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1 Introduction and main result

Holonomy groups were introduced by Elie Cartan in the twenties [15, [16] for
the study of Riemannian symmetric spaces and since then the classification
of holonomy groups has remained one of the classical problems in differential
geometry.

Definition 1. Let M be a smooth manifold endowed with an affine symmetric
connection V. The holonomy group of V is a subgroup Hol(V) C GL(T, M)
that consists of the linear operators A : T,M — T, M being “parallel transport
transformations” along closed loops v with v(0) = (1) = x.

Problem. Given a subgroup H C GL(n,R), can it be realised as the holonomy
group for an appropriate symmetric connection on M"?

The fundamental results in this direction are due to Marcel Berger [6] who
initiated the programme of classification of Riemannian and irreducible holon-
omy groups which was completed by D. V. Alekseevskii [1], R. Bryant [12, 13],
D. Joice [22 23] 24], L. Schwahhofer, S. Merkulov [34]. Very good historical
surveys can be found in [I4], [37].

In the pseudo-Riemannian case the complete description of holonomy groups
is a very difficult problem which still remains open and even particular examples
are of interest (see [I8| 19, [7, 10, 21} 28] 29, [30]). We refer to [20] for more
information on recent development in this field.

In our paper, we deal with Levi-Civita connections only. In algebraic terms
this means that we consider only subgroups of the (pseudo-)orthogonal group
SO(g):

H C SO(g) ={A € GL(V) | g(Au, Av) = g(u,v), u,v € V},

where g is a non-degenerate bilinear form on V.
The main result of our paper is as follows.
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Theorem 1. For every g-symmetric operator L : V. — V| the identity connected
component of its centraliser in SO(g)

GL={X€S0(g) | XL=LX}
is a holonomy group for a certain (pseudo)-Riemannian metric g.

Notice that in the Riemannian case this theorem becomes trivial: L is diag-
onalisable and its centraliser GG, is isomorphic to the standard direct product
SO(k1) @ -+- ® SO(ky) C SO(n), > k; < n, which is, of course, a holonomy
group. In the pseudo-Riemannian case, L may have non-trivial Jordan blocks
and the structure of G, becomes more complicated.

The structure of the paper is as follows. First we recall in Section 2 the
classical approach by Berger to studying holonomy groups which we, like many
other authors, are going to use in our paper. However, in our opinion, the most
interesting part of the present paper consists in two explicit matrix formulas
) and ([I2) that, in essence, almost immediately lead to the solutionl]. These
formulas came to “holonomy groups” from “integrable systems on Lie algebras”
via “projectively equivalent metrics” and we explain this way in Sections 3
and 4. The proof itself is given in Sections 5 (Berger test) and 6 (geometric
realisation). The last section (Appendix) contains some details of the proof
which, we believe, are more or less standard for experts on pseudo-Riemannian
geometry.

2 Some basic facts about holonomy groups:
Ambrose-Singer theorem and Berger test

The famous Ambrose-Singer theorem [2] gives the following description of the
Lie algebra hol (V) of the holonomy group Hol (V) in terms of the curvature
tensor of the connection:

hol (V) is generated (as a vector space) by the operators of the form R(u Av)
where R is the curvature tensor taken, perhaps, at different points x € M.

This motivates the following construction.

Definition 2. A map R : A%V — gl(V) is called a formal curvature tensor if it
satisfies the Bianchi identity

RuANv)w+ R(v Aw)u+ R(wAu)v =0 for all u,v,w € V. (1)

This definition simply means that R as a tensor of type (1,3) satisfies all
usual algebraic properties of curvature tensors:

1We think that this kind of formulas did not appear in the context of holonomy groups
before. However, we are not experts in this area and we would really appreciate any comments
on this matter.



Definition 3. Let h C gl(V) be a Lie subalgebra. Consider the set of all formal
curvature tensors R : A°V — gl(V) such that Im R C b:

R(h) = {R:A*V = b | R(uAv)w+ R(v Aw)u+ R(w Au)v =0, u,v,w € V}.

We say that b is a Berger algebra if it is generated as a vector space by the
images of the formal curvature tensors R € R(b), i.e.,

h =span{R(uAv) | R € R(H), u,v e V}.

Berger’s test (which is sometimes referred to as Berger’s criterion) is the
following result which can, in fact, be viewed as a version of the Ambrose—
Singer theorem:

Let V be a symmetric affine connection on TM. Then the Lie algebra hol (V)
of its holonomy group Hol (V) is Berger.

Usually the solution of the classification problem for holonomy groups con-
sists of two parts. First, one tries to describe all Lie subalgebras h C gl(n,R)
of a certain type satisfying Berger’s test (i.e., Berger algebras). This part is
purely algebraic. The second (geometric) part is to find a suitable connection
V for a given Berger algebra b which realises ) as the holonomy Lie algebra,
ie., h=hol (V).

We follow the same scheme but will use, in addition, some ideas from two
other areas of mathematics: projectively equivalent metrics and integrable sys-
tems on Lie algebras. These ideas are explained in the two next sections. The
reader who is interested only in the proof itself may skip them and proceed
directly to Sections 5 and 6 which are formally independent of the preliminary
discussion below.

3 Motivation

The problem we are dealing with is closely related to the theory of projectively
equivalent (pseudo)-Riemannian metrics [3], 4, BT}, B3] 39, [35].

Definition 4. Two metrics g and g on the same manifold M are called projec-
tively equivalent, if they have the same geodesics considered as unparametrized
curves.

In the Riemannian case the local classification of projectively equivalent
pairs g and g was obtained by Levi-Civita in 1896 [31]. For pseudo-Riemannian
metrics, a complete description in reasonable terms of all possible projectively
equivalent pairs is still an open problem although it has been intensively studied
(see [B, Bl B, 25, 26, 40]) and many particular examples and results in this
direction have been obtained.

As a particular case of projectively equivalent metrics g and g one can dis-
tinguish the following.



Definition 5. Two metrics g and g are said to be affinely equivalent if their
geodesics coincide as parametrized curves.

It is not hard to see that this condition simply means that the Levi-Chivita
connections V and V related to g and g are the same, i.e., V = V or, equiva-
lently,

Vg=0.

If instead of § we introduce a linear operator L (i.e. tensor field of type
(1,1)) using the standard one-to-one correspondence g <+ L between symmetric
bilinear forms and g-symmetric operators:

g(&m) = g(LE,m),

then the classification of affinely equivalent pairs g and g is equivalent to the clas-
sification of pairs g and L, where L is covariantly constant w.r.t. the Levi-Civita
connection V related to g. This problem was partially solved by G. I. Kruckovi¢
and A. S. Solodovnikov in [40] and this paper turned out to be extremely useful
for us.

On the other hand, the existence of a covariantly constant (1, 1)-tensor field
L can be interpreted in terms of the holonomy group Hol(V):

The connection ¥V admits a covariantly constant (1,1)-tensor field if and
only if Hol(V) is a subgroup of the centralizer of L in SO(g):

Hol(V) c G, ={X €80(g) | XLX ' = L}.

In this formula, by L we understand the value of the desired (1,1)-tensor
field at any fixed point g € M. Since L is supposed to be covariantly constant,
the choice of ¢ € M does not play any role.

It is natural to conjecture that for a generic metric g satisfying VL = 0,
its holonomy group coincides with G, exactly. Thus, we come to the following
natural question:

Let g be a non-degenerate bilinear form on a vector space V,and L : V — V
be a g-symmetric linear operator. Can the (identity connected component of
the) centralizer of L in SO(g), i.e.

Gr={X¢€S0(g) | XLXx ' =1}

be realised as the holonomy group of a suitable pseudo-Riemannian metric?

The relationship between this problem and the theory of projectively equiv-
alent metrics, in fact, gives us not only the motivation, but also an approach to
its solution: our proof is based on one unexpected and remarkable observation
[9) concerning the algebraic structure of the curvature tensor of projectively
equivalent metrics. This observation, in turn, opens possibility to use some
technology and formulas from the theory of integrable Hamiltonian systems on
Lie algebras. We briefly discuss these links in the next section.



4 Curvature tensor as a sectional operator

Our proof uses two “magic formulas” ([B) and ([I2)) which are closely related
to the theory of integrable systems on Lie algebras. This section explains this
relationship.

Definition 6. We say that a linear map
R :so(n) — so(n)

s a sectional operator, if R is self-adjoint w.r.t. the Killing form and satisfies
the algebraic identity:

[R(X),L] =[X,M] forall X € so(n), (2)
where L and M are some fized symmetric matrices.

These operators first appeared in the famous paper by S. Manakov [32] and
then were studied by A. Mischenko and A. Fomenko in the framework of the
argument shift method [36]. The role of such operators is explained by the
following

Theorem 2 (Manakov, Mischenko, Fomenko). Let R : so(n) — so(n) be a
sectional operator. Then the Euler equations on so(n) with the Hamiltonian

H = 3(R(X),X):

dX
= = [R(X), X] ()

admit the following Lax representation with a spectral parameter

d

E(X +AL) = [R(X) 4+ A\M, X + \L]

and, therefore, possess first integrals of the form Tr (X + AL)*. These integrals
commute and, if L is reqular, form a complete family in involution so that the
Euler equations @) are completely integrable.

Recall that ([B]) describe the dynamics of an n-dimensional rigid body. This
construction was generalised by Mischenko and Fomenko [36] to the case of ar-
bitrary semisimple Lie algebras. In particular, it follows from [36] that so(n)
can be replaced by so(p,q) (or by so(g) in our notation) and the construction
remains essentially the same. The terminology “sectional” was suggested by
A. Fomenko and V. Trofimov [I7] for a more general class of operators on Lie
algebras with similar properties and originally was in no way related to “sec-
tional curvature”. However, such a relation exists and is, in fact, very close.

To explain this, we first notice that A2V can be naturally identified with
so(g). Therefore, in the (pseudo)-Riemannian case, a curvature tensor can be
understood as a linear map

R :so(g) — so(g).



In this setting, by the way, the symmetry R;; r = Rki,q; of the curvature tensor
amounts to the fact that R is self-adjoint w.r.t. the Killing form, and “constant
curvature” means that R = a-Id, a = const. So this point of view on curvature
tensors is quite natural.

The following observation was made in [9].

Theorem 3. If g and g are projectively equivalent, then the curvature tensor
of g considered as a linear map

R :so(g) — so(g)
is a sectional operator, i.e., satisfies the identity
[R(X),L] =[X,M] for all X € so(g)

with L defined by g~ 'g = detL - L and M being the Hessian of 2tr L, i.e.
MJZ =2V'V,tr L.

This result is, in fact, a reformulation of the so-called second Sinjukov equa-
tion [39] for projectively equivalent metrics.

What is important for us is an explicit formula that represents R(X) in terms
of L and M. To get this formula, one first needs to notice that ([2) immediately
implies that M belongs to the center of the centralizer of L and, therefore, can
be presented as M = p(L) where p(t) is a plynomial. Then, we have:

RX) = 3 op(r 1), (4)

The proof that this R indeed satisfies (2) is obvious. It is sufficient to
differentiate the identity

[p(L +tX),L+tX] =0

with respect to t to get
d
[ limop(L 4 1X), 1] + [p(L), X] = 0

ie., [R(X), L]+ [M,X] =0 as needed.

As was already remarked (see Theorem [, in the theory of projectively
equivalent metrics, M is the Hessian of 2tr L. However, if g and g are affinely
equivalent (we are going to deal with this case only!), then L is automatically
covariantly constant and M = 0. Thus, the curvature tensor R satisfies a simpler
equation

[R(X),L] =0,

which, of course, directly follows from VL = 0 and seems to make all the discus-
sion above not relevant to our very particular situation. However, formula (@)
still defines a non-trivial operator, if p(¢) is a non-trivial polynomial satisfying
p(L) = M = 0, for example, the minimal polynomial for L.



We want to “transfer” this algebraic formula () from “integrable systems”
to “Riemannian geometry”, but first it would be natural to ask ourselves the
following question:

Let R :so(g) — so(g) be an abstract sectional operator (i.e., satisfying ([2)).
Is R a formal curvature tensor? In other words, does R always satisfy the
Bianchi identity?

Apriori this property does not seem to be obvious at all. But in the generic
situation this is indeed the case. In particular, every operator R defined by
@) satisfies the Bianchi identity and, therefore, can be considered as a formal
curvature tensor (see Lemma 2] below).

This discussion gives us a very good candidate for the role of a formal cur-
vature tensor in our construction, namely, the operator defined by [@l) with p(¢)
being the minimal polynomial of L. As we shall show below, this operator sat-
isfies all required conditions and this fact almost immediately leads to the proof
of Theorem [I1

5 Step one. Berger’s test

We consider a non-degenerate bilinear form ¢ on a finite-dimensional real vector
space V, and a g-symmetric linear operator L : V — V| i.e.,

g(Lv,u) = g(v, Lu), for all u,v € V.

By so(g) we denote the Lie algebra of the orthogonal group associated with
g. Recall that this Lie algebra consists of g-skew-symmetric operators:

so(g) ={X:V =V | gXv,u) =—g(v,Xu), u,veV}
We are going to verify that the centralizer of L in so(g), i.e.,
gr ={X €so(g) | XL - LX =0}

is a Berger algebra.

It is important to notice from the very beginning that gy, is trivial for regular
operators L. Regularity condition in this context is equivalent to one of the
following:

e the centralizer of L in gl(V') has minimal possible dimension and is gen-
erated by powers of L, i.e., operators Id, L, L%, ..., L™}, n = dim V;

e the minimal polynomial of L coincides with the characteristic polynomial;
e to each eigenvalue of L corresponds exactly one Jordan block.

The first of these properties shows that a regular g-symmetric operator L may
commute with g-symmetric operators only. This means, in particular, that our



Lie algebra gy, (which consists of g-skew-symmetric operators!) is trivial. Thus,
we are interested in singular operators L only.

The next remark is that without loss of generality we may assume that
L has a single eigenvalue A and, moreover, this eigenvalue is zero, so that L
is nilpotent. This follows immediately from the standard procedure, namely,
decomposition of L into A-blocks (see Appendix for details). The construction
presented below is, however, very general and works for any L.

Following Definition B] to verify that g; is a Berger algebra we need to
describe formal curvature tensors R : A2V — g, and analyse the subspace in
g1, spanned by their images. In particular, if we can find just one single formal
curvature tensor R such that Im R = gr,, then our problem is solved.

In general, this is a rather difficult problem because the Bianchi identity rep-
resents a highly non-trivial system of linear relations. However, as was explained
in Section M in our case we have a very good candidate for this role.

In what follows, we use the following natural identification of A?V and so(g):

A%V < s0(g), vAu=v®g(u) —u® gv).

Here the bilinear form ¢ is understood as an isomorphism ¢ : V' — V* between
“vectors” and “covectors”. Taking into account this identification, we define a
linear mapping R : so(g) ~ A%V — gl(V) by:

R(X) = %\tzopmm(L +tX), (5)

where pmin(A) is the minimal polynomial of L.

Proposition 1. Let L : V — V be a g-symmetric operator. Then (Bl) defines a
formal curvature tensor R : A2V ~so(g) — g1, for the Lie algebra gr,. In other
words, R satisfies the Bianchi identity and its image is contained in gr,.

Proof consists of two lemmas.
Lemma 1. The image of R is contained in gr,.

Proof. First we check that R(X) € so(g), i.e., R(X)* = —R(X), where * denotes
“g—adjoint”:
g(A™u,v) = g(u, Av), u,v € V.
Since L* = L, X* = =X, (Pmin(L +tX))* = pmin(L* +tX*) and " 4" and

? %7 commute, we have

*
«_d . d . .
R(X) = E‘tzopmin(li + tX) = E‘t:opmin(lj +tX ) =
d d
= —liopmin(L = 1X) = == |,_opmin(L +1X) = ~R(X),

as needed. Thus, R(X) € so(g). Notice that this fact holds true for any poly-
nomial p(\), not necessarily minimal.



To prove that R(X) commutes with L, we consider the obvious identity
[pmin(L + tX), L + tX] =0.
and differentiate it at ¢ = 0:

[% |t:0pmin(L + tX), L] + [pmin(L), X] —0.

Clearly, pmin(L) = 0 as it is a minimal polynomial, whence [R(X), L] = 0, as
required. Thus, R(X) € gr. O

Lemma 2. R satisfies the Bianchi identity, i.e.
RuAv)w+ RvAw)u+ RwAu)v=0 for all u,v,w € V.

Proof. Tt is easy to see that our operator R : A2V =~ so(g) — gl(V) can be
written as R(X) = >, Cx X Dy, where C} and D}, are some g-symmetric oper-
ators (in our case these operators are some powers of L). Thus, it is sufficient
to check the Bianchi identity for operators of the form X — CXD.

For X =u A v we have

C(u Av)Dw = Cu - g(v, Dw) — Cv - g(u, Dw)
Similarly, if we cyclically permute u, v and w:
C(v Aw)Du = Cv - g(w, Du) — Cw - g(v, Du)

and

C(w Au)Dw = Cw - g(u, Dv) — Cu - g(w, Dv).
Adding these three expressions and taking into account that C' and D are g-
symmetric, we obtain zero, as required. O

For given L and g the image of (&) can be described explicitly. In some cases
it coincides with the whole Lie algebra g; which immediately implies that gz,
is Berger. In particular, straightforward computation leads to (see details in
Appendix)

Proposition 2. Let L : V — V be a g-symmetric nilpotent operator that
consists of two Jordan blocks. Then the image of the formal curvature ten-
sor R : AV ~so(g) — g1 defined by (@) coincides with gr,. In particular, g,
is Berger.

In the general case, the proof can be obtained by a kind of “block-wise”
modification of formula (B). Roughly speaking, we decompose L into Jordan
blocks L, ..., L, then for each pair of blocks L; and L; we define an operator

R;; : so(n) — g1, by means of (B)) on the subspace spanned by these blocks and
extending it trivially onto all other blocks, and finally we set:

Rformal = Z Rij (6)
4,J

This operator solves our problem (see details in Appendix). Namely, we
have



Theorem 4. Let L : V — V be a g-symmetric operator. Then Riormal : A2V ~
so(g) — g1 given by @) is a formal curvature tensor such that Im R = gr. In
particular, gz, is a Berger algebra.

6 Step two: Realisation

Now for a given operator L : T, M — T, ,M, we need to find a (pseudo)-
Riemannian metric g on M and a (1, 1)-tensor field L(z) (with the initial con-
dition L(zo) = L) such that

1. VL(z) = 0;
2. hol(V) = gr.

Notice that the first condition guarantees that hol (V) C gr. On the other
hand, Im R(z¢) C hol(V), where zg € M is a fixed point and R is the curvature
tensor of g. Thus, taking into account Theorem [l the second condition can be
replaced by

2'. R(zo) coincides with the formal curvature tensor Rformal from Theorem [

Thus, our goal in this section is to construct (at least one example of) L(x)
and g(x) satisfying conditions 1 and 2’. Apart formula (Bl) (whose modification
([I2) leads to the desired example), the construction below is based on two well
known geometric facts.

The first one allows us to use a nice coordinate system in which all compu-
tations at a fixed point become much simpler. Roughly speaking, linear terms
of g as a function of z can be ignored.

Proposition 3. For every metric g there exists a local coordinate system such
that %(0) =0 for all i,7,a. In particular, in this coordinate system we have
I‘fj(O) = 0 and the components of the curvature tensor at xog = 0 are defined as
some combinations of the second derivatives of g.

The second result states that covariantly constant (1,1)-tensor fields L are
actually very simple. To the best of our knowledge, this theorem was first proved
by A.P. Shirokov [38] (see also [111 27, [41]).

Theorem 5. If L satisfies VL = 0 for a symmetric connection V, then there

exists a local coordinate system x',...,x™ in which L is constant.

In this coordinate system, the equation VL = 0 can be rewritten in a very

simple way:
99ip  0gip T Ogis _ 09ik \ 1 )
Oxf  Oxp Oxk  0xP )P
This equation is linear and if we represent g as a power series in x, then ()

must hold for each term of this expansion. Moreover, if we consider the constant
and second order terms only, then they give us a particular (local) solution.

10



This suggest the idea to set L(xz) = const and then to try to find the desired
metric g(x) in the form:
constant + quadratic

ie.
0
9i5(x) = g% + Y Bij pga’x? (8)
where B satisfies obvious symmetry relations, namely, Bi; pq = Bji pq and Byj pq =
Bij.qp-
Before discussing an explicit formula for B, we give some general remarks
about “quadratic” metrics (8.

e The condition VL = 0 amounts to the following equation for B:
(Bip,sq — Biﬂ,pq)L'I(j = (Bgi,kg — Bik,ﬁq)Lg (9)
e The condition that L is g symmetric reads:

Bij,pqLi = Bil,pqu‘ (10)

e The curvature tensor of g at the origin x = 0 takes the following form:
}%lzC aB = giS(Bﬁs,ak + Bak,ﬁs - Bﬁk,as - Bas,ﬁk)v (11)
and, in particular, R (at the origin) depends on B linearly:

R>\181+)\262 = AlRBl + )\2RBQ

Thus, the realisation problem admits the following purely algebraic version:
find B satisfying (@), (I0) and such that () coincides with Rforma1 from The-
orem @l From the formal viewpoint, this is a system of linear equations on B
which we need to solve or just to guess a particular solution.

Example. Consider the simplest case when
g=go+ B(z,z), Bz, ,x)= ZBijﬁpqajpxq with B=C® D,

where C and D are the bilinear forms associated with go-symmetric operators
C and D, i.e., Bijﬁpq = Cij . qu, Cij - (go)mOf‘, qu = (gO)paD?a then the
conditions (@), (1), (1) can respectively be rewritten (in terms of C' and D)
as

[CXD,L]+[CXD,LI* =0 forany X € gl(V), @)
CL=LC )
R(X)=-CXD+ (CXD)*, X € s0(go) @@

11



Similarly, if B = )" Co ® Dq, then the corresponding conditions on B are
obtained from (@), (@), (III) by summing over a.

These simple observations leads us to the following conclusion. Let B =
> Cyo ® Dy where Cy, and D, are go-symmetric operators. Consider B as a
linear map

B :gl(V) = gl(V) defined by B(X) =) CoXD,,

In other words, B(X) is obtained from B by “replacing” ® by X. Then for
the corresponding quadratic metric g = go + B(x, x), the conditions (@), ([IQ),
() can be rewritten as

[B(X),L]+ [B(X),L]" =0 for any X € gl(V), @)

[Ca, L] =0 (@)

R(X) =-B(X)+ B(X)", X €so(g) (@)

As the reader may notice, we prefer to work with “operators” rather than
“forms”. We used the same idea before when we replaced A%(V) by so(g). The
reason is easy to explain: operators form an associative algebra, i.e., one can
multiply them, and we use this property throughout the paper.

The last formula ([[T), in fact, shows how to reconstruct B from R: we need
to “replace” X by ®, i.e., B = —1R(®).

Thus, consider the following formal expression:

1 d
B = -5 E}tZOpmiH(LH.®), (12)

where pmin(A) is the minimal polynomial of L. This formula looks a bit strange,
but, in fact, it defines a tensor B of type (2,2) whose meaning is very simple.
If prin(t) = > 1 _o amt™ is the minimal polynomial of L, then

m—1

zn: am Y L™ IR L. (13)

B=—=.
m=0 7=0

N =

This formula is obtained from the right hand side of (@), i.e.,

n n m—1
4 3 am(L+t-X)™ | = am Lm=ixr,
dt 1t=0

m=0 m=0 7=0

by substituting ® instead X.

12



Proposition 4. Consider the quadratic metric g(x) = g%+ B(z, z) with Bij pq; =
gmngB;ff where where B is defined by [A2) (or, equivalently, by [A3)). Then

1) L is g-symmetric;
2) VL =0, where V is the Levi-Civita connection for g;
3) The curvature tensor for g at the origin is defined by (@), i.e.,

d
R(X) = a\tZOpmiH(L +tX).

Proof. Since B is of the form Za Co ® Dy, where C, and D, are some
powers of L, we can use formulas @), (IQ7), () (see Example above).
Item 1) is equivalent to (T0[) and hence is obvious.
Next, to check 2) it suffices, according to (M), to show that
1 d

[B(X), L] =0, where B =— E]t:OpmiH(L +t-X)
but this has been done in Lemma [Tl

Finally, we compute the curvature tensor R at the origin by using (III'):
d
R(X)=-B(X)+ B(X)* = —2B(X) = a\tzopmin(L +tX).

as stated. Here we again use Lemma [I] which says, in particular, that our B(X)
belongs to so(go), i-e., B(X) = —B(X)*. O

This proposition together with Proposition 2] solve the realisation problem
in the most important “two Jordan blocks” case. To get the realisation for the
general case, we proceed just in the same way as we did for the algebraic part.
Namely, we split L into Jordan blocks and define for each pair L;, L; of Jordan
blocks a formal curvature tensor Rij (see Appendix for details). Then by using
(I2) we can realise this formal curvature tensor by an appropriate quadratic
metric g(z) = ¢ + Eij (x,x) satisfying VL = 0. We omit the details because
this construction is absolutely straightforward and just repeats its algebraic
counterpart. Now if we set

g(x) = ¢° + B(z,z), with B = ZBU’
4,J

(or, shortly B = —%Rformal(@)) if we accept this “strange” notation) then, by
linearity, this metric still satisfies VL = 0 and its curvature tensor coincides
with Rformal from Theorem [l This completes the realisation part of the proof.

7 Appendix: Details of the proof

7.1 Reduction to the nilpotent case

First of all, we notice that it is sufficient to prove this result for two special
cases only:

13



e cither L has a single real eigenvalue,
e or L has a pair of complex conjugate eigenvalues.

The reduction from the general case to one of these is more or less stan-
dard. If L has several eigenvalues then V' can be decomposed into L-invariant

subspaces
V=Wieolho &l

where V; is either a generalised eigensubspace corresponding to a real eigenvalue
A, or a similar subspace corresponding to a pair of complex conjugate eigenvalues
)\j, j\j.

This decomposition is orthogonal w.r.t. ¢ (due to the fact that L is g-
symmetric) and the algebra gy, is compatible with this decomposition in the
sense that gy, is the direct sum of Lie algebras g, each of which is naturally
associated with V; and is the centraliser of L; = L]y, in so(glv;). In other words,
in the basis adapted to this decomposition, all of our objects, in turn, split into
independent blocks:

g1 Ly 9L,
g2 Lo 9L,

gs Ls ELS
where g; = g|v,, 9, = {X €so(g;) | XL; — LiX = 0}.

It is an obvious fact that g is a Berger algebra if and only if so is each of
gr,. But L;, by construction, has either a single real eigenvalue, or two complex
conjugate eigenvalues.

Below we consider in detail the case when L has a single real eigenvalue
e RA Moreover, without loss of generality, we shall assume from now on

that this eigenvalue is zero, i.e., L is nilpotent (if not, we simply replace L by
L—X-1d).

7.2 Explicit matrix description for L, g, so(g) and g,

We shall use the following well known analog of the Jordan normal form theorem
for g-symmetric operators in the case when g is pseudo-Euclidean. We recall
this result for the nilpotent case only.

Proposition 5. Let L : V — V be a g-symmetric nilpotent operator. Then by
an appropriate choice of a basis in'V, we can simultaneously reduce L and g to

2 A pair of complex eigenvalues does not represent essentially different situation. The point
is that our approach is based on Proposition 2] which still holds true for two complex Jordan
blocks.
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the following block diagonal matrix form:

Ly g1
Ly g2
L= N ES (14)
Ly 9k
where
0 1 1
0 1 1
Ll = y gl = :l:
0 1 1
0 1
are square matrices of the same size n; X ng, and ny < ng < --- < ng. As a

particular case, we admit 1 X 1 matrices L; =0 and g; = £1.

In this proposition and below, we use the same notation L for the operator
and its matrix. This does not lead to any confusion because from now on we
can choose and fix a canonical basis. The same convention is applied to the
bilinear form g and its matrix.

In what follows, we shall assume that g; has +1 on the antidiagonal. This
assumption is not very important, but allows us to simplify the formulae below.

The next step is the explicit description of the algebra gz, which can be easily
obtained by the straightforward computation. We also give the explicit matrix
representation of so(g) in the canonical basis from Proposition

Proposition 6. In the canonical basis from Proposition [3, the orthogonal Lie
algebra so(g) consists of block matrices of the form

X Xy - Xyg
Xor Xoo -0 Xy

X = ) . ) (15)
Xpr - o X

where X;; is an n; xn; block. The diagonal blocks X;;’s are skew-symmetric with
respect to their antidiagonal. The off-diagonal blocks X;; and X;; are related by

in = _gJX;gl

,

More explicitly:

Xij=1 + - : . Xy = : : (16)
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The Lie algebra g;, consists of block matrices of the form:

0 My M
M21 0 : (17)
: Mp_1k
Mg -+ Migr—1 O
where M;;’s for i < j are n; X n; matrices of the form
O DRI O l‘l’l l‘LQ DY l‘[’nl
0 -~ 0 0 L
M= |" Cooom , i €R. (18)
: P - o
0 - 0 0 - 0

If n; = nj, then M;; is a square matriz and the first zero columns are absent.
The blocks M;; and Mj; are related in the same way as X;; and Xj;, i.e.,

The subspace m;; C g1, (¢ < j) that consists of two blocks M;; and M;; is
a commutative subalgebra of dimension n;. As a vector space, g, is the direct

sum ;M. In particular, dimgr, = Zle(k —i)n;.

7.3 The special case of two blocks

We consider this special case for two reasons. Firstly, the proof can be viewed
as a handy algorithm for an explicit computation of ([B)). Secondly, and more
importantly, our main result strongly relies upon it. The following statement
coincides with Proposition

Lemma 3. Let L be nilpotent and consist of two Jordan blocks of sizes m x m
and n X n. Then the image of the formal curvature operator R defined by (&)
coincides with gr and, therefore, gr, is a Berger algebra.

Proof. We will get this result by straightforward computation in the canonical

basis described above in Proposition (Bl). We consider L = (Lol l(/) >, where
2

Ly and Lo are standard nilpotent Jordan blocks of size m and n respectively,
m < n. The minimal polynomial for L is ppin(t) = t".

If we represent X € so(g) as a block matrix (the sizes of blocks are naturally
related to m and n, of course)

X1 Xz
X =
<X21 X22>
then we see immediately that our operator R = %‘t:O(L +tX)" = L"IX +
L 2XL+ - -+ XL" ! acts independently of each block of X, i.e.

Ri1(X11) Ria(Xi2)
R(X) = ( Ro1(X21) Roa(Xa2) ) (19)
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The blocks Rll(Xll)u ng(Xlg), Rgl(Xgl) and R22(X22) can be explicitly
computed, and we shall see that the image of R is exactly our Lie algebra g, .

This computation can, however, be essentially simplified, if we take into
account the inclusion Im R C gz, (Lemmal[Il) and the fact that g; consists of the

0 M
block matrices of the form (]T/[/ 0 >, where
M= 0O --- 0 0 wm (20)
T o
0O -~ 0 0 -~ 0
is m x n matrix, and M= —goM T g1, then without any computation we can

conclude that Rll(Xll) = 0, RQQ(XQQ) =0 and R21 (Xgl) = —g;—ng(Xlg)gl.
Thus, we should only explain how the parameters p1, ..., ., of the block
M = R12(X12) depend on the entries of

11 T12 ... Tin
X =
Tmi Tk2 .- Tmn
‘We have
Ria(X12) = LV ' Xpo + L7V 2X10Lo + - + Xpo LY (21)

and an easy computation gives

H1 = Tmi,
P2 = Tm—1,1 + Tm2,

U3 = Tm—-21+ Tm-1,2 + Tm3,

P =211 +X22 + 233 + - + Ty

Thus, there are no relations between p;’s and therefore the image of R

coincides with g, which completes the proof.
O

7.4 General case (end of the proof)

Let us now consider the general case, i.e., L and g of the form (I4]). We start
with the following obvious and well known remark.

Let V' C V be a subspace of V' such that ¢’ = g|y+ is non-degenerate.
Let b C so(g’) be a Berger subalgebra. Then h will be a Berger subalgebra of
so(g) too, if we consider the standard embedding so(g’) — so(g) induced by the
inclusion V' — V.

17



Moreover, if R’ : so(g’) — so(g’) is a formal curvature tensor, then its trivial
extension R : so(g) — so(g) defined by

R X Y\ (R(X) O
Z W) 0 0
is a formal curvature tensor too.

This remark allows to reformulate Lemma [3] in the following way. Consider
the operator Ry : so(g) — so(g) defined by:

X111 X2 -0 Xqg 0 R12(X12) e 0

~ Xo1 Xoo -+ Xop Ro1(X21) 0 0

R12 : : .. : = . : ) : (22)
X1 Xp2 o0 Xk 0 0 - 0

where Ri12(X12) and Rai(Xo;1) are defined as in Lemma Bl and all the other
blocks in the right hand side vanish. Then ]§12 is a formal curvature tensor and
its image coincides with the Abelian subalgebra mis C g, (see Lemma B]). In
particular, mys C so(g) is a Berger algebra.

To construct the curvature operator R : so(g) — gz in the general case we
need to slightly modify formula (B taking into account the fact that the blocks
of L and X may have different sizes.

We define R as follows:

X1 X2 - X 0 Ri2(X12) -+ Rip(Xuk)
Xo1 Xog -+ Xy Ro1(X21) 0 - Rop(Xogk)

R| . . | = . . . . (23)
X Xie - Xik Ri1(Xk1) Rie(Xp2) - 0

In other words, R acts on each block X;; independently (compare with the
proof of Lemma [B]). Moreover, each of its components

Rij : Xij = Rij(Xij)

is defined in the exactly same way as in Lemma 3] if we ignore all the blocks of
L except for L; and L;. More precisely,

Rij(Xy) = LI Xy + L7 72X, Ly + -+ Xy L7 (24)

where n;; = max{n;,n;}, and n;, n; are sizes of the nilpotent Jordan blocks L;
and L;.

If we introduce the operators ﬁij : s0(g) — so(g) by generalising (22]) for
arbitrary indices ¢ < j, then we can rewrite (23) and 24)) as

R=> Ry

i<j

The following statement completes the proof of Theorem [4]

18



Proposition 7. The operator R defined by 23) and 24) is a formal curvature
tensor. Moreover, Im R = g, and, therefore, g1, is a Berger algebra.

Proof. Since each ﬁij is a formal curvature tensor, so is R by linearity. The
image of }A%ij is the subalgebra m;;. From (23) it is easily seen that each }A%ij
acts only the blocks X;; and X;; and does not interact with other blocks at all.
This (together with Proposition [B]) immediately implies that

ImR= Zlmﬁw = Zmij =9L,
i<y 1<y

as required. O

References

[1] D. V. Alekseevskii, ‘Riemannian spaces with unusual holonomy groups’,
Funct. Anal. Appl. 2 (1968) 97-105.

[2] W. Ambrose and I. M. Singer, ‘A theorem on holonomy’, Trans. Amer.
Math. Soc. 75 (1953) 428-443.

[3] A. V. Aminova, ‘Pseudo-Riemannian manifolds with general geodesics’,
Russian Math. Surveys 48 (1993), no. 2, 105-160.

[4] A. V. Aminova, ‘Projective transformations of pseudo-Riemannian mani-
folds. Geometry, 9. J. Math. Sci. (N. Y.) 113 (2003), no. 3, 367-470.

[5] A. V. Aminova, Projective transformations of pseudo-Riemannian mani-

folds. Moscow, Yanus-K, 2003.

[6] M. Berger, ‘Sur les groupes d’holonomie des variétés a connexion affine et
des variétés Riemanniennes’, Bull. Soc. Math. France 83 (1955) 279-330.

[7] L. Bérard Bergery and A. Ikemakhen, ‘On the Holonomy of Lorentzian
Manifolds’. Proc. of Symposia in Pure Mathematics 54, Part 2: 27-39,
1993.

[8] A.V.Bolsinov and V. S. Matveev, ‘Splitting and gluing lemmas for geodesi-
cally equivalent pseudo-Riemannian metrics’, Trans. Amer. Math. Soc. 363
(2011), 4081-4107.

[9] A.V.Bolsinov, V. Kiosak and V. S. Matveev, ‘A Fubini theorem fro pseudo-
Riemannian geodesically equivalent metrics’, J. London Math. Soc. (2) 80
(2009) 341-356.

[10] C. Boubel, ‘On the holonomy of Lorentzian metrics’. Annales de la faculté
des sciences de Toulouse, vol. 16, n. 3, pp. 427475, 2007. Prépublication
de ’ENS Lyon / ENS Lyon preprint no. 323 (2004).

19



[11] C. Boubel, ‘An integrability condition for fields of nilpotent endomor-
phisms’, larXiv:1003.0979.

[12] R. Bryant, ‘A survey of Riemannian metrics with special holonomy groups’,
Proc. ICM Berkeley, Amer. Math. Soc., 505-514 (1987).

[13] R. Bryant, ‘Metrics with exceptional holonomy’, Ann. Math. 126, 525-576
(1987).

[14] R. Bryant, ‘Classical, exceptional, and exotic holonomies: A status report’.
Besse, A. L. (ed.), Actes de la table ronde de géométrie différentielle en
I’honneur de Marcel Berger, Luminy, France, 12—18 juillet 1992. Soc. Math.
France. Sémin. Congr. 1, 93-165 (1996).

[15] E. Cartan, ‘Les groupes d’holonomie des espaces généralisés’, Acta.Math.
48, 1-42 (1926) ou Oeuvres complétes, tome III, vol. 2, 997-1038.

[16] E. Cartan, Sur une classe remarquable d’espaces de Riemann, Bull. Soc.
Math. France 54, 214-264(1926), 55, 114-134 (1927) ou Oeuvres complétes,
tome I, vol. 2 , 587-659.

[17] A. T. Fomenko and V. V. Trofimov, Integrable systems on Lie Algebras and
Symmetric Spaces (Gordon and Breach, London/New York, 1988).

[18] A. Galaev, ‘The space of curvature tensors for holonomy algebras of
Lorentzian manifolds’. Differential Geometry and its Applications, 22
(2005), no. 1, 1-18.

[19] A. Galaev, ‘Metrics that realize all Lorentzian holonomy algebras’. Int. J.
Geom. Methods Mod. Phys., 3 (2006), no. 5&6, p. 1025-1045.

[20] A. S. Galaev and T. Leistner, ‘Holonomy groups of Lorentzian manifolds:
classification, examples, and applications’, in Recent Developments in
Pseudo-Riemannian Geometry (ESI Lectures in Mathematics and Physics),
2008, 53-96.

[21] A. Tkemakhen, ‘Examples of indecomposable non-irreducible Lorentzian
manifolds’, Ann. Sci. Math. Québec 20(1996), no. 1, 53—66.

[22] D. Joyce, ‘Compact Riemannian 7-manifolds with holonomy Gs. I’, Journal
of Differential Geometry 43 (1996), 291-328.

[23] D. Joyce, ‘Compact Riemannian 7-manifolds with holonomy Gs. IT’; Jour-
nal of Differential Geometry 43 (1996), 329-375.

[24] D. Joyce, ‘A new construction of compact 8-manifolds with holonomy
Spin(7)’, Journal of Differential Geometry 53 (1999), 89-130.

[25] V. Kiosak, V. S. Matveev, Complete Einstein metrics are geodesically rigid,
accepted to Comm. Math. Phys., larXiv:0806.3169.

20


http://arxiv.org/abs/1003.0979
http://arxiv.org/abs/0806.3169

[26] V. Kiosak, V. S. Matveev, Proof of projective Lichnerowicz conjecture for
pseudo-Riemannian metrics with degree of mobility greater than two, sub-
mitted to J. Diff. Geom., larXiv:0810.0994.

[27] J. Lehmann-Lejeune, ‘Integrabilité des G-structures définies par une 1-
forme 0-déformable & valeurs dans le fibré tangent’. Ann. Inst. Fourier 16
(1966), 329-387.

[28] T. Leistuer, ‘Berger algebras, weak-Berger algebras and Lorentzian holon-
omy’, sfb 288- preprint no. 567, 2002.

[29] T. Leistner, ‘Towards a classification of Lorentzian holonomy groups’,
arXiv:math.DG/0305139, 2003.

[30] T. Leistner, ‘Towards a classification of Lorentzian holonomy groups. Part
IT: Semismple, non-simple weak-Berger algebras’, arXiv:math.DG /0309274,
2003.

[31] T. Levi-Civita, ‘Sulle transformazioni delle equazioni dinamiche’, Ann.
Mat. (2%) 24 (1896) 255-300.

[32] S. V. Manakov, ‘Note on the integration of Euler’s equation of the dynamics
of an N-dimensional rigid body’, Funct. Anal. Appl. 11 (1976) 328-329.

[33] V. S. Matveev, ‘Hyperbolic manifolds are geodesically rigid’, Invent. Math.
151(2003), 579-609.

[34] S. Merkulov and L. Schwachhéfer, ‘Classification of irreducible holonomies
of torsion-free affine connections’, Ann. Math. 150 (1999) 77-149.

[35] J. Mikes, ‘Geodesic mappings of affine-connected and Riemannian spaces’.
Geometry, 2, J. Math. Sci. 78 (1996), no. 3, 311-333.

[36] A.S. Mischenko and A. T. Fomenko , ‘Euler equations on finite dimensional
Lie groups’, Izv. Akad. Nauk SSSR Ser. Mat. 42 (1978) 396-415 (Russian);
Math. USSR-Izv. 12 (1978) 371-389 (English)

[37] L. Schwachhofer, ‘Connections with irreducible holonomy representations’.
Adv. Math. 160 (2001), no. 1, 1-80.

[38] A. P. Shirokov, ‘On a property of covariantly constant affinors’. Dokl. Akad.
Nauk SSSR (N.S.) 102 (1955), 461-464 (Russian).

[39] N. S. Sinjukov, Geodesic mappings of Riemannian spaces Nauka, Moscow,
1979, (in Russian).

[40] G. I. Kruckovié, A. S. Solodovnikov, ‘Constant symmetric tensors in Rie-
mannian spaces’. Izv. Vyss. Ucebn. Zaved. Matematika 1959 no. 3 (10),
147-158 (Russian).

[41] G. Thompson, ‘The integrability of a field of endomorphisms’. Mathematica
Bohemica, Vol. 127 (2002), No. 4, 605-611.

21


http://arxiv.org/abs/0810.0994
http://arxiv.org/abs/math/0305139
http://arxiv.org/abs/math/0309274

	1 Introduction and main result
	2 Some basic facts about holonomy groups:  Ambrose-Singer theorem and Berger test
	3 Motivation
	4 Curvature tensor as a sectional operator
	5 Step one. Berger's test
	6 Step two: Realisation
	7 Appendix: Details of the proof
	7.1 Reduction to the nilpotent case
	7.2 Explicit matrix description for L, g, so(g) and gL
	7.3 The special case of two blocks
	7.4 General case (end of the proof)


