, there always exist
classes J such that V is J-versal. For example, V is clearly {V}-versal. This is not true for
universality, due to possible “internal symmetries” of the integrable deformations. Here is an
example. Let f: C — C be an arbitrary holomorphic function, and d;, ds € C. Consider the
matrices Ag, B: C* — M(2,C) and the 1-form w: C* — M(2,C) ® Qf defined by

Ao<x>=(f(x%o+$§) il x)) %(x):@l <d1—d221<2x%+x§>)’

w(z) = (8 (2)) (21dr + 2ods).

The matrices

0y (2) = — (AO(O) + %%(m) dz, Ofz,2) — <A0(:c) + %%(I)) dz — 2 dAg(z) + w.
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define two connections V° and V, respectively. The connection V is an integrable deforma-
tion of V°, at which it restricts at = 0. The connection V is not {V}-universal: any linear

map [: C? — C?, defined by a matrix in O(2,C), is such that Q= Q.

Let us denote'? by (VMUMS C" D), u,) the integrable deformation of V° whose existence
is guaranteed by Theorems 4.8 and 4.10 (Case I), and Theorem 4.11 (Case II). Here D C C™
denotes a sufficiently small polydisc centered at w,. Recall that VMUMS has matrix of
connection 1-forms given by

QJMUMs(z,U) = —d (zA(u)) — ([['(u), A(u)] + B)) % _

where A: C* — M (n,C), is defined by A(u) = diag(u',...,u"), and where the matrix
B! = diag(by, ..., b,) is constant, and satisfying Property PNR-(xx) in Case II.

(), dA ()],

Theorem 4.31. Let J be a class of integrable deformations of the connection V° satisfying
conditions (I) or (I1I) above.
(1) An integrable deformation of V° is induced by (VMUMS C" D, u,) only if it is of
fs-type.
(2) If the deformation (VMUMS C* D w,) is J-versal, then it is J-universal.
(3) There exists a unique mazimal class Tyvums of integrable deformations of V° such
that V'MUMS 4 5 v ums -universal.
(4) In Case I, we have Jyums = I(V°).
(5) In Case II, we have 35*(V°) C Tymums € Jis(VO).

Proof. Point (1) follows from point (1) of Theorem 4.24, since VIMUMS ¢ 7, (V).
Assume that (V, E, X, z,) € Ji(V°) is induced by (VMUMS C" D u,) via a holomorphic
map ¢: (X,z,) = (C",u,), x — (p1(x),...,p(z)). On the one hand, by Theorems 4.16,

4.19, and 4.24, the pole part of V is locally holomorphically diagonalizable at z,, with
holomorphic diagonal form Ag(x) = (fi(z),..., fu(z)). On the other hand, the connection

V has then matrix of connection 1-forms ¢*Qjums: in particular, its pole part has Jordan
diagonal form

(p*A)(z) = diag(¢'(2), ..., ¢"(2)), z€X.
Hence, the germ of the map ¢ at z, is uniquely determined: it is given by the spectrum map
0: X = C" xw— (fi(z),..., fu(z)). This proves point (2).
The class A = {J C J(V?): VIMUMS g Juniversal} is non-empty, since {VMUMS1 ¢ 9
Consider the poset (2, C). By taking unions, it is easy to see that

(i) every chain in 2 has a maximal element,
(ii) and A is upward-directed (i.e. given J;, Ty € A, there exists J3 € A such that Ty, T, C
33).
By Zorn Lemma, 2 has a maximal element. It necessarily is unique, by (ii). This proves
point (3).

In Case I, the statement Jjyums = J(V?) is equivalent to the universality predicated in
Theorems 4.8 and 4.10. Hence (4) holds.

2Here the superscript “JMUMS” stands for Jimbo-Miwa—Ueno—Malgrange-Sabbah.
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The only non-tivial inculsion of point (5) is J§™(V?) C J™MUMS  Consider an integrable
deformation (V, E, X, z,) € 35" (V°). By Theorem 4.24, V is of dv-type, and it has a matrix
of connection 1-forms

~

Qz,z) = — <A0(a?) + %(B; + [L(x), Ao])) dz — 2zdAg(z) — [L(z), dAg ()],

where B! satisfies Property PNR-(xx), and (Ag, L) is a suitable pair of holomorphic matrices
defined in a neighborhood of x,. Consider spectrum map o: (X, z,) — (C", u,) defined by
x> (fi(z),..., fu(x)). Since 0*A = Ag, we have

. . d

0 — U*QJMUMS = —[L —o'T Ao]—z - [L - O'*F,dAo].

Moreover, since the restriction at x, of both Q and 0*Q smums equals (4.6), we deduce that
L(z,) — (0"T')(x,) € K[[—, Aol; o] = ker[—, dAg(x,)], that is L(z,) = (o) (x,).
Since both L and o*T" solves the generalized Darboux—Egoroff equations (4.17), (4.18), we

conclude that L = ¢*T", by Theorem 4.28. This shows that V = ¢*V/MUMS_ This completes
the proof. O

Remark 4.32. From the equality L = ¢*I", we are able to justify the estimate of Remark
4.26. Consider equation (4.12): by evaluating both sides at u(x) = (fi(x),..., fu(x)), we
obtain

(bj = bi = 1)Lij(x) = Y _(folx) = fi(2)) Lie(x) Les(x) = (fi(x) = f3(2)) - O,Tijluia)

i
= O (filz) = fi(x)), (4.37)
as expected from the proof of Theorem 4.25.

The following result provides a further description of the class Jjvums-

Proposition 4.33. Let V° satisfy condition (I) or (1I). Consider an integrable deformation
(V,E, X, x,) in J(V°), with pole part Ao(z) = (fi(x), ..., fu(z)).
(1) The connection V is formally gauge equivalent to the connection o , where
o: X — C" is the spectrum map x — (fi(z),..., fu(z)). This means that there exist
holomorphic functions ®: X — M(n,C), with ®o(X) C GL(n,C), such that

(I)_lﬁq) + (I)_ldq) = U*QJMUMS, (I)(Z,LL’) = Z (I)k(l’)z K

k>0

*VJMUMS

Moreover, if ®y(x) = 1d,, for any x € X, such a formal gauge equivalence is unique.
(2) We have V € Jymuwms if and only if the formal gauge equivalence above is actually
convergent.

Proof. Both V and o*VMUMS are formally simplifiable: they are formally equivalent to
the connection d — d (2Aq(z)) — B9, via unique formal gauge equivalences of the form
Id, + O(z™!). Point (1) follows.

If V € Jmuums, then there exists an analytic gauge equivalence of the form 7T'(z,z) =

Id, 43", Te(z)z~" such that T~ LQT+T~1dT = 0*Quuums. By uniqueness, we have T = ®.

*VJMUMS

Conversely, if ® is convergent, then V and o are analytically gauge equivalent. [
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APPENDIX A.

A.1. Proof of Theorem 4.7. Consider a trivial vector bundle E° on P!, equipped with a
meromoprhic connection V°, admitting (in a suitable basis of sections) a matrix of 1-forms
connection of the form (4.5) with A, regular. Let (E,V,x,) be an arbitrary integrable
deformation of (E°, V°), parametrized by a simply connected manifold X. By Theorem 4.5,
the deformation admits a matrix of connection 1-forms as in (4.2), whose coefficients are
subjected to the integrability equations (4.3).

Since A, is regular, the matrix A(x) is regular for @ is a sufficiently small neighborhood
U C X of x,. From the equation [A, C| = 0, we deduce that C'(x) is a polynomial expression
of A(x) for @ € U. Hence, the equations C' A C' = 0 are automatically satisfied for € U.

Since dC' = 0, at least locally we have C' = dK for some holomorphic matrix-valued
function K: up to adding a constant matrix, we can assume that K(x,) = 0. Consequently,
system (4.3) is equivalent to

A—- K — [K,B,|] = const. = A,, [A,dK] = 0.
These equations define a Pfaffian system for the matrix K only:
w=|[A,+ K+ [K, B,],dK] = 0. (A.1)
Given a solution K, the matrix A can be reconstructed by A = A, + K + [K, B,|.

The argument above shows that there is a 1-1 correspondence between integrable defor-
mations of a connection (E°, V°) and germs of maps ¢: (X, z,) — (M(n,C),0) such that
¢*w = 0. The maps @ are the integral manifolds of the Pfaffian system (A.1) passing through
0 € M(n,C).

Lemma A.1. If A, is reqular, then the Pfaffian system (A.1) is completely integrable on
M(n,C). The mazimal integral solutions define a foliation: in a neighborhood of 0 €
M (n,C), the leaves are n-dimensional.

Proof. Let vy, vy be two vector fields on M (n, C) defined in a neighborhood of the origin. We
have to show that if w(v;) = 0 for i = 1,2, then also dw(v; A ve) = 0. A simple computation
shows that dw = 2dK ANdK +2[dK AdK, B,]. By identifying vy, vy with matrices in M (n, C),
the condition w(v;) = 0 is equivalent to [A(x),v;] = 0, for i = 1,2. For x € U as above,
the matrix A(z) is regular, and the matrices vq, vy are polynomials in A(x). In particular,
we have [vy,vs] = 0, so that 2[vy, va] + 2[[v1,vs], B,] = 0. This is exactly the condition
dw(vy,v9) = 0. Finally, notice that the dimension of the leaf passing through 0 equals the
dimension of the centralizer of A, in M(n,C). This equals n, since A, is regular. U

The germ of the universal deformation of (E°, V?) is given by the germ of the maximal
integral submanifold of the Pfaffian system (A.1) passing through 0. This completes the
proof of Theorem 4.7.

A.2. Versal deformations do not exist if A, ¢ M. Let n = 2, and introduce the

matrices
0 0 c 0
w00 m-(50) )



46 GIORDANO COTTI

Let V° be the connection on C? — P! with connection (4.5). Consider an integrable defor-
mation of V° defined by a matrix {2(z,«) as in (4.2), where x is a parameter varying in a
polydisc D C C™. The matrix

V(z,x,s) :=Qz,2) + d(zs1dy)

defines a new integrable deformation of V°, parametrized by points (x, s) € DxC. If A(x) is
the pole part of Q, consider the hypersurface £ := {s = {Tr A()} in D x C: the restriction
|pi1yc is a deformation of V° with traceless pole part. This shows that, without loss of
generality, we may restrict to the study of integrable deformations with traceless pole part

a0 - (50 L)

As in the previous section, the integrability system (4.3) can be reduced to the following
system of equations in the pair (A, K), with dK = C"

[A,dK] =0, A=K+|[K,B,, dKAdK =0. (A.3)
Assume that ¢ # +1, so that the operator
v: M(2,C) — M(2,C), X~ X+I[X, B,

is invertible, with inverse

1
_ x x T11 T—L12
L. 11 12y, ; 1—c .
To1 T22 Trel21 L22

The system (A.3) can be reduced to a system of differential equations in A only, since
K =v7(A). The equation [A,dK] = 0 becomes

0 —28 —y 2a) dp I6] 0 dy
<27 0 )da+(0 7)1—c+(—2a —5)1—{—0_0’

which defines following the Pfaffian system on the space C? of triples (a, 3,7):
w=(1—-c¢)fda—adf =0,
wy = (1+¢)yda —ady=0, (A4)
w3 =(14c¢)yds— (1 —¢)sdy=0.

This system can be written in a more compact way as

da  df dy

a (1= A+
The equation dK A dK = 0 reduces to
dandf=daANdy=dB Ady =0,

which are automatically satisfied if (A.4) holds true.

The discussion in the previous section shows that integrable deformations of V°, with
traceless pole part, define (and are defined by) germs of maps ¢: (X, z,) — (C?, 4,) such
that ¢*w; = 0 for ¢ = 1,2, 3, i.e. integral submanifolds of the Pfaffian system (A.4) passing
through (av, B, 7,) = 0.
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If (e, Boy Vo) # 0, there exists a unique (one dimensional) maximal integral submanifold
of the Pfaffian system above passing through («, 5,,7,):

Oz(t) = O‘oetv ﬁ(t> = 506(1_C)t7 V(t) = 706(1+c)t-

If (e, B, v0) = 0, on the other hand, one can find many integral curves passing through
(o, Boy Vo). For example:

a=t f=79=0 a=79=0, f=t a=F=0, 7=

these lines are not contained in a surface, hence there is no versal deformation inducing all
of them.

Infinite families of solutions arise if ¢ € Q. Assume ¢ = £ with (p,q) =1, and g > 0:

e if c < —1 (i.e. p < —q) we have the infinite family
a = apt?, B = Bot"?, =0, ap,f€C
o if -1 <c<1 (ie. —¢ < p < q) we also have another infinite family
a = agt?, B = pot"?, v =t"", ao, Bo, 0 € C;
if moreover p + ¢ is even, then we also have the infinite family
a =0, B=ppt'e, v =70t Bo€C;
e if ¢ > 1 (i.e. p > ¢) we have the infinite family
a = apt?, B=0, v =%t oy, € C.

For a complete classification of the solutions see the recent paper [Her21, Sec. 8|.

A.3. Case of B partially resonant. Let us now consider the case of the matrices A,, B,
as in (A.2) with ¢ = 1. For such a pair of matrices the Property PNR cannot hold true. As
before, let V° be the connection on C? — P! with connection (4.5), and consider an arbitrary
(germ of) integrable deformation V of V°, parametrized by (the germ of) a pointed manifold
(X, x,). Let the matrix Q of 1-forms of V to be

Oz, x) = — <A(a:) + %BO) dz — 20(z),

as in Theorem 4.5.

Proposition A.2. The matriz () is of one, and only one, of the following types:
Type I: There exist two holomorphic functions g,m: X — C, not identically equal, with
g(x,) = m(z,) =0, and a complex modulus x € C such that

A= (2m(mg— g)? 7?1) , O= (m . d(Szg g2 d?n) : (A-5)

Type I1: There exist a holomorphic function g: X — C, with g(x,) = 0, such that

A— (g 2) . o= (%9 C?g) . (A.6)
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Type III: There exist two holomorphic functions g,h: X — C, with h not identically zero,
and g(x,) = h(x,) = 0, such that

Alz) = (g 2) C(z) = (%9 3”;). (A7)

Proof. The integrability conditions (4.3) can be put in the form (A.3), but we cannot reduce
anymore the problem to a Pfaffian system for A(x), as we did in the previous section, since

c=1. So, let
(9(x) hiz)
K@) = (aw) m<w>)’

for arbitrary functions g, h, ¢, m: X — C all vanishing at x,, and let us consider the system
(A.3) in the variable K. The first equation of the system (A.3) is then equivalent to the set
of equations

¢dh =0, (g —m)dh =0, (m—g)dl —2¢d(m —g) = 0. (A.8)

We may have two cases: (Case I) either h is identically zero on X, (Case II) or h(x) # 0 for
at least one ¢ € X.

In Case I, from (A.8) we deduce that ¢ = x(m — g)? for some x € C, and the remaining
equation dK A dK = 0 is automatically satisfied. Consequently, the matrix of connection
1-forms is necessarily of the form (A.5) or (A.6). In case II, from (A.8) we deduce that £ =0
and g = m, and the remaining equation dK A dK = 0 is automatically satisfied. Hence, the
matrix €2 of connection 1-forms is of the form (A.7). O

Proposition A.3.

(1) All integrable deformations in I4(V°) are of Type I or II. Moreover, any element of
JE(V°) is of Type I.

(2) Integrable deformations of Type I cannot induce deformations of Type 111, and vice-
versa.

(3) Both deformations of Type I and III can induce deformations of Type II.

(4) Two deformations (VU k1), (VI ky) of Type I cannot be induced by a same defor-
mation if k1 # Ka.

(5) Integrable deformations of Type I and fized modulus k are induced by a universal
deformation of such a type: it is the connection on C* — P! x C? with matriz of
connection 1-forms

Q) (2, u) = —d (2A(w) = ([Fy, Aw)] + Bo) — = [F, dA(w)],
where
A(u) = diag(uq, uq), Fi = <—g/<; 8) :

(6) Integrable deformations of Type II do not admit a versal deformation.
(7) Integrable deformations of Type III admit a versal (but not universal) deformation of
such a type: it is the connection on C*> — P! x C? with matriz of connection 1-forms

1
QM (2 u) = — ((%1 2?) + —Bo> dz — 2 <dgl 322) :
1 2 1



49

Proof. In all Types I, II, and III, the matrix A(x) is holomorphically diagonalizable: for
Type I, indeed, we have

M~ AM = diag(g(z),m(z)),  M(z) = (2%(9(9@’)1— m(x)) (1)) |

in Type II and III, the matrix A is already in diagonal form. However, the deformation part
C is diagonalizable only in Types I and II. In Type I we have M~'CM = diag(dg, dm).
Moreover, any element of 35" (V?) necessarily is of Type I. This proves point (1).

All the remaining statements easily follow from the explicit equations (A.5), (A.6), and
(A.7). O

Points (1) and (4) of Proposition A.3 imply that there exist no J§™(V°)-versal integrable
deformations.
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