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Abstract. We give a new characterization of flat affine manifolds in terms of an action of the
Lie algebra of classical infinitesimal affine transformations on the bundle of linear frames. We
characterize flat affine symplectic Lie groups using symplectic étale affine representations and as
a consequence of this, we show that a flat affine symplectic Lie group with bi-invariant symplectic
connection contains a nontrivial one parameter subgroup formed by central translations. We give
two methods for constructing flat affine symplectic Lie groups, thus obtaining all those having
bi-invariant symplectic connections. We get nontrivial examples of simply connected flat affine
symplectic Lie groups in every even dimension.
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1. Introduction

A connected and paracompact 2n-dimensional symplectic manifold (M, w) is called
a flat affine symplectic manifold if the bundle of symplectic frames Sp(n,R) —
L(M)* = M induced by w admits a linear connection I',, whose curvature and
torsion 2-forms are identically null. To have a linear connection I'y, on L(M)* with
the letter characteristics is equivalent to having a flat affine symplectic covariant
derivative V on (M,w), i.e. both the curvature and torsion tensors of V vanish and
Vw = 0. Moreover, the existence of a symplectic form w and a flat affine symplectic
covariant derivative V on M is equivalent to have a maximal atlas for M whose
change of coordinates are restrictions of affine symplectic transformation of R*" (see
[11]).

On the one hand, the study of symplectic manifolds equipped with symplectic con-
nections can be motivated by their role in deformation quantization and geometric
quantization (see [10, 9] and [16, 23], respectively). A famous result of Fedosov gives
a canonical deformation quantization which is defined by the data (M, w, V) where
w is a symplectic form and V is a torsion free symplectic connection on M. Such
result motivates the definition and study of Fedosov manifolds (see [14]). On the
other hand, some knowledge of the category of flat affine manifolds are necessary
for understanding the category of Lagrangian submanifolds (see [39, Thm 7.8] and
(36, 37]). In fact, flat affine manifolds with holonomy reduced to GL(m,Z) appear
naturally in integrable systems and Mirror Symmetry (see [20]).
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Further applications of flat affine manifolds appear in the study of Hessian structures
and information geometry (see [35, c. 6]).

The main purpose of this paper is to study symplectic manifolds endowed with
flat affine symplectic structures. More precisely, we want to study the structure
of connected symplectic Lie groups which admit left invariant flat affine symplectic
connections; some results on this topic can be found in [2], [28], [6], and [31]. The
study of such a structures is motivated by the open problem proposed by J. Milnor
in [30] which asks to determine flat affine Lie groups (i.e., Lie groups which carry
a left invariant flat affine structure) and study their properties. The Lie algebra of
a flat affine Lie group can be equipped with a structure of left symmetric algebra.
This is a powerful object which we will be using throughout the paper. A very
interesting survey paper where is discussed the origin, theory, and applications of
left symmetric algebras (and hence flat affine Lie groups) in geometry and physics
is [8].

The paper is divided as follows. In Section 2 we give a new characterization of flat
affine manifolds (see Theorem 2.1) which can be naturally used to characterize flat
affine symplectic connections on the bundle of symplectic frames (see Proposition
3.1). This characterization is given in terms of an action of the Lie algebra of
classical infinitesimal affine transformations on the bundle of linear frames of such
a manifold. We show that such an infinitesimal action can be integrated (in the
Lie-Palais’ Theorem sense) in the case of compact parallelizable flat Riemannian
manifolds (see Proposition 2.4).

In Section 3 we introduce flat affine symplectic Lie groups, which will be connected
symplectic Lie groups endowed with left invariant flat affine symplectic connections.
We introduce two results which appeared in a similar way for the pseudo-Riemannian
case (see [3]) but they have not been stated for the case of left invariant flat affine
symplectic connections. These will be very useful for exploring the consequences
of the constructions given in next sections. With the first one, we give a charac-
terization of flat affine symplectic Lie groups in terms of “symplectic” étale affine
representations (see Theorem 3.7). As consequence, the second one result allows us
to conclude that every simply connected flat affine symplectic Lie group equipped
with a bi-invariant symplectic connection can be identified with a Lie subgroup of
affine symplectic transformations of its Lie algebra containing a nontrivial one pa-
rameter subgroup formed by central translations (see Proposition 3.11). It is well
known that a left invariant flat affine connection leaving parallel a left invariant
volume form is geodesically complete if and only if the Lie group is unimodular (see
[6]). At the end of this section we give a different proof of this result for the case of
left invariant flat affine symplectic connections. Our results put into evidence some
properties of flat affine symplectic Lie algebras (see Definition 3.9). Further, other
properties appear in [28], [2], and [31].

In section 4, we give a method for constructing simply connected flat affine sym-
plectic Lie groups using Nijenhuis’ cohomology for left symmetric algebras (see [32]).
The construction will be called a double extension of a flat affine symplectic Lie al-
gebra. This is an iterative method which allows us to get flat affine symplectic Lie
algebras of dimension 2n + 2 from a flat affine symplectic Lie algebra of dimension
2n (see Proposition 4.3 and Theorem 4.4). We show that every simply connected
flat affine symplectic Lie group whose Lie algebra is obtained as double extension of
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a flat affine symplectic Lie algebra with A = p (see Definition 4.5) can be identified
with a subgroup of symplectic affine transformations of its Lie algebra containing
a nontrivial one parameter subgroup formed by central translations (see Corollary
4.6). We also prove that the Lie algebra of a symplectic Lie group equipped with a
bi-invariant flat affine symplectic connection is obtained as a double extension of flat
affine symplectic Lie algebras starting from {0} (see Proposition 4.7). Moreover,
we observe that the Lie algebra of any flat affine symplectic Lie group of dimension
2 can be obtained as a double extension starting from {0}. Flat affine symplectic
Lie groups in dimension 2 were found by A. Andrada in [2] (see also [29]). We also
explain how to use this method to construct nontrivial simply connected flat affine
symplectic Lie groups in every even dimension.

In section 5, we get flat affine symplectic Lie groups of dimension 2n from a con-
nected flat affine Lie group of dimension n. We consider the classical cotangent
symplectic Lie group of a connected flat affine Lie group defined in [27], and show
that there always exists a left invariant flat affine symplectic connection which par-
allelizes its two natural left invariant transverse Lagrangian foliations (see Proposi-
tion 5.5). The corresponding Hess connection (compare [16]) will be given explicitly.
Again, using Nijenhuis’ cohomology for left symmetric algebras, we construct the
twisted cotangent symplectic Lie group of a connected flat affine Lie group together
with left invariant flat affine symplectic connections on it (see Proposition 5.6). The
reciprocal of the result obtained in Proposition 5.6 was proved by X.Ni and C. Bai
in [31]. We give a shorter and different approach to get it which allows us to show
more consequences of our construction. It is important to notice that this construc-
tion will be parametrized by a commutative product over the corresponding left
symmetric algebra and a 2-cocycle of this left symmetric algebra with values in its
dual vector space. We observe that when both the commutative product and the
2-cocycle are null we obtain the classical cotangent symplectic Lie group defined in
[27]. Moreover, in this case the flat affine symplectic connection is the Hess con-
nection (see Corollary 5.8). We prove that on a simply connected Lie group there
exists the structure of flat affine symplectic Lie group which admits a normal Abelian
Lagrangian Lie subgroup if and only if, the group is isomorphic to the twisted cotan-
gent symplectic Lie group of a connected flat affine Lie group (see Theorem 5.10).
Finally, we give necessary and sufficient conditions to say when the left invariant
flat affine symplectic connections on the twisted cotangent symplectic Lie group are
geodesically complete (see Proposition 5.11).

2. New characterization of flat affine manifolds

In this short section we give a new characterization of flat affine manifolds in terms
of an action of the Lie algebra of classical infinitesimal affine transformations on the
bundle of linear frames. As an immediate consequence of such result we characterize
flat Riemannian metrics, flat affine connections leaving parallel a volume form, and
flat affine symplectic connections. We show that such an infinitesimal action can be
integrated (in the Lie-Palais’ Theorem sense) in the case of compact parallelizable
flat Riemannian manifolds.

In what follows M denotes a connected and paracompact n-dimensional smooth
manifold without boundary, P = L(M) its bundle of linear frames, € the canonical
1-form, I' a linear connection on P of connection 1-form A, and V the covariant
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derivative on M associated to I'. Consider the right action of GL(n,R) on P.
Denote by H* the fundamental vector field associated to an element H € gl(n,R)
and B(&) the standard horizontal vector field associated to £ € R™. This vector
field is determined by the relation 6(B(£)) = £. Recall that the connection 1-form
A associated to ' is a gl(n,R)-valued 1-form over P satisfying

A(H*) = H, H € gl(n,R) and
RIA = Ad,-10A, a € GL(n,R),

where R, is the action of a € GL(n,R) on P. Furthermore, the canonical 1-form 6
is an R"-valued tensorial 1-form over P of type (GL(n,R),R™). Also, we have

(R.).B(¢) = B(a™'¢),  a€GL(n,R), ¢eR"

It is well known that the curvature 2-form Q4 € Q*(P,gl(n,R)) and the torsion
2-form © € Q*(P,R") associated to the connection 1-form A respectively satisfy
the Cartan’s structure equations

dA(X,Y) = —%[A(X),A(Y)] FOUX,Y) and

A0(X,Y) =~ (ACX) - 6(Y) — A(Y) - 6(X) + O(X,Y),

for all X,Y € T,,P with u € P. When Q4 =0 and © = 0 we say that I" is a flat

affine connection.

It is simple to check that a connection I' on P is flat affine if and only if both the
curvature and torsion tensors of the corresponding covariant derivative V are null.
The pair (M,V) is called a flat affine manifold if V is a flat affine connection on
M. That (M, V) is a flat affine manifold is equivalent to the existence of a maximal
atlas of M whose change of coordinates are restrictions of affine transformations of
R™ (see [5]). The set of affine transformation of R™, denoted by Aff(R™), is a Lie
group isomorphic to the semi-direct product R" x4 GL(n,R). The Lie algebra of
Aff(R™) is the product vector space aff(R™) = R" x;4 gl(n,R) with Lie bracket

(&, H), (&', H)] = (HE — H'¢,[H, H']) H H €gl(n,R), ¢ eR"

In these terms, we have the following characterization of flat affine manifolds.

Theorem 2.1. A connection I' on P is flat affine, if and only if
n:aff(R") — X(P), (& H) —> B(§) + H,
is an infinitesimal action of aff(R™) over P.

Proof. It is well known that the map gl(n,R) — X(P), defined by H — H*, is
a Lie algebra homomorphism. Hence

n([(§, H), (&', H)]) = B(H') — B(H'¢) + [H, H"].
for all (§, H) and (&, H') in aff(R™). Moreover, for all H € gl(n,R) and & € R",
we have [H*, B(§)] = B(HE).
Thus [(¢, H),n(§', H')] = [B(£), B()] + B(HE') — B(H'§) + [H™, H"].



VALENCIA 67

Therefore, the map 77 defines an infinitesimal action of aff(R™) over P if and only
if [B(€),B(&')] =0 for all £, ¢ € R™.

If T is a flat affine connection, then [B(&), B({')] is a vertical (resp. [B(£), B(£')] is
a horizontal) vector field (see [19, p. 136]). Thus, [B(£), B(£')] =0 for all £,& € R™.
Conversely, it is well known that if X is a vertical vector at uw € P there exists an
element H € gl(n,R) such that X = H;. On the other hand, if Y is a horizontal
vector at u € P there exists £ € R™ so that Y = B(¢),. Therefore, making use of
the Cartan’s structure equations for I', a simple computation allows us to show that
considering the cases when: X and Y are vertical or horizontal or one is vertical
and the another is horizontal, then the condition [B(&), B(¢)] = 0 for all £,¢&" € R”
implies directly that I' is a flat affine connection on P. [ |

Remark 2.2.  Under the assumptions of Theorem 2.1 it is easy to verify that the
infinitesimal action 7 is effective. [ ]

Corollary 2.3. (1) Let (M,g) be a Riemannian manifold and O(n,R) —
L(M)? =5 M the bundle of orthonormal frames over M induced by g. The
Levi-Civita connection T9 on L(M)9 is flat if and only if the restriction of 1 to
R"™ ;4 0(n,R) is an infinitesimal action of R™ x4 0(n,R) over L(M)9.

(2) If o is a volume form on M and SL(n,R) — L(M)" > M s the bundle of
special frames over M determined by o, then a linear connection I'° on L(M)? is
flat affine if and only if the restriction of 1 to R™ X;q sl(n,R) is an infinitesimal
action of R"™ x;4sl(n,R) over L(M)7.

It is important to have in mind that linear connections on L(M)? are in bijective
correspondence with covariant derivatives V on (M, o) such that Vo = 0.

Proposition 2.4. Let (M,qg) be a compact and parallelizable flat Riemannian
manifold. Then, the infinitesimal action 1, : R® x4 o(n,R) — X(L(M)?) of
Corollary 2.3 is integrable.

Proof. If {X;,---,X,} is a parallelism of M, then by the Gram—Schmidt or-
thogonalization process we can construct an orthonormal parallelism {5\(/1, e ,)?;L}
of M. Thus, O(n,R) < L(M)9 =+ M is isomorphic to the trivial O(n, R)-principal
bundle O(n,R) x M. Hence, as O(n,R) x M is a compact smooth manifold, if G is a
simply connected Lie group with Lie algebra R"™ x;40(n,R), then by the Lie-Palais’
Theorem there exists a unique smooth right action of G on L(M)? such that the
fundamental vector field associated to (£, H) € R™ x,4 0(n,R) is 7,(¢, H). n

As every Lie group is parallelizable, then circle S and n-torus T" are examples
of compact parallelizable flat Riemannian manifolds, hence both satisfy Proposi-
tion 2.4.

3. Flat affine symplectic Lie groups

To determine flat affine Lie groups (i.e., Lie groups which carry a left invariant flat
affine structure) is an open problem proposed by J. Milnor in [30]. From now on,
our purpose is to study this problem in the case of connected symplectic Lie groups
endowed with left invariant flat affine symplectic connections.
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In this section, we treat some properties of these kind of Lie groups which will be
useful throughout the paper.

3.1. Flat affine symplectic manifolds

Let (M,w) be a symplectic manifold of dimension 2n. A symplectic frame at p € M
is a symplectic ordered basis of (7,M,w,). Let us denote by L(M)¥ the set of all
symplectic frames at all points of M and by = the natural projection of L(M)¥
onto M. Using Darboux’s Theorem, it is possible to determinate a differentiable
structure over L(M)“ so that the map 7 is smooth and L(M)“ has a natural
structure of Sp(n, R)-principal bundle. Consider the inclusion map ¢ : L(M)“ — P,
the inclusion group homomorphism ¢ : Sp(n,R) < GL(2n,R), and the identity map
Idy of M. Tt is simple to check that (¢, ¢,Idys) determines a homomorphism of
principal bundles between L(M)“ and P. Thus, every connection I', on L(M)“
determines a unique linear connection I" on P (see [19, p. 79]). A connection ',
on P¥ is called a linear symplectic connection. If we denote by (e, -+ ,es,) to the
canonical symplectic basis of (R*",wy), and take v = (X1, -+, X, E(Vl, e ,5(\;) as
a symplectic frame at p € M, then the map u : (R*",wy) — (T,M,w,) defined
by u(e;) = X; and u(ejiy,) = 5(; for all j = 1,2,--- ,n, is an isomorphism of
symplectic vector spaces. We define the R?"-valued 1-form 6, on P“ by

0.,(X) == u " (mu(X)), X e T, P~

If T, is a connection on L(M)“, then the torsion 2-form ©, associated to the
canonical 1-form 6, is defined as the exterior covariant differential of 6, with
respect to 'y, and it is also completely determined by the second Cartan’s structure
equation. When both the curvature 2-form Q4 ' and the torsion 2-form ©, are
null, we say that I'y, is a flat affine symplectic connection. As a consequence of
Theorem 2.1 we have

Proposition 3.1. Let (M,w) be a 2n-dimensional symplectic manifold and
Sp(n,R) — L(M)* =+ M the bundle of symplectic frames over M induced by
w. A symplectic linear connection T% on L(M)“ is flat affine if and only if the
restriction of 1 to R"™ X;45p(n,R) is an infinitesimal action of R x,48p(n,R) over
L(M)~.

A covariant derivative V on a symplectic manifold (M,w) is called symplectic if
Vw =0, that is

X wY,Z) =w(VxY,2) +w(Y,Vx2), X,Y,Z¢eX(M).

Remark 3.2. (1) There exists a bijective correspondence between linear sym-
plectic connections I'y, on L(M)¥ and symplectic covariant derivatives on (M,w).
Given a paracompact symplectic manifold (M, w), it is always possible to ensure that
there exists a torsion free symplectic connection on M but unlike the Riemannian
case this is not unique (see [36]).

(2) The holonomy group of a symplectic connection on a connected symplectic man-
ifold is identified with a subgroup of Sp(n,R) defined up to conjugation. Moreover,

I Here A, denotes the connection 1-form associated to T, .
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there is always a natural surjective group homomorphism between the fundamen-
tal group II;(M) and Sp(n,R)/G where G is a normal Lie subgroup of Sp(n,R)
defined up to conjugation.

(3) If (M,w) is a compact symplectic manifold endowed with a flat affine symplectic
connection V, then the Euler characteristic of M vanishes. This follows from the
fact that the volume form induced on M by w is parallel with respect to V. This
result is a particular case of Chern’s conjecture for compact flat affine manifolds and
it is a direct consequence of the case proved by B. Klingler when the compact flat
affine manifold admits a parallel volume form (see [18]).

Definition 3.3. A triple (M, w, V) where (M,w) is a symplectic manifold and V
is a flat affine symplectic connection on M is called a flat affine symplectic manifold.

To have a flat affine symplectic structure on a 2n-dimensional manifold M is equiv-
alent to having a maximal atlas of M whose change of coordinates are restriction
of elements of R?" x4 Sp(n,R) (see [11]). Two interesting examples of flat affine
symplectic manifolds are the 2-torus T? (see [22] or [19, p.211]) and the ordinary
cylinder S' x R (compare [19, p. 223]).

3.2. Flat affine symplectic Lie groups

In what follows GG denotes a connected real Lie group and g := T.G its Lie algebra.
A symplectic form w*t (respectively a linear connection V) on G is called left
invariant if L, : G — G, defined by 7 — o7, is a symplectomorphism of (G,w™)
(respectively an affine transformation of (G,V)) for all o € G.

Definition 3.4. (1) [24], [27] A pair (G,w") where w' is a left invariant
symplectic form on G is called a symplectic Lie group.

(2) [21], [38], [25] A pair (G,V) where V is a left invariant flat affine connection
on G is called a flat affine Lie group.

From now on we will deal with the following object:

Definition 3.5. A triple (G,w™, V) where (G,w™) is a symplectic Lie group and
V is a left invariant flat affine connection on GG which is symplectic with respect to
wT is called a flat affine symplectic Lie group.

If (G,w™) is a symplectic Lie group and V is a left invariant symplectic connection
on G, then

w+(vx+y+7z+> +w+(y+7v:c+z+) :O, x,Yy,z € 9.
Here 2 denotes the left invariant vector field associated to z € g.

Remark 3.6. Every symplectic Lie group (G,w™) is also flat affine. More
precisely, the left invariant symplectic form w™ defines on G' a unique natural left
invariant flat affine connection V determined by the formula

W+(Vx+y+, Z+) = _w+(y+7 [m—i_a Z+])7 r,Y,Z € 9.

This result was proved by A.Bon-Yau Chu in [7]. It is easy to show that V is
symplectic with respect to w™ if and only if G' is commutative. [ |
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Some results and classifications of flat affine symplectic Lie groups are already known
in the literature; see for instance [2], [6], [28], and [31]. In this paper we want to
exhibit other interesting properties of these kind of Lie groups as well as give two
methods for constructing simply connected flat affine symplectic Lie groups in every
even dimension. We will do it using the algebraic structure and the properties of
flat affine symplectic Lie algebras. These objects are defined below.

The following two results will be vital for exploring the consequences of the con-
structions given in next sections. First of all, we give the following characterization
of flat affine symplectic Lie groups using étale affine representations®. Affirmation
(1) if and only if (2) is well known (see for instance [28] and [31]).

Theorem 3.7.  Let G be a connected Lie group of dimension 2n, g its Lie algebra,
and G its universal covering Lie group. The following statements are equivalent:

(a) There exist both w™ and V on G such that (G,wt, V) is a flat affine symplectic
Lie group.

(b) There exist both a nondegenerate scalar 2-cocycle® w € /\2 g" and a bilinear
map -: g X g— g over g satisfying

W(Lx(y), 2) +w(y, L.(2)) =0,
Ly = (L, Ly]gf(g)> and (1)

[xay] :L$<y)_Ly(x)7 %?J:ZGg; (2)
where L, : g — g is the linear map defined by L,(y) ==z -y.

(¢) There exists a Lie group homomorphism p : G — V %14 Sp(V,w) where (V,w) is
a real 2n-dimensional symplectic vector space, such that the natural left action
of G over V' admits a point with open orbit and discrete isotropy.

Proof. 1If (G,w™,V) is a flat affine symplectic Lie group, it is easy to check that
w = wl is a nondegenerate scalar 2-cocycle of g and - : g x g — g defined by
x -y = L,(y) := (Vu+y")(€) is a bilinear product on g which satisfies the three
identities of item (b).

Now suppose (b), thus the map 6: g — g x4 $p(g,w) defined by x — (x,L,) is a
well defined Lie algebra homomorphism. Passing to exponential, we get a Lie group
homomorphism p: G — g x4 Sp(g,w) sending o = exps(x) to p(o) = (Q(0), Fy)

where
x

Qo)=Y (L) (@) and = Bxp(Le) = 3 2 (L)"
k=1 k=0
Thus, as the map 1y : g — g defined by = — 6(z)(0) = x + L,(0) = = is a linear
isomorphism, we have that 0 € g is a point with open orbit and discrete isotropy
for the left action of G over g determined by p.
Finally, suppose that p: G =V x 14 Sp(V,w) is a homomorphism of Lie groups
such that the orbital map 7: G — Orb(v) defined by o — Q(c) + F,(v) is a local

2Let V be an n-dimensional vector space. A Lie group homomorphism p : G — Aff(V) is
called an étale affine representation if the left action of G on V' determined by p admits
a point with open orbit and discrete isotropy.

3we \’g* is a scalar 2-cocycle on g if w([z,y],2) + w([y, 2], z) + w([z, z],y) = 0 for all
z,Y,% € g.
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diffeomorphism for some v € V. Differentiating at the identity of é, we obtain a
Lie algebra homomorphism 6: g — g X;q sp(V,w) given by x — (q(z), f.), where
the linear map v,: g — V defined by x — ¢(z) + f.(v) is a linear isomorphism (see
[25]). Moreover, the map f : g — sp(V,w) defined by x — f, is also a Lie algebra
homomorphism and ¢ : g — V given by & — ¢(x) is a linear map such that

q(lz,y]) = fola(y)) = fyla(2)),  =zyeq (3)
Now, we define on g the skew-symmetric bilinear form w and the bilinear map
-1 g X g — g respectively by
w(z,y) = wWy(x),vu(y))

and szwilofzo%, y— -y = L.(y),

for all z,y € g. Because f : g — sp(V,w) is a Lie algebra homomorphism, we

have that Ly ) = [Lg, Lylgg)- On the other hand, since ¢ : g — V satisfies (3), we

conclude that [x,y| = L,(y) — L,(x). Moreover, the fact that f, € sp(V,w) implies
W(La(y),z) +@(y, La(2)) =0,  zy,z€g. (4)

It follows that the identity (4) implies that @ is a scalar 2-cocycle of g. Hence, it is

simple to check that the left invariant symplectic form

wi(X,,Y,) = O((Lo-1)s0Xsy (Lo=1)s0Ys), o€G, X, Y,eT,G,
and the left invariant flat affine connection obtained after extending
v$+y+ = (.2? ’ y>+ = (LJC(y))J’_? r,Yy €9,
are such that (G,w*, V) is a flat affine symplectic Lie group. [
It is easy to verify that the identities (1) and (2) of item (b) in the previous theorem
imply that
v (y-z)—(@-y)-z=y-(t-2)-(-2)-2 zyz€g ()

To set up terminology we give the following definition.

Definition 3.8.  [38] A bilinear map over a vector space satisfying the formula
(5) is called a left symmetric product and the corresponding vector space is called a
left symmetric algebra.

Some important geometric consequences of studying left symmetric algebras can
be found in [7], [8], [17], [25], and [32]. Next object will be relevant for doing
the constructions of some simply connected flat affine symplectic Lie groups in the
following sections:

Definition 3.9. A triple (g,w,-) where g is a real finite dimensional Lie algebra,
w is a nondegenerate scalar 2-cocycle of g, and - : g X g — g is a left symmetric
product over g whose commutator agrees with the Lie bracket of g and it verifies

w(x-y,z)—l—w(y,x-z):[), x,Y,z €9, (6)
is called a flat affine symplectic Lie algebra.

Suppose that (G,w™,V) is a flat affine symplectic Lie group. We can show a
weaker claim than item (c) of Theorem 3.7 as follows. Let (g,w,-) be the flat affine
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symplectic Lie algebra associated to (G,w™, V) and denote by g* the dual vector
space of g. If L* : g — gl(g*) denotes the dual representation of L, then a direct
computation allows us to show that

w(lz,yl,) = Ly(wly, ) — Ly(w(z,-),  wyeq.

Thus, the map 6 : g — aff(g*) defined by z — (w(z,-), L), is a well defined Lie
algebra homomorphism. Moreover, as w is nondegenerate, the map ¥y : g — ¢*
defined by x — vg(x) := w(x,-) is a linear isomorphism. Therefore, there exists a
Lie group homomorphism p : G — Aff(g*) such that 0 € g* is a point with open
orbit and discrete isotropy. Consequently, the orbital map 7 : G — Orb(0) C g¢*
which is determined by

=1
eXpG ZE 1’,')),
k=1

Is a covering map.

Remark 3.10. If (G,w™, V) is a connected flat affine symplectic Lie group, then
the étale affine representation p : G — g X4 Sp(g,w) obtained by means of the
exponential map of G and the Lie algebra homomorphism 0 : g — g x;q sp(g,w.)
which is defined by x — (3: L.), is injective. Thus, we can identify the Lie group
G with the subgroup p(G) of g x4 Sp(g,w?). ]

Let GG be a simply connected Lie group. To have a left invariant flat affine connection
V on G is equivalent to having an étale affine representation p : G — Aff(V)
(see [21]). If v € V is a point with open orbit and discrete isotropy, then the
completeness of V is equivalent to have that such an action being simply transitive
or equivalently that Orb(v) = V' and the orbital map = : G — Orb(v) is a global
diffeomorphism (see [13] or [25] for more details). L. Auslander conjectured in [4]
that a simply transitive action contains nonzero translations if GG is nilpotent, that is,
the restriction to p(G) C Aff(V') of the natural homomorphism A : Aff(V)) — GL(V),
is not injective. J. Scheuneman gave a presumed proof of this conjecture in [34] but
D. Fried observed in [12] that his proof had an error and exhibited a counterexample
showing that the Auslander’s conjecture is not true in general. Later A. Medina and
Yu. Khakimdjanov in [26] exhibited more general examples on flat affine filiform Lie
groups, for which Auslander’s conjecture is true in odd dimension and false in even
dimension.

With the aim of presenting a result related to this story, we consider bi-invariant flat
affine symplectic connections. A linear connection V on G in called bi-invariant if
both L, : G — G and R, : G — G (defined by 7 +— 70) are affine transformations
of (G,V) for all o € G. It is well known that a Lie group admits a bi-invariant flat
affine connection if and only if the Lie bracket of g is underlying of an associative
product on g (see for instance [25]).

Proposition 3.11.  Let (G,w™) be a simply connected symplectic Lie group and
assume that it admits a bi-invariant flat affine symplectic connection. Then G s
a nilpotent Lie group and it can be identified with a subgroup of g x4 Sp(g,w)
containing a nontrivial one parameter subgroup formed by central translations.
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Proof. Let V be a bi-invariant flat affine symplectic connection on (G,w™).
Then, the bilinear map - : g x g — g defined by -y = L,(y) = (Va+yT)(e) for
all z,y € g, determines an associative product over g satisfying (2) and (6). As
- is associative, we have that L, o L, = L, for all z,y € g. This implies that
L,oL, € sp(g,wS). If (L,oL,)* denotes adjoint map of L, o L, with respect to w,
then we have that —(L,oL,) = (LyoL,)" = L,oL,, thatis, L,oL,+ Ly,oL, =0
for all x,y € g. Therefore, L, o L, = 0 for every x € g. Note that if g is a
non-nilpotent associative algebra, then there is a nonzero element a € g which is
idempotent, that is, a - a = a with a # 0 (see for instance [1, p. 23]). Thus

0= (LyoLy)(a)=La(a-a) = Ly(a) =a-a=a#0,

which is a contradiction. Therefore, (g,-) is an associative nilpotent algebra. Con-
sequently, there is an integer m > 2 such that

gm:{xlxzxm x]Eg’ VJ:1’2,’m}:{O}

with g™~! # {0}. This implies that there exists b # 0 such that L, = R, = 0
where Ry(z) = x-b. As G is simply connected, by Theorem 3.7 we have a Lie group
homomorphism p between G and the Lie group g x4 Sp(g,w.) determined by

p: G — g X Sp(g,w)

expg () — plexpg(z)) = <Z X ’Z% )

k=0

for all x € g. As p is an injective homomorphism, we can identify G with the
subgroup p(G) of gx4Sp(g,wS). Therefore, as L, = 0, it follows that p determines
a nontrivial central one parameter subgroup H of p(G) formed by translations which
is induced by t — exp(th) and given by

H = {p(exps(th)) = (tb,1dy) : t € R}.

Hence, as g is a nilpotent algebra, the existence of such a subgroup H implies that
g is a nilpotent Lie algebra, and therefore, G is a nilpotent Lie group (see [15]). =

3.3. Completeness

We will finish this section giving some comments about the completeness of a left
invariant flat affine symplectic connection. It is well known that a left invariant flat
affine connection V is geodesically complete if and only if tr(R,) =0 for all z € g,
where R, : g — g is the linear map defined by R,(y) = (V,+27)(¢) for all z,y € g
(see [15]). Assume that (G,w™',V) is a connected flat affine symplectic Lie group
and let (g,w,-) be its flat affine symplectic Lie algebra.

Similarly to how it was done in the pseudo-Riemannian case by A.Aubert and A
Medina in [3], we can give sufficient and necessary conditions for determining when
a left invariant flat affine symplectic connection is geodesically complete. Denote by
L.(y) = Ry(x) =z -y = (VuryT)(¢) for all z,y € g. Thus, we have

W(Le(y),2) +wly, L.(2)) =0,  mycg. (7)

This implies that L, € sp(g,w) for all x € g. Hence, the adjoint map of L, with
respect to w, which we denote by L} : g — g, verifies that L} = —L,.
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On the other hand, if g* denotes the dual vector space of g and ‘L, : g* — g* is
the transpose map associated to L,, then the identity (7) implies that the linear
isomorphism «’ : g — g*, defined by w’(z) = w(x,-), makes the following diagram
commutative for all x € g

L
—_—

g g -
A

th
So, we have —tr(L,) = tr(L}) = tr((w’) ' ot L, ow’) = tr(*L,) = tr(L,), = € g,
and hence tr(L,) =0 for all x € g.

Suppose that V is geodesically complete; so tr(R,) = 0 for all x € g. As
ad, = L, — R,, we have tr(ad,) = tr(L, — R;) = tr(L,) — tr(R,) =0, = € g, that
is, G is a unimodular Lie group.

Conversely, if G is a unimodular Lie group, then the identities ad, = L, — R, and
tr(L,) = 0 imply that tr(R,) = tr(L,) — tr(ad,) = 0 for all = € g. Therefore, V
geodesically complete.

The previous arguments are a different proof for a particular case of the following
well known result:

Theorem 3.12. [6] Let (G,V) be a volume-preserving* flat affine Lie group.
Then V is geodesically complete if and only if G is unimodular.

As every unimodular Lie group admitting a left invariant symplectic form is solvable
(see for instance [7]), we get:

Corollary 3.13. [6] If (G,w™,V) is a connected flat affine symplectic Lie group
and V is geodesically complete, then G is solvable.

4. A double extension of a flat affine symplectic Lie algebra

By the previous section it is known that there exists a bijective correspondence
between simply connected flat affine symplectic Lie groups and flat affine symplectic
Lie algebras. The main aim of this section is to give a method for constructing
flat affine symplectic Lie algebras using Nijenhuis’ cohomology for left symmetric
algebras (see [32]). This will be an iterative method which allows us to get flat affine
symplectic Lie algebras of dimension 2n+2 from a flat affine symplectic Lie algebra
of dimension 2n. We will call this construction a double extension of a flat affine
symplectic Lie algebra. We prove that it is possible to obtain all those flat affine
symplectic Lie groups with bi-invariant symplectic connection by means of a double
extension starting from {0}. Moreover, we get all flat affine symplectic Lie groups
of dimension 2 which were found in [2] and give nontrivial examples in every even
dimension.

As we said before, we will take the notions about cohomology of left symmetric
algebras that we will use from [32]. Let g be a left symmetric algebra and V' a

4V is volume-preserving if there exists a left invariant volume form 7 on G such that V7 = 0.
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vector space of finite dimension over K = R or C. We say that V' has a structure
of g-bimodule if there are two bilinear maps - : gxV — V and O : V xg =V
satisfying

v(y-v)—y-(w-v)=[zy]-v (8)
and x-(vy) — (x-v) 0Oy =v0(zy) — (vOx)dy, x,ye€g, veV. (9)

If C%g,V):=V and CP(g,V) denotes the set of p-linear maps f:gx---xg—V
for p € ZT, the Nijenhuis’ differential &, : C?(g,V) — CP*'(g, V) is defined as
p—1
(Gpf) (w0, s xp) = D (= V)i~ flwo, - iy )
i=0
p—1
+ Z(—l)zf(l'o, Tt 7fia L, Tp—1, mz)Dxp
i=0
_ Z (1) f (g — wjaa, - By oo Dy, Tp)
1<j<p
p—1
- Z<_1)lf(x07 T a‘fiv L, Tp—1, xixp)-
i=0
Using formulas (8) and (9) it is simple to check that 0, 0 d,_1 = 0 (see [32]). As
is usual, the spaces of k-cocycles (respectively k-coboundaries) of the left symmet-
ric algebra g with values in V is defined by ZE(g,V) := Ker(d;) (respectively
Bto(g,V) :=Im(6;_;) and BY,(g,V) := {0}). Therefore, the k-th space of coho-
mology of the left symmetric algebra g with values in V' is defined as the quotient
space
H5e(9,V) = Z56(9,V)/Bsg(8, V).
When V' = K has structure of trivial g-bimodule (i.e. x -t = tOx = 0) we call to
H.(g,K) the k-th space of scalar cohomology of the left symmetric algebra g.

If (g,w,-) is a flat affine symplectic Lie algebra and we denote by L,(y) = z-y = zy
for all z,y € g, then the map L : g — sp(g,w), defined by = — L, , is a well defined
linear representation of g by g. That is, the map L is a Lie algebra homomorphism
satisfying

w(Ly(y),2) +w(y, Lo(2)) =0,  z,y,z€g. (10)

We will denote by H}(g,g) the first space of cohomology of the Lie algebra g with
values in g with respect to the representation L.

Lemma 4.1. Let (g,w,-) be a flat affine symplectic Lie algebra. Then the formula

flz,y) =wu(z),y), x,y€g,

induces a lineal isomorphism between Hz.(g,K) and H}(g,9), where K is seen as
a trivial g-bimodule and g has a structure of g-module determined by the linear
representation L.

Proof. It is enough to show that f is a scalar 2-cocycle (respectively scalar
2-coboundary) of left symmetric Lie algebra g if and only if u is a 1-cocycle
(respectively 1-coboundary) of Lie algebra g.
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On the one hand, suppose that f € ZZ,(g,K), then we have that f(zy — yz,z) =
f(z,yz) — f(y,zz) for all x,y,z € g. Therefore

As w is nondegenerate, we get that u([z,y]) = L,(u(y)) — Ly(u(z)) for all z,y € g.
If we Z}(g,g), then the previous argument also shows that f € ZZ.(g,K). On
the other hand, if f € B%,(g,K), then there exists a linear map ¢ : g — K such
that f(z,y) = ¢(zy). As w is nondegenerate, there is a unique xy € g such that
© = w(xp,+). Thus

w(u(z),y) = f(2,y) = p(zy) = wl@o, ) (2y) = w(zo, 7y) = —w(La(w0),y).

Therefore, u(x) = L,(—xg) for all z € g. Now, let u € B}(g,g) and choose z, € g
such that u(x) = Ly(z). It follows that —w(zg,:) : ¢ — K is a linear map such
that f(x,y) = —w(20,-)(zy) for all z,y € g, that is, f € B%,(g,K). [

If (g,w,-) is a flat affine symplectic Lie algebra, then by the Lemma 4.1 it is simple
to check that the map 6 : H} (g,9) — H.;.(g,9%) defined by [u] — [#(u)], where

(O(w)(2))(y) = w(u(z),y) —wlu(y),z) = w((u+u)(@)y), wyeg

is a well defined linear homomorphism. Here u* : g — g denotes the adjoint map
associated to u with respect to w and ad™ : g — gl(g*) the coadjoint representation
of g.

Similarly to how it was done in [3] for the pseudo-Riemannian case, we may state
and prove the following Lemma for the case we are interested with:

Lemma 4.2.  Suppose that (g,w,-) is a flat affine symplectic Lie algebra. Let I
be a bilateral ideal of (g,-) of dimension 1. Then

(a) The product - in I is null, I -1+ =0, and I*~ is a left ideal.
(b) I+~ is a right ideal if and only if [+~ -1 =0.

(c) If I~ is a bilateral ideal of (g,-), then the canonical sequences

0—I—I* —I"*/I=B—0 (11)
0— [t = g— g/l —0 (12)
0—1—g—g/l—0 (13)

0 — I+ /I < g/I — g/I™* — 0, (14)

are sequences of left symmetric algebras. Moreover, the quotient Lie algebra
B = I+~ /I admits a canonical structure of flat affine symplectic algebra and
(12), (14) are split exact sequences of Lie algebras.

Proof. Proceeding in order we have:
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(a) For x € I, y € I** and z € g, the identity (10) and the fact that I is
1-dimensional (hence I C I*«) imply that

w(a: Y, Z) = —W(y,$ ' Z) =0.
Thus [ - I« = 0. In particular, [ -1 = 0 and as
w(z-y,x)=—-w(y,z -x)=0,

we have that g - I+~ C [tv.
(b) For z €I, ye [t~ and 2 € g, we get

wy-z,2)=0 & w(zy-x)=0,

this is, It - g C I+~ if and only if I+~ -1 = 0.

(c) Suppose that [ is a bilateral ideal of (g,-). In this case, the quotient vector
space B = I+~ /I has a structure of Lie algebra given by

[+ Ly+Il=[zyl+I=(@-y—y -x)+1, ry € I,

As w is a nondegenerate scalar 2-cocycle, it induces on I+« a bilinear form of radical
I. Hence, we have that w|,.,,, ;.. defines, passing to the quotient, a nondegenerate
and skew-symmetric bilinear form «’ on B = It~ /I which is also a scalar 2-cocycle
of Lie algebra B. This symplectic form is given by w'(z+ I,y + I) = w(zx,y) for all
x,y € I+~ . If we denote the class of z € I** module I by T =z + I, then the left
symmetric product

T-y=(x+1)-y+0)=z-y+1=7y,

satisfies
V(T Y2)+W (@I 2) =0T y,2) + (7T 2) =w(r -y, 2) tw(y,z-2) =0,

for all z,y,2z € I*~. Therefore, (B,w',”) is a flat affine symplectic Lie algebra.
Finally, as g/I*~ has dimension 1, we have that (12) and (14) are split exact
sequences of Lie algebras. [ |

The Lie algebra B of Lemma 4.2 will be called flat affine symplectic Lie algebra
deduced from I*+< by means of I. Let (g,w,-) be a flat affine symplectic Lie algebra.

Assumption 1. Assume that both I and [+ are bilateral ideals of (g,-) with I
of dimension 1.

If we put I = Ke, let Kd be a 1-dimensional subspace of g such that w(e,d) = 1.
We denote by B = (Vectg{e,d})™. Then g is identified with the vector space
Ke ® B ® Kd and I+~ with Ke @ B. The product on I+~ can be written as

Ae+z)(pe+y) = f(z,y)e+z®y, zyeB, Apek,

where # ® y is the component of z -y over B. A direct calculation allows us to
verify that the product in I+« is left symmetric if and only if the bilinear map
® : Bx B — B is a left symmetric product on B and f is a scalar 2-cocycle for the
left symmetric algebra (B, ®). On the other hand, it is easy to see that the canonical
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linear map 0 : B — B = I+« /I defined by x + T = (x + I), is an isomorphism of
left symmetric algebras (consider A = p = 0 in the previous equation). Therefore,
we can identify g with the vector space Ke® B®Kd and I+~ with Ke® B. Denote
the left symmetric product of B by L,(y) = zy for all z,y € B.

According to the cohomology of left symmetric algebras due to A. Nijenhuis, the se-
quence (11) is described by the cohomology class of a scalar 2-cocycle f € Z2.(B,K)
of the left symmetric algebra B (see [32]). Thus, by Lemma 4.1, this sequence is de-
scribed by the cohomology class of a 1-cocycle u € Z1 (B, B) of Lie algebra B with
values in B with respect to the linear representation L : B — sp(B,w’) satisfying
f(z,y) = ' (u(x),y) for all x,y € B. Thus, the product on 1« can be written as

(Ae + @) (pe +y) = f(z,y)e +ay = (u(z),y)e+ay, z,yeB, Apek
As both I = Ke and [+« = Ke @ B are bilateral ideals of (g,-), then they are also
Lie algebra ideals of g. Therefore, the Lie bracket of g can be expressed as follows
[de] = pe, [d.z] =a(z)e+ D(x), [z,y]=w'((u+u)(@),y)e+ [z,y]5,

where z,y € B, pn € K, D € gl(B), and a € B*. The product on g = Ke® B @& Kd

satisfies the identity (10) with w(e,d) =1 and Vectg{e,d} L, B, if and only if
ecx=x-e=e-e=0, -y =uw(u(r),y)e+zy
d-z=uw(xo,x)e+ p(x), z-d=p(r)e+ u(x) (15)
d-e= e, e-d=re, d-d= e+ xy— A,

where \,v,3 € K, o € B, p € sp(B,w'), ¢ € B* and u € Z.(B,B). The

commutator of the product (15) agrees with the Lie algebra structure of g if and

only if, vy =XA—pu, p = (xg,") —a and p = D +u. As &' is nondegenerate, there

is a unique element zg € B such that a = w'(2g, ). Therefore, the Lie bracket of g

is given b
& Y [d,e] = pe, [d, x] = W' (20, z)e + D(x)

[yl = W' ((u+u)(@),y)e+ [v,y]s,  x,y€DB
and the product (15) by
e-x=x-e=ec-e=0, z-y=u'(u(z),y)e + zy
d-z = (xg,x)e+ (D+u)(z), r-d=uw'(xg— 20, 7)€ + u(x) (17)
d-e= e, e-d=(\—pe, d-d= fe+xy— A,
where X\, pu, 8 € K, xg,20 € B, D € gl(B) and u € Z}(B, B) such that D + u €

sp(B,w’). Finally, the product (17) is left symmetric if and only if for all =,y € B
we have

(1) (e-d)-e—(d-e)-e=e-(d-e)—d-(e-e). This equality holds if and only if

(16)

A=u or A= g (18)

(2) (d-x)-d—(x-d)-d=d-(x-d)—x-(d-d). This identity is true if and only if
[u, D]gumy = v + Au — Ry, and (19)

D*(xg — 2z0) — 2u™ () — 2X\(xg — 20) + (A — )20 = 0, (20)

where D* : g — g and u* : g — g denote the adjoint maps with respect to w’
associated to D and u, respectively.
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(3) (d-x)-y—(x-d)-y=d-(r-y)—x-(d-y). This equality holds if and only if
W' (1o, 7y) = W' ((uwo D)(z) — (Dou)(x) —u*(x) — Mu(x),y), and  (21)

D(x)y +xD(y) — D(xy) = u(zy) —zuly), 2,y € B, (22)

As ' is nondegenerate, it is clear that (21) holds if and only if we have
[u, D]gypy = u* + A — Ry, .

4) (z-y)-d—(y-z)-d==z-(y-d) —y-(z-d). This identity is true if and only if
(A = p)(u +u")(2) = 2(uwou’)(x) = (Ls + R;) (20 — 20), (23)

where zy = L,(y) for all x,y € B and R} : g — g is the adjoint map with
respect to w’ associated to the linear map R, : g — g given by y — R, (y) = yx.

Consider the bilinear form w,, : B x B — R defined by
wWap ¢ (2,y) = W' ((wo D)(z) — (D ou)(w) — u’(z) — Mu(z),y),  w,y€B.

If we take ¢ = w'(xo,-), then it is easy to see that the formula (21) means that
wy,p 18 a scalar 2-coboundary for the left symmetric algebra B. On the other hand,
the formula (22) tells us that the bilinear map f,., : B x B — B defined by
Buzo(2,y) = u(zry) —zu(y) for all z,y € g, is the differential of D in the Nijenhuis’
cohomology of left symmetric algebra B with values in the canonical B-bimodule
B (see [32]). Moreover, using again the formula (22) and the fact that v € Z} (B, B)
we have that D : B — B is a Lie algebra derivation. Indeed,

D([z,y]) = D(zy—yx)
= D(x)y+xD(y) — u(zy) + zu(y) — D(y)r — yD(x) + u(yz) — yu(r)
D(x),y] + [z, D(y)] — u([x,y]) + La(u(y)) — Ly(u(z))

[D(x),y
[D(x),y] + [x, D(y)].

Summing up, we have the following results:

Proposition 4.3.  Let (g,w,-) be a flat affine symplectic Lie algebra. Assume
that I and I+~ are bilateral ideals of (g,-) with I of dimension 1. If B = I*+</I
denotes the flat affine symplectic Lie algebra deduced from I+~ by means of I, then
the left symmetric product of g is given by (17) where A\, u, 3 € K, xg,20 € B,
D € gl(B) and u € Z}(B, B) such that D + u € sp(B,w') satisfying the relations
(18), (20), wu, € B3:(B,K), (22), and the identity (23).

Reciprocally, we get a method that allows us to construct flat affine symplectic Lie
algebras:

Theorem 4.4. Let (B,w',%) be a flat affine symplectic Lie algebra. Suppose
that A\, € K werify (18) and v € Z}(B,B) with D € gl(B) are such that
D +u € sp(B,w') and they satisfy (22). If zo € B wverifies that w,, € Bi.(B,K)
and there ezists zg € B such that the equalities (20) and (23) are satisfied, then the
vector space g = Ke ® B @ Kd endowed with the left symmetric product (17) and
the symplectic form w which extends ' and verifies that Vectx{e,d} is a hyperbolic
plane orthogonal to B, is a flat affine symplectic Lie algebra.
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To set up terminology we give the following definition:

Definition 4.5. The Lie algebra (g,w,-) obtained from Theorem 4.4 is called
the double extension of the flat affine symplectic Lie algebra (B, w’,~) according to

(U,D,I'Q,ZO,B7A,,M).

Recall that by (18) we have that the parameters A and p in the double extension
of a flat affine symplectic Lie algebra are related to each other as A =y or A = g

In the case that A = pu, we get the following special consequence of Theorem 4.4.

Corollary 4.6. If (G,w™,V) is a simply connected flat affine symplectic Lie
group whose Lie algebra is obtained as a double extension of a flat affine symplectic
Lie algebra according with (u, D, xq, 20, 8,0 = A), then G 1is identified with a
subgroup of g X4 Sp(g,w) containing a nontrivial one parameter subgroup formed
by central translations.

Proof. Let (g,w,-) be the flat affine symplectic Lie algebra associated to (G,w™, V).
If g is obtained as a double extension of a flat affine symplectic Lie algebra accord-
ing with the parameters (u, D, xg, 2o, B, A, ) where A = pu, then it decomposes as
g =Ke® B®Kd and ' = w|p with B L, Vectg{e, d} and w(e,d) = 1. Therefore,
the left symmetric product deduced from V is given by

ecr=x-e=e-e=0, z-y=uw(u(z),y)e+zy
d-z=uw'(xg,x)e+ (D +u)(z), z-d=w 1y — 20, 7)€ + u(z)
d-e=Me, e-d=0, d-d=pe+xqg— \d.

It is clear that Ker(L) # {0} since L. = 0. As G is simply connected, using
Theorem 3.7 as we did in Proposition 3.11 it follows that p determines a nontrivial
one parameter subgroup H of p(G) ~ G formed by central translations which is
induced by t — expg(te) and given by

H = {p(exps(te)) = (te,1dq) : t € R}. ]

As a consequence of the proof of Proposition 3.11, we have that every flat affine
symplectic Lie algebra (g,w,-) such that -: g x g — g is an associative product on
g is obtained as a double extension of flat affine symplectic Lie algebras from {0}.

Indeed,

Proposition 4.7.  Let (G,w™, V) be a flat affine symplectic Lie group such that
V s bi-invariant. Then the Lie algebra of G is obtained as a double extension of
flat affine symplectic Lie algebras starting from {0}.

Proof. 1If (g,w,-) is the flat affine symplectic algebra associated to (G,w™,V),
then = -y = L,(y) = Ry(x) = (V,+y")(€) is an associative product on g since V
is bi-invariant. Under this assumptions, we know that g is a nilpotent algebra and
there exists an element e # 0 in g such that L, = R. = 0 (see proof of Proposition
3.11). As consequence e € 3(g) (center of g) since [e,z] = L.(z) — Re(z) = 0 for
all x € g. We define by I = Re. It is clear that [ is a bilateral ideal of (g, -) since
ecx=x-e=0.
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On the other hand, we have that [*« is also a bilateral ideal of (g,-). Indeed, for
ally e I*v and v € g

and wly -z, e)=—w(x,y-e) =—w(x,0)=0.

and last claim follows because w is nondegenerate. Therefore, the Lie algebra g
is obtained as a double extension from (B,w’,%) where B = [*«/I. On g =
Ke @ B @ Kd, the product - is given by the formulas (17) and we find that the
associativity of this product implies the associativity of the product - on B. Hence,
g is obtained by a series of double extensions of flat affine symplectic Lie algebras
starting from {0}. n

By means of the double extension of flat affine symplectic Lie algebras we get every
flat affine symplectic Lie algebras in dimension 2. These where initially found by
A. Andrada in [2] (see also [29]).

Example 4.8. If in the double extension of flat affine symplectic Lie algebras we
put B = {0}, then we have that g = Vectx{e, d} with symplectic form w(e,d) =1
and Lie bracket [d,e] = pe. In this case, the product (17) is given by

. ‘ d e

d| Be—Xd re with A\ pBcK
el A=pe 0

(1) When p = 0, we have that g is isomorphic to R?. Also, as u = 0, by (18) we
get that A = 0. Moreover, taking either 8 # 0 or =0 we get

d e d e
d| pBe 0 dl0o 0
el 0 O el0 O

so determining the only two non-isomorphic left invariant flat affine symplectic
connections over R%. When f3 # 0 all these connections are isomorphic. Moreover,
these connections induce on the 2-Torus T? structures of flat affine symplectic Lie
group. E. Remm and M. Goze found in [33] all the structures of flat affine Lie group
on the abelian Lie group R? and they showed that the only ones of such structures
that induce left invariant flat affine structures on T? are precisely the structures
determined by the left symmetric products above.

(2) On the other hand, when p # 0 we have that g is isomorphic to aff(R). By
(18) we know that A = p or A = g So we get

. ‘ d e . ‘ d e
d | fe—pud pe d| Be—15d %e
e 0 0 e —Le 0

Each of these families determines a unique connection up to isomorphism.
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4.1. Nontrivial examples in every even dimension

We will explain an easy way of getting non-trivial simply connected flat affine
symplectic Lie groups of dimension 2n from the model space ((R?"72,+),wp, V°).
Here wy is the usual symplectic form and V is the usual linear connection on
R2"=2_ Recall that V° is a left invariant flat affine connection which is symplectic
with respect to wy. The abelian flat affine symplectic Lie algebra associated to
(R*"72, wo, V°) is (R*"72, wy, -°) where 2% = 0 for all z,y € R**~* since V§ 9; = 0.
Suppose that u =0, 2o = 29, and D € sp(R*""2 wy). The double extension of flat
affine symplectic Lie algebras under these conditions is g = Re @ R?"~2 & Rd ~ R*"
with nonzero Lie brackets [d,e] = pe and [d,z] = wo(x,x)e + D(z) for all z €
R2"=2 Tt is easy to verify that g is isomorphic as Lie algebra to the Lie algebra
Rd x g (Re x R*"~2) where 6 : Rd — gl(Re x R*"~2) is the Lie algebra homomorphism
defined by 6(d)(e) = pe and 0(d)(x) = wo(xo,z)e + D(x). Therefore, a simply
connected Lie group G with Lie algebra g is given by G = R x, (R x R*"~?) where
p is the Lie group homomorphism

o amar, sefi() L))

where [w’(z)], and [D], denote the matrix representations of the linear maps
wo(wg,+) : R?™2 — R and D : R* 2 — R?*"2  respectively, with respect to a
fixed ordered basis v of R**72. Let w* be the left invariant symplectic form on G
determined by w, where w is the symplectic structure on g with w|gzn-—2 = wy,
Vectg{e,d} L, R*? and w(e,d) = 1. Hence, for A = p or A\ = £, and
(A — p)zg =0, we have that

V6+ZL‘+ = vz+€+ = V6+6+ = V$+y+ = Vz+d+ =0
Vagrzt = wo(zo, x)et + D(z)*

Vd+6+ = )\6+

Verdt = (X — p)e”

Vardt = Bet +xd — M,

is a left invariant flat affine symplectic connection on (R x, (R x R*"72) o).

Remark 4.9. If u=A\, then zy can take an arbitrary value. Moreover, if =0
then e€3(g). On the other hand, if A = £ # 0, one necessarily gets that xo = 0.
The choice of D € sp(R*72 wy) is always arbitrary (interesting examples can be
obtained if we take D = Jy where Jy is the canonical complex structure on R?"~2).
Therefore, these statements allows us to conclude that the above construction pro-
duces different nontrivial flat affine symplectic structures on (R, (R x R**7%) w*).
Everyone may convince itself by starting the construction with the canonical abelian
flat affine symplectic Lie group (R? wy, V°) where sp(R?, wy) = sl(2,R). n

5. Twisted cotangent symplectic Lie group

Our main purpose in this section is to give a method for constructing left invariant
flat affine symplectic connections on the “twisted” cotangent symplectic Lie group
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of a connected flat affine Lie group. We will do it using again Nijenhuis’ cohomology
for left symmetric algebras. As a first step, we introduce the construction of the
classical symplectic cotangent Lie group of a connected flat affine Lie group due to
A. Medina and Ph. Revoy (see [27]). Let (G, V) be a connected flat affine Lie group,
g its Lie algebra, G its universal covering Lie group, and g* the dual space of g.
We denote by L : g — gl(g) the Lie algebra representation induced by V through
the formula x -y = L,(y) = (V+yT)(e) for all x,y € g. The dual representation
associated to L is the Lie algebra homomorphism L* : g — gl(g*) defined by
Li(a) = ='L,(o) = —avo L, for all o € g*. Passing to exponential, we get a Lie
group homomorphism ® : G — GL(g*) determined by

o 1 i
expg () = Y (L)
k=0

Therefore, the product manifold T*G := G x g* has a Lie group structure given by
(0:0) - (7,8) = (07,8(0)(B) + ),  o,7€C, a,Beg,

this is, the semidirect product of G with the abelian Lie group g* by means of ®.
The Lie group TG = G xg g* is called classical symplectic cotangent Lie group
associated to the connected flat affine Lie group (G, V). The word “symplectic” in
the name of 7*G is motivated by the following result:

Proposition 5.1.  [27] The Lie algebra of T*G = G X g* is the product vector
space g @ g* with Lie bracket

[z +ay+0] =[x,y + Li(6) - L(a),  xyeg, aofeg. (24
Furthermore, g X g* s a symplectic Lie algebra with the nondegenerate scalar

2-cocycle w defined by
wr+ay+pf)=aly) -px), wyeg afeg. (25)

Let w™ be the left invariant symplectic form on TG induced by w. As a first
result we get the left invariant flat affine connection on T*G determined by w™; see
Remark 3.6.

Proposition 5.2.  The left invariant flat affine connection V on T*G determined
by wh is

Vot + 0" = @y +adi(f) +ao )", s+a, y+fegag,
where R, : g — g is the linear map defined by x — Ry(z) = xy = (V+yT)(e).

Proof. We denote L,(y) = Ry(x) = vy = (V,+yT)(¢) for all z,y € g. A. Medina
and Ph. Revoy observed in [27] that the dual vector space g* has a structure of g-
bimodule given by the bilinear maps - : g x g* — g* and U : g* x g — g* which
are defined by (z,0) — = - = ad}(8) and (a,y) — o0y = a o R,, respectively.
Therefore, the product vector space g x g* is a left symmetric algebra with product
given by

(x+a)o(y+ ) =2y +ad(f)+aoR,, r+a, y+pPEgxg. (26)
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For the last claim see [32]. On the one hand, as ad, = L, — R, for all = € g, the
commutator of the left symmetric product given in (26) is

(+a)O+8) —y+4)o+a)
= (zy +ady(B) + ao R,) — (yr +ad,(a) + B o R,)
=zy—yr+—PBoad, +aoRy+aoad, —Bo R,
— [e,9] — Bo Ly + a0 L, = [a.y] + Li(8) - Ly(a).

On the other hand,

W((z4+a)o(y+p),z+7v) =w(zy +ad,(f) + ao Ry, z+7)
= —(Boad;)(2) + a(zy) —v(zy) = —(v0 Ly)(y) + (o L) (y) — B([, 2])
= —w(y + 6, [z,2] + Ly(v) — L)) = —w(y + B, [z + o, 2 + 7)),

for all a, 8,7 € g* and x,y, z € g. Therefore, the left invariant flat affine connection
induced by the w* on T*G is

Vit +0)" = (zy +ad;(8) +aoR)", z4+a, y+Becgdg” u

A foliation F of a symplectic manifold (M,w) is called Lagrangian if its leaves
are Lagrangian submanifolds of (M,w). Two foliations F; and Fy of M are
called transversal if TM = TJF, ® F» where T'F; denotes the tangent distribution
associated to F;. If (M,w) is a symplectic manifold and F;, F, are Lagrangian
transversal foliations of M, we say that (M,w, Fi, F2) is a bi-Lagrangian manifold.
The following important theorem is due to H. Hess:

Theorem 5.3. [16] If (M,w,Fy,F2) is a bi-Lagrangian manifold, there exists
a unique torsion free symplectic linear connection ¥V on M that parallelizes both
foliations®. This linear connection satisfies the relation

Vi) (Xa + Y2) = (Vi Xo + pre, [V, Xo], prs, [ X1, Yo] + V3, Ya),
where Y is the only symplectic linear connection determined by the identity
w(VYY, Z) = X -w(Y, Z) — w(Y, [X, Z)),

for all XY € I'(TF;) and Z € X(M), with i = 1,2.

The torsion free symplectic linear connection given in the previous theorem is
called the Hess connection or the canonical connection associated to a bi-Lagrangian
manifold. We will denote this linear connection by V.

Remark 5.4. If (G,w") is a 2n-dimensional symplectic Lie group and there ex-
ist two Lagrangian Lie subalgebras g; and go of (g,w) such that g = g; @ g,
it is simple to show that there exists a symplectic basis (e, -+ ,e,, €1, -+ ,€,) of
(g,w) such that g, = Vectg(es, - ,e,) and go = Vectg(éy,---,€,). Moreover,

5 A linear connection V parallelizes or preserves a regular foliation Fif VxY € I'(TF) for all
Y eT(TF) and X € X(M).
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from Frobenius’ Theorem we have that there exist two left invariant transversal La-

grangian foliations G; and G, of (G, w™) such that TG, is generated by (e, - ,¢e)
and TG, by (e17,---,6,7). A direct computation allows us to prove that the Hess
connection on G associated to the bi-Lagrangian Lie group (G,w™,Gp,Gs) is left
invariant. ]

For our case, it is easy to see that g and g* are contained in (gbg*, w) as Lagrangian
Lie subalgebras. If G; and Gy are the left invariant transversal Lagrangian foliations
of (T*G,w™) determined by g and g*, respectively, then

Proposition 5.5.  There exists a unique left invariant flat affine symplectic con-
nection VH on (T*G,w™) that parallelizes both foliations G and Go. The connection
VH s given by

vfi+a)+(y + 5)—"_ = (Zlfy _I— L;(ﬁ))—i_ xvy € gv Cl/,ﬁ € g* (27)

*

Proof. It is clear that if (eq,--- ,e,) is a basis for g and (ef, - ,e}) is its dual

basis, then (eq,---,e,, e}, -+ ,ef) is a symplectic basis for (g @ g*,w) such that

TG, = Vectg{ef, -+ ,el} and TGy = Vectx{e}, -+ ,e}. Since g* is an abelian Lie

algebra, then e} = ()" and recall that e; = (¢ ) foralli=1,--- ,n. As w' isleft
invariant, we have w'(ef +e5, e +e}) = 0j5 — ;. It is evident that V' is the Hess
connection, hence it satisfies being the unique torsion free symplectic connection
that parallelizes both foliations G; and G,. If Vf;ej+ = >, cg\jej e I'(TG),

where ¢} must be constants, then from Theorem 5.3 we get

ij
n

ko o+ Ao+ k| (o

—c = w ( cijeA,ek> =w (Vejej,ek)
A

3
3

Thus Vider = e =D exl(ei-e)t)ed = (ei-e)".

As Vl8er € T(TGy), in a similar way as we did above we get that Ve’ = 0. On
the other hand, Vg e; € I'(TGy). Thus

ViLes = prgyfef 5] = pro, (L2, (¢)) = L, (€]).

Analogously, as Ve € I(TG) then Vel = prg [ef,e/] = prg,(—L; (e})) = 0.

i

Therefore, extending bilinearly, we have that the Hess connection V¥ is given by

VH iy + 8" = (wy + L3(B)T,  wyeg afeg.

Finally, as V is a left invariant flat affine connection on G and L* : g — gl(g*) is a
linear representation, it follows that (z+a)(y+f) = xy+ L () is a left symmetric
product on g @ g* and hence V¥ is also flat. [ |

Inspired in the construction due to A. Aubert and A. Medina on the twisted cotan-
gent Lie group of a connected flat affine Lie group (in the pseudo-Riemannian case,
see [3]), we get a more general construction than Proposition 5.5.
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Let (G,V,w™) be a connected flat affine symplectic Lie group and (g,w, -) its flat
affine symplectic Lie algebra.

Assumption 2. Assume that there exists a Lagrangian bilateral ideal I of (g,w,-).

By formula (10), we have that
W(La(B),7) = (b, Lo(2)) =0,  abel, zeg

As w is nondegenerate, we get that L,(b) = 0 for all a,b € I, this is, I is a left
symmetric algebra with null product. Therefore

0—I—g—>g/[=B-—0,

is an exact sequence of left symmetric algebras where I has null product. If s is a
linear section of 7, the vector space g can be identified with I @ s(B). In this case,
the left symmetric product of g can be written as

(@ +s(a))(y + (b)) = f(s(a), s(b)) + 2s(b) + s(a)y + s(a) x s(b), ~ (28)

for all x,y € I and a,b € B, where f(s(a),s(b)) and s(a) % s(b) denote the com-
ponents of product s(a)s(b) over I and s(B), respectively. A direct computation
shows that (28) is a left symmetric product if and only if * is a left symmetric prod-
uct over S(B), the Lagrangian bilateral ideal I has a structure of s(B)-bimodule,
and f : s(B) x s(B) — I is a 2-cocycle of the left symmetric algebra s(B) with
values in I. Moreover, the linear isomorphism |z : s(B) — B defined by
s(a) — m(s(a)) = a, is also an isomorphism of left symmetric algebras. This follows
from (28), since this formula gives

m(s(a) x s(b)) = m(s(a)s(b) — f(s(a),s(b))) = n(s(a))w(s(b)) =ab, a,b€ B.

In what follows we identify the left symmetric algebra s(B) with B. Therefore, the
left symmetric product in g is defined by a structure of B-bimodulo over I and a
2-cocycle of left symmetric algebras f : B x B — I. As w is nondegenerate, the
bilateral ideal I is a Lagrangian subspace in (g,w), and g = I & B, we have that the
ideal I can be identified with B* by means of the linear isomorphism ¢ : [ — B*
defined by = — w(z, ).

Now, we determine the structure of B-bimodule on I = B* as follows. If b, € B
and B € B*, as [ is Lagrangian we get that

wb-B,6) +w(B,b-V) =0 wb- B,V)=—w(B,b) < b-8=~"L(3) = L(B),

where Ly, : B — B is defined by o' +— b’ (left symmetric product in B). Thus, the
left action of B over B* is given by the dual representation L* associated to the
linear representation L : B — gl(B) defined by b — L,. The fact that L* is a Lie
algebra homomorphism is equivalent to say that the bilinear map - : B x B* — B*
defined by b- 8 = L;j(B), satisfies the identity (8). On the other hand, the map
Q. : B — K defined by 8 — w(pUa,b), allows us to define a product o over B
by means of the formula

w(p0a,b) = w(B,a0b) a,be B, [ € B". (29)
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As w is nondegenerate and I is Lagrangian, we have that both bilinear maps
O : B* x B — B* (defined by (8,0) — p0b) and - : B x B* — B* satisfy
the identity (9) if and only if

w(a - (60b) — (a- B)Ob, ¢) = w(p0(ab) — (F0a)00, ¢)
& —w(pOb,ac) —w(a- B,boc) =w(f,(ab) oc) —w(f0a,boc)
& —w(f,bo(ac) —a(boc)) =w(p,(ab)oc—ao (boc)),

that is, the left symmetric product on B and the product o must satisfy the relation
ao(boc)+a(boc)=(ab)oc+bo (ac), a,b,c € B. (30)

Now, we claim that the following map L' : B — gl(B) defined by a +— L/ where

L’ (b) :== aob, is a Lie algebra homomorphism. To prove this, notice that by the
identity (29), we have that f0a = *L/(5) for all a € B and 8 € B*. Therefore,
the structure of B-bimodule over I = B* is given by

a-B=LB) and  oOb= "Lj(«a). (31)
Hence, the left symmetric product over g given in the formula (28) is expressed as
(a+a)(B+b) = (adb+a- B+ f(a,b)) +ab= ("Lj(e) + L;(8) + f(a, b)) + ab. (32)

The bracket over g given by the commutator of product (32) is as follows

[(a+a),(B+0)] = (a+a)(B+b) = (B+b)(a+a)
= (Ly(8) = "Ly(B) — Ly(a) + "Li(a) + f(a,b) = f(b,a)) + ab — ba
= (0a(B) = Ob() + f(a,0)) + [a, bl
where @ = L* — 'L’ and f : B x B — I is defined by f(a,b) = f(a,b) — f(b,a)
forall a,b€ B. As f: Bx B — I is a 2-cocycle of left symmetric algebra B with
values in I, it is easy to check that f is a 2-cocycle® of the underlying Lie algebra
B~ with values in I. That the previous bracket is indeed a Lie bracket is equivalent

to have that 6 : B~ — gl(B*) defined by a — 6, = L* — 'L/, is a Lie algebra
homomorphism. As

w(l.(8),c) =w(a-B—LF0a,c) =w(a-f,c)—w(pda,c) = —w(B,a0c+ac) cé€ B,
the dual representation associated to 6 is given by
0" : B — gl((B")") = gl(B)
a— 0 =—-"0,=-"L: - 'L)=L,+ L.

that is, 0* = L + L' is a linear representation of B by B. Therefore, L’ is also
a linear representation of B by B, since this is the difference between the linear
representations 6* and L.

6 The Lie algebra structure over B~ is given by the commutator of the left symmetricproduct
on B.
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Finally, as [ is Lagrangian, the left symmetric product on g given in the formula
(32) is symplectic with respect to w if and only if

w((a —i—a)(ﬁ—l-b)’y—l—c)—l—w(ﬁ—l—b(a—l—a)(’y—l—c)) 0
& ((t b(@) = "La(B) + fla,b)) +ab,y +c)
(5+b( (@) = "Lo(v) + fla,¢)) +ac) = 0
& w(t b(@) = "La(B) + f(a,b),7) + w('Li(e) — "La(B) + f(a,b),c)
+w(ab,v) + w(ab, ¢) + w(B, Li(a) = "La(7) + f(a, ) + w(B, ac)
+w(b L (a) — "La(v) + fla,c)) + w(b,ac) =0
& ("Ly(@) = "La(B) + f(a,b))(c) — y(ab) + B(ac)

— ("Li(@) = "La(y) + f(a,0))(b) +w(ab, ¢) + w(b, ac) =0
& a(boc) = flac) + f(a,b)(c) = 7(ab) + Slac) — alcob)
+7(ab) — f(a,c)(b) =0
< alboc—cob)+ f(a,b)(c) — f(a,c)(b) =0.

for all a,b,c € B and «, 3,7 € B*. This is equivalent to having
a(boc—cob) =0 and  f(a,b)(c) — f(a,c)(b) =0, (33)

for all a,b,c € B and o € B*. Therefore, the left symmetric product (32) is
symplectic with respect to w if and only if the product o is commutative and f is
a 2-cocycle of the left symmetric algebra B with values in I verifying formula (33).

The previous construction shows a short and different approach for obtaining the
next result whose reciprocal was proved by X.Ni and C.Bai in [31].

Proposition 5.6.  Let (g,w, ") be a flat affine symplectic Lie algebra which admits
a Lagrangian bilateral ideal I. Then the canonical exact sequence of left symmetric
algebras

0—I—g—sg/l=B—0,

determines on the Lie algebra B = g/I a commutative product o that verifies (30)
and endows B* with a structure of B-bimodule of left symmetric algebra given
by (31). Furthermore, the left symmetric algebra g is the extension of B by B*
according with the 2-cocycle of left symmetric algebra f € Z%,(B, B*) which satisfies
formula (33).

Reciprocally, let (B,-) be a left symmetric algebra equipped with a commutative
product o that satisfies the formula (30). Then B* has a structure of B-bimodule of
left symmetric algebra given by (31). Moreover, if f € Z2,(B, B*) is a 2-cocycle of
left symmetric algebra that satisfies (33), then the vector space g = B*@® B endowed
with the left symmetric product (32) and the symplectic structure given by

wa+a,f+b)=a) —pa) abeB, «fecB,
is a flat affine symplectic Lie algebra.

To set up terminology we give the following definition:
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Definition 5.7.  The flat affine symplectic Lie algebra of Proposition 5.6 is called
twisted cotangent flat affine symplectic Lie algebra associated to the left symmetric
algebra B according with the commutative product o over B and the 2-cocycle of
left symmetric algebra f € Z%,(B, B*).

It is easy to see that B* is contained on twisted cotangent flat affine symplectic
Lie algebra (B @ B*,w) as an abelian Lagrangian Lie subalgebra. However, B is
contained as Lagrangian Lie subalgebra in (B® B*, @) if and only if f € Z2,(B, B*)
is symmetric.

Corollary 5.8. If (G,V) is a connected flat affine Lie group, then the Hess con-
nection on the classic cotangent symplectic Lie group (T*G,w™) given in Proposition
5.5 is obtained by the previous construction with f =0 and the null product o.

Proof. If f =0 and o is the null product on g, then the left invariant flat affine
symplectic connection V over (T*G,w™) determined by (32) is given by

Vitrayr W+ 0" = (xy+ Ly(B)" zyeg, apfeg

This is precisely the Hess connection of Proposition 5.5, that is, V = V. [ ]

Remark 5.9.  Suppose that (G, V) is a simply connected flat affine Lie group. In
this case the product manifold TG = G x g* is a vector bundle which is isomorphic
to the cotangent bundle 7*G of G. When f = 0 and the product o over g is null,
T*@G is the classic cotangent Lie group of (G,V). Otherwise, when f and o are
not both null, the simply connected Lie group H with Lie algebra isomorphic to
the vector space g @ g* and Lie bracket determined by the commutator of product
(32), that is

[z +a,y+ B] =[x,y + 0.(8) — 0,(8) + ]?(x7y)

where 0 = L* — 'L/ and f: g x g — g* is defined by f(z,y) = f(z,y) — f(y.2)
for all z,y € g, will be called the twisted cotangent symplectic Lie group of (G, V)
according with the commutative product o and f € Z2,(g,g*). By Proposition 5.6
and Theorem 3.7 we have that H has a structure of flat affine symplectic Lie group
induced by @ and the left symmetric product (32). [

As an immediate consequence of Proposition 5.6 we obtain

Theorem 5.10. Let G be a simply connected Lie group. Then there exists a
structure of flat affine symplectic Lie group on G that admits a normal abelian
Lagrangian Lie subgroup if and only if, G is isomorphic to the twisted cotangent
symplectic Lie group of a connected flat affine Lie group.

Assume that (G, V) is a connected flat affine Lie group and H the twisted cotangent
symplectic Lie group of (G, V) according with a commutative product o and a 2-
cocycle f € Z2.(g,9*) where ab = (V,+b")(€) for all a,b € g. To end the section,
we study the completeness of the left invariant flat affine symplectic connection
on (H,w?") induced by the left symmetric product (32). Here w™ denotes the left
invariant symplectic form on H determined by w.
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Helmstetter showed in [15] that a left invariant flat affine connection V on G is
geodesically complete if and only if the “right multiplication” R, : g — g defined by
R4 (b) = (Vy+a™)(e), is nilpotent for all a € g. Therefore, it is enough to see under
what conditions the right product }N%aJra is nilpotent for all a € g and 3 € g*. The
right multiplications on g x g* induced by (32) are given by

R, (b) = f(b,a) + ba,

Ra(B) = 'Li(B),

Rp(a) = L;(B), and

Ro(B)=0, abeg ofeg,

aob. Hence, as Ro(3) = 0 we obtain that

where L/ : g — g is defined by L,(b) =
= 0. On the other hand, if we put R,(b) = ab,

Eiz()smceRi( ) = Ro(L:(B))

(LD (F(RM9(b),a)) + RE(b), and

Mw

then
j=1

RMB) = Y(L)*), keN, abeB, fBeB"

Thus, we have the following result.

Proposition 5.11.  Let (G,V) be a connected flat affine Lie group. The right
product EaJra associated to the left symmetric product on g X g* given by (32)
according with the commutative product o and the 2-cocycle f € Z%.(g,g%) is
nilpotent for all a € g and « € g* if and only if the linear maps R, and L. are
nilpotent for all a € g. In particular, the Hess connection VH given in Proposition
5.5 is geodesically complete if and only if V is geodesically complete.
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