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ABSTRACT. In this work we provide a complete characterization of left-invariant sym-
metric Killing tensors on almost abelian Lie groups endowed with a left-invariant Rie-
mannian metric. We show in particular that all such tensors are decomposable, in the
sense that they can be expressed as a polynomial in the Killing vector fields and the
Riemannian metric.

1. INTRODUCTION

On a Riemannian manifold (M, ¢), a symmetric p-tensor K € I'(Sym?(T'M)) is said to
be Killing if it is constant along geodesics, in the sense that for every geodesic v : I — M,
the function (7/)?L(K o 7) is constant on I. Equivalently, K is Killing if and only if its
covariant derivative with respect to the Levi-Civita connection V of g satisfies

(VxK)(X,X,...,,X)=0,

for every X € X(M). For p = 1, one recovers the definition of Killing vector fields on M.

Symmetric Killing tensors were first investigated for their applications in physics, where
their relevance arose in the study of integrable systems: indeed, symmetric Killing tensors
generate first integrals of the equations of motion. More recently, they have become a
topic of interest in their own right, as in [§, I§], and their conformal generalizations have
been explored in connection with inverse problems, see [6, [17].

The simplest symmetric Killing tensors on a given Riemannian manifold are parallel
tensors (in particular, the metric) and Killing vector fields. A way of producing symmet-
ric Killing tensors is as polynomials (i.e. sum of symmetric products) in these elementary
symmetric Killing tensors. Then, a natural question arises: on a given Riemannian man-
ifold, can every symmetric Killing tensor be produced by this method? This is referred
to as the decomposability problem. Some cases for which the answer to this question is
positive were provided by [19} 20], where it is shown that on spaces of constant sectional
curvature, every symmetric Killing tensor can be written as a polynomial in Killing vector
fields. On the contrary in [IT] [13] it is shown that some specific metrics on surfaces carry
indecomposable symmetric Killing 2-tensors. However, the question is still open in higher
degrees: there is no example of Riemannian surface carrying indecomposable symmetric
Killing p-tensors for p > 3.

The papers [8, 18] contain a suitable formalism to deal with Killing tensors, and their
conformal generalizations. This formalism was applied by the last two named authors
to study left-invariant symmetric Killing 2-tensors on 2-step nilpotent Lie groups. More
precisely, in [2] it is shown that on every 2-step nilpotent Lie group of dimension < 7,
every left-invariant symmetric Killing 2-tensor is decomposable. Moreover, the upper
bound on the dimension is sharp since there exist 2-step nilpotent Lie groups carrying
families of indecomposable symmetric Killing 2-tensors in every dimension > 8. First
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integrals of the geodesic flow on Lie groups endowed with left-invariant metrics, and on
their compact quotients by lattices, have been studied by several authors [1, 4} 10} [T5] [16].

The goal of this paper is to study left-invariant symmetric Killing tensors on a different
class of solvable Lie groups, namely the almost abelian ones. Recall that a Lie group is
called almost abelian if its Lie algebra contains a codimension one abelian ideal. The
structure of their Lie algebras, which are called almost abelian as well, is encoded in an
endomorphism D € gl(n) (see Section [4] for details). Since the symmetric Killing tensors
under study are left-invariant, we consider them as linear tensors on the Lie algebra.

In Theorem 4.5, we provide a characterization of left-invariant symmetric Killing p-
tensors, for p > 0, that depends on the endomorphism D. We rely on this characterization
to prove the main result of our paper, which is Theorem [5.2} any left-invariant symmetric
Killing tensor on an almost abelian Lie group is decomposable, that is, it can be written
as a polynomial in the metric and Killing vector fields.

The paper concludes with a discussion of almost abelian Lie groups admitting a left-
invariant metric of constant (non-positive) sectional curvature. The curvature constraint
implies that every symmetric Killing tensor is a polynomial in Killing vector fields by
[19, 20]. We are mainly interested in determining if the Killing vector fields that are
linked to the algebraic structure, like left- and right-invariant Killing vector fields, are
enough to generate all left-invariant Killing tensors. We show that this is the case for
zero curvature in Proposition , but fails to be true otherwise (see Theorem |6.4]).
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2. PRELIMINARIES

Let V' be an n-dimensional real vector space equipped with an inner product g. For
p > 1, the space of symmetric p-tensors on V', denoted by Sym?”(V), is the vector subspace
of the p-th tensor product V® of V spanned by elements of the form

ViU = ng(1)®...®vg(p), withv, e Vi =1,...,p.
o€,

We may also denote v-...-v € Sym? (V) simply by v?. The inner product g on V' can be
extended to Sym” (V') by setting:

(1) glur - oo vp, Uy - uy) = Z G(v1, Uo(ry) - - - 9(Vp, Us(p))-
oc6,
If {e;}1<i<n is an orthonormal basis of V', the family {e; - ... ¢; |1 <iy < ... <4, <n}

is an orthogonal (but not orthonormal) basis of Sym? (V).

Using the metric g, we identify V' and its dual V* and, more generally, Sym? (V') with
Sym?(V*). Also, any symmetric p-linear map 7" from V? to R can be identified with the
following element in Sym? (V")

1
o g T(Ciy. s€i)) € vnn €y

1<ig <...<ip<n

Under this identification, g corresponds to 5L, where L =3, <i<n € € € Sym?(V).
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Let us denote by End(V') the set of endomorphism of V and by End® (V') and End* (V')
its subspaces of symmetric and skew-symmetric endomorphisms with respect to g. Then
the linear map

(2) End(V) — Sym*(V), Ew Sp:=1 Z Ee; - e;,

1<j<n

is an orthogonal projector and has EndA(V) as kernel. In particular, denoting by E* the
adjoint map of E with respect to g, we have Sg = Sg«, since £ — E* is skew-symmetric.
Also, when restricted to EndS(V), this map becomes an isomorphism whose inverse takes
e; - e; to the endomorphism z € V' — g(z,e;)e; + g(z,ej)e;, for all 4,5 =1,... n.

Let us denote Sym*(V) := Uy>eSym”(V). Any E € End(V) can be extended to a
derivation of Sym®(V'), preserving Sym” (V') for all p > 0, as follows (we also denote by
E this extension): For p = 0, we have Sym°(V) = R and E is the zero map. For p > 1,

take an homogeneous element vy - ... - v, € Sym”(V), and set
(3) E(Ul-...-vp)::ZE(Ui)-Ulm..-@-...-vp,
1<i<p

and extend it linearly to the whole space Sym”(V). It is straightforward to check that
E(A-B)=FE(A)-B+ A-E(B) for all A, B € Sym*(V).

The following properties will be useful and follow by direct computations: for all £ €
End(V), F € End®(V),

Let (M, g) be a n-dimensional connected Riemannian manifold with Levi-Civita con-
nection V and let {e;}1<i<, be a local orthonormal frame. A symmetric p-tensor on M
is a section of the bundle Sym”(T'M).

Definition 2.1. The Killing operator d of M is the linear map defined as

%) d: D(Sym’TM) — T(Sym?™TM)
K = d(K):=Y 1,6 VK.

One can easily check that d(K') does not depend on the choice of the local orthonormal
frame. In addition, d satisfies the Leibniz rule: d(R-S) = d(R) - S + R - d(S) for any
R, S symmetric tensors on M [8, Lemma 2.1].

With respect to this operator, we define the central notion of this paper, the symmetric
Killing tensors on (M, g).

Definition 2.2. A symmetric Killing p-tensor K on M, with p > 0, is a section of the
bundle Sym?(T'M) such that d(K) = 0. The set of all these tensors is a denoted by
HP(M), and we further set # (M) := U,>0 2 P(M).

It is clear from that the Riemannian metric and, more generally, any parallel tensor
on M is a Killing tensor. Also, since d satisfies the Leibniz rule, every symmetric product
of Killing tensors lies again in £ (M). This motivates the following definition that is
adapted from the ones given by [2, [7].

Definition 2.3. (1) Let (M, g) be a Riemannian manifold. The metric tensor and
the Killing vector fields, i.e. the elements of the set {g} U # (M), are called
primitive Killing tensors of M.

(2) A symmetric Killing p-tensor K € JZP(M), p > 1, is said to be decomposable if
it is a polynomial in the primitive Killing tensors, i.e. if K € R[g, #(M)].
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Remark 2.4. In order to show that a symmetric Killing tensor /K has the decomposable
expression P € R[g, #(M)], it is enough to show that both tensors coincide in a non-
empty open set of M. Indeed, it is well known that if a symmetric Killing tensor vanishes
in a non-empty open set of a connected manifold, then it must vanish identically on M
[12, Theorem 7]. Applying this result to K — P, proves the claim.

3. LEFT-INVARIANT SYMMETRIC KILLING TENSORS ON LIE GROUPS

Along this section, GG is a connected Lie group endowed with a left-invariant Riemann-
ian metric g. In addition, we denote with g the Lie algebra of GG, which carries an inner
product, also denoted by ¢, induced by evaluating the Riemannian metric at the identity
e € G. We fix an orthonormal basis {e;}; of g. Below, we study the Killing condition
for left-invariant symmetric tensors on G.

The left and right translations on G by an element a € G are denoted, respectively, by

Lo oueGE—au€eG, and R, :u € G ua €G.

We may also consider the conjugation by a defined as the composition Z, := L, o R,
Clearly, each of these maps is a diffeomorphism. Left-invariance of g is equivalent to L,
being an isometry of (G, g) for all a € G.

Definition 3.1. A (k,)-tensor field S defined on G is said to be left-invariant if it satisfies
(Ly)«S =8, for all a € G, where (L,). denotes the push-forward induced by L,.

With this notion, the space of left-invariant (k,[)-tensor fields on G is identified with
the space of (k,[)-linear tensors in g, namely, with elements of g®* ® (g*)®!. In particular,
left-invariant symmetric p-tensors on G are identified with Sym”(g), and we denote by
JP(g) C Sym®(g) the subspace corresponding to left-invariant symmetric tensors on G
satisfying the Killing equation of the Definition

We denote by V the Levi-Civita connection corresponding to (G, g). For left-invariant
vector fields X and Y on G, Vy X is again left-invariant; thus, through the above iden-
tification, Vy X has a corresponding element in g, denoted by V,z, for x,y the values of
the vector fields X,Y at the identity of G. Koszul’s formula implies

(6) Vyo = %(adyx —adyr — adZy), for all z,y € g.

One can easily show that for a left-invariant symmetric p-tensor K on G, d(K) defined
in is also left-invariant. Then, d(K) has a corresponding element in Sym?*'(g) and
we can consider the restriction of the map on left-invariant symmetric tensors as a
map from Sym”(g) to Sym?*'(g).

In the context above, the following proposition gives an algebraic expression for the
Killing operator when restricted to left-invariant tensor fields, and thus identified with
the symmetric product in the Lie algebra.

Proposition 3.2. For any K € Sym®(g),

™ A(K) = D ej-ad, (K.

where ade; acts on K as described in .

Proof. We proceed by induction. For p = 1, Koszul’s formula and give
d(z) = Z e Ver=—1 Z ei - (adye; + ad) x + adje;) = Z e; - ade,x

1<i<n 1<i<n 1<i<n
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where the last equality holds since
* *
E e -adye; = E e; - ejg(adre;, ej) = E ei-e;g(e;,adye;) = E adge; - €j,
1<i<n 1<i,j<n 1<i,j<n 1<j<n

and the sum of the middle terms vanishes.

Now, suppose holds for symmetric tensors of degree < p. Then, applying the
Leibniz rule for d and ad., and the inductive hypothesis, we get for every z € g and
K e Sym”(g):

S cady @ K) = Y efad, (@) K +a-ad,, (K)) = d(a)- K +2-d(K) = d(a- K),
1<j<n 1<j<n

The formula thus holds for tensors in Sym?*!(g) of the type z - K with € g and
K € Sym”(g), so by linearity it holds on Sym”**(g). O

The previous proposition allows us to characterize symmetric Killing tensors of degrees
1 and 2.

Corollary 3.3. (1) For every x € g, d(z) = —2S5,q, -
(2) Given K € Sym?*(g) a symmetric 2-tensor, one has

K € #7*(g) if and only if Z €i - Sad., ok = 0,
1<i<n
where, on the right hand side, K is viewed as a symmetric endomorphism of g.

Proof. The first assertion follows directly from (2) and (see also [3, Section 2.2]). For
the second item, let K € Sym?*(g). Proposition and imply

d(K)= Y ei-ad(K)=2 ) € S, ok,

1<i<n 1<i<n

where K is viewed as an element in Ends(g) in the last equation. This proves our
claim. 0

For every (k,1)-tensor field S defined on G, we consider the map
(8) uw€ G (L,1).8, € g% @ (g%

In particular, S is left-invariant if and only if this map is constant. The composition of
this map with the exponential map of GG defines the function

(9) QS N G - g®k ® (g*)®l
w = eXp(w) = (EGXp(fw))*Sexp(w)-

In particular, for every symmetric product of vector fields, one has
(10) Qx,..x (w) = Qx, (w) - ... - Qx, (w), for all w € g, X; vector fields on G.

We denote by Iso(G, g) the isometry group of (G, g), i.e., the set of diffeomorphisms
f G — G satistying f*g = ¢g. The isometry group has a natural Lie group structure
and its Lie algebra is isomorphic to the Lie algebra of complete Killing vector fields on
the manifold G. Since homogeneous manifolds are complete, Lie(Iso(G, g)) encodes all
the information about Killing vector fields on our Riemannian manifold (G, g).

It is clear that G is a Lie subgroup of Iso(G, g) by considering the map a € G — L, €
Iso(G). At the Lie algebra level, this injection defines a map g — #(G) that can be

described as follows: for each z € g, we consider the vector field &, € #(G) generated
by right-translations of x. Namely, for any v € G, (&), = (Ry)«x = (L) Ad(u™1)z.
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Using this expression for © = exp(w) € exp(g) we get an expression for the map €,
defined in ([9), which becomes

(11) Qe (w) = Ad(exp(—w))z = e ™MWz = o — [w, 2] + tw, [w,z]] — ... € g.

Note that the left-invariant vector field induced by x € g is Killing if and only if ad, is a
skew-symmetric map of g, due to Corollary [3.3(1).

Denote by Auto(G) the set of Lie group automorphisms of G which are isometries with
respect to ¢g. It also has a Lie a group structure and, when G is simply connected, it is
isomorphic to Auto(g), the Lie group of automorphism of g which are linear isometries.
The Lie algebra of the latter is the following

Dera(g) :={T € so(g): T[z,y| = [Tz,y| + [z, Ty] for all z,y € g}.

We now describe the procedure to induce Killing vector fields on GG from elements
in Dera(g). For T € Dera(g), e’ € Auto(g) for all ¢ € R. If G is simply connected,
then for each ¢ there exists an isometry f; of (G,g) such that (f;).. = 7. Therefore,

(&r)y = % fi(u) is a Killing vector field which we call induced by T'; note that f; is the
t=0

flow of &. If G is not simply connected, and G = G /T for G its universal cover and T’
a central discrete subgroup, the Killing vector field &7 of G descends to G if and only if
fi(y) =~ forall t € R and v € T' (i.e. £ vanishes at each point of I'). In this case, we
also denote by &7 the induced Killing vector field on G and by f; its flow.

Let & be a Killing vector field induced by T' € Dera(g) on G. Considering u € G of
the form u = exp(w), w € g, canonical computations give

(gT)exp(w) = (eXp)*w(Tw).

adg
map @ corresponding to the vector field £ becomes

(12) Qr(w) = T(w) — tad,T(w) + tad. T(w) — .. ..

For further details in the above computations, we refer the reader to [2], Section 2].
The Killing vector fields mentioned above take into account the algebraic structure of
the Lie group GG. We thus introduce the following definition.

By [9, Theorem 1.7, Ch. II], (exp)., = (ﬁexp(w))*e<1_57adz). Using this expression, the

Definition 3.4. On a Lie group (G,g) endowed with a left-invariant metric, Killing
vector fields that are right- or left-invariant, induced by skew-symmetric derivations and
linear combination of these, are called algebraic Killing tensors.

It is worth mentioning that, in general, Lie groups with left-invariant metrics possess
Killing vector fields which are not algebraic (see, for instance, [5]). However, there exist
classes of Lie groups for which &, and &7, for x € g and T' € Dera(g), span the vector
space of Killing fields such as, for instance, the nilpontent and simply connected ones
[22].

Let S be a (k,l)-tensor field on G. If S is left invariant, then Qg is constant in g.
However, if )5 is constant, we only get the identity Sexpw) = (Lexp(w))«Se for the image
of the exponential map. The following result shows that if S is a symmetric Killing
p-tensor, the last identity is enough to conclude that S is left-invariant.

Proposition 3.5. On a connected Lie group G, a symmetric Killing p-tensor S is left
wmwvariant if and only if Qg is a constant function.

Proof. Let S be a symmetric Killing p-tensor. As pointed out above, if S is left-invariant
then (g is constant. For the converse, assume €)g is constant and set K the left-invariant
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symmetric p-tensor whose value at e is Q2g(0) = S.. Therefore, if V' is an open neigh-
borhood of e and U is open in g such that exp : U — V is a diffeomorphism, we have
Sly = Kly. Indeed, for x € V, z = expw for some w € U and

Sz = (Eexpw)*QS(w) = (ﬁexpw)*se = ny

where we used the definitions of 2g and K.

Moreover, since S is Killing in GG, K is Killing in V' and thus, by using left-translations
(which are isometries), we get that K is a Killing p-tensor in G. By Remark K=S8
and thus S is left-invariant. 0

4. SYMMETRIC KILLING TENSORS IN THE ALMOST ABELIAN CONTEXT

In this section, we describe the left-invarint symmetric Killing tensors on connected
almost abelian Lie groups, by a correspondence with their Lie algebras.

Definition 4.1. A Lie algebra is called almost abelian if it has an abelian ideal of
codimension 1.

Let g be an (n + 1)-dimensional almost abelian Lie algebra with an inner product g,
and let h an abelian ideal of g with codimension 1. We fix b € g satisfying ¢(b,b) = 1
and b L h. Since b is an ideal, it is preserved by ad,, and we denote

D:=adylp: h — b
h — D(h) =[b,h].

It is easy to show that the Lie algebra g is isomorphic to the semidirect product of Rb and
b via the representation p : Rb — Der(h) such that p(b) = D. We denote this semidirect
product as Rb x p hh and we write g = RbX ph from now on; this is the presentation of the
almost abelian Lie algebras with which we will be working.

We now fix an orthonormal basis {hi,...,h,} of h. Recall that, in Section [2 we set
L = 2g which verifies L € J#(g). We define the symmetric 2-tensor Ly := >, .., hi €
Sym?(h), and we thus get L = b? + Ly. For the next result, we consider D both as an
endomorphism of § and also as an endomorphism of g, extending it by zero on b.

Proposition 4.2. (1) d(b) = —2Sp = —3D(Ly). In particular, b € ' (g) if and
only if D 1is skew-symmetric.
(2) For every K € Sym?(h), d(K) =0b- D(K). In particular, K € #P(g) if and only
if D(K) = 0.

Proof. By Corollary (1), d(b) = =284, = =25p = = Y1, D(hy) - hy = =5 D(Ly).
Now, let K € Sym”(h); by Proposition d(K) = b-ady(K) + > e, by - adp, K.

Since K is a symmetric tensor in b, which is abelian, ad,; K = 0 for all j, so (2) fol-

lows. The rest of the proof is immediate since being Killing is equivalent to d(K) = 0. O

(13)

The following proposition provides a useful presentation of symmetric tensors on g,
when interpreted as homogeneous polynomials in b.

Lemma 4.3. For every K € Sym®(g), there exist unique symmetric tensors
a; € Sym” *71(p), B; € Sym? *(h), i =1,...,| 2], such that

o<i<| 5]

where q; := o, - b+ B;. By convention we set Sym™'(h) := 0.
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Proof. We first show uniqueness. Assume that holds. Then, for every s =1,...,[£],
> o<ics 1 L'+ i is the reminder of the division of K by L* in R[hy,. .., h,][b]. So qo is
unique and, since multiplication by L is injective, all ¢; are uniquely determined.

To show existence, we proceed by induction. For p = 0, K € Sym°(g) = R. We have
to write K = L°- gy with ¢o = By € R, since ap € Sym '(h) = 0. But L’ =1, 50 By := K
satisfies .

For p=1, K € Sym'(g) = g and we have to write K = L" - ¢y = qo with ¢y = b+ Bp
with ap € R and B, € Sym'(g). Since g = Rb@® b and K € g, there exist ap € R and
Bo € b such that K = agb + 0.

Assume that the statement holds for symmetric tensors of degree p —2 > 0. Let K €
Sym”(g). We apply the division algorithm in R[As, ..., h,][b] to write K = L - Q + qq,
where Q € Sym?” ?(g) and the remainder g has degree at most 1 in b. By the induction
hypothesis, for i = 0,..., 22| there exist o) € Sym(h)?~%=3, 3 € Sym(h)P~*~2 such

that '
Q = Z Lz : qza
o<i<| 252

where ¢} = b + (.. Therefore,

K=L- ( > Li'q;) tao= Y LM d+a
ogigt’%zj 0<i<| 5|1
S P Y D,
1<j< 5] 0<i<| 8]
where ¢; = ¢;_, for 1 < j < [£]. Dividing go by b we get ag € R,y € bh such that
qo = apb + Bo; in addition we take o; := a;_; and §; := Bj_; for 1 < < |%], and the
result follows. O

Consider K € Sym”(g) and write it as in Lemma . From now on, we denote r := [ £]
for convenience. Then, we can write K as follows

(15) K= > L'-(a;-b+p) = K°+K°, where K°:=b- Y Loy, K°:= Y L8,
0<i<r 0<i<r 0<i<r

Notice that K° and K*° have odd and even degree in b, respectively.
Proposition 4.4. In the notation above, K is Killing if and only if K° and K¢ are
Killing.
Proof. Considering K as in (15]), and recalling that d(L) = 0, we use Proposition [£.2] to
compute d(K):

d(K) = d(K°) +d(K°)

= (-25,;- > Liiai+be Y Li-b-D(ai)>+<Z L"-b-D(ﬁi)).

0<i<r 0<i<r 0<i<r
Since Sp = 1D(Ly) € Sym*(h), we have that d(K°) has even degree in b, while d(K°)
only odd degree in b. Therefore, d(K) = 0 if and only if d(K°) =0 and d(K*¢) =0. O
Theorem 4.5. Let K = K° + K° € Sym”(g) as above. Then

(1) K© 1s Killing if and only if B; is Killing for alli=0,...,r.
(2) If D is skew-symmetric, K° is Killing if and only if o; is Killing for alli =0, ... r.
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(3) If D is not skew-symmetric, K° is Killing if and only if K° = 0.

Proof. (1) We have d(K°) =} ;. L'-b- D(53), and by the uniqueness guaranteed by
Lemma (since [2] < [2E1]), we have

2
d(K%) = > L'-b-D(B) =0 D(B) =0Vi=0,...,r
0<i<r
(2) If D is skew-symmetric we have that d(b) = 0 by Proposition [L.2|(I]), so d(K°) =
> ocicy L'b?-D(a;), and again K° is Killing if and only if D(«;) = 0 for every i =0, ..., 7.
(3) Assume now that D is not skew-symmetric, so Sp is a non-zero element in Sym?(h).
We have the following expression for d(K°):

dE?) = Y Li-<b2-D(ai)—2@i-SD>

0<i<r

- Y ((L ~ Ly) - D(aw) — 20 - SD)

0<i<r
= ) L"'D(a)— Y L'-Ly-D(a;) =2 Y L'-a;-Sp.
0<e<r 0<e<r 0<e<r
Therefore,
d(K°) = LI'*'-Dla,)+ Y L' (D(oz,-_l) — Ly - D(a) —2%-5]3)

1<i<lr
+L0' (-2010'SD—L(]'D(O./0)>.

Notice that D(a,) = 0, since either p is even and «, € Sym™~'(h) = 0 or p is odd and
a, € Sym’(h) = R.
Therefore

dE?) = Y I (D(aH) — Ly - D(ov) — 20 - SD>

1<i<r
+LO' (—QOCO'SD—Lb'D(Oéo)>.

Again, by the uniqueness of the decomposition, d(K°) = 0 implies that each coefficient
of L' must be zero. Then, the above equality is equivalent to the system

0 = 2SD'040+D(040)'L[)
D(a;) = 2Sp- a1+ D(®it1)- Ly, i=0,...,7r—1

We claim that the system is equivalent to

(17) Qg = Z;l(—l)ai . L% .
D(ag) = 25p- ) i iy i L;’)_k_l, k=0,...,7

(16)

In fact, a simple induction argument using the second equation in gives the second
equation in (7). In particular, D(ag) = 2Sp - >.;_; a; - L;’l and using this in the first
equation of gives

OZQSD'O[0+QSD' (ZOZZL%_1> 'Lh :QSD (Zai-Lé_1>,
=1 =0
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which implies the first equation of since Sp # 0. Finally, one can easily check that

implies , thus proving our claim.
Next we show that implies

(18) = Z cr (1) - Lg’k with ¢ (i) <0, forall k =0,...,r,i=k+1,...7.
i=k+1
We proceed by induction. For & = 0 this holds due to the first equation in . Assume

that is valid for some & < r — 1. Then, applying D to and using the fact that
D acts as a derivation on tensors, we get

r

D(ag) = Y cx(d)D(aq)- Ly ¥+ > exli)oq - D(Ly™)

i=k+1 i=k+1

= 25p- chk L]k1+2zck k) - szl)

i=k+1 j=i+1 i=k+1
r 7j—1

= 25p- chk Lyk1+2zck k) - sz1>
J=k+2 i=k+1 i=k+1

= 2Sp- | > M(k)ay - LTt +2 ) ck<j)<j—k)aj.Lg—’f—1>,
j=k+2 Jj=k+1

where M;(k) = Y27} k +1 ck(?), j = k+2,...r and, in the second equality, we use the

second equation in and D(Ly Y = 4(i k:)S D" L; *=1 (which follows from a simple
induction). '
On the other hand, D(ay) =2Sp - Y7 ;. a; Ly by (7)), so we obtain

(19) D My(k)ay - LT 42 ) 0 ()G - Ray - LT = Z aj - Ly ",

and, since ¢x(k + 1) < 0, we can isolate ay1 as

o L= M(k) = 26(5) (G — k) jk-1
(20) Oyl = Z (20k(k+ 1) = 1) a; - L k .

j=h+2
. ik
Therefore, 41 = >0y o cry1(d)a; Ly where

1— M;(k) —2¢:(j)(J — k)
R

By induction hypothesis ce(j) < 0 foralli =k+1,....7r, s0o 2¢(k+1)—1 < 0,
M;(k) = SI- kHck(i) <0sol—Mjk)—2c(j)(j—Fk)) >0forall j =k+2,...,r
Hence cer1(j) <Oforall j =k+2,...,7 as we wanted to show.

Finally, it remains to prove that implies ap = 0 for all £ = 0,...,r. This follows
immediately by using recursively that equation, indeed, for k = r implies o, = 0.
The same equation for k = r — 1 gives a1 = ¢,—1(r)a, - Ly = 0, and so on. Therefore
ap =0 for all k=0,...,r which gives K° = 0. O

Ck+]_(j) :k—l—Q,...,T.

In the next example, we describe the decomposition in Lemma and the characteri-
zation of the Killing condition in Theorem for the particular case p = 2.
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Example 4.6. Consider K an element in Sym?(g) written in the orthonormal basis
{b,h1,...,h,} of g as
K=X?+v-b+ Y  ajhi-hj,
1<i<j<n
for some A, a;; € R, 4,7 =1,...,n and v € h. Setting f := 21§z‘§j§n(aij — Adij)h; - hj,
ap := v and [y := X\ we get the decomposition as in Lemma 4.3}

(21) K:L51+C(0b+50

In this case, the odd and even parts of K are, respectively, K° = ag - b and K°® =
L - 81 + Bo. By Proposition [£.4 and Theorem [£.5] K is Killing if and only if 1, o and
Bo are Killing. Since these are symmetric tensors in ), the Killing condition is equivalent
to being annihilated by D due to Corollary (2) That is:

e 51 € R, then D(f;) = 0 automatically, as mentioned in Section ;

e o € b, then D(ag) = 0 if and only if oy € Ker(D);

e Viewing [y as a symmetric endomorphism of b, by we have D(8y) = 2S5pog,-
Then D(fy) = 0 if and only if D o fy is a skew-symmetric endomorphism of b.

Therefore, K in is a symmetric Killing 2-tensor in g if and only if oy € Ker(D) and
D o By is skew-symmetric.

5. DECOMPOSABILITY

We maintain the notation of the previous section so that g denotes an (n+1)-dimensional
almost abelian Lie algebra, which is isomorphic to g = Rbx ph, where b is an abelian
ideal and D = ad,|,. We fix an orthonormal basis {h4,...,h,} of h with respect to the
inner product g, and let G’ be a connected Lie group with Lie algebra g.

In this section, we address the problem of decomposability of left-invariant symmet-
ric Killing tensors defined on G, in terms of Definition Recall that left-invariant
symmetric p-tensors on G are identified with elements on Sym?(g).

We start by describing the Killing vector fields in G via their associated function defined
in @ For each h; in the fixed basis, we compute {2, , where &, is the right-invariant
vector field induced by h; as in (11)). For w =~vb+h € g, v € R and h € b, one has
ad? (h;) =D’ (h;) for all j > 0,4 =1,...,n. Indeed:

ady (hi) = [v0 + h, hi] = vD(h;)
and, assuming the equality holds for j, we have
ad" (hy) = [w,ad’,(hi)] = [Yb + h, 7/ D’ (h;)] = D7 (hy).
Using this expression in (L1]), we get for alli =1,... n,

(22) Qg, (Y0 +h) = e (h) = Y CEDR(hy) = e 7P (hy).
k>0

Similarly, ad (b) = —y"~'D"(h) and then

(23) Qe,(vo+h) =b+ > S5 —DMn).
k>1

We will now investigate skew-symmetric derivations of g. Given T' € so(g), we define
v :=T(b) and T = pr, Ty, the projection to b of the restriction T'|y of T" to h. Then
g(b, T (b)) = 0 implies v € h and we can write

(24) T(yb+h) =~T(b) + T(h) = vv + g(b,T(h))b+ T (h) = yv — g(v, h)b + T"(h).
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Using the notation
(v Aw)(x) == g(v,x)w — g(w,x)v, Yv,w,x € g,

the above relation reads 7' = b A v + T". Straightforward computations show that T is a
derivation of the Lie algebra g if and only if

[Th, D] =0
(25) ImD Covtnh
|v]2 D(vt) =0
Notice that D? # 0 implies v = 0 due to the last two equations.
In addition, following and inductive argument, one can show
(26)  ad®T(w) = D*(v*"v + A*TO(h) ++*g(v,h)h), Yw=7b+hecg, n>1.
Using this formula, the function €27 defined in has the following expression:
(27) Qp(yb+h) =yv +T"(h) — g(v, h)b — lD(fy2v +~TY(h) + g(v, h)h)

+ Z (Yo + A*T(h) + +* g (v, h)h).

k>2

In terms of Lie group actions, GL(g) acts on Sym”(g) as follows: for A € GL(g) and
U1 ... - v, € SymP(g),

(28) Alvg-.ooovp) = Avg) - o= A(vy).

We claim that for any D € gl(g), K € Sym”(g) and v € R, the action of e™7P € GL(g)
on K satisfies

— —v) N 2
P (K) = 3" S Di(K) = K — 4 D(K) + £ DY) -
Jj=0
where D(K) is the action of D on K given in ({3)).
Indeed, the action of e € GL(g) on a symmetric 2-tensor v - v, € Sym?(g) verifies

P (nv) B e P(w)- W%Q)

- (Sre) (S 5re)
= Z(—l)tvtz ai D' (v1) - D (v2)

>0 i,j>0
ifg=t
= > (=14 ED" (v - vy)
t>0

= wvp-vy—yD(v1-v9) + 7;DQ(Ul “vg) —

Our claim follows from an inductive argument for symmetric p-tensors.
The following result shows that any left-invariant symmetric Killing tensor K on g that
verifies K € Sym”(h) is decomposable. More precisely:

Proposition 5.1. Let K € Sym”(h) N #ZP(g) written as above. Then, K can be written
as a polynomaial in right-invariant vector fields of G.

Proof. Let K be a symmetric Killing p—tensor on g that verifies K € Sym”(h). For any
such tensor, we have

K:}% Z K(h217 hq,p)h“'...‘hip,
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Using the components of K above, we define the following symmetric Killing p-tensor
on G

Si=2 > K(hi,,. . hi)u, o,y

1<iy,yip<n

where &, is the right-invariant Killing vector field induced by h,. Notice that, in principle,
S is not necessarily left-invariant. Next we show that this is in fact the case.

We consider the function (25 defined in @D, and we evaluate it on an arbitrary element
vb + h of g, where v € R and h € h. We obtain:

Qs(rb+h) = & > K (hiy,- 1, ), o, (Y0 + )

p!

1<iy, . ip<n
_ 1
= 1 Z K(hiy, .- hi,), (Y0 +h) ... Qg, (Y0 +h)

1<it,onip<n P
= o K(h“, b )e P (hay e hyy)

1<7,17 Lip
- < (hi17-"hip)hi1 .. 'hip>

1<iq,00ip<n

= e "P(K)=

where the last equality holds since K € Sym®(h) is Killing in g and thus D(K) = 0 by
Proposition .

This shows that g is constant in g and equal to the the symmetric p-tensor K.
Therefore, by Proposition the tensor field S on G is left-invariant. Since it coincides
with K at e, we obtain that S is equal to the (left-invariant) tensor field K on G, and
thus K is a polynomial in right-invariant vector fields in G as claimed. U

We now prove our main result: every left-invariant symmetric Killing tensor on an
almost abelian Lie group is decomposable.

Theorem 5.2. Let G be an almost abelian Lie group, equipped with a left-invariant
Riemannian metric. Then, every left-invariant symmetric Killing p-tensor on G is a
polynomial in the metric and right- and left-invariant Killing vector fields.

Proof. Denote by g the Lie algebra of G. Consider K € #P(g) written K = K°+ K* as

in :

K =K°+K* where K°:=b- Y Loy, K== > L-f,

o<i<| 5] o<i<| 5]

with o; € Sym? ?'(h) and 3; € Sym? *(h). Since K is Killing, o; and §; are Killing
for every 0 <i < |Z], by Proposition and Theorem .

By Proposition , for each i = 0,... 5], a; and f3; can be written as a linear com-
bination of symmetric products of Killing vector fields. Since L = 2g € % (g) we get
directly that K° is decomposable. We claim that K° is decomposable as well.

Indeed, when D is not skew-symmetric then K° = 0 by Theorem {4.5 so the claim
holds trivially. For D skew-symmetric, the left-invariant vector field determined by b is
a Killing vector field by Proposition [£.2] and thus K° is a polynomial in L and Killing
vector fields, i.e. it is decomposable in terms of Definition [2.3] Il
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6. CONSTANT SECTIONAL CURVATURE

In this section, we focus on connected almost abelian Lie groups endowed with left-
invariant metrics that have constant sectional curvature. Almost abelian Lie groups are
in particular solvable, so the Riemannian manifolds under consideration are either flat or
negatively curved space forms.

The motivation to study this particular case is the well known result of Thompson and
Takeuchi [19 20]: on a connected Riemannian manifold of constant sectional curvature,
any symmetric Killing p-tensor can be written as a polynomial in Killing vector fields.

Our aim is to analyze whether it is possible to refine Thompson and Takeuchi’s result
for almost abelian Lie groups with constant sectional curvature, in terms of their alge-
braic structure, i.e. using their algebraic Killing vector fields (see Definition . More
precisely, we ask the following:

Question 6.1. Let (G, g) be a connected almost abelian Lie group with a left-invariant
metric of constant sectional curvature. Is every left-invariant Killing p-tensor on G a
polynomial in algebraic Killing vector fields?

Note that if the answer is affirmative for a connected Lie group, then it is so also for
its universal cover.

Let (G, g) be a connected almost abelian Lie group endowed with a left-invariant Rie-
mannian metric, and let g = Rb xp h be its Lie algebra, where D = adp|,. We maintain
the notation of the previous sections. Then, (G, g) has constant sectional curvature if and
only if D = Ald + A, where A is a skew-symmetric endomorphism of § (see [14, Theorem
1.5] and [21, Theorem 4.2]). Moreover, it is flat if and only if A = 0.

Proposition 6.2. If (G, g) is flat then every left-invariant symmetric Killing p-tensor
can be written as a polynomial in left- and right-invariant Killing vector fields.

Proof. 1f (G, g) is flat, then D is skew-symmetric by the results cited above. Therefore,
the left-invariant vector field on G induced by b is Killing due to Corollary [3.3(1) and
Ly = b* — L is also a symmetric Killing tensor. This implies, by Proposition that Ly
is a polynomial in right-invariant Killing vector fields. From Theorem [5.2] we obtain that
every left-invariant symmetric Killing tensor K is a polynomial in left- and right-invariant
Killing vector fields. U

This proposition answers by the affirmative Question (6.1l For constant non-zero scalar
curvature, the situation is different as we shall see next. First of all, there are no non-
trivial left-invariant Killing vector fields in this case.

Lemma 6.3. If (G, g) has constant non-zero curvature, then no non-zero left-invariant
vector field is a Killing vector field.

Proof. The curvature hypothesis implies that D = Ad + A with A # 0 and A skew-
symmetric. In particular D is invertible. Assuming that z =~vb+ h € g, with v € R and
h € b, determines a left-invariant Killing vector field, we obtain

D(h) =0 { h=0
2D(Ly) =0 v=0

It then follows that x = 0. O

0 = d(z) = 4d(b) + d(h) = —1D(Ly) + b- D(h) & {

Consequently, in the case of constant non-zero curvature, Question [6.1] is reduced to
whether any left-invariant Killing tensor can be written as a polynomial in Killing vector
fields that are either right-invariant or induced by skew-symmetric derivations. We will
show that the answer is negative in this case:
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Theorem 6.4. If (G, g) has constant non-zero sectional curvature, then the metric can-
not be expressed as a polynomial in right-invariant vector fields and Killing vector fields
induced by skew-symmetric derivations.

Proof. First notice that for any T = b A v + T" € Dera(g), we must have v = 0 and
[T", D] = 0, due to (25).

Assume that the metric can be expressed as a degree 2 polynomial in the algebraic
Killing vector fields of G. Then there exist real constants A;;, B;; and C;; and skew-

symmetric derivations {T; = T} }1<i<m C Dera(g) such that

(20) L=Aoo& &+ Y Acils-Cnt D Aijln-&n+ D Boiby-n,

2,79

1<i<n 1<i<j<n 1<i<m
+ E B; j&n, - &1y + E Cijér - &1
1<i<n 1<i<j<m
1<j<m

Recall that for every z € g and T' € Dera(g), & denotes the left-invariant vector field
on G induced by x and &7 is the Killing vector field induced by T' (see Section . We
are going to compute Q(yb + h), for v € R and h € b, using the right hand side of this
equality, which has to coincide with L, since the metric is left-invariant. By linearity of

Q and (10, we compute Qj, using the formulas (22)), and (for v = 0), which

gives
Or,(yb + h) = TP (h) — IDTY(h) + L D*T) (h) — .. ..
For v =0 and h = 0, one has
b*+ Ly = Qu(0) = Agob-b+ Y Aggb-hi+ > Agjhi-h;.

1<i<n 1<i<j<n

This implies A;; = 0;;, for all 0 < ¢ < j < n, where 0;; = 1 if i = j and zero otherwise.
Now, for h = 0 and arbitrary v we get

Qp(yb) = b* + e P (Ly) = b2 + Ly — yD(Ly) + S D*(Lg) — . ...

The above expression is equal to L if and only if D(Ly) = 0. By the condition D(Ly) = 4Sp
of Proposition [4.2] it would then imply that D is skew-symmetric and thus A = 0, which
contradicts the curvature assumption. Therefore, L cannot be written as in . U

The last theorem implies, by Takeuchi and Thompson’s result, that negatively curved
almost abelian Lie groups carry Killing vector fields that are not algebraic:

Corollary 6.5. The Lie algebra of Killing vector fields of a connected almost abelian Lie
group with left-invariant metric of constant non-zero sectional curvature contains strictly
the vector space spanned by Killing vector fields induced by skew-symmetric derivations
and by right-translations.

At the Lie group level, this corollary has implications on the structure of the isometry
group. For instance, if G is simply connected, the group H := Auto(G) x G is a Lie
subgroup of Iso(G, g) where, for f € Auto(G) and u € G, the action of f on L, is L.
The Lie algebra of H is the semidirect product Dera(g) x g, and is the span of the Killing
vector fields that are induced by right-translations of elements in g or by skew-symmetric
derivations as described in Section 3} Corollary [6.5]in particular implies that H is strictly
contained in Iso(G, g) when G is simply connected almost abelian with constant non-zero
curvature.
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