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Abstract

In differential geometry and mathematical physics, there is interest in left-invariant pseudo-
Riemannian metrics on Lie groups. We learn and review Lie theory, representation theory,
geometric invariant theory, and differential geometry. We apply this theory to find pseudo-
Riemannian metrics for certain Lie groups such that all polynomial curvature invariants are
identically zero. We find that the six nilpotent Lie algebras of dimension five can be equipped
with pseudo-Riemannian metrics with non-zero curvature such that the Ricci tensor is zero,
and all polynomial curvature invariants are identically zero as well. We also find that a class
of Lie groups G that can be realized as products or semi-direct products of a Lie group H
and R" in a certain way can be equipped with pseudo-Riemannian metrics in such a way
that all polynomial curvature invariants are identically zero.
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Chapter 1

Introduction

In mathematics, notions of continuous, differentiable symmetry are encoded in mathematical
objects called Lie groups. These are smooth manifolds that also carry a group structure
compatible with the smooth structure. Any other mathematical object acted upon by the
Lie group such that the object is unchanged is said to have a symmetry of the Lie group.
For instance, a simple cylinder R x S! carries a circle symmetry by the circle acting on itself
in the usual way.

Of key interest in differential geometry and mathematical physics are pseudo-Riemannian
manifolds with smooth symmetries. For instance, flat Minkowski space is invariant under
translations and Lorentz transformations. As it happens, translations and Lorentz trans-
formations each form Lie groups R* and O(1,3), and under semi-direct product, these two
groups together form the affine group for Minkowski space, the Poincaré group ISO(1, 3).

If a Lie group acts transitively and faithfully on a set, then the group is in bijection with
the set itself. As such, Lie groups encode their own symmetries.

Consider a Lie group G and a topologically closed subgroup H of G. If we form a new
topological space from the left cosets gH, g € G, under the quotient topology, then this new
space will turn out to be a smooth manifold with a left G-action (although it will not in
general be a new Lie group). In other words, the resulting manifold is invariant under the
action of G.

Now consider a pseudo-Riemannian space M with metric p. Then the set of metric
preserving diffeomorphisms,

Isom(M) = {p: M — M | ¢"p = p},

forms a Lie group (results in Ch. IV in [Pal57]). If the group acts transitively on the manifold
M, then M ~ Isom(M)/H, where H is the stabilizer subgroup of Isom(M) for any arbitrary
point p € M. For instance, Minkowski space is the homogeneous space ISO(1,3)/0(1, 3).
In the special case that Isom(M) has a Lie subgroup K that acts transitively and faithfully
on M, possibly equal to Isom(M) itself, then K is referred to as simply transitive [Her10],
respectively, and we are left to study invariant metrics on K itself.

In either case, homogeneous pseudo-Riemannian spaces are model spaces for the local
symmetries of more general pseudo-Riemannian spaces, and their study plays a role in topics
such as cosmology and quantum gravity. An entry point into this body of mathematical



theory is to understand the simply transitive spaces and their metrics, which is the topic of
this thesis.

In Chapter 2, we introduce the basic theory of Lie groups in a manner that emphasizes
those aspects of the theory that we need in subsequent chapters. In particular, we spend
some time discussing left-invariant tensors on Lie groups, and the Maurer-Cartan equation.

In Chapter 3, we go on to introduce basic notions of representation theory and structure
theory for Lie groups and Lie algebras, and subsequently give a brief account of some key
results from geometric invariant theory that are essential to this thesis.

In Chapter 4, we review the theory of pseudo-Riemannian geometry, discussing the key
results relating to curvature.

Finally, in Chapter 5, we put all of this theory to use. To be more specific, we will search
for left-invariant pseudo-Riemannian metrics on Lie groups with the special property that
all polynomial curvature invariants are identically zero. This stringent condition means that
we cannot expect all Lie groups to admit such a metric, and must therefore perform a more
targeted search, using results from geometric invariant theory as well as Lie group theory
and differential geometry. We obtain some new results that to my knowledge have so far not
appeared in the literature. These are theorems 27, 28, and 29.



Chapter 2

Basic Lie Theory

We begin with the basic theory of Lie groups that we need. Any book on Lie groups should
contain these results, but here we have used the books [Kir08, Leel3, Tull, Tul7] in
particular, as these emphasize a primarily geometric point of view.

2.1 Lie Groups

Definition 1. A Lie group is a smooth (real or complex) manifold with a group structure
such that both the multiplication map p: G x G — G and the inverse map ¢: G — G are
smooth maps.

Definition 2. Define left and right translation by a fixed element g € G to be the maps
lg: G — G, h+— ghand ry: G — G, h+— hg, respectively.

From the above definitions, it follows that left and right translation by fixed elements of
a Lie group G are globally defined diffeomorphisms.

Examples of Lie groups are: R” under addition, R\{0} and S' C C under multiplication,
and — perhaps the canonical example of a Lie group — G L(V), the group of invertible linear
transformations of a vector space V' (real or complex). Fix a basis and regard GL(V) as a set
of invertible matrices. Then GL(V') may be regarded as an open subset of End(V) = R™*",
where n = dimV/, via the pullback of the determinant: GL(V) = det ' (R\{0}). Here, the
determinant function det: R™"™ — R is continuous, and in fact smooth, as it is a polynomial
of the matrix elements.

Because any finite-dimensional vector space V' is isomorphic to either R™ or C" as vector
spaces, we often write GL(n,R) or GL(n,C) instead of GL(V), especially if we do not have
any particular vector space in mind and wish to explore the group in the abstract.

Other notions from group theory carry over to the Lie group case as well:

Definition 3. A Lie group homomorphism is a group homomorphism ¢: G — H between
Lie groups G and H that is also a smooth map.

Definition 4 (Def. 15.8, [Tull]). A Lie subgroup of a Lie group G is a subgroup H of G
such that H is an immersed manifold under the inclusion map with a Lie group structure
inherited from the group operations of G.



This last definition is very general; a more restrictive definition, considering only sub-
groups which are embedded submanifolds — in which case it follows almost immediately
that they are Lie groups (see [Leel3]) — would be too restrictive, for reasons relating to
the correspondence between Lie groups and Lie algebras, to be described later.

The group GL(V) has many interesting subgroups, depending on what kind of vector
space V is. A few examples:

e The orthogonal group O(V'), the group of invertible linear transformations preserving
the euclidean inner product, where V' is a real vector space.

e The special linear group SL(V'), the group of invertible linear transformations of de-
terminant one, i.e. volume preserving transformations, where V' is a real or complex
vector space

e The special orthogonal group SO(V') = O(V) N SL(V), the space of rigid “rotations”
of a real vector space V.

e The unitary group U(V'), the group of invertible linear transformations preserving the
hermitian inner product, where V' is a complex vector space.

e The special unitary group SU(V) = U(V)NSL(V), the space of rigid complex “rota-
tions” of a complex vector space V.

In this thesis we shall be particularly interested in the Lie groups O(p,q), the groups
preserving an inner product (or metric) of signature (p, ¢q), where p and ¢ are integers. We
look at this Lie group and its associated Lie algebra in Section 4.2.

Theorem 1 (Thm. 20.12, [Leel3|). If H C G is an abstract subgroup of G which is
topologically closed in G, then H is a Lie subgroup of G.

If H = ker ¢ for some Lie group homomorphism ¢, then H is a closed subgroup of G,
hence a Lie subgroup of G.

If a Lie group has already been given to us, we may investigate its covering spaces. From
topology we know that any connected and locally simply connected topological space has a
universal covering space [Leell]. In particular, a connected (smooth) manifold M fits this
description, so therefore has a universal covering space M. Furthermore, this covering space
M is itself a smooth manifold:

Proposition 1 (Prop. 4.40, [Leel3]). If M is a connected smooth manifold and q: M — M
is a topological covering map, then there is a unique smooth structure on M such that M is
a smooth manifold and q is a smooth covering map.

This construction gives rise to new and interesting examples of Lie groups. For example,
the universal covering space of SO(3) is SU(2), a double cover of SO(3). There is a one to
one correspondence between simply connected Lie groups and Lie algebras, to be discussed
in due course.



2.2 Lie Algebras

The fact that left and right translations are diffeomorphisms has interesting consequences.
For instance, [, has inverse [,-1, and maps the tangent space 7} G isomorphically to T,,G
for any h € GG. Thus, the tangent space over any point on G is isomorphic to the tangent
space over any other point in GG. In particular, the tangent space over the identity element
e, T.G, is isomorphic to T,G for any g € G. It follows that Lie groups are parallelizable as
manifolds, meaning the tangent bundle is a trivial bundle, i.e. TG =G x T.G ~ G x R".

Definition 5. A vector field X € X(G) is said to be left-invariant if it is [ -related to itself
for any g € G, i.e. if [, X} = Xgp.

Note that if X € X(G) is left-invariant, then X. = [,-1,X,, which means that the left
invariant vector fields of G form a vector space over R (or C) isomorphic to TG via the map
¢: Xg = X = 1;-1,X,. We will adopt the convention of [Leel3] and denote this vector
space of left-invariant vector fields by the notation Lie(G).

Ifif eg,..., e, is a fixed basis for g ~ Lie(G), then any vector field on G may be written
as a linear combination of these basis fields, i.e. X € X(G) may be written X, = X'(g)e;.

Proposition 2 (Prop. 16.9, [Tull]; Prop. 8.33, [Leel3]). [X,Y] is a left-invariant vector
field on G whenever X andY are left-invariant vector fields on G.

By taking the usual Lie bracket of vector fields and restricting to g ~ Lie(G), regarded
as a vector space over R (or C), we obtain a bilinear product with the same properties as
the regular vector bracket defined for any manifold, namely anti-symmetry and the Jacobi
identity.

Definition 6. A Lie algebra is a finite-dimensional real (or complex) vector space endowed
with an anti-symmetric bilinear product, denoted by [-, ] and referred to as the “bracket
product”, that satisfies the Jacobi identity:

[X7 [Y7 ZH = HX7 Y]? Z] + [Yv [Xa Z]]a
or, equivalently,

[X’ [K Z“ + [Y7 [Z7X]] + [Z’ [X7 YH =0,
forall X,Y, 7 € g.

Example 1. If we think of GL(V') as a subspace of End(V'), we may exploit the vector
space structure of End(V) to find gl(V) := T.GL(V). The fact that that End(V) is a vector
space means that we may identify the tangent space over any point of End(V') with itself.
Thus, gl(V') = End(V') as a vector space. Let v: R — GL(V) be a smooth curve in GL(V),
with (0) = Id and /(0) = X4, where X € End(V). We then find that for A € GL(V),

Xa = (la)e1aX1a = % -0

A - ~(t) = AX14. We now wish to compute the bracket operation
in gl(V), i.e. we wish to find [X, Y],y for X,V € Lie(GL(V)). To do so, we will compute
([X,Y]1a)zi; = ([X,Y)xij) 14, where (z,;) are the standard coordinates for GL(V') C End(V).
We do not use Einstein notation for this example. We observe that for X, Y € Lie(GL(V)),
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Xy = drij(X)) = duij(AX1a) = Y Ai(Xra)ky = Xij,

and
0
VX =YXy = 3 By (Via)razy— g Aie(X1a)is)
- Z qu rs(sqzdsk (de)
= Z Bzr rk XId)k]
Thus,

(X, Y]ia)zi; = ([X, Y]wij)1a
= (XY — YX)LL’ij)Id
= > (Ai(Xra)rk(Y1a)rj) 1a — (Bir(Yia)rk(X1a)15) 14,
= 0 (X1a)rk (Yia)j — 0ir (Yra)r(X1a)rj
= (X10)it YVia)ej — Yia)ie(Xr1a)k)

and we see that in gl(V), [X,Y] = XY —Y X, where X,Y € gl(V) and XY and Y X denotes
matrix multiplication.

Definition 7. A vector subspace h of a Lie algebra g is called a Lie subalgebra of g if
[h,bh] C b. A vector subspace b of a Lie algebra g is called an ideal of g if [h, g] C b.

Note that if b is an ideal of g, then g/b is a Lie algebra. This need not be the case if b
was merely a Lie subalgebra.

Definition 8. A vector space homomorphism 7T': g — b is called a Lie algebra homomor-
phism if T[X,Y]| = [TX,TY] for all XY € g.

Proposition 3 (Theorem 8.44, [Leel3]). If F': G — H is a Lie group homomorphism, then
— identifying g with Lie(G), and b with Lie(H) — F.: g — b is a Lie algebra homomor-
phism.

Proof. Since F' is a Lie group homomorphism,

Foly(h) = F(gh) = F(g)F(h) = lp(g) o F(h),
for arbitrary h € G, hence F o l, = lpy) o ' and

F.o(1,). = (). o F.
Thus, keeping in mind that F'(e) = ¢’ € H, we have

Flg(Xg) = Fico (lg)ee(Xe) = (Irg))ne © Fre(Xe) = (Irg))se (Zer) = Zp(g).-
Identifying g with Lie(G) as before, and with a mild abuse of notation, we see that X € g is
F-related to F,(X) = Z € h. From here, F,[X,Y] = [F.X, F.Y] follows from the naturality
of the Lie bracket for vector fields.

0



Theorem 2. If the kernel ker ® of a Lie group homomorphism ®: G — H 1is discrete, then
®,: g — b is an injective Lie algebra homomorphism.

Proof. Since the kernel of a Lie group homomorphism ®: G — H is a closed subgroup of
the original Lie group G, it is a Lie subgroup ker® C (. If the kernel is discrete, then
by definition of a closed set, it is closed if and only if it has no limit points in G. We can
therefore find a neighbourhood U of e € G such that e is the only point in U that is also in
the kernel of ®, and a further restricted neighbourhood V' C U of e such that g¢'~! € U for
any ¢g,g' € V. We see that if g,¢’ € V then ®(g) = ®(¢') implies ®(gg'~!) = €', which in
turn implies that g = ¢’ since V' contains no element in the kernel of ® other than e. Thus,
® is injective restricted to V', hence ®,: g — € is also injective. [

Theorem 3 (Prop. 21.28; [Leel3]). Any discrete subgroup H of a Lie group G is a closed
subgroup.

Proposition 3 implies that if H C G is a Lie subgroup, then fh C g is a Lie subalgebra,
via the inclusion map ¢: H — G. Conversely, we have the following theorem:

Theorem 4 (Theorem 19.26, [Leel3]). For a Lie group G with Lie algebra g and subalgebra
h C g, there is a unique connected Lie subgroup H C G whose Lie algebra is §.

Note. The proof of Theorem 4 makes use of the theory of distributions: Pushing h around
on G defines an involutive distribution of T'G, which may be integrated to obtain a foliation
of G'. The leaf of the foliation containing e € GG will be the Lie subgroup H; H is an integral
manifold of h. This is the reason why the definition for Lie subgroups encompasses immersed
submanifolds: The leaves of a foliation are not in general embedded submanifolds, although
they are weakly embedded (see [Leel3]).

The above theory tells us that the Lie subgroups of GL(V') have Lie subalgebras in gl(V).

Theorem 5 (Ado’s Theorem; Thm. E.4, p. 501 [FHO4]). Every Lie algebra g has an
injective (faithful) representation ¢: g — gl(V') for some finite-dimensional vector space V.

Combining the results at the end of Section 2.1 with Ado’s Theorem (5) and Theorem
(4), we see that every Lie algebra g has associated to it a universal covering group: Simply
integrate g C gl(V') to obtain a group G C GL(V'), and find the universal covering group G
of G.

A smooth manifold M is called a homogeneous space if there is a Lie group G acting
smoothly and transitively on M.

Theorem 6 (Thm. 21.17, 21.26; [Leel3|). Let G be a Lie group with a closed subgroup
H. Then G/H is a homogeneous smooth manifold, with a left action by G on G/H given
by ¢ - gH = (d'g) - H, and the quotient map m: G — G/H 1is a smooth submersion. If
additionally H is normal as a subgroup, then G/H is a Lie group, and the quotient map
m: G — G/H is a surjective Lie group homomorphism with kernel H.

Theorem 7 (Thm. 21.18; [Leel3]). Let G be a Lie group acting on a homogeneous space M.
Then the stabilizer group G, for any point p is a closed subgroup of G, and is isomorphic to
the stabilizer group G of any other point p'. Moreover, M ~ G /G, via the map gG, — g-p.

8



2.3 Left-Invariant Tensor Fields and Maurer-Cartan

In the same way that T'G is parallelizable, so too is T*G for the same reason: T)G ~ T;G
via the map [j: T;G — T; G, therefore T"G = G x T}G ~ G x R™ ~ G x R™.

Let p € T'(T*G) be a 1-form on G. We say that ¢ is left-invariant if [} = ¢ forall g € G.
Note that for X € X(G), p4(Xy) = ([-19)(Xy) = pe(lyg-1.X,), and if X € Lie(G) C X(X),
then ¢.(l;+X,) = we(X.) is constant over G. Therefore, the R-vector space (or C-vector
space) of left-invariant 1-forms is the dual space to Lie(G) ~ g, regarded as a vector space.
Denote this space by Lie(G)* ~ g*. Just as any vector field on G may be written X = X?(g)e;,

where {e1,...,e,} is a basis of left-invariant vector fields on G, any covector field on G may
be written ¢ = ©;(g)e’, where {e!,... e} is the dual basis of left-invariant covector fields
on G associated to {ey,...,e,}.

More generally, TG ~ T*)@ via the map I} : TG — THDG defined by

T5i 5 (9)en ® - -®e;, @’ @- - - @’ = Tl ik () (lg-1.e0) @ - ®(lg-11e5, )R (1€ ) ®- - - @ (Ige™),
for an arbitrary local frame and corresponding coframe, and so we may define left-invariant
tensor fields by the formula (77" = T. By the same calculations performed in the case of
vector and covector fields, we likewise see that left-invariant tensor fields are determined
by their value at the origin, and that the coefficients of a left-invariant tensor field T are
constant with respect to a left-invariant basis. From this, we see that we may conceive of
left-invariant tensors as elements in tensor products of g,

k l
—_—~

D) o T o o
g =3  @ieg e -®g.

We may conceive of the bracket product on a Lie algebra g as a tensor field on any Lie
group G that has g as its Lie algebra. Fix a basis ey, ..., e, with dual basis e!, ..., e" for
g ~ Lie(G) and let C; = €¥([e;, e;]). As previously discussed, any vector field on G may be
written X = X’(g)e;, so we may define a “bracket tensor” C € T'(T12 @) by the formula
C(X,Y) = X'(g)Y/(g)Clex. For any e;, e;, ¢, in a left-invariant basis, the Jacobi identity
then becomes CjCY, + CHCL, + CYLCL = 0. This construction only works because of the
existence of left-invariant vector fields: For arbitrary vector fields X, Y € X(G), the bracket
of vector fields is not C'*°(G)-linear.

Given a left-invariant covector ¢, its exterior derivative dy will also be left-invariant. We
need the following result:

Proposition 4 (Prop. 20.13, [Tull)). For any smooth 1-form ¢ and smooth X,Y € X(G),
the formula

de(X,Y) = Xo(Y) = Y(X) — o([X, Y]) (2.1)
holds on any smooth manifold.

This will give us the following result:



Proposition 5 (Prop. 7.2, p. 137, [Hel78]). If ¢ is a left-invariant covector field on a Lie
group G, then dy is a left-invariant 2-form determined by the Maurer-Cartan equation

In particular, if {ey, ..., en} is basis of left-invariant vector fields and {e', ..., e"} its cobasis,
then
i Lo ik
de' = —iCjke Ae, (2.3)

where Cly are defined by the formula CY = €*([e;, e]).

Proof. dp is a tensor, and is therefore determined pointwise. Thus, it suffices to compute
dyy(Xp,Y,)) for arbitrary points p in the manifold. Since ¢ is left-invariant on a Lie group
G, we may compute dp,(X,,Y,) by extending X, Y, to left-invariant vector fields on all of
G, and then using formula (2.1). Then the terms X¢(Y) and Yp(X) in (2.1) vanish, and
we are left with the equation dp(X,Y) = —¢p([X,Y]).

Furthermore, with respect to a basis {ej,...,e,} and cobasis {e!,... e"} for g,

(dep) i, = do(ej, ex)
= —([ej, ex])
= —W(Cjkei)
= _CijOz'a

(2.4)

hence dp = (dy)jre? @ €F = —3C% pie? A e, In particular, de’ = —3Ci e AeF. Since di has
constant components relative to a left-invariant cobasis, dy is also left-invariant. O

2.4 The Exponential Map

The isomorphism ¢: g — Lie(G) implies that there is a map between g and G. Let px: R X
G — G be the flow of X € Lie(G). Then there is a well defined map X. — ¢g4x.)(1,¢) =
exp(X,) from g to G, called the exponential map.

Proposition 6 (Prop. 15.9, [Tul7)).

~

The integral curve of X € Lie(G) starting at g € G is gexp(tX.).

2. For a fired X, € g, the map t — exp(tX.) is a Lie group homomorphism.

3. exp: g — G is C*.

4. The pushforward of exp at 0, exp, : Tog = g — T.G = g is the identity map.
5. For X € gl(V),

00 Xk
exp(X) = T
k=0 "

10



By the inverse function theorem, item 4 in Proposition 6 in particular means that there
exists a neighbourhood U of 0 in g which maps diffeomorphically onto a neighbourhood
exp(U) of e in G. Item 5 in Proposition 6 explains why the exponential map has the name
that it has.

Theorem 8 (Thm. 15.12, [Tul?]). If F': G — H is a Lie group homomorphism, then
F oexp = expoF..

Proof. Fix X € g and let y(t) =t — F oexp(tX) for X € g. Then

Y (t) = Fi o (L))« (X) = (le(y))« © Fu(X) = (lry0))« 0 Y,

for Y = F.X € . Therefore, y(t) is an integral curve of the left-invariant vector field that
is F-related to X, with (0) = ¢/, and so by the uniqueness of integral curves is equal to
exp(tY) = exp(tF.(X)). Setting ¢t = 1, we obtain our result.

[

Theorem 9 (Thm. 1.6.1; [DKO0O]). For some neighbourhood U C g of 0, the expression

exp(X) exp(Y) = exp(u(X,Y))

holds for XY € U, where pu: U x U — g is a real or complex analytic function whenever g
is a real or complex Lie algebra, respectively.

Theorem 9 ultimately means that real Lie groups are in fact analytic (Thm. 1.6.3;
[DKO00]). Complex Lie groups are by definition holomorphic (complex analytic), so Theorem
9 merely reaffirms this. The function p has a series expansion known as the Campbell-Baker-
Hausdorff formula, or the Dynkin formula, depending on source.

11



Chapter 3

Representation Theory

We account for some of the basic theory of representations of Lie groups and Lie algebras.
General theory can be found in the books [GW10,Kir08, Kna05, Leel3, Sep10, Wal18],
which we have used here in particular.

3.1 Representations and Actions

Although actions and representations can be defined for any group, we only need the theory
for Lie groups and algebras, and finite-dimensional vector spaces.

Definition 9 ( [Leel3]). A left Lie group action on a smooth manifold M is a smooth
mapping p: G X M — M, Gx M 3 (g,p) = g-p € M, such that g - (h-p) = (gh) - p and
e-p=n.

A right Lie group action on a smooth manifold M is a smooth mapping ¢: M x G — M,
M xG> (p,g)—p-g€ M,such that (p-h)-g=p-(hg) and p-e =p.

Any left Lie group action gives rise to a right Lie group action by setting p- g := ¢~ * - p,

and any right Lie group action gives rise to a left Lie group action by setting g-p :=p-g~!.

Definition 10. We define the orbit of a point p € M in a manifold under the action of a
Lie group G to be the set

G-p={peM]|p=g-pforsomeg e G},
and the stabilizer group of a point p € M to be the set

G, ={9€G|g-p=p} (3.1)

It is easy to see that the orbits of a manifold M under the action of a Lie group G define
equivalence classes.

The stabilizer group is clearly an abstract subgroup, and it is also topologically closed in
its parent Lie group, as it is equal to the set G, = Fp_l(p)7 where F}, is the map defined by
F,(g9) = g - p. By the closed subgroup theorem (Theorem 1), G, is a Lie subgroup of G if
the action of G on M is transitive.

12



Theorem 10 (Thm. 20.15 and 20.18, [Leel3]). Any left or right Lie group action ¢ on a
manifold M gives rise to a map ¢: g — X(M) by the formula

= — tX - 3.2
p dt o exp p ( )
for a left action, and the formula
. d
X,=—| p-exptX (3.3)
dt|,_,

for a right action, such that ¢ is a Lie algebra anti-homomorphism or Lie algebra homomor-
phism, for left and right actions respectively.

Definition 11. A Lie group representation is a Lie group homomorphism ¢: G — GL(V)
for some finite-dimensional vector space V' over either the real or the complex numbers.

Similarly, a Lie algebra representation is a Lie algebra homomorphism ¢: g — gl(V) for
some finite-dimensional vector space V' over either the real or the complex numbers.

We see that a Lie group representation is a special case of a Lie group action, where the
space acted upon is a vector space (of finite dimension in our case) and the action itself is
linear.

By Proposition 3, to any Lie group representation there is an associated Lie algebra
representation. This is obtained by taking the pushforward (or differential) of the Lie group
homomorphism from G to GL(V'), as per Proposition 3.

3.2 Linear Actions

The Lie group GL(V') and its Lie subgroups have canonical, or defining, representations, and
any other representations of these groups may be obtained by conjugation with an element
of GL(V'), which may be regarded as a change of basis for the underlying vector space.

We may use the universal property of tensor products to find the canonical actions of
GL(V) and gl(V) on symmetric and alternating products of vector spaces and their dual
spaces.

Proposition 7. If G acts on a vector space V' through the Lie group representation ®: G —
GL(V), and on W through the Lie group representation V: G — GL(W), then:

e G acts on V* through the Lie group representation ®*: G — GL(V*) defined by g —
()"

e G acts on VW through the Lie group representation oV : G — GL(V W) defined
by g — ®(g9) ® ¥(g).

o G acts on VW through the Lie group representation @V : G — GL(V W) defined
by g — ®(g9) © ¥(g).
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o G acts on VOW through through the Lie group representation POWV: G — GL(VoOW)
defined by g — ®(g) © ¥(g).

e G acts on VAW through through the Lie group representation PAV: G — GL(V AW)
defined by g — ®(g) ANV (g).

Proposition 8. If g acts on a vector space V' through the Lie algebra representation ¢: g —
gl(V), and on W through the Lie algebra representation ¢ : g — gl(W), then:

e g acts on V* through the Lie algebra representation ¢*: g — gl(V*) defined by X —
—p(X)".

g acts on V@ W through the Lie algebra representation ¢ ®1: g — gl(V @ W) defined
by X — ¢(X) & (X).

g acts on V@ W through the Lie algebra representation ¢ @1 : g — gl(V @ W) defined
by X — ¢(X) @ [d(X) + 1d(X) @ ¢(X).

g acts on VO W through through the Lie algebra representation ¢ ©v: g — gl(V o W)
defined by X — ¢(X) © 1d(X) + 1d(X) ® ¢(X).

g acts on VAW through through the Lie algebra representation ¢ Np: g — gl(V AW)
defined by X — ¢(X) A 1d(X) + Id(X) A (X).

Definition 12. A representation V of a Lie group G or Lie algebra g is said to have a
subrepresentation W C V if G-W C W or g- W C W, respectively. If a representation has
a subrepresentation, it is said to be reducible.

Definition 13. A representation V of a Lie group G or Lie algebra g is said to be irreducible
if it has no subrepresentations other than 0 or V itself. A reducible representation V of a
Lie group G or Lie algebra g is said to be completely reducible if it can be decomposed into
a finite direct sum V = @j_, V} of irreducible representations V.

For GL(V') or gl(V') acting on V, we may either regard the action as being a left action on
the coefficients of any vector v € V expressed in a fixed basis, or we may regard the action as
being a right action on the basis in which a vector is expressed leaving the coefficients fixed.
By the results above, this notion may be extended to VV* and arbitrary tensor products of V'
and V*.

We may look at the action of GL(V) on V ® V* ® V*  and see that if we restrict our
attention to those elements C' € V @ V* @ V* that satisfy the Jacobi identity (see Section
2.3) then the orbits of these C'in V ® V* ® V* under the action of GL(V') are equivalence
classes of Lie algebras. This motivates the following definition.

Definition 14. If V is a vector space over a field K, real or complex, of dimension n, we
define the set of Lie algebra structure coefficients of dimension n to be the set

&(n,K) ={C e Ve V*®V*| C satisfies the Jacobi identity}.
The set &(n,K)/GL(n,K) is then the moduli space of Lie algebras.
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We may define the automorphism group Aut(g) of the Lie algebra g to be the subgroup

Aut(g) ={g € GL(g) | g- [ X, Y] =[g - X,g Y] for any X,Y € g} (3.4)

of GL(g), which, if dim g = n, is equivalent to the stabilizer subgroup GL(n,R)c C GL(n,R)
of C' € &. As it is a stabilizer subgroup, it is a closed Lie group.

3.3 Adjoint Representation

There is one representation that is of central importance to the study of Lie groups and Lie
algebras, and that is the adjoint representation. Let ¢,: G — G denote the conjugation map
h + ghg™', for any g € G. Then ¢, is a Lie group automorphism that maps the identity
element e to itself. The adjoint map assigns to the element g € G the pushforward (or
differential) of C} at the identity:

Ad(g) = (cg)ue: 8 — -
The map (c,). preserves Lie brackets. We have that Ad(gh) = (cgn)se = (¢4 © Ch)ue =
(€g)ue o (ch)se = Ad(g) 0o Ad(h), and moreover that the adjoint map is smooth (Prop. 15.14,
[Tul7]), so the adjoint map is a Lie group homomorphism Ad: G — Aut(g) C GL(g), called
the adjoint representation of the Lie group G.

We may now take the pushforward of the adjoint representation at the identity to obtain
the adjoint representation of the Lie algebra ad = Ad,.: g — Der(g) C gl(g), where
Der(g) ={Aegl(g) | A- [ X, Y]=[A- X, Y]+ [X,A-Y], X,Y € g} is the Lie algebra of
Aut(g). We write ad(X)(Y) or adxY to indicate ad(X) € gl(g) acting on Y € g.

Proposition 9 (Prop. 15.15, [Tul7]). adxY = [X,Y] for X,Y € g.

We have that ker Ad = {g € G | (¢y)+c(X) =1d}, with Z(G) = {9 € G | ¢,(h) = ghg™' =
h} C ker Ad and Z(G) = ker Ad if G is connected. Z(@G) is a closed, normal Lie subgroup of
G. This in turn tells us that the Lie algebra of Z(G) is kerad ={X € g | [X,Y] =0, VY €
g}, by Proposition 9. We denote this algebra 3(g) := kerad. It may happen that Z(G) is
discrete, in which case 3(g) = 0.

3.4 Structure Theory

Definition 15. A Lie algebra g is called abelian, or commutative, if [g, g] = 0.

Definition 16. For a Lie algebra g, define g° = gy := g. Define recursively the derived series
by

gt =g g7

and the lower central series by
giv1 = (9, 04
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Note that an abelian Lie algebra is also nilpotent.
Definition 17. A Lie subalgebra h C g is called an ideal if [g, ] C b.

The kernel of any Lie algebra homomorphism ¢: g — ¢ is an ideal: if X € g and
Y € ker, then 6(1X, Y]) = [6(X), 6(Y)] = [6(X), 0] = 0, and so [X, Y] € ker .

Proposition 10. The Lie bracket of two ideals € and [ of g is again an ideal. Likewise, €+ [
and €N 1 are ideals.

Proof. Suppose ¢ and [ are ideals in g.

Let X €g,Y €t and Z € [. Then [X,[Y,Z]]=[X,Y],Z]+[V,[X,Z]]. [V, X] € £ and
[X,Z] €I, hence [[X,Y],Z] € [¢,1] and [Y, [X, Z]] € [¢,1].

Let X € gand Y € (¢4 [), meaning Y is either in £ or in [. Then [X,Y] isin € or in [,
and so is in €+ [.

Let X egand Y € N[ Then [X,Y]isin ¢ and in [, and so is in €N [, O

Definition 18. A Lie algebra g is called solvable if the derived series terminates, and nilpo-
tent if the lower central series terminates.

Proposition 11. A nilpotent Lie algebra g is solvable.

Proof. Suppose g is nilpotent. Then g* = [g°, "] = [g, 8°] = [g, go] = g1, such that g° C go
trivially. We proceed by induction and assume that g* C g; for all i < k. Then ght! =
[gk’gk] C [979k] C [g,9k] = grs1. Since g is nilpotent, there exists some k < 0 such that
g C gr = 0, hence g is solvable. 0

Definition 19. A Lie algebra g is called semisimple if it does not contain any nonzero
solvable ideals, and simple if it does not contain any other ideals than g itself and 0.

For a simple Lie algebra g, it must be the case that [g, g] = g, and of course [0,0] = 0, so
g is the only nonzero ideal. Clearly, the derived series does not terminate, so g is semisimple.

Definition 20. A bilinear form m on a vector space V is said to be symmetric if m(u,v) =
m(v,u) for any u,v € V.

Definition 21. A bilinear form m on a vector space V is said to be nondegenerate if, for a
fixed u € V and all v € V|, m(u,v) = 0 implies that u = 0.

Definition 22. Let V be a vector space equipped with a nondegenerate bilinear form m
and W C V be a subspace. Then the vector space

W+ :={uecV|m(u,v)=0forallve W} (3.5)
is called the m-orthogonal (or just orthogonal) complement to W.

Proposition 12. For a finite-dimensional vector space V', nondegeneracy of a bilinear form
m implies that the map m’: V. — V* defined by u — m(u, —) is an isomorphism. We denote
the inverse to m® by mt.
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Proof. We examine kerm’ = V*+ = {u € V | m(u,v) = 0 for all v € V}. By nondegeneracy,

the only u € V satisfying the condition m(u,v) = 0 for all v € V' is w = 0. Thus, the map

m’ is injective. Since dimV = dim V*, m’ is an isomorphism. O

A nondegenerate bilinear form m thus has an inverse (or dual) bilinear form m associated
to it, defined by the condition m(c, 8) = m(m*(a), m*(B)).

Definition 23. The Killing form of a Lie algebra g is the symmetric bilinear form K defined
by

Ky(X,Y) = tr(adx cady),
for X,Y €g.

Proposition 13. Let g be a Lie algebra, Ky its Killing form, and b C g any ideal in g.
Then the orthogonal complement with respect to K, bt, is also an ideal in g.

Proof. By the Jacobi identity,

adixy)Z = [[X, Y], Z] = [X,[Y, Z]] = [V, [X, Z]] = adx c ady — ady oadx = [adx,ady].

Hence,

Ky([X,Y],Z) = tr(ad|x,y] 0 adz) = tr(ady o ady o oad; — ady o adx o oady)
= tr(ady o cadz oadx — ady oadx o ocady)
= —tr(ady o adx z))
=-K,(Y,[X, Z]).

Thus, for [g,b*] C h* to be true, we must have K4([X,Y],Z) =0 for any X € g, Y € b+,
and Z € h. But K ([X,Y],Z) = —K,(Y,[X,Z]), and [X, Z] € b since b is an ideal, hence
K,(Y,[X, Z]) = 0 by definition of h*.

[

Theorem 11 (Thm. 5.34, [Kir08]). A Lie algebra g is nilpotent if and only if for every
X € g, adx is a nilpotent operator.

Theorem 12 (Cartan’s criterion for solvability; Thm. 5.52, [Kir08|). A Lie algebra g is
solvable if and only if Ky([g,9],9) = 0.

Theorem 13 (Cartan’s criterion for semisimplicity; Thm. 5.53, [Kir08]). A Lie algebra g
is semisimple if and only if Ky is nondegenerate.

We shall also refer to Lie groups as nilpotent, solvable, and semisimple if their Lie algebras
are nilpotent, solvable, or semisimple, respectively.
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3.5 Root and Weight Decompositions

Proposition 14 (Cor. 6.4, 6.5; [Kir08]). A Lie algebra g is semisimple if and only if it
decomposes as a direct sum g = @;c; 9i of simple Lie algebras g;. Any ideal in g is of the
Jorm b = Djcicr ;-

This means in particular that if g = @) _; gx, then [g;, g;] = 0 whenever 7 # j, and that
(9, 9:] = g; for all i. Consequently, if g is semisimple, then assuming that 3(g) # 0,

3(g) =kerad ={X € g| [X,Y] =0, VY € g} = D as,
iel
for g; simple ideals. Then [3(g),g] # 0, a contradiction. Thus, 3(g) = kerad = 0, and
ad: g — gl(g) is an injective embedding.
Any Lie algebra g may be complexified by taking the tensor product g®rC, and extending
the bracket operation by linearity. All Lie algebra homomorphisms then also extend by
linearity.

Proposition 15 (Prop. 3.4.7; [Wall8|). If g is a complex semisimple Lie algebra, X € g,
and adx = S + N is the unique decomposition of adx into a sum of semisimple operator
S and nilpotent operator N, then there exist elements X and X, such that S = adx,
and N = adx,. The elements X, and X,, are then described as semisimple and nilpotent,
respectively, themselves.

Proposition 15 facilitates the analysis of Lie algebras to such an extent that for the
rest of this chapter, we shall consider only complex Lie algebras, even when those are the
complexifications of real Lie algebras, and hope to be able to split the complex Lie algebras
into direct sums of real and complex parts in such a way as to preserve the root or weight
decompositions, to be described shortly.

Definition 24. A Cartan subalgebra b of a semisimple Lie algebra g is a maximal abelian
subalgebra of g, such that every element of h is semisimple.

By standard results in linear algebra, a semisimple operator on a finite-dimensional vec-
tor space may be diagonalized and the underlying vector space split into a direct sum of
eigenspaces, and commuting operators may be simultaneously diagonalized.

For a Lie algebra representation V', ¢: g — gl(V'), we have that ¢([X,Y]) = [¢p(X), 6(Y)],
hence the operators ¢(h) C gl(V') all commute. In the particular case when V' = g, we have
the following definition:

Definition 25. For a Lie algebra g and a Cartan subalgebra h C g, a root decomposition
of g is the direct sum decomposition

g:b@@gngo@@gx,

AEA AEA

where the set A C h* is the finite collection of nonzero, generalized eigenfunctionals on b
such that the sets
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gy ={X€g|(adg —AN(H))"X =0, VH € b, nlarge enough}

are the nonzero generalized eigenspaces of b, i.e. A ={a € h*\ {0} | go # 0}. The set A is
called the root system of g.

The Lie algebra sl(2,C) plays a key role in the representation theory of semisimple Lie
algebras. s[(2,C) is a three-dimensional Lie algebra spanned by the elements e, f, h with
bracket relations

le, fl="h, [h,e]=2e, [h,f]=-2f

Proposition 16 (Thm. 4.52; [Kir08]). Any finite-dimensional representation of s1(2,C) is
reducible into a direct sum of irreducible representations.

Theorem 14 (Thm. 1.66, p. 62; [Kna05]). For each n, there exists an n-dimensional,
irreducible, complex representation 7: s((2,C) — gl(V},), unique up to isomorphism, where
V= span{vy, ..., v,}, such that

m(h)vg = (A= 2k)vg, 7w(flop = (k+ Dvgrr, w(e)vy = (A — (b —1))vg_1.

If K is the Killing form of the complex semisimple Lie algebra g, then the map K, gb :h—
b*, as defined in Proposition 12, is an isomorphism by the same proposition. Let for o € bh*,
o* € b denote the element isomorphic to . Let also K, s denote the inverse Killing form. We
borrow the notation of inner products, and let (-,-) denote both K,(-,-) and Ky(-,-).

Theorem 15 (p.117-124,132; [Kir08]). Let g be a complex semisimple Lie algebra, h C g a
Cartan subalgebra, and g = @ @yca 9 its root decomposition. Then:

1. dimg, =1 if a € A, 0 otherwise, and [ga, 85 = Gats if a+ 5 € A, and 0 otherwise.

2. For o, B € A, Ky is a degenerate pairing on g, ® gg if a + [ # 0, and positive definite
on go ® g if o+ B = 0. Moreover, K, is nondegenerate, positive definite on b.

3. Ife€ gy and f € g_,, then [e, f] = (e, fa* € h.

4. If e € g4 and f € g_,, with (e, f) = 2/{a,a) and a¥ = 2a*/(a,a), then e, f,a"
satisfy the commutation relations of sl(2,C). We denote this embedding of sl(2,C) in
g by s1(2,C),.

5. For o, B € A, B # *a, the subspace W = Qpcz 9p+ka iS5 an irreducible representation
of s1(2,C),.

The root system A has the following properties:
1. A generates b* as a vector space.

2. For any o, f € A, the number ng, = a”(B) = 2(«, B)/{a, @) is an integer.
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3. Ifa, B € A, then f —ngaa = B — (2{a, B) /{v, ) ex is also in A.
4. If o« € A, then o and —a are the only multiples of a in A.

We may note that since dimg, = 1, the generalized eigenspaces g, are in fact true
eigenspaces.

Definition 26. Let A be a root system for the complex semisimple Lie algebra g. We define
the weight lattice to be the set P == {\ € h* | aV()\) € Z, Ya € A} C b.

Definition 27. For a complex representation ¢ := g — gl(V') of a complex semisimple Lie
algebra g with Cartan subalgebra f C g, the weight decomposition of V' is the direct sum
decomposition

V= W,
AeP(V)
where the set P(V) is the finite collection of nonzero, eigenfunctionals on V' such that the
sets
Vi={veV|(p(H)—AH))v=0, VH € b}

are the nonzero eigenspaces of V, i.e. P(V) = {X € h*\ {0} | Vi # 0}. The set P(V) is
called the weight space of V.

Theorem 16 (Thm. 8.2; [Kir08]). Fvery finite-dimensional representation of a complex
semisimple Lie algebra g has a weight decomposition, and the weight space P(V') is a subset
of the weight lattice P.

Proposition 17 (Lemma 8.3; [Kir08]). For X € g,, ¢(X)V\ C Viia-

Proof. Suppose v € V), X € g, and H € . Then
P(H)p(X)v = [¢(H), o(X)]v + (X)p(H)v
= o([H, X])v + A(H)p(X)v
= a(H)p(X)v + A(H)p(X)v
= (a(H) + A(H))p(X)v,
which means that ¢(X)V, C Vi, since v, H, X were all arbitrary.

3.6 Real Forms and Cartan Decomposition

Definition 28. A real subalgebra gy of a complex Lie algebra g is called a real form if
g = go D 1go-

Definition 29. A Lie algebra g is said to be compact if there exists a compact Lie group
for which g is the Lie algebra.
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Theorem 17 (Thm. 3.7.5; [Wall8]). If g is a complex semisimple Lie algebra with Cartan
subalgebra by, then there exists a compact real form go of g such that thg is a Cartan subalgebra
of g0, where hy =R-{H e h | H=a", a € Ag}.

Definition 30. If g is a real semisimple Lie algebra, then a Cartan involution of g is an
involutive automorphism o € Aut(g) — involutive meaning 0 = Id — such that if &€ =
{Xeg|loX=X}andp={X €g|0X =—X}, then g =t p with K |, negative definite
and K|, positive definite. The decomposition g = €@ p is called the Cartan decomposition
of g.

Note that [¢,€] C ¢ [t,p] C p, and [p,p] C ¢ follows from the definition of Cartan
decomposition.

For gl(V'), the map Aut(g) 3 o: gl(V) — gl(V) given by X — —XT is a Cartan involu-
tion:

XTyT —yTXT = (v X)! — (XY)T = —(XY - Y X)".
This then holds for all Lie subalgebras g of gl(V') also. This means that for any semisimple
Lie subgroup G C GL(V), ¢t =gno(V) C gl(V)No(V) = o(V) and p = gnN Sym(V) C
gl(V)NSym(V) = Sym(V') with respect to the standard euclidean inner product on V', where
Sym(V) is the space of symmetric endomorphisms of V.

Theorem 18 (Thm. 3.7.9; [Wall8]). If g is a real semisimple Lie algebra, then g has a
Cartan involution and corresponding Cartan decomposition.

Theorem 19 (Thm. 6.31; [Kna05]). Let G be a semisimple real Lie group with Lie algebra
g, and let g =€ p be a Cartan decomposition due to the Cartan involution o. Let K be the
Lie subgroup of G such that Lie(K) = ¢, and let Z be the center group of G. Then

1. There exists a Lie group involution ¥ of G such that ¥, = o.
2. ¥(K)=K.
3. G is diffeomorphic to K X exp(p).

4. K is closed and Z C K, moreover K is compact if and only if Z is finite, in which
case K is a maximal compact Lie subgroup of G.

In the case of a semisimple Lie subgroup G of GL(V'), K is a Lie subgroup of O(V'). The
center subgroup of GL(V) is the group of non-zero scalar multiples of Idy € GL(V'), which
means that the center Z of G is Z,, as the only scalar multiples of Id € GL(V) that lie in
O(V) are Id and —Id.

Thus, for the semisimple Lie subgroups of GL(V), K is compact and maximal. Further-
more, it is possible to prove the following:

Proposition 18 (Prop. A.1, Cor. A.2, [BL17|; Lem. 7.38, Thm. 7.39, [KnaO5]). Let
G be a real semisimple Lie subgroup of GL(V'), with Cartan decomposition g = € ® p with
respect to the Cartan involution o(X) = —XT. If t;,t, C p are any two mazimal abelian
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Lie subalgebras of p, then there exists an element k € K such that kt;k™ = ty, and for any
maximal abelian subalgebra t C p,

p - UkeKktk'il.
Consequently, for any mazximal abelian Lie subalgebra t C p, G = KTK, where T' = exp(t).

3.7 Polynomial Invariants

Let G be a Lie group acting on a vector space V, and let K be either the real or the
complex numbers. Let e,...,e, be a basis for V, and let e!,...,e" be the dual basis. Let
K[V] =Kl[e!,...,e"] = K[z1,...,r,] be the ring of polynomials in the coordinate functions
of V. The ring K[V] is often called the coordinate ring of V' or the ring of regular functions
on V. In fact, K[V] is an algebra graded by the degree of the polynomials, as K[V] is a vector
space over K and two polynomials p, ¢ of degree k, [, respectively, multiply to a polynomial
r of degree k + [. The action of G on V induces a natural action of G on K[V] via the
mapping g - p(z) == p(g~' - z) for p(x) € K[V] and g € G. This action is linear over K, and
respects the grading of the algebra. A polynomial function p € K[V] is said to be invariant
if g-p = p. The set K[V]% of all invariant polynomial functions is a subalgebra of K[V], and
is called the ring of invariants. We refer to [GW10,Pro07] for these basic results.

Definition 31 ( [BL17]). Let G be a real semisimple Lie group, and p: G — GL(V) be a
faithful representation on V' real and finite-dimensional, with p(G) closed in GL(V). Then
G is said to be real reductive if there exists an inner product on V' compatible with the
Cartan decomposition of g in such a way that

G = K -exp(®),

with K = GNO(V), t =gno(V) and p = g N Sym(V), where Sym(V) is the space of
symmetric endomorphisms of V.

All real semisimple Lie groups G with finitely many connected components are real
reductive [BL17, Mos55].

We may complexify the vector space V by taking the tensor product of V with C over
R: VC =V ®g C. By natural inclusion, GL(V) C GL(V®), hence G ¢ GL(V®) also. We
may then take the complexification of the Lie algebra g of G also, g* = g ® C, such that
g C gl(V) C gl(VE). For a semisimple group G with Lie algebra g, a complex analytic group
GC is said to be a complexification of G if G is an analytic subgroup of G® and the Lie
algebra of GC is g©.

From geometric invariant theory generally, and the papers [BL17, RS90] in particular,
we have the following results:

Theorem 20 ( [BL17,Pro07,RS90]). Let G be a real reductive Lie group faithfully em-
bedded in GL(V'), V real and finite-dimensional. Let GE C GL(VC) be a complezification of
G. Then we have the following:

1. C[VE|S" c C[V] is finitely generated.
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. The polynomials of (C[V(C]GC separate the closed orbits of the action of G¢ on VT,
meaning that for any two closed orbits we may find a polynomial in C[VC]GC such that
the polynomial takes distinct values on each of the closed orbits.

. Regarding V as a subset of VC, any closed orbit of the action of G acting on V is
contained in a closed orbit of the action of G on VC, and the closed orbits of the
action of G€ on VC only ever contain finitely many closed orbits of the action of G
acting on V.

. If an orbit of the action of G acting on V contains a minimal vector v € V in the
compatible norm, then the orbit is closed.

. If for some v € V the orbit G -v is not closed, then there exists an element X € p such
that the limit w = limy_, . exp(tX) ezists, and G - w is a closed orbit.

. The closure of an orbit contains only one closed orbit.
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Chapter 4

Basic Pseudo-Riemannian Geometry

We recount the basic theory of pseudo-Riemannian geometry. We primarily follow the books
by [Jos11,Lee97, O’N83, Tul7|.

4.1 Pseudo-Riemannian Metrics

Proposition 19 (Adapted from Prop. 1.3 in [Ber01]). By an appropriate choice of basis
for a finite-dimensional vector space V', a nondegenerate, symmetric bilinear form m may be
brought to the form

(mij) = diag{ey, ..., €.},
where ¢, = —1 fort=1,...,pande; =1 fori=p+1,...,n, where p <n andn =dimV.

Proof. Obviously, for m to be nondegenerate it must be nonzero. Thus, there exist vectors
u,v € V such that m(u,v) # 0. Since m is symmetric,

m(u,v) = i(m(u—i—v,u—i—v) —m(u—v,u—u)),

hence if m(u,v) is nonzero, then either m(u + v, w4+ v) or m(u — v, u — v) is nonzero. Thus,
there exists a vector e; € V' such that m(ey,e;) # 0. By rescaling e; if necessary, we may
assume that m(ey, e;) = €;, which is equal to either —1 or 1.

Let V; = span{e;} and let Vo := V2 = {u € V | m(u,v) = 0 for all v € V;}. We claim
that V1 NV, = {0} and V = V; 4+ V4, and that therefore V = V; @& V5. First, if u € Vi, then
m(u,u) # 0, and so u ¢ Va. Secondly, if u € V, then u — e;m(u, e;)e; lies in V:

m(u —eym(u,er)er, e1) =m

(u, 1)
= m(u,er;) — eym(u, e;)m(ey, er)
=m(u,er) — (e1)*m(u, er)
=m(u,e1) —m(u,er)
= 0.

We now need to check that m|y, is nondegenerate. We know that m is nondegenerate
on all of V. Suppose u € V3 is is a nonzero vector such that m(u,v) = 0 for all v € V5,
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i.e. u € ker(mly,)’. Then, by nondegeneracy, it must be the case that m(u,e;); however,
this contradicts the assumption that v € V, = V-, Thus, it must be the case that u = 0.
Therefore, ker(m|y,)” = {0}, and mly, is nondegenerate.
The result then follows by induction, and simple rearrangement of the basis vectors.
]

Definition 32. A nondegenerate, symmetric bilinear form m on a finite-dimensional vector
space V' is said to be of index p or signature (p, q) if it can be brought to the form described
in Proposition 19 with p entries on the diagonal equal to —1 and ¢ entries on the diagonal
equal to 1.

The form m on R™ such that (m;;) = diag{ei,...,€,} in the standard basis shall be
labelled n or n(p, q) as per Proposition 19 and Definition 32, and a basis on a vector space V'
with nondegenerate, symmetric bilinear form m such that m takes the form 7 in that basis
shall be called orthonormal.

Definition 33. A pseudo-Riemannian metric m on a smooth manifold m is a smoothly
varying symmetric, nondegenerate (0, 2)-tensor field of constant index.

If {e1,...,e,} is alocal frame for some patch of a manifold M, with coframe {e', ..., e"}
then we write

n(p,q) = —(e'e' + -+ ePeP) + (PPt 4o o 4 ePTePTa),
where e'el = (1/2)(e! @ ¢/ + ¢ @ €') is the symmetric product. If we perform a change of
basis from {ey,...,e,} to fi,..., fn given by

fiooo s fn=

{(1/V2)(er = errp), (1/V2) (€2 — €a4p), -

(1/V2)(ep = e2p), (1/V2) (€1 + e11p), (1/V2)(e2 + €24p), - -

(1/\/5)(61, + €ap)s en2pi1s- -5 Ent,
then {e!,..., e"} goes to

froo =

{(1/V2)(e' = &™), (1/V2)(€* — eay), ..,

(1/V2)(e" = ™), (1/V2) (" + e*P), (1/V2)(e? + 7).,
(1/v/2)(e? + 621’), e e,

Correspondingly, n(p, ¢) goes to

p= 2(f1f1+p R fprp) + (f2p+1f2p+1 44 fp-l-q]fp-&-lI)'

This form for the metric is often more convenient for computation, because pure boosts are
diagonal operators relative to this form.
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4.2 Isometry Group of a Pseudo-Riemannian Metric

The group O(p,q) of isometric automorphisms of a real vector space V equipped with a
pseudo-Riemannian tensor 7(p, ¢) is a semisimple Lie subgroup of the group GL(V') of linear
isomorphisms. Because any pseudo-Riemannian tensor 7 may be brought to the form 7(p, q)
by a change of basis, we will start by describing the group in this basis first. Subsequently,
we will discuss a different basis that facilitates certain computations.

The group O(p, q) is the group of elements G € GL(V) | . ,(Gu, Gv) = . 4(u, v) Yu,v €
V. Consequently, if X € o(p, q), then

Np.q(exp(tX)u, exp(tX)v) =1, 4(u,v)

and

d/dt|i=o (np’q(exp(tX)u, exp(tX)v)) = Npg(Xu,v) + 1, 4(u, Xv) = 0. (4.1)

Thinking of 7(p, q) as a diagonal matrix, equation (4.1) is saying that XZn(p, ¢) +n(p,q)X =
0 for all X € o(p, q). Writing X as a matrix

_ X X
i

of submatrices X7, Xo, X3, and X, of dimensions p X p, p X ¢, ¢ X p, and ¢ X q, respectively,
we get the equation

X{x{ -1, 0], [-1d, 0][X0 X, _
X' XIl| o Id, 0 Id,| | X5 X4

Thus, we obtain the conditions X; = —X{, X; = — X7 and X3 = X7. X may be split into
parts

A 0 0 C

where A = —AT, B = — BT, and C is arbitrary. We see that this accords with the canonical
Cartan decomposition for Lie subgroups of GL(n,R) given by the map o(X) = — X7, with

A0

b= (X € M ®) [ X =[5

] , A=A B=B" Ac M,(R), Bc M,(R)}

and

0 C

p= X € Myual®) | X = |

] , CeM,,(R)}.
The group K corresponding to ¢ is the group O(p,R) @ O(q,R). We wish to employ

Proposition 18, and so therefore wish to discover a maximal abelian Lie subgroup t C p. To
that end, we observe that if X,Y € p, then
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= [ S 2 [ B[ - [eo e

0
cT o| DT 0| |DT of|CcT o 0 CTD — (CTD)T|"

hence we wish to find conditions on C, D such that the terms C DT — (CDT)T and CTD —
(CTD)T are zero, and X,Y € t. If we let C' and D take the forms

C=[C G

and

D=[Dy D,

with C} and D; being p X p matrices, and Cy and Dy being p x (¢ — p) matrices, then

cD” — (D" = C,D] — (C.DT)! + CyDT — (CoDI)T
is a p X p matrix and
CI Dy — (C{ D))" CTD; — (C7Dy)"
CID, — (CTDy)T CI'D,— (CTD,)T

is a ¢ x ¢ matrix. For the terms CDT — (CDT)T and CTD — (CTD)T to be zero, we
see from the above that we need C, DT + CoDI, CTD;, and CY D, to be symmetric, and
CI{DQ = (CQTDl)T

C"D—(CTD)" = [

Proposition 20. t C p given by

0 C

w%XeMwﬁnxzkﬁo

] , C = [C’l 0} , C1 € M,(R) diagonal}
is a maximal abelian Lie subalgebra contained in p.

Proof. Suppose we try to expand t by letting the matrix C'y; be non-zero. Let X € p be
such that C' takes the form |C} Cg}, with C diagonal and Cy arbitrary, and similarly for

Y € p with D taking the form {Dl DQ}, with D; diagonal and D, arbitrary. We must have
CT Dy symmetric, i.e. CT Dy — (CT D)) = CyDy — D,Cy = 0, since C; and D; are diagonal.
Suppose in particular that Cy = Dy, which is admissible if we were trying to expand t by a
new basis element in the form of a matrix Cy. Then this condition reads (C; — D1)Cy = 0,
which is only possible if C; = D, against assumption. Therefore, we are precluded from
extending the abelian algebra t by any such matrix as a new basis element.

Suppose now that we try to make use of more general matrices C7, D;. By essentially the
same Cartan decomposition o as before, only for p X p matrices, we may split C into
a symmetric and anti-symmetric part, C; = M + N where M = (1/2)(C; + CT) and
N = (1/2)(Cy — CF). Let M’ + N’ be a corresponding split for D; = M’ + N’. Then
the condition that C; DT — (C1DT)T = 0 reads
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D — (DT = (M + N)(M' — N') — (M' + N')(M — N)
= MM — NN'— MN' +NM' — M'M +N'N —N'M+ MN
= (MM' — M'M)— (NN' = N'N) — (MN'+ N'M) + (NM' — M'N)
= (MM — (MM + (NM' + (NM")T)

— (NN = (NN)") + (MN' = (MN")"))

=0

Here, we have split C; DT — (C, DY) into its symmetric and anti-symmetric parts, which
each have to be zero. Thus, we have to have (MM’ — (MM")T)+(NM'+ (NM")T) = 0 and
(NN'— (NN)T)+ (MN' — (MN'")T) = 0, independently of each other.

Suppose first that we try to expand t by an antisymmetric basis element, N. M, M’
are diagonal, so our conditions now read NM' + (NM')T = 0 and MN — (MN)T = 0.
Neither condition is true for general diagonal matrices M, M’. So we cannot extend t by any
anti-symmetric matrix as a new basis element.

We are left to consider C7, Dy as general symmetric matrices, as would happen if we
tried to expand t by adding a non-diagonal symmetric matrix as a basis element. Then the
condition C; DT — (O, DT)T = 0 reads as C;D; — D;C; = 0, i.e. the matrices Cy, D; have
to commute. This is in general only possible if both matrices are diagonal, thus no such
expansion of t is possible.

Finally, it is easy to see that for any fixed X € € there is a Y € t such that [X,Y] # 0,
thus we cannot hope to expand t by any element X € €. Thus we have shown that t is a
maximal abelian Lie subalgebra of p.

[]

The elements of t C gl(V') may be simultaneously diagonalized by a change of basis from
the standard {ej,...,e,} to the basis

fiooo s fn=

{(1/V2)(e1r = e1yp), (1/V2) (€2 — €24p), - -,

(1/V2)(ep — ), (1/V2)(e1 + e14p), (1/V2) (2 + €24y), -
(1/\/5)(61, + €2p)s €n—2pt1; - - -5 En

where n = p + g and p < ¢ such that 2p < n, as described in Section 4.2. In this case, the
eigenfunctionals of t are real, and for an operator H € t such that

0 C

HZ[CT 0

],0:[01 0], C1 = diag(..., \i,...),

the elements (1/v/2)(e; — €;4,) have eigenvalue —); and the elements (1/v/2)(e; + e;y,) have
eigenvalue \;, for ¢ =1, ..., p, and the remaining e; have eigenvalue 0.

Proposition 21. The abelian subalgebra t© is a Cartan subalgebra in the complezified Lie
algebra g.
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Proof. We need to show that ad(H) is semisimple for any H € t¢. If H is as described
above, then H is a diagonal matrix:

H = diag(p1, - -, Pp+q)
such that py;_1 = —\; and py; = A\ fori=1,...,p,and p; =0for j =2p+1,...,p+q. Let
E;; be the matrix with a 1 in the (7, j)-th position. Then
ad(H)(E;) = HE;; — EijH = (pi — p;) Eij.
Thus, ad(H) acts as a diagonal matrix on elements of g C gl(V'), and thus is semisimple. [

We have thus, conveniently, discovered that there is a Cartan subalgebra h C g© such
that h = t©. Then the root space decomposition of g splits nicely into a real and a complex
part such that the real part is the original o(p, ¢) that we started with. Now, all the results
for root and weight space decompositions apply to o(p, ¢) as a real Lie algebra.

4.3 Connections on Vector Bundles

Definition 34 ( [Jos11,Tul7]). A connection on a vector bundle 7: £ — M is a map

V:T(E) > T(EQT'M)
such that V is R-linear and V satisfies the Leibniz rule

V(fo)=oc®df + f-Vo (4.2)

Note that by the Leibniz rule (4.2), on any local trivialization (U, ¢) of E with local
frame {ey,...,e,} and smooth section Y € I'(E),

VY = V(Ye;)

=e; @d(Y?) +Y'Ve,
oYk . . .
=e, ® —dz' + ijf-ek ® dx*
amz J
oY* . .
_ iTk i
= (6@" +Y Fij)ek@)dx :

where ¢ = (z',...,2") are local coordinates and we have introduced the Christoffel symbol
Ffjek = V,,e; to express the components of VY in a local frame.
Alternatively, describing V as a map

(4.3)

V:X(M)xT'(F) = T'(E),
we have for X € X(M) and Y € I'(E),
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VXY = VXYjej
= X(Y")er + YV xe;
=AY (X)ex + Yk (X)ex) (4.4)
= (dY*(X) + Yl (X)) e
=dY(X) +w(X) Y,

such that

VY =dY +w Y

may be regarded as a multilinear map from E x T*M to R (and therefore defines a tensor
field), where Vxe; = wh(X)e, and Ve; = wheg, dY (X) = d(Y*)(X)ey, and dY = d(Y*)ey,
and w(X)-Y and w-Y are both given by the standard action of a linear operator acting on
a vector. Note that I’fjek = wf(ei)ek.

The following proposition has a form that holds for more general vector bundles, but we

state it only for tensor bundles (see also Section 4.1, [Jos11]):

Proposition 22 (Lemmas 4.6, 4.7, and 4.8, [Lee97|; Prop. 22.7, Thm. 22.8, [Tul7]). A
connection V on the tangent bundle w: T'M — M may be uniquely extended to a connection
V on any tensor bundle

k copies l copies
T TM® - QITMIT'M®---T"M — M
of m: TM — M, for arbitrary k,l, by demanding the following:

1. V agrees with ¥V on TM.

2. On TM(O’O) ~ X(M), the space of smooth functions on M, V acts on functions f: M —
R oy Vf=df.

3.V obeys the product rule with respect to tensor products, i.e. if Z =X @Y, then
VZ=V(X®Y)=(VX)®Y + X (VY)
4. V commutes with contractions of indices, meaning if tr: TEOM — TE-L=DAL de-

notes a contraction or “trace” operator over any pair of indices, then V commutes with
tr, i.e.

V(tr(X)) = t(VX)
for any smooth tensor field X € T(T®D ).

The above then implies that
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1. Forp € D(T*M), Vo = dp+w*-@, where dp = d(¢p)e* and w* ¢ = —wT ¢ = _W;CS%;
or alternatively

Iy,

Vo = (8 ; <sz§€]>d:c ® da’ (4.5)
in local coordinates ¢ = (x',... z"), and the same Christoffel symbols as in the co-

variant case.

2. ForT e (T®*IM), VI =dT +w - T =dTl +w-; Tt) +w* ;T\, ., wherew T
should be understood to mean that w acts on the tensor T’ by acting on each component
of T separately and then summing the contributions, i.e. w -; TCi) gnd w* TG
should be understood to mean that w acts on the i-th contravariant component and j-th
covariant component of the tensor field T, respectively, in accordance with (4.4) and
(4.5), respectively. Alternatively, in local coordinates ¢ = (x',... z") and Christoffel
symbols as before,

B a 11 zk
VT = ( J1.--J1 +ZT;11WJTZM%FZS ZTH g i th>8 Q- - ®a ®d$h® ®d{ljﬂ®d$q
t=

(4.6)

4.4 The Levi-Civita Connection

Definition 35. A connection V on the tangent bundle 7: TM — M is said to be torsion
free if the torsion tensor 7, defined by

T(X,Y)=VxY - VyX — [X,Y], (4.7)
vanishes identically, where [—, —] is the Lie bracket of vector fields on M. In other words, if
=0.
Theorem 21 (Thm. 11.7, [Tul7]). Relative to a local frame {e',... e"} and coframe
{el, ... e"}, the torsion tensor satisfies the first structural equation,
i =de' + w§ej. (4.8)

Definition 36. A connection V on the tangent bundle 7: T'M — M is said to be compatible
with a metric m on M if Vm =0, i.e. if

X(Y,Z) = (VxY, Z) + (Y,Vx2), (4.9)

for smooth vector fields X,Y,Z € X(M), where we have used the formula (4.6) to obtain
(4.9).
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Theorem 22 (Thm. 6.6, [Tul7]; Thm. 11, Ch. 3, [O’N83|). On a pseudo-Riemannanian
manifold, there is a unique affine connection that is torsion free and compatible with the
pseudo-Riemannian metric, defined by the Koszul formula

UVXY, Z) =X, Z) +Y{(Z,X) — Z(X,Y)
- <X7 [Y7 Z]> + <Ya [Za X]> + <27 [X7 Y]>7

where X,Y, Z are smooth vector fields on the manifold.

(4.10)

Proposition 23 (Prop. 11.4, [Tul7]). For a metric compatible connection V on the tangent
bundle w: TM — M, we have that

X(ei,ej> = (Vxei,ej> + <€i7vXej>; (411)

or
dmij = wimy; + maw;, (4.12)
for a local frame {eq,...,e,}. In the special case that the coefficients of the metric are

constant relative to a local frame we have

0 = wimy; + mikwf, (4.13)

and in the special case that the frame is orthonormal, i.e. {(e;, e;) = n;j,

0 = wWinkj + Mk} (4.14)

Thus, in a local frame for which the components of the metric tensor are constant, then if
we regard w as an endomorphism of the tangent space, the adjoint of w is equal to the negative
of its transpose, that is to say, w* = —w’. We may therefore regard w as a representative
element for a representation p: o(p,q) — gl(n,R).

By Theorem 22, the torsion free, metric compatible connection on the tangent bundle is
unique. Working in a local frame for which the components of the metric tensor are constant,
we may thus use the first structural equation (4.8), with 7 = 0, as well as the expression
(4.13), to uniquely specify the connection form w in terms of that local frame.

4.5 Curvature

Definition 37. A connection on a vector bundle 7: £ — M gives rise to a curvature tensor,
also called the Riemann tensor, defined by

R(X,Y,Z2) =VxVyZ -=VyVxZ - VxyZ, (4.15)
for smooth vector fields X,Y € X(M) and smooth section Z € I'(E).

A simple calculation shows that R is in fact linear in each of its arguments. Relative
to some local frame, we may write R = Riye; ® e/ @ eF @ ¢!, with Rly, = €'(R(e;, ex, e1))
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or Ry, = e'(R(ex, e, ¢;)), depending on convention. We shall adopt the second of these
notational conventions henceforth.

We may also regard R as a linear map Q2: TM @ TM — E ® E* by defining {2 by the
formula R(X,Y,Z) = Q(X,Y) - Z, where Q acts on Z € I'(F) by the standard action of a
linear endmorphism on a vector.

Theorem 23 (Thm. 11.1, [Tul7]). For a connection V on a vector bundle m: E — M, the
curvature form € satisfies the second structural equation,

Q=dw+wAw, (4.16)
or in terms of its components,
Q) = dw’ + wp AWl (4.17)

Proposition 24. The Levi-Civita connection on a tangent bundle w: T M — M satisfies the
condition

0 = QFmy; + maQ2l, (4.18)
when expressed in a local frame for which the coefficients of the metric tensor are constant.
Proof. We perform a simple calculation making use of condition (4.13):

Qfmkj + mikﬂf = (dw¥ 4 wf A wﬁ)mkj + mik(dw;-“ + Wi A wj)
= (dwfmy; + madw?) + (W A Wl-)mkj + ma(wf Aw?))

d(wkmk] + mlkwk) + ((mk]wl ) A w + (mzkwl ) A w; )

= (mkjwl ) A w + (mzkwl ) A w

= (mujw) A wi + (—mpwl) Aw'
= (mujw) A wp + (myw’) Awf
= (mgwy’) A wl —i—(mklw)/\wf
= (mujw; + muw?)) A wl

=0

]

Other tensors that contain information about curvature can be computed from the Rie-
mann tensor. For instance the Ricei curvature:

Definition 38. The Ricci tensor (Ric or R;;) is the contraction (or trace) of the map

Z s R(Z,X,Y).
Writing R} = er(R(es, e;,€;)), the coefficients of the Ricci tensor are

Rl] T R'Lk]
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A further contraction of the Ricci tensor produces the scalar curvature:
Definition 39. The scalar curvature S is the contraction of the Ricci curvature, such that
S = minZ-j,
where m¥ are the components of the inverse metric.

We may take arbitrary covariant derivatives of the Riemann tensor, arbitrary sums of
these, and contract any indices of the resulting tensors that we wish. Any scalar quantity
obtained by fully contracting all indices is a polynomial curvature invariant, independent
of choice of local frame.
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Chapter 5

Left-Invariant Metrics

The main topic of this thesis is the study of left-invariant, pseudo-Riemannian metrics on
Lie groups. As discussed in Section 2.3, such a metric m may be regarded as an element in
22(9*), the space of symmetric, covariant 2-tensors over g.

The metric may also be be right-invariant, i.e. if 7;m = m, in which case the metric is
said to be bi-invariant.

5.1 Levi-Civita Connection and Curvature

The metric being left-invariant has implications for the Levi-Civita connection. The connec-

tion forms w} are defined using the formula Vxe; = wf(X)ey, for some frame {ey, ..., e,}.
On a Lie group, which has a global frame of left-invariant vector fields, it suffices to com-
pute w¥(X) for a left-invariant basis {e1,...,e,} € Lie(G) ~ g. Since X = X'(g)e; for any

X € X(G), it further suffices to compute w”(e;).

Proposition 25. For a left-invariant, pseudo-Riemannian metric on a Lie group, the con-
nection coefficients wf of the associated Levi-Civita connection are determined by the formula

1
wies) = §mkq( — Cijo+ Cigi + Cuij) (5.1)

where the m*® are the components of the inverse metric, and Cijk = milC]l-k are the lowered
structure coefficients.

Proof. By the Koszul formula (4.10), letting V., e; = w}(e;)e,, we have that
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2w; (e5) = 2mMuwy;(e;)

= kaq(w;(ei)er, eq)

=2m*(V..e;, e,)

= m’“’(ei(ej, eq) + €j(eq, €:) — eqei, ;)

— {eis e eql) + (g, [eq eal) + (eas [enne]))
mk"( — (eislegseql) + (53 eq ei]) + (eqs e eg))
m" ( (e, C ) + (e, C’l €1+ (eq C’fjel>)
mkq< maCl, +muCl; + mqlCij)
mi( -

kq

"]q + C]qZ + O‘IU)
O
Corollary 1. The connection form w and the curvature form §) are constant as functions

of g € G — in other words, they are left-invariant — and their components are polynomial
functions of the components of the metric and the structure coefficients.

Proof. From inspection of (5.1), the connection form is seen to be independent of g € G. The
curvature form is determined by the second structural equation (4.17). Letting w;? = Ffjei,
and using the Maurer-Cartan formula (2.3), we get
Q; :dwi-—i—w,i/\wl-“
C’kez®ej®(eq/\e)+1”kF ez®e]®(eq/\er) (5.2)
:( 1 Co T Ik — 0T )ei®e]®eq®er,
from which we conclude that the curvature form is also constant as a function of g € G,
since the structure coefficients and Christoffel symbols are constant.
From (5.1) and (5.2), it is also clear that the coefficients of both the connection form

and the curvature form are polynomials in the coefficients of the metric and the structure
coefficients. n

The above means that we may disregard the underlying Lie group G that we started with
and solely consider the Lie algebra g. Thus, we may derive results for entire equivalence
classes of Lie groups all at once by investigating their Lie algebras.

Theorem 24 ( [Her10]). The Ricci tensor takes the form

sz zy Zija
where K;; is the Killing form of g, with K;; = CllC]k, and Qi; and Z;; are defined by

1 K1 Kl
Qij = ;CiC;" — 30 C";

and
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Jio

respectively.

Proof. From equation (5.2) and the definition of the Ricci tensor, the coefficients R;; of the
Ricci tensor must be

R;; = sz’kj = _Fkliclkj + Fkklrlji - ijlrlki' (5.3)

From here, it is a matter of carefully expanding out the Christoffel symbols.
The first term in (5.3) becomes, after expanding and re-indexing:

ko~ 1 kl 1 kl 1~k il

The second term in (5.3) becomes, after expanding, re-indexing, utilizing the Jacobi
identity, and knowing that the Killing form is symmetric:

Fkklflji = imkqmlr (CquCjir — Ch1gCirj — CragCrji
— CigtCiir + C1giCirj + CigiCrrji
— CyriCiir + CyaCirj + quleri>
= —30%(Cy + C)f) = 3000 + 1G (- O = i + O
- _%O]Zl (Cijl T sz'l> N %( N C’ZC% + Clj'lclik) + iclkk( B Cjil N Cijl + Clﬁ)
= _%Cil (Cijl + Cjil)'

The third term in (5.3) becomes, after expanding and re-indexing slightly:

R (cﬂqCW — Ci1sCirk — Cj1gChrii
- OleCkiT + Clqjcirk + Olqjcrki
- leckir + qulcirk + qulcrki)
= lOilejkl - %CMC’“JZ

4
Summing these terms, we obtain our result.
O

The tensor Z is identically zero for the unimodular Lie groups (a class of Lie groups
which we have not discussed in this thesis, but which include the compact Lie groups, and
therefore the semisimple Lie groups), and both Z and K are identically zero for nilpotent
Lie groups ( [Her10]). Unsurprisingly, the Lie algebra structure has consequences for the
possible geometries that can arise from a left-invariant metric. For instance, a semisimple
Lie group will always have a non-zero contribution to its Ricci tensor from the Killing form.
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5.2 Group Actions on g

The canonical action of GL(p + ¢,R) on g ~ RP™? (as vector spaces) induces a canonical
action on any arbitrary tensor product of copies of RP*? and (RPT7)* (see Section 3.2). As
such, there is in particular a canonical action of GL(p + ¢, R) on

(Rp-&-q)* ® (Rp-i-q)* — Sym((Rp+q)* ® (Rp-i-q)*)7

which is equivalent to an action of GL(p + ¢, R) on the space of pseudo-Riemannian metrics
on Rt defined by

(g-m)(X,Y)=m(g" - X,g"-Y).

Moreover, the GL(p + ¢,R) acts on RP*? induces an action on the space of structure coeffi-
cients &(p + ¢, R), as described in Section 3.2. For a given Lie algebra g with corresponding
structure coefficients given by C' € &(p + ¢,R), an arbitrary pseudo-Riemannian metric m’
on RPT? becomes a left-invariant metric for any Lie group G which has as its Lie algebra
g. By the results of Section 4.1, there exists g € GL(p + ¢,R) such that g - m’ = m, where
m is a metric of a form of our choosing. This same element ¢ simultaneously acts on C' to
produce a new structure tensor C' = g - C.

The Lie group GL(p + ¢,R) acts transitively on the space of pseudo-Riemannian metrics
of signature (p,q). Since O(p,q) leaves the form of any metric invariant, this space may
be parametrized as GL(p + ¢,R)/O(p, q), a homogeneous space since O(p, q) is closed. As
noted in Section 3.2, the automorphism group Aut(g) of a Lie algebra g fixes the struc-
ture coefficients, hence the space of structure coefficients for a particular Lie algebra g is
parametrized by the homogeneous space GL(p+ ¢, R)/Aut(g). By Proposition 25 and equa-
tion (5.1), the combined action of O(p, ¢) and Aut(g) fixes the connection coefficients of the
Levi-Civita connection. In other words, the group H := O(p,q) N Aut(g) leaves invariant
any polynomial or tensor obtained algebraically from the connection coefficients. The group
H, being the intersection of two closed subgroups, is a closed subgroup of GL(p + ¢,R),
and is thus a Lie subgroup of GL(p + q,R) by Theorem 1. Hence the homogeneous space
GL(p + ¢q,R)/H parametrizes the possible connection coefficients of a Lie algebra g, and
consequently the possible curvature properties of g. An appropriate choice of representa-
tive element in GL(p + ¢q,R) for each equivalence class in GL(p + ¢,R)/H can facilitate
computation of various geometric properties.

In summary, by Proposition 25 and equation (5.1), we may investigate all possible left-
invariant metrics on g and their associated curvature properties by fixing a particular metric
form m and letting the structure coefficients of the Levi-Civita connection relative to the Lie
algebra vary under action of GL(p + ¢,R) on g.

5.3 Group Actions on &(p+ ¢, R)

We may look for specific Lie algebras with particular geometric properties. Fixing p and
q, we may let the group O(p,q) act on &(p + ¢, R) through the natural action obtained by
taking tensor products of the the natural representation ®: O(p,q) — GL(p+¢,R). In other
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words, for a fixed pseudo-Riemannian metric m on g, the group O(p, q) preserves m but does
alter the connection and curvature coefficients w;; and €Q;;, respectively, through its action
on &(p+¢q¢,R) CVRV*®V* by &® ¢*®@ d*, where we regard V' ~ g solely as a vector
space.

Any bilinear form p on a vector space V' gives rise to a bilinear form p* on V*, and we
may take the tensor product of two bilinear forms p: V@V — Kand v: W@ W — K to
obtain a new bilinear form on V' ® W by defining the multilinear map

mu x v)(v@w, v @uw') = pulvev)v(wew), (5.4)

which descends to the unique tensor product y®v by the universal mapping property. These
constructions may be extended to arbitrary tensor products V, ® --- @V, @ V' ® --- @ V,*.

It is relatively simple to show that ©® v is nondegenerate if @ and v are each nondegener-
ate: p®v would be nondegenerate if for a fixed v@w and all v’ @u', pRV(VOW, vV @W') =0
implies that v ® w = 0. Since p R v((v @ w) ® (v @ w')) = plv @ v')r(w @ w'), it must be
the case that either p(v ® v’) = 0 for all v' or v(w ® w') = 0 for all w’. By nondegeneracy of
w and v, either v or w must be 0. Additionally, equation (5.4) also implies that if p and v
are symmetric, then so is u ® v.

From this, we can also see that the classical Lie subgroups of GL(V') embed into

GLV® - @VeV®- -V

such that the extensions of the defining forms (euclidean, pseudo-Riemannian, symplectic)
for the classical groups to the tensor product V®--- @V V*®---®V*. Consequently, the
group O(p, q) with representation ®: O(p,q) — GL(V @ V* ® V*) as described in Section
4.2 is a real reductive group in accordance with Definition 31, as the Cartan decomposition
O(p,q) = O(p) xO(q) xexp(p) is compatible with the euclidean inner product on V@ V*@V*
inherited from the euclidean inner product on V.

The real weight decomposition of O(p,q) also extends to the arbitrary tensor product
Ve VeV ®---®V* Let the weights relative to t be A,..., Ay, for the standard
representation on V* (as per Section 4.2). There are p positive and p negative weights,
as seen from the analysis in Section 4.2. Then Hwv,, = \(H)v,, for any vy, € V), and
exp(H)vy = exp(A(H))vy. For the tensor element vy, ® -+ ®@wvy, ,

H(UMI ®'--®U)\in) :)\“(]{))\Zn(f])’l})\l1 ®"'®’U)\Z.n,

and

exp(H)(vx, ® -+~ ®@uy,,) = exp(Ai, (H)) ... exp(Ai, (H))(va, @ @ uy,,)

= exp(Ag, (H) +-- 4+ A, (H))(0a, @ --- @y, ).
If we account for duplicates among the A;;, then we may write A;; +--- + X, = b},
where (by,...,b,) =b € ZP and A = (\,...,\,) is a vector of the positive weights of the
standard representation on V. Acting on copies of V* merely flips the sign of any given

weight. b; + --- + b, < n, where n is the number of copies of V' and V* tensored together.
Thus,
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Ve VeV e eV =V
b-A

is a weight decomposition, where we sum over all admissible b € Z”.
Let

T = Z Tbl)b,

beB
where Tyv, means
Tovy = T) 00, @ @0, @V @ -+ @ v,
such that (A;,, ..., XNy, Ajy, ..., Aj,) = b A, where v; is a basis for @y,., Vb.x, and B is the set
of admissible b € ZP. If b- A < 0 for all b, then for any H € t,

tliglo exp(tH)-T = 0.

Clearly, O(p,q) -0 =0, with 0 a closed set in V@ - @ V@ V*® - .- ® V*. Therefore,
by Theorem 20, 0 is the unique closed orbit in the closure of the orbit of O(p, q) acting on
T. Consequently, all orbits with 0 as a limit point are uniquely determined by the values
the invariant polynomials take at the limit point 0. For any polynomials without constant
term, that value is necessarily 0.

If we now apply this theory to &(p + ¢,R) C V ® V* ® V* we see from Proposition 25
and equation (5.1) that the group O(p, q) will preserve the metric and act on the structure
coefficients, and that if b - A < 0 then all polynomial invariants constructed from the con-
nection coefficients will be 0. Thus, we have a means of searching for Lie algebras with the
special property that all curvature invariants (polynomials constructed from the curvature
coefficients that are invariant under action of O(p, q) on the tensor bundle) are 0. We could
also have demanded that b - A > 0 for all b for the same effect.

All the above leads to the following results:

Theorem 25 (Thm. 2.1, 2.2, [Her12]). A tensor

T = Z Tbvb7

beB

has vanishing polynomial curvature invariants if and only if either b-A <0 orb -\ >0 for
allb e B.

Theorem 26. A Lie algebra g with metric tensor p of the form

has polynomial curvature invariants identically equal to 0 if and only if b-A <0 orb-A >0
for all b such that Vi) is nonzero in the weight decomposition

b\
Theorem 26 follows from Theorem 25.
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5.4 Example Applications and New Results

We now wish to apply some of this theory, and find examples.

We might try to start a search among nilpotent Lie algebras of low dimension, and look
for any that admit pseudo-Riemannian metrics with desireable properties. The nilpotent Lie
algebras are good candidates since they are of a comparatively simple structure, which one
may hope will more easily fit the pattern described in Theorem 26. In five dimensions, there
are a total of six nilpotent Lie algebras [SW14]. We obtain the following result:

Theorem 27. For each of the siz nilpotent Lie algebras of dimension five, there exists a
pseudo-Riemannian metric such that the curvature tensor is non-zero, but the Ricci tensor
and all polynomial curvature invariants are identically zero.

Note. This result for the Lie algebra ns;s; was know to my advisor Sigbjorn Hervik, the
remaining five algebras were then easy to work out using the techniques outlined in this
thesis.

Proof. We shall fix a metric

p=2(e'e® + e%e) + €€,
of signature (2, 3), and look for five-dimensional, nilpotent Lie algebras such that b - A and
Theorem 26 applies. The hope is to realize the nilpotent Lie algebras of five dimensions,
as listed in [SW14], such that we maintain the metric p and the Lie algebra structure
coefficients are of a form such that b- A < 0 in the weight decomposition.
In [SW14], the six nilpotent Lie algebras of dimension five are listed as ns;_g. In five
dimensions, the structure coefficients such that b - A < 0 for the metric p are:

1
o (fy
2
o (
12
3 3 3 3 3 3 3
d 0127 C1137 C1147 C'157 0237 024, and 025
4 4 4 4 4 4 4
hd C’127 C1137 C1147 0157 0237 024, and 025
5 5 5
o (7, C}5, and O3,

Here, indices 1,2 give a positive contribution in upper position, and a negative contribution
in lower position, while the indices 3,4 give a negative contribution in upper position and
a positive contribution in lower position. Amongst the above structure coefficients, we can
realize the six Lie algebras with curvature tensors R as follows:

1. n51: C% =1and Cy; =
R=—f00f'@f+hLfef0f +ioflofloff—Aaf effef
2. n59: C2,=1,C4, =1,and C}, = 1
7 2 1 2 7 2 2 1 7 1 1 2 7 1 2 1
R:—1f3®f IEVf +1f3®f RfFRf +1f4®f QRS —1f4®f RfFRf
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3. n53: C3,=1and Cy; =1
R=ihofefef - hofefel -hefefef+ihof el o]
4. m54: C3=1,C =1,and C4, =1
R=1hofefef - hefefel -1hefefef+ iof e o f
5. 55 C3,=1,C4 =1,and C}, =1
R=-fiofoflof+hofefeof +heflaflef-fieflefaf

6. N56: 0532 =1, C§2 =1, Cél =1, and 0?2 =1
1 1 1 1
R = 1f3®f2®f1®f2—1f3®f2®f2®f1—1f4®f1®f1®f2+1f4®f1®f2®f1

These all have non-zero curvature tensors relative to p, but all polynomial curvature invari-
ants are zero by construction. The curvature tensors are all scalar multiples of each other.
Incidentally, they all also have Ricci tensors identically zero, which from Theorem 24 means
that the tensor @) = 0. O

Further examples of Lie groups with zero polynomial curvature invariants can be found
amongst product groups and certain semi-direct product groups, such as the affine Lie sub-
groups.

Theorem 28. Any product Lie group GP x R?, with p < q indicating the dimension of the
Lie group GP, can be equipped with a pseudo-Riemannian metric such that all polynomial
curvature tnvariants are identically zero, and the Ricci tensor R is equal to —%K , where K
is the Killing form that GP x RY inherits from GP.

Proof. Any product group G? x R? — with GP? indicating that the Lie group G is of dimension
p — under the metric

p= 2(f1f1+p et fpf2p> + (f2p+1f2p+1 N fp+qu+q)

has its non-zero structure coefficients all satisfying the condition b - A < 0 for the weight
decomposition of O(p,q) acting on tensor products of g. That is to say, we can realize
the Lie algebra in terms of the structure coefficients C’fj, i,5,k € {1,...,p}, relative to a
basis e, ..., ep44 for the Lie algebra, and these coefficients all have strictly negative weight.
Consequently, these groups all have zero polynomial curvature invariants.

From Theorem 5.3, we have that the components of the Ricci tensor are given by terms
@, Z, and the Killing form K. Of these, the terms ) and Z must be identically zero.

We first examine (). Recall:
Qij = 2CimC}" — 3CC*L.
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If C;1C; and Cyy; are to be non-zero, then [ must be less than or equal to p. But then, under
the metric p, Cjkl and C”ZL must be identically zero, as the raised index [ < p in the second
and third position must correspond to a lowered index I’ > p in the second or third position,
for which the structure coefficients are zero.

Similarly, for Z:

If C*, is to be non-zero, then [ must be less than or equal to p in the lowered position, but
that leads to C; and C;/ having | < p in the raised position, corresponding to [ > p in the

lowered position such that C;/ and C;} must be zero.
This leaves just the Killing form K:

k il
Here, there are no conflicts as long as all indices are less than or equal to p, which also means

that the Killing form of GP? x R is just the embedded Killing form of GP.
O

Theorem 29. If G? is a Lie group acting faithfully and linearly on RP — with G? indicating
that the Lie group is of dimension p — then the affine semi-direct product R? x GP can be
equipped with a pseudo-Riemannian metric such that all polynomial curvature invariants are
identically zero.

Proof. We can represent R? x GP in GL(p 4+ 1,R) as the set of matrices of the form

(91

where ®(g) € GL(p,R) is the representative matrix element of g € G?, and x € RP. Then
the Lie algebra of R? x GP, RP x gP, can be represented by matrices

Q:Vg)ﬂ’

where ¢(X) € gl(p,R) is the representative matrix element of X € g?, and u € RP. If we
simplify this expression to @) = (X, u), then the bracket operation is

(X, u), (Y,v)|gengr = ([X, Y], X -0 =Y -u).

From this, we can see that if we let eq,..., e, be the basis elements for g¥, and e,1,..., e
be the basis elements for R?, then the structure coefficients C’fj come in two categories: The
first is when a basis element e;, i < p, interacts with another basis element e;, 7 < p, in
which case, the bracket product is expressible in basis elements e;,, ..., ¢; such that 7; < p,
and the structure coefficient ij when ¢, 5 < p is only non-zero when k < p also. The second
is when a basis element e;, 7 < p, interacts with another basis element e;, 7 > p, in which
case, the bracket product is expressible in basis elements e;,,...,e; such that 7; > p, and
the structure coefficient C’,L-kj when ¢ < p and j > p is only non-zero when k > p also. All
other coefficients are zero. Relative to the metric p,
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p=2(f1f"T 4+ O,

this means that all weights are strictly less than 0, i.e. that b- A < 0. Thus, the polynomial
curvature invariants are all identically zero. O

Note that we are no longer guaranteed to have R = —%K for the Ricci tensor; the tensors
() and Z may be non zero for the semi-product group R? x GP. Nor is it the case that the
Killing form of the group R? x GP? is necessarily the embedded Killing form of GP.

To give a few concrete examples, consider the affine groups R? x O(3) and R? x SL(2, R),
with metric

p=2(c'e! + e’ + e’e’).
The structure coefficients for R* x O(3) are then:
e For [0(3),0(3)]: Cly =1, C% =1, and C}, = 1.
e For [0(3),R*: C},=—-1,C=1,C8, =1, Cs, = -1, CS = —1, and C§; = 1.
And for R?* x SL(2,R):
e For [s[(2,R),sl(2,R)]: Ci, =2, C%;, = —1, and C; = 2.
e For [sl(2,R),R%: Cfy =2, Cy, = =2, Cjs=—1,C5, =1, C%, =2, and C§;, = —2.

These groups then have non-zero curvature tensor and Ricci tensor, but all polynomial
curvature invariants are identically zero.
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Chapter 6

Summary

We have explored results in Lie theory, representation theory, geometric invariant theory,
and differential geometry with the goal of understanding left-invariant pseudo-Riemannian
metrics on Lie groups. Through the use of representation theory and geometric invariant
theory, we have seen how the algebraic structure of a Lie algebra g interacts with a metric on
g to determine the curvature properties of any Lie group with g as its Lie algebra. Finally,
we have discovered new results, in the form of theorems 27, 28, and 29, that to my knowledge
have not previously appeared in publication.
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Appendix A

Nilpotent Lie algebras

The nilpotent Lie algebras of dimension five given in [SW14] are as follows:

1. N51:
€1 | €2 | €3 | €4 | €5
er | 0]0[010]0
€2 070]010
€3 0 0 €1
€4 0| e
2. N5 9
€1 | €2 | €3 | €4 | €5
er | 0]0[010]0
€9 0[0]0/O0
€3 0 €y | €1
€4 0 | e3
3. N5 3:
€1 | €2 | €3 | €4 | €5
er | 0]0[010]0
€2 0101 e O
es 0] 0 |e
€4 0 0
4. N5 4:
€1 | €2 ]€3|€4|ECs
er | 0]0[0]010
€2 010]0 e
€3 0 €1 0
€4 0 €2
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