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Preface

These lecture notes accompany a three hour per week introduction to the theory
of Lie groups, held at the Faculty of Mathematics at Vienna University in winter
term 2023. The prerequisites are a solid knowledge of analysis on manifolds, as
provided, e.g., by my course [5]. The presentation is based mainly on [1, 9, 2, 11].
Some proofs of auxiliary results have been outsourced to appendices so as to not
distract too much from the main line of the text.

I am greatly indebted to Roman Popovych for numerous remarks and corrections.

Michael Kunzinger, winter term 2023
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1 Definitions and first examples

1.1 Definition. A Lie group is a group G that simultaneously is a differentiable
manifold and such that the group multiplication

w:GxG -G
(g, h)=g-h

18 smooth.

1.2 Remark. By a manifold we mean here a set M equipped with a C*°-structure.
However, we make no further assumptions on the topology of M (like Hausdorff (T3)
or second countable). Recall from [5, Sec. 1.2] that any manifold automatically
inherits a topology, called the natural manifold topology, via its charts (i.e., by
declaring the charts to be local homeomorphisms). By ‘smooth’ we will always
mean C*.

1.3 Examples. (i) (R",+) with its natural manifold structure is a Lie group.

(ii) The matrix group GL(n,R), with p the standard multiplication of matrices
is a Lie group, cf. [5, 1.1.9 (iii)]. (Seemingly) more generally, let V' be a finite-
dimensional real vector space. Then analogously,

GL(V):={f:V - V| f linear and invertible}

is a Lie group. Indeed, after the choice of some basis in V we have GL(V)
GL(n,R). Analogous claims hold for GL(n,C). GL(V) is the paradigmatic Lie
group.

(iii) R\ {0} and C\ {0} are Lie groups with respect to multiplication.

(iv) Given Lie groups G and H, also G x H is a Lie group, with multiplication

(91,h1) - (92, h2) = (9192, h1h2).

It is called the product of the Lie groups G and H.

(v) U(1) :={z € C| |z| = 1} and hence, by (iv), also the n-dimensional torus group
T" :=U(1)" are Lie groups.

(vi) Lie groups that are subgroups of some GL(V') are called linear Lie groups. As
we shall see, all the standard matrix groups (O(n),U(n),SO(n,R),SO(n,C), ...)
are linear Lie groups.

1.4 Definition. Let G be a Lie group and let g € G. The left translation L, is
defined as

L,:G—-G

Lgy(h) = gh.

Analogously, the right translation R, is
Ry:G -G
Ry (h) := hg.

We have Ly(h) = u(g,h), so Ly = p(g, .). Also, L' = Ly-1. Consequently, Ly is a
diffeomorphism (and analogously for R,). In addition, Lyo Ly, = Lgp, Rgo Ry = Rpg,
and L. = R, =idg.



1.5 Lemma. Let G be a Lie group.
(i) Let g, he G, veTyG, and w e T,G. Then
Tignyp(v,w) = Th Ly(w) + TyRp(v).

(ii) Denote by v: G - G, v(g) == g~* the inversion map on G. Then v is smooth
and for any g € G we have

qul = —TeRg—l o Tng—l = —TeLg—l o Tng—l.
In particular, T,v = —idr. .
Proof. (i) Note first that

T(g,h).u“(va w) = T(g,h)/u‘(v7 0) + T(g,h)u(07 ’LU)
Now let ¢: (—¢,e) = G be a smooth curve with ¢(0) = g and ¢’(0) = v. Then

T ayia(,0) = 2| p(e0),1) = S| Baule(®) =T, o).

Analogously, Ty pyu(0,w) =Ty Ly(w).

(ii) Let ® : Gx G - G x G, ®(g,h) = (g,gh), i.e,, & = pr; x u, so ® € C*. For
v,w € TG we have by (i):

Tie,e)®(v,w) = (T(e,eypry (v, w), Tie,eypi(v,w)) = (v, Te R (v) + TeLe(w)) = (v, v + w).

Therefore, T(, oy® : T.G x T.G » T.G x T.G is invertible. By the inverse function

theorem, locally around (e,e) the map ® possesses a smooth inverse . Now ® =
d~' = (g,h) ~ (9,97 h), so that ®(g,e) = (¢,(g)). This shows that v is smooth in
a neighborhood of e. Now for any g € G we have v = Rg-1 ov o L1, implying that
v is smooth in a neighborhood of ¢g. Since g was arbitrary, v: G - G is C*.

Next, for any g € G we have e = u(g,v(g)). From this, by differentiation we obtain
for any v € TG

0="Tg,q51 (v, Tgr(v)) & Ty1Ly(Tyv(v)) + TyRy-1(v).

Due to (Ty-1Lg)™" =T, Ly (note that L' = Lg-1) we get
Tyv(v) = -ToLg-1(TyRy-1(v)).

The second formula follows analogously by differentiating e = u(v(g), g). |

2 Some topological properties of Lie groups

The fact that any Lie group is a manifold for which y: GxG - G and v: G - G are
(smooth, therefore) continuous automatically implies several improved properties of
the topology of G. To derive these we first consider the general case of topological
groups:

2.1 Definition. A topological group is a group that is also a topological space
such that the group operations

p:GxG -G, p(g,h)=gh
viG-G, v(g)=g"

are continuous.



Thus any Lie group is in particular a topological group. In any topological group
all Ly, and R, are homeomorphisms.

2.2 Remark. Let G be a topological group and let U be open in G. Then for any
g € G also the coset LyU = gU is open (and analogously for R,U =Uyg). T U,V c G
are open, then so is U -V = u(U, V') because U -V = Uy g- V.

If U is a neighborhood of e then by the continuity of u there exists a neighborhood
W of e with W2 := W.W c U. A subgroup H of G that is an open (closed) subset of
G is called open (closed) subgroup of G. Any open subgroup of G is automatically
closed as well because G = Ugeq gH, s0 G\ H = Ugeg g gH is open.

2.3 Remark. Let GG be a topological group and let U be open in GG. Then also
v(U)=U1 ={g7' | ge U} is open. Let U and W be neighborhoods of e with
W?2cU. Then V := W nW~! is a neighborhood of e with V =Vt and V1.V c U.

Any subgroup of a topological group is itself a topological group (when endowed
with the trace topology).

2.4 Proposition. Let G be a topological group and let G, denote the connected
component of e in G. Then

(i) G. is a normal subgroup and any connected component of G is a coset of G..

(i) If G is a Lie group, then G. is open and closed.

Proof. (i) As G, is connected, so are G, x G, and u(Ge x G¢). Thus u(G. x G)
is connected and contains e, implying u(G. x G¢) € G.. Also G.! = v(G,) is
connected and contains e, so G;* € G.. This shows that G, is a subgroup. If g € G,
then gG.g~! is connected and contains e, hence is also contained in G, showing that
G. is normal. Finally, let g € G and denote by G, the connected component of g.
Then gG, is a connected superset of g, hence gG. € G,. Analogously, ¢"'G, ¢ G.,
so G4 = gGe.

(i) Being a manifold, G is locally connected, hence any connected component of G
is open. G, is then also closed by Remark 2.2. ]

2.5 Proposition. Let G be a connected topological group and let U be any neigh-
borhood of e. Then G is generated by U, i.e., any element of G is a product of
certain elements of U.

Proof. Let H := (U) be the subgroup of G generated by U. If h € H, then hU is
a neighborhood of h contained in H. Hence H is open. By Remark 2.2 it is also
closed. As G is connected, G = H. O

2.6 Proposition. Any topological group G that is Ty is automatically also Ts.

Proof. First, let g # e. Since G is T1, there exists a neighborhood U of e such
that g ¢ U. By Remark 2.3, there exists some neighborhood V of e such that
V7V c U. Then Vg and V are disjoint neighborhoods of g and e, respectively:
indeed, if h e VgnV, then there is some k € V with kg=h, so g=k'he V1V cU,
a contradiction.

Finally, if g # ¢/, by the above there exist disjoint neighborhoods W, W' of e and
g 'g’. Then ¢gW and ¢'W’ separate ¢ and ¢'. O

Since the natural topology of a manifold is always 77 (cf. [5, 1.3.1]), we obtain:



2.7 Corollary. Any Lie group is a Hausdorff space.
2.8 Proposition. Any connected Lie group is second countable.

Proof. It suffices to show that any such G possesses a countable atlas (cf. [5, 1.3.7]).
Let U be a chart neighborhood around e with U = U™, Since U is homeomorphic to
some open subset of R™ there exists a countable dense subset S of U. Let H :=(S)
be the subgroup of G generated by .S. Since it consists of finite products of elements
of S, H is itself countable. Also, since any hU is a chart domain, it suffices to show
that {hU | h € H} is a covering of G.

To show this, let g € G. As G is connected, by 2.2 it is generated by U, so there exist
peNand gi1,...,9p € U with g = g1---gp. Since p is continuous, for any i € {1,...,p}
there exists some open neighborhood U; € U of g; such that U;---U, € gU. Since §
is dense in U and U; € U, there exist s; € U; NS (1 <4 <p). Finally, let h := s1---5,,.
Then h e H and h e gU. Thus ge hU™' = hU. O

2.9 Corollary. Any Lie group is paracompact.

Proof. By Proposition 2.4, G, is an open subgroup of G and hence is itself a Lie
group. By Proposition 2.8 G, is second countable, and the same is thereby true for
any connected component of G by Proposition 2.4. Thus the claim follows from [5,
1.3.15]. (Alternatively, [5, 1.3.14] implies that any connected component admits a
partition of unity, hence so does G itself, and thereby is paracompact). O

3 Left-invariant vector fields

Since left translations L, are diffeomorphisms, their tangent maps at e are linear
isomorphisms between g := T,G and T;G. For v € g and g € G we set

L%(g) ==TcLg(v) € T,G.

If, on the other hand, X € X(@) is a smooth vector field on G, then we may form
the pullback of X under Ly: L¥X = (T'Ly)™" o X o Ly € X(G).

Lg
TG TG
S
Ly
G G

3.1 Definition. Let G be a Lie group and let X € X(G). Then X is called left-
invariant f L; X = X for each g € G. The space of all left-invariant vector fields is
denoted by X1,(G).

3.2 Proposition. Let G be a Lie group.
(i) The map

L:Gxg->TG
(9,v) = L(9)

is a diffeomorphism.



(i) For any v € g, L' : G - TG is a smooth left-invariant vector field on G,
LY € XL(G). The map v — L°, g > X(G) is a linear isomorphism with
inverse X — X (e). Hence g=T.G can be identified with X1(G).

Proof. (i) Consider the map
p:Gxg->TGExTG
(9:0) = (0g,0),

with 05 € T,G € TG, v € T.G € TG. Then ¢ is smooth and by Lemma 1.5 (i) we
have

TM ° L)0(97 U) = TM(Ogvv) = T(g,e)u(og7v) = TeLg(U) + TgRe(Og) = TeLg(v) = Lv(g)
[ —
-0

In particular, LV is smooth. Next, let
Vv:TG ->TGxTG
vg = (0g-1,0) = (0y(g),v)-

Since v is smooth, so is 1. Moreover, Lemma 1.5 (i) implies

Tp, o ’(/)(’Ug) = T(g-l’g)u(Og-l,v) = (Tng—l)(U) +0¢ TeG =g.

It follows that the map W : TG — G x g, vy = (g,TyLg1(vy)) is smooth. Now
Vo L(g,v) = W(L"(9)) = (9, TyLg-+(L"(9))) = (9, TyLg1 (TeLy(v))) = (9, v),
and
LoW(vy) = L(g, TyLy1(v)) = L") (g) = T.Ly - Ty Lys (v) = v,

so U =L and L is a diffeomorphism.

(ii) We have L(g) = TeLq4(v) € T,G and g — L"(g) is smooth by (i). Thus L" €
X(G). Also, LV is left-invariant: Let h € G, then

((Lg)"L")(h) =TynLg-1 0 L"(gh) = TgnLg-1 o Te( Ly )(v)
——
=LgoLy,

=TynLy-10TpLyoTeLy(v) =T.Ly(v) = L (h).
Hence LY € X1,(G). Moreover, for v € g we get
LY(e) =TeLe(v) =idp,g(v) = v,
and for X € X1 (G), setting v := X (e) we obtain
X(9) = ((Lg1)"X)(9) = TeLy (X (97" 9)) = TeLg(v) = L"(g).-
This means that X = LV = LX(®), O

3.3 Remark. The diffeomorphism L : Gxg — TG is called left trivialization of TG.
By Proposition 3.2 (ii), L is a vector bundle isomorphism (since it is fiber-linear).
This means that the tangent bundle of any Lie group is trivializable. If (vy,...,v,)
is a basis of g then the evaluations of the corresponding left-invariant vector fields
Lvt, ..., L’ at any g form a basis of T,G. In particular it follows that manifolds
that do not admit nowhere-vanishing vector fields (e.g., S™ for n even) cannot be
made into Lie groups.



4 The Lie algebra of a Lie group

4.1 Definition. A wvector space a is called a Lie algebra if it is endowed with
a bilinear operation (v,w) ~ [v,w] that is antisymmetric and satisfies the Jacobi
identity:
[va] = _[w7v]
[u, [v, w]] + [v, [w,u]] + [w, [u,v]] = 0
for all u,v,w € a.
Given any Lie group G, our first aim is to equip the vector space g = T.G with

a natural Lie algebra structure via Proposition 3.2. To do this, we require the
following concept from differential geometry:

4.2 Definition. Let f: M — N be a smooth map between two manifolds. Then
vector fields X € X(M) and Y € X(N) are called f-related, denoted by X ~¢ Y if

Ty f(Xp) = Yy for each pe M.
XT TY
f

M ———N

4.3 Lemma. Smooth vector fields X € X(M) and Y € X(N) are f-related if and
only if for each g € C*(N) we have
X(gof)=Y(g)ef.
Proof.
X(gof)=Y(g)of Vg Xp(gof)=Ysp(g) Vg Vp
& Tol (Xp)(9) = Y1) (9) Vg Vp = X~y Y,

where (*) holds due to [5, (2.1.4)]. ]

4.4 Lemma. Let X1,X5 € X(M), Y1,Y2 e X(N), fe€C>(M,N) and suppose that
X1~ Y1 and Xy ~¢ Ys. Then also [ X1, Xs] ~5 [Y1,Y2].

Proof. Using Lemma 4.3 we calculate:

[X1, X2](go f) = X1(X2(go f)) - X2(Xi(go f)) = X1(Ya(g) o f) - X2(Yi(g) o f)
=Y1(Ya(g)) o f - Ya(Yi(9)) o f = [Y1,Y2](g) o f.
[}
In particular, if f : M — N is a diffeomorphism, X € X(M) and Y € X(N
then X ~¢ Y if and only if X = f*Y. Lemma 4.4 then implies that f*[Y7,Y5]
[f* Y1, f*Ya].

Returning now to the Lie group setting, let G be a Lie group, X,Y € X (G) and
g € G. Then

LA[X,Y] = [LiX, LY = [X, V],
so also [X,Y] € X.(G). Thus if v,w € g, then also [L”,L"] € X(G). We may
therefore define an operation on g by setting

[v,w]:=[LY,L"](e) (v,w e g).

By Proposition 3.2 (ii) we then have [L?, L] = LI"*] since both sides lie in X (G)
and attain the same value at e.



4.5 Definition. Let G be a Lie group. The Lie algebra of G is the vector space
g=T.G, endowed with the operation [, ]:gxg—g, [v,w]:=[L", L"](e).

Bilinearity, anti-symmetry and the Jacobi identity for [, ] follow from the corre-
sponding properties of the Lie bracket of vector fields (cf. [5, 2.2.17]). Hence (g, [, ])
is indeed a Lie algebra in the sense of Definition 4.1.

4.6 Examples. (i) Let V be a finite-dimensional vector space. Then (V,+) is
a Lie group. If v e TyV 2 V and g € V, we have LV(g) = ToL4(v) = v, because
Ly=hw~ h+g. Hence L = (g,v) » (g,v) and the left trivialization is the usual
identification TV = V x V. The left-invariant vector fields are therefore precisely
the constant ones and in particular, the Lie bracket vanishes: [, ] =0 on ToV, so
the Lie algebra is commutative. We shall see later that this is a general property of
commutative Lie groups.

(ii) Given Lie groups G, H, by Example 1.3 (iv) also G x H is a Lie group and
Tie,e)(GxH) =T.GxT,H=ge&h. Also, X.(Gx H) 2 X(G)*xXL(H), because for
(v,w) € T(4,n)(G x G) we have

L) (g, h) = Te.e)Lg.ny(v

yw) =Tieey(Lg x L) (v,w) = (TeLy x T Lp,) (v, w)
=(L"(9),L*(n))

= (L"x L") (g, h).
Moreover,
[(XlaY1)7 (X2,Y2):| = ([XlaX2]a [YleQ])a

so the Lie bracket on g @ b is formed componentwise. We call g @ b the direct sum
of g and b.

(iii) The single most important example of a Lie group is G = GL(n,R). It is an
open subset of the vector space M, (R), so g = T;G = M, (R). Vector fields on G
can be identified with smooth maps G - M,,(R) (but note that this is not the left
trivialization).

Let A, B,C € M,(R). Then
La(B+X\C)=A-(B+AC)=AB +MAC = LyB + AL AC,

so left translation is a linear map. It follows that the left-invariant vector field L€
corresponding to some C € T;G = M, (R) is given by

LAY =TLA(C)=La(C)=A-C  (AcQ).

In other words, L¢ is the right-multiplication by C. We have shown this for G =
GL(n,R), but since G is dense in M, (R)!, we may extend L continuously to all

of M, (R). For the Lie bracket of vector fields on open subsets of M, (R) = R" we
have (cf. [6, 3.1.6 (ii)]):

[X,Y](2) = DY (2)(X (2)) - DX (z)(Y (2)).
Also L is linear by the above, so
D(LEY(I)(C) =L (C)=CC"  (C,C" e M,(R)).

Thus, finally,
[C,C"]=[LC, LY |(I)=CcC' - C'C.

This means that the Lie bracket on M, (R) is exactly the commutator of matrices.

Let A € My (R). Since the polynomial p : ¢ ~ det(A —tI) has at most n zeros, we may find ¢
arbitrarily small with p(¢) # 0, so A —tI € GL(n,R).



5 Lie group homomorphisms

5.1 Definition. Let G and H be Lie groups. A smooth map ¢ : G — H that is
a group homomorphism is called a Lie group homomorphism. If ¢ is (smoothly)
invertible then also =t is a Lie group homomorphism, and ¢ is called a Lie group
isomorphism. A Lie group isomorphism ¢ : G — G is called Lie group automor-
phism.

Thus for each Lie group homomorphism ¢ we have ¢©(g192) = ©(g1)¢(g2), ©(e) = e,
and ¢(g7") = (g)™".

5.2 Examples. (i) The inclusion SO(n,R) = GL(n,R) is a Lie group homomor-
phism.

(ii) The conjugation map conj, : G > G, h— ghg™! is a Lie group automorphism.
We have
conj, = LgoRy1 =Ry-10Ly.

(iii) ¢ = €’ is a Lie group homomorphism from R to S*.

5.3 Lemma. Let G be a connected Lie group, H a Lie group and p1,p2:G - H
Lie group homomorphisms that coincide on some neighborhood of e € G. Then

$1=$2.
Proof. This is immediate from Proposition 2.5. a

5.4 Definition. Let g,b be Lie algebras. A linear map «: g — b with a([v1,v2]) =
[a(v1), a(ve)] for all vi,vs € g is called a Lie algebra homomorphism.

5.5 Proposition. Let G and H be Lie groups with Lie algebras g and b, respec-
tively.

(i) If ¢ : G - H is a Lie group homomorphism, then ¢’ :=Top: g — b is a Lie
algebra homomorphism.
(i) If G is commutative, then the Lie bracket on g vanishes identically.
Proof. (i) For all g,h € G we have p(gh) = ¢(g)¢(h), so @ o Ly = Lyg) © .

Differentiating this identity at e we obtain TypoTeLy =T L,4) © ¢', and inserting
veg=T.G leads to

Tyo(L¥(9)) = L ((9))-
This means that LV € X(G) and L¥ (*) € X(H) are p-related for any v € g. Hence by
Lemma 4.4 we obtain for any v,w € g: Tpo[L?, L] = [L¥' ) L¥'(®)]o . Inserting
e we arrive at ¢’ ([v,w]) = [¢'(v), ¢ (w)].
(i) If G is commutative, then v : g = ¢! is a Lie group homomorphism because

v(gh) = (gh) ' =h7lg™ =g ' = v(g)v(h).

Hence by (i), v’ : g — g is a Lie algebra homomorphism. Moreover, since v’ = —-id
by Lemma 1.5 (ii), we get

~[v,w] =V ([v,w]) = [V"(v), V' (w)] = [-0,~w] = [v,w],

so [v,w] =0. o



5.6 Example. Consider the subgroup SL(n,R) := {4 € M, (R) | det(A) =1} ¢
GL(n,R). Since det is regular on GL(n,R), SL(n,R) is an (n*-1)-dimensional sub-
manifold of GL(n,R) (cf. [5, 1.1.9 (iv)]). Thus the Lie algebra sl(n,R) of SL(n,R)
is given by ker(D(det)(I)) ([5, 2.1.1 (iii)]). One can show that sl(n,R) = {A €
M, (R) | tr(A) = 0}. The inclusion i : SL(n,R) - GL(n,R) is a Lie group homo-
morphism with derivative ¢’ = incl : s{(n,R) < M, (R). By Proposition 5.5 (i), for
v,w € sl(n,R) we have

[0, wlar =i ([v, wls0) = [(v), 4" (w)]nr, = [0, W],

so also in sl(n,R) the Lie bracket is given by the commutator of matrices (cf.
Example 4.6 (iii)).

6 Right-invariant vector fields

Analogously to Section 3 we may as well use right translations to trivialize TG. In
this way we obtain the right trivialization

R:Gxg->TG
(g,v) = R"(g).

Here, for any v € g the corresponding right-invariant vector field R" is defined
by R"(g) = T.R4(v), and a vector field is called right-invariant, X € Xr(G), if
R;X = X for all g € G. That R” is indeed right-invariant follows since for each
h € G we have

(R;Rv)(h) = Tthg—l o Rv(hg) = T}LgRg—l o TeRhg(’U)
= Tthg—l o ThRg o TeRh(U) = TeRh(’U) = Rv(h)
As in Proposition 3.2 it follows that R is a diffeomorphism with inverse
vy (9. Ty Ry (v):

Due to Ri[X,Y] = [R;X,R}Y], Xr(G) is a Lie-subalgebra of X(G) and as in
Proposition 3.2 (ii) it follows that X — X(e) and v » RY are mutually inverse
isomorphisms between Xz (G) and g.

6.1 Proposition. Let G be a Lie group with Lie algebra g and inversionv: g — g~ *.
(i) R® =v*(L™") Yveg. Hence v*: X(G) » Xg(QG) is a linear isomorphism.
(ii) Yv,weg: [R’,R"] = R™v*],
(i4i) Yu,weg: [LY,R*] =0.

Proof. (i) Since (gh)™ = h'g™!, we have vo Ry, = L,-1 ov. Thus for X € X1(G)
we get:
Rpv*X =WoRp)' X=(Lp10v)' X =v"(Lp1)' X =v*X,

showing that v* X is right-invariant. Moreover, v* X (e) = (T.v) 1 (X.) = -X., i..,
R X =v* X =v*(L%e).

(i) By (i),

[Rv,Rw] _ [V*L—U,V*L—w] _ V*[L—vafw] _ V*L[fu,—w] _ Rf[v,w]'



(iii) (0,LY):Gx G - T(GxG), (g,h) — (04, LY(h)) is a vector field on G x G that
is p-related to L": indeed by Lemma 1.5 we have

Tg,myp(0g, L (h)) = ThLg(L(h)) = TpLg(TeLn(v)) = TeLgn(v) = L*(u(g, h)).

Analogously, we conclude that (R™,0) is p-related to R*. By Lemma 4.4 we con-
clude:
0= [(Oa Lv)a (va O)] ~u [va Rw]a

ie., 0=[L",R"] o u, and since y is surjective, this gives [LY, R*] = 0. O

7 Omne-parameter subgroups

In this section we study the flow maps of left- resp. right-invariant vector fields.
This will provide the foundation for the definition of the exponential map in the
next section. We first recall some basics of ODE theory on differentiable manifolds
from [5].

Let M be a Hausdorff manifold and let X € X(M). A curve ce C*(I, M) is called
an integral curve of X if ¢/(t) = X (¢(t)) for all ¢ € I. Here,

¢ (t) = Tpe(1) = th(%‘l).

Given p € M, there exists a unique integral curve ¢, : I, - M of X with ¢(0) =p
and such that I, = (¢V,¢}) is maximal. The set

D(X):={(t,p) eRx M |tel,}
is an open neighborhood of {0} x M in R x M. The flow of X,

FI* :D(X) > M
(t,p) = cp(t)

is C* and D(X) is the maximal domain of FI*. We also write FI1* (¢, p) = FL* (p).
We have the flow property

FIX,(p) = FIJ' (FIX (p)),

whenever the right-hand side of this equation is defined ([5, 2.3.3 (iii)]). X is called
complete if D(X) =R x M, i.e., if I, = R for each p € M. Any vector field with
compact support (in particular, any vector field on a compact manifold) is complete
([5, 2.3.7]).

7.1 Lemma. Let X € X(M) and suppose that there exists some € > 0 such that
[-e,e]c 1, for each pe M. Then X is complete.

Proof. Let p € M. Then t —» FIX_(FIX(p)) is an integral curve of X through p
defined on [0,2¢] (because [-¢,e] ¢ Ipx (p) by assumption). By uniqueness this
integral curve coincides with ¢, on [0,2¢], so [0,2¢] ¢ I,,. By induction it follows
that [0, 00) € I,,. Analogously, (—oc0,0] C I,. |

7.2 Lemma. Let M,N be Ty-manifolds, X € X(M), Y € X(N), f € C*(M,N)
and X ~; Y. Then fo Flf( = Flzf o f for all t such that the left-hand side of this
equality is defined.
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Proof. Let ¢: I — M be an integral curve of X, so ¢/(t) = X (c(t)) for all ¢ € I.
Then

(foc) (t) =Tey f(' (1) = Teqy F(X (1)) = Yi(er))
showing that f oc is an integral curve of Y. Thus, for all te I, fo FltX = Fl}f of. O

Returning now to the Lie group setting, we have:

7.3 Lemma. Let X € X1 (G) (resp. X €e Xr(G)), then
(i) FI7 (g) = gF1\ () (resp. FI;' (g) = F1 (e)g) for all g € G.
(1) X is complete.

Proof. (i) X € X(G) means that L} X = X for all g, i.e., TLyjo X = XoL,. In
other words, X is Ly-related to itself: X ~; X. By Lemma 7.2 it follows that

gFL (€) = Lg o FI' (€) = FI' (Ly(e)) = FI (9)-

The argument for X € Xz(G) is analogous.
(ii) By (i), I € I, for each g € G. Thus the claim follows from Lemma 7.1. O

7.4 Definition. A one-parameter subgroup of a Lie group G is a Lie group ho-
momorphism a : (R,+) - G, i.e., a smooth curve a: R — G such that a(s+1t) =
a(s)a(t) for all s,t e R. In particular, a(0) = e.

7.5 Lemma. Let a:R - G be a smooth curve with a(0) =e. TFAE:
(i) « is a one-parameter subgroup with a'(0) =v (e T,G =g).
(i) a(t) =F1* (e) VteR.
(iii) a(t) =F1F (&) vt eR.
(iv) g-a(t) = FltLU (9) Vge G VteR.
() a(t)-g=F1F (g) Vge G VteR.

Proof. (i)=(ii):

d d d
o/ (1) = | alt+s)= 7| (a(Da(s)) = 7| Lawols)
= TeLa()(a'(0)) = TeLagy (v) = L7 (a(t)).
Therefore, « is an integral curve of LY. Since a(0) = e it follows that a(t) = FltLu (e).
(ii)=(iv): This follows from Lemma 7.3 (i).
(iv)=(ii): Set g =e.
(ii)=(i): The curve a(t) := F1X (e) is smooth, with (0) = e and a’(0) = L¥(¢) = v.
Moreover,

d

d
250 (®als) = Tae) Law 7

FIX (€) = Togs) Loy L' (a(s)) = L (a(t)a(s)),

because LV is left-invariant. Also, a(t)a(0) = a(t). By definition of F1X* we there-
fore obtain

a()a(s) = FIF (a(t)) = FIE (FIF (¢)) = FI (¢) = a(t + 5).

Analogously, one shows (i)=-(iii)=(v)=(iii)=(i). ]
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8 The exponential map

The fundamental translation mechanism between the Lie algebra of a Lie group
and the Lie group itself is provided by the exponential map, which we now proceed
to introduce. According to Lemma 7.3, any X € X1 (G) is complete. Thus the
following definition makes sense:

8.1 Definition. Let G be a Lie group with Lie algebra g. The exponential map is
given by

exp:g—>G
v FllLv(e).
8.2 Theorem.

i) exp is smooth, exp(0) = e, and Toexp = idy. Consequently, exp is a diffeo-
j ' h 0 d T idg. C l is a di
morphism from some neighborhood of 0 € g onto some neighborhood of e € G.

(i) Yveg VgeG: FIL" () = - exp(tv).

(iii) Vv eg YgeG: FIF (g) = exp(tv) - g.

Proof. By Proposition 3.2 the map gxG - TG, (v,g) —» L”(g) is a diffeomorphism,
hence in particular is smooth. Thus (v,g) ~ (0,,L"(g)) defines a smooth vector

field Z on g x G. Since F1Z (v, e) = (v,FIX (¢)), exp is smooth.

Let ¢: I - G be an integral curve of LY and let a € R. Then ¢ ~ c(at) is an integral
curve of a- LY = L* (L*(g) = TeLy(av) = aT.Ly(v)). Therefore,

FI;™ (9) = Flg; (9).
From this we conclude FltLu(e) = Flle(e) = exp(tv). By Lemma 7.5, FltLv(e) =
F17* (e), establishing (ii) and (iii) for g = e. For general g, Lemma 7.5 (iv), (v)
shows that

FIf () = g-FIf (e) = g-exp(tv)
FIf (9) = FI¥ (e) - g = exp(tv) - g.

Since exp(0) = F1)(e) = e, Tpexp: Tog = g » T.G = g, and

d v v
Toexp(v) = exp(tv) = %‘OFltL (e) =L"(e) =,

il
dtlo
i.e., Tpexp = idg. By the inverse function theorem it follows that exp is a diffeomor-
phism on some neighborhood of 0 € g, so also (i) is proved. ]
8.3 Corollary.

(i) t — exp(tv) is a one-parameter group, i.e.,

Vveg Vs,teR: exp((s+1t)v) =exp(sv)exp(tv).

(i) Any one-parameter group of G is of the form t — exp(tv) for some v € g.
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Proof. (i) By Theorem 8.2 (ii),

exp(sv) exp(tv) = FlSLv(e) -exp(tv) = FltLv (FlSLU(e)) =FI1E, () = exp((s + t)v).

s+t

(ii) Let « be a one-parameter group, then by Lemma 7.5 (ii) and Theorem 8.2 (i)
we have }
a(t) = FIF (e) = exp(tv).

8.4 Example. The exponential map on G = GL(n,R).

Let Aeg=M,(R). By Theorem 8.2 (ii), exp(tA) = FlfA (I). Also, from Example

4.6 (iii) we know that L*(B) = B- A. To determine FltLA (I) we therefore have to
solve the initial value problem

()= LAc(t)) =c(t)- A
c(0)=1.

The unique solution is given by
c(t)y=e" = 1;:0 o A"

so exp(tA) = e!4 the matrix exponential. Recall that this series converges with
respect to the operator norm because |A*| < | A||*. Indeed, it converges uniformly
on compact sets, in all derivatives. If AB # BA then exp(A + B) # exp(A) exp(B).

8.5 Remark. Canonical coordinates of first and second kind.

Let V be an open neighborhood of 0 € g such that exp : V - U = exp(V) is a
diffeomorphism. Then (U, (exp|y)™!) is a local chart for G around exp(0) = e. After
choosing a basis in g, the corresponding coordinates are called canonical coordinates
of the first kind. For arbitrary g € G then (Ly(U),(Lgoexp)™!) is a chart around

g.
Canonical coordinates of the second kind arise as follows: Let (v1,...,v,) be a basis
of g and consider the map

R > G
(1, tn) > exp(tivy) - exp(tavs ) exp(tnvy)-

Then %(0) =v; (1<i<n), so
Tof:R" > g

n
(a1,...,an) ~ Zaivi.
i=1

Consequently, Tj f is bijective, so f is a diffeomorphism of a neighborhood of 0 € R™
onto some neighborhood of e in G. f~! therefore is a local chart, whose coordinates
are called canonical coordinates of the second kind.

The following result is a first example of “automatic regularity”, which is quite
typical for Lie group theory.

8.6 Theorem. Let ¢ : G — H be a continuous homomorphism of the Lie groups G
and H. Then ¢ is smooth, hence is a Lie group homomorphism.
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Proof. We first show that any continuous one-parameter group a : R - G is
smooth. By Theorem 8.2 (i) there exists some r > 0 such that exp is a diffeomor-
phism from some ball (with respect to any chosen norm on g) Bs,.(0) € g onto some
open neighborhood of e in G. Let 3 : [-¢,e] = B-(0), 8 := (exp|BT(0))_1 oa. For
|t| < €/2 we have:

exp(B(2t)) = a(2t) = a(t)” = exp(26(1)),
so B(2t) = 25(t) and thereby 5(s/2) = (s)/2 for all s € [-e,e]. Hence for all

k,neN: . .
(5o 5) oo () o ()

Due to a(~t) = a(t)™! and exp(-v) = exp(v)~! we obtain:
1 ne
a(t) =exp(tfﬁ(s)) Vte{Q—k |k eN, neZ}gR. (8.1)
€

As this set is dense in R and both sides are continuous, (8.1) indeed holds for each
t € R, showing that « is smooth.

Now let ¢ : G - H be any continuous Lie group homomorphism. We use canonical
coordinates of the second kind (cf. Remark 8.5). Let (v1,...,v,) be a basis of g
and let f(t1,...,tn) == exp(t1v1) - exp(tavs)---exp(t, v, ) be the inverse of the chart.
Then

(po )t tn) = p(exp(trv1))--@(exp(tnvn))-

Every factor in this product is a continuous one-parameter group, hence is smooth
by the above. Thus ¢ o f is smooth, implying that ¢ is C* near e. Since @ is a
homomorphism, for any g € G we have ¢ = L4y 0o Lg-1, showing that ¢ is smooth
near g. O

8.7 Corollary. Let ¢ : G - H be a bijective continuous homomorphism between
Lie groups. If G is separable then ¢ is a diffeomorphism.

Proof. By Theorem 8.6 it suffices to show that ¢! is continuous. Let V be an open
neighborhood of e in G. Since (g,h) = gh™! is continuous, there exists a compact
neighborhood K of e in G with KK~! ¢ V. By assumption, G is separable, so there
exists a countable dense subset {a, | n € N} in G. It follows that G = U,en @ - K-
indeed, if g € G then g/ ~! is a neighborhood of g, hence contains some a,,,. Moreover
H, being locally compact, is a Baire space. Therefore, since

H = ¢(am)e(K),

meN

where each ¢(a.,)p(K) is closed, there exists some m € N with (¢(a,)p(K))°® + @,
and thereby ¢(K)°® # @. Pick any ¢(g) € p(K)° (noting that ¢ is surjective), then
err = ¢(9)e(g)~! is an interior point of ¢(K) - @(K)™ = o(KK™) c p(V), i.e.,
(V) is a neighborhood of ef;. Hence ¢! is continuous at er;. For general h e H,
we have ! = Lo-1nyo @ 1oL, showing that ¢! is continuous at h. O

We know from Proposition 2.4 that the connected component G, of G is an open
and normal subgroup. Thus G, itself is a Lie group. The quotient group G/G, is
called the component group.

8.8 Theorem. Let G, H be Lie groups with Lie algebras g, b and exponential maps
exp®, exp.
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(i) Let ¢ : G - H be a Lie group homomorphism with derivative ¢’ =Top:g—b.
Then ¢ o exp® = expf oy’ :

/

g———>bh
expl l/
G H

(ii) Ge is the subgroup of G generated by exp(g).

H—

(ii1) If o, : G — H are Lie group homomorphisms with ¢’ =)', then |g. = ¥|q. -

Proof. (i) Let v € g. By the proof of Proposition 5.5, LY ~, L' @), Together with
Lemma 7.2 we get

(exp (1)) = p(FIX () = FIE™ ((e)) = exp (' (v)).

(ii) Since e € exp(g), which is connected, exp(g) ¢ G.. Let G := (exp(g)). Then
Gc G, and G is open: take U, V open such that exp: U — V is a diffeomorphism.
Then V ¢ G. Let g € G, then gV is an open neighborhood of ¢ in G. Since G, is a
topological group, the claim follows from Proposition 2.5.

(iii) By (i) we have ¢|expc(g) = YlexpC(g), 50 the claim follows from (ii). o

9 The adjoint representation

9.1 Definition. A representation of a Lie group G on a finite-dimensional vector
space V is a Lie group homomorphism G — GL(V). A representation of a Lie
algebra g on V is a Lie algebra homomorphism g — L(V, V).

From Proposition 5.5 we know that if ¢ : G - GL(V) is a representation of the Lie
group G on V then ¢’ : g —» L(V,V) is a representation of the corresponding Lie
algebra g on V.

Any Lie group G possesses a natural representation on its Lie algebra g: Consider
the conjugation map conj, : G — G, conjy(h) = ghg™! (cf. Example 5.2 (ii)). Its
derivative Ad(g) := conj'g : g — g is a Lie algebra homomorphism.

Since conj, = Lgo Ry-1 = Ry-10 Ly,

Ad(g) =Tg1LgoTeRy1 =TyRy1 0T, L. (9.1)
Moreover, conj,, = conj, o conjy,, so
Ad(gh) = Ad(g) o Ad(h), (9.2)

and conjg-1 = (conjy)~ L implies Ad(g™!) = Ad(g)~'. Altogether, this establishes
that Ad : G — GL(g) is a group homomorphism. We now want to show that it is
also smooth. For this it suffices to prove that

Gxg—g
(g,v) = Ad(g)(v)

is smooth. Now let ¢ : G xg - TG xTG xTG, ¢(g,v) := (04,v,04-1), which is C*.
Then by Lemma 1.5,

Tpo (idTG X TM)(‘P(.Q’ U)) = TM(Og’TeRg‘l (U)) = Tg‘ng(TeRg‘l (U)) = Ad(g)(v)v
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giving the claim. Consequently, Ad : G - GL(g) is a Lie group homomorphism,
called the adjoint representation of G.

The derivative ad := Ad’ = T,Ad : g — L(g,g) is therefore a representation of the
Lie algebra g of G (so ad([v,w]) = [ad(v),ad(w)] for all v,w € g), called the adjoint
representation of g.

9.2 Proposition. Let G be a Lie group with Lie algebra g. Let g€ G and v,w € g.
Then:

(i) L¥(g) = RAMWDC) (g).
(1) ad(v)(w) = [v,w].
(iii) exp(tAd(g)(v)) = gexp(tv)g™" = conj,(exp(tv)) (t€R).

(i) Ad(exp(v))(w) = ) (w) = w + [v,w] + 2o, [v,w]] + 3 [v, [v, [v,w]]] + ...,

i.e.,
d
g——> L(g.9)
expcl lexpGL
G —2% GL(g)

Proof. (i) Due to L, = R, o conj, we have:

LY(g) = T.Ly(v) = T.Ry o T.conj, (v) = T. Ry 0 Ad(g) (v) = R*@®)(g).
(ii) Pick some basis (v1,...,v,) of g and let v,w € g. Since Ad : G — GL(g)
is smooth, we have Ad(g)w = Y74 f*(g)v; for certain f* € C*(G,R). Let ev,, :
L(g,g) — g be the evaluation map A — Aw. This map is linear, so

T.(Ad(.) - w) -v=T.(evy o Ad) - v =Trev,(T.Ad(v)) = evy, (T.Ad(v))
=evy(ad(v)) = ad(v)(w)

Therefore,

ad(v)(w) = T.(Ad(.) -w) -v = T znjfi( i) v = jZlTefi(v) v

n (9.3)
=§; o(f)- UZ—ZLU(JMN@ v;
By (i), .
L (g) = RM@w (g) = RES (v (g) = Zl F(9)R" (9),
SO " n Z "
[LY,L"] = [L”,iz; fiRY] = ; ‘[LY, R"] +zzl LY(fYRYi. (9.4)

=0
Combining (9.3) with (9.4), we finally arrive at

(o, w] = [L7, L*](¢) = lemfi)(e)R“(e) - iL”(fi)(e)w = ad(v)(w).
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(iii) Inserting ¢ = conj, in Theorem 8.8 (i), we get ¢' = Ad(g) and

Ad(g)

g g
expl lexp
G conj, G

PR

Observing tAd(g)(v) = Ad(g)(tv), the claim follows.
(iv) This time, set ¢ := Ad in 8.8 (i). Then ¢’ = ad and

ad
g—— L(g,9)

exp® l lexpGL

G —24 GL(g)

To conclude the proof, recall that exp®¥ is the matrix exponential by Example 8.4.
0

10 The Maurer—Cartan form

The Maurer—Cartan form is an important tool for describing smooth maps taking
values in a Lie group. It is a g-valued one-form, so we first derive some basic
properties of vector-valued differential forms.

Let M be a smooth manifold and V' a finite-dimensional vector space. A V-valued
k-form ¢ on M is a smooth section of the vector bundle A*T*M ® V. Thus ¢ is a
smooth map M — A*T*M ® V with 7o ¢ = id. For each p € M we have

w(p) € AkTgM V= Lilt(TPMa V),

ie., o(p): (T,M)* -V is k-linear and alternating. Smoothness of ¢ is equivalent
to the fact that for any Xi,..., Xy € X(M), the map

@(le' . 'an) =p= gD(p)(X1(p),. . '7Xk(p))

lies in C°°(M, V). We denote the space of V-valued k-forms by QF(M,V). As a
C*(M)-module,

(M, V) 2 Ly (X(M)*,C (M, V).
Pullback under smooth maps f : M — N works analogously to the case V = R: If
0 e QF(N,V), then f*¢ e QF(M, V) is given by

Fre@)(vrson) = o(F)(Tp f (01), - T f (o)) (v e TpM). (10.1)

For X e X(M) and f eC*®(M,R), X(f) e C>(M) is defined by

X(f)|p =X(p)(f) = Tpf(Xp)-

To extend this definition to f € C* (M, V'), pick any basis (v1,...,v,) of V and write
f=Xr, fiv; with f; e C*(M). Then let X(f) =Y X(fi)v;. Tt is easily verified
that this definition is independent of the chosen basis in g. In this way, for any
X e X(M) and any f € C*(M,V) we obtain a well-defined X (f) e C*(M, V). The
map f+— X(f) is R-linear and satisfies the product rule X(af) = aX(f) + X(«a)f
for a € C*°(M,R).
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Based on these constructions we may now define a vector-valued exterior deriva-
tive d : QF(M,V) - QF1(M,V), again in close analogy to the scalar case: For
Xo,..., Xp € X(M) and ¢ € QX (M, V) we set

k . A

d(p()(()7 . ,Xk) = Z(—l)le((p(Xo, e ,Xi, e ,Xk))
=0 o . (10.2)
+ Z(—l)lJrJ(,O([Xi,Xj],X(), R 7Xz'; .. .,Xj, .. Xk)

i<j

Then dp € Q¥*1(M, V), and for V = R (10.2) reduces to the usual exterior derivative
(cf. [5, 4.3.37]). Alternatively, one may expand ¢ in a basis of V" and apply the scalar
exterior derivative component-wise. We have d(f*y) = f*(dy) and d*> =dod = 0.

Now let G be a Lie group. From Proposition 3.2 we know the left trivialization of
TG:

L:Gxg->TG
(9,v) = L*(g)

with inverse W : TG — G x g, V(vy) = (9,T¢Lg-1(v)). This may alternatively be
formulated in terms of a g-valued one-form:

10.1 Definition. The left Maurer—Cartan form w € Q' (G, g) is given by
w(g) () :=TyLg(v) (geG,veT,G).

By the proof of Proposition 3.2, ¥ is smooth, so the same is true of w: If X € X(G),
then w(X) =g+ pryo¥o X(g). Thus indeed w € Q' (G, g).

10.2 Proposition. The Maurer-Cartan form w e Q(G,g) satisfies:
(1) (Lg)'w=w VgeG.
(i) (Ry)*w=Ad(¢g7 ") ow Vgeq@.
(1) w(L?)=v Yveg.
(iv) For each g€ G, w(g):T,G — g is a linear isomorphism.
(v) Maurer—Cartan equation: For all X,Y € X(G):
dw(X,Y) + [w(X),w(Y)]=0.

Proof. (i) By definition, w(h) = Ty Ly-1. Using this and (10.1) we get

((Lg)*w)(h) =w(Lg(h)) o TnLg = TgnLp-1g-1 0 ThLyg
= Tth—l ] Tgth—l ] Tth = Tth—l = w(h)

[ —
=idr, ¢
(ii)
((Rg)*w)(h) = w(hg) o ThRg (Z)(g: B Tng—1 o) Tthh—l o ThRg
=Ty Ly 0 Ty(Ly-1 0 Ry) = TyLys o TRy o Ty Lys
—_—
=R90Lh’1
= Ad(g™") o ThLp- = Ad(g™") o (w(h)).

(9.1)
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(iif)
w(L”)(h) = w(h)(L”(h)) = Tth—l (TeLh(U)) = Te(th o Lh)(v) =.

(iv) w(g) = TyLg1 is an isomorphism because Ly-1 is a diffeomorphism.

(v) Note first that the value of dw(X,Y) + [w(X),w(Y)] at g € G depends only
on X(g) and Y (g). Any X(g) (resp. Y(g)) can be written in the form L"(g) for
a suitable v € g (because TcL, : T.G - T,G is a linear isomorphism). So we may
assume without loss of generality that X = LY, Y = LY (v,w € g). Then by (iii)
both w(L¥) = v and w(L™) = w are constant, and (10.2) gives

do( LY, 1) = L (@(E)) - L (1Y) = (L, L") = —o(2L))
=0 =0
= ~[v,w] = -[w(I),w(1)],

11 Logarithmic derivatives

The analogue of the exterior derivative d : C®(M,R) — Q'(M) for maps f €
C=(M,G) is the so-called (left-) logarithmic derivative.

11.1 Definition. Let G be a Lie group with Lie algebra g, M a smooth manifold
and f € C*(M,G). The left-logarithmic derivative (or Darboux derivative) §'f €
QY(M, g) is given by 8' f == f*w, where w is the Maurer—Cartan form on G.

According to (10.1), we have

5 F(P)(v) =w(fP)(Tpf - v) = TpyLppy (Tpf - v) € TG = g

for p e M and v € T,M. Analogously, we define the right-logarithmic derivative
" f e Q' (M,g) by

3" f(p)(v) = Ty Rypy (Tpf-v) €g (peM, veT,M).

11.2 Example. Let G = (R*,-) and let f € C*(M,G) = C*(M,R"). Then df €
QL (M) satisfies
df(p)(v) = Tpf(v) € Tf(p)R+ =R.

In this example, left translations are linear, so
1

) df (p)(v),

8" f(P)(v) = Ty Ly (Tpf - v) = Ly (df (p)v) =

ie., 0'f = % = dlog(f), hence the name.
11.3 Proposition. Let f,g: M - G smooth.

(i) For the pointwise product of f and g we have:

8'(f-9)(p) =68'g(p) + Ad(g(p) ") (' f(p))
6"(f-9)(p) =" f(p) + Ad(f(p))(6"g(p))-
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(ii) The pointwise inverse v o f of f satisfies:
§'(vo ) (p) = ~Ad(f(9))(3'f(p))
0" (vo f)(p) = ~Ad(f(p) ") (8" f(p))-
(ii5) If h: N — M is smooth and § = 6' or § = 6", then
5(f o h)(p)(v) = 6.f (h(p))(Tph(v)).
(iv) 8" f(p) = Ad(f(p)) -0 f(p).
Proof. (i) f-g=u(f,g), so Lemma 1.5 (i) gives

To(f-9) = Tr),. 0 M T} Tpg) = Ty L) © Tpg + Trp) Ro(p) © T f-

Therefore,

1
5 (f-9)(P) = Trygw) Loy 1)1 © Tp(f - 9)
=Tr)g) Loy 1)1 © Tow) L) © Tng
+Trp)g() La)1 £ )1 © L) Ry(py © Tpf = (1) +(2).

Here, (1) = Ty(p)Lop)-1 © Tpg = 8'g(p), and

(2) =Ty (Lop)1 £ )1 © Byp)) © Tnf = Typ)1 Ryp) © Tr(p) L)1) oLpf
|
gL ()1 =Lgpy-1oLypy1

=Rg(pyoL

= Ty Byw) © TeLgyr © Tymy Loy o Tpf

o AP o Ty Ly o Tpf = Ad(g(p)™) 0 8 f ().
The claim for 6" follows analogously (or by using (iv)).

(ii) This follows from (i) because 6'(f - (v o f)) = 6'(e) = 0 resp. 8" ((vo f)- f) =
6" (e) =0.

(iii)
8'(f o ) (P)(0) = Trnion Ly niyy+ (Tp(f o 1) (v)) = (8" F)(h(P))(Tph ().
=Th(py foTph(v)
(iv)

Ad(f(p))d' f(p) o Tro B o Tl F 0 f(p)

=Ty Rypyr 0 TeLspy o Typy Loy (Tpf -v)
=id
=Ty Ry (Lpf -v) = 6" f(p)(v).

O
11.4 Lemma. Forexp:g—>G and a:=z — el—’l =30 ﬁzk we have, for each
veEg:
T - 1
0 exp(v) = TEXpU(ReXp(—U)) o EJ exp = a(ad(v)) = Z 7'(2%(1’0)]6 € L(gvg)
= (k+1)!
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Proof. Note that L(g,g) is a Banach algebra, and a(ad(v)) converges absolutely
(with respect to the operator norm) for each v € g. To begin with, let f:V — G be
smooth from a finite-dimensional vector space V into G, and fort e Rlet my : V -V,
m¢(v) =t-v. By definition,

5Tf(t1}) = Tf(tv)Rf(tv)—l ] Tmf.
Noting that T, m; = m; for each v, we get from Proposition 11.3 (iii):
§"(f(t.))(v) =0"(f omu)(v) = 6" f(tv) o my.

Hence
ST (F () () = 8" f(tv). (11.1)

By definition, 0" exp(v) is a map from T,g to g, and T,g = g (being a finite-
dimensional vector space). Let M : g — L(g,g), M(v) := §" exp(v). Then

(s+t)M((s+t)v) =(s+1t)d" exp((s+t)v) o 8" (exp((s+1t).))(v)
=5 (exp(s ) exp(t))(0) | = 8 (exp(s))(0) + Ad(exp(su) (exp(t)(0)
= s0" exp(sv) + Ad(exp(sv))(td" exp(tv))

(11.1)
= sM(sv) + Ad(exp(sv))tM (tv).
Setting N : R — L(g,g), N(t) := tM(tv), this implies
N(s+t)=N(s)+Ad(exp(sv))N(t).
Fixing t here and applying %| o gives

N'(t) = N'(0) + ad(v) N (¢).

Here
N'(0) = \ tM(tv) = M(0) +0- 7‘ M (tv) = M(0)
= (5T exp(0) = TR, o Ty exp = idg.
——
=id

Therefore, N satisfies the following initial value problem:
N'(t) =idg + ad(v)N(t)
N(0)=0

The unique solution to this ODE is N(t) = X152, ﬁ(adv)ktk”: Indeed, N(0) =0
and

e k1 B .
N'(t) = 1;) i 1)‘( adv)Fth =id, + 2_:1 k'(adv) =idg +ad(v)N(t).
Altogether, we arrive at
0" exp(v) =M(wv)=N(1) = i it 1)| (adv)® = a(ad(v)).

11.5 Corollary. Let v € g, then the following are equivalent:
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(i) T, exp is bijective (and thereby exp is a local diffeomorphism around v).
(i) No eigenvalue of ad(v) : g — g is of the form 2kmi for some k € Z ~ {0}.

Proof. Using the Jordan normal form (or functional calculus), it follows that for
any A € L(g,g) we have EV(a(A4)) = a(EV(A)), where EV is the set of eigenvalues.
Using this, we have:

T, exp is bijective & Toxp(v) Rexp(-v) ©Tv exp = 6" exp(v) is bijective
[ —
bij.
<> 0 is not an eigenvalue of §" exp(v) . a(ad(v))
< 0¢ EV(a(ad(v))) = a(EV(ad(v)))
< 1o eigenvalue of ad(v) is a zero of .

Since the zeros of a(z) = 627_1 are precisely the 2kmi for k € Z \ {0}, the claim
follows. O

12 The Campbell-Baker—Hausdorff formula

12.1 Theorem. Let G be a Lie group with Lie algebra g. For z near 1 € C set

m=0
Then for v,w near 0 € g:

exp(v) - exp(w) = exp C'(v,w),

where

1
C(v,w) =w+ f B(etad(v) -ead(w)) ~oudt
0

—v+w+ Z - 1)T/

= k z> k'l'
k+l>1

ad(v)kad(w) )r vdt

1 1
9.2:(ii) vrws 2[” w] + E([ [v,w]] = [w, [w,v]]) +...

Proof. Set C(v,w) = exp *(exp(v)exp(w)), which is well-defined for v,w in a
suitable neighborhood of 0 € g and set C(t) := C(tv,w) (for ¢t € [0,1]). Then

d r
TexpC(t)Rexp( C(t)) d eXpC(t) : d (eXpOC)(t)'l

——
Ty (expC(.)) 1 (12,1

=, 0 exp(C(B)C() =

£ G emyen

= a(ad(C(t)))-C(t).
Since exp C(t) = exp(tv) expw, we have

exp(=C(t)) = (expC(#)) ™" = exp(-w) exp(~tv),
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SO
d
Texp oy Rexp(-c ) 7, exp C(1)
d
= dexpC(t) (Rexp(—w) exp(—tv) ) % (Rexpw © exp(tv))

d
= exp(tv)Rexp(—tv) Texp C(t)Rexp(—w) © Texp(tv)Rexp('w) O% exp(tv)

=id

Here,
d d v v
—exp(tv) = —FI" (e) = R*(FL" (e)) = R*(exp(tv)),
dt dt

SO

d Y
Texp C(t)Rexp(—C(t)) % eXpC(t) = Texp(t’u)Rexp(—tv) oR (eXp(tU))

= ((Rexp(tv))*Rv)(e) = Rv(e) =v

since R’ is right-invariant. Combining (12.1) with (12.2) we obtain v = a(ad(C(t)))-
C(t). Next,

(12.2)

(e ) 0.510) Ad(expC(t)) = Ad(exp(tv) exp(w)) o Ad(exp(tv))Ad(exp(w))

_ pad(tv) | gad(w)
Hence for v, w small we get
ad(C(1)) = log(e*) . 4),
where log(z) is defined by the power series > _; #(z —-1)™. Tt follows that

v = a(ad(C(1)))C(t) = a(log(e*d) . 24 )) (1),

For z near 1 we have 3(2) := lof_(lz) =¥ (;3:1 (z-1)™, so

e°sz —1 logz _z-1

1= 1= a(logz) = B(2)"".

a(log(2)) - B(2) =

logz 2z-1 z-

Therefore, v = 5(ead(t”) -ead(w))flé(t), so C(t) = B(ead(“’) -ead(“’))v and C(0) =
C(0,w) = w. Thus, finally,

C(v,w) = C(1) :C(O)+folC(t)dt:w+f016(etad(”) L))y g

= (=)™ /1 tF k n"

= —ad d dt

YU 2T Jo (kéok!l!a () ad(w)') v
k+1>1

9.2(i1) v+ w+ %[U,w] + é([“ [v,w]] = [w, [w,v]]) + ...

12.2 Remark. This result has far-reaching consequences:

(i) On a neighborhood of e, the product in G is completely determined by the Lie
bracket in g.

(ii) Let U, U be neighborhoods of 0 € g resp. of e such that exp : U — U is a
diffeomorphism and pick a neighborhood V' ¢ U of e such that V-V € U. Then the
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product p on V x V is given in terms of the chart (U,exp~') by the map (v,w) =
C(v,w), hence is real-analytic: exp ! ouo (expxexp) = C. Setting V := exp™1 (V)
we have

GxGa2VxV-LsUcq

exp_1 X exp_1 l lexp_1

gxg2VxV—Ss0cyg
By left translation we can then construct a real analytic atlas for G: Let g € G.
Then ¢, := exp t oL, : Ly(V) - V ¢ g is a chart around g. Now pick an open
neighborhood W of e with W - W™ ¢ V. Then (¢,, Ly(W))ge is an atlas for
G that is real-analytic: Let Ly(W) n L,(W) # @. Then there exist wq,ws € W
with gw; = hws, so g~ h = wyw;' € V and thereby ¢g~'h = exp() for some @ € V.
Therefore, ¢, 0 @' : pn(Ly(W) N Ly (W)) - g, with

pg © @Zl =exp ! olLg-10Lpoexp= exp ! oLg-1) 0exp
—exp~lop(g ™ h, .) o exp = expl oo (expxexp) (3, ) = C(5, .),

which is C*. Note that all the constructions in this lecture course so far would have
worked only assuming the Lie group to be a C?>-manifold. Hence any C? Lie group
is automatically real analytic.

13 Submanifolds

To develop a suitable notion of Lie subgroups we require certain fundamental facts
about (immersive) submanifolds, which we collect in this and the following section.
We will build on [5, Sec. 3.3] for results that won’t be proved here.

13.1 Definition. Let M, N be manifolds and let f € C*(M,N). [ is called an
immersion (resp. a submersion) if for all p € M the tangent map T,f is injective
(resp. surjective).

13.2 Remark. (i) By the rank theorem ([5, 3.3.3]) immersions are locally of
the form (x1,...,2m) = (z1,...,%m,0,...,0), and submersions are of the form
(1, yxm) > (21,...,2,) (Where m =dim M >n = dim N).

(ii) Let f: M — N be continuous and g: N - R an immersion. If go f is C*, then
so is f ([5, 3.3.8]).

(iii) Let f : M — N be a surjective submersion and let g : N - R be any map. If
go fis C*, then so is g ([5, 3.3.9]).

13.3 Definition. Let M, N be manifolds with N ¢ M and let j : N - M be the
inclusion map. N is called immersive submanifold of M if j is an immersion.
N is called submanifold (or regular submanifold) if in addition N is a topological
subspace of M, i.e., if the natural manifold topology of N is the trace topology of
the natural manifold topology on M.

Note that in this terminology, the prize for dropping the adjective ‘regular’ in ‘reg-
ular submanifold’ (which saves a lot of repetitions) is that there are immersive
submanifolds that are not submanifolds in this sense.

13.4 Theorem. Let N" be an immersive submanifold of M™. TFAE:

(i) N is a submanifold of M.
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(i) Around any p € N there exists an adapted coordinate system, i.e., for any
p e N there ezists a chart (o, U) around p in M such that p(p) =0, o(UnN) =
e(U)n (R" x{0}) cR™ and ¢|uan is a chart of N around p.

Proof. See [5, 3.3.12]. ]

13.5 Remark. (i) If N is a submanifold of M, f: P - M is smooth, and f(P) € N,
then also f: P - N is smooth ([5, 3.3.14]).

(ii) If N is a subset of a manifold M, then N can be turned into a submanifold of
M in at most one way ([5, 3.3.15]).

13.6 Lemma. Let P be an immersive submanifold of M, N a submanifold of M
and P N. Then P is an immersive submanifold of N.

Proof. We have the following inclusions:

M
’ IjN
Jp

We need to show that jp is an immersion. We have j = jyojp, and j is an immersion
by assumption. Hence Remark 13.5 (i) shows that jp is smooth. Moreover, for any
pep,

Tp] = ijN Oijp,

—_ ——

injg. mnjg.
so Tp,jp is injective, giving the claim. O
13.7 Definition. Let M, N be manifolds. A mapi: N — M is called an embedding

if i is an injective immersion and a homeomorphism from N onto (i(N), Tarli(ny)
(i.e., i(N) equipped with the trace topology from M ).

Locally, any immersion is an embedding: Let f: N — M be an immersion. Then
each p € N has a neighborhood U such that f : U - M is an embedding ([5,
3.3.21]). In this sense, the difference between immersions and embeddings is a
global property, not a local one.

13.8 Theorem. Let M™ and N"™ be manifolds and f : N - M smooth with
tk(f) = k on N. Let g € f(N). Then f~(q) is a closed submanifold of N of
dimension n — k.

Proof. See [5, 3.3.22]. ]
13.9 Corollary. Let f: N™ - M™ be smooth, with m < n. If rk,(f) = m for
all p € f71(q) (where q € f(N)), then L = f71(q) is a closed submanifold of N of

dimension n —m. Moreover, for allpe L, T,L = ker T, f.

Proof. See [5, 3.3.23, 3.3.24]. ]

14 Topological properties of submanifolds

14.1 Proposition. Let M’ be an immersive submanifold of a manifold M with
dim M" =dim M. Then M’ is an open submanifold of M.
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Proof. Let pe M' and j: M’ - M. Since dimM' = dim M, T,j : T,M" - T,M
is bijective. Thus there is an open neighborhood U of p in M’ such that U = j(U)
is open in M, showing that M’ is open in M. Therefore, we can turn M’ into
an open submanifold M of M (by restriction of the charts of M to M’). Then
id=j: M’ - M is smooth by Remark 13.5 (i). Furthermore,

Tyid = T,j : T,M' - T,M = T,M

is bijective. Consequently, id is a local and thereby a global diffeomorphism, so
M' =M. o

14.2 Proposition. Let M’ be a submanifold of M with dim M’ < dim M. Then
M’ is not dense in M.

Proof. Let n=dimM, [ =dim M’. Given any p € M’', using Remark 13.2 (i) pick
charts (¢,U), (1, V) around p in M resp. M’ such that V ¢ U and pojoyp™t =2
(x,0) on ¥(V). Since M’ is a submanifold there exists an open set W in M with
V =M nW. Then ¢ = ¢|yaw is a chart around p in M and ¢;(V) ¢ R! x {0}.
Thus 7! (R! x R"" < {0}) is open in W (and thereby in M) and disjoint from V.
Since V' = M’ nW, this open set is also disjoint from M’, so M’ cannot be dense in
M. O

Recall from Remark 1.2 that manifolds are always supposed to be equipped with
their natural topology (which is induced by their charts). In particular this holds
for immersive submanifolds, whose natural topology is not necessarily equal to the
trace topology of the surrounding manifold.

14.3 Example. We equip R? with a new C®-structure: For a € R let ¢, : R x
{a} = R, (z,a) » z. Then (R x {a},vq)acr forms a C*-atlas, because the chart
domains do not intersect for different values of a. Call the resulting manifold R’.
R’ is a one-dimensional immersive submanifold of R?: For (z,a) € R’, the map
idg2 0 j o ! = v+ (7,a) has rank 1.

Note that R’ is not a submanifold of R? because R x {a} is open in R’ (being a
chart domain), but not open in the trace topology of R? on R’ (which just is the
standard Euclidean topology). Since R’ is the disjoint union of the open subsets
R x {a} (a € R), R’ is not connected as a manifold, although it is connected as a
subset of R2.

Nevertheless, we have:

14.4 Lemma. Let M’ be a connected immersive submanifold of M. Then M' is a
connected subset of M.

Proof. j: M’ = M is smooth, hence continuous. Thus j(M') = M’ is a connected
subset of M. O

14.5 Proposition. If M is Hausdorff, then so is any immersive submanifold M’
of M.

Proof. Let p # g be points in M’ and choose disjoint open neighborhoods U of p
and V of ¢in M. Then ;-3 (U)=UnM’, j71(V) =V n M’ are disjoint, as well as
open because j is continuous. O

14.6 Remark. If M is second countable, then so is any submanifold because it
carries the trace topology. For immersive submanifolds, however, this need not hold
in general. Indeed, the manifold R’ from Example 14.3 is the disjoint union of the
uncountably many open sets R x {a} (a € R), hence is not second countable.
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Nevertheless, we have:

14.7 Proposition. Let M be a second countable manifold and M' a connected
immersive submanifold of M. Then M’ is itself second countable.

Proof. See Appendix A. O

15 Quotient manifolds

For our analysis of Lie group actions on manifolds later on we need some general
results on quotients of manifolds, which in turn rely on a closer study of submersions.

15.1 Definition. Let f: M — M’ be a smooth map. A local section of f around
pe M is a smooth map g: M' 2V — M (V open) with pe g(V') and fog=idy.

15.2 Proposition. Let f: M — M’ be a smooth map. TFAE:

(i) [ is a submersion.

(i) For each p e M there exists a local section of f around p.

Proof. (i)=(ii): By Remark 13.2 (i) there exist charts (¢,U) around p in M and
(¢, W) around f(p) in M’ such that ¢po fop ! = (2,y) = 2 = pr;. Without loss
of generality let U ¢ f~1(W), so that 1o fop™:p(U) - R! (I =dim M’). Thus
foye™ =y oprylpwy.

Let ¢(p) = (x0,10) and h:R! - R™ := v (z,90). Then

fog ™ ohot =9 opry 0 hotlhoy)1 () = idl(hoy) 1 (o(11))-
—

=id

Set g := o tohot. Then g is smooth, and defined on the open set V := (ho
) H(p(U)). Also, fog =idy and p € g(V): Indeed, let v := f(p). Then v eV
because hoyp(v) = hoto f(p) = h(v o f o™ (o(p))) = h(pri(zo,y0)) = (0, Y0) =
¢(p) € p(U). Finally, g(v) =™ ohodpo f(p) = ¢~ (20,y0) =, s0 p e g(V).

(ii)=(i): Let p € M, let g be a local section of f around p and let v € V' be such that
g(v) =p. Then fog=1idy, so T,f oT,g = idp, p+, implying that T}, f is surjective. O

15.3 Corollary. Any submersion is an open mapping.

Proof. Let f: M — M’ be a submersion and let U ¢ M be open. Let m’ € f(U) and
m € U such that f(m) =m’. By Proposition 15.2 there exists a local section g: V —
M of f around m and some v € V with g(v) =m. Then v = (fog)(v)=f(m)=m'.
Hence g(m') = m, so g~*(U) is an open neighborhood of m’ and ¢~ '(U) ¢ f(U)
(peg ' (U)=g(p) eU=p=fog(p) e f(U)). Consequently, f(U) is open. u]

15.4 Definition. Let f : M — M’'. The fibers of f are the sets f~1(m') for
m' e f(M).

15.5 Proposition.
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(i) Let f: M™ — N™ be a submersion. If m =n then any fiber of f is discrete.
If m >n then any fiber of f is a submanifold of M of dimension m —n.

(i1) Let f: M™ — N™ be smooth and let m > n. If tk,(f) = n for each p in a
fiber S of f, then S is a submanifold of M of dimension m—-n. Ifpe S, then
T,S =ker(T,f).

Proof. (i) If m = n then f is a local difftomorphism. Thus any p € M has
a neighborhood that does not contain any other points of the fiber f~(f(p)).
Consequently, the fiber is discrete. If m > n, the claim follows from Corollary 13.9.

(ii) This also follows from Corollary 13.9. O

15.6 Definition. Let M be a manifold and let p be an equivalence relation on M.
Denote by M' := M /p the quotient space and by w: M — M /p the quotient map. If
M’ is endowed with a differentiable structure such that m: M — M’ is a submersion,
then M’ is called a quotient manifold of M.

15.7 Example. (i) Let M := R"*!' <\ {0} and define (z,y) € p if = ay for some
a e R\{0}. Then M/p =P"(R) is called projective space and is a quotient manifold
of R™1 \ {0}.

(i) Let f: M — M’ be a surjective submersion and define my ~, mg < f(my) =
f(ms). Let

F:M/p— M
m(m) > f(m).

Then F is well-defined and bijective and we define a manifold structure on M /p by
declaring F' to be a diffeomorphism. Then 7 : M — M/p is a submersion because
Fom=fisone, and so M/p is a quotient manifold of M.

15.8 Remark. If M’ := M/p admits a C*°-structure as a quotient manifold of M
then this structure is unique. Indeed, let M| be another such structure and let
i: M’ — M] be the identity map. Also, let m,7; be the corresponding quotient

maps.
M
7 N

4

M — M

Then 71 =4 o7, so i is smooth by Remark 13.2 (iii). Analogously, i~! is C*, so i is
a diffeomorphism, i.e., M’ = Mj.

15.9 Proposition. The natural manifold topology of a quotient manifold is the
quotient topology.

Proof. The quotient map m: M — M’ is C*, hence continuous and by Corollary
15.3 also open. Let 7 be the manifold topology on M’ and 7 the quotient topology.

M' Q) —— ,T)

T/

Since 7 = id o 7 is continuous, id is continuous by the universal property of 7¢, so
7o > 7. Conversely, let U € 7g, then 77! (U) is open in M, and since 7 is open
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U=n(r"1(U)) e, so also T > 7q. m

Quotient manifolds of 75 manifolds need not be 75 themselves in general. The
situation is better concerning second countability:

15.10 Proposition. If M is second countable, then so is any quotient manifold
M'" of M.

Proof. Let {B,, | n €N} be a basis for the topology of M and let U ¢ M’ be open.
Then 771 (U) = Ugey Bn, for certain B, , so

U= 7T(7T_1(U)) = ijJ\Iﬂ—(Bnk),

which, since 7 is open, demonstrates that {w(B,,) | n € N} is a basis for the topology
of M'. o

15.11 Remark. Let M/p be a quotient manifold of M and 7 : M — M/p the
quotient map. Then the fibers of 7w are precisely the equivalence classes of points
in M: [p]=n"'(n(p)) (peM).

15.12 Definition. Let p be an equivalence relation on a manifold M and let f :
M — N. Then f is called an invariant of p if mi ~, ma = f(m1) = f(ma).
Therefore f induces a unique map f on M/p such that f = fom. fis called the
projection of f.

15.13 Proposition. Let M':= M/p be a quotient manifold of M. If f: M — N is
a smooth invariant, then also the corresponding projection f: M' — N is smooth.

Proof. We have f = for and 7 is a submersion, so the claim follows from Remark
13.2 (iii). O

16 Transformation groups

16.1 Definition. A transformation of a manifold M is a diffeomorphism M — M.
A group G acts on M as a transformation group (on the left) if there exists a map
b :G x M — M satisfying:

(i) Vge G: ®y:=m — ®(g,m) is a transformation of M.
(ii) Vg, heG: Byody =Dy

In particular, ®. =idy.2 G acts effectively on M if ®4(m) =m for all m implies
g=e. It acts freely on M if ®,(m) =m for some g and some m implies g = e.

16.2 Example. (i) G = SO(n,R) acts effectively on R” via ®(T,z) = Tz (rotations
around 0). Since 0 is a fixed point, the action is not free.

(ii) GL(n,R) acts on S(n,R) (the set of all symmetric matrices) via ® : (T, A)
TAT!. This action is not effective because ®; = _; = idg(n,r)-

Let G be a transformation group on M and K := {k € G| ®f = idps}. Then clearly
K is a subgroup of G. Let g€ G and k € K. Then

(I)gkg—l = (I)g o (I)k o (I)g—l = (I)g o (I)g—l = id]\/[7

2Let me M and m’ := ®_1(m). Then ®¢(m) = Pe(Pe(m’)) = Pee(m’) = & (m') = m.
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so gkg~! € K, i.e., K is a normal subgroup of G.
The quotient group G/K acts naturally on M via

®:G/KxM—>M
(9K, m) = @(g,m).

This is well-defined because ®(gk,m) = @4(Pr(m)) = D,(m) = D(g,m).
16.3 Proposition. The quotient group G|K acts effectively on M.

Proof. Let ®,x(m) = ®(g,m) = m for all m € M. Then ®, = idy/, so g € K and
thereby gK =eK. O

So far we have only considered left actions. In this case one often simply writes gm
for ®(g,m). Then Definition 16.1 (ii) reads g(hm) = (gh)m for all m, g, h.

Analogously, we say that G acts as a transformation group on the right if there
exists a map ®: M x G — M such that the maps ®4: m — ®(m, g) satisfy

(i) Vg,heG: g0, = Dy
Often we simply write mg for ®,(m). Then (ii’) reads:

(mh)g =m(hg)

Now let G be a transformation group acting on M from the left. We call two
points my, mo equivalent if there exists some g € G with mo = gm,. This defines
an equivalence relation on M and we write G\M for the resulting quotient. We
want to find out when G\M can be equipped with a quotient manifold structure.
In general, this need not be the case:

16.4 Example. Let G = (R~ {0},-) and @ : G x R"! = R"*! &(a,z) :=a-x. The
equivalence classes of this action, i.e., the elements of G\R™*! then are straight lines
through 0 minus the point 0, and the point 0 itself. The former are not discrete,
so by Proposition 15.5 (i), if G\M were a quotient manifold of M, then dim(G\M)
would have to be strictly smaller than n + 1. In this case any fiber of 7, hence by
Remark 15.11 any equivalence class would be a manifold of dimension > 1. This
leads to a contradiction in the case of the class {0}.

In many important cases, G\M permits the structure of a quotient manifold. We
first consider the following special case: Let G\M be a quotient manifold of M with
dim(G\M) = dim M and such that G acts freely on M. Then the quotient map
m: M — G\M is a local diffeomorphism, hence any point m € M has a neighborhood
U such that 7|y is injective. From this it follows that UngU = @ for g # e: if uy = gus,
then 7(u1) = w(ug), o u; = ug, and thereby w; = guy, implying g = e because the
action is free.

16.5 Definition. A transformation group G that acts freely on M is called dis-
continuous if

Vm e M Ineighborhood U of m: Yg+e:UngU = @. (16.1)
This condition is also sufficient:
16.6 Proposition. Let G be a discontinuous transformation group on M. Then

G\M possesses a differentiable structure as a quotient manifold of M of the same
dimension as M.
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Proof. Let U be an open set as in (16.1) and assume in addition that U is so
small that there exists a chart ¢ of M with domain U. Then 7 is injective on U:
if uq,ug € U with w(uy) = m(uz), then there exists some g € G with gu; = us. Since
gUnU =@, g=e, so u; = us.
Set x := (mly)™t, x: V = 7(U) —» U. Then 1 := ¢ oy is bijective, ¥ : V — ©(U)
(¢ R™, open).

M2U

T |x (U)
”

G\M 27(U) =V

We are going to show that the family of all such (v, V') forms a C*-atlas for G\ M.

Clearly the V = n(U) form a cover of G\M. It remains to prove that for any two
such charts (¢1,V1), (2, V) with V4 n V5 # @, the transition function

Pootpi =paoxa0x7 07!

is a smooth map between open sets. We have xs o Xil x1(VinVa) = xa (Vi nVh).
Now let m; € x1 (V3 n V) and set my = x2(x7(m1)). Then

m(m2) = x5 (m2) = x7" (m1) = w(my),

so my ~ mgy under G. Since G acts freely, there is a unique g € G with mgy = gm;.
Consequently, U’ := U; n g~1U, is an open neighborhood of m; € M and we claim
that

U'Exl(Vlr‘an). (162)

Indeed, let m’ € U’, then m' € Uy = x1(V1), say m' = x1(v1). Then w(m') = v; and
due to m’ € g7'U, we have

vy =7m(m) en(g7 Uy) =mw(Uy) = Vo = vy € Vi 0 Vs,

so w(m') € V1 n Vs, and, finally, m’ € x1(V3 n V3). This shows that x; (Vi nV3) is
open in M.

Now let m’ € U’. Then by (16.2), w(m') € V1 n Vs, so in particular w(m') € V; =
7(Uy) = x7'(m') = 7(m’). Also, 7 : Uy » m(Us) = Va is bijective, so there is a
unique m” € Uy with w(m'’) = 7(m’). Thus m” = x2(x7'(m’)). On the other hand,
by the definition of U’ we have gm’ € Uy and w(gm’) = w(m') = w(m'"). Recalling
that |y, is injective, we conclude that gm’ = m”. Hence yo 0 x71(m’) = gm/, i.e.,
X2 © XIl|U’ = ®,4|ys and in particular it is smooth near my. Since m; was arbitrary,
X2°x7! is a smooth map between open sets and we obtain a smooth atlas for G\ M
of dimension n = dim(M).

Finally, let U be as above, (¢,U) a chart of M and ¢ = ¢ o x the corresponding
chart of G\M. Then the local representation of 7 with respect to these charts reads

poxomop ™ =idlyw).

Therefore, rk(7) = dim G\M, so 7 is a submersion. This means that G\M is indeed
a quotient manifold of M. |

A quotient manifold of a T5-manifold need not be T3 itself. To secure the Hausdorff
property, we need to add another condition on G:

my ¢ ma under G = 3 nbhds Uof m,U’of m': UngU' =@ VgeG. (16.3)
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16.7 Lemma. Let G be a transformation group on M that satisfies (16.1) and
(16.3). Then both M and G\M are Hausdorff.

Proof. Let m # m' be points in M. If 7(m) = w(m’), then m and m’ can be openly
separated as in (16.1). If, on the other hand, m ¢ m' (i.e., w(m) # w(m')) then
pick U, U’ as in (16.3). Setting g = e in (16.3) it follows that Un U’ = @, so M is
T5. Moreover, since 7 is a submersion, 7(U) and w(U") are open by Corollary 15.3.
Since UngU’' = @ for all g € G, m(U) n7(U’) = @, so these sets openly separate
m(m) and 7(m’). ]

If a transformation group G acts from the right on M, then in complete analogy we
obtain an equivalence relation and we denote the resulting quotient space by M/G.
If G acts freely then as in Definition 16.5 we can define what it means for G to act
discontinuously on M. Also in this case, M /G is a quotient manifold of M of the
same dimension as M.

17 Distributions and the Frobenius theorem

In this section we always assume M to be Hausdorff.

17.1 Definition. A k-dimensional (geometric) distribution on an n-dimensional
manifold M is a map ) that assigns to any point m € M a k-dimensional subspace
Q(m) of T,nM and that is smooth in the following sense: For each m € M there
exists a neighborhood V- of m and X1,..., Xy € X(V) such that (X1(p),..., Xk(p))
is a basis of Q(p) for each p € V. Such vector fields X1,..., Xy are called a local
basis (or a local frame) of Q at m.

17.2 Examples. (i) The only n-dimensional distribution on M is m ~ T,, M.

(if) If X € X(M) is such that X (m) # 0 for each m € M, then Q: m ~ span(X(m))
is a 1-dimensional distribution.

17.3 Definition. A chart ¢ = (2,...,2™) of M is called flat for a distribution
on M if the vector fields % (i=1,...,k) form a local basis for Q.

Before we continue we need to collect some preparations concerning Lie derivatives
of and flows of vector fields.

17.4 Definition. Let X € X(M) and f € C*°(M). The Lie derivative of [ in
direction X is

Ly fp) = | PR ) = 2] [P 1),
17.5 Lemma. Lx(f) = X(f).
Proof.
L] ToFE (W) =Ty (4] FE () = T,/ (X(r) = X (D).
.

17.6 Definition. Let X,Y € X(M). The Lie derivative of Y along X is the vector
field

LxY(p) = 5] (FE)YY)0)  ((F)Y =TFN oY o FIY),
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17.7 Proposition. Let X, Y € X(M). Then
(i) LxY =[X,Y].
(i) L(FL*)Y = (FI* )" LyY.
Proof. See [5, 2.3.13]. O

From these preparations we can conclude that the Lie bracket of two vector fields
can be seen as an obstruction to the commuting of the corresponding flows. To be
precise, we say that the flows of two vector fields X,Y € X (M) commute if for any
p € M we have: whenever I and J are open intervals containing 0 such that one of
the expressions FI;* o F1! or FIY o FIX is defined for all (s,¢) € I x.J, then both are
defined and are equal. With this understanding, we have:

17.8 Corollary. Let X,Y e X(M). TFAE:
(i) LxY =[X,Y]=0.
(ii) (FL)*Y =Y, wherever the left hand side exists.
(iwi) The flows of X andY commute.

Proof. See [5, 2.3.18]. ]

Our next aim is to find a necessary and sufficient condition for the existence of flat
charts.

17.9 Definition. A local vector field X € X(U) (U € M open) is said to belong
to a distribution Q2 if X(m) € Q(m) for each m € U. We then write X € Q. The
distribution § is called involutive if VX, Y e Q: [X,Y] Q.

17.10 Example. Let X;,...,X; € X(M) be such that X;(m),...,Xr(m) are
linearly independent for each m € M. Then the X; form a basis for a distribution
Q which is involutive if and only if each [X;, X;] is a C*(M)-linear combination of
the X (4,5,1 € {1,...,k}).

The following result gives the desired local characterization:

17.11 Theorem. (Frobenius) Let M be an n-dimensional Hausdorff manifold and
Q a k-dimensional distribution on M. Then the following are equivalent:

(i) Q is involutive.

(i) Around any point in M there exists a chart that is flat for Q.

Proof. (ii)=(i): Let X € X(V1), Y e X(12), X,Y € Q and let m € V3 n V4. Also, let
(¢ = (zt,...,2"),U) be a flat chart for Q around m with U € Vi nVa. Then we can

write X|y = Zle X(xi)aii and Y|y = Zle Y(a:i)aii, SO

0
oxt’

k
(X, Yo = Z;(X(Y(wi)) ~Y(X(2)))
implying that [X,Y](p) € Q(p) for all pe U. Hence [X,Y] € Q.

(i)=(ii): Let m € M and let Xy,..., X}, € X(U) be a local basis of € on an open
neighborhood U of m. Without loss of generality let U be the domain of a chart
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¢ of M with ¢(m) =0, ¢ = (&',...,3"). Let 0; = 52; (1 <i<n), then there exist
smooth functions f; :U—>R (i=1,...,n,5=1,.. .,k:) such that X; = Y7, f;az
Since {X1(p),..., Xx(p)} is linearly independent for each p € U, the matrix (f;(m))”

has rank k, hence possesses k linearly independent rows. Renumbering if necessary
we may assume that these are the first k rows. Thus det(f; (m))k ij=1 # 0, and by

continuity we may shrink U such that indeed det( fl (p))k ij=1#0 for each pe U.

For p € U let (gj(p)) ij-1 be the matrix inverse to (fl(p)) By the formula

for matrix inversion, the functions g] are smooth on U. For i =1,...,k set Yj :=

i,j=1"

Zj 1gZX Since (g])” | is invertible, also (V1,...,Y%) is a basis of Q on U. For
1 <i<k we have

. k n
Yi=2glX;= Y Y glfioi=0i+ 3 hioy, (17.1)

where hl e C=(U) (i=1,...,k,l=k+1,...,n).
We claim that [¥;,Y;] =0 for all ,j € {1,...,k}. Indeed, since § is involutive and
Y; € Q for all 4, [V;,Y;] € Q for all 4,7, so there exist céj € C*°(U) such that

Yi, ] ch l

Zc”al Zdﬁjal (d; eC™(D)). (17.2)

17. 1) =1 I=k+1

On the other hand, by inserting for ¥;,Y; from (17.1) we obtain smooth functions
j such that

’L
n

[YHYJ] Z Tﬁjalv

l=k+1
implying that all cﬁj must vanish. Thus by (17.2) the Y; commute.

The vectors Ty, @(Y1(m)), ..., Tmp(Yi(m)) generate a k-dimensional subspace of
R™. We compose ¢ with a linear isomorphism (and keep denoting the resulting
chart by () such that this subspace is transformed into R¥ x {0} ¢ R". Now choose
open neighborhoods V of 0 in R¥ and W of 0 in R"* such that V x W ¢ ¢(U) and
such that

F(t', ... t" a) = lt1 o- OFIEQc 0@ 1(0,a)
is defined for (t1 )Y eV and a e W. Then since the Y; commute, by Corollary
17.8 we get F(t a) Yi(F(t,a)) fori= ,k. In addition, F(0,a) = (0, a),
S0

o L ) o .
57| F(0.0) = Tog™ () = (T ) ()
(¢7 the j-th unit vector, k +1 < j <n). By the above we have that
(Tm95(yl(m)), sy Tm@(yk(m)% 6k+17 s ’en)

is a basis of R", so (Y1(m),...,Ye(m), (Tm@) L), ..., (Tn@) 1 (e™)) is a basis
of T,,, M. This implies that F' is a diffeomorphism in a neighborhood of 0. Shrinking
V and W we may achieve that F(V xW):=U ¢ U is an open neighborhood of m
and ¢ := FY|y is a chart of M. By construction, for ¢ = (x!,...,2™) we have

0

20l D ple) = V(P (o)) = Yi(p)

ot

go(p)F(e ) =

for each p € U and each 4 = 1,...,k. This means that (p,U) is a flat chart for Q
around m. O
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17.12 Corollary. (Straightening out theorem) Let X € X(M), m € M and X (m)
+ 0. Then there exists a chart around m in which X = %

Proof. Since X is continuous there exists an open neighborhood U of m such that
X (p) # 0 for each p e U. Then Q : p = span(X (p)) is a one-dimensional distribution
on U that is (trivially) involutive. Without loss of generality we may assume that
there exists a chart ¢ with domain U. Now set Y7 := X in the proof of Theorem
17.11, (i)=(ii). Then F(t',a) = FLi o $~'(0,a) is a local diffeomorphism and for
@::F‘lwegeta%l:X. ml

17.13 Corollary. Let Q be a one-dimensional distribution on M. Then around
any point of M there exists a flat chart for §Q.

Proof. Apply Corollary 17.12 to a local basis of €. o

Let M’ be an immersive submanifold of M with inclusion j : M" - M. If m «
M’ then T,,j : T,,M' - T,,M is injective. T,,7(T;,M") is called the subspace
of T,,M tangential to M’'. A vector in T,,M is called tangential to M’ if it lies
in Tpj(TrnM’). A vector field X € X(M) is called tangential to M’ if X(m) is
tangential to M’ for each m € M’'.

17.14 Proposition. Let X € X(M) and let j : M' - M be an immersion. The
following are equivalent:

(i) X is tangential to M'.
it) There exists some X' € X(M') such that X' is j-related to X (X' ~; X ).
j

Proof. (i)=(ii): For all me M', T,,j : T,, M' — T,,,j(T,, M") is bijective. We may
therefore define X’ : M’ — TM' by X'(m) := (T},,5) (X (m)). Then X' is a section
of TM'" and T,,j o X'(m) = X(j(m)) for each m e M', i.e., X' ~; X. So it only
remains to show that X’ is smooth. To this end we apply Remark 13.2 (i) to pick
charts (¢ = («',...,2"),U) resp. (¢ = (y,...,4"),V) around m in M resp. M’
with V € U n M’ and such that ¢ ojoy™! =y (y,0), ie., y' =0 for 1 <i <.
Then
X'(y) = X'(a' 0 ) = Tjo X'(s') = X(2)  (1<i<l),

so X'(y") = X(2")|y = X(2%) o j|y, and since X (z°) € C(U) and j € C(V,U) it
follows that X’ (y*) e C* (V). Therefore, X’ is smooth.

(ii)=(i): For m € M’ we have X (m) = X o j(m) = T,,7(X'(m)) e T, j(T,,M'). 1O

17.15 Definition. Let Q be a k-dimensional distribution on M. An immersive
submanifold M' of M is called an integral manifold of Q if, for allme M', Q(m) =
Tnj (T M').

In particular, dim(M") = k and precisely the tangent vectors over M’ that are
tangential to M’ belong to Q. Let us first consider the one-dimensional case:

17.16 Proposition. Let ¢ : I - M (I an open interval) be an integral curve
of X € X(M) with ¢'(t) # 0 for each t € I. Then C :=c¢(I) can be endowed with a
natural manifold structure such that C is a one-dimensional immersive submanifold
of M. If X(m) # 0 for allm € M, then (by Example 17.2 (ii)) it spans a distribution
Q on M, and C is an integral manifold of §2.

Proof. Let j: C - M be the inclusion. Since ¢/(t) # 0 for all ¢t € I, ¢ is an
immersion. By the remark following Definition 13.7, any ¢ € I has a neighborhood
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U c I such that ¢: U -» M is an embedding (hence injective). We then define a
chart of C around c(t) by ¢ :=c'oj: c(U) - R. Let ¢, ps be two such charts with
c(Uy) ne(Ug) #+ @, then we have to show that ¢g o ! is a smooth map between
open subsets of R. Thus let  be an element of the domain of ¢z o ¢ ! and set
y =g ot (x). Then c(x) = c(y) =t m. Both curves t = c(z +t) and t — c(y + )
are integral curves of X that start at m, so they must agree for small values of [¢|.
Setting t := s -z, it follows that for s near x we have ¢ '(s) = c(s) =c(z +(s-2)) =
c(y+(s—x)) = @él(s+y—x), ie., pgopt =s— s+y—x near z. Hence pgo .t is
defined on a neighborhood of  and is smooth. So indeed we obtain a C*-atlas for

C.

Now let m € C and let (¢,c(U)) be a chart of C' around m. Then coy =j on ¢(U),
hence j: C — M is smooth. Moreover, for m = ¢(t) we have

(0 0 0 ,
T (%‘m) = TtCOTm‘p(%‘m) = th(&) =c(t) = X(c(t)) = X(m).
Since X (m) # 0, j is an immersion, and our claim follows. ]

17.17 Remark. Our next aim is to show that any involutive distribution possesses
integral manifolds. To this end we define a new C*-structure on M that turns M
into a k-dimensional manifold, where k = dim ). Suppose first that k <n = dim M.
For p € M, by Theorem 17.11 there exists a flat chart ¢ : U - R¥ x R"* around
p. Let a = pry(p(p)) and U, = ¢ (R* x {a}). Then u = pr; o p|y, : U, - R* is
injective and because ¢(U,) = @(U) n (R¥ x {a}) it follows that u(U,) is open in
R*. Thus (u,U,) is a k-dimensional chart of the set M and it remains to verify
that the chart transition functions are smooth.

So let (v,V,) be another such chart, defined via a flat chart (v = (y',...,y"),V)
around g € M with b = pry(1(q)) and let U, NV}, # @. Picking any m € U, NV,
we have to show that u ov™! is defined on an open neighborhood of v(m) and is
smooth there.

Both 331- and a?,i (1<i<k) are bases of Q on UnV. Consequently,

or? 9 (a 8)

Oz’ Oxk

implying that gzi =0fori=1,...k,j=k+1,...,n. Let xy :=pot~!. Then

oix =0  i=1,...k j=k+1,...,n. (17.3)

Let C; € R, Cy ¢ R™* be connected open neighborhoods of v(m) and b, respec-
tively, such that C; x Cy is contained in the domain of y, see the following figure.?

3T am greatly indebted to Sarah Iréne Ampe for supplying me with this picture.
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\Pﬁ pﬁ‘
o

u(m) RF ‘v(m) RF

We then have:

(i) pry(¥(m)) = v(m) and pry(eo(m)) = b (since m € V;). Therefore (m)
(v(m),b) and we conclude that, for each z € C1,

pry o x(2,b) (15 P20 x(v(m),b) = pryo oy~ (v(m),b) = pry(p(m)) = a.

(ii) Cy € domain(uov™) = v(U, n'V3).

Proof. Let z € C;. Then v(¢"(z,b)) = pry o (v (2,b)) = 2. Hence v1(z)
¥ (z,b) € V4, because pry o (1 1(2,b)) = b. Moreover, 171 (z,b) € U, since

pry 0 p(7 (2.8)) =1y 0 X(2.b) = a,

implying that ™1 (z,b) € U, n V4, so z € v(Uy N V3). O
(iii) wo v, =pry o x(.,b), hence is C*.
Proof. Let z € C;. Then by (ii) it follows that z € v(V}), so v™1(z) =71 (z,b). Thus

wov™(2) = pryopety(2,b) = pry o x(z,b).

]

Altogether, we have shown that u o v™! is smooth on its open domain of defini-

tion. Thus we obtain a k-dimensional atlas. We denote the resulting k-dimensional
manifold (with the same underlying set M) by M (£2).

Finally, if k =n we set M () := M.

17.18 Example. Let Q be the distribution on R? that is generated by 621. Then
the global chart id is flat for Q. The corresponding chart for R?(£2) around a point

(a,b) is then given by u = pry |rx(p) (cf. Example 14.3).
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17.19 Proposition. Let Q be an involutive distribution on M. Then M () is an
integral manifold of €.

Proof. For k = dim M = n this holds by definition, so let & < n. By Theorem 17.11,
for any m € M we can pick a flat chart ¢ = (x!,...,2") for Q around m. Let (u,U,)
be the corresponding chart around m in M () (according to Remark 17.17), where
a =pry(p(m)). If j: M(Q) — M is the identity map, then since u = pry o |y, , on

U, we have:
i u? (1<i<k)
v oj_{ a™* (k+1<i<n). (17.4)

With respect to the charts ¢ and u, j therefore has the local representation ¢ o jo

u™t =z~ (r,a) and consequently is an immersion. Hence M () is an immersive

submanifold of M. Finally, for 1 < <k we have by ([5, (2.1.5)] and) (17.4):

0 2oO0(xfoyg) O 0
T - =) —= =— ,
](8’[” m) 82:21 ou’ mOxslm  O0x'lm
showing that M (2) is an integral manifold of Q. ]

17.20 Proposition. Let Q be an involutive distribution on M and let M' be a
subset of M. The following are equivalent:

(i) M’ is an integral manifold of .
(i) M' is an open submanifold of M ().

Proof. Assume first that k = n := dim M. Then (i) implies that M’ is an immersive
submanifold of M of the same dimension as M, so by Proposition 14.1 it is an
open submanifold of M = M(Q). Conversely, if (ii) holds and m € M, then with
j: M = M we have that T,,j : T, M’ - T, M = T,, M(Q) is an isomorphism, so
Tonj(TM") =T, M = Q(m).

Thus from now on we assume that k < n.

(i)=(ii): Since dim M’ = k = dim M(Q2), by Proposition 14.1 it suffices to show
that M’ is an immersive submanifold of M(Q), i.e., that for each m ¢ M’ we
have that j' : M’ < M(Q) is smooth and of rank k. So let m € M’ and let
(p=(x',...,2™),U) be a chart around m in M that is flat for Q (Theorem 17.11).
M’ is an immersive submanifold of M, so j : M' — M is smooth, hence in particular

continuous. Consequently, there exists a chart (w, W) of M’ around m with W =
j(W) €U and such that W is connected. By (i), for each p e W,

0 0 0
‘p)) =Q(p) = span(%L, e @‘p).

. 0
Tyj (span(— S Dk

ow!

Since Tpj( 52+ p) =y, 8(;;?) |p%’p it follows that
O(x®oj
%:O on Wiforl<i<k, k+1<s<n. (17.5)
w'L

Since W is connected, it follows that 2°oj is constant on W (k+1 < s <n). Choosing
a such that z° o j = a** on W, this gives j(W) ¢ Uy, where (u,U,) is a chart of
M(Q) as above. Thus

pry oo jlw = (pry o )|y, o jlw =uo j'lw. (17.6)
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This shows that woj’ is smooth on W, implying that j': M' - M () is C*° around
m. Finally, since dim(M") = k, we obtain

P Gl _ [0t ed)
ow' s=%z (17.5) ow' 5=

5 K2

;
s=1,....,k
%

1,...,
i=1,...k

- rk(@(uﬂ)
sk (17.6) ow*
ok

ERRRE}

1 -
1 -
so rk(j') = k.

(ii)=(i): In this case, j' is a diffeomorphism onto its image, so T,,7' (T, M') =
Tn(M(Q)) for each m € M’. Now for id : M(Q) - M, by Proposition 17.19 we
have T,,id(T}, (M (£2))) = Q(m).

M — M

| AT

M(Q)

Altogether, j =idoj': M’ — M is an immersion and T,,5(T;,M') = Q(m), i.e., M’
is an integral manifold of 2. O

17.21 Definition. A distribution Q on M is called integrable if each point m € M
is contained in an integral manifold of §2.

17.22 Theorem. Let Q be a distribution on M. The following are equivalent:

(i) Q is involutive.

(ii) € is integrable.

Proof. (i)=(ii): This is immediate from Proposition 17.19.

(il)=(i): Let X,Y € be local vector fields and let m lie in the domain of [X,Y].
Let M’ be an integral manifold of  through m. Then both X and Y are tangential
to M’ (near m). Hence by Proposition 17.14 there exist local vector fields X', Y’
on M’ that are j-related to X and Y, respectively. Then by Lemma 4.4,

[X°Y']~; (X, Y] = [X,Y](m) = Tnj([X', Y] (m)) € Q(m)
since M’ is an integral manifold of Q. Thus [X,Y] € Q, so Q is involutive. ]

17.23 Definition. Let Q be an integrable distribution on M. If m € M, we call
the connected component of m in M(Q) the leaf of Q through m.

Since M (2) is a manifold, the leaf L, through m is open in M (). The collection
of all leaves of (Q is a so-called foliation of M.

17.24 Remark. The leaf L,, through m is the maximal connected integral man-
ifold containing m. Indeed, since L,, is open in M(Q), it is an integral manifold
of Q by Proposition 17.20. If L' 2 L,, is another connected integral manifold of
Q, then again by Proposition 17.20 L’ is also an open submanifold of M (Q) and
therefore carries the trace topology of M(2). Consequently, L,, = L'.

17.25 Examples. (i) Let X be a nowhere vanishing vector field on M and let Q
be the distribution generated by X. If ¢ : I — M is a maximal integral curve of
X then by Proposition 17.16, C' = ¢([I) is an integral manifold of 2. We now show
that these C are precisely the leaves of 2. Let L be a leaf of Q and let m € L. Let
C,n, be the image of the maximal integral curve of X through m. By the above
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and Proposition 17.20, Cy, is an open (and connected) submanifold of M () and
since L is the leaf through m, we have C,, ¢ L. It follows that C,, is open in L
and L = Uper, Cp. If m,m’ € L, then either Cy, = Cy,r or Cy,, n Cpyy = @. Since L is
connected we conclude that L = C,,.

(ii) Let dim(M) =n, dim(M') =n-k (0 <k <n) and f: M - M’ a submersion.
Then Q : m — kerT,,f is an integrable distribution: for any m € M, by Remark
13.2 (i) there exist charts ¢ = (y',...y" %) around f(m) in M’ and ¢ = (z!,...,2")
around m in M such that y** o f = 2° for k+ 1 < s <n. Hence Tpf(% p) =0 for
1<i<k, s0 {% 1<i< k} forms a basis for €2 near m, i.e., ¢ is flat for .

By Proposition 15.5 the fiber F, := f~1(f(m)) is a k-dimensional submanifold of
M. With j: F,,, > M the inclusion, Proposition 15.5 (ii) shows that

Tni (T F) =ker T, f = Q(m),

so any fiber of f is an integral manifold of €2, hence by Proposition 17.20 is open in
M(Q). Any two fibers are either disjoint or they coincide (p € F,, n Fyy = f(p) =
f(m) = f(m') = F,, = F,/), so the fibers form a disjoint open cover of M (§2). Since
the leaves are connected open subsets of M (), any leaf must lie entirely within
some fiber of f.

If f: M — M is smooth and f(M;) ¢ M', where M’ is a submanifold of M,
then also f: M; — M’ is smooth (see Remark 13.5). However, if M’ is merely an
immersive submanifold of M then this need no longer be the case. Nevertheless we
have:

17.26 Proposition. Let f: My — M be smooth and f(My) € M’, where M’ is
an immersive submanifold of M. If M’ is an integral manifold of an integrable
distribution Q on M and if M' is second countable, then also the induced map

f: My — M’ is smooth.

Proof. We write f’ for the induced map f': My - M'. If dimQ = n, then M’ is
open in M by Proposition 17.20, so the claim follows from Remark 13.5. We may
therefore suppose that dim =k < n.

Let my € My and let (p = (x',...,2™),U) be a chart of M around m := f(m;) that
is flat for Q. Since f is continuous there exists a connected neighborhood W of m; in
M, such that f(W) cU. Let c e R"* and set U, := o~ (R¥x{c}). By Remark 17.17,
such sets form chart neighborhoods of M () and for ¢; # ¢3 we have U, nU,, = @.
By Proposition 17.20, M’ is open in M(f2), hence {M'nU. | c e R**} is a family
of disjoint open sets in M’. Since M’ is second countable, at most countably many
M’ nU, are non-empty, say {M'nU,, |i € N}. Since U = U egn-+ Ue we have

UnM'= |J UnM=U,nM.
ceRn—Fk ieN
Since f(W)cUn M’ and 2°|y, = ¢® for k+1 < s <n, it follows that 2o f(W) c R
is at most countable for these values of s. However, x° o f is continuous and W
is connected, so x® o f(W) is connected as well, and thereby can only consist of a
single point in R. Thus f(W) c U,, where a = pry(¢(m)), leading to

uioj'of’|W:xiof|W (i=1,...,k),

where, as in Remark 17.17, u := pry op|y, and j': M’' - M (). Since u is a chart of
M(R), uoj’is a chart of the open submanifold M’ of M (). Furthermore, x% o f
is smooth on W, so also u' o j’ o f’ is smooth near my, implying that f’ is smooth
near ms. ]
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In Example 17.25 we have seen that any submersion M — M’ generates a distri-
bution on M. For applications to Lie groups we need to find a characterization of
those distributions that come about in this way.

Let © be a k-dimensional integrable distribution on an n-dimensional manifold M
and let k < n. As in Remark 17.17 let (¢ = (2',...,2"),U) be a flat chart for Q
and set, for a € pry(p(U)), U, := ¢ *(R* x {a}). The set U, is called a slice (or
plaque) of ¢. Being a chart domain in M (), U, is an open submanifold of M (2),
hence by Proposition 17.20 an integral manifold of 2. Any connected component of
a slice is an open and connected submanifold of M (2), hence is entirely contained
in a leaf of Q. A leaf L of 2 may intersect U in one or several slices.

17.27 Definition. A flat chart (p,U) for Q is called regular if for every leaf L of
Q with LnU + & there exists a unique a € R™* with Un L =U,. A distribution

is called reqular if any point of M lies in the domain of a chart that is regular for
Q.

17.28 Proposition. Let f: M — M’ be a submersion, dimM =n, dim M’ =n-k,
0 <k <n. Then the k-dimensional distribution Q:m — kerT,, f is reqular.

Proof. By Example 17.25 (ii),  is a k-dimensional integrable distribution, so it
only remains to show that any m € M lies in the domain of a regular chart for €.
Let (¢ = (2!,...,2™),U) be a chart around m in M and (¢ = (v*,...,y"°%),V)
a chart around f(m) in M’ such that y* %o f = 2° for k+1 < s < n. We have
seen in Example 17.25 that (¢,U) is flat for Q and we now proceed to show that
it indeed can be chosen to be regular for Q. Without loss of generality let ¢(U)
be a cube in R™. Then any slice U, of (¢,U) is a connected open subset of M ()
(indeed a chart domain), so U, lies entirely within one leaf of 2 (recall the discussion
preceding Definition 17.27).(*)

We have f(U,) = fop }(RF x {a}) = ¢~!(a). Thus if a # b then U, and U, lie in
different fibers (namely f~!(¢"!(a)) and f71(x»"*(b))) of f. From Example 17.25
(ii) we know that any leaf lies within one fiber, so any leaf can at most contain one
slice. (#x)

Now let L be a leaf that intersects U and let m € LnU. Choose a such that m € U,,.
By (%), U, is contained in some leaf L', so m € L' n L, implying L’ = L, and thereby
U, € L. Due to U = Upegn-+ Up and (**) we finally obtain that UnL = Uy, so (¢,U)
is regular. O

We now want to show that, conversely, any regular distribution 2 generates a sub-
mersion whose fibers are precisely the leaves of €2 (hence are in particular connected).
To this end, let 2 be an integrable distribution and define a map w by

m +— leaf of € through m.

Then w : M — M’ := {L | Lisaleaf of Q}. The fibers of w then are the sets
w i (w(m)) = {p|leaf of p = leaf of m} = {p | p € w(m)}, which is precisely the leaf
of Q through m. In this situation we have:

17.29 Proposition. Let ) be a regular distribution. Then M’ can be endowed with
a C* -structure with respect to which w: M — M’ is a submersion. If k = dim,
then dim M’ =n — k.

Proof.? Let (¢ = (2!,...,2"),U) be a regular chart and let U’ := w(U). Since ¢
is regular, any leaf that intersects U does so in some U,. Hence the map ¢’ : U’ —

41t is recommended to look at the picture from Remark 17.17 when studying this proof
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R m/ — pry(¢(m)) (= a), where m is an arbitrary element of w™(m/) n U, is
well-defined. ¢’ is injective: Let ¢'(m]) = ¢’(mj), then pry(w(mq)) = pro(w(ms)),
with m; € w™(m})nU,, (i =1,2). Thus a; = ag, and so w(m})nU =U,, =
Ud, =w H(mb) nU. Hence w(m)) nw™t(m}) # @. As two leaves with non-empty
intersection conincide, this gives w™!(m}) = w™!(m}), and thereby m/ = m}. Also,
©"(U") = pry(p(U)) is open in R so (',U’) is a chart for M'.

We have to show that the corresponding chart transition functions are diffeomor-
phisms around any m' in the intersection of their domains. We do this first in the
following special case: Let (o,U) as above, let (¢ = (y',...,y™),V) be another
regular chart, and suppose that

UnVnL=#g, (17.7)

where L is the leaf w™(m’).5 Pick meUnV nL (som'=w(m)eU’ nV’') and set
p(m) =: (b, (m')) for a suitable b e R¥.

Let Cy, Cy be open in R* resp. R"* such that ¢(m) € C;xCy € (UnV). Let w € Cy
and set p = ¢~1(b,w). Then p € w (¢’ " (w)) (because 1’ (w (¥ (b,w))) = w), so
by definition of ¢’ we obtain

O (' (W) = pralp(p)) = pry o g o 7L (b w).

This implies that ¢’ 0’ is smooth on Cs, i.e., near Y'(m”). By symmetry, also
¥ o' ™! is smooth near ¢’ (m’).

In the general case, not assuming (17.7), let m’ € U' n V' and set L := w™!(m').
Then m' € U’ for some (p,U) if and only if Un L # @. Let

S :={(p,U) regular chart |UnL # &}.

We call (o,U), (¢,V) € S equivalent if ¢’ o ¢ is a local diffeomorphism near
'(m'). This defines an equivalence relation on S. If S’ is an equivalence class of
this relation, then let

v(S):=U{UNL|(p,U)eS}.

It follows that v(S’) # @ and it is an open subset of the integral manifold L of
Q. If v(S') nv(S") + @, then there exist charts (p,U) € S', (¢,V) € §” with
UnVnL#g@,ie., (17.7) is satisfied. By what we have shown in the special case
above, (¢, U) ~ (¢,V), so S" = 8" and therefore v(S") = v(S"). Consequently, the
v(S") form a disjoint open cover of L. But L is connected, so there can be only one
v(S") (and v(S") = L). This means there is only one equivalence class, i.e., any two
elements of S are equivalent. It follows that for any two charts ¢, from S whose
domains intersect the transition function ¢’ o w’_l is smooth near ¢'(m’), verifying
that we indeed obtain a C*-atlas.

Finally, w is a submersion: Let m € M and let (¢ = (z!,...,2™),U) be a regular
chart for  around m. Let ¢’ be the corresponding chart for M’. Then by definition
of ¢’ we have ¢’ ow =pry 0 @, so w is smooth and rk(w) =n — k. ]

17.30 Corollary. The leaves of a regular distribution are submanifolds of M .

Proof. By Proposition 17.29 and the remark preceding it, these leaves are precisely
the fibers of the submersion w. Hence the claim follows from Proposition 15.5 (i).
O

5Note that U' NV’ # & could also be true if UnV = @.
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17.31 Example. Let 2 be a k-dimensional integrable distribution on M and
suppose that k <n =dim M. If a leaf L of €2 is dense in M then there do not exist
any regular charts for Q: Let (¢ = (z!,...,2™),U) be flat for Q. Since L = M,
UnL#+@. Solet me LnU and let U, be the slice of ¢ through m. Because k <n
there exists some V ¢ U open with V nU, = @. Again by denseness of L we also
have Vn L # @. Thus (U\U,) N L # @, so that (p,U) is not regular.

To conclude this section we combine some of the above results into a general version
of the Frobenius theorem:

17.32 Theorem. (Frobenius) Let M be an n-dimensional T2-manifold and let Q
be a k-dimensional distribution on M. Then the following are equivalent:

(i) Q is involutive.
(i) Around any point of M there exists a chart that is flat for Q.
(iii) Q is integrable.

(iv) Any point m € M lies in the domain of a chart (¢ = (z,...,2")) centered
at m that is cubic (p(U) = (-¢,c)™ for some ¢ > 0) such that the slices U, =
0 H(R* x {a}) are integral manifolds of Q. If M’ is a connected integral
manifold of Q with M' c U then M’ lies entirely in one such slice.

Proof. (i)«<(ii): See Theorem 17.11.

(i)<>(iii): This is Theorem 17.22.

(iv)=-(iii) is clear.

(il)=(iv): Let (¢,U) be flat for Q, centered at m, and cubic (without loss of
generality). Then the U, are chart domains, hence open submanifolds of M () and
thereby integral manifolds of 2 by Proposition 17.20. Finally, let M’ be a connected
integral manifold of 2 with M’ c U. Then M’ is open in M () by Proposition 17.20
again and (due to U, nU, = @ for a # a'):

M=MnU= ) (M'nU,).

aeR"—k

The M' nU, thereby form an open (in M(2)) partition of M’', and since M’ is
connected there is a unique a € R"* with M'nU, # @. Thus M' = M'nU,, i.e.,
M cU,. O

18 Lie subgroups

18.1 Definition. A Lie group H that is a subgroup of the Lie group G and an
immersive submanifold of G is called a Lie subgroup of G.

18.2 Proposition. If H is a subgroup of G that is a submanifold of G, then H is
a Lie subgroup of G.

Proof. We need to show that H is a Lie group. Let j: H < G be the inclusion.
Then po (jxj): HxH - G is smooth and takes values in H. By Remark 13.5 (i)
therefore also pg = po (jxj): Hx H— H is smooth, giving the claim. m|

A Lie subgroup H is called connected if it has this property when endowed with its
natural manifold topology.
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18.3 Proposition. The connected component G, of e in G is a connected Lie
subgroup of G.

Proof. By Remark 2.2 GG, is a connected subgroup of GG that is open in G, hence
is an open submanifold of G. The result therefore follows from Proposition 18.2. O

18.4 Proposition. Any connected component of a Lie group G is an open sub-
manifold that is second countable. Any two such connected components are diffeo-
morphic.

Proof. By Remark 2.2, the connected components of G are precisely the sets
Ly(G.). Hence they are open submanifolds of G. Moreover, Ly : G = Ly(G.) is
smooth by Remark 13.5 (i), and analogously for L,-1 : Ly(G.) - G.. By Proposition
2.8, G and therefore also Ly(G.) is second countable. ]

The following result provides us with a rich source of examples for Lie subgroups:

18.5 Proposition. Let G be an N-dimensional Lie group and let M be a manifold
of dimension n < N. Let ¢ : G - M be smooth and of rank n at e and set H :=
¢ Y(¢(e)). Finally, suppose that ¢po Ly, = ¢, i.e., ¢(hg) = ¢(g) for all h € H and
all g € G. Then H can be equipped with the structure of a Lie subgroup of G of
dimension N —n.

Proof. First, H is a subgroup of G since for hy, he € H we have ¢(hihs) = ¢(ho) =
#(e) and ¢(e) = p(h1h') = ¢(h7'), showing that hihy and hy' are elements of H.
By Proposition 18.2 it suffices to show that H is a submanifold of G. According to
Proposition 15.5 (ii) this is the case if rky, (¢) = n for each h ¢ H. Now

rkp¢ =tke(dpo Lp) =1kep = n,
so the claim follows. O
18.6 Examples. (i) SL(n,R) is a Lie subgroup of GL(n,R) (n > 1): To see this,
let ¢: GL(n,R) - R. ¢(A) :=det(A). Then
51 (6(1)) = {A € GL(n, R) | det(A) = 1} = SL(n, R).
Using Proposition 18.5 we can now show that SL(n,R) is a Lie subgroup of GL(n,R)
of dimension n2-1. We have ¢poLp(A) = det(BA) = det(B) det(A) = det(A) = ¢(A)

for all A eGL(n,R) and all B € SL(n,R). Due to rk(det) =1 on GL(n,R) also the
rank condition is satisfied.

(ii) O(n,R) is a Lie subgroup of GL(n,R) of dimension 3n(n -1): To see this, let
S(n,R) be the space of symmetric n x n matrices (whose dimension is $n(n +1)).
S(n,R) is a submanifold of M(n,R) with global chart (a;;) = (asj)ic;. Now let
6: GL(n,R) > S(n,R)
A AA.

Then O(n,R) = ¢ 1(#(I)) and ¢ o Lg(A) = (BA)(BA) = A'B'BA = ¢(A) for all
B € O(n,R). To calculate the rank of ¢, note that

Tyo(4) = 2| 6(I+54) = L| (1+sA)(L+54) = A+ 4,
dslo dslo
so T1¢ : M(n,R) — T15(n,R) = S(n,R) is surjective. Hence rkT;¢ = dimS(n,R) =

%n(n + 1), and so by Proposition 18.5 O(n,R) is a Lie subgroup of dimension
n?*-in(n+1)=1in(n-1).
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Up to now, all our examples of Lie subgroups were in fact submanifolds. This,
however, need not necessarily be the case:

18.7 Example. T? = S* x S! is a Lie group by Example 1.3 (v). Here,
0 T2 x T2 - T2
((eia’eib)’ (eic’eid)) — (ei(a+c)’ei(b+d)).
Now let a € R\ Q and set ¢ : R - T?, ¢ = (e"**,e"). Then H := ¢(R) can be
turned into a manifold via the global chart (e’*,e") + ¢t and with this structure
c(R) becomes an immersive submanifold of T2. Then H is a subgroup of T? and
the product gy on it is smooth because in terms of the above global chart it is of

the form (r,s) + r +s. Consequently, H is a Lie subgroup of T?. However, since o
is irrational, H is dense in T?, so by Proposition 14.2 it is not a submanifold of T2.

19 Lie subgroups and Lie algebras

19.1 Definition. A distribution Q on a Lie group G is called left invariant if
Vg,heG: Q(gh)=Q(Lsh) =TyrLy(2N)).

Thus left invariant distributions are completely determined by their value at e. A
Lie subalgebra of a Lie algebra g is a vector subspace h of g such that for any v,w € b
also [v,w] € b.

19.2 Proposition. Let S be a vector subspace of TG. Then Q: g~ T.Ly(S) is a
left invariant distribution on G with Q(e) = S. Q is integrable if and only if S is a
Lie subalgebra of g =T.G.

Proof. We first note that Q is indeed a distribution: Let (v1,...,vx) be a basis of
S, then for each g € G, LV (g) = TeLy(v;) (i =1,...,k) is a basis of Q(g). Also, 2

is left invariant because
Q(gh) = TeLgh(S) = Tth o TeLh(S) = Tth(Q(h))

By Theorem 17.32, 2 is integrable if and only if it is involutive. Now if Q is
involutive, then for all 4,5 we have [LV, LY ] € @ and therefore

[13,07] = L33 () = [L7, L) (e) € () = S,

showing that S is a Lie subalgebra of g. Conversely, if S is a Lie subalgebra of g,
then for all i,j we have [L", L] = LIV%i1 € Q, so  is involutive. O

19.3 Proposition. Let H be a Lie subgroup of G and denote by j: H & G the
inclusion. Then T.j is a Lie algebra isomorphism from b onto a Lie subalgebra
of g. H is an integral manifold of the left invariant distribution € on G with

Q(e) =Tej(h).

Proof. j is an immersion, hence T.j : h — T.5(h) is a linear isomorphism. We need
to show that 7.j(h) is a Lie subalgebra of g. Let v € h, w:=T.j(v), and denote by
Ly, the left translation on H. Then

Lyoj=joLy. (19.1)
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Thus
TjoL’(h) =Tj(TeLn(v)) = To(j o Ln)(v) 5 Tellned)(@)
=T.Lyp(w) = L*(h) = L* o j(h),

meaning that LY ~; L. If also v; € h and wy = T,j(v1), then by Lemma 4.4 we
have [LY,L*" ] ~; [L",L""] and therefore

[w,wi] = [L*, L ](e) = Tj([L", L ](e)) = Tej([v, v1]) € Tej(h).-

By Proposition 19.2, S := T.j() defines an integrable and left invariant distribution
Q on G. For h € H we obtain

Q) = TeLn(Tej(9)) = T o TeLn(h) = T0j (Ti H),

so H is an integral manifold of (2. O

19.4 Example. By Example 18.6 (ii), O(n,R) is a Lie subgroup of GL(n,R) of
dimension $n(n - 1). Setting

¢:GL(n,R) > S(n,R)
A A'A,

O(n,R) = ¢~ (#(1)) is a fiber of the submersion ¢. By Proposition 15.5 (ii) it follows
that the Lie algebra of O(n,R) is given by o(n,R) := T;O(n,R) = ker(7¢) = {4 |
A+ A' =0}, i.e., by the space of skew symmetric matrices.

Proposition 19.3 shows that given a Lie subgroup H of G, the Lie algebra h of H
corresponds to a Lie subalgebra of g. It consists of the left invariant vector fields
that are tangential to H at e. For connected Lie subgroups also the converse is
true:

19.5 Theorem. If G is a Lie group and S + {0} is a Lie subalgebra of g, then
there exists a unique connected Lie subgroup H of G such that T.j: b — S is a Lie
algebra isomorphism (with j: H - G).

Proof. Let Q:= g~ T.Ly(S). By Proposition 19.2, ) is an integrable left invariant
distribution on G. Let H be the leaf of €2 that contains e.

For any g € G, Ly o j is an injective immersion. By declaring L, o j to be a diffeo-
morphism we may therefore induce on Ly o j(H) = gH a manifold structure such
that gH becomes an immersive submanifold of G: with j': gH <= G the inclusion
we have that j' o (Lgoj)=Lgoj: H — G is an immersion, so also j' is one.

Let us show that gH is an integral manifold of §). For gh € gH we have:

Tynj"(Ten(9H)) = Tonj' (Th(Lg 0 j)(ThH)) = Th(j" 0 Ly © j)(Th H)
= Tth(Thj(ThH)) = ThLQ(Q(h)) = Q(gh)

Since gH is diffeomorphic to H, it is connected in its natural manifold topology.
Also, gH is an integral manifold of 2, so by Proposition 17.20 it is an open subman-
ifold of G(€) and thereby carries the trace topology of G(€2), hence is connected in
G(Q). Tt also contains g, so gH ¢ K, where K is the leaf of  through g.

We show that in fact gH = K. Suppose, to the contrary, that gH were strictly con-
tained in K. Then we equip ¢~ 'K as above with a manifold structure diffeomorphic
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to K and also as above we conclude that g™' K is a connected integral manifold of
) containing e. By assumption, however, H ¢ g"' K, contradicting the fact that H
is a leaf of Q.

In particular, for g € H (and thereby H = K) we conclude that gH = H (hence also
g 'H = H). Thus for g,h € H we have gh € H and since e € H also g~' € H. This
shows that H is a subgroup of G whose left cosets are precisely the leaves of ).

Being a leaf of ), H is an immersive submanifold of G, and so it only remains
to show that H itself is a Lie group, i.e., that py : H x H — H is smooth. Now
joum = pgo(jxj). Since H is a connected immersive submanifold, H is connected
as a subset of G by Lemma 14.4, so H € G.. By Lemma 13.6, H is an immersive
submanifold of G.. Since G, is second countable by Proposition 2.8, so is H due to
Proposition 14.7.

Now pg o (j x j) is smooth and takes values in H, where H is an integral mani-
fold of an integrable distribution that in addition is second countable. Therefore
Proposition 17.26 establishes that pp is smooth, so H is indeed a Lie subgroup of
G.

Since H is an integral manifold of , T,j(h) = Tej(TeH) = Q(e) = S, so T.j is
a linear isomorphism of h onto S. Indeed, T.j is a Lie algebra isomorphism by
Proposition 19.3.

Finally, we show uniqueness: Let H be another connected Lie subgroup of G with
inclusion j : H - G such that T.j : 6 — S is a Lie algebra isomorphism. By
Proposition 19.3 then also H is a connected integral manifold of £ containing e.
Since H is the leaf of  through e, this gives H ¢ H. By Proposition 17.20, both H
and H are open submanifolds of G(£), hence both carry the trace topology of G(Q).
Consequently, H is an open neighborhood of e in H. But then by Proposition 2.5
H generates H, i.e., H = H. O

19.6 Remark. (i) In particular, for S = g we obtain H = G,.
(ii) Note that the proof of Theorem 19.5 makes use of most of the major results we
had derived previously.

The following result is proved in the theory of Lie algebras (cf., e.g., [7, Ch. V]):

19.7 Theorem. (Ado’s Theorem) Any finite dimensional Lie algebra is isomorphic
to a Lie subalgebra of the space of n x n matrices (with bracket the commutator of
matrices).

Theorems 19.5 and 19.7 together now imply:

19.8 Theorem. (Lie’s third fundamental Theorem) If g is a finite dimensional
(non-trivial) Lie algebra then there exists a Lie group G with Lie algebra g. G can
be chosen as a Lie subgroup of GL(n,R) (resp. GL(n,C)).

19.9 Proposition. Let H be a Lie subgroup of G and let j : H — G be the inclusion.
Setting 7' == T.j, we have:

.7
J
—_

b g
epol lexpc
H-1-a
Proof. This is immediate from Theorem 8.8 (i). ]

Hence if v € g is tangential to H (i.e., if v € T,j(h)) then the curve t + exp®(tv) is
contained in H. If H is second countable then also the converse is true:
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19.10 Proposition. Let H be a second countable Lie subgroup of G and let c: I —
G be a smooth curve with c¢(I) € H. Then c'(t) is tangential to H for each t €.

Proof. By Proposition 19.3 H is an integral manifold of an integrable distribution
on G. By Proposition 17.26 we have ¢ = j o ¢ with ¢: I - H smooth, so

(t) =T yj(@(t)) € Toryj(ToryH) Vtel.
O

In Remark 8.5 we used exp to construct specific charts for G (canonical coordinates
of first and second kind). For our study of Lie subgroups we need yet another type
of coordinates: Let S be a proper subspace of g = T.G and let (v1,...,v,) be a
basis of g such that (vy,...,vg) is a basis of S. Let

X:9—>G

no n ) ko

Yoytvimexp( Y yvi)-exp( Y ytvi).

i=1 i=k+1 i=1
Then Tox(v;) = %yox(tvi) = %|Oexp(tvi) = v;, so Tox = id and thereby y is a
diffeomorphism around 0, so that ¢ := x~! is a chart of G around e.
Suppose now in addition that S is a Lie subalgebra of g. By Proposition 19.2 S
defines a left invariant distribution Q on G. By Theorem 19.5 the leaf H of )
through e is a connected (hence second countable by Proposition 2.8) Lie subgroup
of G and all other leaves of () are precisely the cosets of H. In this situation we
have:

19.11 Lemma. The chart ¢ is flat for Q.

Proof. Let ¢ = (z',...,2"). Since dim( = k it suffices to show that % € Q) for
1<i<k. Setting V := span(vg41,...,v,) we have g=S @ V. Let U := dom(p) and
let g € U. Then there exists a unique (v,s) € V xS such that g = exp(v)-exp(s). For
1 <i <k we consider the coordinate line «; := t — exp(v) exp(s + tv;). Then 7/(0) =
LS it remains to show that 7/(0) € Q(g). Now c(t) = exp(s)~! - exp(s + tv;) is

é)
Oz’
a smooth curve in G and exp(s +tv;) = exp(s) - ¢(t). By Proposition 19.9 the curve
t — exp(s +tv;) (1 <4< k) lies entirely in H, hence the same is true for c. As H
is second countable, Proposition 19.10 implies that ¢'(¢) is tangential to H for all
t. Since H is an integral manifold of Q this means that ¢'(t) € Q(c(t)) for each t.
Now 7;(t) = g-¢(t) and  is left invariant, so we conclude that

7(0) = Te(0) Lg(€'(0)) € TeLg(Q(e)) = (). (19.2)

]

20 Closed connected Lie subgroups

Any subgroup H of a Lie group acts as a transformation group on the right on G
via

d:GxH->G
(g,h) = gh.

The quotient G/H then consists of the left cosets gH of H. In this section we
derive conditions under which G/H can be endowed with the structure of a quotient
manifold of G.
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20.1 Remark. (i) If H is open, then so is any gH. Thus any point in G/H is open
in the quotient topology (because m!(7w(g)) = gH), which is therefore discrete.
This means that G/H cannot be turned into a quotient manifold (cf. Proposition
15.9).

(ii) Let G/H be a quotient manifold of G and let m: G — G/H be the quotient map.
Then H = m71(7(e)) is closed, being the inverse image of a point (recall that any
manifold is T1).

(iii) It follows from (i) and (ii) that a necessary condition for the existence of a
quotient manifold structure on G/H is that H is closed but not open in G. We will
show that this condition is also sufficient if H is a Lie subgroup of G.

20.2 Lemma. Let V be a finite dimensional vector space and let (vi) be a sequence
in' V with vy #0 for all k and v, > 0 (k — oo). Then there exists a subsequence
(vi,) of (v), a sequence of numbers a; — 0, a; >0 and vectors w; that converge to
some w # 0 such that vy, = ayw; for all l € N.

Proof. Without loss of generality let V = R™. Write vy, = bysi, with s, € S771. As
the latter is compact, there exists a subsequence w; = s, - w € S™~ 1. Since v, = 0
we necessarily have a; := by, = 0. O

20.3 Lemma. Let H be a closed subgroup of a Lie group G. Let vy, € g, vy = v,
0%ameR, ay = 0. If exp(amvym) € H for all m, then exp(tv) € H for all t € R.

Proof. FixteR. Then for all m € N there exists some n,, € Z with [t—nm,am| < ap,.
Thus t = limn,,a.,. Consequently,

tv = 1im 1y G Uy, = exp(tv) = lim exp(n,, am vy ) = limexp(an v, )™ € H
because H is closed. ]

20.4 Corollary. Let H be a closed subgroup of G and let ¢ : I - G be a smooth
curve with ¢(I) € H and ¢(0) = e. Then with v := ¢'(0) we have exp(tv) € H for
eachtel.

Proof. For 0 < |s| < £ (e sufficiently small) let k(s) := %exp‘l(c(s)), ie., c(s) =

exp(sk(s)), k: (-e,e) » g. Let a,, € (—¢,¢), am 0, ay, — 0.
We claim that v, = k(a,) = ¢/(0). Indeed, let exp™ = ¢ = (;pl,...,a:") locally
around e (with respect to some basis in g). Then k(s) = ¥, k’(s)% with k;
smooth. Therefore (¢ o c)i(s) = zt(exp(sk(s))) = ski(s), so

e’

. i T (‘Poc)i(s) _ d i
ling ' (5) =l 252725 = ] (900)'(5).

Thus
lim v, =limk(a,,) = lim k(s) =T.p(c'(0)) = £'(0).

By assumption, exp(a,vm) = c(am) € H for each m, so the claim follows from
Lemma 20.3. O

20.5 Theorem. Let H be a closed, non-open, connected Lie subgroup of G. Then
G/H can be equipped with a C*-structure as a quotient manifold of G.

Proof. By Propositions 19.2 and 19.3, H is an integral manifold of the left invariant

distribution on G with Q(e) =T.j(h). Since H is connected, the proof of Theorem
19.5 shows that the leaves of Q are precisely the left cosets gH of H, so G/H is
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the set of all leaves of Q. If we can show that Q is regular, then the result will
follow from Proposition 17.29. To this end, let ¢ be the chart from Lemma 19.11
(since H is not open, k = dim{) < dim G =n). We are going to show that a suitable
restriction of ¢ is regular for .

Let S := Q(e) and pick V as in Lemma 19.11 (so g = S@ V). We first restrict ¢
such that its image is of the form y(S’ + V'), where y : ¥, v'v; = (y,...,y")
is the coordinate isomorphism and S’, V' are neighborhoods of 0 in S and V,
respectively. Denote this restriction by (¢’,U’). The slices of ¢’ then are of the form
U, = (expa) - (expS’), where a € V' is fixed. By the remark following Proposition
19.9, we have

Us=expS'c H. (20.1)
We now claim that by suitably shrinking V'’ we can achieve that
U'nH=exp(V")-exp(S")n H =Uj. (20.2)

Here, 2 is clear. For the other direction, suppose to the contrary that there exist
neighborhoods V), of 0 such that V,;, - {0} (m — o0) in V and for each m € N there
exists some vy, # 0, vy, € V! as well as some s,,, € S” such that (exp v, )-(exp ;) € H.
Since vy, € V,/, we have v,,, = 0. By Lemma 20.2 and 20.3 there exists some 0 # v € V
such that exp(tv) € H for each t € R (note that exp(v,,) € H because exp(s,,) € H
and exp(vy,) - exp(s;,) € H). Now H is a connected Lie group, hence is second
countable by Proposition 2.8. Then Proposition 19.10 shows that

d .
v= £|Oe><p(tv) €Tej(h) =S,

contradicting SNV = {0}, and thereby proving (20.2).

Now let (¢ = (z',...,2™),U) be a further restriction of ¢ such that y(S” + V") =
@(U), where S”, V"' are connected neighborhoods of 0 in S” and V', respectively
and such that U™!-U c U’.

We next claim that (@, U) is regular for  at e. Note first that by what we discussed
before Definition 17.27, any slice of ¢ lies in a leaf of §2, hence in a coset of H.
It therefore suffices to show that, conversely, any coset of H intersects U in at
most one slice. So let g = exp(v)exp(s) and g1 = exp(v1)exp(s1) be elements of
U that belong to the same coset gH of H (v,v; € V", 5,81 € S”). By (20.1),
exp(s),exp(s1) € H, so exp(v),exp(vy) € GH and therefore exp(v;) 'exp(v) € H.
Furthermore, exp(v) = exp(v) -exp(0) € U and also exp(v1) € U, so by (20.1) and
(20.2) we obtain
(expv1) ! (expv) e HNU =exp S'.

——————
eU-1 U

Thus expv = exp(v1)-exp(s’) for some s’ € S’. Now any point in U’ can uniquely be
written as exp(a)-exp(b) witha e V' and b e S', so v1 = v (and s’ = 0). Consequently,
g and g; lie in the same slice of ¢ (namely in exp(v) - exp(S”)).

Since the leaves of €2 are the left cosets of H, any L, maps leaves to leaves. If g € G,
then 9 := o Ly is a chart of G around g and this chart is regular for Q: First,
(¢ =:(z,...,2"),gU) is flat for Q at g: As @ = (z1,...,2") is flat for Q around e,

Q(g") = Span(% JRERE a% y for any ¢’ € U. Therefore, for any element gg’ of
gU we have
0 0
n o_ AN v =
Qgg') =T.Ly(Ag")) = bpan(TeLg(aac1 |g,), e ’TeLg(axk gl)).

Since

8 _ ~\—1 _ ~ -1 _ a

Telo( 5] ) = Telo o (Ty@) (€)= (Tog ($o Lo ) He) = 5]
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the claim follows.

Finally, dom(v¢) = Ly(U) = g-U and ¢ (gU) = ¢(U) = y(S" +V"). A slice of ¢
therefore is of the form ¥~!({a} x S”). Now if g; - H is any leaf of Q, then since
(p,U) is regular for Q at e, for a suitable a we get

gtHgU =g(g " g1 HnU) = Ly(3 " ({a} x S"))
=(@oLy1) " ({a} x8") =¢ ({a} x 5",

showing that (i, gU) is regular for Q at g. Consequently, €2 is regular. O

20.6 Corollary. Let H be a closed and connected Lie subgroup of G. Then H is a
submanifold of G.

Proof. This is clear if H is open. Otherwise, the proof of Theorem 20.5 shows
that H is a leaf of a regular distribution on G, so the claim follows from Corollary
17.30. O

21 Closed subgroups of a Lie group

Our aim in this section is to show that a subgroup H of a Lie group G that is a
closed subset of G is either discrete or can be endowed with a manifold structure
in such a way as to become a Lie subgroup of G.

We first assume that H is closed and connected and define a vector subspace S of
g which will turn out to be a Lie subalgebra. The corresponding Lie subgroup then
is precisely H.

21.1 Lemma. Let S:={veg|exp(tv) e H VteR}. Then S is a linear subspace
of g.

Proof. Let v,w € S and let ¢: R - G, ¢(t) := exp(tv) exp(tw). Then by Lemma
1.5 we have

d d
(0) = T(m)p(@‘oexp(tv), a‘o exp(tw)) =T.Le(w) +T.Re(v) = v +w.
Since ¢(R) € H, Corollary 20.4 implies that v + w € S. Moreover, exp(t(Av)) =

exp((t\)v), so also Av € S for each A € R. ]
21.2 Lemma. S is a Lie subalgebra of g.

Proof. For S =0 or S = g there is nothing to do. Otherwise the claim will
follow from Proposition 19.2 once we know that the distribution Q: g » T.L,(5)
is integrable. To this end we first show that the chart ¢ from Lemma 19.11 is
flat for 2 at e. Using the notation introduced there, we again have to show that
~i(0) € Q(g) for 1 <4 < k. By definition of S and because S is a vector space by
Lemma 21.1, we know that exp(s +tv;) € H for each t ¢ R and 1 < i < k. For
c(t) := exp(s)~! - exp(s + tv;) this implies ¢(R) ¢ H. By Corollary 20.4 we conclude
that exp(tc’(0)) € H for all t € R, so by definition of S we get ¢/(0) € S = Q(e).
From this, as in the proof of Lemma 19.11 (see (19.2)) we conclude ~/(0) € Q(g)
(where g = exp(v) exp(s) € dom(g)). For general g € G it now follows verbatim as
in the proof of Theorem 20.5 that v := (pOLgl is a chart that is flat for Q at g. Thus
Q is integrable. O

Using this we can now show:
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21.3 Proposition. Let H be a closed and connected subgroup of a Lie group G.
Then either H = {e} or H can be endowed with a manifold structure to become a
connected Lie subgroup of G.

Proof. When equipped with the trace topology of G, H is a connected topological
group. By Lemma 21.2, S := {v € g | exp(tv) € H Vt € R} is a Lie subalgebra of g.
We distinguish the following cases:

1.) S =g: Since exp(g) is connected, exp(g) € G.. Let S’ € g be an open neighbor-
hood of 0 in g with exp: S’ - exp(S’) a diffeomorphism. By Proposition 2.5 G, is
generated by exp(S’). Since exp(S’) ¢ exp(S) € H and H is connected we obtain
H = G,. It therefore allows a manifold structure as an open Lie subgroup of G.

2.) 0+ S +#g: As in Lemma 19.11 let V ¢ g be complementary to S, g=S @V, and
let ¢ be the corresponding chart of G. We restrict ¢ such that its image is of the
form y(S" @ V'), where S’ and V' are connected open neighborhoods of 0 in S and
V', respectively.
We claim that for V' sufficiently small we have for ¢ : U’ - y(S" @ V’):

U'n H =exp(S5"). (21.1)

In fact, otherwise there would exist neighborhoods V,/, of 0 in V with V), - {0} such
that for each m € N there exist 0 # v,,, € V,, and s,,, € S’ such that exp(vy, )-exp(sm) €
H, so expw,, € H for each m. As v,;, = 0, Lemmas 20.2 and 20.3 show the existence
of some 0 #+ w € V with exp(tw) € H for each t € R. But this means w € S,
contradicting SNV = {0}.

By Theorem 19.5 there exists a unique connected Lie subgroup H' of G such that for
its Lie algebra b’ we have T,j(h’) =S (with j: H = G). The set S := (T.j)~*(S")
is an open neighborhood of 0 in §’ and by Proposition 19.9 we have

exp(9') =expoT,j(S")=jo epo,(S’") —exp?’(§")c H'.

By Theorem 8.2 there exists an open neighborhood W € S” of 0 in §’ such that
exp™ (W) is open in H'. According to Proposition 2.5 exp™ (W), so in particular
exp™ (8" = exp(S’) generates H'. On the other hand, U’ n H is a neighborhood
of e in the connected topological group H, so it also generates H. By (21.1) we
conclude that H = H', so H possesses a manifold structure as a Lie subgroup of G.

3.) S ={0}: Let V' be an open neighborhood of 0 in T.G such that exp is a
diffeomorphism on V’'. We show that V' can be chosen so small that exp(V')n H =
{e}. Indeed, otherwise there would be a sequence V! € V' of O-neighborhoods with
V., — {0} and for each m € N some 0 # v, € V,, with exp(v,,) € H. As in the proof
of (21.1) above we conclude from this the existence of some 0 # w € S, contradicting
the fact that S = {0}. Thus {e} is an open subset of H, hence generates H, meaning
that H = {e}. ]

Our next aim is to generalize Theorem 20.5 to general (not necessarily connected)
closed subgroups H of a Lie group G. We want to show that G/H can be turned
into a quotient manifold of G. By Remark 20.1 we again have to suppose that H is
not open.

When equipped with the trace topology, H is a topological group, hence by Propo-
sition 2.4 H. (the connected component of e in H) is a normal subgroup of H.
H., is closed and connected in H and therefore (since H is closed) also closed and
connected in G. By Proposition 21.3 we therefore either have H, = {e} or we can
equip H. with the structure of a closed connected Lie subgroup of G.

In the proof of Proposition 21.3 we have seen that if S =g, then H, = G.. But then
by Proposition 2.5 also

H=J hH, = | hG.,
heH heH
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so H is open in GG, which means we can exclude this case. Consequently, dim H, <
dim G, and Theorem 20.5 shows that G/H, can be turned into a quotient manifold
of G. For G/H itself we have:

21.4 Proposition. Let H be a closed, non-open subgroup of a Lie group. Then
H/H, acts freely on the manifold G/H,. as a discontinuous transformation group
and the corresponding quotient set is G/H.

Proof. Let K be a left coset of H, in H. Then the map

@K!G%G/He
g gk

is smooth: for h € K we have K = hH,, so ¢ = g+ ghw— (gh)H.. Also, pk is an
invariant of the equivalence relation defined on G by H,: Let K = hH, with h e H
and suppose that g ~ go, i.e., g1 H, = goH,, so that g; = goh’ with A’ € H,. Then
since H. is a normal subgroup of H,

(pK(gl) = glK = gthe = ggh,hHe = ggh h_lh,hHe = thHe = 92K = LpK(gg).
———
=H,

By Proposition 15.13 therefore also the induced map (projection)

¢k :G/H. -~ G[H,
gH. ~ (gh)H. (K =hH,)

is well-defined and smooth. Let K~! be the inverse of K = hH, in H/H,, i..,
Kt = h'H, Then ¢r1 = (¢x)7!, so ¢ is a transformation of the manifold
G/H..

We now show that H/H, is a transformation group on G/H, that acts freely on the
right via the map

¢:G|/H,xH|H, >~ G/H,
(9He, K) = ¢ (gH.).

According to Definition 16.1 this means verifying that
(i) For K fixed ¢(.,K) = ¢x is a transformation by the above.
(ii) For Ky = h1H,, Ko = hoH. we have Ky - K1 = (hohy)H,, so

¢K1(¢K2 (gHe)) = ¢K1 (gh?He) = gh2h1H€ = ¢K2'K1 (gHC)

The action is free: Let ¢x (gH.) = gH, for some g € G, K = hH,. Then ghH, = gH,,
sohH.=H,=>heH,= K =H,.

Moreover, H/H, acts discontinuously: to see this, by Definition 16.5 we have to
show that for each gH, € G/H, there exists a neighborhood W of gH, in G/H, with
Wnor (W) =@ unless K = H.. Now H, is open in the trace topology of G on H: the
proof of Proposition 21.3 shows (even without the assumption that H is connected)
that there exists some U’ open in G with exp(S’) =U'nH,so U'nH =exp(S’) € H,
because S’ can be chosen connected. U’ n H is open in H, hence also in H,, and
thereby generates it (see Proposition 2.5). Thus H, = U,(U'nH)™, implying that
H. is open in the trace topology of G on H. Therefore there exists some U € G open
with H, = HnU. Let V be an open neighborhood of e in G with V™1V ¢ U and let
W = 7(gV), where 7 : G - G/H, is the quotient map. Since 7~ (7 (gV)) = gV H.
is open in G, W is an open neighborhood of gH,. in G/H..
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Suppose that W n ¢ (W) + @. Then there exist a,b €V such that

(ga)He = 7(ga) = o (7(gb)) = K (gbH.) = (gbh) He.
But then
(gbh)*(ga)=h'v'ae H,=>b'aehH,c H
and
blaeV'VeU=blaceHnU=H,=>heH,= K = H,.
It remains to show that the quotient set induced by ¢ is precisely G/H. Let
g1He,goH, be equivalent under ¢. Then there is some K = hH, € H/H. with
gthe = ¢K(Q1He) = 92He; SO
g gheH, = g3tgie Hh' ¢ H = g H = g, H.
Conversely, if g1 H = goH then there exists some h € H with g1k = g2. Then setting

K := hH, we have ¢x(g1H.) = g1hH, = goH,. Summing up, [gH.] — gH is a
bijection from (G/H.)/(H/H.) onto G/H. ]

Using this result we can now show:

21.5 Theorem. Let H be a closed subgroup of a Lie group G. Then either
(i) H is open in G and the quotient topology on G/H is discrete, or

(i) G/H can be endowed with the structure of a quotient manifold of G (of the same
dimension as GJ/H.).

Proof. If H is open then (i) follows from Remark 20.1 (i). So suppose that H
is not open and let H, be the connected component of e in H. From the Remark
preceding Proposition 21.4 we know that either H, = {e} or H, can be equipped
with the structure of a closed Lie subgroup of G whose dimension is smaller than
that of G. By Theorem 20.5 therefore G/H, possesses the structure of a quotient
manifold of G, so the quotient map 7 : G - G/H, is a submersion.

Proposition 21.4 shows that H/H, acts freely as a discontinuous transformation
group on G/H, and (G/H,)/(H/H.) = G/H. Due to Proposition 16.6 G/H there-
fore possesses the structure of a quotient manifold of G/H, of the same dimension
as G/H., so the quotient map p: G/H, - (G/H.)/(H/H.) = G/H is a submersion.
Now pom(g) = p(gH.) = gH (cf. the proof of Proposition 21.4), so also the quotient
map 7 : G - G/H, being the composition of two submersions is a submersion itself.

O

In case H is a normal subgroup and thereby G/H is a group we can say more:

21.6 Corollary. Let H be a closed, non-open normal subgroup of a Lie group G.
Then the quotient manifold G/H is a Lie group.

Proof. It only remains to show that G/H is a Lie group. So let p: G x G — G be
the multiplication on G and let 7 : G - G/H be the quotient map. By Theorem
21.5, mx7m: GxG - G/HxG[H is a surjective submersion and since H is normal the
map wo i : G x G — G/H is an invariant of the corresponding equivalence relation
on G x G: Let (g1,92) ~ (91,95), i.e., g1 H = g1 H and g2 H = g4 H. Then
™o u(g1,92) = w(9192) = 192 H = (1 H)(92H) = (91H) (92 H) = 7 © 11(91, 95)-
By Proposition 15.13 the corresponding projection g of 7 o p is smooth:
i:G/HxGJ/H - GJH
(91H,92H) = (9192H) = (g1 H) - (92 H).

Hence i is precisely the multiplication on G/H, yielding that G/H is a Lie group.
O
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21.7 Theorem. (Cartan) Let H be a closed subgroup of a Lie group G. Then
either H is discrete or there is a unique smooth structure on it that turns it into
a submanifold of G. With this structure it then is a Lie subgroup of G. If H is
neither discrete nor open then dim(G/H) = dim G - dim H.

Proof. By Theorem 21.5 H is either open in G (hence can be viewed as an open
submanifold of G) or G/H is a quotient manifold of G. In the second case H is
a fiber of the quotient map 7 : G - G/H, H = 7 *(eH). By Proposition 15.5 H
therefore is either discrete or it possesses the structure of a submanifold of G of
dimension dim G - dim(G/H). By Remark 13.5 (ii) the submanifold structure of H
is uniquely determined. Finally, Proposition 18.2 shows that H is a Lie subgroup
of G. O

Conversely, we have:

21.8 Theorem. Let H be a Lie subgroup of G that is a submanifold of G (i.e.,
that carries the trace topology of G). Then H is closed in G.

Proof. Let h; € H, h; > h in G. We have to show that h € H. Since H is a
submanifold of G there exists an adapted chart (¢, U) around e: ¢ : U — p(U) cR",
o(UnH) = (U) n (R¥ x {0}). Pick open neighborhoods V,W of e such that
VL.V cW cU. Let ig be such that h; € hV for i > ig. Then for i,j > iy we have
hith; e VIIRTLRV € W, so

p(hi'h;) € o (W n H) = (W) 0 (R* x {0}) € o(U) n (R x {0}).

For j — oo we obtain ¢(h;*h) € o(U)n(R*x{0}) = p(UnH),so hy'heUnH c H
and, finally, he h;H € H. m

21.9 Theorem. Let H be a subgroup of a Lie group G. Then the following are
equivalent:

(i) When equipped with the trace topology of G, H can be turned into a Lie group.

(i) H is non-discrete and closed in G.
If these equivalent conditions hold, H is a Lie subgroup of G.

Proof. (ii)=(i) as well as the last claim follow from Theorem 21.7.

(i)=(ii) Let j: H — G be the inclusion. Then j is a continuous homomorphism of
Lie groups, hence is smooth by Theorem 8.6. By Theorem 8.8, j'(v) = 0 implies
joexpf (tv) = {e}, so since j is injective exp (tv) = e for all ¢t € R, and choosing
t so small that tv lies in a neighborhood where exp’ is injective, v = 0. It follows
that j' = T,j is injective. The fact that, for any hg € H, j = Lf(ho) ojo LhHal, implies
that indeed each T}, j is injective, i.e., j is an immersion. Thus H is a Lie subgroup
of G. Since it carries the trace topology of G, it is even a submanifold and thereby
closed due to Theorem 21.8. ]

21.10 Example. Matrix groups like SL(n,R) or O(n) are closed subgroups of
GL(n,R) and for n > 1 they are not discrete. By Theorem 21.7 they can therefore
uniquely be turned into submanifolds of GL(n,R) and then become Lie subgroups.

Being an open subset of R”Q, GL(n,R) is second countable, so the same is true for
its submanifolds SL(n,R) and O(n).

21.11 Remark. (i) Let H be a subgroup of the Lie group G. Then H can be
turned in at most one way into a Lie subgroup with a second countable topology.
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Indeed, suppose that H' is another such structure on H. Then both j: H - G
and j' : H < G are smooth and we want to show that id : H - H’ is smooth
(since by symmetry so then will be its inverse, implying H = H'). Now id = j
when considered as a map from H — H’. By Proposition 19.3 H' is an integral
manifold of an integrable distribution on G. Therefore id = j: H - H’ is smooth
by Proposition 17.26 because H' is second countable.

(ii) Let H be a closed, non-discrete subgroup of a Lie group G. By Theorem 21.7
H admits a unique structure as a submanifold of G and is a Lie subgroup with
this structure. It may however happen that there is another manifold structure on
H that turns it into an immersive submanifold such that it is a Lie subgroup as
well. This further structure must, however, have a dimension different from the
previous one: Denote by H' the new structure and suppose that dim H = dim H'.
Then j : H - G is smooth and j(H') € H, so j = id : H - H is smooth by
Remark 13.5 (i). Let i : H - G. Then ¢ is an immersion and j = i o idys g, so
rk(id) = rk(j) = dim H' = dim H, showing that id is a local diffeomorphisms. Since
it also is injective, it is a diffeomorphism, i.e., H = H'.

To conclude this section we want to consider another class of connected (but not
necessarily closed) subgroups of Lie groups that are always Lie subgroups. In the
theory of principal fiber bundles this result is used to show that holonomy groups
are Lie subgroups of the structure group.

21.12 Theorem. Let G be a Lie group and let H be a subgroup of G such that
for each h € H there exists a piecewise smooth curve v: 1 — G with v(I) ¢ H that
connects e with h. Then either H = {e} or it possesses a smooth structure as a Lie
subgroup of G.

Proof. Let
S:={veg|3b>03y:[0,b] » G pw. C7,7(0) =e, 7'(0) = v, ¥([0,b]) c H}.

We show that S is a Lie subalgebra of g. Let v € S, A e Rand ~, : [0,b] - G as in the
definition of S. Then z(t) := 7, (\t) satisfies 2’(0) = Av, so Aw e S. If v,w € S with
corresponding v, Y, we have v/ (0) = v and 7,,(0) = w. Setting z(t) : v, (¢)7w (t) on
the intersection of the domains, we have im(z) € H and 2'(0) =v+w, so v+we S,
which therefore is a linear subspace.

It remains to show that [v,w] € S. To see this, let h € H and set a(t) = by, (t)h ! =
conj, (7w(t)). Then im(a) € H, « is piecewise smooth, «(0) = e and o'(0) =
Ad(h)(w), so for all h € H and all w € S we get Ad(h)(w) € S. Consequently,
Ad(v,(t))w € S for all ¢, and thereby

S5 %L)Ad(%(t))w ~ ad(v)(w) = [v,w].

So indeed S is a Lie subalgebra of g. By our assumption on H, S = {0} is only
possible if there is no nontrivial element in H, i.e., if H = {e}, Otherwise, by
Theorem 19.5 there exists a unique connected Lie subgroup K of G such that, with
j:K—>G,T,j:t— S is a Lie algebra isomorphism. We show that H = K:

H c K: Let h € H. Then there is a piecewise smooth curve v : [0,1] = G, im(v) ¢ H,
7(0) = e, v(1) = h. Fix s € [0,1] and set a,(t) := y(s)*y(t). Then o’ (s) €
S by definition of S (set o(t) := as(s +t), then ¢/'(0) = al(s)). Since al(s) =
Ty (s)Lry(s)-1 (7' (5)) we obtain +'(s) € T L (5)S (note that this also holds for one-
sided derivatives, 7 is only piecewise smooth). According to Theorem 19.5 K is
an integral manifold of the left invariant distribution Q : g = S, := T.L,(.S). This
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implies that v([0,1]) € K: Let tg € [0,1], then there exists an interval J around tg
in [0,1] and a flat chart (U, = (2',...,2™)) around v(¢y) with v(J) € U. Then
for all t e J:

|2

Izt vy’ 0kl

so vi(t) =0 for k+1 <4 <n. This means that v|; is entirely contained in a slice
Us = ¢ 1(R* x {a}) and therefore lies in some leaf of . If y(t) lies in two flat
charts then the corresponding leaves intersect, hence coincide. Covering v([0,1])
by such flat charts it follows that ~ lies entirely in one leaf. Since y(0) = e € K, this
leaf is K. In particular, h =~(1) € K.

K ¢ H: For any v € S there exists a C! curve ¢, : (-¢,¢) = G, c,((-¢,¢)) € H,
c,(0) =e, ¢ (0) =v: let 7, as in the definition of S and let v: g - g~*. Then set

co(t) = { Yo(t) t>0

vov,(-t) t<0

, 0
v'(t) € Sy = span(—

Because T.v = —idg, this ¢, does the job (correcting for the fact that , is only one-
sided differentiable at 0). Now let (vy,...,vx) be a basis of S and let ¢,,, : (-¢,¢) = G
be C', im(cy,) € H, ¢, (0) =€, ¢, (0) =v; (1 <i<k). Set

f(tla ce atk) = C'Ul(tl)"'cvk (tk) eHcK.

Then f : (~¢,e)* - G is C! (for suitable € > 0). By Proposition 14.7 K is second
countable (because K ¢ G, which is second countable). The proof of Proposition
17.26 therefore shows that f is also C' when considered as a map (-¢,¢)* - K.
Moreover, 9;f(0) = v;, so f is a C! diffeomorphism from some neighborhood U of 0
in R* onto a neighborhood V = f(U) of e in K. Since K is connected, V generates
K. ButV=f(U)cH,so KcH. |

22 Classification of Lie groups

In Theorem 19.8 we saw that any abstract Lie algebra can be realized as the Lie
algebra of some Lie group. In this section we want to classify all Lie groups with
prescribed Lie algebra, following [2]. We first consider some further properties of
Lie group homomorphisms.

Let ¢ : G - H be a Lie group homomorphism. Then ker¢ is a closed normal
subgroup of G, hence by Theorem 21.7 it is (if not discrete) a Lie subgroup and a
submanifold of G.

22.1 Lemma. Let ¢ : G - H be a Lie group homomorphism with kerp non-
discrete. The Lie algebra of ker o is ker ¢’ (where ¢’ =T.p). Consequently, it is an
ideal in g.

Proof. By Section 21, the Lie algebra Lie(ker ) of ker ¢ is given by
{veg|exp(tv) € ker(p) Vt e R}.

(Indeed, for any Lie subgroup K, Lie(K) = Lie(K,), and by Proposition 2.4 for K
closed in G, K. is a closed connected Lie subgroup of G. Hence the claim follows
from Proposition 21.3.) Using Theorem 8.8 it follows that v € Lie(ker ¢) if and only
if

Vi: e=poexp®(tv) = exp” (¢'(tv)) = exp™ (t¢' (v)) = ¢'(v) = 0,
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where the last equivalence follows by picking ¢ so small that t¢'(v) lies in a neigh-
borhood where exp® is a diffeomorphism. Finally, ker ¢’ is an ideal: Let v € ker ¢’,
w € g. Then

¢’ ([v,w]) = [¢'(v), " (w)] = 0= [v,w] e ker .

A generalization of the last assertion in the previous result is as follows:

22.2 Proposition. Let H be a Lie subgroup of G, and suppose that both H and G
are connected. Let j: H < G. Then the following are equivalent:

(i) H is a normal subgroup of G.
(i) 3'(h) is an ideal in g.

Proof. (i)=(ii): H is normal in G if and only if conj,(h) € H for all g € G and all
heH. Fix ge G and let veh, t € R. Then (using Theorem 8.8):

exp(tAd(9)(§'(1))) = con, (exp (' (1)) € H

——
eH

Since H is connected, it is second countable by Proposition 2.8. Then Proposition
19.10 implies that Ad(g)(j5'(v)) € j'(h). Now let w € g and set g := exp(tw). Then
Ad(exp(tw))(j'(v)) € j'(h) for all ¢. Differentiating at ¢ = 0 then gives

ad(w)(7'(0) =, [w, ' (v)] €5'(1).

so j'(h) is an ideal in g.
(ii)=(i): For all w e g and all v € b, ad(w)(j'(v)) = [w, 5 (v)] € j'(h). Hence

ad(w)(5'(h)) € 5 (h) = Ad(exp(w)) (5'(h)) =, (5 (h)) € 5'(h)-

Since G is connected and Ad is a group homomorphism it follows (via Proposition
2.5 and Theorem 8.2) that Ad(g)(j'(h)) c j'(h) for each g € G. Finally, for any
v € ) we have

coni, (7 (exp” (1)) =, coni, (exp% (7" (1)) =, exp® (Ad(9) (' (v))),

which lies in H by Proposition 19.9. Since H is connected and conj, is a group
homomorphism, conj,(H) < H. O

From Corollary 21.6 we know:
m:G - G[kery is a surjective submersion and a LG-homomorphism  (22.1)
(if ker ¢ is not open).

22.3 Remark. (Reminder on coverings) A continuous map p : F - X between
topological spaces is called a covering if for any x € X there exists an open neigh-
borhood U, of 2 and for any & € p~*(z) there is an open neighborhood Uj; of  such
that:

(i) U nUz =@ for all & # ' e p~(x)
(11) p_l(UaL) = Ui:ep*l(z) Ui

(iii) V& ep(z): ply, : Uz — U, is a homeomorphism.
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Then U, is called trivializing for p. If E, X are manifolds then one additionally
requires p|y, to be a diffeomorphism for each 7 € p~ ().

22.4 Theorem. Let G,H be connected Lie groups and let ¢ : G - H be a Lie
group homomorphism. Then

(i) If ©" is injective, then ker ¢ is a discrete normal subgroup that is contained in
the center Z(G) ={geG|g'g=9g9 Vg €G}.

(i) If ¢’ is surjective, then so is ¢ and the map ¢ from

¢ ——~H

|l A

G/ ker ¢

is a Lie group isomorphism.

(iii) If ¢ is bijective, then ¢ : G - H is a covering map and a local diffeomorphism.

Proof. (i) We have ker ¢’ = {0} ¢ g. Then ker ¢ must be discrete, since otherwise
by Theorem 21.7 it would be a Lie subgroup with Lie algebra kery’ # {0} (see
Lemma 22.1). Now let v € g and g € ker . Consider the smooth curve

c(t) =exp(tv) - g - exp(tv) ™ .

Since ker ¢ is normal, ¢(t) € ker ¢ for all . But ker ¢ is discrete so ¢(t) = ¢(0) = g and
thereby exp(tv)g = gexp(tv) for all t and v. Since G is connected, hence generated
by exp g, this implies that g € Z(G).

(ii) By Theorem 8.8 (i) we have

Lp’
—_—

g b
expcl lepo
G Y. H

Since ¢'(g) = b it follows that exp? (h) c p(G). Also, H is connected, so exp (b)
generates H. This implies that H ¢ o(G), so ¢ is surjective.

Therefore there exists a unique ¢ as in (ii) and @ is a bijective group homomorphism.
Now note that ker ¢ is not open, for if it were, it would be an open neighborhood
of e, hence ker p = G and ¢ = e, meaning that ¢’ = 0. But ¢’ is surjective, so h =0,
contradicting the fact that H is a Lie group. Thus we can apply (22.1) to infer that
7 is a surjective submersion. By Remark 13.2 (iii) this implies that ¢ is smooth.
Also, @' o’ = ¢, so that ¢’ is surjective and

vekernm = ¢'(v) =@ (7' (v)) =0= kern’ c ker'.

Let n = dim G and k = dimker . Then by Theorem 21.7, dim(G/ker¢) = n — k.
Hence dimker 7’ =n - (n— k) = k, showing that ker " = ker ¢'.

Now let 7'(v) be an arbitrary element of T.(G/ker ¢) with ¢'(7'(v)) = 0. Then
¢'(v) =0 and so also 7’(v) = 0. Thus ¢’ is also injective, hence bijective. It follows
that ¢ is a diffeomorphism on a neighborhood of e, hence on a neighborhood of any
point (¢ = Ly(gy 0 po Lg1). Since it is also bijective, it is a global diffeomorphism
and thereby a Lie group isomorphism.
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(iii) Since ¢ is a diffeomorphism by (ii), it suffices to show that 7 is a covering and a
local diffeomorphism. By (i), ker ¢ is discrete, so there exists an open neighborhood
U of e in G such that U nker = {e}. Now pick an open neighborhood V ¢ U of
e with V7'V c U. Let V; := Ry(V) = Vg. Then for vi,v2 € V and g1, g2 € kerp we
have

U191 = v2g2 = vy vy = gagy € Unkerp = {e} = v1 =va, g1 = ga. (22.2)

Using this we can now show:

1) 7 :V,-¢g — w(V,) is bijective for each g € G and each ¢' € kery: First,
w(Vy-g") =m(Vy). Moreover,

v1gg'kerp = vagg'kerp = vig=vag § = w1 =vz-conj,(§) = v1=va.
2 (22.2)

eker ¢ eker
2.) If g1 # go are elements of ker ¢ and g € G, then by (22.2) we have Vg1 nV, g2 = @.
Therefore, for each g € G:

i (w(Ve)= U Vg
g'eker ¢

Indeed, m(Vyg') = Vgkero = n(V,) for all ¢’ € ker ¢ and conversely, m(h) € m(V,)
implies hker ¢ € V, - ker ¢, so h € V- ker ¢.

By Theorem 21.5, dim(G/ ker ¢) = dim G and 7 is a submersion, hence a local diffeo-
morphism. Together with 1.) this shows that 7 : V,¢g" - m(V}) is a diffeomorphism
for all g € G and all ¢’ € ker .

Consequently, for all g € G the set w(V}) is trivializing for 7(g) = g-ker ¢ € G/ ker ¢,
so m: G - G[kery is a covering. ]

22.5 Corollary. Let G be a connected abelian Lie group. Then there exist k,m € Ny
such that G = TF x R™.

Proof. Let v,we g and N € N. Since G is abelian,

v\N w\N v W\ N
exp(v) - exp(w) = exp (N) exp (N) = (exp (N) exp (N)) .
Now for N large, we may apply the Baker—Campbell-Hausdorff formula from The-
orem 12.1 to this, and since the bracket on g vanishes by Proposition 5.5 (ii),
C(v/N,w/N)=v/N +w/N +0, so

exp(v) - exp(w) = exp (%(v + w))N =exp(v +w).

Thus exp : g - G is a Lie group homomorphism. Now exp’ = idy is bijective, so by
Theorem 22.4 (i) and (ii), exp : g - G is surjective, G = g/ ker(exp) and ker(exp) is
a discrete normal subgroup in g. But then g/ker(exp) = T x R™. ]

We now want to derive conditions under which there exists a Lie group homomor-
phism ¢ with prescribed ¢’. Globally, this might not be possible: For example,
the map ¢ : (R,+) - U(1), t = €' is a group homomorphism with v/ = i -id,
which is a Lie algebra isomorphism. However, there does not exist a Lie group
homomorphism ¢ : U(1) - R with ¢’ = (¢0')7!, since otherwise ¢(U(1)) would be a
non-trivial compact subgroup of (R, +), but such groups do not exist. We therefore
define:
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22.6 Definition. Let G, H be Lie groups. A local Lie group homomorphism from
G to H is a smooth map ¢ : U - H, U an open neighborhood of e such that
p(e) = e and ©(gh) = (g)p(h) for all g,h € U with gh € U. If, in addition, ¢ is a
diffeomorphism U — o(U) then ¢ is called a local isomorphism and G and H are
called locally isomorphic.

We shall need the following result from algebraic topology (cf., e.g., [3, I11.4.22]):

22.7 Lemma. If E is connected and X is simply connected and locally path con-
nected, then any covering p: E - X is a homeomorphism.

22.8 Theorem. Let G, H be Lie groups with Lie algebras g,b and let f:g— b be
a Lie algebra homomorphism. Then there exists a local Lie group homomorphism
0:G2U - H with ' = f. If G is simply connected then ¢ can even be chosen as
a global Lie group homomorphism.

Proof. G x H is a Lie group with Lie algebra gx § (see Example 4.6 (ii)). Consider
the graph of f, I'y := {(v, f(v)) | v € g} € gxbh. Since f is linear, this is a linear
subspace of g x h. Moreover,

[(v, f(0)); (w, f(w))] = ([v,w],[f(v), f(w)]) = ([(v;w)], f([v,w])) €Ty,

so I'y is a Lie algebra. Hence by Theorem 19.5 there exists a connected Lie subgroup
K of G x H with Lie algebra £ = I'y. The projections pr, : G x H - G and pr, :
G x H — H are Lie group homomorphisms, so 7 := pry|x : K — G is a Lie group
homomorphism as well.

We have 7' (v, f(v)) = Tepry (v, f(v)) = v, so ' : € > g is a linear isomorphism.
Hence by Theorem 22.4 (iii), 7 : K - G, is a covering map and a local diffeomor-
phism. Now let V and U be open neighborhoods of e in K and G, respectively,
such that 7:V — U is a diffeomorphism and let p: U — H, ¢ := pryo (7]y) L.

V=3 K<=3sGxH
b Lo

G H

/ p=pryo(nly)~"

Then ¢ is a local Lie group homomorphism because 7 is a Lie group homomorphism.
In addition, for any w € g,

¢ (w) = pra((7') ™ (w)) = pra(w, f(w)) = f(w),

ﬂ"v

U

so ¢ =f.

Finally, if G is simply connected, then G = G, and by Lemma 22.7, 7 : K - G
is a homeomorphism and a local diffeomorphism, hence a Lie group isomorphism.
Consequently, ¢ = pry o ! is a global Lie group homomorphism with ¢’ = f. O

As a consequence, we obtain the first and second fundamental theorem of S. Lie:
22.9 Theorem.
(i) Lie’s first fundamental theorem: Let G,H be locally isomorphic Lie groups.

Then their Lie algebras g and b are isomorphic.
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(ii) Lie’s second fundamental theorem: If the Lie algebras g and b of the Lie groups
G, H are isomorphic, then G and H are locally isomorphic.

Proof. (i) Let ¢: G2U - V ¢ H be a local isomorphism. Then ¢’ = T, is a Lie
algebra isomorphism by (the proof of) Proposition 5.5.

(ii) Let f: g — b be a Lie algebra isomorphism. By Theorem 22.8, there exists some
local Lie group homomorphism ¢ : U - H with ¢’ = f. Since ¢’ is invertible, we
may assume without loss of generality that ¢ is a diffeomorphism from U onto ¢(U),
which is thereby open in H. Thus ¢ is the desired local Lie group isomorphism. O

For the proof of the classification theorem we need one further result from algebraic
topology (cf. [3]):

22.10 Remark. Let X be path connected, locally path connected and semi locally
simply connected. Then there exists a covering p : X - X with X simply connected.
X is called the universal cover of X. Then X covers any path connected covering
of X: If m: E - X is a covering of E' and F is path connected, then there exists a
covering ¢ : X — E such that p = moq. In particular, X is unique up to isomorphism.

IfY is simply connected and f: Y — X is continuous then there exists a continuous

hftf Y—>Xw1thpof I
/l

Y*>X

The lift f is uniquely determined by prescribing its value in any one point. If p:
M’ — M is a (topological) cover of a smooth manifold M then there is a unique C*-
structure on M’ such that p is a local diffeomorphism. Since any manifold is locally
contractible, any connected manifold is path connected, locally path connected and
semi-locally simply connected. Thus there exists a unique universal cover M, which
is a smooth manifold when endowed with the smooth structure just described.

Using this we can now show:

22.11 Theorem. Let g be a finite dimensional Lie algebra. Then there exists
a (unique up to Lie group isomorphism) simply connected Lie group G with Lie
algebra g. Any other connected Lie group G with Lie algebra (isomorphic to) g is
isomorphic to a quotient of G by a discrete normal subgroup H ¢ G with H ¢ Z(é)

Proof. By Theorem 19.8 there exists a Ijie group G with Lie algebra g. Let p :
G — G be the universal cover of G. Then G is a simply connected smooth manifold
and p is a local diffeomorphism. Let € be an element of G with p(é) = e. Since also
G x G is simply connected, by Remark 22.10 the smooth map o (p xp): GxG -G
possesses a unique smooth (since p is a local diffeomorphism) lift i : GxG — Q with
fi(é,€) = . Analogously, there exists a unique smooth lift 7: G - G of vop: G - G
with (¢) = e.
Then both fio(idx i) and jio(jixid) are lifts of o (idxu)o(px (pxp)) : GxGxG - G-
pojio(idx i) =po (pxp)o(idxj)=po(px(pop))=pe(px(ne(pxp)))
=po (idxp)o(px(pxp))=mpe (uxid)e ((pxp)xp)
= =pojio(jixid)
by the associativity of pu. Moreover, both maps take the value é at~(é, €,€), hence

they coincide. This shows the associativity of the multiplication on G. Analogously,
one verifies all the other properties of &t and 7, so G is a Lie group.
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The covering map p: G - G is a Lie group homomorphism because by definition
we have

GxG s G
pxz)l lp
GxG =@
Since p is a local diffeomorphism, it also is a local Lie group isomorphism, so p’~:

g — ¢ is an isomorphism of Lie algebras (cf. Theorem 22.9 (i)). Thus g 2 g, so G
indeed has Lie algebra g.

Now let G be another connected Lie group with Lie algebra (isomorphic to) g. Since
G is simply connected, Theorem 22.8 shows the existence of a Lie group homomor-
phism ¢ : G > G with ¢ = idg (resp. equal to the given Lie algebra isomorphism).
By Theorem 22.4 (iii) ¢ is a covering map and a local diffeomorphism. Moreover,
by Theorem 22.4 (ii) ¢ : G/kerp - G is a Lie group isomorphism and ker ¢ is a
discrete normal subgroup with ker ¢ € Z(G) by Theorem 22.4 (i).

Finally, if Gis simply connected then ¢ is a homeomorphism by Lemma 22.7. Since
it is a local diffeomorphism it is therefore even a global diffeomorphism, hence a Lie
group isomorphism. a

23 Representation theory of compact Lie groups

In this and the following sections we study some basics of the representation theory
of compact Lie groups, following [11]. Recall from Definition 9.1 that a represen-
tation of a Lie group G on a finite dimensional (which we will henceforth always
tacitly assume) vector space V is a homomorphism of Lie groups ¢ : G - GL(V).
When the map ¢ is clear from the context we often simply write g -v or gv for
(¢(g))(w) (g€ G, veV). Two representations will be called equivalent if they are
the same up to change of basis, more precisely:

23.1 Definition. Let (¢,V) and (1, W) be representations of a Lie group G.
(i) T e L(V,W) is called an intertwining operator or G-map if Top =1 oT.
(i) The set of all G-maps is denoted by Homg(V, W).

(i) The representations V and W are equivalent, denoted by V = W, if there
exists a bijective G-map from V to W.

23.2 Example. The standard representation of any matrix Lie group (subgroup
of GL(n)) on C™ is ¢(g) := v ~ g- v, i.e., matrix multiplication on the left.

Standard operations from (multi-)linear algebra can be transferred to representa-
tions of Lie groups. For the following result, note that given a vector space V', by
V* we denote its dual and by V its conjugate. The latter has the same additive
structure as V, but has a new scalar multiplication structure A/ v := \v.

23.3 Definition. LetV and W be finite-dimensional representations of a Lie group
G. Then G acts on

(i) VeW by g(v,w) = (gv,gw).
(i) VOW by g v, ®w; =Y. gu; ® gw;.
(iii) L(V,W) by (4T)(v) = g (T(g7"v)).
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(iv) ®kV by g X vi, ® - ®v;, = Z(gvil) @ ® (gvik)'
(v) N*V by g vi, A Avi, = S(gui,) A A (guiy).-
(vi) V* by (¢T)(v) = T(g "v).

(vii) V by the same action it has on V.

It is straightforward to check that each of these maps indeed provides a represen-
tation. For example, for (iii) we calculate:

[91(92T)](v) = 91[(92T) (91 0)] = 9192[T (95" 91" v)] = [(9192)T](v).

A main goal of representation theory is to obtain a classification of possible repre-
sentations. A first step is to single out smallest building blocks:

23.4 Definition. Let V be a representation of G.

(i) A subspace U of V is called G-invariant (or a submodule of G) if gU c U for
each g € G. Thus U itself is also a representation of G.

(i) A nonzero representation V is called irreducible if the only G-invariant sub-
spaces are {0} and V itself. It is called reducible if there exists a non-trivial
proper G-invariant subspace of V.

Thus V is irreducible if and only if V' = spans{gv | g € G} for each nonzero v € V:
violation of this condition for one v is equivalent to the existence of a proper G-
invariant subspace.

23.5 Theorem. (Schur’s Lemma) If representations V. and W of G are irreducible,
then
. 1 ifvew

dim Home (V, W) _{ 0 otherwise
Proof. Suppose that there is some 0 #+ T € Homg(V,W). Then kerT is not
all of V' and is G-invariant, so by irreducibility we must have kerT = 0, i.e., T is
injective. Analogously, the image of T is nonzero and G-invariant, hence must equal
W, implying that T is a bijection. Hence there exists a nonzero T € Homg(V, W)
if and only if V2 W.
Suppose now that V' = W and fix a bijective Ty € Homg(V,W). If T € Homg(V, W),
then T o Ty' € Homg(W,W). Since W is a finite-dimensional complex vector
space, there exists an eigenvalue A of T o Ty, Also, ker(T o Ty — AI) is nonzero
and G-invariant, so by irreducibility we must have T o 75! = A, implying that
Homg(V, W) = CTy. ]

Note that, in particular,
Homg(V,V)=CI (23.1)

for any irreducible V.
23.6 Definition. Let V be a representation of G. A form (.,.):VxV =R (resp.
V xV = C) is called G-invariant if (gv,gv") = (v,v") for all g € G and v,v" € V.

V' is called Euclidean resp. unitary if there exists a G-invariant Euclidean (resp.
Hermitian) inner product on V.

We will follow the convention that Hermitian inner products are conjugate linear
in the second factor.
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23.7 Theorem. Let G be a compact Lie group and let p be a representation of G
on a real or complex vector space V. Then p is Fuclidean or unitary.

Proof. We have to show that there exists a G-invariant inner product on V. Let
v1,...,V, be a basis of g, with corresponding right invariant vector fields R"* ¢
Xgr(G) (1 <i<n). Denote by w® € Q'(G) the corresponding dual one forms, i.e.,
WH(RY) = 6; Then the w® are right invariant as well, R;wi =w' for all g € G and all
i: To see this it suffices to verify that also R;M(R“j ) = (5; Indeed, for any h € G
we have

Ryw' (R = ' (Rg(h))(ThRg(R™ (h))) = w'(hg) (R (hg)) = ' (R")(hg) = &;.

Consequently, w := w! A---Aw™ is a right invariant volume form on G. Now let (., .)
be a Euclidean resp. Hermitian scalar product on V' and for v,w € V put

(v,w) := L(p(g)v,p(g)w)wg~

Since G is compact, this defines a new Euclidean resp. Hermitian scalar product on
V (with definiteness following since for v # 0 we have (p(g)v, p(g)v) > 0 for all g).
In addition, (., .) is G-invariant, because

(p(h)v,p(h)w)=fG(p(gh)v,p(gh)w)wg:fGRZ(W(g)v,p(g)w)) Wg

_R*
=R}jwg

= Lo, plgwle, = (v.w).

Su;st.

]

23.8 Remark. In the previous proof we constructed a right invariant volume
form on any compact Lie group. Analogously we can construct a left invariant
volume form w € Q" (G). If we additionally require that [, 1dg = [,w =1, then the
corresponding Borel measure is uniquely determined and is called the Haar measure
on G. For the general construction of the Haar measure on locally compact groups

see [4].
It follows that representations of compact Lie groups in fact take values in the
(orthogonal or) unitary group on V. Concerning the relation between G-invariant

scalar products and the derivative of the underlying representation we have:

23.9 Theorem. Let p: G - GL(V) be a representation of a (not necessarily
compact) Lie group G and let (., .) be a G-invariant scalar product on V| i.e.,

(p(g)v, p(g)w) = (v,w) VgeG,v,weV. (23.2)
Then for p' = T.p we have
(0" (X)v,w) + (v, p'(X)w) =0 VX eg,v,weV. (23.3)
If G is connected, then (23.2) and (23.3) are equivalent.
Proof. Let X € g and v,w e V. Then by (23.2) and Theorem 8.8 we have
(v,w) = (p(exp(tX))v, p(exp(tX))w) = (e P, e )

for each t, which gives (23.3) upon differentiating at ¢ = 0.
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Conversely, suppose that G is connected and that (23.3) holds. Then G is generated
by any neighborhood of e, and so since exp is a local diffeomorphism and p is a
homomorphism, it suffices to show that

(p(exp(tX))v, p(exp(tX))w) = (v,w) (23.4)
for any X € g and v,w € V. Fixing X,v,w, for t € R set
F(t) = (p(exp(tX))v, plexp(tX))w) = (e X, e ).

Then

F,(t) = (p,(AXP)etp’(X)’U7 etp,(X)u)) + (etP’(X)®’ p’(X)etp/(X)w)'
Now (23.3) implies that F'(t) = 0 for each ¢, i.e., F'(t) = F'(0) = (v, w), establishing
(23.4). :

23.10 Definition. A representation of a Lie group is called completely reducible
if it is a direct sum of irreducible representations.

23.11 Corollary. Any finite dimensional representation of a compact Lie group is
completely reducible.

Proof. Suppose that V is a reducible representation of a compact Lie group G,
and pick a G-invariant scalar product on V. Then there exists a proper G-invariant
subspace W of V and we can decompose V into W & W*. Now also W' is a
G-invariant proper subspace because

(gw',w) = (w',g7'w) =0 (weW, w eWH).

Since V is finite dimensional, the claim follows by induction. O

It follows that any representation of a compact Lie group can be written as
N
V=@n,V;, (23.5)
i=1

where V; (1 <i< N) is a collection of inequivalent irreducible representations of G
and n;V; ==V, ®---®V; (n; copies).

23.12 Corollary. A finite dimensional representation V' of a compact Lie group
G is irreducible if and only if dimHomg(V,V) =1.

Proof. If V is irreducible, the claim follows from (23.1). Conversely, suppose that
V is reducible, V = W& W’ for proper submodules W, W’ of V. Then Homg(V,V)

contains at least the projections onto each of these subspaces, hence is of dimension
> 2. i

23.13 Corollary. Let V be a representation of the compact Lie group G.
(i) V=V*.

(i1) If V is irreducible, then the G-invariant scalar product on V is unique up to
a positive scalar multiple.

Proof. (i) Let (. .) be a G-invariant scalar product on V' and define the bijective

linear map T': V - V* by Tv := (.,v). Then by Definition 23.3 (vi),

g(Tv) =(g7" . ,v) = (.,gv) =T(gv),
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so T is a G-map.

(ii) Let V' be irreducible and suppose that (., .)" is another G-invariant inner prod-
uct on V. Define a bijective linear map 7" : V - V* by T'v = (.,v)’. Then T’
is a G-map. Schur’s Lemma (Theorem 23.5) implies that dim Homg(V,V*) = 1.
Now T,T’ € Homg(V,V*), so there exists some ¢ € C with 7" = ¢I. But then
(.,v) =c(.,v) for all v, and obviously ¢ must be positive. ]

23.14 Corollary. Let (.,.) be a G-invariant inner product on V. If V1,Va are
inequivalent irreducible submodules of V', then Vi 1 Vs.

Proof. Let Wy := {v; € V1 | (v1,V2) = 0}. The invariance of (., .) entails that W,
is a submodule of V1. If (V1,V3) # 0, i.e., if Wy # V3, then by irreducibility we must
have W; = {0}. Analogously we can argue with Wy := {vg € Vo | (V1,v2) = 0}, so
(.,.) is a nondegenerate pairing of V; and V5. Therefore, ¢ := vy » (.,v1) is an
injective map from V; into V5. Analogously, V2 can be injectively mapped into V¥,
so dimV; = dim Vs, and ¢ is in fact an equivalence V; = V5. By Corollary 23.13
then V; =2 V5F = V. |

23.15 Definition. Let G be a compact Lie group.

(i) We denote the set of equivalence classes of irreducible (unitary) representa-
tions of G by G. For any class [p] € G we may, when needed, pick a repre-
sentative (p, E,).

(ii) Let V be a finite dimensional representation of G. For [p] € G denote by
WVip) the largest subspace of V' that is a direct sum of irreducible submodules
equivalent to E,. Then V|, is called the p-isotypic component of V.

(i11) The multiplicity of p in V, m,, is

_ dim V,

" imE,
e, Vo) EmyE,.

The following Lemma shows that V[, is well-defined and that V[, is the sum of all
submodules of V' that are equivalent to E,.

23.16 Lemma. If Vy, V5 are direct sums of irreducible submodules isomorphic to
E, then so is Vi + V3.

Proof. Let Wy,..., W} be irreducible submodules isomorphic to E, and suppose
first that V3 = Wy and Vo = Wo @ ---® Wy. Then if Wy ¢ Wy & --- @ W), there is
nothing to do. Otherwise, W n (W @--- @ W) is a G-invariant proper subspace of
W1, hence must equal {0} by irreducibility of W7, giving the claim. Finally, if V7 is
a non-trivial direct sum we can argue as before for each summand in turn. O

If VW are representations of G and V ~ W @ W, then this decomposition is not
canonical: If ¢ € C\ {0}, then also W' := {(w,cw) | w e W} and W := {(w,—cw) |
w € W} are submodules, both equivalent to W and V = W’ & W”. The following
result shows how to obtain a canonical decomposition:

23.17 Theorem. Let V be a finite dimensional representation of a compact Lie
group G.
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(i) There is a G-intertwining isomorphism
lp* Homg(Ep, V) ® Ep - V[p]

induced by the map T ® v —» T(v) for T € Homg(E,,V) and v € E,. In
particular, the multiplicity of p is

m, = dimHomg(E,, V).

(i) There is a G-intertwining isomorphism

@A HOmg(Ep, V) ® Ep -V = @A ‘/[p]
[pleG [p]eG

Proof. (i) Let 0 # T' € Homg(E,,V). Then since E, is irreducible, kerT' = {0}.
Therefore, T is an equivalence of E, with T'(E,), so T(E,) ¢ V{,]. Now G acts
trivially on Homg(E,,V): Let w e E, and T € Homg(E,, V). Then by Definitions
23.1 and 23.3 (iii) we have

(9T)(w) = 9(T (g~ w)) = T(99™"w) = T(w).
It follows that g(T'®v) =T ® gv, so
Lp(g(T'®v)) =T(gv) = gT(v) = grp (T ®v),

showing that ¢, is intertwining. It is also surjective: Let Vi = E, be a direct sum-
mand in V,j, with corresponding equivalence T': E, - V;. Then T € Homg(E,, V)
and for any v; € Vi we can pick v € E, with T'(v) = v;. Thus ¢,(T ® v) = T(v) = vy,
showing that V; lies in the image of ¢,.

To see that in fact ¢, is bijective we show that the dimensions of its domain and
target coincide. Let Vi, =Vi®---@ V), , with V; 2 E, for all 4. Then from Schur’s
Lemma (Theorem 23.5) we obtain

dim Homg (E,, V') = dim Homg (E,, V) = dimHomg(E,,Vi&---® V)
mp
= > dimHomg(E,, V;) = m,.
i=1
Therefore, dim Homg(E,,V) ® E, = m,dim E, = dim V{,,}.
(ii) Due to (i) it only remains to show that V' = @ ¢ Vip)- Now by (23.5), V =
Z[p]eé V1> and Corollary 23.14 shows that the sum is direct. o

Note that we thereby also have derived a formula for the n; in (23.5).

24 Matrix coefficients

In this section we study function spaces on a compact Lie group G in terms of
unitary representations of G.

Let (p,V) be a finite dimensional unitary representation of a compact Lie group G
with G-invariant inner product (., .). Fix some basis v; (1<i<n) of V and let v}
be the corresponding dual basis, (v, v}) = d;; (i.e., we identify V* with V' by means
of the given scalar product). Then the linear map p(g) : V' — V has the matrix
representation (gv;,v;) with respect to the basis v;, because

n
qu; = Z(gvi,v;)vj.
j=1
The smooth functions g » (gv;,v}), G - C motivate the following definition.
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24.1 Definition. Any function on a compact Lie group of the form fXU(g) =
(gu,v) for a finite dimensional unitary representation V. of G with u,v € V and
G-invariant inner product (., .) is called a matrix coefficient of G. The set of all
matriz coefficients is denoted by MC(G).

24.2 Lemma. MC(G) is a subalgebra of C*(G,C) containing the constant func-
tions. If [p] € G and (vf,...,vﬁp) is a basis for E,, then

e 1] € G, 1< <)
spans MC(G).

Proof. Let V, V' be unitary representations of G with inner products (., .)y and
(.,.)vs. Then V &V’ is unitary with respect to the inner product

((u, ), (v,0"))vey: = (u,v)y + (u', 0"y

and V ® V' is unitary with respect to the inner product

(Zui®ug,2vj ®v;-)
i j

— . i 4 /
N %:(Uw v;)v (g, vj) v

Vo,V _ VeV’ VoV VeV ‘o
Therefore, cf, ,+ fur v = (cuury, (v,0r) 20 fiwtir v = fugur vers 50 MC(G) is indeed
an algebra. The constant functions are attained as matrix coefficients of the trivial

representation.

As in the proof of Corollary 23.11 we decompose V into a direct sum V = @; V; of
irreducible and mutually perpendicular submodules V; = E,,. Then any u,v € V can
be written as u =Y, u;, v =%;v; with u;,v; € V;, so fXU =, f;/v TV, > E,

is an intertwining isomorphism, then (T;u;, T;v;) B, = (ui,v;)y, defines a unitary
structure on E,, such that f;/ DY ff "o Tyv,- Then expanding Tyu; and Tiv; into
the basis for E,, proves the last claim. O

Concerning the L? inner products of matrix coefficients with respect to irreducible
representations we have:

24.3 Theorem. (Schur orthogonality relations) Let (py,U), (pv, V) be irreducible
finite dimensional unitary representations of a compact Lie group G with invariant
inner products (., )y and (., . )y. Ifu; €U and v; € V, then

](;(guhuQ)Umdg :{ 0 1 ZfU % V,

i (un,v)v (w2, )y if U =V.

Proof. Given w e U and v e V, set Ty, : U > V, Ty, (.) = (.,u)y - v. After
choosing bases, for any g € G we may consider the map g+ py(g) o To. 0 pit (g) as
a matrix valued function. Integrating coordinate-wise, we define Ty, , : U - V by

T = /G pv(9) o Tuw o pu(g)~ dg.

Since the Haar measure is left invariant we get for any h e G

pv(h)o Tu,v = /Gpv(hg) oTywo PU(QY1 dg

- [G pv(9) 0 Tuwo pu(h™g) " dg = Ty o pur(h),
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showing that T}, , € Homg (U, V). By Schur’s Lemma (Theorem 23.5) it follows that
Ty =cl, where c=c(u,v) e Cif U=V, and c=0if U £ V. We have

(g, v2) - (u1,01)v = (Tuy.opt1,v1)y = fg(gTuQ,vzg’lubvl)v dg
:f((g_lulyu2)U9U27vl)Vdg = f(gulaUQ)U(g_1U2;U1)Vdg
G g~g-t JG

= fG(gulaUQ)U(U%gvl)V dg = /;(gulau2)U(gU17U2)V dg.

This already implies the claim if U ¢ V. Next, let U = V. Then we need to calculate
¢(ug,v2). To do this, take the trace of c(ug,v2)] =Ty, vyt

c(ug,v2)dimV = trTuQ,v2 = fgtr(g 0Ty © gfl) dg = /c; t0( Ty 0p) dg =t (T 00 )-

To determine tr(Ty,,) for nonzero ug, choose an orthonormal basis for U = V
of the form (wy,...,w,), where n = dimV and w; = vy (noting that without loss
of generality we can suppose that vy is a unit vector). Then since Ty, ., (.) =
(.,u2)yvy we obtain

n n
t(Tusvs) = O (Tug e Wiswi)v = Y (v, w;) v (wi, uz)v = (va, u2) v
i=1 =1

Thus, finally, c¢(us,vs) = %(UQ,UQ)V. |

If, instead of U =V we merely have U 2V and if T : U - V is a G-intertwining iso-
morphism, then due to Corollary 23.13 there exists some A > 0 such that (u1,u2)y =
A (Tur, Tug)y. Then (gui,us)y = AM(Tgur, Tuz)yv = A(gTu1,Tusz)y, so Theorem
24.3 shows that the Schur orthogonality relation in this case reads

- A .
f (gui,u2)u (g, v2)v dg = —— (Tur,v1)v (Tuz,v2)v-
G dimV

25 Infinite dimensional representations

We now want to also consider representations of compact Lie groups on infinite
dimensional spaces. Ultimately, it will turn out that the resulting theory can be
reduced to the finite dimensional case. To see this, we first have to extend the
required definitions to a more general setting.

A topological vector space is a vector space endowed with a topology such that the
vector space operations are continuous. If V)V’ are topological vector spaces we
write Hom(V, V") for the vector space of continuous linear maps from V to V', and
GL(V, V") for the subset of (continuously) invertible elements of Hom(V, V).

25.1 Definition.

(i) A representation of a Lie group G on a topological vector space V is a pair
(p, V), where p: G - GL(V) is a homomorphism and the map GxV -V,
(g,v) » p(g)v is continuous.

(i) If (p, V'), (p', V') are representations on topological vector spaces, T € Hom(V,
V') is called an intertwining operator or G-map if Top=p'oT.

(i4i) The set of all G-maps is denoted by Homg(V,V').
(iv) The representations V and V' are called equivalent, V = V'  if there exists a

bijective G-map from V to V', whose inverse is also a G-map.
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(v) A subspace U €V is called G-invariant if gU € U for each g € G. If U is
closed then the resulting representation on U is called a submodule or sub-
representation.

(vi) A nonzero representation V is called irreducible if the only closed G-invariant
subspaces are {0} and V itself. A nonzero representation is called reducible
if there is a proper closed G-invariant subspace of V.

The most interesting cases will be unitary representations on Hilbert spaces, al-
though many results are in fact applicable to Hausdorff topological vector spaces,
and in particular to Fréchet spaces (completely metrizable locally convex vector
spaces).

25.2 Example. The Lie group S* acts on L2(S') via (p(e'%) f)(e'*) = f(e'(@%)).

Before we continue we need to recall some basic facts about vector valued integra-
tion, referring to [10] for details. Let V' be a Hausdorff locally convex vector space
and let f: G — V be continuous. Then there exists a unique element in V, called

/G f(g)dg such that
7( [ $9)ds)= [ T(7(9))dg

for each T € Hom(V,C). If V is a Fréchet space, then [, f(g)dg is a limit of
elements of the form

> f(g) dg(),

where {A;}; is a Borel partition of G (recall that G is compact) and g; € A,.

A linear map T on a Hilbert space V is positive if (Twv,v) > 0 for all v € V and
strictly greater than 0 for some v. It is called compact if the unit ball is mapped
by T to a relatively compact set. The set of all compact operators is a closed left
and right ideal under composition with bounded operators.

25.3 Lemma. Let (p,V) be a unitary representation of a compact Lie group G on
a Hilbert space V.. Then there exists a nonzero finite dimensional (hence closed)
G-invariant subspace of V.

Proof. Let Ty € Hom(V, V) be any self-adjoint positive compact operator (e.g.,
any finite rank projection). Then set (using vector valued integration)

T:= fGP(g) oTyop(g)~" dg. (25.1)

As noted above, T is a limit (in Hom(V,V'), hence with respect to the operator
norm) of operators of the form ¥ dg(A;)p(g:) o To o p(g;)~! with g; e A; € G, 50 T
is still a compact operator. Moreover, T' is G-invariant since dg is left invariant.

Since Tj is positive, there exists some v € V with (Tov,v) > 0. Therefore, using the
G-invariant inner product (.,.) on V|,

(Tv,v) = fG(p(g)Top(g)’lv,v) dg = fG(Top(g)’lv, p(g)"'v)dg >0,

so T is nonzero. Since V is a unitary representation, the adjoint of p(g) is p(g)~* .
Using (25.1) and the fact that T is self-adjoint, it follows that T is self-adjoint as
well.

Now the spectral theorem for compact self-adjoint operators (cf., e.g., [10]) implies
the existence of an eigenvalue A # 0 of T" with nonzero finite dimensional eigenspace
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U =ker(T - AI). This U is the desired finite dimensional G-invariant subspace. O

If {V, | ae A} is a family of Hilbert spaces with inner products (., .), then its
Hilbert space direct sum is

eava = {(va) | Va € Va, Y [val? < oo}
(13 acA

Then ®,V, is a Hilbert space with inner product

((va), (v3)) = X (Va, V4 )a-

acA
Moreover, @, V, is a dense subspace and V, L Vg for a # 5.
25.4 Definition. Given a representation V' of a compact Lie group G on a topo-

logical vector space, the set of G-finite vectors is the set of all v € V such that Gv
generates a finite dimensional subspace:

Vo—fin == {v e V| dim(span{gv | g € G}) < 00}.

The following result shows that infinite dimensional representations on Hilbert
spaces in fact do not generate information beyond the finite dimensional case:

25.5 Theorem. Let (p,V) be a unitary representation of a compact Lie group G
on a Hilbert space. Then there exists a family {V,} of finite dimensional irreducible
G-submodules V, €V such that

V=B, Va
In particular, the irreducible unitary representations of G are all finite dimensional.
Moreover, the set of G-finite vectors is dense in V.

Proof. Consider the collection of all sets {V,, | & € A} with the following properties:

(i) Each V, is finite dimensional, G-invariant, and irreducible.
(if) Vo LVp for a# B e A

This set is partially ordered by inclusion. Furthermore, every chain (totally ordered
subset) has an upper bound, namely the union of the sets in the chain. Thus Zorn’s
Lemma implies the existence of a maximal element {V,, | a € A}.
— — 1
Now if V +# @,V,, then (@QVQ) is closed, non-empty and G-invariant, so it con-
stitutes a unitary Hilbert space representation in its own right. Therefore, Lemma
25.3 and Corollary 23.11 imply that there exists a finite dimensional G-invariant
1

irreducible submodule V3 ¢ (@aVQ) , contradicting maximality.
For the final claim, it suffices to note that @, V, consists of G-finite vectors. m]

Given a compact Lie group G, the set C(G) of continuous (C-valued) functions

on G is a Banach space with respect to the norm | f|e = sup g [f(g)|- Also, the

space L?(G) of square integrable functions on G is a Hilbert space with respect to
1/2

the norm | f|2 := (fG |f(g)|2dg) . On both spaces we have left and right actions

defined by

(g f)(h) = f(g™"h)
(rgf)(h) = f(hg).

As the next result shows, they are representations, called the left/right regular
representation.
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25.6 Lemma. The left and right actions of a compact Lie group G on C(G) and
L*(@G) are representations and preserve the norms.

Proof. The only non-obvious property from Definition 25.1 is continuity of the
map (g, f) » lyf (and analogously for 7). In C(G), we have

[f1(g7 ) = fo(g3 ' R) < [ f1(gi h) = fi(ga " h)| + | f1 (g5 h) = f2(g3 ")
<Ifi(gi'h) = (g W)+ f1 = f2]lco-

Since g = g1 is uniformly continuous on the compact group G and f; is continuous,
it follows that [l4, f1 —lg, f2] can be made arbitrarily small for g; near g in G
and || f1 — f2] e sufficiently small.

Next, for f; € L*(G) and f € C(G) we get

Ilg, f1=lgs fall2 = I f1 - lg;lng2||2 <|fr = fall2 + | f2 —lg;lngzuz
=[f1 = fall2 + gy f2 = Lgs S22
<fr=Folla+ Mgy f2 = Loy fll2 + 1o f = lgs fll2 + o f = Ugs S22
=fi-fallz+2[fa = fll2+ gy f =g fl2
<lfi=falla + 20 f2 = fllz + gy f = lgo flloo

Since C(G) is dense in L?(G) and we already know that G acts continuously on
C(@), the claim for L?(G) follows as well. ]

25.7 Theorem. Let G be a compact Lie group.

(i) The set of G-finite vectors of C(G) with respect to l, coincides with that of
the G-finite vectors of C(G) with respect to r.

(i) C(G)e-n = MC(G).

Proof. We begin by showing that C(G)g-an with respect to [, is the set of matrix
coefficients. Thus let £, (g) = (gu, v) be a matrix coefficient for a finite-dimensional
unitary representation V of G, where u,v € V and (.,.) is a G-invariant inner
product. Then

(lgfqi/:v)(h) = (g_lhu’v) = (hua gv)v

50 lgfuy = [ 4o Consequently,

{lofurwl g€ Gy e {fuu [0 €V}

Since V is finite dimensional, so is the right hand side here. Therefore, fX v €
C(G)G-fin, so MC(G) € C(G)g-fin-

Conversely, given f € C(G)g-fn, by definition there exists a finite dimensional
submodule V ¢ O(G) (with respect to the left action) so that f e V. Since gf = gf,
also V = {v| v eV} is a finite-dimensional submodule of C(G). Writing (., .) for
the L2-inner product on V, the evaluation functional at e is an element of the dual
space of V, so there exists some vy € V with v(e) = (v,0p) for all v € V. Therefore,

f(g) = lg’lf(e) = (lgflfavio) = (f» ZQTO) = (19707 f) = fgf(g)

Consequently,

f=fo s €eMC(G). (25.2)
Therefore also C'(G)g-fin € MC(G), proving (ii) for I,,.
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Turning to (i), let f be a left G-finite vector. By what we have just shown, f is
a matrix coefficient, f = fXU. Therefore, 7y f(h) = (hgu,v), so rqf = fg‘z,v. Since
{gu | g € G} is contained in the finite dimensional space V, it follows that the space
of left G-finite vectors (and thereby MC(G)) is contained in the space of right
G-finite vectors.

Now let f be a right G-finite vector. Again pick a finite dimensional submodule
V ¢ C(G) with respect to ry with f € V and let (.,.) be the L-inner product
restricted to V. As above, since evaluation at e is in the dual of V' there exists some
vg € V such that v(e) = (v,vp) for all v € V. In particular,

f(g) = Tgf(e) = (Tgfv o).

Consequently, f = f}fvo € MC(G). Combined with the above, we arrive at MC(G) =
C(G)¢-fin also with respect to r,. O

For the proof of the Peter-Weyl theorem below we recall the following fundamental
approximation result (cf., e.g., [10]).

25.8 Theorem. (Stone—Weierstrass) Let S be a compact Hausdorff space and
let A be a subalgebra of C(S) that is closed under complex conjugation, separates
points of S and such that for any p € S there is some f € A with f(p) +#+0. Then A
is dense in C(S) (with respect to uniform convergence).

Using this we can now show:

25.9 Theorem. (Peter—-Weyl Theorem) Let G be a compact Lie group. Then
C(G)G-fin is dense in both C(G) and L*(G).

Proof. Since C(G) is dense in L?(G) and since uniform convergence implies L2-
convergence, it suffices to prove the first claim. Note first that by Lemma 24.2 and
Theorem 25.7, C(G)g-fin is a subalgebra of C(G) that contains 1 and is closed
under complex conjugation (see (25.2)). By the Stone—Weierstrass theorem 25.8 it
therefore suffices to show that C'(G)g-an separates points. Using left-translation
this in turn reduces to showing that for any go # e there exists some f € C(G)g-fin
with f(g0) # f(e).

For this, first choose an open neighborhood U of e such that U n goU = @. Then
the characteristic function xy of U belongs to L*(G). Also, lgXu = XgoU, SO
(lgoxu,xv) = 0. Since (xu,xv) > 0, Iy, is not the identity operator on L*(G).
By Theorem 25.5, with respect to the left action of G on L?*(G) there exist finite
dimensional irreducible G-modules V,, ¢ L?(G) such that

L*(G) = @Va.

In particular, there must be some g such that Iy, does not act as the identity on
Vao- Hence for some x € V,,, we have [y x # x, and a foritiori there is some y € Vi,

such that (g x,y) # (z,y). Consequently, the matrix coefficient f = f;/:‘;f then
satisfies

£250(90) = (g0, y) # (2,) = frae (e),

as desired. O
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Appendices

A Submanifolds

Proof of Proposition 14.7

We first need two auxiliary results:

A.1 Lemma. Let M be second countable and M’ an immersive submanifold. Then
there exists a countable family C of open subsets of M with the following property:
Any point of M’ has a coordinate neighborhood which, for some W € C, is a con-
nected component of the open submanifold M' n W of M’.

Proof. Let dimM =m, dimM’ =1 and j: M’ <= M. For p € M’ there exist charts
(¢,U) and (¢, V) around p in M resp. M’ such that pojot~! =z~ (2,0) and
V c U (see Remark 13.2). Choose a neighborhood U’ of ¢(p) in R™ with U’ ¢ o(U)
and

U'n (R x {0}) (V) x {0}. (A1)

Let B be a countable basis for the topology of M. Choose W € B such that pe W ¢
@ 1(U"). Then since ¢ is injective,

(VW) =o(V)np(W) c (R x {0}) no(W).

Conversely, if = € (R' x {0}) n o(W), then x = ¢(q) for some ¢ € W, so ¢(q) €
U'n (R x {0}) € (V) x {0} by (A.1). By the above, o™t : (V) - o(V),
x> (2,0), 50 (V) = potp~t(yp(V)) = (V) x {0}. It follows that p(q) € p(V'), and
sox=p(q)ep(V)np(W)=p(VnW). Altogether,

(VW) = (R x {0}) np(W). (A.2)

Since j is continuous, M'nW = j=1(W) is open in M’, hence is an open submanifold
of M" and thereby is itself an immersive submanifold of M. The set ™1 (R™ \ (R! x
{0})) is open in M, hence intersects the immersive submanifold M’'nW in an open
set. We now claim that

(M'aW)ne Y (R™ (R x {0})) = (M n W)~ (VnW).

Indeed, if there were some ¢ is in the Lh.s. such that ¢ € V n W, then by (A.2)
©(q) e R'x {0}, so g € o (R x {0}), a contradiction. Conversely, if there were some
¢ in the r.h.s. such that p(q) € R! x {0}, then ¢(q) € (R! x {0}) n (W) = p(V n W)
by (A.2), so g€ V nW, again a contradiction.

It follows that VnW is closed in M'nW. On the other hand, VAW =V n(M'nW)
is also open in the manifold M’ n W. Therefore V n W is a union of connected
components of M’ nW (If X is any topological space and A ¢ X is both open
and closed then it is a union of connected components). Let C be the connected
component that contains p. Then C' is open in M’ n W, and thereby also in M’.
Since C' ¢ V, C additionally is a coordinate neighborhood of p in M’. Now define
C to be the set of all W as above. Then C ¢ B, hence is itself countable. O

A.2 Lemma. Let M be a connected manifold and let U := {U, | a € A} be a
covering of M by coordinate neighborhoods. If for any a € A the number of all f € A
with Uy, nUg # @ is countable, then M is second countable.

Proof. It suffices to show that from U we can extract a countable sub-covering
(which then is a countable atlas for M, giving the claim by [5, 1.3.7]). We construct
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such a covering as follows: Let By € U be arbitrary and inductively define B,, for
n=2,3,... as the union of all sets from U that intersect B,,_1. Any B,, and thereby
also B := U, By, is a countable union of elements of &/. We have:

UeUand UnB+@=UCcB. (A.3)

Indeed, there exists some n such that Un B,, #+ &, so U € B,,;1 € B. To conclude
the proof we show that B = M. Since M is connected and @ # B is open it suffices
to show that M \ B is open. Thus let p € M \ B, then there exists some U € U with
peU. Due to (A.3) we then have UnB=@,s0 U < M \ B. ]

Based on these Lemmas, we can now turn to Proposition 14.7:

Proof. Let V = {V, | « € A} be the covering of M’ by coordinate neighborhoods
constructed in Lemma A.1. By Lemma A.2 it suffices to show that any element of
V can only intersect countably many further elements of V.

It follows from Lemma A.1 that any V, € V is a connected component of some set
M' nW, where W € C. Therefore it suffices to show that any V,, can intersect at
most countably many connected components of any fixed M' n W' (with W’ € C):
Indeed, there are only countably many W’ € C. Once we have shown that only
countably many connected components of any fixed W’ n M’ meet the given V, it
follows that V,, can in total only intersect countably many connected components
of the countably many W' n M’, i.e., only countably many V.

Now the nontrivial intersections of such connected components with V,, are open
subsets of V,,, which are necessarily disjoint. Since V,,, being a coordinate neighbor-
hood, is homeomorphic to an open subset of R! (with I = dim M), there can indeed
only be at most countably many such sets. O
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