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Chapter 1

Introduction

For a long time Lie algebras are known and used in both mathematics and
physics. They have been studied intensively in order to make a classification
of Lie algebras. In physics for example they play an import role in quantum
mechanics.

In essence a Lie algebra is a vector space V with a bilinear map V? —
V, (z,y) — [z,y]. This map must be skew-symmetric and satisfies the so called
Jacobi identity

[[z,9], 2] + [[z, 2], 9] + [ly, 2], 2] = 0
for all x,y,z € V. The bilinear map can be regarded as a kind of multiplication.
Therefore subalgebras, ideals and other concepts known from ring theory can
also be defined for Lie algebras.

In 1985 V.T. Filippov [6] generalized Lie algebras to what is called n-Lie
algebras or Filippov algebras. The bilinear map is replaced with a n-linear map
V' =V, (21,...,%,) — [21,...,2,]. This map must also be skew-symmetric
and satisfies a generalization of the Jacobi identity such that it coincides with
the definition of a Lie algebra if n = 2. Concepts known from Lie algebras are
generalized to n-Lie algebras. In 1987 S.M. Kasymov [12] introduced additional
concepts known from Lie algebras and for example showed that the definition
of nilpotent can be generalized in several ways.

In physics applications of n-Lie algebras are found in string theory, or more
specifically in M-theory. A model of multiple M2-branes is given in [2]. In this
model a skew-symmetric 3-linear map is needed which satisfies an identity called
the fundamental identity. Actually this identity is the same as the generalized
Jacobi identity. This fact is recognized in [I1] where new ways to construct
3-Lie algebras are studied. The n-Lie algebras also play a central role in a
generalization of reduced super Yang-Mills theory [9].

The study of n-Lie algebras is related to the study of Nambu dynamics. In
1973 Y. Nambu [13] generalized Hamiltonian dynamics such that the dynamics
is determined by multiple Hamiltonians. The definitions of Nambu-Poisson
manifolds and Nambu-Lie algebras of order n is given by L. Takhtajan in 1994
[16]. In fact the definition of a Nambu-Lie algebra of order n coincides with the
definition of a n-Lie algebra, as is noticed in [4} [1T], [I4].

A generalization of 3-Lie algebras appeared in [5]. The 3-linear map of a
generalized 3-Lie algebra need not be skew-symmetric, but still satisfies the
Jacobi identity.



Chapter [2|is about the definition of a n-Lie algebra and some general state-
ments about n-Lie algebras. In chapter |3| we focus on finding 3-Lie algebras and
show that quaternions naturally give a 3-Lie algebra. Furthermore in appendix
[A] we develop some theorems concerning congruent matrices.



Chapter 2

n-Lie algebras

2.1 Definitions

In the articles [G] 12]E| most standard notations from the theory of Lie algebras
are extended to so called n-Lie algebras, and what it means for such an algebra
to be k-solvable, k-nilpotent or simple. There are no explicit definitions of
subalgebra, homomorphism and isomorphism, but it is straightforward to define
them as we will see below.

We begin with the definition of a n-Lie algebra. As we will see it is a natural
generalization of a Lie algebra.

Definition 2.1. If £ is a vector space with a n-linear map [,...,:] : L" — L
such that the map is skew-symmetric

[xa(l)a"'axa'(n)} = G(J) [xl,...,zn] (21)
and satisfies the Jacobi identity

n

([1,- - Zn] s Y2, o Yn] = Z[ml,...,[xi,yg,...,yn],...xn] (2.2)
i=1
for all elements z;,y; € £ and permutations ¢ € S,, with sign € (o) € {£1},
then L is called a n-Lie algebra.

Next we give the definitions of a subalgebra, abelian n-Lie algebra and an
ideal in a n-Lie algebra. Also these are very similar to the case of Lie algebras.

Definition 2.2. Let £ be a n-Lie algebra. If I is a subspace of £ such that
[k1,..., k] € K for all ky,...,k, € K, then K is called a n-Lie subalgebra.

Definition 2.3. Let £ be a n-Lie algebra. If [z1,...,2,] =0forallzq,...,z, €
L, then the n-Lie algebra L is called abelian.

Definition 2.4. Let £ be a n-Lie algebra. If I is a subspace of £ such that
[k, 22,...,2,] € K for all k € K and xs, ..., z, € L, then K is called a ideal.

If the ideal K is unequal to {0} and unequal to £, then the ideal K is called
proper.

1 In these articles a slightly different notation is used. Suppose A is a linear map to act
upon an element z. In the articles this is denoted as x A, whereas we use the notation Az or

A (z).



Definition 2.5. Let £ be a n-Lie algebra. If £ is not abelian and has no proper
ideals, then L is called simple.

The definitions of homomorphism and isomorphism can be generalized with-
out problems from the definitions for Lie algebras in [3].

Definition 2.6. Suppose £ and Ly are n-Lie algebras. A map T : L1 — Lo is
called a homomorphism if T is linear and satisfies

T (@1, ... n),) = [T (21), s T (@), (2.3)
for all z; € L.

Definition 2.7. Let £, and L5 be n-Lie algebras. A bijective homomorphism
T : Ly — Lo is called an isomorphism. If there exists such an isomorphism T,
then £4 and L5 are called isomorphic.

If 7 is an ideal of a n-Lie algebra £, then we can define a new n-Lie algebra
on the quotient space £/7 with the n-linear map

[O1, - O]z = v, on], + T (2.4)
for all v; € L/T [6).

Theorem 2.8. If T is an ideal of a n-Lie algebra L, then the quotient space
L/T is also a n-Lie algebra and is called n-Lie quotient algebra.

We know that a Lie algebra can be solvable or nilpotent. Similar a n-Lie
algebra can also be solvable or nilpotent, but there are different generalizations
possible [12]. Before we define k-solvable and k-nilpotent, a new notation is
introduced in the following definition.

Definition 2.9. Let £ be a n-Lie algebra. If Iy, ..., C, are subsets of £, then
define [Kq,..., /] to be the vector space

[Kl,...,’Cn] = span{[kl,...,kn} t k€ ]Cl,...,kn S ,Cn} (25)

Definition 2.10. Let Z be an ideal of a n-Lie algebra £ and 2 < k < n. Define
Zow =T and Ty 5y = [I(T’k)7 s Ly, £y .,E] with k times Z, ;) and
n — k times L. If there exists a r > 0 such that Z(, ) = 0, then 7 is called
k-solvable.

Definition 2.11. Let Z be an ideal of a n-Lie algebra £ and 2 < k < n. Define
ZUR =T and ZC+LK) = [2000) 7 T £, ., L] with k—1 times 7 and n—k
times £. If there exists a r > 1 such that Z(""*) = 0, then 7 is called k-nilpotent.

2.2 General properties

In this section we give some examples of n-Lie algebras and some general prop-
erties of n-Lie algebras.

A vector space with a zero n-linear map is a trivial example of a abelian
n-Lie algebra. From [0] we know an example of an infinite dimensional n-Lie
algebra.



Example 2.12. Let V =R |[zy,...,2,] be the vector space of polynomials in n
variables. The vector space V with the Jacobian as the n-linear map

of1 of1
Oz e Oy,
[f1y.--s fn] i=det : ) : (2.6)
Ofn Ofn
oz e Oxy,

for f1,...,fn €V, is a n-Lie algebra. For the proof see [7].

Given two n-Lie algebras over the same field, we can create a new n-Lie
algebra on the direct sum of vector space of both n-Lie algebras.

Theorem 2.13. If L1 and Lo are n-Lie algebras over the same field, then the
direct sum L1 @& Lo with the n-linear map

(21 @Y1, Tn B Ynlg = [1, - Tn]y D [y1, - ynls (2.7)
is also a n-Lie algebra.

Suppose we have a n-Lie algebra with n > 2. We can construct a m-Lie
algebra where m = n — 1, by keeping one element fixed in the n-linear map [6].

Theorem 2.14. Let L be a n-Lie algebra with n > 2. If V is the vector space
of L and m = n — 1, then for any x € V the vector space V with the m-linear
map defined as

[yla"'7ym]z:[ylv"'aymwr] (28)
forallyy,...,ym €V, is a m-Lie algebra.

Using the above theorem inductively, we can construct a Lie algebra from
a n-Lie algebra. Another way to create a Lie algebra form a n-Lie algebra is
given in the following theorem.

Theorem 2.15. If L is a n-Lie algebra, then the vector space of all derivations
on L, that is, all linear maps D : L — L such that

D([wy,...ozn)) =Y [z1,.. ., D () ..., 2]
i=1
forall xy,...,x, € L, is a Lie algebra with the bilinear map given by

LxL—L, (Di,Ds)— [D1,Ds] =D1Dy— DyDy

for derivations Dy, Ds.



Chapter 3

3-Lie algebras

In this chapter we concentrate on finding n-Lie algebras in the case n is equal to
three. We assume the characteristic of the field to be unequal to two. We take
two approaches to finding all 3-Lie algebras of dimension lower than or equal
to four. The former approach is quite naive and the latter is more formal and
structured.

All n-Lie algebras of dimensions lower than or equal to n + 1 have been
calculated in [6]. We give a proof for four-dimensional 3-Lie algebras with the
use of linear and multilinear algebra in the second approach.

We make a note first. It is easy to construct Lie algebras. Define on a vector
space of square matrices the following bilinear map

[A,B] .= AB — BA

for all matrices A, B in that vector spaces. This map satisfies the conditions of a
Lie algebra as a straightforward computation shows. A reasonable generalization
for a 3-linear map would be

[A, B,C] := ABC + BCA + CAB — BAC — ACB — CBA

for all matrices A, B, C in that vector spaces. This map is skew-symmetric, but
unfortunately the map does not satisfy the Jacobi identity in general.

Example 3.1. Let [, -, ] be as above. Choose six 3 x 3 matrices as follows
1 00 0 0 0 0 0 0
A;=10 0 0], As=1(0 1 0], A3=1|0 0 0],
0 0 0 0 0O 0 0 1
010 0 00 0 0 1
Ay=10 0 0], As=1(0 0 1], As=1|0 0 0],
0 00 0 00 0 00

then [Al, [AQ, A4, A5] ,Ag} = 7A6 and
[[A1, A2, A3], Ay, As] = [[A1, A4, As], Ao, A3] = [A1, Ag, [A3z, Ay, A5]] = O.

Insert these terms into the Jacobi identity, and we find that this identity is not
satisfied for these matrices.



3.1 3-Lie algebras of dimension three and lower

Suppose V is a vector space of dimension m. A first approach to find all 3-Lie
algebras on this vector space, is to find all skew-symmetric maps |-, -, ] : V3 — V.
By selecting the skew-symmetric maps which satisfy the Jacobi identity, one
finds all possible 3-Lie algebras of dimension m.

Example 3.2. Let V be a vector space of dimension 0, then V = {0}. The
only possible map is [0,0,0] = 0. This map is skew-symmetric and satisfies the
Jacobi identity.

Example 3.3. Let V be a vector space of dimension 1, then V has basis {e; }.
Since every element of V is equal to e; up to a scaler, we only need to define
[e1, e1,€e1]. Skew-symmetry implies

le1,e1,e1] = —[e1, eq, e1] (3.1)

which can only hold if [e, eq, e1] = 0. Therefore [z,y,2] = 0 for all z,y,z € V.
This map also satisfies the Jacobi identity.

The previous two examples show that the only possible 3-Lie algebras of
dimension 0 and 1 are those with the map [z,y, 2] = 0 for all z,y,z € V. This
also holds for 3-Lie algebras of dimension 2, as can be proven in the same way
as above.

Example 3.4. Let V be a vector space of dimension three with {e1,ez2,e3} a
basis of V. If the 3-linear map is determined for all combinations of elements
in the basis, then the map is also determined for all elements in V. The skew-
symmetry of the map implies

lei,ej,ex] =0 ifi=jori=korj=k. (3.2)
Therefore only [ey, ea, e3] can be chosen freely. The choice of [e1, e2, e3] can be
split in two cases
o If [e1,€9,e3] = 0, then [z,y,2] =0 for all z,y,z € V.

o If [e1, eq, €3] # 0, then there exists a z = z1e1 + z0€2 + 235 € V unequal to
zero such that [ey, e, e3] = z. Assume 21 # 0, then fi; = 2, fo = 21 ley
and f3 = e3 also form a basis for V and [f1, fo, f3] = f1. The fi,f2 and f3

can be chosen in a similar way, when zo # 0 or z3 # 0.

Both choices of the map [-, -, -] satisfy the Jacobi identity. So there exist only
two 3-Lie algebras of dimension three up to an isomorphism.

The previous example shows there are only two 3-Lie algebras of dimension
three, and that any skew-symmetric map on a three dimension 3-Lie algebra
satisfies the Jacobi identity. This is a special case of the following theorem.

Theorem 3.5. Let V be some vector space. If [-,-,"] : V3 — V is a 3-linear
skew-symmetric map, then for all x,y,z € V the map satisfies

(2,9, 2], 2, y] = [z, 2,9] .y, 2] + [z, [y, 2, 9], 2] + [z, 9, [2,2,9]] - (3.3)



Proof. The skew-symmetry of the map implies [z,z,y] = 0, [y,z,y] = 0 and
[2,2,y] = [z,y, 2] for all z,y,z € V. These equalities imply

[z, y, 2], 2, y] = 0,9, 2] + [#,0, 2] + [[2, 2, 9] , , y]
= [[$,$7y] 7y72] + [1’, [yvxvy] vZ] + [xvyv [vaayH
which is equal to equation (3.3). O

All 3-Lie algebras of dimension four can be found by a similar method as
above, but there is an important difference. In this case there exist skew-
symmetric maps which do not satisfy the Jacobi identity, as the following ex-
ample illustrates.

Example 3.6. Let V be a vector space of dimension 4 with basis {e1, ea, 3, e4}.
Fix a skew-symmetric map [-,-,-] : V3 — V by

This map does not satisfy the Jacobi identity, because
[le1, ez, €3], e3,e4] =0
and
[[e1, es, ea] , e, €3] + [e1, [ea, €3, 4] , €3] + [e1, €2, [e3, 3, e4]] = €1

are not equal.

Example 3.7. Let V be a vector space with dimV =4 and W = [V, V,V)]. If
dim W = 0, then W = {0}. Therefore [z,y, 2] = 0 for all z,y,z € V. This map
is skew symmetric and satisfies the Jacobi identity.

Example 3.8. Let V be a vector space with dimV = 4 and W = [V, V,V].
If dimW = 1, then W has a basis {e;}. There are two possible cases for a
skew-symmetric map

e Assume [e1,z,y] = 0 for all z,y € V. Extend the basis {e;} of W to a
basis {e1, €2, e3,e4} of V. The assumption implies

le1,e2,e3] = [e1,e2,e4] = [e1,e3,e4] = 0.

Since dim W = 1 there must exist a nonzero z = z;e; € W such that
[e2,e3,e4] = z. Choose a new basis {fi, fa, f3, fa} of V with f; = ey,
fo =ea, f3 = ez and fy = 21 'es. The skew-symmetric map is fixed by

[flaf27f3] = [f15f27f4] = [f17f37f4] =0

and

[fa, f3, fa] = f1.



e Assume there exist ez, e3 € V such that [e1,es,e3] # 0. The skew-
symmetry of the map implies e;, e and ez are linear independent. The
basis {e1} of W can be extended to a basis {e1, ez, e3,e4} of V for some
eq € V. Since [e1,ea,e3] # 0 and {e;} is a basis of W, there exists
a, 3,7 € F and a nonzero z = z1e1 € W such that

[e1,e,e3] = 2

[e1, €2, 4] = iz
le1, e3,eq] = B2
[e2, €3, 4] = 2.

Choose a new basis {f1, f2, f3, fa} of V with f1 = z, fo = 21 les, f3 = €3
and f; = e4 — aesz + Bes — yey. The skew-symmetric map is fixed by

[f1, f2, f3] = [

and

[f17f27f4] = [f17f3vf4] = [f27f37f4] = 0.

Both choices of the skew-symmetric map satisfy the Jacobi identity.

The previous two examples illustrate a method to find all 3-Lie algebras of
dimension four. First find all 3-Lie algebras with dim [V, V, V] = 0, then find all
3-Lie algebras with dim [V, V,V] =1 and so on.

The methods presented in this section can be used to find all 3-Lie algebras
of dimensions up to four. The same methods can also be used for higher finite
dimensions, but is not recommended. The number of skew-symmetric 3-linear
maps increases as the dimension of the vector space increases, while only some
skew-symmetric maps satisfy the Jacobi identity. This can result in a lot of
useless calculations.

3.2 Four dimensional 3-Lie algebras

In the previous section we have seen a method to find all 3-Lie algebras of finite
dimensions, but the section also showed this will be a lot of work and might be
error prone. We need a more structured approach to search for 3-Lie algebras.
We give a short introduction to multilinear algebra. For a more complete
introduction we redirect the reader to [I0] or any other book on this subject.
Suppose V and W are vector spaces. Then there exists a vector space \"V
with elements x1 A ... Az, and an unique n-linear skew-symmetric map

n
V"—>/\V, (1, yTp) = X1 A ATy,

such that for any skew-symmetric n-linear map f : V* — W there exists a
unique linear map g : A"V — W that satisfies f (z1,...,2,) = g(z1 A ... Azy).
That is, the following diagram commutes

f

yr—W

vy A

AV

10



If V is a n dimensional vector space, then (Z) equals the dimension of /\k V.

Example 3.9. Let T': V — W be a linear map between vector space V and W
and k some positive integer. We define a skew-symmetric k-linear map as

k
Vk—>/\W, (v1y .. k) = T Ao ATy,

for all vq,...,vr € V. This map induces a unique linear map

k k
TAk:/\V—>/\VV7 (ViAo Avg) = Tog A ATy

forallvl/\.../\vke/\kv.

A 3-Lie algebra is a vector space with a skew-symmetric 3-linear map. The
3-linear map can be decomposed into a universal skew-symmetric map and a
linear map. The following theorem shows the Jacobi identity is a restriction on
the linear map.

Theorem 3.10. Let V be a vector space and [-,-,-] : V3 — V a S-linear map.
The vector space V with the 3-linear map is a 3-Lie algebra if and only if there
exists a linear map p: N>V — V such that [vy,v2,vs] = p (v1 A vy A ws) for all
v1, V2,03 € V and satisfies

p(p(vr Ava Avg) Avg Avs) = p(p(v1 Avg Avs) Avg Avs)
+p(v1 Ap(va Avg Avs) Avs) (3.4)
+p(v1 Ava A p(vs Avg Avs))

for all vi,vs,v3,v4,v5 € V.

The next theorem states that every 3-Lie algebra of dimension lower than
three is trivial. This is the direct consequence of the dimension of /\3 V which
is zero in this case.

Theorem 3.11. All 3-Lie algebras L of dimension lower than three over a field
F of characteristic unequal to two are isomorphic to the vector space F"™ with
the map [x,y,z] =0 for all z,y,z € F" with n = dim L.

All 3-Lie algebras of dimension three are given in the following theorem,
which is stated without proof. The result is the same as in example

Theorem 3.12. All three dimensional 3-Lie algebras over a field F of charac-
teristic unequal to two are isomorphic to one of the following 3-Lie algebras

e The vector space B3 with the map [x,y,2] = 0 for all x,y,z € F3.

o The vector space F3 with the skew-symmetric multilinear map fixed by
[e1, €2, e3] = e1, where {e1,ea,e3} is the standard ordered basis of F3.

The four dimensional 3-Lie algebras up to an isomorphism are given in the
next theorem. Some of the 3-Lie algebras can still be isomorphic to each other
as will be clear from the proof of the theorem and a corollary about the special
case when the field F is algebraically closed.

11



Theorem 3.13. All four dimensional 3-Lie algebras over a field F of charac-
teristic unequal to two are isomorphic to one of the following 3-Lie algebras

o The vector space F* with the skew-symmetric 3-linear map given by

[e1, €2, €3] = aueq
[e1, €2, e4] = azes
[61,63,64] = Q2€2
[62763,64] = qj€1

where {e1, e, e3,e4} is the standard ordered basis of F* and a1, s, a3 and
ay are elements from F such that

ar=0 = a=0 = a3=0 = a4=0.

e The vector space F* with the skew-symmetric 3-linear map given by

[e1,e2,e3] =0
[e1,e2,e4] =0
[e1,e3,e4] = €1 + ages
[62, €3, 64} = €2 — (€1

where {e1, e, e3,e4} is the standard ordered basis of F* and oy and o are
elements from F such that cias +1 # 0 and

ar=0 = as = 0.

o The vector space F* with the skew-symmetric 3-linear map given by

[e1,e2,e3] = €1
[e1,e2,e4] =0
[e1,e3,e4] =0
[62,63,64}

where {e1, ez, e3,e4} is the standard ordered basis of F*.

The road to the proof of this theorem is as follows. We know that for each
3-Lie algebra there exists a linear map p such that [x,y,2] = p (z Ay A z). First
we translate the condition of isomorphic 3-Lie algebras into a relation between
their linear maps p. After this we give a set of equations in terms of the matrix
representation of p that are equivalent to the Jacobi identity. Finally the proof
of the theorem is presented.

Suppose L : V — W is a linear map between vector spaces V and W. This
map leads to a linear map 7™ : W* — V* with

T (w) (v) :=w (Tw)

for all v € V and w € W*.

From this point on until the proof of the theorem, we will assume that all
3-Lie algebras of dimension four are defined on the same vector space V = F*
with an ordered basis {e1, e2,e3,e4}. Let {el, e, e?, 64} be the basis of the dual
vector space V* such that e’ (e;) = d}.

The vector spaces /\‘3 V and V* both have dimension four. This allows us to
choose an isomorphism of vector spaces between them.

12



Lemma 3.14. Let V and V* be vector spaces with bases as above. The linear
map ¢ : /\3 V — V* defined as

@ (v1 Av2 Awz) (V) := (v Avg Avg Av,er Aea Aes Aey)

for all vi ANvg Avg € /\3 V and v € V is an isomorphism of vector spaces, where
(-,-) is an inner product on \*V such that

<61/\€2/\€3/\€4,61/\62/\63/\64>:1.

So far we saw that a 3-Lie algebra on a vector space V corresponds to a
linear map p : /\3 YV — V. Using the above lemma we see that the 3-Lie algebra
corresponds to a linear map 7 : V* — V), that is, 7 := po ¢~ 1.

The following lemma translates an isomorphism of 3-Lie algebras into a
simple relation between the linear maps 7 for each 3-Lie algebra and a linear
map 7.

Lemma 3.15. Suppose V with [-,-,-]; and V with [-,-,], are two 3-Lie alge-
bras of dimension four. Let T : V — V be a linear map. The map T is an
isomorphism if and only if the map T is bijective and

ToroT* =det(T) 1

where 7; : V* — V are the maps corresponding to [-,-, ;.

Proof. Let V with [-,-,-]; and V with [-,-,-], be two 3-Lie algebras and let T :
YV — V be a linear map. Then there exists linear maps p; : /\3 VY — V such that

[U1,U2703]i = P; (v1 Ava A 113)

for all v1,v9,v3 € V. Furthermore there exists linear maps 7; : V* — V such
that the following diagram commutes.

¢ A? ®
V* AV = APV P

N

V——r—>V

The map T is an isomorphism if and only if T is bijective and
T [v1,v2,v3]; = [Tv1, T, Ts),
for all vy, vy, v3 € V. This equation is equivalent to
TOT10¢:T20¢OTA3.

Define a linear map S : V — V such that S* := ¢ o ™ o ¢~1 o T*. Since the
maps ¢ and T are bijective, then the above equation is equivalent to

ToroT* =708 (3.5)

There exists an invertible linear map S’ : V — V such that S’ o T* = T* o0 S*,
because the maps 7" and S are invertible. Combining S’* with the definition of
S* gives

S op=T 0hpoT".

13



Writing out both sides of the equation results into
vy Avg Avg AS'v =Tuvy ATvy ATvs ANTv

for all v1 Ava Avs € /\3 VY and v € V. But this equation is satisfied if and only if
S’ = det (T) I. This map scales any vector with constant det (T"), that is, also
the maps S’* and S* scale any vector with the same constant. Thus equation

(3.5) is equivalent to
Tor oT* =det(T),.

This completes the proof of the lemma. O

When we choose some basis of the vector space V, then in matrix represen-
tation the relation which an isomorphism must satisfy is

Q[n] Q" = det (Q) 1]

for the matrix representation @) of the isomorphism. This equation looks like
the relation between congruent matrices. This similarity lies at the heart of the
next lemma.

Lemma 3.16. If A is a 4 X 4 matrix over a field F of characteristic unequal to
two, then there exists an invertible 4 X 4 matriz Q@ such that

ar P 7

T _ -5 @ 3 Y4
QAQT = det (Q) Mmoo vz oz B

T2 4 —PB2 oy

with scalars a;, B;,v; € F. The scalars are constrained by

1=0 = (=0
a; =0 = as =0
az =10 = ay =0

and if 1 =0, then y1 =v2 =7v3 =774 =0 and
as=0 = «a3=0.

Proof. This lemma is essentially a special case of theorem That theorem
states that a matrix A is congruent to a matrix B of a special shape, that is,
there exists an invertible 4 x 4 matrix P such that PTAP = B. Define Q := PT
and C := det (Q) ™" B.

The constraints on the scalars are due to the freedom to switch diagonal
elements in specific parts in the matrix, and due to the special cases associated
to the rank of the skew-symmetric part of C. O

We know that the Jacobi identity is a restriction on the linear map 7 : V* —
V), or equivalent a restriction on its matrix representation. This is precisely the
topic of the following lemma.

14



Lemma 3.17. Let V be a four dimensional vector space with an ordered basis

as described above. Suppose
linear map such that [x,y,
representation of T is given

[7]

The vector space V with

['7'7

1: V3 =V is a S-linear map and 7: V* —V a

Zl=1o¢(xANyAz) for all z,y,z € V. The matrix

by
711 Ti2 T13 Ti4
_ |21 T2 T2z Toa
T31 T2 T33 T34
T4l T42 T43  T44
the 8-linear map [-, -, ] is a 8-Lie algebra if and only

if T satisfies the following set of equations

(T34 — T43) Tio + (Taz — Toa) Tiz + (T23 — 732) Tia = 0

(Ta3 — 734) Ti1 + (T1a — Ta1) Tiz + (731 — T13) Tia = 0

(Toa — Tu2) Ti1 + (Ta1 — T1a) Tiz + (T2 — T21) Tia = 0

(To3 — T32) Ti1 + (731 — T13) Tia + (Ti2 — T21) Tiz = 0
fori1=1,23,4.
Proof. The vector space V with the skew-symmetric 3-linear map [, -, ] is a
3-Lie algebra if and only if [+, -, -] satisfies the Jacobi identity

0 = [[v1, va,v3] , va, V5] — [[V1, V4, V5] , V2, V3] —
[’Ula [’UQ,’U47U5] 7U3] - [Ula U2, [U3a Vg, fU5”

for all vy, vq,v3,v4,v5 € V.

It is necessary and sufficient to prove the Jacobi

identity for all elements in the basis of V.
As an example the Jacobi identity is written out for the vectors

(’Ula v2,

,0371}4;/05) = (617 €2, €3, €4, 61) .

Start by expressing [e;, e;, ex] in terms of 75/

€1,€2,€3

[ =
[e1, ea,e4] =
[e1,es,eq] =
[ ] =

+T14€1 + Tog€2 + T34€3 + Tyge4
—T13€1 — T23€2 — T33€3 — T43€4
+7i2€1 + Tooe2 + T32e3 + T42€4

—T11€1 — T21€2 — T31€3 — T41€4.

Expand each term in the Jacobi identity in terms of 7;;

[[61762,63] 64761]

Hela €4, el] €2, 63}

[e1, [e2, ea,e1] €3] =

[61,627 [63764,61”

(=
(=
0
(=
(=
(
(

ToaTi3 + T3aT12) €1 + (—ToaToz + T34T22) €2+

ToaT33 + T34T32) €3 + (—ToaTuz + T34Ta2) €4

T23T14 + T43T12) €1 + (—T23To4 + T43Ta2) €2+
T23T34 + T43T32) €3 + (—T237Ta4 + T43T42) €4
+T32T14 — Tu2T13) €1 + (732724 — Tu2To3) €2+
+732734 — Tu2T33) €3 + (732744 — Tu2Tu3) €4.
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Insert these terms into the Jacobi identity. This gives an equivalent equation in
terms of 7;; for the vectors vy,...,vs

0 = [(734 — T43) T12 + (Ta2 — T24) T13 + (T23 — T32) T1a] €1+
[(T34 — Tu3) Toz + (Tug — Toa) Toz + (Toz — T32) Toa] €2+
(T34 — Ta3) T32 + (Taz — Toa) T33 + (T3 — T32) T34] €3+
(T34 — Tu3) Taz + (Taz — Toa) Taz + (723 — T32) Taa] €4

This is a subset of the set of sixteen quadratic equations.
The remaining equations are derived by choosing a different combination of
basis vectors. This proves the lemma. O

At this point we have split the 3-linear map [-,-,-] : V3 — V into a skew-
symmetric part ¢ (- A+ A+) : V3 — V* and a linear part 7 : V* — V. For any four
dimensional 3-Lie algebra on V we can find an isomorphic 3-Lie algebra using
lemmas [B.15] and [3.16] such that the linear map 7 corresponding to the latter
has a convenient matrix representation with respect to the quadratic equations
given in lemma Now we are ready to prove theorem [3.13

Proof of theorem[3.13, Suppose L is a four dimensional 3-Lie algebra over a
field F of characteristic unequal to two. Let [-,-,:], : £3 — L be the skew-
symmetric 3-linear map associated with the 3-Lie algebra £. As a vector space
£ is isomorphic with V = F%, that is, there exists a invertible linear map T :
L — V. Define [-,-,-],, : V> = V as

[v1,v2,v3], := 71 [Tvy, Tva, Tvs) - -

This is a skew-symmetric 3-linear map on V and satisfies the Jacobi identity,
because of [-,-,-] .. Furthermore, the 3-Lie algebra £ is isomorphic to the vector
space V with the 3-linear map [-,-,-],,. This shows that any four dimensional
3-Lie algebra over a field F of characteristic unequal to two is isomorphic to
some 3-Lie algebra defined on V = F*.

Suppose V with [-,-,]; : V3 — V is a four dimensional 3-Lie algebra. Then
there exists a linear map 71 : V* — V such that

['1)1,'1)2,’[)3]1 =710 ¢(U1 N vg A 1)3)

for all v1,vp,v3 € V. Lemmas and imply the existence of a linear map
7o : V* — V such that the V with 7 and V with 75 are isomorphic 3-Lie algebras
and the matrix representation of 75 is

ar Biom e
—B1 a2 3 Mm%

[TQ] = .
2

At 73 Qg
Y2 Yo —P2 oy

with scalars «;, 3;,7; € F that satisfy the constraints given in lemma [3.16
This shows that any 3-Lie algebra on V is isomorphic to a 3-Lie algebra with a
7 : V* — V whose matrix representation is as in lemma [3.16]

Let V = F* be a four dimensional vector space over a field F of characteristic
unequal to two and 7 : V* — V a linear map such that its matrix representation
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is as in lemma According to lemma the vector space V with skew-
symmetric 3-linear map [-,-,-] = 70 ¢ (- A-A-) is a 3-Lie algebra if and only if
the matrix representation of 7 satisfies

Ti3 +
T3 +
Ti2 +
Ti2 +

(T34 — T43) Tiz + (Tug — To4 To3 — T32) Tig = 0
(Taz — 734) Ti1 + (T14 — T1
(Toa — Tu2) Ti1 + (Ta1 — T14

(T23 — T32) i1 + (731 — T13

)
T31 — Tig) Tia = 0
)

Ti2 —T21) Tia = 0

o — — —
P

Tio — T21) Tig = 0

for i = 1,2,3,4. Since the characteristic of F is unequal to two and the special
shape of the matrix representation of 7, then the above equations are equivalent
to

BaTiz =0
Ba7i1 =0
B17ia =0
B1miz =0

for i = 1,2,3,4. After applying the constraints on the scalars ay, 8;,7v; € F, the
following equivalent equations are derived

azfi =0
B2 =0
v =0

for i =1,2,3,4, and
ar=0 = a=0 = a3=0 = a4=0.

Thus, the vector space V with a 3-linear map induced by a linear map 7 : V* — V
with a matrix representation as in lemma [3.16]is a 3-Lie algebra if and only if
the matrix representation of 7 satisfies

o B0 0
_ —ﬂ (&%) 0 0
=10 0 a o

0 0 0 o4
with scalars a;, 8 € F such that a3 =0 and
ar=0 = a=0 = a3=0 = a4=0.

The matrix representation of 7 shows us that some 3-Lie algebras can not
be isomorphic. At this point we can distinct three types of 3-Lie algebras:

e If [7] is symmetric, then S = 0. The map [, -, -] induced by 7 is given by
e1,eg,e3) = aq'ey

/
€1,€2,€4| = (3 €3
1 (&

[ ]
[ ]
[6 , €3, 4] = 042/62
[62763,64] =a'e
with a;’ := (—1)i a; for i = 1,2,3,4 such that

Oél/ =0 = 0&2/ =0 = 043/ =0 = 044/ =0.
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e If [7] is not symmetric and the rank of 7 is two, then az = ay = 0 and
B # 0. The linear map V — V with matrix representation

1 0 00
0 71 00
0O 0 B0
0 0 0 1
is an isomorphism of 3-Lie algebras. This map transforms 7 such that
B =1. The map [, ] induced by 7 is given by
[617 €2, 63} 0
[6 €2, € 4} 0
[e1, €3, e4] = €1 + azes
[e2, €3, e4] = €2 — arey

for scalars ay, as € F such that ajas + 1 # 0 and

ar=0 = ay=0.

e If [7] is not symmetric and the rank of 7 is one, then a3 = a4y =0, 3 #0
and ayag + S = 0. The linear map V — V with matrix representation

11 g 0

25 2042
0 0 28 0
0 0 0 1
B 1
is an isomorphism of 3-Lie algebras. The map [-, -, -] induced by 7 is given
by
€1, €2, €3] = €1

Combining the successive parts completes the proof of theorem Any

four dimensional 3-Lie algebra over a field F is isomorphic to some 3-Lie algebra
defined on the vector space F*. Every such a 3-Lie algebra is isomorphic to one
of the three types of 3-Lie algebras given above. O

Corollary 3.18. All four dimensional 3-Lie algebras over a field F of charac-
teristic unequal to two which is algebraically closed are isomorphic to one of the
following 3-Lie algebras. Furthermore no two of the 3-Lie algebras below are
isomorphic to each other.

e The vector space F* with basis {ey,es,e3,e4}, and 3-linear map given by
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with oy, as, az, ay € {0,1} such that

ar=0 = a=0 = az=0 = a4=0.

e The vector space F* with basis {e1,es,e3,e4}, and 3-linear map given by

[e1,e2,e3] = €1
[e1,ea,e4] =0
[e1,e3,e4] =0
[e2, €3,e4] = 0.

e The vector space F* with basis {e1,es,e3,e4}, and 3-linear map given by

e The vector space F* with basis {ey,es,e3,e4}, and 3-linear map given by

€2,€3,€4] = €1 + ez

le1,e2,e3] =0

[6 €2,¢€ 4] 0

[e1, €3, e4] = €1 + ez
[ ] =

with a € F such that o # 1.

Proof. This proof extends the proof of theorem Take the situation as at
the end of that proof and let F be algebraically closed.

In lemma[3.15 we saw that two four dimensional 3-Lie algebras on the same
vector space V are isomorphic if and only if there exists a bijective linear map
T :V — V such that the relation

ToroT* =det(T)m

holds. Define S := AT for a nonzero scalar A € F. Then the above relation is

equivalent to
. det (S
Sori08 =A2det(T)72: )\g )7'2.
The field F is algebraically closed and det (T') # 0. So there exists a nonzero
scalar A such that A?det (T') = 1. Thus, two 3-Lie algebras on the same vector
space V of dimension four are isomorphic if and only if there exists a bijective

linear map 7" : V — V such that the relation

ToroT* =

holds. In matrix representation this relation is the same as the relation between
congruent matrices.
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Let 7 : V* — V be the map corresponding to a 3-Lie algebra on the vector
space V = F4. Suppose the matrix representation of 7 is given by

ap 0 0 O
7] = 0 o 0 O
0 0 a3 O

0 0 0 o4

and let T': V — V be a linear map with matrix representation

M 0 00
o a0 0
=10 0 x o0
0 0 0 M\

for scalars \; such that if a; # 0, then Mo, = (—l)i, otherwise \; = 1. The

linear map T is invertible. So the above 3-Lie algebra is isomorphic to
€1,€2,€3] = as'ey

1 (&

€1,€3,€4] = as'es

[ ]
[e1, €2, e4] = as'es
[ ]
[e2, €3, €4] = ar'ey
with ay/, ao’, ag’, a4’ € {0,1} such that

al’ =0 = 042/ =0 = 043/ =0 = a4’=O.

Again let 7 : V* — V be the map corresponding to a 3-Lie algebra on the
vector space V = F%. Suppose 7 has a matrix representation

a1 1 0 0
[T] _ -1 (%) 0 0
0 0 00
0 0 0 O

for scalars a, as € F such that ajas +1 # 0 and
ar=0 = ay=0.

The third type of 3-Lie algebra in the corollary corresponds to the case a; = 0.
Assume oy # 0. Let T : V — V be a linear map with matrix representation

A0 00
o x 00
=10 0 10

0 0 0 1

for scalars \; such that al)\12 = —1 and A1A2 = 1. Then

-1 1 00

x] -1 — Q109 0 0
[ToreTl=1 0 00
0O 0 00

20



So the 3-Lie algebra corresponding to 7 is isomorphic to

[e1,e2,e3] =0
[e1,€e2,e4] =0
[e1,e3,e4] = €1 + ey
[e2, €3, e4] = €1 + €2

with a € F such that o # 1.

To see that no two of the 3-Lie algebras above are isomorphic to each other,
consider the rank of the matrix representation of 7 : ¥V — V corresponding to
each 3-Lie algebra and the rank of the symmetric and skew-symmetric parts
thereof. This works for all types of 3-Lie algebras but the last. We prove by
contradiction that also all 3-Lie algebra of the last type are distinct.

Assume that two 3-Lie algebras of the last type, with corresponding scalars
« and 3 such that a # (3, are isomorphic. Then there exists an invertible 4 x 4
matrix @ such that

-1 1 0 0 -1 1 0 0
1 @ 0 0|, 7 [-1 800
@lo 000l 0o 000
0 0 0 0 0 0 0 0

and more specifically, there exists a 2 x 2 matrix P such that

P(0 )= ()

Then the symmetric and skew-symmetric parts of the above matrices satisfy
0 1\ r (0 1
P4 0) = (4 )
-1 0\ ,r (-1 O
P a)r-( )

Taking the determinant of the above matrices gives equations det (P)2 =1and

det (P)2 a = 3. These equations imply o = (. This contradicts our assumption.
Thus also the 3-Lie algebras of the last type are distinct. O

Remark 3.19. In the above corollary no two 3-Lie algebras are isomorphic to
each other. Indeed there are almost as many 3-Lie algebras of the last type as
there are elements in the field F.

3.3 Quaternions

On a quaternion algebra the 3-linear map at the beginning of this chapter in-
duces a four dimensional 3-Lie algebra. First we recall the definition of the
quaternion algebra [17].

Definition 3.20. Let F be a field and let «, 3 € F be nonzero. The quaternion
algebra is the set of elements a+bi+cj+dk with a,b, c,d € F called quaternions,
component wise addition and multiplication determined by ij = —ji = k, i> = «
and j2 = f.
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We define a skew-symmetric 3-linear map as
[,y, 2] == zyz + yza + zay — yrz — x2y — 2yx

for quaternions x,y, z. Then

[1,i,5] = 2k
1,4, k] = 2aj
(1,5, k] = =261
[i,4, k] = —6a.

If we view the quaternion algebra as a four dimensional vector space with
basis {1,1,7,k}, then the above 3-linear map on this vector space clearly is
one of the types in theorem [3.13] Thus a quaternion algebra induces a four
dimensional 3-Lie algebra.

Over the real numbers R there are two distinct quaternion algebras up to
an isomorphism. For @ = 8 = —1 we have Hamilton’s quaternions, and for
o = B = 1 the quaternion algebra can be identified with the 2 x 2 matrices.
This explains why the Jacobi identity is satisfied for real 2 x 2 matrices.

Theorem 3.21. If two quaternion algebras are isomorphic, then also their cor-
responding 3-Lie algebras are isomorphic.

Proof. This follows from the fact that isomorphisms respect addition and mul-
tiplication. O

It is not known whether the reverse statement is also true.

3.4 Octonions

The quaternions are a generalization of the complex numbers. In the same way
octonions generalize quaternions. The octonions are no longer associative, but
it is an alternative algebra [I5], that is, it satisfies

(zy)x =z (yx)
z (zy) = 2%y
(zy) y = xy®

for all elements z,y.
A natural way to define a 3-linear map is to use the associator

[2,y,2] = (zy) 2 — 2 (y2)

for all elements z,y, z. We can prove this is a skew-symmetric map using the
above relations. For example

[z, 2,y] = 2%y —x (zy) =0

so we have
0=[r+y,x+y,z2]=[r,y2] +[y,72]
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for all elements x,y, z. The other cases are proven in the same way. Thus the
associator is skew-symmetric. However this 3-linear map does not satisfy the
Jacobi identity. Before we can show this, we need to describe how to multiply
octonions.

We write an octonion z as

T = ag+ aie; + ases + azes + ageq + ases + ageg + arer

for ag,...,a7 € R, where {1,e1,e2,e3,€4,€5,€6,e7} is a basis of the octonion
algebra as in [I]. To describe the multiplication of octonions, we note that 1 is
the identity and e;2 = —1 for alli = 1,...,7. All other products can be resolved
from the Fano plane, which is given in the figure below.

>

L7 N

€3 €2 €5

€4 €1

Each line passes through three points. If e;, e;, e, are three such points ordered
according to the arrows on the line, then e;e; = e and e;je; = —ej. For example
esea = e3 and ezes = —es.

Now we show that the Jacobi identity is not satisfied. Lets check it for the
vectors eq, eg, €4, €1, e7. Then

and
[617 [62, €1, 67] 764] = *463
[617 €2, [647 €1, 67]] - _463.
So we have

[[e1, e2,e4] , €1, €7] =
[le1, e1, e7], €2, ea] + [en, [ea, €1, 7], €a] + [e1, €2, [e4, €1, €7]] + Bes
that is, the Jacobi identity is not satisfied.
Using the associator as a skew-symmetric 3-linear map on the octonions does

not give a 3-Lie algebra. However it is possible to construct a generalized 3-Lie
algebra using the octonions as is shown in [I§].
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Chapter 4

Conclusions

In chapter [2] the definition of a n-Lie algebra was given with corresponding
definitions such as subalgebras, ideals and isomorphisms. We saw an infinite
dimensional n-Lie algebra in example 2.12] A new m-Lie algebra can be con-
structed from a n-Lie algebra for m < n as we saw in theorems and
We classified the 3-Lie algebras of low dimensions in chapter [3] There were
only trivial 3-Lie algebras of dimension up to three, one nontrivial 3-Lie algebra
of dimension three, and many nontrivial four dimensional 3-Lie algebras as we
saw in theorems [3.11] [3.12] and [3.13] respectively. In general the 3-linear map

[A, B,C] := ABC + BCA+ CAB — BAC — ACB — CBA

for matrices A, B, C' does not satisfy the Jacobi identity as we saw in example
but in section we saw that on the quaternion algebra it does define a
3-Lie algebra. Furthermore the octonions with the associator as the 3-linear
map is not a 3-Lie algebra.
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Appendix A

Congruent matrices

From linear algebra we know that every symmetric matrix is congruent to a
diagonal matrix [8]. In this appendix we prove a similar result for any square
matrix over a field of characteristic unequal to two. Let us first recall the
definition of congruent matrices [§].

Definition A.1. Let A and B be nxn matrices. Then B is said to be congruent
to A if there exists an invertible n x n matrix Q such that B = QT AQ.

The first theorem we prove is a statement about the vector space on which
a skew-symmetric bilinear form is defined. The vector space can be split into
a number of two dimensional subspaces such that the bilinear form is nonzero,
and one remaining subspace on which the bilinear form is zero. The proof of
this theorem is inspired by the proof of theorem 6.35 in [8] about diagonalizable
symmetric bilinear forms.

Theorem A.2. Let B : V xV — F be a skew-symmetric bilinear form on a
vector space V of finite dimension n over a field F of characteristic unequal
to two. Then there exists a nonnegative integer k < 5 and two dimensional
subspaces V1, ..., Vi of V and a n — 2k dimensional subspace Vy of V such that

V=V @ ---dWs

with B restricted to Vg is zero, B restricted to V; is nonzero fori=1,...,k and

B(z,y) =0 forallz € V;, y € V; with i # j.

Proof. If B(x,y) = 0 for all z,y € V, then choose kK = 0 and define Vy := V.
This proves the theorem in the case B is a zero bilinear form.

If n = 0, then B (z,y) = 0 by bilinearity. Suppose n = 1. Let z,y € V
be any pair of vectors. If z or y or both are zero vectors, then B (z,y) = 0
by bilinearity. If z and y are both nonzero vectors, then there exists a nonzero
scalar A € F such that z = Ay. Again B (z,y) = 0 by skew-symmetry as follows
from

B(z,y) = AB(z,2) = =AB (z,z) = =B (,y) .

Thus if n =0 or n =1, then B (x,y) = 0 for all ,y € V. Combining this result
with the above statement completes the proof for n =0 and n = 1.
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Assume B is nonzero and the theorem holds for n — 2. There exists a pair
of nonzero vectors x,y € V and a nonzero scalar A € F such that B (z,y) = A
Define a linear map L :V — F? as

for any z € V. The map L is linear, because B is bilinear. The rank of the map
L is two, because the rank can at most be two and

Ly@=( 5 ) wd L,w=()

requires the rank to be at least two.

Define V' := ker L ,,. The dimension theorem implies that dim V' = n — 2.
By assumption the theorem can be applied to the restriction of B to V’'. There
exists a nonnegative integer k' < ”772 and two dimensional subspaces Vy, ..., Vi
of V' and a n —2 (k' + 1) dimensional subspace Vp of V'. Define k := k' + 1 and
Vi :=span {z,y}. Then

V=VeV, =V D BV & V.

The construction of the linear map L and subspace V' implies that B restricted
to Vi is nonzero and B (z,y) = 0 for all z € V' and y € V,. Thus also that
B(z,y)=0forallzeV;and y € V, withi=1,...,k — 1. If this is combined
with the results for V', then the theorem is also proved for n.

By induction the theorem holds for any nonnegative integer n. O

The space of bilinear forms on a vector space of dimension n is isomorphic
to the vector space of n x n matrices. Combining this statement with the above
theorem gives us a simple statement about congruent skew-symmetric matrices.

Corollary A.3. Let A be a skew-symmetric n X n matriz over a field F of
characteristic unequal to two. Then A has even rank and is congruent to

D, O - 0
O Dy --- 0

. . ) (A1)
O O -+ Dy

with 2k = rank A, Dy11 is the n — 2k x n — 2k zero matriz and fori=1,...,k

0 1
b (1 1).

Proof. Let V be any n dimensional vector space over the field F with an ordered
basis 3. There exists a bilinear form B : )V x V — F such that A is the matrix
representation of B with respect to 4. The matrix A is skew-symmetric, thus
the bilinear form B is also skew-symmetric. Apply theorem to B and let k,
V; for i =0,...,k be as in the theorem.

Suppose 1 < i < k. There exists nonzero vectors x,y € V; and a nonzero
scalar A € F such that B (z,y) = A, because B restricted to V; is nonzero.

26



Define u; := = and v; := A~ 'y. The skew-symmetry of B implies the linear
independence of the vectors x and y, and hence also of u; and v;. The dimension
of V; is two. Therefore {u;, v;} is an ordered basis of V;. Furthermore the matrix
representation of B restricted to V; is D;.

Theorem [A22] states that B restricted to Vp is zero and dimVy = n — 2k.
Let {w1,...,w,—or} be any ordered basis of Vy. The matrix representation of
B restricted to V) is the n — 2k x n — 2k zero matrix, that is Djy4.

Define the ordered set v := {u1,v1,..., Uk, Vg, W1, ..., Wn—2k}. The set v
consists of n linear independent vectors. That is, v is an ordered basis of V.
The matrix representation of B with respect to +y is as in equation , because
B(z,y) =0for all x € V;, y € V; with ¢ # j. This proves A is congruent to the
matrix in .

The rank of A is a direct consequence of the shape of the matrix in . O

In theorem [A.2] the vector space is split up into a number of subspaces. The
proof of the above corollary illustrates there is some freedom left in choosing a
basis for the subspaces. This is exploited in the proof of the following theorem.
This theorem is a statement about any square matrix.

Theorem A.4. Let A be a n xn matriz over a field F of characteristic unequal
to two. Then the matriz is congruent to

D, Ciz -+ Cip

C" Dy - Cw
) S (A.2)

Cip? Cop™ - Dy

with k' = k+1, the rank of the skew-symmetric part of A is 2k, Dy is a diagonal

matriz and fori=1,...k
o Q5 1
o=(% 5)

Proof. Let V be a n dimensional vector space over the field F with an ordered
basis . There exists a bilinear form B :V x ¥V — F such that A is the matrix
representation of B with respect to . Define new bilinear forms Bg : VxV — F
and By : VYV xV —F as

for some oy, B; € F.

B(z,y) + B (y,2)
2

B(l‘,y) — B(y,x)
2

Bgs (z,y) ==

By (z,y) :=

for all z,y € V. Then Bg is a symmetric bilinear form, B4 is a skew-symmetric
bilinear form and B = Bg + By4.

Apply theorem to B4a. Let k and V; for i+ = 0,...,k be as in that
theorem. The restriction of Bg to V; is again a symmetric bilinear form. Thus
there exists an ordered basis d; of V; such that the restriction of Bg is diagonal.

Suppose 1 < i < k. The subspace V; has dimension two. The basis §;
contains two vectors, that is §; = {z;,y;}. The restriction of By to V; is
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nonzero. There exists a pair of vectors u,v € V; and a nonzero scalar A € F
such that By (u,v) = A. Expressing the vectors u,v in terms of the ordered
basis gives © = uix; + usy; and v = vix; + voy;. Define a; := A 'x; and
b; := (u1ve2 — ugv1) y;. Then {a;,b;} is again an ordered basis of V; and the
matrix representation of B with respect to this ordered basis is D; for some
scalars «; and [;.

The restriction of B4 to V, is zero. The dimension of Vy is equal to n — 2k,

that is, the ordered basis 9 = {c1,...,cp—2r}. The matrix representation of B
with respect to §p is a diagonal matrix. Denote this matrix by Dy .
Define the ordered set v = {a1,b1,...,ak,bk,¢1,...,Cn—2x}. This set con-

tains n linear independent vectors, that is, the set 4" is an ordered basis of V.
For all € V;, y € V; with ¢ # j the bilinear form Ba (z,y) = 0, that is,
B (z,y) = Bs (z,y). Combining these results shows that the matrix represen-
tation of B with respect to 4/ is given by the matrix in[A.2} This completes the
proof. [
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