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Abstract

The theory of generalized Nijenhuis torsions, which extends the classical notions
due to Nijenhuis and Haantjes, offers new tools for the study of normal forms of
operator fields. We prove a general result ensuring that, given a family of commuting
operator fields whose generalized Nijenhuis torsion of level m vanishes, there exists
a local chart where all operators can be simultaneously block-diagonalized. We also
introduce the notion of generalized Haantjes algebra, consisting of operators with
a vanishing higher-level torsion, as a new algebraic structure naturally generalizing
standard Haantjes algebras.
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1 Introduction

The purpose of this article is to establish a new geometric setting for the block-
diagonalization of operator fields on a differentiable manifold.

The problem of finding normal forms of (1,1)-tensor fields on a differentiable
manifold M is relevant in many theoretical and applicative contexts. Indeed, it is useful
in the determination of a reduced form for a system of partial differential equations
Bogoyavlenskij (1996, 2006, 2007) and in the theory of hydrodynamic-type systems
(Ferapontov and Marshall 2007; Ferapontov and Khusnutdinova 2006). Besides, it
finds applications in classical mechanics, since it may allow to construct separation
variables for completely integrable Hamiltonian systems (Chanu and Rastelli 2019).

In this article, we address this problem within a tensorial approach based on the
notions of Nijenhuis and Haantjes torsions and their generalizations, recently intro-
duced in Tempesta and Tondo (2022b).

Inthe last decades, the interest in the geometry of Nijenhuis and Haantjes tensors has
considerably increased. Indeed, new applications have been found in many different
contexts: for instance, the characterization of integrable chains of partial differential
equations of hydrodynamic type (see, e.g., Ferapontov and Marshall 2007; Ferapon-
tov and Khusnutdinova 2006) and their integrable reductions (Ferapontov and Pavlov
2022), as well as the study of topological field theories (Magri 2018). Also, Nijenhuis
geometry, which plays a crucial role in the theory of almost complex structures (New-
lander and Nirenberg 1957), has been extended to contexts as the study of analytic
matrix functions, linearization theory, operator algebras (Bolsinov et al. 2022), etc.

In Tempesta and Tondo (2021), two of the present authors introduced the concept of
Haantjes algebra. It has been shown that for an Abelian algebra of semisimple operator
fields with vanishing Haantjes torsion there exist local coordinate charts where all the
operators of the algebra can be simultaneously diagonalized. In Tempesta and Tondo
(2022a); Reyes et al. (2022), the geometry of w7’ manifolds (namely symplectic man-
ifolds endowed with an algebra of Haantjes operators) has been proposed as a natural
setting for the formulation of the theory of finite-dimensional integrable Hamiltonian
systems. The related class of P.7# manifolds has been discussed in Tondo (2018).

A new, infinite family of higher-order torsions of level m, generalizing both the
Nijenhuis and the Haantjes ones, have been defined and discussed in Tempesta and
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Tondo (2022b). These torsions can also be derived from a family of higher-order
Haantjes brackets, which generalize the Frolicher—Nijenhuis (FN) one. As the FN
bracket is the polarization of the Nijenhuis torsion, so the higher Haantjes brackets are
related to the polarization of our higher-order torsions (Tempesta and Tondo 2023).
Operator fields with a vanishing generalized torsion are called generalized Nijenhuis
operators.

We remind that a different formulation of the theory of generalized Nijenhuis tor-
sions has been proposed in Kosmann-Schwarzbach (2019).

Besides, a generalization of the classical Haantjes theorem was proved in Tem-
pesta and Tondo (2022b). Precisely, it has been proved that, given an operator field
A : X(M) — X(M), the vanishing of any generalized Nijenhuis torsion is suffi-
cient to guarantee the mutual integrability of the eigen-distributions of A, namely the
integrability of each of them and of all of their direct sums.

From a theoretical point of view, a first result of this work is Theorem 4. It states
that for a set of commuting operators on a differentiable manifold, if at least one of
them is a generalized Nijenhuis operator, then there exists a local coordinate chart
where these operators take simultaneously a block-diagonal form.

This statement is further refined by requiring that all of the commuting operators
are generalized Nijenhuis operators of a (common) level m and their joint eigen-
distributions are pairwise integrable (see Definition 11). Thus, our main result is
Theorem 5 ensuring that, under these hypotheses, on a local coordinate chart all of
them take a block-diagonal form with finer blocks.

These results naturally suggest the notion of generalized Haantjes algebra of level
m. It consists of a set of generalized Nijenhuis operators of the same level m, forming
a C*°(M)-module; besides, this set is closed under the product of operators.

We will discuss in detail the properties of the class of unigenerated Haantjes algebras
of level m, which are generated by the independent powers of a single generalized
Nijenhuis operator.

Another crucial result is that given an operator A whose generalized Nijenhuis
torsion of level m vanishes, any polynomial P(A) whose coefficients are functions
in C®°(M) also has the same level-m torsion vanishing. This property allows us to
construct generalized Haantjes algebras in a very natural and direct way. We shall
present some nontrivial examples of unigenerated generalized Haantjes algebras of
level three and four. In particular, we will show how to construct local coordinate
charts allowing the simultaneous block-diagonalization of all the operators forming
these algebras.

The approach proposed in this work offers a new perspective on the classical prob-
lem of the normal form of operator fields. We remind that a relevant contribution to this
problem, in the spirit of tensor analysis, was given in Bogoyavlenskij (2006, 2007),
where necessary and sufficient conditions have been proposed for the existence of local
charts were a given operator acquires a block-diagonal form. The main difference with
respect to those results is that we solve the problem for a complete family of commuting
operators. At the same time, no knowledge a priori of the eigen-distributions of the
given operators is required. This aspect is crucial, since the spectral analysis of oper-
ator fields computationally becomes rapidly intractable by increasing the dimension
of the underlying differentiable manifold. Thus, we offer sufficient tensorial condi-
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tions for the simultaneous block-diagonalization of a family of operators which can
be easily checked with the aid of computer algebra, without entering the study of their
eigen-distributions. Of course, for the explicit construction of local charts where the
simultaneous block-diagonalization of the given family of operators takes place, it is
necessary to determine their spectral properties. However, our result can be interpreted
as a tensorial test, ensuring a priori the block-diagonalizability of the whole family.
Once this property is ascertained for a concrete family, then one can proceed to the
construction of the required local charts.

A thorough study of the rich algebraic properties of the generalized Haantjes alge-
bras represents an interesting research perspective, that will be developed in future
works.

The paper is organized as follows. In Sect. 2, the theory of Nijenhuis and Haan-
tjes torsions is briefly reviewed. In Sect.3, the concept of generalized Nijenhuis
operator is discussed. In Sect.4, the new notion of generalized Haantjes algebra
is presented. In Sect.5, the main theorems of this work, concerning simultaneous
block-diagonalization of non-semisimple operator fields, are proved. In Sects. 6 and
7, examples of generalized Haantjes algebras are discussed and local charts ensuring
simultaneous block-diagonalization are explicitly determined.

2 Preliminaries on the Nijenhuis and Haantjes Geometry

In this section, we shall review some basic notions concerning the geometry of Nijen-
huis and Haantjes torsions, following the original papers (Haantjes 1955; Nijenhuis
1951) and the related ones (Nijenhuis 1955a,b; Frolicher and Nijenhuis 1956). Here,
we shall focus only on the aspects of the theory which are relevant for the subsequent
discussion.

Let M be a differentiable manifold of dimension n, X (M) the Lie algebra of vector
fieldson M and A : X(M) — X(M) be a smooth (1, 1)-tensor field. In the following,
all tensors will be considered to be smooth.

Definition 1 The Nijenhuis torsion of A is the the vector-valued 2-form defined by
TA(X.¥) = AYX, Y]+ [AX, AY] - A(IX, AY] +[AX.Y]), QD)

where X, Y € X(M) and [, ] denotes the commutator of two vector fields.

Definition 2 The Haantjes torsion associated with A is the vector-valued 2-form
defined by

HAX.Y) := A274(X., Y) + T4 (AX, AY) — A(‘L’A(X, AY) + T4(AX, Y))(2.2)

The Haantjes (Nijenhuis) vanishing condition inspires the following definition.

Definition 3 A Haantjes (Nijenhuis) operator is a (1,1)-tensor field whose Haantjes
(Nijenhuis) torsion identically vanishes.
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A simple, relevant case of Haantjes operator is that of a tensor field A which takes

a diagonal form in a local chart x = (xl, o X
- d
_ ey 2 i
Ax) = ;,\l )5 ®dx', (2.3)
where A; (x) := )Lﬁ (x) are the eigenvalue fields of A and ((,)?C—l, e %) are the fields
forming the so called natural frame associated with the local chart (xL, ..., x™). As
is well known, the Haantjes torsion of the diagonal operator (2.3) vanishes.
We also recall that two frames {X1, ..., X,}and {Y7, ..., ¥, } are said to be equiv-

alent if n nowhere vanishing smooth functions f; exist, such that

Xl:f;(x))/vlv i=1,...,n.

Definition 4 An integrable frame is a reference frame equivalent to a natural frame.

It is interesting to observe that the algebraic properties of Haantjes operators are
richer than those of Nijenhuis operators. Hereafter, I : X(M) — X (M) will denote
the identity operator. A useful result is the following.

Proposition 1 (Bogoyavlenskij 1996). Let A be a (1,1)-tensor field. The following
identity holds:

Hrrrga(X,Y) = g* Ha(X, V), 2.4)
where f,g : M — R are C*°(M) functions.

Proof See Proposition 1, p. 255 of Bogoyavlenskij (1996). O

Interestingly enough, such a property does not hold in the case of a Nijenhuis operator.
Many more examples of Haantjes operators, relevant in classical mechanics and in
Riemannian geometry, can be found for instance in the works (Reyes et al.2022;
Tempesta and Tondo 2016; 2021; 2022a; 2022b; 2023).

3 The Generalized Nijenhuis Operators and Block-Diagonalization

In this section, for the sake of clarity, we shall briefly review some of the main alge-
braic and geometric properties of the new class of generalized Nijenhuis operators
introduced and studied in Tempesta and Tondo (2021, 2022b).

Definition5 Let A : X(M) — X(M) be a (1,1)-tensor field. The generalized Nijen-
huis torsion of A of level m, for each integerm > 1, is the skew-symmetric (1,2)-tensor
field defined by
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X, Y) = A%V Yy + 1 Ax, AY)

(m—1)

—A(IX"_U(X,AY)—FIA (AX,Y)), X, Y eX(M). (.1)

Here, the notation 120)(X, Y):=[X,Y], ‘L'IE‘])(X, Y):=14(X,Y) and rf)(X, Y) =
Ha(X,Y) is adopted.

Definition 6 Let A : X(M) — X(M) be a (1,1)-tensor field. If 7" (X, ¥) = 0 for
some m € N\{0}, we shall say that A is a generalized Nijenhuis operator of level m.

We recall a result which is crucial in the following analysis.

Theorem 1 Let A : X(M) — X (M) be an operator. Assume that
(X, Y) =0, X,YeX(M) (3.2)

for some m > 1. Then, each eigen-distribution of A, as well as each direct sum of its
eigen-distributions, is integrable.

3.1 Eigen-Distributions and Spectral Properties of Generalized Nijenhuis
Operators

We shall recall now some of the spectral properties of generalized Nijenhuis operators.
Let us denote by Spec(A) = {A1(x), Ax(x), ..., As(x)}, x € M, the set of the
eigenvalues of an operator A : X(M) — X (M), which will always be assumed to be
real and pointwise distinct. We denote by

Di(x) = ker (A(x) —ki(x)l)pi, i=1,. .5 (3.3)

the i-th eigen-distribution of index p; > 1, which includes all the (generalized) eigen-

vectors corresponding to the eigenvalue A;. In Eq. (3.3), p; stands for the Riesz index
of A;, which is the minimum integer such that

ker (A(x) - xi(x)1>pi = ker <A(x) — Ai(x)l)m+1 . (3.4)

In the forthcoming considerations, we shall always suppose a regularity condition,
namely that the rank of the distributions and p; are (locally) independent of x. When
pi = 1, D; is a proper eigen-distribution.

It is also useful, from an applicative point of view, to consider the explicit action of
a generalized Nijenhuis torsion on a pair of generalized eigenvectors of A, as in the
following result:

Proposition2 Let Abea(l,1)-tensorand X, € Dy, Yg € D, betwo ofits generalized
eigenvectors corresponding to the eigenvalues |, v respectively. Then, for any integer
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m > 2 the following formula holds:

" (Xa. Yp) = i (~)+ <’7> (’7) (a—u0)"" (a—01)" X0 v,

i,j=0
(3.5

where

AXy = puXo + Xog—1, AYp=vYg+Yp1, 1=Za=<p,, 1=B=py,
3.6)

and X and Yy are, by definition, null vector fields.

3.2 Block-Diagonalization

As a nontrivial application of Theorem 1, one can also prove that, given an operator
A, condition (3.2) is also sufficient to ensure the existence of a local chart where the
operator A can be block-diagonalized. We envisage relevant applications, for instance,
in the theory of hydrodynamic-type systems (Bogoyavlenskij 2006), in the study of
partial separability of Hamiltonian systems (Chanu and Rastelli 2019) and, more gen-
erally, in the context of Courant’s problems for first-order hyperbolic systems of partial
differential equations (Courant and Hilbert 1962).

Let A be an operator satisfying condition (3.2); we denote by r; the rank of the
distribution D; of A. We also introduce the distribution (of corank 7;)

_ s
& = Im(A—x,-I)p’ =j§?#iz>j, i=1,.. .. 3.7

which is spanned by all the generalized eigenvectors of A, except those associated
with the eigenvalue A; (we remind that by hypothesis A has real eigenvalues). We
shall say that &; is a characteristic distribution of A. Let £ denote the annihilator of
the distribution &;. The cotangent spaces of M can be decomposed as

TM = @sf(x). (3.8)

i=1

As aconsequence of Theorem 1, each characteristic distribution &; is integrable. By E;,
we denote the foliation associated with & and by E;(x) the connected leave through
x, belonging to E;. Given the set of distributions {&], &, . .., &}, we have associated
an equal number of foliations {Ej, Ea, ..., Es}. This set of foliations is said to be the
characteristic web of A. The leaves E;(x) of each foliation E; are usually referred to
as the characteristic fibers of the web.
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Definition7 Let A : X(M) — X(M) be a generalized Nijenhuis operator of level
m. A collection of r; smooth functions will be said to be adapted to the foliation E;
of the characteristic web of A if the level sets of such functions coincide with the
characteristic fibers of E;.

Definition8 Let A : X(M) — X(M) be a generalized Nijenhuis operator of level m.
A parametrization of the characteristic web of A is an ordered set of n independent
smooth functions listed as (fl, el fi, ...y [, such that forany i = 1, ..., s, the
ordered subset f = (fi-1, ..., firi)is adapted to the i-th characteristic foliation of
the web:

fifw=c"* VE®X€eE ., k=1...r. (3.9)

Here, ¢F are real constants depending on the indices i and k only. In this case, we
shall say that the collection of these functions is adapted to the web and that each of

them is a characteristic function.

In the case of a single operator with a vanishing higher-order torsion, the following
result gives a simple and very general tensorial criterion for the existence of local
coordinates ensuring block-diagonalizability.

Theorem 2 (Tempesta and Tondo 2022b) Let A : X(M) — X (M) be an operator. If
X, Y)=0, XY eX(M) (3.10)

for some m > 1, then A admits local charts adapted to the spectral decomposition
of the tangent spaces into generalized eigenspaces, where it takes a block-diagonal
form.

One of the main achievements of this work is to generalize this result to the case
of families of commuting operators. To this aim, we shall introduce a new class of
operator algebras.

4 Generalized Haantjes Algebras
4.1 Definitions

The notion of Haantjes algebra has been introduced and discussed in Tempesta and
Tondo (2021). In this section, we define a class of new, generalized Haantjes algebras.

Definition 9 A generalized Haantjes algebra of level m is a pair (M, 52 with the
following properties:

e M is a differentiable manifold of dimension n;
o ™ is a set of operators K : X(M) — X (M) whose Nijenhuis torsion of level
m vanishes: 7" = 0. Also, the :
(T =0. , they generate:
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— afree module over the ring of smooth functions on M:

(m) )
X,Y)=0, VX, Y e X(M), ,geC™ (M),
sony 1) (M), f.geCxM)

VK, Kye ™, 4.1)
— aring w.r.t. the composition operation

™ (X,Y)=0, VK, K,e#"™, VX, YecX(M). (42)

(1 )

If
KiK)=K)K;, Ki, Ky en™ (4.3)

the algebra (M, .s#™) will be said to be an Abelian generalized Haantjes algebra.
Moreover, if the identity operator I € 77 (m)  then (M, (’”)) will be said to be a
generalized Haantjes algebra with identity.

In other words, the set 2™ can be regarded as an associative algebra of generalized
Haantjes operators.

The case m = 2, namely that of standard Haantjes algebras, possesses several
important properties. Among them, we recall that for a given Abelian Haantjes algebra
P = 7 there exists an associated set of coordinates, called Haantjes coordinates,
by means of which all K € 7 can be written simultaneously in a block-diagonal form.
In particular, if J7 is also semisimple, on each set of Haantjes coordinates all K € J7
can be written simultaneously in a purely diagonal form. We mention that Haantjes
algebras play a relevant role in the theory of classical separable and multiseparable
Hamiltonian systems (Reyes et al. 2022).

The following result simplifies the study of the integrability of the eigen-
distributions of a family of operators forming an Abelian, generalized Haantjes algebra.

Lemma 1 Let (M, 5#"™) be an Abelian generalized Haantjes algebra of level m. We
shall assume that the rank of the eigen-distributions of the operators belonging to
A is independent of x € M. Then, each nontrivial intersection of these eigen-
distributions is integrable.

Proof Let {K,, ..., K,) be a basis of (M, ™), and (Dl.(ll), ...,Dl.(;”)), i1 =
L,...,81,.., 0w =1,..., 5y, where s; = card Spec (K ;), be the set of their eigen-
distributions. Let

Vo=D @ (...(\P" @) a=1..v. wv<n (4.4)
denote a nontrivial intersection of eigen-distributions of the operators {K1, ..., K},
which we call a joint eigen-distribution. Consequently, the distribution V,, being the

intersection of distributions which are involutive due to Theorem 1, is also involutive.
|
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4.2 Generalized and Unigenerated Haantjes Algebras

A special class of commutative generalized Haantjes algebras are those generated by
a single operator L and its independent powers. We denote by 4 the degree of the
minimal polynomial of L.

Definition 10 A generalized Haantjes algebra (M, 72" will be said to be unigener-
ated (or cyclic) ! if there exists an operator L : X(M) — X(M), with rim) (X,Y)=0,
such that 7™ C L£(L), where L£(L) is the set of all polynomials ZZ;& cx(x)LK in
the powers of L with coefficients ¢ (x) € C*°(M).

Given a unigenerated algebra (M, 7#™) generated by an operator L, its rank is
less than or equal to /.

Remark 1 Unigenerated Haantjes algebras of level m as algebraic structures are not
rare. Indeed, as we will prove in Theorem 3, given an operator L with tim) (X,Y) =
0, any polynomial in L having coefficients in C*°(M) is still an operator having a
vanishing torsion of the same level. Thus, the independent powers of any operator
with a given vanishing generalized torsion provide naturally a basis of a unigenerated
generalized algebra.

In the following, we shall prove this fundamental fact. To this aim, we shall use
and adapt to our general case several algebraic techniques and results introduced and
proved in Bogoyavlenskij (2004) for the case of Nijenhuis and Haantjes operators. In
particular, we shall use a representation of (1,2)-tensors in the ring S3 of polynomials of
three independent variables z, A, u with coefficients depending on x € M. A generic
polynomial of this ring has the form

N
S@how) =Y sip M ut, xeM
i,j.k

with N € N\{0}, s;;x(x) € C°°(M). Given an operator A and a (1,2)-tensor T (X, Y),
we introduce the representation defined by Bogoyavlenskij (2004)

N
Rs(T)(X,Y) = Z sijk(X)A'T (AT X, A*Y) . (4.5)
i,jk
Thus, the action of A and p is associated with the first and second arguments of

T (X, Y),whereas z is associated with the powers of A acting on the values of 7' (X, Y).
Representation (4.5) satisfies the basic properties

R51+SZ = Rsl + Rst (46)

' We borrow the terminology of unigenerated polynomial algebras from Kreuzer and Robbiano (1993),
although in our context it is defined for the more general case of polynomial algebras with variable coeffi-
cients. In our previous works, the same notion was equivalently denominated “cyclic algebras.”
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Rs,.s, = Rs,.5, = Rs, - Rs, . 4.7)

This framework allows us to represent the “tower" of generalized Nijenhuis torsions
in a direct way.

Lemma2 Let A : X(M) — X (M) be an operator. We have:
"X, Y) = Ret (X, Y) (4.8)

where o is the polynomial o (z, A, ) = (z — M) (z — ).

Proof 1t is an immediate consequence of formula (3.1), which indeed can be written
as

R epirn Ty (X, Y) = A2T{V(X, V) + 1{" (AX, AY)
- A(r§m>(x, AY) + 1" (AX, Y))

="x,y). 4.9)

When m = 2, we recover the formula
Ha(X,Y) = Rota(X,Y)

first stated in Bogoyavlenskij (2004). We also remind that, given a polynomial P(z) =
Z,ivzo cx(x)z*, the Bézout identity holds:

P(2) = P()=(z—10p(z, 1) (4.10)
where
N
Op(z ) =) ak) Y .
k=1 pg=k—1

We prove now a useful technical result.

Lemma3 Let A : X(M) — X(M) be an operator. Let P :== P(A) = Z,I{VZO cr(x) AX
be a polynomial in A with variable coefficients. We have

5 (X, Y) = Rpeaym@peam Ty (X Y),  m>2, @.11)
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Proof We shall proceed by induction over m > 2. The case m = 2, corresponding
to the Haantjes torsion, has been proved in Bogoyavlenskij (2004). Thus, we assume
that the property is true for the case of a torsion of level m — 1 and we prove that it
holds true for the case of a torsion of level m. According to Lemma 2, we have

T X, Y) = Rt "X, Y) (4.12)

where 0 = (z — A)(z — ). Also, in terms of the operator P expression (4.12) can be
written as

—1
(X, Y) = Rpo—poyPo-Pun Ty (X, Y). (4.13)

Thus, applying twice the Bézout identity (4.10), we get

(P(2) = PW)(P() = P(w) =@—=ME—mw0p(z,)0p(z, 1) .
Exploiting property (4.7), we obtain
9 (X, Y) = RopenopreioRety D (X, Y). (4.14)
By the induction hypothesis, we have

(m—1) _ (m—1)
TP (X, Y) = R(QP(Z,)L))"HI(QP(Z,M))WHITA (X, Y) .

Consequently, due to Eq. (4.14) and Lemma 2, we deduce that

-1
75" (X.Y) = Rigpeanm@pemy Rty (X, Y)
= R(@p@n)ym@p@mm ff{")(X, Y), (4.15)
which completes the proof. O
We can now state the main result of this section.

Theorem3 Let A : X(M) — X(M) be an operator with T;m)(X, Y)=0,m > 2.
Then

(m) _
T, ck<x>Ak)(X’ Y)=0, X,YeXWM)), (4.16)

where ci(x) € C*(M).

Proof Let P := P(A) = Z;(V:O cx(x)AX. It is sufficient to apply Lemma 3, taking

into account the assumption rflm)(X ,Y)=0. |

Interestingly enough, Theorem 3 does not hold in general for the case of the Nijen-
huis torsion (i.e., m = 1). However, as is well known, relation (4.16) is valid for the
Nijenhuis torsion if the coefficients cx (x) are all constant.
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5 Generalized Nijenhuis Torsions and Simultaneous
Block-Diagonalization

In this section, we state our main theoretical results. We first recall the following
Definition 11 We shall say that a set of distributions {D;, D iy ..., Di} is pairwise
integrable if each pair D; + D;, i # j is integrable.

Definition 12 Let us consider a set of distributions {D;, D i+ s Di}. We shall say
that these distributions are mutually integrable if

(i) each of them is integrable

(ii) they are pairwise integrable.

We consider first the case of a single generalized Nijenhuis operator belonging to an
arbitrary family of commuting operators.

Theorem4 Let S ={K,..., Ky}, Ky : X(M) > X(M), « =1, ..., w be a set of
commuting operator fields; we assume that one of them, say K 1, satisfies the condition

(X, ¥) =0, X.YeX(M), 5.1

for some m > 1. Then, there exist local charts in which all of the operators K can
be written simultaneously in a block-diagonal form.

Proof Assuming that condition (5.1) is satisfied, Proposition 2 ensures the existence
of an equivalence class of integrable frames and local charts where the operator K
takes a block-diagonal form. Such coordinates are adapted to the characteristic web
associated with the spectral decomposition of K 1:

N
TeM = Di(x) P &) = P Dix) - (5:2)
i=1
with
x= L x L x). (5.3)
The variables x' = (x/-!, ..., x!""i) are defined over the integral leaves of the eigen-

distribution D;, whereas the remaining ones, namely

Gl )
are coordinates of the leaves, i.e., are constant (x1 =cl, .. xt71 =7l xitl =
¢t .. x5 = ¢%) oneach leaf Dj(c) of the foliation. Here
c = (cl, e et ¢%). Since all operators of the set S commute, every
distribution D; is invariant under the action of the operators {K», ..., K, }. As a

direct consequence of this property, all the operators K, € S in the local chart (5.3)
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take a block-diagonal form, where the i-th (r; x r;) block matrix [K fj ) 1 i@ coincides

with the matrix [Kq|, 1.7 = 1, ..., s, which represents the restricted operator K
to the leaf D;(c). m]
Theorem5 Let S = (K, ..., Ky}, Ky : X(M) — X(M), be a set of commuting

operator fields. If

(i) all the operators of the family have vanishing generalized torsion of level m:
WXV =0, a=1...w X.YeXM) (5.4)

(ii) their joint eigen-distributions

STyeees s
ST Ly

Vo) = @@ D). (D). a=1....v=n (55

are pairwise integrable, then there exist sets of local coordinates, adapted to the
decomposition

T M = @va(x) xeM, (5.6)

a=1

in which all operators K o admit simultaneously a block-diagonal form with pos-
sibly finer blocks with respect to those considered in Theorem 4.

Proof According to Theorem 4, since by hypothesis tl((";)(X, Y)=0,X,Y € X(M),
all the operators take simultaneously a block-diagonal form in a local chart adapted

to the spectral decomposition of K. Assume also that ‘L'I(Z)(X ,Y) = 0. Then, the
tangent space at any point x admits the finer decomposition

51,52
1 2
M =@ D @) nDP ). (5.7)
i1,z
where Dl.(zz) are the eigen-distributions of K». These eigen-distributions are integrable
by virtue of Theorem 1. Consequently, the generalized Haantjes Theorem 1 can also

be applied to the restriction of K, to Di(ll) (¢1). Therefore, there exists a transformation

of coordinates, acting only on the coordinates over the leaves of the foliation Di(ll)

d:M—> M, (xl,...,xi‘,...,xsl)+—>(xl,...,yil,...,xsl), (5.8)
such that the new coordinates y't = (y'I-1, ..., y""i1) = fi1(x/1) are adapted to the
decomposition

52
1 1 2 1
7.0 () =@ D x) nDPx).  xeDer). (5.9)

2
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Thus, we have

Ky""[o] o
[Kgl)]z 0 0 , a=1,...,w (5.10)
0 0 KSI’SZ)

(1.J) . .
where [Kq 71| ) o = |Kal o |»J =1,...,52. Let us consider
D epnDi(er) D;,’(e)ND;™ (e2)

the decomposition

S1,52 u
M =@ D @) nDPx) =Py (x) xem, (5.11)
i1,i2 y=1

where in the direct sum (5.7) U, # {0}, u < n and r, denotes the rank of U,
(Z;u/=1 ry, = n). Clearly, the distributions I/, are invariant under the action of each
operator K, € S. Besides, these distributions are involutive as are realized as the inter-
section of involutive distributions. By assumption, their direct sums are also integrable.
Therefore, there exist local charts in M of the form

(U, GV, byt i st sy (5112)

adapted to the decomposition (5.7), where all the operators K, € S admit simultane-
ously a (possibly) finer block-diagonal form. By extending the previous procedure to

the Haantjes operators K3, ..., K,,, we obtain the decomposition
815eees Sw v
1
M= P D@ (). (D" @) =P Va). (5.13)
[T a=1

where in the direct sum (5.13) V, # {0}, v < n and r, denotes the rank of V,
(>"u_yra = n). Since the involutive distributions V), are mutually integrable as a
consequence of the previous reasoning, then there exist local charts

.o ..y Y (5.14)

adapted to the decomposition (5.13), such that

0 0
Va:<3al""’8ar> a=1,...,v, (5.15)
ye y&ia
where the natural frame {%, cee, a}%} over the leaves of V), is formed by joint
generalized eigenvector fields of the operators {K1, ..., K, }. O
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Remark 2 Given a generalized Haantjes algebra (M, 7)) with generator L, the
hypothesis (ii) of Theorem 5 is automatically satisfied. Indeed, the joint eigen-
distributions V), either coincide with the eigen-distributions of the generator L or are
direct sums of them. In both cases, since (due to Theorem 1) the eigen-distributions of L
are mutually integrable, it turns out that the direct sums of the joint eigen-distributions
V, are integrable as well.

In the following sections, we shall illustrate the results proposed. First, we will
show some examples of generalized Haantjes algebras of operator fields. Then, we
shall present the explicit construction of local charts of coordinates allowing their
simultaneous block-diagonalization.

6 Block-Diagonalization of Generalized Haantjes Algebras

As stated in Theorems 4 and 5, we can block-diagonalize families of commuting
generalized Nijenhuis operators by constructing a suitable coordinate chart. To this
aim, we propose the following procedure.

(1) Determine the joint eigen-distributions V, of the given family of operator fields
(2) Determine a basis of closed one-forms for each of the corresponding annihilators
(3) Integrate them to find the characteristic coordinates

(4) Compute the expression of the operators of the given family in these coordinates

To illustrate this procedure, we shall first construct families of operator fields,
depending on arbitrary functions and having a prescribed vanishing higher-level tor-
sion. A direct approach consists in considering an operator field whose entries are all
arbitrary functions, and imposing both that a certain higher-level torsion is vanishing,
and simultaneously that the lower-level ones are not. In this way, one can obtain a set
of differential constraints that can be solved (possibly with suitable ansitze) to obtain
families of operator fields with a vanishing higher-level torsion, still depending on
arbitrary functions. Generally speaking, there is a lot of freedom in this approach.

From this analysis, it emerges that generalized Haantjes algebras are not rare. Thus,
by specializing the arbitrary functions contained in the families of operators determined
according to the procedure proposed, we can obtain infinitely many examples of new,
higher-level Haantjes algebras.

6.1 AThird-Level Generalized Haantjes Algebra

Let M be a five-dimensional differentiable manifold. In local coordinates x =

(x] Cx2 3 Xt xS ), a first example is given by the family of operators

fi 1 0 1 0
h—hHL+1 A+l —fz fAi—f+1  —f3
L(x) = 1 0 f+f3 1 f . (6.1)
2= fi -1 /3 fa—1 /3
-1 0 —-f3-1 -1 fo—fi—1
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where fi = fi(x', x2), fr = (3, x* xP)and f3 = f3(x3) are arbitrary functions.
A direct computation allows us to prove the following result.

Proposition 3 The family of operators L satisfies the following properties:

e (X, )=0
o Hp(X,Y) # 0ifand only if f; # 0.

The minimal polynomial of L is generically of fifth degree and reads

mpx, ) =0—fi—D0—fAi+DO—fat+DO—fr). (6.2)

Thus, it coincides with the characteristic polynomial; therefore L is a cyclic oper-
ator and the Riesz indices p; coincide with the rank of the eigen-distributions D;.
Also, notice that L is generically non-semisimple. The eigenvalues and generalized
eigenvectors of L are

M=fidl pm=1 D=2l 2

1= 1 2 101_ ’ 1= axl 8x2 ax4 ’

ha=fiol, =1 Dy={ 7

2 = 1 ’ :02— ’ 2 = 8x1 ax4 ’ (63)
d 0 0l '

A= —1’ :1, D = _— = _— — s

3=/ 3 3 <f38x2 f38x4+8x5>

a 0 0 0
e e oo

From these eigen-distributions, we can compute their characteristic distributions
and consequently their annihilators:

3 3 I I 3
8: H D: s _— —_— = - —, —5 — —=
1= @izl <3x 8x4 f3 f33x4+8x5 ax2 x4 ax3 8x5>
= & = (dx' +dx? +dx4)
9 9 9 9 3 9
&= ®ip2Di = (=1 + 275 — =~ —te= iy T3 —
2= G2 <ax1+ x> ox* f3 P T s e T i a0 8x5>
= & = (dx! — dx? — dx*),
(6.4)
fr— s = |2 3 9 I G 3
PTESTITA LT T2 T ax® axl ax* ax? oxt oxd  oxo
= & = (dx> + dxd),
9 3 9 3
o= @D = (g2 00O
4= Biga i <ax1 T T ﬁ f3 8x5>

= & = (dx3, dx" + dx* + f3dx®)

Remark 3 We can easily extract an Abelian unigenerated algebra .7 from the class
(6.1). In order to achieve that, we set f3 = x> for all the operators of the algebra and
vary the other arbitrary functions. Observe that all the operators of the family obtained
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in this way will share both the same eigen-distributions and the degree of the minimal
polynomial. Thus, any of them generate the whole algebra .77 with its independent
powers. Notice that for this algebra the hypotheses of Theorem 5 are all satisfied, as
discussed in Remark 2.

By way of an example of simultaneous block-diagonalization, we can consider the
three commuting operators

S 1 0 1 0
alat41r =3 X411 =43
Li(x) = 1 0 x> 1 x3 , (6.5)
—x! —1 x3 —1 x3
| -1 0 —x*-1 -1 —x*-1
rox? 1 0 1 0
2o H1x241 =x 241 —x3
Ly(x) = 1 0 X34 1 x3 , (6.6)
—x24x —1 x3 X -1 x3
I 0 —x3-1 —1 -1
B 0 1 0 1
—xt =411 —x3 —xt =341 —x3
Li(x) = 1 0 x*+x3 (xs + 1) 1 x3
x4+ 3% —1 x3 P+ x5 -1 x3
L -1 0 —x3 -1 -1 x4+x3(x5—1)—1

6.7)

These operators are C°°(R)-linearly independent. Any of these three operators can
be chosen to be the generator of a level-three Haantjes unigenerated algebra .7#>)
of rank 5. A basis of this algebra is, for instance, & = {I, L, L%, L3, L‘ll}. In the
following subsection, we shall determine a set of coordinates which block-diagonalize
the algebra 7.

6.2 Block-Diagonalization

By integrating the annihilators (6.4) of the eigen-distributions of operators (6.5)-(6.7)
and leaving f3 = f3 (x3) arbitrary, we obtain a set of coordinates which block-
diagonalize the algebra .#°®). We have explicitly:

I S
V2 =xl —x2 4

v =x3+x, (6.8)
y4 — x37

Vo=x' 4 xt + 05,

Precisely, in these block-separation coordinates, the operators L1, L>, L3 read:
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'%(y1+y2)+1J 0 0 0 0
0 T +y?)-1]o0 0 0
Li(y) = 0 0 —1 0 0 (6.9)
0 0 0] —y3+2y* 1
2
L 0 0 0|— ()73 — 2y4) y3 — 2y4
[+ 03—yt =y +1] 0 0 0 0
0 DI+ -yt =y —1] o 0 0
Ly(y) = 0 0 =y -1] 0 0
0 0 0 VA 1
354\ 53 a4
0 0 0 7(_\) —2*) 2y3 —3y
(6.10)
rilo 0 0 0
0]—1 0 0 0
Ly =|00 [FIoT+yH +y° 1] 0 0
00 0 “ToT+yh -y +2% +y° 1
2
00 0 -(¥-2%) —30 a3 2yt
6.11)

Observe that more generally, in coordinates (6.8) the whole class (6.1) takes the block-
diagonal form

0 0
0 0
L(y) = 0 0 ,
0 0 |L+H-0"—y)f 1
0 0 |—(B=0=yVH) L-H+0°—yHfA

(6.12)

where fi = fi (3O'+y). '+ 0P =y —3). = LY 30"+
—* =y s+, y3 —y*) and f3 = f3(y*) are arbitrary functions (with £ # 0).

7 A Fourth-Level Generalized Haantjes Algebra

Let us consider the following fourth-level generalized Nijenhuis family of operator
fields defined over a seven-dimensional differentiable manifold M, which is obtained
with the same procedure described in the previous section:

1 1 1 1 1

g1 X xl+g2 —X X —X x
1 85 —g1 +gs+x! 84— 85 0 g1—g5—x' —1—g+gs
0 0 g1 0 0 0 0
K@) =|1+g1 -8 x' e —1—xl gy ! —x! x! .(7.1)
0 gi-gsgits-gst oy —gItgs g g1t~ 8185
0 0 x! 0 0 g1 —x! 0
g1—gs  x! xl g —1—xl —x! T+xl gy

2 2 34)
b

Here, g1 = g1(x', x%, x%,x*), g2 = g2(x', x%, 33, x%), g3 = g3(x!, x2, X3, x
g4 = ga(x>,x%), g5 = g5(x7).

As aresult of a direct computation, one can prove the following
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Proposition 4 The operator family (7.1) satisfies the property:
tPx,v)=0.

In addition, its third-level torsion does not vanish whenever g3 # 0.

7.1 Spectral Analysis

Its minimal polynomial is generically of seventh degree,

mg(x,2) =G —g)h—ga— DO —ga+ DA —g1 +xH(k — g, (7.2)

and its eigenvalues and generalized eigenvectors are

0 0
Al=2g8s5, p1=1, D1=< >

a2 9xS

=g+l m=1 Dy=(-———=)
2 =284 02 2=\35.2 ax7>
a=gi—1. py=1 D—<a+2a+a> (73)
3T 8 CBES 3= 9x2 ax4  ax7/ '

0 d 0 0 0 d
=gl —x'ps=1, D:——x12—+————x12—+—>,
4=8l P4 4 <8x1 ¢ )3x2 ax4 x> ( )8x6 ax7
(AU IR A A
STEL 5= ST\ T axd T axT 9x5 ax3 a6/

The characteristic distributions and the corresponding annihilators are

a d a a a a d
=0 Di=(— — —, — —_—t — — — ()=
1= Gz B <3x2 ax7’ 9xz  Tox*  9x7 ax! ) 9x2
I T
ot o ) g

9x7" ax! | 9x* T ax7 9x3 | 9x® axS
= & = (dx? +dx® — dx* — dxS 4 dx7),
o 9 0 3 8 o
& =@ D= — — —, — —
2=@iz2 <8x2 axS  9x2 " Taxt T a7 gxl
I SR
e SN R P e S N
O g T e T Y e T
N I I .
ox*  9x77 9x3  9x0 9xd
— & = (dx' +dx* - 2dx7),

) 0 a a a a 8>

+
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a ad
s 2D 2 2
3= Bigs <ax2 ax°
—(xl) d )
ox7’ ox

=& = (dx —dx%,

a ad
S =@:uuD 2 2
4= Biza <8x2 dx>

3 N 3 N 3 9 a0

ax! x4 ax7’ 9x3 9x0’ 9x>

=& = (dx> — dx®),

3 a0 3 9

E =P®jxsDi=({—— —, — — —, —
5= Gigs i <ax2 ax5’ ax2  oax1 ax2

PRI T TR e AR P

— £ = (dx®, (x")2dx" + dx®, dx" + dx?

d 0 0
922 9x7 axl
d d d
Tt T oo
d 0 0
ax2  ox7 9x2

3 3 3
1\2_ Y s ha
RS R
3 9
9x0’ 9x>
3 3
ax4  ox7’
3 3
ax4  ox7’
_7>
—dx* +dx° —dx®+dx"y .

(7.4)

By specializing the arbitrary functions g1, g2, g4, g5, but keeping the same function
g3 in all operators to have commutativity, we easily obtain an Abelian, unigenerated
and fourth-level Haantjes algebra. As in the previous example, all the operators of the
family obtained in this way will share both the same eigen-distributions and the degree
of the minimal polynomial. Thus, any of them generates the whole algebra.

To illustrate the simultaneous block-diagonalization procedure, by way of an exam-
ple we can consider the three commuting operators

X X X —x X —x X
1 0ox'=x2 0 0 —x'4x2 -1
0 0 x? 0 0 0 0
K|(x) = T+x2x! xb —1—xlx —x! x!
0 x2 2 —x2 x —Xil—x2 x2
0 0 x! 0 0 —xl4x2 0
L x2 xl &l —1—xlx —x1 14!
(7.5)
B x3 xl —il —x! X —x! xl 7
1 x7 x17x§+x7 x0 —x7 0 —x! 423 -7 —1-x+x
0 0 x3 0 0 0 0
Ky(x) = 1+x3—x0 ! —Xil —1—x'4x0x x! x!
0 B=xT KB —x3+x7 x )% x4 x7 13 =7
0 0 x! 0 0 —x'4x3 0
L x3 — x6 xl —xil —1—x! X —x! 1+ x!+x6 |
(7.6)
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x4 xl 0 —x! xl —x! xl
1 1 T4xl—x* —14x° 0 —1—x!4x* —x7
0 0 x* 0 0 0 0
K3(x) = T+t —x> &l 0 —1—x! 427 x! —x! x!
0 —14x* 144 1—x* x4 1—%—)(4 —1+x*
0 0 x! 0 0 —xl 4 0
xt = x5 x! 0 —1—xb &l —x! T+xl+x°

(7.7)

These operators are C°°(R)-linearly independent. Each of them generates a fourth-
level Haantjes algebra .7 of rank 7. A basis of this algebra is given, for instance, by
#={I, K, K? K3, K%, K3, K?}. In the following subsection, we shall determine
a set of coordinates which block-diagonalize the whole algebra .7 ®).

7.2 Block-Diagonalization

By integrating the annihilators (7.4) of the eigen-distributions of these operators, we
get the block-separating coordinates:

B I B
y2=xl+x4—2x7,
y3=x1—x4,
4 _ .3 6
y =x =X (7.8)
v =3,
(xh?
= +.x’
Y 3
y7:x1+x2—x4+x5—x6+x7.

In these coordinates, all the operators of the algebra .7 block-diagonalize simul-

taneously. In particular, by defining x = /3(y* — y> + y9), the operators K, K>,
K 5 take the form:

0o o 0 0 0 0

0]1] 0 0 0 0 0

00]=1 0 0 0 0
Kipn=[00 0 T+7067—y)—y"—«] 0 0 0

00 0 0 Y ToT=yH—H* 0 0

00 0 0 x+x3 R A B A x*

00 0 0 x —x! Y0P =) =yt

(7.9)
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(=302 +yH+x| 0 0 o 0 0 0
0 [1-y"+)] 0 o 0 0 0
0 0 [—1=»*+>] o0 0 0 0
Ky (y) = 0 0 0 ¥=x] o 0 0 .
0 0 0 0 y? 0 0
0 0 0 0 0 yY—x x
L 0 0 0 0 |—x7' —x7! ¥ +x
(7.10)
1] 0 0 0 0 0 0
o[1—yT+y%—x+y7] 0 0 0 0 0
0 0 [C1—yT+y —x+y7] 0 0 0 0
Ki»=|0 0 0 =] o 0 0
0 0 0 0 [—»+x 0 0
0 0 0 0 X —y3 %3
K 0 0 0 0 —x 1 —y342y
(7.11)

Also, in the block-separation coordinates, the family (7.1) takes a block-diagonal form:

[N el

K(y) =

0
0
0
0
0

() Nl e N

0

0 0 g1

0 0 X’ +x(1+x*) si—-x x°

0 0 |gsto+x'(1+x%) —x" g1+x ]
(7.12)

Here, g1 = g10¢, Y +307 =)=y ). 82 = 22(x. v + 507 =y — ¥4 ),
g3 =800y 307 =) —yh ¥, g = ga(—y —x +y° + 7. —y*+y) and
85 = é’s(—%(y2 + y3) 4 x) are arbitrary functions of their arguments.
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