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Chapter 1

Smooth Manifolds

1.1 Tensor Algebra

1.1.1 Tensors and Their Products

We generalize from linear functionals to multilinear ones. If Vi,...,V, and W are vector spaces, a map
F:Vy x .-+ x Vi, = W is said to be multilinear if it is linear as a function of each variable separately, when
all the others are held fixed:

F(v1,...;av; +ad'vl,...,v5) = aF (vi,...,04...,08) + @' F (v1,...,00, ..., 0%) .

Given a finite-dimensional vector space V, a covariant k-tensor on V is a multilinear map

F:Vx.-.xV —=R.
————

k copies
Similarly, a contravariant k-tensor on V is a multilinear map
F:V*x---xV*—>R
N——————’

k copies

We often need to consider tensors of mixed types as well. A mixed tensor of type (k,[), also called a
k-contravariant, [-covariant tensor, is a multilinear map

F: V"% - . xV*"xXVx---xV =R.

k copies | copies

Actually, in many cases it is necessary to consider real-valued multilinear functions whose arguments consist
of k covectors and [ vectors, but not necessarily in the order implied by the definition above; such an object
is still called a tensor of type (k,[). For any given tensor, we will make it clear which arguments are vectors
and which are covectors. The spaces of tensors on V of various types are denoted by
T* (V*) = { covariant k-tensors on V'};
T*(V') = { contravariant k-tensors on V'};

T®ED (V) = TF(V) = { mixed (k,1)-tensors on V'}.

7
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The rank of a tensor is the number of arguments (vectors and/or covectors) it takes. By convention, a
0-tensor is just a real number.

There is a natural product, called the tensor product, linking the various tensor spaces over V: if F' €
T®D (V) and G € TP9(V), the tensor F @ G € TF+P:1+9) (V) is defined by

1 k
F®G(w yeee, W +p,vl,...,vl+q)

_ 1 k k+1 k+
—F(w e, W ,v17...,vl)G(w e, W p7vl+1,...,vl+q)

The tensor product is associative, so we can unambiguously form tensor products of three or more tensors
on V. If (b;) is a basis for V and (537) is the associated dual basis, then a basis for 7"V (V') is given by the
set of all tensors of the form

bi1®"'®bik®5j] ®...®le’

as the indices i,, j, range from 1 to n. These tensors act on basis elements by

bi1 ®®blk ®5j1 ®®Bﬂ (5813--~7ﬁsk7br17~-~7b7“l):61'811"'6§k6j1"'5£§'

ik O T1

It follows that 7)) (V') has dimension n**!, where n = dim V. Every tensor F' € T(®)(V') can be written in
terms of this basis (using the summation convention) as

F=F'7p @ @b, @' ®-- @ p (1.1)

J1---Ji

where
Flvie = F (B, 8%, bj, ..., b))

J1---Ju

If the arguments of a mixed tensor F' occur in a nonstandard order, then the horizontal as well as vertical
positions of the indices are significant and reflect which arguments are vectors and which are covectors. For
example, if A is a (1, 2)-tensor whose first argument is a vector, second is a covector, and third is a vector, its
basis expression would be written

A= A7 B @b 08",

where
Al = A (bi, 7, br)

There are obvious identifications among some of these tensor spaces:

Due to [6] prop.12.10, we also write

TEIWV) =V - aVeV e -V,

k copies 1 copies

defined as F(V** x V**!)/R, where F is the free vector space on basis V** x V**! or the set of all
finite formal linear combinations of (k,)-tuples, and R is the subspace of F' spanned by all elements of the

8
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following forms

('Ula"‘ LAV, Vg, W, 7wl)_a(U17"' JViy vty Uy W, " ,Wl)

(Uly"' Uk, W1, "+, W, -+ + awl)*a(vly"' S Uky W1, "t Wy e #Ul)
(U17"' ,%“FU;,"' Uk, W1, * * - 7wl)_(7}17"' JViy Uy W, e awl)_(U17"' ,’Ug,"' Uk, W1, " - 7Wl)
(Uly"' Uk, W1, " * - 7wi+w£... ’wl)_(vl’... S Uk W1, "t Wi 7wl)_(7}1,"' Uk, W1, " - - 70.};--- 7Wl)

Let IT : F(V*k x V>t o 7D — F(V*F x V**!) /R be the natural projection. The equivalence class of an
element (v, - , v, w1, ,w;) in T®D (V) is denoted by

’Ul®"'®vk ®W1®®OJ[ :H(Ula"' s Uy W1,y 00t 7wl) = (’Ulv"' s Uy W1,y awl)+R~
and is called (abstract) tensor product of vy, - , v, w1, -+ ,w;. We note that (vy,- - , vk, w1, - ,w)

It folllws from the definition that abstract tensor product satisfy

Ul®"'®Cwi®"'®Uk®wl®"'®wlZa(’Ul®"'®Ui®"'®Uk®w1®"'®wl)
’Ul®"'®Uk®wl®"'®awi"'®wl:a<U1®"'®Uk®wl®"'®wi"'®wl)
Ul®"'®(Ui+U£)®"'®0k®wl®'“®wl:'U1®"'®Ui®"'®Uk®UJ1®"'®UJl
+U1®"'®U£®"'®Uk®w1®"‘®Wl
’Ul®"'®Uk®w1®"'®(Wi+w§)"'®wl:Ul®"'®Uk®wl®"'®wi"'®wl
+v1®---®vk®w1®-~-®w§--~®wz

Note that the definition implies that every element of T*!)(V') can be expressed as a linear combination of
elements of the form v; ® - - - Qv ®w1 ® - - - @uwy; but it is not true in general that every element of the tensor
product space is of the form v; ® - - QU Qw1 @ -+ - @ wy.

Proposition 1.1.1 (Characteristic Property of the Tensor Product Space). Let Vi, - - - , V}, be finite-dimensional
real vector spaces. If A : Vi x --- x V}, = X is any multilinear map into a vector space X, then there is a unique
linear map A: V1 ® --- ® Vi, — X such that the following diagram commutes:

%Xka%;x

R

e - V:k
where h is the composition h = IT o4 of themaps Il : F — F/Rand i : V} x --- x V}, — F. Explicitly,
h(vi, - k) =01 ® - @ v
Proof. See [6] Proposition 12.7. |
Proposition 1.1.2. Above characterization of tensor product is unique up to isomorphism.
Proof. See Rotman’s An Introduction to Homological Algebra (e2) Proposition 2.44. [ ]
Proposition 1.1.3 (Abstract vs. Concrete Tensor Products). If Vi, - - - , Vj are finite-dimensional vector spaces,

there is a canonical isomorphism
V- VE=L(Vy, -, Vi;R)

under which the abstract tensor product defined by
v @ @ug = vy, o) = (vr,,0) + R

9
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corresponds to the tensor product of covectors defined by
W @wkvrn, k) = wh (o) - wF ().

The isomorphism ® : ViE® -V = LW, -, Vi;R) is the map induced by & : Vi x --- x V¥ —
L(Vy,--+, Vi;R) defined by ®(wh,--- ,wF) (v, ,v5) = w'(vy)---wF(vg) through the universal property
1.1.1.

Proof. See [6] Proposition 12.10. [ ]

Proposition 1.1.4 (Second Dual Space). There is a canonical isomorphism between V** := (V*)* and V,
namely, the isomorphism sending v to its evaluation map v, defined by

v:V* =R
w = w(v)

Proof. See [6] Proposition 11.8. ]

We introduce an extremely important identification
THD(V) = End(V),

where End(V') denotes the pace of linear maps from V' to itself (also called the endomorphisms of V). This
is a special case of the following proposition.

Proposition 1.1.5. Let V be a finite-dimensional vector space. There is a natural (basis-independent) isomor-
phism between T*+1.) (V') and the space of multilinear maps

Vix o . xV*xVx---xV —=V.

k copies 1 copies

Lemma 1.1.6. Let dim V; = n; and dim W = n then

n k
dim £ (Vq, - -+ ,Vk;W):ZHnj =nning ---ny

i=1 j=1

Proof. That’s because
LWy, VigW) =LV, Vg R 2 LV, Vi R)

and the fact that @', X; has dimension ) dim X; and

Lemma 1.1.7. Let V be a vector space and v # 0 be a vector in it. There exists a linear mapping f : V — R
such that f(v) # 0.

Proof. Suppose V = span(zy,--- ,x,). Let M = span(v) as in [3] Theorem 1.10.20. Then there is a subspace

H = span(z;,, - ,x;,) such that V. = M @ H. Now define f(v) = 1 and f(x;,) = - - = f(z;,) = 0 and
extend them linearly to be defined on other vectors in V. |

10
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First proof of the proposition.
(1) Case k =0,l=1:

Proposition 1.1.3 gives 7D (V) = V @ V* = £ (V*,V;R). We then define the mapping
®:End(V) = L(V*,V;R)

V*xV —=R >

A @A = < (w,v) = w(Av)

Since there is a canonical isomorphism between V' and V** by Proposition 1.1.4, we let the isomorphism be
denoted by 7 : V** — V. We then define the inverse of ® as below.

U L(V*,V;R) = End(V)

f”f::(vv :Tv<f<~,v>>)

where we note that f(-,v) is a map from V* to R and thus belongs to V**.
We show that ®(Vf) = f and U(PA) = A:

* (U f) = f. Thatis, we need to show ®(¥ f)(w,v) = f(w,v). We compute that

(U f)(w,v) =w((¥f)(v) = w(r(f(-v)))
3
= E(w) = [f(a ’U)]((U) = f(wa U)
where we note that 7 : V** — V and the evaluation - : V' — V** are inverse of each other.
* U(PA) = A. That is, we need to show that ¥(®A)(v) = A(v). We compute that

D@ A)(2) = 7((A)(v)
= 7(-(40))

Note that -(Av) sends every w to w(Av) and therefore equals to Av. Thus,
U(PA)(v) = 7(Av)
= Av
where we again notice that 7 and - are inverses of each other.
(2) General case:
We similarly consider

LV VIV V) = LV VYV VS R)
———— ——

—_——
k copies | copies k+1 copies | copies
Vix .. xV*xVx...xV >R
AH@A:Z( 1 k+1 k+1 1 k
(wv"'aw 7/017"'71)[)’_)(*‘) (A(w,"'7w7U1,"',Ul))
and
U LV* - VSV, JVIR) = LV V- (V)
—_——— —_——— ———
k+1 copies | copies k copies 1 copies
Vix o . xV*xXVx.--xV =2V
fo¥f :_< 1 k 1 k
(OJ sttt L, W, U1, 7Ul)'_>7(f(w gt Wy U1, avl))
|

11
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Second proof of the proposition.
(1) Case k =0,l=1:

Proposition 1.1.3 gives (MY (V) = V @ V* = £ (V*,V;R). We then define the mapping

¢ :End(V) — L(V*,V;R)

AH‘I)AIZ(VZQ;/) :fmv))

It is easy to see that the map & is well-defined and linear. Let dim V' = n. Notice that dim V' = dim V* = n.
Then by lemma 1.1.6 we see dim 7M1 (V) = dim £ (V*,V;R) = n? and dim End(V) = dim £(V, V) = n?.
Thus, it suffices to show that @ is injective: for A, B € End(V) we want to show that A = ®B = A = B.
® A = OB implies that for any fixed v € V, the following is true:

Yw e V™, PA(w,v) = PB(w,v)
w(Av) = w(Bv)
w(Av — Bv) =0
Now, Vw € V*, w(Av— Bv) = 0 implies that Av— Bv cannot be a nonzero vector, because for if it is a nonzero
vector, then lemma 1.1.7 implies that we can find some w € V* such that w sends it elsewhere. Therefore,

for any fixed v, Av — Bv = (A — B)v =0 = A — B, which sends every vector to zero, is a zero mapping.
Thus, A = B.

(2) General case: consider the mapping

O LV VIV VY = LV VYV TS R)
—_——— ——

——
k copies 1 copies k+1 copies | copies
A DA ( VEx oo xV*xVx--xV =R )
— =
(wl’... ,wk“,vl,--- ’Ul) — kt+1 (A(wl’... 7wk7vl’... 7'Ul))

We similarly only need to show injectivity: suppose

wk+1 (A (wla"' ,wk77]1,"' 77]1)) :wk-‘rl (B (wla"' 7wk,1}17"' 7Ul))
Then by the same argument, Vw!, - W vy, -+ v,
A(Wl,"' ;wkavlv"' ,’Ul) :B(Wla"' ,Wk,Ul,"' ;vl)

(A_B) (le"' 7wkvv17"' 7’Ul) =0

A — B is then a zero mapping in L(V*,--- , V* V... [V;V),s0 A= B. |
———— ———

k copies 1 copies

Third proof of the proposition. We cite [9] to give another argument:
[9] Theorem 2.11: There is a natural isomorphism between £ (Vy,Va; W) and L (Vi, £ (Vo, W)).
[9] Theorem 4.1:
D VE=VeVxL(V,V)
() Vi =VeV 2V'eV=L(V,V)=L(V,V
(iii) V) = V*@V*=L(V,V*)

12
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[9] Theorem 2.12: There is a natural isomorphism between £L(Vi, Vs, - -+, V,; W) and L(V;, L(VA, -+, Viyooo Ve W)).
For the special case k = 0,1 =1,let V;, = V* V5, =V, W = R in [9] Theorem 2.11 to get
[9] 4.1
LV VR =LV LV,R) =LV V) = L(V,V) =End(V)
For the general case, observe the following corollary:

[9] 2.12

;
N

E(‘/la7‘/;77W) = E(Vvl7£(v1aa‘//\vl77vp7w))
[9] 2.12

IR

ﬁ(ma‘c(‘/jaﬁ(vla 7‘/}” a‘/}] 7VP’W)))
use backwards [9] 2.12 ~ ~
= ‘C(‘/ﬂ‘/j7£(vl77‘/l77‘/]7)vp7w))
Then
TEDV) =V R VXV @ - -@V*
k+1 copies | copies

[6] 12.10
—_— —

k+1 copies 1 copies

i-th k copies 1 copies

— —
k copies [ copies
—_— e —
k copies [ copies EN 41
[’(V*7 aV*a‘/a 7V7V)
— —

k copies [ copies

1

Il

1.1.2 Contractions

We can use the result of proposition 1.1.5 to define a natural operation called trace or contraction, which
lowers the rank of a tensor by 2. In one special case, it is easy to describe: the operator tr : 71 (V) — R is
just the trace of f when it is regarded as an endomorphism of V, or in other words the sum of the diagonal
entries of any matrix representation of F.

Recall the following results from basic linear algebra.

Definition 1.1.8. If T is any linear transformation which maps vector space V of dimension n to vector space
W of dimension m, there is always an m x n matrix A with the property that

Tx = Ax, VeeV
Let (Ey,--- , E,) be a basis for V and (¢,-,e™) be a basis for W, then the matrix of linear transformation
Als
|
A= | T(E,) --- T(E,)
| |

Proposition 1.1.9. The sum of the eigenvalues \; of the matrix A € M, (R) is equal to its trace, i.e., . A =
tr A. Besides, [];_, A = det A.

13
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Proposition 1.1.10. Let B and C be any two bases of the vector space V, and let 7 € L(V,V) = End(V) be a
linear endomorphism. Then the eigenvalues and eigenvectors are invariant under change of basis:

[T]8[v]s = Al = [Tlc[v]e = Alv]e

Proof. Recall the following change of basis formula (see [10] Corollary 2.17 for (2) below for instance):
(1) [v]le = Mpclvls;
(2) [r]le = Mpclr]BMg -

Then the assertion directly follows from the computation:

[lelvle = Mg cl[rlsMgeMs clvls
= Msgc[r]s[v]s
= MpcAv]s
= MM B c[v|s
= Alvle

In fact, this invariance can also be seen from the fact that an eigenvalue A of a linear endomorphism 7 €
L(V,V) = End(V) is defined by 7 = Az for some non-zero vector = and the definition does not involve
basis. Now the above proposition combined with the formula of the sum of eigenvalues gives the invariance
of trace of a linear endomorphism under change of basis.

Corollary 1.1.11. The trace of a linear endomorphism is well-defined.

Proposition 1.1.12. Let f € TV (V). Then under the definition of trace given at the beginning, tr(f) :=
tr(Uf) = 3 fi, where f] = f(&', E;) with respect to the basis (E1,--- , E,) of V and dual basis (¢',--- ,&") of
V.

Proof. The linear operator here is

Uf:V-V
v 7(f(v))
where ¥ is defined in the second proof of the proposition 1.1.5. We will show that the matrix [V f] g, ) of ¥ f

under basis (F}) is the following, from which we can obtain that the sum of the diagonal elements is > f,
proving the statement.

fo i
Wl = K
... fo
By definition 1.1.8, we want to show that
Vi<k<n: (Uf)(Er) =Y fiE:. (1.2)

To figure out how ¥ f acts on Ej, we need to know what vector ¢ has its evaluation map ¢ equal to f(-,v).
Observe that

v:V =R

w = wv) = w'e (v E;) = wh;

14



Differential Geometry Anthony Hong

and that

fGv): V=R

w f(w,v) (

) [E ®& (w,v)
_ SEWE () = flo? = (i)

Comparing the above two equations to see & = >, fiv’ and thus £ = 3, (E S vl ) E;. Then, if we let

v = Ey, we will get
= Z Z fik5)E Z fiE;
which is just (1.2). [ |

More generally, we can contract a given tensor on any pair of indices as long as one is contravariant, say
A-th (1 < XA < k+ 1), and one is covariant, say pu-th (1 < p <1+ 1), and it can be denoted as C;Q\: adopted
from [9] p.42:

Definition 1.1.13. Consider the mapping f : V*(*+1) x (41 _ 70 (V) defined by
(W1, V1, W1, 5 Wi1) > (W UA) U1 @+ R TA® - @ Uyt B w1 @ -+ @ Wy @ -+ @ Wi
The contraction, C3, is then the unique linear mapping F o TR+LED (V) o TRD (V) with the property
VB @Upp1 ®WL @+ @ Wi — (W, VA) VI @ RTY @+ @ V] @y @+ ® Dy ® -+ @ Wi

induced by f through the universal property 1.1.1.

As an example C} : Vi — V is given by v@w®o — (o, w)v, and, in particular, e;@e;@e* — (¥, e;) e; = 6Fe;.
Hence - -

Ale; ®e; ® ek Azjéfez Aike,.
In fact, definition 1.1.13 is equivalent to the following definition.

Definition 1.1.14. The contraction C’ﬁ can also be defined by

TN () 5 TRO(V) 2 L(V* % -- x VXV x -+ x V;R)
k copies 1 copies
f'—>< VEx o . xV*xVx---xV =R )
(w1,~~ ,wk,v1,~~- ,Ul) — Z?=1f(w1v"' 7w>\*175j’w>\+17... ,wk,U1,~~ 7U#_17Ej7v#+1’vl)

We also have the following useful result.

Proposition 1.1.15. For vector space V of dimension n, if F € T*+11+1) (V) has components Fjl1 jl“ll, then

A 10— 1m1)\+1 'll.+1 .
C; F' has components Fj1 nAMiat1ejis (SUMMation on m,). Namely,

( ’1 ik _ 2 : 11 CEA—1TINFL Tkt (1.3)
Jl “Ji J1Jpu—1MJput1Jig1 .

1.1.3 Tensor Bundles and Tensor Fields

On a smooth manifold M with or without boundary, the bundle of (k,!)-tensors on M is defined as

T¢OTM = T 7"9 (T,M).
peEM
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As special cases, the bundle of covariant [-tensors is denoted by 7*7*M = T(®)TM, and the bundle of
contravariant k-tensors is denoted by T*T'M = T T M. There are natural identifications

TOOTM = TOT*M = TOTM = M x R,
TOVTM = T'T*M = T*M,

TEOTM = T'TM = TM,

TORTM =THT* M,

TEOTN =TT M.

Exercise 1.1.16. Show that each tensor bundle is a smooth vector bundle over M, with a local trivialization
over every open subset that admits a smooth local frame for T M.

A tensor field on M is a section of some tensor bundle over M. A section of T*7T*M = TOVTM (a
covariant 1-tensor field) is also called a covector field. As we do with vector fields, we write the value of a
tensor field F' at p € M as F), or F| . Because covariant tensor fields are the most common and important
tensor fields we work with, we use the following shorthand notation for the space of all smooth covariant
k-tensor fields:
THM) =T (T*"T*M).

The space of smooth O-tensor fields is just C>°(M). Let (E;) = (E4,..., E,) be any smooth local frame for
TM over an open subset U C M. Associated with such a frame is the dual coframe, which we typically
denote by (£',...,e"); these are smooth covector fields satisfying ¢’ (F;) = 6; For example, given a coor-
dinate frame (0/0z',...,0/9z™) over some open subset U C M, the dual coframe is (dz?,...,dz™), where
dz* is the differential of the coordinate function z".

smooth local frame (E;) and its dual coframe (&), the tensor fields F;, @ -+ ® E;, ® €' @ -+ ® ¢’* form
a smooth local frame for T(*:Y) (T*M). In particular, in local coordinates (z), a (k,1)-tensor field F' has a
coordinate expression of the form

F=F "0, ® - ®0, ®dr" @ ®dz",

where each coefficient Fj!~7* is a smooth real-valued function on U.

Exercise 1.1.17. Suppose F : M — T*VTM is a rough (k,1)-tensor field. Show that F is smooth on an open
set U C M if and only if whenever w', ..., w" are smooth covector fields and X, ..., X; are smooth vector fields
defined on U, the real-valued function F (w',...,w*, X1,...,X;), defined on U by

F(w'.. o X1, .., X)) (p) = F, <w1‘p7...,wk‘p,Xl\w...,Xl\p),

is smooth.

An important property of tensor fields is that they are multilinear over the space of smooth functions. Sup-
pose F' € T'(T:DTM) is a smooth tensor field. Given smooth covector fields w',...,w* € T1(M) and
smooth vector fields X, ..., X; € X(M), above exercise shows that the function F (w!,...,w" X1,..., X))
is smooth, and thus F' induces a map

FoTHM) x - x THM) x X(M) x --- x X(M) — C>®(M).

k factors [ factors

It is easy to check that this map is multilinear over C°(M), that is, for all functions u,v € C°°(M) and
smooth vector or covector fields «, 3,

Fl.ua+vB,..)=uF(.. a,..)+vF(.. B,...).
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Even more important is the converse: as the next lemma shows, every such map that is multilinear over
C*°(M) defines a tensor field. (This lemma is stated and proved in [6] for covariant tensor fields, but the
same argument works in the case of mixed tensors.)

Lemma 1.1.18 (Tensor Characterization Lemma). [6] Lemma 12.24.
A map
FoTHM) x - x THM) x X(M) x -+ x X(M) — C>(M)

k factors 1 factors

is induced by a smooth (k,l)-tensor field as above if and only if it is multilinear over C*°(M). Similarly, a map

FiTHM) x - x THM) x X(M) x -+ x X(M) — X(M)

k factors 1 factors

is induced by a smooth (k + 1,1)-tensor field as in Proposition 1.1.5 if and only if is multilinear over C*° (M),
where TH(M) =T (T*T*M).

Suppose F' : M — N is a smooth map, then for a covariant k-tensor field on N, we define a rough k-tensor
field F*A on M, called pullback of A by F, by

(F*4), = dF;(Apqy).

Proposition 1.1.19 ( [6] Proposition 12.25). Suppose F': M — N and G : P — M are smooth maps, A and
B are covariant tensor fields on N, and f is a real-valued function on N.

(1) F*(fB)=(fo F)F*B.
(b) F*(A® B) = F*A® F*B.
() F*(A+B)=F*A+ F*B.
(d) F*B is a (continuous) tensor field, and is smooth if B is smooth.
(e) (FoG)*B=G*(F*B).
¢ (dy)" B =B.
(g) If p € M and (y*) are smooth coordinates for N on a neighborhood of F(p), then F*B has the following
expression in a neighborhood of p:
F* (Biy..ip, Ay @ -+ @ dy'*)
=(Biy..i,oF)d(y" oF)®---® d(y* o F)

Remark 1.1.20. To remember the last formula, one can use (a) and the fact that exterior differentiation
commutes with pullback F* dw = d(F*w). [ )

1.2 Vector Fields

1.2.1 Lie Bracket

Suppose M and N are smooth manifolds with or without boundary, and F : M — N is a smooth map.
We obtain a smooth map dF : TM — TN, called the global differential of F', whose restriction to each
tangent space 7),M is the linear map dF), defined above. In general, the global differential does not take
vector fields to vector fields. In the special case that X € X(M) and Y € X(IV) are vector fields such that
dF (Xp) = Yp(p, for all p € M, we say that the vector fields X and Y are F'-related.

17
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Lemma 1.2.1. ( [6] Prop.8.19 & Cor.8.21) Let F : M — N be a diffeomorphism between smooth manifolds
with or without boundary. For every X € X(M), there is a unique vector field F.X € X(N), called the
pushforward of X, that is F-related to X. For every f € C*°(N), it satisfies

(FxX) f)oF=X(foF). (1.4)

Suppose X € X(M). Given a real-valued function f € C*°(M), applying X to f yields a new function
Xf e C®M)by Xf(p) = Xpf. The defining equation for tangent vectors translates into the following
product rule for vector fields:

X(fg)=fXg+gXf. (1.5)

Amap X : C°(M) — C*>°(M) is called a derivation of C°>°(M) (as opposed to a derivation at a point) if it
is linear over R and satisfies (1.5) for all f, g € C°°(M).

Lemma 1.2.2. ([6] Prop.8.15) Let M be a smooth manifold with or without boundary. Amap D : C*°(M) —
C° (M) is a derivation if and only if it is of the form D f = X f for some X € X(M).

Given smooth vector fields X,Y € X(M), define a map [X,Y]: C>®(M) — C>*(M) by
(X, Y]f = X(Y ) = Y(XS).

The value of the vector field [X,Y] at a point p € M can be shown to be a deriavtion at p given by the
formula [X,Y],f = X, (Y f) = Y,(Xf). Thus, by Lemma 1.2.2 it defines a smooth vector field, called the Lie
bracket of X and Y.

Proposition 1.2.3 (Coordinate Formula for the Lie Bracket). Let X,Y be smooth vector fields on a smooth
manifold M with or without boundary, and let X = X'0/0x" and Y = Y79/027 be the coordinate expressions
for X and Y in terms of some smooth local coordinates (x%) for M. Then [X,Y] has the following coordinate
expression:

Y7 ,0X7\ 0
or more concisely,
. )
_ AR J
[(X,Y] = (X(Y7)-Y(X)) 5 1.7

Proposition 1.2.4 (Properties of Lie Brackets). ( [6] Prop.8.28) Let M be a smooth manifold with or without
boundary and X,Y, Z € X(M).

(a) BILINEARITY: [X,Y] is bilinear over R as a function of X and Y.
(b) ANTISYMMETRY: [X,Y] = —[Y, X].

(¢) JACOBI IDENTITY: [X,[Y, Z]| + [Y, [Z,X]] + [Z,[X, Y]] = 0.

() For f.q.€ C(M),[fX,qY] = fglX. Y]+ (fXq)Y — (¥ )X.

Proposition 1.2.5 (Naturality of Lie Brackets). ( [6] Prop.8.30 & Cor.8.31) Let F : M — N be a smooth
map between manifolds with or without boundary, and let X1, X5 € X(M) and Y1,Y> € X(N) be vector fields
such that X; is F-related to Y; for i = 1,2. Then [X;, X3] is F-related to [Y1,Y3]. In particular, if F is a
diffeomorphism, then F, [ X1, Xs5] = [F. X1, Fi X3].

Now suppose M is a smooth manifold with or without boundary and M C M is an immersed or embedded
submanifold with or without boundary. The bundle TM o obtained by restricting TM to M, is called the

ambient tangent bundle. It is a smooth bundle over M whose rank is equal to the dimension of M. The
tangent bundle T'M is naturally viewed as a smooth subbundle of M o and smooth vector fields on M
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can also be viewed as smooth sections of TM| . A vector field X € 36(1\7 ) always restricts to a smooth
M

section of TM| , and it restricts to a smooth section of TM if and only if it is tangent to M, meaning that
M
X, € T,M C T,M for each p € M.

Corollary 1.2.6 (Brackets of Vector Fields Tangent to Submanifolds). ( [6] Cg8.32) Let M be a smooth
manifold and let M be an immersed submanifold with or without boundary in M. If Y1 and Y, are smooth
vector fields on M that are tangent to M, then [Y1,Y3] is also tangent to M.

Exercise 1.2.7. Let M be a smooth manifold with or without boundary and let M C M be an embedded
submanifold with or without boundary. Show that a vector field X € X(M) is tangent to M if and only if
(X )|y = 0 whenever f € C>(M) is a function that vanishes on M.

1.2.2 Integral Curves and Flows

A curve in a smooth manifold M (with or without boundary) is a continuous map ~ : I — M, where I C R
is some interval. If  is smooth, then for each ¢y € I we obtain a vector v/ (tg) = dv, (d/ dt|, ), called the
velocity of  at time ¢,. It acts on functions by

Y (to) f = (foy) (to) .

In any smooth local coordinates, the coordinate expression for v’ (¢y) is exactly the same as it would be in
R™: the components of v/ (¢() are the ordinary ¢-derivatives of the components of ~.

If X € X(M), then a smooth curve v : I — M is called an integral curve of X if its velocity at each point is
equal to the value of X there: 7/(t) = X, foreacht € I.

The fundamental fact about vector fields (at least in the case of manifolds without boundary) is that there
exists a unique maximal integral curve starting at each point, varying smoothly as the point varies. These
integral curves are all encoded into a global object called a flow, which we now define.

Given a smooth manifold M (without boundary), a flow domain for M is an open subset D C R x M with
the property that for each p € M, the set

DP) = {teR:(t,p) € D}
is an open interval containing 0. Given a flow domain D and a map 6 : D — M, for each ¢t € R we let
M; ={p e M: (t,p) € D},
and we define maps
0y My — M

and
@) . D) s A

by 6:(p) = 0¥ (t) = 6(t,p). A flow on M is a continuous map 6 : D — M, where D C R x M is a flow

domain, that satisfies
0o = Idas,

0; 0 05(p) = 6:4+s(p) wherever both sides are defined.
If 6 is a smooth flow, we obtain a smooth vector field X € X¥(M) defined by X, = (9(?’))/ (0), called the
infinitesimal generator of 6.

Theorem 1.2.8 (Fundamental Theorem on Flows). ( [6] Thm.9.12) Let X be a smooth vector field on a smooth
manifold M (without boundary). There is a unique smooth maximal flow 6 : D — M whose infinitesimal
generator is X. This flow has the following properties:
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(a) For each p € M, the curve %) : D) — M is the unique maximal integral curve of X starting at p.
(b) If s € DP), then D) is the interval D) — s = {t —s:t € DV }.
(c) Foreacht € R, the set My is open in M, and 0, : M; — M_, is a diffeomorphism with inverse 0_;.

Although the fundamental theorem guarantees only that each point lies on an integral curve that exists for
a short time, the next lemma can often be used to prove that a particular integral curve exists for all time.

Lemma 1.2.9 (Escape Lemma). Suppose M is a smooth manifold and X € X(M). If v : I — M is a maximal
integral curve of X whose domain I has a finite least upper bound b, then for every ty € I,v ([to,b)) is not
contained in any compact subset of M.

Proposition 1.2.10 (Canonical Form for a Vector Field). ( [6] Thm.9.22) Let X be a smooth vector field on a
smooth manifold M, and suppose p € M is a point where X,, # 0. There exist smooth coordinates (z*) on some
neighborhood of p in which X has the coordinate representation 0/0x.

Suppose M is a smooth manifold, V' is a smooth vector field of M, and 6 is the flow of V. For any smooth
vector field W on M, define a vector field £yW (which is smooth by [6, Lemma 9.36]) and call it Lie
derivative of I/ with respect to V:

d Cd(0- ), Wa, () — W,
(LyW), = —=|  dO0-)a,p)(Wa, ) = lim (0—1)0(0) (Wo, () — W

de,_, =0 t ’

provided the derivative exists. For a smooth k-tensor field A on M, we define a k-tensor field £y A (which is
smooth by [6, Lemma 12.30]) and call it Lie derivative of A with respect to V:

d y o (65A), — A
(LvA), = @ (6;4), = }g% t i 4

t=0

provided the derivative exists. Because the expression being differentiated lies in vector space T* (T;‘M ) for
all t, (Ly A), makes sense as an element of 7% (T, M). We say A is invariant under ¢ if for each ¢, 67 A = A.
We give a way to reconclie the two definitions using [6, Problem 12-10]:

Definition 1.2.11. For diffeomorphism F' : M — N and nonnegative integers k,l, we define pushforward
isomorphism

.1 (THOTM) = 1 (THOTN)
and pushback isomorphism
F T (TOTN) - 1 (7407 1)
via the following steps: supposing F'(p) = g,
(1) When k = 0,1 =0, we define F,.f = fo F~! for f € C>*(M); F*g=go F for g€ C(N).

(2) Whenk = 0,1 = 1, we define (F.a), = apo( dF,)~! = a0 d(F~1), fora € T(T*M); (F*B), = B40 dF,
for B € T(T*N).

(3) When k = 1,1 = 0, we define (F.X), = (dF,)X, for X € D(TM); (F*Y), = (dF,)"'Y, = d(F~!),Y,
for Y e T(TN).

(4) When k,l > 1, we define, using case (2) and (3), for A€ I (T""UTM) and B € T (T*VTN),

(FeA)g(B (D), -, 85(), Yi(p), ., Yi(p))
(F*B)p(al(Q)7 s 7ak(Q)’X1(Q)’ cee 7XZ(Q))

Bq (F*al(Q)v"' ’F*ak(Q)7F*X1(Q)"" 7F*XZ(Q))
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By these notations (specifically case (3)) and the fact that inverse of the diffeomorphism 6, is 6_;, we can
also write the Lie derivative of W with respect to V' as

d

(LvW), = &

t=0

The pushforward and pushback isomorphisms enjoy the following properties (some don’t require F' to be a
diffeomorphism, as we have seen in Proposition 1.1.19):

(@) F, = (F*)"".

(b) F*(A® B) = F*A® F*B.

(© (FoG).=F.o0G,.

(d (FoG)*=G*oF*.

(e (Idy)" = (Idy), =1d: T (THITM) — T (T*DTM).

O F*(A(X1,...,Xx) = F*A(F7Y (X)), ..., F7 (X)) for A€ TF(N) and X1,..., X), € X(N).

Proposition 1.2.12 ( [6] Prop.12.32-36). Let M be a smooth manifold and let V € X(M). Suppose f is a
smooth real-valued function (regarded as a O-tensor field) on M, and A, B are smooth covariant tensor fields on
M.

(@ Lyf=V/f.

b) Lv(fA)=(Lvf)A+ fLVA

(0 Ly(A®B) = (LyvA)® B+ A® LyB.

(d) If X1,..., X}, are smooth vector fields and A is a smooth k-tensor field,

Ly (A(Xy,..., X)) =(LyA) (X1,..., Xe) + ALy Xy, ..., Xp)
o A(X, L Ly X))

(LvA) (X1, Xi) =V (A(Xy, .00, X)) = AV, X0, Xoy oo, Xi)
— = A(Xy, L X, [V XD

(D If f € C>(M), then Ly (df) = d(Lv f).
(g) For any smooth covariant tensor field A and any (to, p) in the domain of 6,

d

S, =05 v ),

t=to
Thus, A is invariant under § <— Ly A = 0.

Proposition 1.2.13. ( [6] Thmeorem 9.38) Suppose M is a smooth manifold and X,Y € X(M). The Lie
derivative of Y with respect to X is equal to the Lie bracket [ X,Y].

One of the most important applications of the Lie derivative is as an obstruction to invariance under a flow.
If 6 is a smooth flow, we say that a vector field Y is invariant under 6 if (6;), Y = Y wherever the left-hand
side is defined.

Proposition 1.2.14. ( [6] Thmeorem 9.42) Let M be a smooth manifold and X € X(M). A smooth vector field
is invariant under the flow of X if and only if its Lie derivative with respect to X is identically zero.

A k-tuple of vector fields X3, ..., X}, is said to commute if [X;, X;] = 0 for each i and j.
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1.3 Smooth Covering Maps

A covering map is a surjective continuous map 7 : M — M between connected and locally path-connected
topological spaces, for which each point of M has connected neighborhood U that is evenly covered, mean-
ing that each connected component of 7~!(U) is mapped homeomorphically onto U by . It is called a

smooth covering map if M and M are smooth manifolds with or without boundary and each component of
7~ 1(U) is mapped diffeomorphically onto U. For every evenly covered open set U C M, the components of
7~ 1(U) are called the sheets of the covering over U.

Here are the main properties of covering maps that we need.
Proposition 1.3.1 (Elementary Properties of Smooth Covering Maps).

(a) Every smooth covering map is a local diffeomorphism, a smooth submersion, an open map, and a quotient
map.

(b) An injective smooth covering map is a diffeomorphism.

(c) A topological covering map is a smooth covering map if and only if it is a local diffeomorphism.
Proof. See [6] Prop. 4.33. [ ]

Proposition 1.3.2. A covering map is a proper map if and only if it is finite-sheeted.
Exercise 1.3.3. Prove the preceding proposition.

Ifr:M— Misa covering map and F' : B — M is a continuous map from a topological space B into M,
then a lift of F is a continuous map F : B — M such thatmo F = F.

Proposition 1.3.4 (Lifts of Smooth Maps are Smooth). If 7 : M — M is a smooth covering map, B is a
smooth manifold with or without boundary, and F : B — M is a smooth map, then every lift of F' is smooth.

Proof. Since 7 is a smooth submersion, every lift F: B — M can be written locally as F = oo F, where o is
a smooth local section of = (see [6] Thm. 4.26). [ ]

Proposition 1.3.5 (Lifting Properties of Covering Maps). Suppose 7 : M — Misa covering map.

(a) UNIQUE LIFTING PROPERTY ( [5] Thm. 11.12): If B is a connected topological space and F' : B — M is
a continuous map, then any two lifts of F' that agree at one point are identical.

(b) PATH LIFTING PROPERTY ( [5] Cor. 11.14): Suppose f:00,1]] > Misa continuous path. For every
p € m1(f(0)), there exists a unique lift f : [0,1] — M of f such that f(0) =

(c) MONODROMY THEOREM ( [5] Thm. 11.15): Suppose f,g : [0,1] — M are path-homotopic paths
and f,g : [0,1] — M are their lifts starting at the same point. Then f and § are path-homotopic and

F1) =31

Theorem 1.3.6 (Injectivity Theorem). ( [5] Thm. 11.16) If 7 : M — Misa covering map, then for each point
i € M, the induced fundamental group homomorphism ., : 7r1(M Z) — m (M, 7(T)) is injective.

Theorem 1.3.7 (Lifting Criterion). ( [5] Thm. 11.18) Suppose T : M - Misa covering map, B is a connecteﬂ
and locally path-connected topological space, and F : B — M is a continuous map. Given b € Band ¥ € M
such that = (Z) = F(b), the map F has a lift to M if and only if F, (w1 (B,b)) C . (m(M, E)).
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Corollary 1.3.8 (Lifting Maps from Simply Connected Spaces). ( [5] Cor. 11.19) Suppose 7 : M — M
and F : B — M satisfy the hypotheses of Theorem A.56, and in addition B is simply connected. Then every

continuous map F' : B — M has a lift to M. Given any b € B, the lift can be chosen to take b to any point in
the fiber over F(b).

Corollary 1.3.9 (Covering Map Homeomorphism Criterion). A covering map  : M — M is a homeomor-
phism if and only if the induced homomorphism m, : 7 (M,%) — m (M, n(Z)) is surjective for some (hence
every) & € M. A smooth covering map is a diffeomorphism if and only if the induced homomorphism is surjec-
tive.

Proof. By Theorem 1.3.7, the hypothesis implies that the identity map Id: M — M has a lift Id : M — M,
which in this case is a continuous inverse for «. If 7 is a smooth covering map, then the lift is also smooth. B

Corollary 1.3.10 (Coverings of Simply Connected Spaces). ( [5] Cor. 11.33) If M is a simply connected
manifold with or without boundary, then every covering of M is a homeomorphism, and if M is smooth, every
smooth covering is a diffeomorphism.

Proposition 1.3.11 (Existence of a Universal Covering Manifold). ([6] Cor. 4.43) If M is a connected smooth
manifold, then there exist a simply connected smooth manifold M, called the universal covering manifold of M,
and a smooth covering map  : M — M. Itis unique in the sense that if M'is any other simply connected smooth
manifold that admits a smooth covering map =’ : M' — M, then there exists a diffeomorphism & : M — M
such that 7’ o ® = 7.

Proposition 1.3.12. ( [5] Cor. 11.31)With 7 : M — M as in the previous proposition, each fiber of 7 has the
same cardinality as the fundamental group of M.

Exercise 1.3.13. Suppose 7 : M — Misa covering map. Show that M is compact if and only if M is compact
and 7 is a finite-sheeted covering.

1.4 Vector Spaces T%(V*), LF(V*), A*(V*)

Let V be a f.d. vector space. The vector spaces of all covariant k-tensor, contravariant /-tensor, (k,[)-
mixed type tensor are

TFVH =V*®---@V*, TV)=Ve---oV, TRV =V*'g...oVeV® -V
—_—— ~—_——

k factors 1 factors k factors [ factors

It (E;) is a basis for V and (e7) is the dual basis for V*, then their bases are

{5“@---@5""‘:1§i1,...,ik§n} foer(V*);
{By©- @B, :1<i,....ix<n}  for THV);
(B, @ ®@F,@e"® @ :1<i1,... 05 j1,..., 50 <n} for TED (V).

Therefore, dim 7% (V*) = dim T*(V) = n* and dim 7D (V) = n*+t,

Subspace Z*(V*)

A covariant k-tensor o on V' is said to be symmetric if its value is unchanged by interchanging any pair of
arguments:

a (V1 Uiy ey Uy Uk) = (V1,0 o, Vgy ey Vg e, V)
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whenever 1 < ¢ < j < k. These symmetric covariant k-tensors form linear subspace in T (V™).
Given a k-tensor « and a permutation o € S, we define a new k-tensor “« by

e’ (1)1,...7’Uk> =« (UG(1)7...,UU(1€))

Note that ™ (“a.) = " a. We define a projection Sym : T% (V*) — ¥ (V*) called symmetrization by
1 (e
Syma = o Z «a
oE€Sk

[6] Proposition 12.14 shows that Sym « is indeed symmetric and a form « is symmetric if and only if
Syma = a. If a € ¥¥ (V*) and B € B! (V*), we define their symmetric product to be the (k + 1) tensor a3
(denoted by juxtaposition) given by

af = Sym(a® f)

Example 1.4.1. By [6] p.315 Proposition 12.15, if o and § are covectors, then

aﬁzé(a®ﬂ+ﬂ®a). (1.8)

A basis of X*(V*) is given by

{Sym (" @ --@e™),1<iy <ipg <--- <y, <}

so that .
dim ($F(V*)) = (” + . 1)

For an attempt to write the basis in form {a ® - - - ® a}, see this post.

Subspace A*(V*)
A covariant k-tensor o on V is said to be alternating (or antisymmetric or skew-symmetric) if
(V1. Viy ey Uy V) = = (V1,0 o, Uy ooy Uiy e e, UK)

Alternating covariant k-tensors are also variously called exterior forms, multicovectors, or k-covectors.
The subspace of all alternating covariant k-tensors on V is denoted by C Tk (V*).

Recall that for any permutation o € Sk, the sign of o, denoted by sgn o, is equal to +1 if o is even (i.e., can
be written as a composition of an even number of transpositions), and —1 if ¢ is odd.

Proposition 1.4.2. Let « be a covariant k-tensor on a finite-dimensional vector space V. The following are
equivalent:

(a) «is alternating.

(b) For any vectors vy, ... ,v; and any permutation o € Sk,
e (%(1), .. ,vg(k)) = (sgno)a(vy,...,vk)
(© a(vy,...,vx) = 0 whenever the k-tuple (vy,...,vy) is linearly dependent.

(d) « gives the value zero whenever two of its arguments are equal:

a(vy,...,w,...,w,...,v5) =0
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Proof. See [6] Exercise 12.17 and Lemma 14.1. [ |

Example 1.4.3. Every O-tensor (which is just a real number) is both symmetric and alternating, because
there are no arguments to interchange. Similarly, every 1-tensor is both symmetric and alternating. An
alternating 2-tensor on V is a skew-symmetric bilinear form. It is interesting to note that every covariant
2-tensor /3 can be expressed as a sum of an alternating tensor and a symmetric one, because

Blo,w) = 3 (B0, w)  Bw, ) + 3 (3w, w) + Bw, ) = alv,w) + (v, w)

where a(v, w) = 1(8(v, w)—B(w,v)) is an alternating tensor, and o (v, w) = 3 (B(v, w)+B(w, v)) is symmetric.

This is not true for tensors of higher rank, as [6] Problem 12-7 shows. &

We define alteration, an analogue of symmetrization as the projection Alt : T* (V*) — A¥ (V*), as follows:
1 o
Alta = o Z (sgno) (‘)
g€Sk
More explicitly, this means

1
(Alt @) (v1,...,v%) = i Z (sgno)a (vg(l), . ,’UU(;C))

oc€ESy
Example 1.4.4. If « is any 1-tensor, then Alt o = «. If 3 is a 2 -tensor, then

(Alt 8) (v, w) = %(B(v,w) — B(w,v))
&

Similar to the properties of symmetrization operator, we have Alt « is alternating; and that Alta = o <= «
is alternating.

To describe the basis of A¥(V*), we introduce some notations. For multi-index I = (i1, - - , i), we let

I, = (ia(l)a s 7i0(k)) .
Note that I,, = (I,), for 0,7 € Sj.

For a multi-index I = (i1, ..., %) with non-decreasing components i; < - -- < i, define a covariant k-tensor

et (vy) ... gM(vg) ot
el (v,...,v) = det = det :
e (v1) ... e (vg) v gk
In other words, if V denotes the n x k matrix whose columns are the components of the vectors vy, . . ., v with
respect to the basis (E;) dual to (&), then e’ (vy, ..., v) is the determinant of the k x k submatrix consisting
of rows iy, ...,i; of V. Because the determinant changes sign whenever two columns are interchanged,

it is clear that ¢’ is an alternating k-tensor. We call ¢/ an elementary alternating tensor or elementary
k-covector.

We adopt the following notation

E ,Oqé‘] = E Oé[éj.

I {li1<<i}
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Proposition 1.4.5. Let V be an n-dimensional vector space. If (¢) is any basis for V*, then for each positive
integer k < m, the collection of k-covectors

& = {e' : I is an increasing multi-index of length k}

is a basis for A* (V*). Therefore,

ke (T n!
dim A™ (V) = (k) = Kl — k)
If k > n, then dim A* (V*) = 0.

In particular, for an n-dimensional vector space V, this proposition implies that A™ (V*) is 1-dimensional
and is spanned by e'". By definition, this elementary n covector acts on vectors (v1,...,v,) by taking
the determinant of their component matrix V = (vj) For example, on R" with the standard basis, ¢! is
precisely the determinant function.

Proposition 1.4.6. Suppose V is an n-dimensional vector space and w € A™ (V*). If T : V — V is any linear
map and vy, ..., v, are arbitrary vectors in V, then

w(Tvy,...,Tv,) = (det T)w (v1, ..., v,)

Given w € A¥ (V*) and n € A! (V*), we define their wedge product or exterior product to be the following
(k + 1)-covector:
(k+0D! _ (k+0)!

wAn = Ww/\n = Alt(w ®@n)

Proposition 1.4.7 (Properties of Wedge Product; [6] Lemma 14.10 and Proposition 14.11). Suppose w,w’,n, 7/,
and & are multicovectors on a finite-dimensional vector space V.

(a) For any multi-indices I and J of lengths k and I, we have e' A ¢ = ¢! where I.J is the concatenation.
(a) BILINEARITY: For a,a’ € R,

(aw +dW)Anp=alwAn)+ad (W An)

NA (aw +dw') =anAw)+ad (nAw')

(b) ASSOCIATIVITY:
WwAMAE = (wAn)AE

(c) ANTICOMMUTATIVITY: For w € A* (V*) and n € A' (V*),
wAn=(-)*pAw

(d) If (') is any basis for V* and I = (iy,...,ix) is any multi-index, then
e A ngte =gl

(e) For any covectors w', ..., w" and vectors vy, ..., vy,

WA AR (v1,...,v,) = det (W'j (vl))

There is an important operation that relates vectors with alternating tensors. Let V' be a finite-dimensional
vector space. For each v € V, we define a linear map 4, : A* (V*) — A¥=1 (V*), called interior multiplica-
tion by v, as follows:

tpw (W1, .y wi—1) = w (V, W1, .., Wh—1)
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In other words, i,w is obtained from w by inserting v into the first slot. By convention, we interpret i,w to
be zero when w is a 0-covector (i.e., a number). Another common notation is

VW = W
This is often read “v into w.”
Proposition 1.4.8 ( [6] Lemma 14.13.). Let V be a finite-dimensional vector space and v € V.
(a) iy,01, =0.
(b) Ifwe A*(V*)and n € A (V™),

iv(w A 77) = (ivw) An+ (_1)kw A (Z.vn)

(c) More generally, if w',--- ,w"* are k covectors, we have

We make a brief summary.

spaces projection product of k£ form & [ form
symmetric k-tensor | XF(V*) | symmetrization Sym symmetric product o5 = Sym(a ® )
alternating k-tensor | AF(V*) alternation Alt wedge product a A 8 = (k;,’ll,)! Alt(a ® B)

1.5 Differential Forms
We record the following notations
ThTM = [] T8y M), AT M = ] AR M), SETeM = [ SR ).
peEM peM peEM

They are the bundle of all k-tensors on M, the bundle of all alternating k-tensors on M, and the bundle of all
symmetric k-tensors on M. A section of each of these three is called a k-tensor field, a differential k-form,
and a symmetric k-tensor field. We denote that vector space of all smooth k-forms by

QF (M) = T(AFT* M),

In a smooth coordinate (U, (z%)), we have basis {52, } for 7, M and basis {dz’|,} for Ty M. A O-form is just
a continuous real-valued function, and a 1-form is a covector field.

If F: M — N is a smooth map and w is a differential form on N, the pullback F*w is a differential form on
M, defined iin the same wat as for any covariant tensor field:

(F*w), (v1,. .., 0) = wp) (dFy, (01) ..., dF}, (vk))
Similar to Proposition 1.1.19, we have
Lemma 1.5.1 (Pullback; [6] Lemma 14.16). Suppose F': M — N is smooth.
(a) F*:QF(N) — QF(M) is linear over R.
(b) F*(wAn) = (F*w) A (F*n).
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(c) In any smooth chart (y*) in N,

F* (Z/wldyil/\---/\ dy“v) => "(wroF)d(y" oF)A---Ad(y*oF).
I

I

Proposition 1.5.2 (Pullback Formula for Top-Degree Forms; [6] Proposition 14.20). Let F' : M — N be a
smooth map between n-manifolds with or without boundary. If (z*) and (y’) are smooth coordinates on open
subsets U C M and V' C N, respectively, and u is a continuous real-valued function on V, then the following
holdson UN F~1(V):

F*(udy* A+ A dy™) = (uo F)(det DF) dz' A--- A da™,
where DF represents the Jacobian matrix of F in these coordinates.

Corollary 1.5.3. If (U, (+')) and (f] , (:JE7)> are overlapping smooth coordinate charts on M, then the following
identity holds on U N U:

~j
di A A di"zdet(?c) dz* Ao A da™

rt

Theorem 1.5.4 (Exterior Differentiation). Suppose M is a smooth manifold with or without boundary. There
are unique operators d : QF(M) — QF+1(M) for dll k, called exterior differentiation, satisfying the following
four properties:

(i) dis linear over R.

(ii) If w € QF(M) and n € QI(M), then
dwAn) = doAn+ (=1)Fw A dn
(iii) do d=0.

(iv) For f € Q°(M) = C>°(M), df is the differential of f, given by df(X) = Xf.

In any smooth coordinate chart, d is given by

d (Z "wy de> => 'dwy A da’ (1.9)
J J

where dwy =) 9ws dyi is the differential of the function w.

i Ozt

For example, suppose (U, ) is a local chart for smooth manifold M and f is a smooth function on M. Then
of i

is interpreted as follow:

of . A(fopl _
afp =Y o) dr'ly = 3 A2 ) (o)

%

Proposition 1.5.5 (Naturality of the Exterior Derivative). If ' : M — N is a smooth map, then for each k the
pullback map F* : Q¥(N) — QF(M) commutes with d: for all w € QF(N),

F*(dw) = d(F*w)
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Proposition 1.5.6 (Exterior Derivative of a 1-Form). For any smooth 1-form w and smooth vector fields X
andY,
dw(X,Y) = X(w(Y)) = Y(w(X)) - w([X,Y]).

Proposition 1.5.7 (Invariant Formula for the Exterior Derivative). Let M be a smooth manifold with or
without boundary, and w € QF(M). For any smooth vector fields X1, ..., X1 on M,

dw (Xl,. ..,XkJrl)

- Y ()i (w (Xl,...,E,...,XkH))

1<i<k+1

+ (—1)i+-7’w([XZ-,XJ-},Xl,...j(},...,)?j,...,XkH),
1<i<j<k+1

where the hats indicate omitted arguments.

Remark 1.5.8. As noted on page 372 of [LeeSM], we can use the formula above to define dw and derive all
the properties of exterior differentiation too. o

Proposition 1.5.9 (Some formulas for Lie Derivative and Differential Forms). Let M be a smooth manifold,
V € X(M), and w,n € Q" (M) = @, Q*(M). Then

Ly(wAn) = (Lvw) An+wA (Lyn)
Lyw =iy(dw)+ d(iyw) (Cartan’s magic formula)
Ly(dw) = d(Lyw).

1.6 Orientation on Manifolds

For every finite dimensional vector space V, two ordered bases (E;), (E;) are consistently oriented if the
transition matrix Bf such that E; = B{ Ej has positive determinant. This is an equivalence relation among
the collection of all ordered bases of V. Since transition matrix is invertible, the determinant is either positive
or negative, so there are exactly two equivalence classes [Ey,--- , E,] and —[Fy,--- , E,]. A choice of one of
them gives an orientation for V. A vector space with a choice of orientation is said to be oriented. When
n = 0 we define orientation as a choice of a number.

Proposition 1.6.1. Let V' be a vector space of dimension n. Each nonzero element w € A" (V*) determines
an orientation O, of V as follows: if n > 1, then O, is the set of ordered bases (FE1,...,E,) such that
w(Ey,...,E,) > 0;whileifn =0, then O, is +1 ifw > 0, and -1 if w < 0. Two nongero n-covectors determine
the same orientation if and only if each is a positive multiple of the other.

If V is an oriented n-dimensional vector space and w is an n-covector that determines the orientation of V'
as described in this proposition, we say that w is a (positively) oriented n-covector.

For any n-dimensional vector space V, the space A™ (V*) is 1-dimensional. The proposition shows that
choosing an orientation for V' is equivalent to choosing one of the two components of A™ (V*)\{0}. This
formulation also works for 0-dimensional vector spaces, and explains why we have defined an orientation of
a 0 -dimensional space in the way we did.

Now suppose M is a manifold. We define a pointwise orientation on M to be a choice of orientation of
each tangent space.

Let M be a smooth n-manifold with or without boundary, endowed with a pointwise orientation. If (E;) is
a local frame for T M, we say that (F;) is (positively) oriented if (E1 l,s---s Enl, ) is a positively oriented
basis for T, M at each point p € U. A negatively oriented frame is defined analogously.
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A pointwise orientation is said to be continuous if every point of M is in the domain of some oriented local
frame. An orientation of M is a continuous pointwise orientation. We say that M is orientable if there
exists an orientation for it, and nonorientable if not. An oriented manifold is an ordered pair (M, O),
where M is an orientable smooth manifold and O is a choice of orientation for M ; an oriented manifold
with boundary is defined similarly. For each p € M, the orientation of T, M determined by O is denoted by
Op.

If M is zero-dimensional, this definition just means that an orientation of M is a choice of +1 attached to
each of its points. The continuity condition is vacuous in this case, and the notion of oriented frames is not
useful. Clearly, every 0-manifold is orientable.

Proposition 1.6.2 (The Orientation Determined by an n-Form; [6] Proposition 15.5). Let M be a smooth
n-manifold with or without boundary. Any nonvanishing n-form w on M determines a unique orientation of M
for which w is positively oriented at each point. Conversely, if M is given an orientation, then there is a smooth
nonvanishing n-form on M that is positively oriented at each point.

Remark 1.6.3. Because of this proposition, if M is a smooth n-manifold with or without boundary, any
nonvanishing n-form on M is called an orientation form. If M is oriented and w is an orientation form
determining the given orientation, we also say that w is (positively) oriented. It is easy to check that if
w and w are two positively oriented smooth forms on M, then @ = fw for some strictly positive smooth
realvalued function f. If M is a 0-manifold, a nonvanishing O -form (i.e., real-valued function) assigns the
orientation +1 to points where it is positive and -1 to points where it is negative. o

A smooth coordinate chart on an oriented smooth manifold with or without boundary is said to be (pos-
itively) oriented if the coordinate frame (9/0z") is positively oriented, and negatively oriented if the
coordinate frame is negatively oriented. A smooth atlas {(U,, ¢4)} is said to be consistently oriented if for
each «, f3, the transition map (g o ¢, ! has positive Jacobian determinant everywhere on ¢, (U, N Ug).

Proposition 1.6.4 (The Orientation Determined by a Coordinate Atlas; [6] Proposition 15.6.). Let M be a
smooth positive-dimensional manifold with or without boundary. Given any consistently oriented smooth atlas
for M, there is a unique orientation for M with the property that each chart in the given atlas is positively
oriented. Conversely, if M is oriented and either OM = & or dim M > 1, then the collection of all oriented
smooth charts is a consistently oriented atlas for M.

We have seen

A consistently oriented C'* atlas

{ [LeeSM] 15.6.

A continuous pointwise orientation

{ [LeeSM] 15.5.

An orientation form, i.e., a nonvanishing top-degree form

Proposition 1.6.5. Let M be a connected, orientable, smooth manifold with or without boundary. Then M has
exactly two orientations. If two orientations of M agree at one point, then they are equal.

Let M and N be oriented smooth manifolds with or without boundary, and suppose F' : M — N is a
local diffeomorphism. If M and N are positive-dimensional, we say that F' is orientation-preserving
if for each p € M, the isomorphism dF, takes oriented bases of T),M to oriented bases of T, N, and
orientation-reversing if it takes oriented bases of 7}, M to negatively oriented bases of T, N. If M and N
are 0-manifolds, then F is orientation-preserving if for every p € M, the points p and F(p) have the same
orientation; and it is orientation-reversing if they have the opposite orientation.

Exercise 1.6.6. Suppose M and N are oriented positive-dimensional smooth manifolds with or without bound-
ary, and F' : M — N is a local diffeomorphism. Show that the following are equivalent.

(a) F is orientation-preserving.
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(b) With respect to any oriented smooth charts for M and N, the Jacobian matrix of F has positive determi-
nant.

(c) For any positively oriented orientation form w for N, the form F*w is positively oriented for M.
Exercise 1.6.7. Show that a composition of orientation-preserving maps is orientation-preserving.

Suppose M and N are smooth manifolds with or without boundary. Suppose F' : M — N be a local
diffeomorphism and N is given with orientation @. Then we can naturally define an orientation F*O,
called pullback orientation induced by F, making F' orientation-preserving: for each p € M, choose the
orientation of 7, M such that dF), : T,M — Tpq,) N preserves orientation. Another orientation arising
naturally from constructed manifolds is the product orientation: it’s the unique orientation on the product
of orientatable manifolds M; x --- x M}, with the property that if for each i = 1,..., k, w; is an orientation
form for the given orientation on M;, then 7w A- - - ATjfwy, is an orientation form for the product orientation.

Example 1.6.8. Every parallelizable smooth manifold is orientable via declaring the oritentation (the equiv-
alence class) containing (E;|,) as the positive one, given the global smooth frame (E;) on M. This pointwise
assignment is continuous as each p € M is in a positively oriented frame containing it. Examples for such
manifolds include Euclidean space R", the n-torus T", the spheres S, S?, and S7, Lie groups and products
of them. &

1.6.1 Orientation on Submanifolds

Proposition 1.6.9 (Orientations of Codimension-0 Submanifolds). Suppose M is an oriented smooth manifold
with or without boundary, and D C M is a smooth codimension-0 submanifold with or without boundary. Then
the orientation of M restricts to an orientation of D. If w is an orientation form for M, then t},w is an orientation
form for D.

Suppose M is a smooth manifold with or without boundary, and S C M is a smooth submanifold (immersed
or embedded, with or without boundary). Recall that a vector field along S is a section of the ambient
tangent bundle 7'M |, i.e., a continuous map N : S — T'M with the property that N, € T,M for each
p € S. For example, any vector field on M restricts to a vector field along S, but in general, not every vector
field along S is of this form (see [6, Problem 10-9]).

Proposition 1.6.10 (Orientation induced by nowhere tangent vector field on submanifold). Suppose M is
an oriented smooth n-manifold with or without boundary, S is an immersed hypersurface (i.e., codimension-1
submanifold) with or without boundary in M, and N is a vector field along S that is nowhere tangent to S.
Then S has a unique orientation such that for each p € S, (E4,...,E,_1) is an oriented basis for T,,S if and
only if (N, E1, ..., E,_1) is an oriented basis for T, M. If w is an orientation form for M, then % (N _w) is an
orientation form for S with respect to this orientation, where vg : S — M is inclusion.

Remark 1.6.11. The reason for us to put N, in (N, Ei, ..., E,_1) in the first place is that we want to use
the notation N_w in the above proposition. If we remove the last sentence, the position of NV, in the tuple
does not matter. '

Proof. Let w be an orientation form for A/. Then ¢ = (§(N_w) is an (n — 1)-form on S. (Recall that the
pullback ¥ is really just restriction to vectors tangent to S.) It will follow that ¢ is an orientation form for
S if we can show that it never vanishes. Given any basis (E4, ..., E,_1) for TS, the fact that N is nowhere
tangent to S implies that (N,, E1, ..., E,_1) is a basis for T, M. The fact that w is nonvanishing implies that

Op (El, .. .7En,1) = Wp (Np,Eh . .,Enfl) 75 0

Since oy, (En, ..., E,—1) > 0 if and only if w, (N,, E1, ..., E,—1) > 0, the orientation determined by o is the
one defined in the statement of the proposition. |
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Example 1.6.12. The sphere S" is a hypersurface in R"*!, to which the vector field N = 2'9/9z" is nowhere
tangent, so this vector field induces an orientation on S™. This shows that all spheres are orientable. We
define the standard orientation of S™ to be the orientation determined by N. Unless otherwise specified, we
always use this orientation. (The standard orientation on S° is the one that assigns the orientation +1 to the
point +1 € S® and —1 to —1 € S°.) &

Not every hypersurface admits a nowhere tangent vector field. (See [6, Problem 15-6].) However, the
following proposition gives a sufficient condition that holds in many cases.

Proposition 1.6.13. Let M be an oriented smooth manifold, and suppose S C M is a regular level set of a
smooth function f : M — R. Then S is orientable.

Proof. Choose any Riemannian metric on M, and let N = grad f|g. S = f~!(c) being a regular level set, so
T,S = ker df, by [6, Theorem 5.38]. By definition of gradient, df, (N,) = g (Np, Np) = HNZ,H2 > 0 (note
that grad f(p) = 0 <= df, = 0 while for any p € S, df, is surjective and thus nonzero). But any tangent
vector X € T,S must satisfy df,(X) = 0 (since f is constant on S). So N, ¢ ker df, = T,5, i.e., N, ¢ T,,S
—it’s transverse to S. N := grad f|4 is a nowhere tangent vector field along S. The result then follows from
Proposition 1.6.10. |

An important case of the oritentation of a submanifold is the orientation of the boundary of a smooth
manifold. This will be used for Stokes’s theorem later.

Theorem 1.6.14. For an oriented smooth n-manifold M with boundary S = OM # @ and n > 1, [6, Theorem
5.11] shows that S with subspace topology has a smooth structure making it an embedded hypersurface (i.e.,
codim = 1) in M. [6, Problem 8-4] claims that there is a smooth outward-pointing vector field along S, and
Proposition 2.2.6 claims that after giving a metric for M, this outward-pointing vector field can be chosen to
be the normal vector field along S. Proposition 1.6.10 says the outward-pointing vector field determines an
orientation on S = OM. In fact, [6, Proposition 15.24] shows that all outward-pointing vector fields along it
determine the same orientation, called the induced orientation or the Stokes orientation on OM.

Example 1.6.15. This Theorem gives a simpler proof that S™ is orientable, because it is the boundary of the
closed unit ball. The orientation thus induced on S is the standard one. &

Example 1.6.16. Let us determine the induced orientation on OH"™ when H" itself has the standard ori-
entation inherited from R™. We can identify OH" with R"~! under the correspondence (z',...,2"~!,0) +
(z',...,2""1). Since the vector field —9/dz™ is outward-pointing along 9H", the standard coordinate frame
for R"~! is positively oriented for OH" if and only if [-9/9z™,0/0z',...,0/9z™~1] is the standard orienta-
tion for R™. This orientation satisfies

[—0/0z",0/02",...,0/0a" "] = — [9/02",0/0x",...,0/0a" "]
= (=1)" [8/63:1, . ,8/83:"‘1,8/690”]
Thus, the induced orientation on OH" is equal to the standard orientation on R”~! when n is even, but it is

opposite to the standard orientation when n is odd. In particular, the standard coordinates on JH" ~ R"~!
are positively oriented if and only if n is even. &

1.7 Integration on Manifolds

A domain of integration in R” is a bounded subset whose boundary has measure zero. Open and closed
rectangles are examples of domains of integration. Finite union of domains of integration is also a domain
of integration. Obviously, a domain of integration should be a domain on which we can integrate:

Proposition 1.7.1. If D C R" is a domain of integration, then every bounded continuous real-valued function
on D is integrable over D.
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If D is compact, then the assumption of boundedness in the above proposition is redundant.

In general, the integration of a real-valued function f over a manifold M is not coordinate-free. We need to
multiply f by some additional number to account for the effect of the change of coordinate:

Theorem 1.7.2 (Change of Variables). Suppose D and E are open domains of integration in R", and G : D —
E is smooth map that restricts to a diffeomorphism from D to E. For every continuous function f : E — R,

/de:/(foG)\detDG|dV
E D

Let us start with a D C R” and a continuous n-form w = f dz' A--- A dz” over D
where f : D — R is a continuous function. Note that R" has Heine-Borel property, i.e., every closed and
bounded subset of R™ is compact. Thus, D is compact and then f is integrable over D. We then define

integral of w over D as
/ w= / fdav.
D D

This can be written more suggestively as
/ fdzt Ao A dx":/ fdat-.. da®
D D

In simple terms, to compute the integral of a form such as fdz! A --- A da™, just “erase the wedges”!

Somewhat more generally, let U be an open subset of R™ or H", and suppose w is a compactly supported

/I /l) w’

where D C R™ or H" is any domain of integration (such as a rectangle) containing supp w, and w is extended
to be zero on the complement of its support. Of course, this definition does not depend on what domain D
is chosen.

Like the definition of the integral of a 1-form over an interval, our definition of the integral of an n-form
might look like a trick of notation. The next proposition shows why it is natural.

Proposition 1.7.3. Suppose D and E are open domains of integration in R® or H*, and G : D — E is a
smooth map that restricts to an orientation-preserving or orientation-reversing diffeomorphism from D to E. If
w is an n-form on E, then

/ w if G is orientation-preserving
E

f, 6 -/

w if G is orientation-reversing

Proof. Let us use (y',...,y") to denote standard coordinates on E, and (z*,...,z") to denote those on D.
Suppose first that G is orientation-preserving. With w = f dy! A--- A dy™, the change of variables formula
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(Theorem 1.7.2) together with pullback formula for top-degree form (Proposition 1.5.2) yields

definition of integration
/ w £ / fdav
E E

anseobnibe [ (f0.G)ldet DG| dV
D

G orientation-preserving; see [LeeSM] Exercise 15.13(b)

/ (f 0 G)(det DG) AV
D

(f o G)(det DG) dz* A--- A da™

definition of integration /
D

Proposition 1.5.2
D

If G is orientation-reversing, the same computation holds except that a negative sign. |

We would like to extend this theorem to compactly supported n-forms defined on . However,
since we cannot guarantee that arbitrary open subsets or arbitrary compact subsets are domains of integra-
tion, we need the following lemma.

Lemma 1.7.4. Suppose U is an open subset of R" or H", and K is a compact subset of U. Then there is an
open domain of integration D such that K C D C D CU.

Proposition 1.7.5. Suppose U,V are open subsets of R or H", and G : U — V is an orientation-preserving or
orientation-reversing diffeomorphism. If w is a compactly supported n-form on V, then

/wzi/G*w
1% U

with the positive sign if G is orientation-preserving, and the negative sign otherwise.

Proof. Let E be an open domain of integration such that suppw = K C E C E C V. Since diffeomor-
phisms take interiors to interiors, boundaries to boundaries, and sets of measure zero to sets of measure zero
(see Munkres’s Analysis on Manifolds [13] Theorem 18.1-18.2), D = G~!(FE) C U is an open domain of
integration containing supp G*w. T The result then follows from Proposition 1.7.3. |

1.7.1 Integration on Oriented Manifolds

Now let M be an , and let w be an n-form on M.

: If w is compactly supported in the domain of a single smooth chart (U, o) that is either
positively or negatively oriented. We define the integral of w over M to be

/Mw - :t~/ga(U) (7)) e

with the positive sign for a positively oriented chart, and the negative sign otherwise. Since (go‘l)* wisa
compactly supported n-form on the open subset o(U) C R™ or H", its integral is defined as discussed above.

TIn fact, ifw = fdz! A--- A da”, then {fo G =0} D G H{f #0} = [{foG=0}°C[G{f #0}]° = supp G*w =
(FoG#0) =[{foG=0}]c CG1{f #0}]c 2L G-1{F £ 0} = G-'K C G~(E) = D.
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Proposition 1.7.6 ( [6] Proposition 16.4). With w as above, f 1y w does not depend on the choice of smooth
chart whose domain contains supp w.

: If w is not just compactly supported in a single chart but nonzero over many charts
or even the entire manifold M, we need to use partition of unity to define the integral. Suppose M is an
oriented smooth n-manifold with or without boundary, and w is a compactly supported n-form on M. Let
{U;} be a finite open cover of supp w by domains of positively or negatively oriented smooth charts, and let
{t;} be a subordinate smooth partition of unity. Define the integral of w over M to be

/szzi: Mwiw

Since for each i, the n-form ;w is compactly supported in U;, each of the terms in this sum is well defined
according to Case 1. To show that the integral is well defined, we need only examine the dependence on the
open cover and the partition of unity.

Proposition 1.7.7. The definition of integration above does not depend on the choice of open cover or partition
of unity.

: As usual, we have a special definition in the zero-dimensional case. The integral of a compactly
supported O-form (i.e., a real-valued function) f over an oriented 0-manifold M is defined to be the sum

/Mf=zif(p)

peEM

where we take the positive sign at points where the orientation is positive and the negative sign at points
where it is negative. The assumption that f is compactly supported implies that there are only finitely many
nonzero terms in this sum.

: If S C M is an oriented immersed k-dimensional submanifold (with or
without boundary), and w is a k-form on M whose restriction to S is compactly supported, we interpret |, gW
to mean [, 15w, where ¢ : S < M is inclusion.

: In particular, if M is a compact, oriented, smooth n-manifold with boundary S = 9M an embedded
hypersurface with Stokes orientation, and w is an (n — 1)-form on M, " we can interpret |, o W as the integral
of 1w over OM.

Remark 1.7.8. It is worth remarking that it is possible to extend the definition of the integral to some
noncompactly supported forms, and such integrals are important in many applications. However, in such
cases the resulting multiple integrals are improper, so one must pay close attention to convergence issues. &

Proposition 1.7.9 (Properties of Integrals of Forms). Suppose M and N are nonempty oriented smooth n-
manifolds with or without boundary, and w,n are compactly supported n-forms on M.

(a) LINEARITY: If a,b € R, then
/anrbn:a/ erb/ n.
M M M

(b) ORIENTATION REVERSAL: If —M denotes M with the opposite orientation, then

\/; 1 /4
M M
/fl /

M ,O M,O

Tw is compactly supported in M because supp w is a closed subset of a compact space and is thus compact. Besides, w is compactly
supported within S as S is closed ( [6] Proposition 1.38) and thus compact as well. supp t§w as a closed subset of compact space S is
thus also compact.

Alternatively, this is also recorded as
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(c) POSITIVITY: If w is a positively oriented orientation form, then [, w > 0.

(d) DIFFEOMORPHISM INVARIANCE: If F : N — M is an orientation-preserving or orientation-reversing
diffeomorphism, then

/ F*w if F is orientation-preserving
L=y 7
"

N

F*w if F is orientation-reversing

Although the definition of the integral of a form based on partitions of unity is very convenient for theoretical
purposes, it is useless for doing actual computations. It is generally quite difficult to write down a smooth
partition of unity explicitly, and even when one can be written down, one would have to be exceptionally
lucky to be able to compute the resulting integrals (think of trying to integrate e~1/%),

For computational purposes, it is much more convenient to “chop up” the manifold into a finite number of
pieces (including just a single piece;as we shall see in Example 1.7.12) whose boundaries are sets of measure
zero, and compute the integral on each piece separately by means of local parametrizations. One way to do
this is described below.

Proposition 1.7.10 (Integration Over Parametrizations). Let M be an oriented smooth n-manifold with or
without boundary, and let w be a compactly supported n-form on M. Suppose D1, ..., Dy are open domains of
integration in R", and for i = 1, ..., k, we are given smooth maps F; : D; — M satisfying

(i) F; restricts to an orientation-preserving diffeomorphism from D; onto an open subset W; C M;
(i) W; N W; = & when i # j;
(iii) suppw C Wi U --- U W

Then i
w= Flw
Le=x ),
Remark 1.7.11. The conditions above can be loosened; see [6] p.410. '

Example 1.7.12. Let us use this technique to compute the integral of a 2-form over S?, oriented as the

boundary of @3. It is an embedded submanifold of R? (as a regular level set of the distance function; see [6]
Example 5.15) and is thus immersed. Embedded submanifold has subspace topology, so the sphere as a
compact subset of R? is compact with respect to its subspace topology. A form w defined on R? has its
restriction ¢%,w compactly supported on S. For example, consider 2-form w on R?:

w=xzdyA dz+ydzA dx+zdx A dy.

Note that the support is all of S?, which cannot be covered up by a single chart. Proposition 1.7.10 is thus
needed here. The the open rectangle D = (0,7) x (0,27) will work as the open domain of integration
(open, bounded, and has a null-set-boundary), and the spherical coordinate parametrization F(p,6) =
(sin ¢ cos 6, sin ¢ sin 0, cos ) will work as the smooth map F : D — R3. The restriction F|, : D — §?\ a
closed half-meridian =: W is an orientation-preserving diffeomorphism due to [6] Example 15.28. Note that
W = S? = supp v%,w. The conditions in the Proposition 1.7.10 are now all satisfied. Then

/w::/ L§2w:/(LSQOF)*w:/F*w,
s2 R3 D D

where we still use F' to denote the map ts2 o F. Then apply Lemma 1.5.1(c) and notice that
F*dz = d(zo F) = cospcosf dp — sin psinf df
F*dy= d(yo F) = cospsind dp + sin ¢ cos df
F*dz= d(zoF) = —sinp dy
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We compute:
/ w :/ (—Sin?’gpcoszé do A dy +sin® psin? 6 dp A do
S? D

+cos® psinpcos® 0 dp A df — cos® psinpsin® dO A dyp)
27 ™
:/sincpdcp/\ dﬁz/ / sing dp df = 47
D o Jo
'

Theorem 1.7.13 (Stokes’s Theorem). Let M be an oriented smooth n-manifold with boundary, and let w be a
compactly supported smooth (n — 1)-form on M. Then

/ dw:/ w
M oM

Remark 1.7.14. The statement of this theorem is concise and elegant, but it requires a bit of interpretation.
First, as usual, M is understood to have the induced (Stokes) orientation, and the w on the right-hand side
is to be interpreted as ¢},,w. If 0M = @, then the right-hand side is to be interpreted as zero. When M is
1-dimensional, the right-hand integral is really just a finite sum. o

Proof. See [6] Theorem 16.11. [ |

Corollary 1.7.15 (Integrals of Exact Forms). If M is a compact oriented smooth manifold without boundary,
then the integral of every exact form over M is zero:

dv=0 ifoM =92
M

Corollary 1.7.16 (Integrals of Closed Forms over Boundaries). Suppose M is a compact oriented smooth
manifold with boundary. If w is a closed form on M, then the integral of w over M is zero:

/ w=0 if dwu=0on M.
oM

1.7.2 Integration on Nonorientable Manifolds

On an oriented n-manifold with or without boundary, n-forms are the natural objects to integrate. But in
order to integrate on a nonorientable manifold, we need closely related objects called densities.

If V is an n-dimensional real vector space, a density on V' is a function

p:Vx---xV =R
~—_———

n copies

satisfying the following formula for every linear map 7 : V — V:
w(Tvr, ..., Tv,) = |det T|p (v1, ..., 0,). (1.10)
A density p is said to be positive if u (vq,...,v,) > 0 whenever (vq,...,v,) is a basis of V; it is clear from

(1.10) that if this is true for some basis, then it is true for every one. Every nonzero alternating n-tensor u
determines a positive density |u| by the formula

|/j" (Ulw--avn) = |M(Ul,-~-,vn)| .
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The set D(V') of all densities on V is a 1-dimensional vector space, spanned by |u| for any nonzero alternating
n-tensor u. When M is a smooth manifold with or without boundary, the set

pM = [[ D(1,M)
peEM

is called the density bundle of M. DM is a smooth rank-1 vector bundle by [6, Proposition 16.36], with
| dzt A A dx”| as a smooth local frame over any smooth coordinate chart. A density on M is a (smooth)
section p of DM in any local coordinates, it can thus be written as

u:u|da§1/\~-~/\ do:”|

for some locally defined smooth function . Under smooth maps, densities pull back in the same way as
differential forms: Suppose F' : M — N is a smooth map between n-manifolds with or without boundary,
and p is a density on N. The pullback of 1 is the density F*u on M defined by

(F* ), (V1,2 0n) = ppg) (AFp (v1), ..., dE, (0n))
In coordinates, [6, Proposition 16.40] says that . satisfies
F*(u]dy' A--- A dy™|) = (uo F)|det DF|| da' A--- A da”|
where DF represents the matrix of partial derivatives of F' in these coordinates.

Now we turn to integration.

If D C R" is a domain of integration and y is a density on D, we can write j = f | dzt A A dx”| for some
uniquely determined continuous function f : D — R. We define the integral of u over D by

/f|dac1A-~-/\ dac”|:/fdx1---dac" (1.11)
D D

If U is an open subset of R or H" and p is compactly supported in U, we define

o=y

where D is any domain of integration containing the support of p. The key fact is that this is diffeomorphism-
invariant by [6, Proposition 16.41].

Now let M be a smooth n-manifold (with or without boundary). If 4 is a density on M whose support is
contained in the domain of a single smooth chart (U, ¢), the integral of ;1 over M is defined as

/Mu= /@(U) Ca

This is extended to arbitrary densities u by setting

/M'UZE/MQ/%u

where {¢;} is a smooth partition of unity subordinate to an open cover of M by smooth charts. The fact that
this is independent of the choices of coordinates or partition of unity follows just as in the case of forms. The
following proposition is proved in the same way as Proposition 1.7.9.
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Proposition 1.7.17 (Properties of Integrals of Densities). Suppose M and N are smooth n-manifolds with or
without boundary, and u,n are compactly supported densities on M.

(a) LINEARITY: If a,b € R, then
/a,u+b17:a/ N+b/77
M M M

(b) POSITIVITY: If 11 is a positive density, then [, p > 0.
(c) DIFFEOMORPHISM INVARIANCE: If F' : N — M is a diffeomorphism, then [, = [\ F*p

Just as for forms, integrals of densities are usually computed by cutting the manifold into pieces and
parametrizing each piece, just as in Proposition 1.7.10.

1.7.3 Integration on Lie Groups

We know that parallelizable smooth manifolds are all orientable and Lie groups are parallelizable because
we can translate basis vectors on T, G to every other tangent spaces via d(L,)., Vg € G. The vector field
g — d(Lg)ev is denoted by vP. See [6] Corollary 8.39 for more detail. We call an orientation on G
left-invariant if the diffeomorphisms L,’s are all orientation-preserving. We call a vector field X on G
left-invariant if (L,).X = X for every g, while a covariant tensor field A on G is left-invariant if L; A = A
forall g € G, i.e.,

Vg,g/ € G, Ag’(uh s auk) = Agg’( d(Lg)g’(u1>7 Ty d(Lg)g’(uk))'

When defining left-invariance for the vector fields, we used pushforward. (L,).X = X means that the
vectors X, pushed by the isomorphisms d(L,),’s still belong to that vector field X, i.e., d(Ly)y (Xy) =
X1,(g")- We didn’t use pullback because we did not introduce the notion of pullback for vector fields yet. See
[6] p.326 Problem 12-10 for a broader definition of pullback and pushforward mapping where F': M — N
is a diffeomorphism.

Proposition 1.7.18. Every Lie group G has precisely two left-invariant orientations, corresponding to the two
orientations of its Lie algebra T,G.

Proof. T.G is a vector space and it has two orientations O, O_, each consisting of the vector bases equiva-
lent to each other, i.e., determinant of change of basis matrix is > 0. Isomorphisms d(L,). send orientation
to orientation, i.e., two bases of the same orientation are sent to two bases of the same orientation. Define
pointwise orientations on G by g — d(L,).(OF) and g — d(L,).(O. ). Each point p € G is in the smooth
oriented global frame {v*} where {v;} is a basis of the Lie algebra, so the two pointwise orientations are
continuous. They are left-invariant by construction. |

Proposition 1.7.19. Let G be a compact Lie group endowed with a left-invariant orientation. Then G has a
unique positively oriented left-invariant n-form wc with the property that |, cwe =1

Proof. If dim G = 0, we just let w¢ be the constant function 1/k, where k is the cardinality of G. Otherwise,
let E; = vf, ..., E, = vl be a left-invariant global frame on G (where {v;} is a basis for the Lie algebra
T.G). By replacing E; with —F; if necessary, we may assume that this frame is positively oriented. Let
el,...,e" be the dual coframe. Left invariance of E; implies that

(Lye') (E)) = €' (LguEj) = €' (Ej) = 5
which shows that Le" = ¢’, so &' is left-invariant. Let wg = ' A--- Ae™. Then by [LeeSM] Lemma 14.16(b),

L;(wg):L;51/\-~-/\L25":el/\~-~/\6":wg
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S0 wg is left-invariant as well. Because wg (E1,...,E,) = 1 > 0,ws is an orientation form for the given
orientation. Clearly, any positive constant multiple of w¢ is also a left-invariant orientation form. Conversely,
if W is any other left-invariant orientation form, we can write W¢|, = cw¢|, for some positive number
c. Note that the left-invariance of a tensor field A gives L;A = A = Ay (d(Ly)y) = Ay =
Ac(d(Lg-1)g) = Ay, so we have

(:J(;‘g = L;_l(:}(;’e = CL;_le‘e = COJG|g

which proves that @¢ is a positive constant multiple of w¢g. Since G is compact and oriented and w¢ is an
orientation form for the given orientation, Proposition 1.7.9 (c) implies that [, w¢ is a positive real number.

. -1 - . o . . . . .
We then define @¢ = ([, we) ~ we. Clearly, G¢ is the unique positively oriented left-invariant orientation
form with integral 1. |

Remark 1.7.20. The orientation form whose existence is asserted in this proposition is called the Haar
volume form on G. Similarly, the map f — [, fwg is called the Haar integral. Observe that the proof
above did not use the fact that G was compact until the last paragraph; thus every Lie group has a left-
invariant orientation form that is uniquely defined up to a constant multiple. It is only in the compact case,
however, that we can use the volume normalization to single out a unique one. o

1.7.4 Integration on Riemannian Manifolds*

After we talk about Riemannian manifold, we can define integration using Riemannian volume form (for
the orientable case) and Riemannian density (for the nonorientable case); see subsections 2.3.3, 2.3.4, and
2.3.5.

1.8 Homology and Cohomology

This section is a brief review of the concepts and results of homology and cohomology.

1.8.1 Singular Homology and Relative Homology

Let X be a topological space. Let 4, := {¢ : A" — X | ¢ continuous} denote the set of all singular n-
simplices in X, and define the singular chain group S,,(X) := F(A4,,), the free abelian group generated by
A,,. The boundary operator 9 : S, (X) — S,—1(X) is defined via face operators 9; as

0= Zn:(—l)iai,
=0

extended linearly using the universal property of free abelian groups. From a continuous map f : X —» Y
we can define the pushforward operator f4 over basis A, of X and that of Y. universal property again
induces a chain map fy : S,,(X) — S, (Y) satisfying f4 00 = do fx, which in turn induces a homomorphism
fv: Hy(X) — H,(Y) on homology groups.

Proposition 1.8.1 (Homotopical Invariance of Homology). Suppose we have two chain maps f, g : C, — D,.
A chain homotopy is a homomorphism ® : C, — D, of degree —1 suchthat 0o ® +®o0d = f — g.

(a) If there is a chain homotopy ® between f and g, then the induced homomorphisms f., g. of the chain
maps f, g are equal.

(b) Let f,g : X %Y and fargx © So(X) — Su(Y). If f and g are homotopic, then there is a chain
homotopy ® between f, and g,.

(c) As a corollary of (b), the topological spaces of the same homotopy type have the same homology groups.

40



Differential Geometry Anthony Hong

Given a short exact sequence of chain complexes

0-C Lp. % E S0

a diagram chasing yields the connecting homomorphism A : H,(E) — H,_1(C). This gives a long exact
sequence in homology called Zig-Zag LES:

o Ho(C) L5 Hy(D) 2 Hoy(B) 25 Hy 1 (C) — -+
For space of the form X = U° U V°, we have the following SES

0= S,UNnV) ZE8 g Wy e 8, (V) S s, U+ V) 0

where 14, j, k, | are inclusions of the respective groups. S, (U + V) refers to the free abelian group generated
by the set of all singular simplices that are either in U or in V. Note that U and V have their interiors forming
a covering U of X. In general, for any covering U, the locality principle states that the honology groups
HY(X) of the associated chain complex SY%(X) is isomorphic to the ordinary homology groups H,,(X).

From Zig-Zag LES and the locality principle we have the Mayer-Vietoris Sequence:
S HyUNV) LS Hy(U) @ Hy (V) 2 Hy(X) S Hy y(UNV) = -

where f.(a) = (i.a, —j.a) and g.(a, §) = k. + 1.0.
)>

For a pair (X, A), the relative chain group is S, (X, 4) := S,(X)/S»(A4), and the boundary operator descends
from S, (X). This gives rise to a natural long exact sequence:

oo Hy(A) 25 Hy(X) 5 Ho(X, A) 2 Hyoy(A) — -

A useful result is the Excision theorem, which states that if U ¢ A C X, and the closure of U is contained
in the interior of A, then the inclusion (X \ U, A\ U) < (X, A) induces an isomorphism

H,(X\U,A\U)= H,(X,A).
Some examples of homology groups include:
* H,(pt) =Zif n =0, and 0 otherwise.
* Hy(X)=Z", where r is the number of path components of X.

« H,(S") =Z, Hy(S") = Z, and Hy(S°) = Z & Z.

1.8.2 Homology with Coefficients and Cohomology

Let Comp denote the category of chain complexes and chain maps, and let Ab be the category of abelian

groups and homomorphisms. Fix an abelian group G € Ab and consider the chain complex C, = S.(X, A):
o Cis Mcn Oy 0 s

We have two ways to generate new structures:

* The tensor functor — ® G : Ab — Ab is right exact, and extends to a functor Comp — Comp.
Applying this to a chain complex C, € Comp, we obtain a new chain complex C, ® G:

n+1®id
-

0 O ®id
i Cr1 ®G

Cr,®G——Cp.108G —>---
and define its homology to be the homology with coefficients:

Ho(X, A;G) = H, (S (X, A) @ G).

41



Differential Geometry Anthony Hong

* The contravariant Hom functor Hom(—, G) : Ab®” — Ab is left exact, and extends to a contravariant
functor Comp®” — Comp, producing a cochain complex Hom(C,, G):

-+ «— Hom(Cj11,G) & Hom(C,,, G) Pk Hom(C)_1,G) +— ---

where 0" = 8# 1 is the pullback (precomposition) of 0, i.e., 6"(f) = f o Op4+1. We define the coho-

mology groups
Ker o™

~ Tmon—1

H"(X,A;G) := H"(Hom(S.(X, A),Q))
There is a series of analogous results for homology with coefficients and cohomology as in homology with

coefficient Z.

Theorem 1.8.2 (Universal Coefficient Theorem for Homology). There is a short exact sequence:

0— H,(X,A)®G — Hy(X,A;G) - Tor(H,—1(X,A),G) — 0.

Theorem 1.8.3 (Universal Coefficient Theorem for Cohomology). There is a short exact sequence:

0 — Ext(H,-1(X,A),G) = H"(X, A;G) —» Hom(H, (X, A),G) — 0.

Theorem 1.8.4 (Kiinneth Formula). Let X and Y be topological spaces. Then there is a short exact sequence:

0= P Hy(X)@Hy(Y) = Ho(X xY) > D Tor(Hy(X), Hy(Y)) — 0.

p+q=n ptq=n—1

1.8.3 Computational Tools: Simplicial, Cellular, and Smooth Homology

Let H2(X) denote the simplicial homology group of a simplicial complex X, defined using the chain
complex C2(X) := the free group of all standard n-simplices A" in X. The boundary operator is the same
as in singular homology.

Theorem 1.8.5 (Equivalence between Singular and Simplicial Homology). There is a canonical homomor-
phism H2(X, A) — H,(X, A) induced by the chain map A, (X, A) — C,(X, A) sending each n-simplex of X
to its characteristic map o : A™ — X. The possibility A = & is not excluded, in which case the relative groups
reduce to absolute groups. In fact, the homomorphisms constitue isomorphisms

HA(X,A) = Hy(X, A)
for all n and all A-complex pairs (X, A).

Proof. See [18, Theorem 2.27]. [ ]

Let H3°(M) denote the smooth singular homology group of a smooth manifold M, defined using the chain

complex C2°(M) of smooth n-simplicies ¢ : A" €%, M in M. Smoothness is interpreted in the sense that
it has a smooth extension to a neighborhood of each point. The boundary operator is the same as in the
singular homology and note that the boundary of a smooth simplex is a smooth chain. The inclusion map
t:CX(M) — C,(M) is a chain map, i.e., commutes with the boundary operator, and so induces a map on
homology: ¢, : HX*(M) — H, (M) by t.[c] = [¢(c)].

Theorem 1.8.6 (Equivalence between Singular and Smooth Singular Homology). For any smooth manifold
M, the map v, induced by inclusion gives an isomorphism

H*(M) = H,(M).
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Proof. The proof is involved; see [6, Theorem 18.7].

The basic idea of the proof is to construct, with the help of the Whitney approximation theorem, two oper-
ators: first, a smoothing operator s : C,,(M) — C5°(M) such that so 9 = 9 o s and s o ¢ is the identity on
Cp°(M); and second, a homotopy operator that shows that ¢ o s induces the identity map on H,,(M). The
key to the proof is a systematic construction of a homotopy from each continuous simplex to a smooth one,
in a way that respects the restriction to each boundary face of A™. |

Let HSW(X) denote the cellular homology group of a (finite) CW complex X, defined using the chain
complex CSWV(X) := H, (X", X""1), where X" denotes the n-skeleton of X. The boundary maps d,, :
CW(X) — CSW(X) are defined via the connecting homomorphisms in the Zig-Zag LES of the triple
(Xn7Xn717an2):

v Hp (XML X" 5 Hy (X, X2 = Hy (X, X L H, (X" 1, X772 & ...

Theorem 1.8.7 (Equivalence between Singular and Cellular Homology). Cellular homology groups are iso-
morphic to singular homology groups:
HSW(X) = H,(X).

Proof. See [18, Theorem 2.35] or [17, Theorem 2.21]. [ ]

1.8.4 Computational Tools: Products and Dualities

When the coefficient group is also a ring, the cohomology of a space may be given a natural ring structure
that homology groups do not have. Moreover, there are some operations only for the cohomology, which
lead to the Poincaré duality.

* Natural pairing (-, -) : S"(X, 4;G) ® S,,(X, A) — G induced by the bilinear mapping (¢, ¢) = ¢(c).

* Kronecker index (-, -) : H"(X, A;G) ® H,(X,A) — G induced by the bilinear mapping ([¢], []) =
(¢,c).

* Cup product is a mapping
—: HP(X;R)® HY(X;R) — H""1(X; R)
defined at the cochain level as follows: for o € C?(X; R), 3 € C4(X; R), and o : APT¢ — X,
(a— B)(o) := alallvo, . .., vp]) - Blol[vp, - -, Uptql),

where o|[vo, ..., v,] and o|[vp, ..., v,14| are the front and back faces of o, respectively. It satisfies the
following properties:

- Coboundary rule: §(a — ) = da — B+ (—1)Pa — 8.
- Graded commutativity: « — 8 = (—1)P15 — «.
- Naturality: f*(a — 8) = f*() — f*(8).
* Cap product is a mapping
~: H?(X; R) ® Hy(X; R) = H,_,(X;R)
defined at the chain-cochain level by: for « € C?(X; R), 0 € Cy(X; R), with ¢ > p,
a~o:=alo|vg,...,vp])  ol[vp,...,vy] € Cqup(X; R),

where o|[vo, ..., v,] and o|[v, ..., v,] are the front and back faces of the singular simplex o, respec-
tively. It satisfies the following properties:
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- Boundary rule: 9(a ~ o) = (-1)?(da ~ 0 — a —~ J0).

- Naturality: f.(f*(a) ~z) = a ~ f.(z).

- Compatibility with cup product: (o« — §) ~o=a ~ (8 —~ o).
* Dualities:

- Poincaré Duality Theorem [17, Theorem 6.18]: For a compact connected orientable n-manifold
M endowed with orientation s : M — F and associated fundamental class z, the homomorphism

D: H¥(M;G) — H,_(M;G)

via the cap product D(xz) = & ~ z is an isomorphism for all k.

- Poincaré-Lefschetz Duality [17, Theorem 6.25]: For a compact orientable n-manifold M with
boundary OM and fundamental class z € H,, (M, M), the duality maps

D: HY(M,0M) = H, (M), D':H*M)=H, (M,0M)

given by the cap products with z are both isomorphisms for all &.

1.8.5 Homotopy and Homology

We give a short comparison between homotopy and homology groups.

Concept Homotopy Theory Homology Theory
Fundamental groups | m,(X), nonabelian for n =1 H,(X), always abelian
Product formula Tn(X XY) 271, (X) ® 7, (Y) | Kinneth formula + Eilenberg-Zilber theorem
Subdivision formula van Kampen theorem Mayer-Vietoris sequence

Theorem 1.8.8 (Hurewicz Theorem). For any path-connected space X and strictly positive integer n there
exists a group homomorphism
hy : o (X) = Hp(X),

called the Hurewicz homomorphism, from the n-th homotopy group to the n-th homology group (with integer
coefficients). It is given in the following way: choose a canonical generator u,, € H, (S™), then a homotopy class
of maps f € m,(X) is taken to f, (un) € H,(X).

1. Forn > 2, if X is (n — 1)-connected (that is: m;(X) = 0 for all i < n ), then Hy(X) = 0 for all i < n,
and the Hurewicz map h, : m,(X) — H,(X) is an isomorphism (see [18, Theorem 4.32]). This implies,
in particular, that the homological connectivity equals the homotopical connectivity when the latter is
at least 1. In addition, the Hurewicz map h. : mp4+1(X) — Hp41(X) is an epimorphism in this case
(see [18, p.390 Exercise 23]).

2. For n = 1, the Hurewicz homomorphism induces an isomorphism h,. : 71 (X)/ [71(X), 71 (X)] — Hi(X),
between the abelianization of the first homotopy group (the fundamental group) and the first homology
group (see [17, Proposition 4.21]).

1.9 De Rham Cohomology

Imagine a point-particle of mass m moves within an open set U C R? under a force field ﬁ(:c, y,z). Let
F(t) =position of the particle through time. Define the work of a path v : [a,b] — R3 with vy(a) = p,
~(b) = q as the line integral

W, ::/vﬁ. di = /abﬁ(w(t))-v'(t) dt.
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A conservative vector field F' is a vector field on U C R™ whose line integerals around all piecewise-C>®
closed paths v are zero.

<= its line integrals are path-independent, i.e., its line integerals around piecewise-C*® paths ~ with
~v(a) = p, v(b) = ¢ are all equal.

(6, Proplem 11151 3 3 function V € C°°(U), called potential for F, such that F = —VV (<= 3V € C=(U)
s.t. F=VV.)

Exercise 1.9.1. Let F be a conservative vector field on an open set U C R™. Prove that for a piecewise-C'* path
7 starting from p ending at g, it has work W., = V(p) — V (q).

Solution. Now, if F' is conservative, and if we consider 1-form w, (v) = F(z) - v, then

W =~ av()

_ —;
(2

b
— W, = / Wy (7 (1)) dt 22222 / w=-— / dv
a Y v

— —W, =V(q) — V(p) by [6, Thm.11.39].

wy(v) ==-VV(z) -v=

¢
Completely analogously, we have the following concepts and results for the covector fields on smooth mani-
folds:

A conservative covector field w is a C*° covector field on smooth manifold M such that the line integrals
around all piecewise-C*° closed paths  are zero. An exact covector field w is a C* covector field on smooth
manifold M such that there exists a function f € C°°(M) such thatw = df. Note that

a smooth covector field w is conservative

6, Prop.11.40 . .
(6. PL140) he line integrals of w are path-independent

[6, Thm.11.42] .
= w is exact.

A differential form w is exact if w = do for some «; it is closed if dw = 0. Since d o d = 0 we see exact
forms are closed, but not vice versa as the following example shows.

Example 1.9.2. Let M = R?\{0}. Define a covector field w € X*(M) by

_wdy—ydz
242

1. The covector field w is not conservative and thus not exact: it suffices to show that the line integral
along one closed path ~ is not zero: Consider curve segment v : [0,27] — M defined by ~(¢) =
(cost,sint) (if we identify R? \ {0} with C* this v(¢) is just ¢ — e'*). We compute that

line integral defn. «
W ———— Y w
el [0,27]

_Lemma 151 T (v
= /[O,QW] |:<I2 i y2> oy d(yo) <x2 n y2> ovyd(xo 7)}
= / {COSt d(sint) — smi d(cost)]

020 L 1 1

= / [(3052 t dt + sin® dt]
[0,27]

= / dt = 2m.
J10,27]
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2. The covector field w is closed: we compute that

a9 [0 ( y N 90 ( =z . L
[&v( x2+y2> oy <$2+y2)] dz A dyifweletz” =z,2° =y

[ 0—y22)  x(2y) .
- |-G - e dn

3. However, w is locally exact: if we restrict M = R? \ {0} to U = {(=,y)|z > 0}, then z is never 0 and
w is now exact on U. Consider the angle function #(x,y) = tan™" £ on U. We show df = w: consider
another local coordinate system x = r cosf and y = r sin # and compute that

R S
50 sin 6
= % d(rsinf) — 7’5;21 d(r cos 9)
cos sin 0

== (sin @ dr + cos 0r d) (cos 8 dr — sin Or d6)

1 2 )
=f(sin&cos@dr—sin@cos@dr)-i-TCOS 0+ rsin”0 do
r

r
= déf.

In contrast, there is no continuous angle (argument) function 6 (called a branch of argument function)
on C* =2 R\ {0}. There is the principal branch of argument Arg : C\(—o0, 0] — C.

&

1.9.1 De Rham Cohomology

We now define de Rham cohomology groups to measure the failure of closed forms to be exact.

Definitions

We reserve n for the dimension of the manifold M and use p for the degree of the differential form.
Definition 1.9.3 (The de Rham Cohomology).

Codifferential of the cochain complex: the linear map d: QP (M) — QPFTL(M).

Cochain complex: 0 — QO(M) — -+ — QP~Y(M) & QP (M) & QPFL(M) — -+ — QM) — 0.

Cocycle group: ZP(M) = Ker(d : QP(M) — QPTY(M)) = {w € QP(M)| dw = 0} = {closed p-forms on M}.
Coboundary group: BP(M) =TIm(d: QP~Y(M) — QP(M)) = { dw|w € QP~1(M)} = {exact p-forms on M}.
De Rham cohomology group: HY, (M) = HY ... (M) = ZP(M)/BP(M).

Pullback operator and induced homomorphism: from F : M ", N we have pullback F* : QP(N) —
QP(M). It is a cochain map, ie., do F* = F* o d, so it induces a homomorphism, still denoted by F*,

HEL (N) — HEYg (N) (exactly because cocycles are sent to cocycles and coboundaries are sent to coboundaries.)
HE. (=) is then a contravariant functor: (G o F)* = F* o G*; (idy)* = dgr ()

Remark 1.9.4.

(@) dod =0 < every exact form is closed <= BP(M) C ZP(M).
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(b) Note that Q?(M) and thus HY; (M) are zero whenp < 0 and p > n
= B%(M)=0and Z"(M) = Q"(M)
= when p = 0: Hlz(M) = Z°(M) = {f € Q" (M)|df = 0} LM comn. {constant functions} =
R{idar} = R; when p = n: Hjg (M) = Q"(M)/B"(M).

() For0<p<mn, Hixf(M)=0 <= ZP(M) = B?(M) <= all closed p-forms are exact.

Some other basic results analogous to those in section 1.8 are in order.
Proposition 1.9.5.

(a) If F: M — N is a diffeomorphism between manifolds with or without boundaries then F* : Hi. (N) —
HE. (N) is an isomorphism.
(b) If M = | |; M; splits into components, then []; ¢; : Hig (M) — @; Hiz(M;) collected from homomor-

phisms ¢} induced by inclusions ¢; : M; — M is an isomorphism.

(¢) If M is 0-dimensional but not necessarily connected, then H3y, (M) is a direct sum of 1-dimensional vector
spaces by Proposition 1.9.5 (b) and Remark 1.9.4 (b). All other Hi (M)’s are zeroasp > 1 > 0 = dim M.

(d) Analogous to Proposition 1.8.1, we have:

() If F,G : M — N are smooth maps between manifolds with or without boundaries and there exists
a chain homotopy h : Q*(N) — Q*(M) between cochain maps F*,G* : Q*(N) — Q*(M), i.e.,
a linear map of degree —1 such that doh + ho d = G* — F*, then the induced homomorphisms
F*,G*: Hiz (N) — HYz (M) are equal.

(i) If F,G : M — N are smooth maps between manifolds with or without boundaries and F' is homotopic
to G (thus smoothly homotopic by [6, Theorem 9.28]), then there is a chain homotopy ® between
cochain maps F* and G*.

(iii) As a corollary, one can use Whitney approximation theorem ( [6, Theorem 9.27]) to show that two
smooth manifolds of the same homotopy type have isomorphic de Rham cohomology. Here, for the

. c’ . . .
homotopy equivalence F' : M — N we cannot use F'* as an isomorphism because F is not even
smooth to define F'*. We use Whitney approximation theorem to get some smooth approximation

F: M S5 N so that F* serves as the isomorphism.

Computations

Since we know the cohomology groups of a single point (a zero-manifold) and that contractible spaces are
of the same homotopy type as a single point, we have the following corollary.

Corollary 1.9.6. If M is a contractible smooth manifold with or without boundary, then Hy (M) = 0 for
p=>1

Using the straight-line homotopy one can show a star-shaped set is contractible, so we have proved the
Poincaré lemma:

Corollary 1.9.7 (Poincaré Lemma). If U is a star-shaped open subset of R™ or H", then Hiy (U) = 0 for p > 1.
Corollary 1.9.8 (Local Exactness of Closed Forms). Let M be a smooth manifold with or without boundary.

Each point of M has a neighborhood on which every closed form is exact.

Proof. Every point of M has a neighborhood diffeomorphic to an open ball in R™ or an open half-ball in H",
each of which is star-shaped. The result follows from the Poincaré lemma and the diffeomorphism invariance
of de Rham cohomology. [ |
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Corollary 1.9.9 (Cohomology of Euclidean Spaces and Half-Spaces). For any integers n > 0 and p >
1, Hy (R") = 0and Hi, (H") = 0.

Proof. Both R™ and H" are star-shaped. |

Another analogous result is the Mayer-Vietoris sequence. Since inclusions will be involved, some subtleties
regarding them should be adressed first.

Suppose S is an immersed submanifold of smooth manifold M. Let tg be the inclusion map. There are two
types of vanishing we need to distinguish from each other. Let w € I'(T*T*M). Then

(1) w vanishes along S: w vanishes at points of S, i.e.,w, =0, Vp € S.

(2) The restriction of w on S vanishes, or the pullback of w to S vanishes: w,|r,s = 0, Vp € S.
Equivalently, (¢*w), =0, ¥p € S.

Clearly, (1) is a stronger condition, as the example below illustrates. However, [6, Proposition 3.9] states
that when S = U is an open submanifold of M, then d., : T,U — T, M is an isomorphism. Thus, in this
case types (1) and (2) are the same.

Example 1.9.10 ( [6] Example 11.29). Let w = dy on R?, and let S be the z-axis, considered as an embed-
ded submanifold of R2. As a covector field on R?,w is nonzero everywhere, because one of its component
functions is always 1. However, the restriction ¢*w is identically zero, because y vanishes identically on S:

fw=1"dy= d(yor) =0.

&

Theorem 1.9.11 (Mayer-Vietoris Sequence for de Rham Cohomology). Let M be a smooth manifold with
or without boundary, and let U,V be open subsets of M whose union is M. For each p, there is a linear map
A HP, (UNV) — HAE' (M) making the following a LES:

kE*eol”

i HgR(M) — HgR(U) D HgR(V) i> HgR(U N V) i Hg;{l(M) —

Example 1.9.12 (de Rham Cohomology Groups of Spheres). Using Mayer-Vietoris sequence one can show

that forn > 1,

, R, p=0orn
HgR(SL):{O 0<p<n.

Exercise 1.9.13. Show that n € Q" (S™) is exact if and only if [, 17 = 0.

Stokes

Solution. n € Q"(S") and 7 exact, so n = da and [, = [, da
manifolds.

[, & = 0 as spheres are closed

Conversely, HJ; (S™) = R{[w]} for an orientation form w € Q"(S™). Thus, ] = c[w] for some ¢ € R, i.e.,

1 = cw + da. Then 0 gven, Jsnm ek ¢Jopow = ¢=0 = [y =0in H}(S"), i.e., n is exact. ¢

Corollary 1.9.14 (Cohomology of Punctured Euclidean Space). Suppose n > 2 and = € R", and let M =
R™\{z}. The only nontrivial de Rham groups of M are H (M) and H5 ' (M), both of which are 1-dimensional.
A closed (n — 1)-form n on M is exact if and only if [¢n = 0 for some (and hence every) (n — 1)-dimensional
sphere S C M centered at z.
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Proof. Let S C M be any (n — 1)-dimensional sphere centered at . Because inclusion ¢ : S — M is a
homotopy equivalence, .* : H, (M) — HY,(S) is an isomorphism for each p, so the assertion about the
dimension of H’ (M) follows from Example 1.9.12. If 5 is a closed (n — 1)-form on M, it follows that
is exact if and only if .*7 is exact on S, which in turn is true if and only if [(n = [;¢*n = 0 by Exercise
1.9.13. ]

Exercise 1.9.15. Check that the statement and proof of Corollary 1.9.14 remain true if R™\{z} is replaced by
R™\ B for some closed ball B C R".

Two Features of de Rham Cohomology
1. A distinct feature of de Rham cohomology is the use of integration as a linear map.
Theorem 1.9.16 (A Hurewicz-type Result). Let M be a connected smooth manifold. Consider the mapping
@ : Hlp (M) — Hom(my (M, q), R)
W] —s (m(M7 q) — R)
M= fw

where 7 is any piecewise-C>° curve in [y]. Then [6, Theorem 17.17 + Problem 18-2] claim that the linear
mapping ® is bijective. A corollary is that if M is a simply connected smooth manifold, then by [6, Corollary
16.27], Hix (M) = 0 and thus Hom(m (M, q),R) = 0. [6, Corollary 17.18 + Exercise 17.19] generalize this
fact: if w1 (M, q) is finite or torsion, then H}y (M) = 0 and thus Hom(7 (M, ¢), R) = 0.

2. Another distinct feature of the de Rham cohomology (and in general all cohomology theories) is the
products of cohomology groups.

For forms w € Z¥(M) and n € Z!(M), one has
dwAn) = dwAn+ (—D)*wA dp=0
i.e. wAn € ZF(M). Moreover, for any & € QF¥~1(M) and & € Q71 (M),
(wHdg) A +déa) =wAn+d[(-Dfw A&+ (1) An+ (=) A dg]

In other words, [w A 7] is independent of the choice of w and 7 in |[w] and [n]. So we can define the cup
product between [w] € HY; (M) and [] € H z (M) as

[w] — ] = [w An) € HiE'(M).

De Rham cohomology is built from the complex Q*(M) of differential forms, but there is no corresponding
de Rham homology built from a chain complex that “pairs naturally” with Q*(M). Thus there is no intrinsic
cap product for de Rham cohomology. To get around this one may use currents to think about the cap
product.

1.9.2 Compactly Supported de Rham Cohomology
We follow this lecture note.

From Exercise 1.11.24 (or [6, Problem 18-8]), we see that if a smooth manifold is compact (or homotopic
equivalent to a compact manifold), then the de Rham cohomology groups are “simpler”: They are finite-
dimensional, and nice formulae like Kiinneth formula hold. When M is orientable, a very useful tool to
study cohomology classes, especially the top-degree classes, is “integration on manifolds.” Unfortunately, if
M is non-compact, the integration of a top-degree form is not a nicely defined unless the differential form is
compactly supported. Recall that for w € M, the support of w is defined to be

supp(w) = {p € M | w, # 0}
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As usual, we say w is compactly supported if supp(w) is compact in M. It’s natural to let
QN (M) = {we 0F(M) | w is compactly supported }
be the set of all compactly supported smooth p-forms. Obviously,
(1) if wq,w, are compactly supported p-forms, so is ciw;y + caws;
(2) if w is compactly supported, so is dw.

So QF(M)’s are vector spaces, and the exterior derivative makes these vector spaces a cochain complex.
As in the ordinary de Rham theory, we denote p-th compactly supported cocycle group, p-th compactly
supported coboundary group, and p-th compactly supported de Rham cohomology group as

ZP(M) ={w e (M) | dw=0}

c

)
BP(M) = {we Q(M) | w= dnfor somen € Q2" (M)}

c

HY(M) = 22(M)/B¢(M).
Remark 1.9.17. If M is compact, then for all p, Q2 (M) = QP(M) and H? (M) = Hii (M). [ )

H (M) vis. Hip (M)

In what follows we indicate the main differences between the compact supported de Rham cohomology
groups and the ordinary de Rham cohomology groups.

(1) By definition we have Z¥(M) = Z*(M) N Q¥(M). However, in general,

B¥(M) # B¥(M)nQ.(M). (Canyou find an example?)

(2) For k = 0, by definition
HY (M) =2Z%(M) = {f € C*(M) | df =0 and supp(f) is compact} .

But df = 0 if and only if f is locally constant, i.e. f is constant on each connected component. On the
other hand, a locally constant compactly supported function has to be zero on any non-compact connected
component. So we conclude

HO(M) ~R™

where m, is the number of compact connected components of M. In particular,
Hpt)=R and H([R")=0, ¥Yn>1
where pt is a singleton. Since R” is homotopy equivalent to {pt}, we conclude

HF¥(M)s are no longer homotopy invariants.

(3) Now let ¢ : M — N be a smooth map. Then by definition,

supp (¢*w) C ¢~ " (supp(w)).

So if w € QF(N), in general we may have p*w ¢ QF(M). In particular, In general we cannot pullback
compactly-supported cohomology classes on N to compactly-supported cohomology classes on M! In the
ordinary theory, we used the pullback to prove the homotopy invariance and to construct the M-V sequence.
It turns out that in the “compactly-supported theory,” we can use proper maps to cover the first and pushfor-
ward the inclusions to cover the second purpose. For the latter, see Exercise 1.11.25.
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Pullback of proper maps: If ¢ : M — N is proper, i.e., preimages of compact sets are compact, then the
pullback ¢*w of a compactly supported differential form w € QF(N) is still compactly supported. So the map

¢" HI(N) — HI(M)
is still well-defined. In this case one can prove the following result.

Theorem 1.9.18. If vy, ¢ : M — N are proper smooth maps that are properly homotopic ¥, then the induced
maps
P1 = @3 He(N) — H (M)

Note that any homeomorphism is proper. So in particular the compactly supported de Rham cohomology
groups are still topological invariants:

Corollary 1.9.19. If M is homeomorphic to N, then H*(M) = H(N).

Example 1.9.20 (HF (R™) for k < m). Suppose m > 1. We have seen H?(R™) = 0. Now we prove
HE(R™) = 0 for 1 < k < m. We identify R" with S™ — {N}, where N is the north pole. Then we get an
“inclusion” map ¢ : R™ — S™, and the words “compactly supported in R™” is equivalent to “supported in a
subset of S™ that is away from N.”

Case 1: 1 = k < m. Take any w € Z}(R™). Then v.w € Z'(S™) which is supported in S™ — U for some
neighborhood U of p. Since H!(S™) = 0, the closed 1-form t,w is exact, i.e. there exists n € Q°(S™) =
C*>°(S™) so that ¢,w = dn. Moreover, the fact dn = ¢.w = 0 on U implies that 5 equals some constant ¢ on
U. It follows that if we take /) = n — ¢, then 77 € Q2 (S™ — {N}) = QY (R™) and dij = w.

Case 2: 1 < k < m Again we take w € Z* (R™) and consider t,w € Z¥(S™), which is supported in some
S™m—U. Since HX(S™) = 0, one can find n € Q*~1(S™) such that v,w = dn. By shrinking the neighborhood
U of p, we can assume that U is contractible. Then the fact dn = t.w = 0 in U implies that 7 is exact in U,
i.e. one can find a u € Q*~2(U) such that » = du. Now one pick a bump function p on S™ which vanishes on
S™ — U and equals 1 near p. Then 7j =  — d(pu) € Q¥~1(S™) and 77 = 0 near p, i.e. it defines a compactly
supported (k — 1)-form on R™. By construction, d7j = dn = w. &

Top-degree de Rham Cohomology of Manifolds
In this part we would like to calculate H'(M) and Hj, (M) for smooth n-manifold M.

We start with an example.

Example 1.9.21 (H!(R)). Let’s try to compute H}!(R). To do so we consider the integration map
/:Z}:(R):Qi(R)%R, w»—)/w
R R

This map is clearly linear and surjective. Moreover, it vanishes on B!(R) by the fundamental theorem of
calculus, so it induces a surjective linear map

/R:HC%(R)—>R

Moreover, if [, f(t)dt = 0, where f € C2°(R), then the function g(t) = [ foo f(7)dr is smooth and compactly
supported and dg = f(¢)dt. In other words, f(t)dt € BL(R), ie. [f(t)dt] = 0in H}(R). So [, is an
isomorphism between H!(R) and R, i.e.

H!(R) ~R.

Compare this with the fact that H(R) = 0. &

Ti.e. there exists a homotopy ® : M x [0,1] — N connecting ¢o and ¢ that is a proper map.
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Essentially the same method works in higher dimension. Let M be any n-dimensional connected oriented
manifold, and w € Q7(M) a compactly supported top-degree form. Then w is closed, and we have defined
the integral [, w. So we get a map

/:QZ(M)—)R, w+—>/w.
M M

Now suppose w € B?(M), i.e. w = dn for some n € Qm~(M). Since the manifold M is locally compact
Hausdorff, we can take a compact set K in M such that supp(n) C Int(K). Thus, 7 is zero on K. By the

Stokes’s formula,
/w:/ dn:/ dn:/ n=20 (1.12)
M M K oK

J,; then induces a linear map, called the integration map:

I: CHI(M) >R, we | w
M M

Proposition 1.9.22. Suppose M is a connected oriented smooth n-manifold. Then the map [,, : H!(M) — R
described above is surjective.

Proof. Fix a volume form w on M. For any c, one can find a smooth function f that is compactly supported
in a coordinate chart U, such that [ fw = c. |

Corollary 1.9.23. Suppose M is a connected oriented smooth n-manifold. Then there is an exact sequence:

QL (M) S or (M) 2L R 0

The integration map is an isomorphism:
I: / . H'(M) = R.
M

Proof. We have shown [}, is surjective. Now one inclusion of Im(d) = Ker ([,,) is covered by equation
(1.12) and the other is due to the compactly-supported Poincaré lemma. The isomorphism follows from the
first isomorphism theorem. n

We state without proof the following theorem of the computations of the compactly-supported de Rham
cohomology groups of manifolds.

Theorem 1.9.24.

(a) [6, Theorem 17.30] (Top Cohomology, Orientable Compact Support Case): If M is a connected oriented
smooth n-manifold, then the integration map I : H*(M) — R is an isomorphism, so H*(M) is 1-
dimensional.

(b) [6, Theorem 17.31] (Top Cohomology, Orientable Compact Case): If M is a compact connected orientable
smooth n-manifold, then H}, (M) is 1-dimensional, and is spanned by the cohomology class of any smooth
orientation form.

(c) [6, Theorem 17.32] (Top Cohomology, Orientable Noncompact Case): If M is a noncompact connected
orientable smooth n-manifold, then H} (M) = 0.

(d) [6, Theorem 17.34] (Top Cohomology, Nonorientable Case). If M is a connected nonorientable smooth
n-manifold, then H(M) = 0 and H}z (M) = 0.
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1.9.3 Degree Theory

Theorem 1.9.25 (Degree of a Smooth Map). Suppose M and N are compact, connected, oriented, smooth
manifolds of dimension n, and F' : M — N is a smooth map. There exists a unique integer k, called the degree
of F, that satisfies both of the following conditions.

/ F*w:k/w
M N

k= Z sgn(z),

zeF~1(q)

(a) For every smooth n-form w on N,

(b) If ¢ € N is a regular value of F, then

where sgn(z) = +1 if dF, is orientation-preserving, and sgn(z) = —1 if it is orientation-reversing.

Proof. By Theorem 1.9.24 (b), two smooth n-forms on either M or N are cohomologous if and only if they
have the same integral. Let § be any smooth n-form on N such that [, 6 = 1, and let k = [, F*0. If
w € Q"(N) is arbitrary, then w is cohomologous to af, where a = [, w, and therefore F*w is cohomologous

to aF*0. It follows that
F*w:a/ F*G:ak:k/ w.
M M N

Thus k satisfies (a), and is clearly the only number that does so.

Next we show that k also has the characterization given in part (b), from which it follows that it is an
integer. Let ¢ € N be an arbitrary regular value of F'. Because F'~1(q) is a properly embedded 0-dimensional
submanifold of M, it is finite. Suppose first that F~!(q) is not empty-say, F~'(q) = {x1,...,2m}. By
the inverse function theorem, for each i there is a neighborhood U; of z; such that F' is a diffeomorphism
from U; to a neighborhood W; of ¢, and by shrinking the U;’s if necessary, we may assume that they are
pairwise disjoint. Then K = M\ (U; U---UU,) is closed in M and thus compact, so F(K) is closed in N
and disjoint from ¢. Let W be the connected component of Wy N --- N W, N (N\F(K)) containing ¢, and
let V; = F~Y(W) N U,. It follows that W is a connected neighborhood of ¢ whose preimage under F is
the disjoint union V1 II --- 11V}, and F restricts to a diffeomorphism from each V; to W. Since each V; is
connected, the restriction of F' to V; must be either orientation-preserving or orientation-reversing.

Let w be a smooth n-form on N that is compactly supported in W and satisfies [, w = [, w = 1. It
follows from part (a) that [, F*w = k. Since F*w is compactly supported in F~*(W), we have [,, F*w =
> ey Jy, F*w. From Proposition 1.7.9 (d) we conclude that for each i, [, F*w = + [, w = £1, with the
positive sign if F' is orientation-preserving on V; and the negative sign otherwise. This proves (b) when

F~l(q) # 2.

On the other hand, suppose F~1(q) = @. Then ¢ has a neighborhood W contained in N\ F (M) (because
F(M) is compact and thus closed). If w is any smooth n-form on N that is compactly supported in W, then
Sy F*w =0, so k = 0. This proves (b). [ |

Much of the power of degree theory arises from the fact that the two different characterizations of the degree
can be played off against each other. For example, it is often easy to compute the degree of a particular map
simply by counting the points in the preimage of a regular value, with appropriate signs. On the other hand,
the characterization in terms of differential forms makes it easy to prove many important properties, such as
the ones given in the next proposition.

Proposition 1.9.26 (Properties of the Degree). Suppose M, N, and P are compact, connected, oriented,
smooth n-manifolds.

(a) IfF: M — Nand G : N — P are both smooth maps, then deg(G o F') = (deg G)(deg F).
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(b) If F : M — N is a diffeomorphism, then degF' = +1 if F is orientation-preserving and —1 if it is
orientation-reversing.

(c) If two smooth maps Fy, F1 : M — N are homotopic, then they have the same degree.

This proposition allows us to define the degree of a continuous map F' : M — N between compact, con-
nected, oriented, smooth n-manifolds, by letting deg F' be the degree of any smooth map that is homotopic to
F'. The Whitney approximation theorem guarantees that there is such a map, and the preceding proposition
guarantees that the degree is the same for every map homotopic to F.

Theorem 1.9.27. Suppose N is a compact, connected, oriented, smooth n-manifold, and X is a compact,
oriented, smooth (n + 1)-manifold with connected boundary. If f : 0X — N is a continuous map that has a
continuous extension F' : X — N to X, then deg f = 0.

Proof. By the Whitney approximation theorem, there is a smooth map F:X — N thatis homotopic to F.
Replacing F' by F' and f by F|sx, we may assume that both f and F are smooth (because the statement
deg f = 0 we want to show is a homotopic invariant and F ~ F, f = Flox ~ Flox.)

Let w be any smooth n-form on N. Then dw = 0 because it is an (n + 1)-form on an n-manifold. From
Stokes’s theorem, we obtain

ffw= F*w:/ d(F*w):/ F dw=0
ox X b's p's

It follows from Theorem 1.9.25 that f has degree zero. |

Application of Degree Theory

Application of the degree theory includes Brouwer fixed-point theorem, Hairy-ball theorem, and separation
theorems, which can also be obtained using ordinary homology theory (see [17] for example). An application
distinct from the homology theory is the linking number: given any two non-intersecting smooth curve
i 81— R3(i = 1,2), we can define the linking number Link (v, v2) to be

Link (71 ’ 72) = deg (F’Yl 7’)’2) ’
where I, ,, is the Gauss map

T? — §%,  (e,e") — 71 (e”) ~ 72 (")

: P (%) — 2 (&)

T2

Geometrically, the linking number represents the number of times that each curve winds around the other,
which may be positive or negative since we count the orientation of the two curves. For higher general-
izations, see [19] From Calculus to Cohomology Definition 11.12 (linking number of two disjoint compact
oriented connected smooth submanifolds of R"*1). It has the property that the linking number is zero if the
two submanifolds can be separated by a hyperplane.

Extension of Degree Theory to Proper Maps

Exercise 1.9.28 ( [6] Problem 17-11). This problem shows that some parts of degree theory can be extended to
proper maps between noncompact manifolds. Suppose M and N are noncompact, connected, oriented, smooth
n-manifolds.

(a) Suppose F' : M — N is a proper smooth map. Prove that there is a unique integer k called the degree of
F such that for each smooth, compactly supported n-form w on N,

/ F*w:kz/w
M N
5
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and for each regular value q of F,

k= Z sgn ( dF;)

z€F~1(q)
where sgn (dF,,) is defined in Theorem 1.9.25.

(b) By considering the maps F,G : C — C given by F(z) = z and G(z) = 22, show that the degree of a proper
map is not a homotopy invariant.

Exercise 1.9.29 ( [6] Problem 17-12). Suppose M and N are compact, connected, oriented, smooth n-
manifolds, and F : M — N is a smooth map. Prove that if [, F*n # 0 for some n € Q*(N), then F is
surjective. Give an example to show that F can be surjective even if [, F*n = 0 for every n € Q"(N).

Exercise 1.9.30 ( [6] Problem 17-13). Let T? = S! x S! be the 2-torus. Consider the two maps f, g : T? — T?
given by f(w,z) = (w, z) and g(w, z) = (z,w). Show that f and g have the same degree, but are not homotopic.
[Suggestion: consider the induced homomorphisms on the first cohomology group or the fundamental group.]

1.9.4 De Rham Theorem

Suppose M is a smooth manifold, w is a closed p-form on M, and o is a smooth p-simplex in M. We define
the integral of w over ¢ to be
/ w= / o*w
o A,

This makes sense because A, is a smooth p-submanifold with corners embedded in R” (see [6, p.415]), and
it inherits the orientation of RP. (Or we could just consider A, as a domain of integration in R”.) Observe
that when p = 1, this is the same as the line integral of w over the smooth curve segment ¢ : [0,1] — M.

Ifc= Zle ¢;o; is a smooth p-chain, the integral of w over c is defined as

k
/w:E ci/w
¢ i=1 7i

We need an analogue of Proposition 1.7.10 for manifolds with corners.

Lemma 1.9.31. The statement of Proposition 1.7.10 is true if M is replaced by the boundary of an oriented
smooth (n + 1)-manifold with corners.

Theorem 1.9.32 (Stokes’s Theorem for Chains). If c is a smooth p-chain in a smooth manifold M, and w is a
smooth (p — 1)-form on M, then
/ w= / dw
dc c

Proof. It suffices to prove the theorem when c is just a smooth simplex . Since A, is a manifold with
corners, Stokes’s theorem says that

/dw:/ J*dw:/ da*w:/ oc*w
o A, A, oA,

The maps {F;,:0=1,...,p} are parametrizations of the boundary faces of A, satisfying the conditions
of Lemma 1.9.31, except possibly that they might not be orientation-preserving. To check the orientations,
note that F; , is the restriction to A, N OHP of the affine diffeomorphism sending the simplex [eo, ..., e,] to
[€o, - .-, €, .-, €p, ¢]. This is easily seen to be orientation-preserving if and only if (eg,...,€;,...,ep,€;) isan
even permutation of (e, ..., ep), which is the case if and only if p — i is even. Since the standard coordinates
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on OHP are positively oriented if and only if p is even, the upshot is that F; , is orientation-preserving for
04, if and only if 7 is even. Thus, by Lemma 1.9.31,

p p p
ocfw = (—l)i/ Ff c*w= (—l)i/ (0oF;,) w= (—l)i/ w.
‘/E)AP ; Ap—1 P ; Ap_1 P ; ooF; 4
By definition of the singular boundary operator, this is equal to [, w. |

Using this theorem, we define a natural linear map Z : Hi (M) — H?(M;R), called the de Rham homo-
morphism, as follows. For any [w] € Hi, (M) and [c] € H,(M) = Hy°(M), we define

Thlld = [

where ¢ is any smooth p-cycle representing the homology class [c]. This is well defined, because if ¢, ¢ are
smooth cycles representing the same homology class, then Theorem 1.8.6 guarantees that ¢ — ¢’ = 9b for
some smooth (p + 1)-chain b, which implies

/w—/w:/~w:/dw:0
F & ob b
/wz/dn:/ n=0
z ¢ dé

(Note that d¢ = 0 because ¢ represents a homology class, and dw = 0 because w represents a cohomology
class.) Clearly, Z|w] [c + ¢'] = Z|w][c]+Z[w] [¢], and the resulting homomorphism Z|w] : H,(M) — R depends
linearly on w. Thus, Z[w] is a well-defined element of Hom (H,(M),R) = H?(M;R).

while if w = dp is exact, then

Proposition 1.9.33 (Naturality of the de Rham Homomorphism). Let M be a smooth manifold and p > 0 an

integer. Let
T:Hi (M) — HP(M;R)

denote the de Rham homomorphism.

(a) If F: M — N is a smooth map, then the following diagram commutes:

o
HgR(N) — H(Z;R(M)

z| E

HP(N;R) —— HP(M;R)

(b) If M is a smooth manifold and U,V C M are open subsets such that U UV = M, then the following
diagram commutes:

HZHUNV) —2— HPL (M)

Il J{I
HP~Y(UNV;R) —— HP(M;R)
4]

where 6 and 0* are the connecting homomorphisms of the Mayer—Vietoris long exact sequences for de Rham
and singular cohomology, respectively.

Theorem 1.9.34. For every smooth manifold M and integer p > 0, the de Rham homomorphism
T:HE (M) — HP(M;R)

is an isomorphism.
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Sketch of Proof; see [6] Theorem 18.14 for details. We say that a smooth manifold M is a de Rham manifold
if the de Rham homomorphism
T:HE (M) — HP(M;R)

is an isomorphism for all p. It suffices to show that every smooth manifold is de Rham. Since Z commutes
with pullbacks under smooth maps (Proposition 1.9.33), any manifold diffeomorphic to a de Rham manifold
is also de Rham.

If M is any smooth manifold, let us call an open cover {U;} of M a de Rham cover if each subset U; is a de
Rham manifold, and every finite intersection U;, N---NU;, is de Rham. A de Rham cover that is also a basis
for the topology of M is called a de Rham basis for M.

Step 1: If { M} is any countable collection of de Rham manifolds, then their disjoint union is de Rham. Both
de Rham and singular cohomology commute with disjoint unions. That is,

(o) = [T 700, HE([1) = T] HEa (M),

J

and the de Rham homomorphisms commute with these identifications, so Z is an isomorphism on the disjoint
union.

Step 2: Every convex open subset of R" is de Rham. For such U, HY;(U) = 0 for p > 0 by the Poincaré
lemma. On the other hand, since U is contractible, H?(U;R) = 0 for p > 0 and both HJ; (U) = R =
H°(U;R), so Z is an isomorphism.

Step 3: If M has a finite de Rham cover, then M is de Rham. This is the key inductive step. Suppose
M = U,U- - -UUy, with each U; and all finite intersections de Rham. One inducts on k using the Mayer—Vietoris
sequence and naturality of Z, and applies the five lemma to show that Z : Hi; (M) — HP(M;R) is an
isomorphism.

Step 4: If M has a de Rham basis, then M is de Rham. Let {U,} be a de Rham basis and f : M — R an
exhaustion function. Define compact sets

Ap={zeM:m< fx)<m+1}, A, ={zecM:m—-3<f(z)<m+3}

Cover each compact A, by finitely many basis elements, and let B,,, be the union of these. Then B,, is de
Rham by Step 3. Define U :=J,,, yqq4 Bm> V :=U B,,., and apply Step 3 again.

m even

Step 5: Every open subset of R™ is de Rham. Any such open set has a basis of convex open subsets (e.g.
Euclidean balls), each de Rham by Step 2. So the open set has a de Rham basis, hence is de Rham by Step 4.

Step 6: Every smooth manifold is de Rham. Any smooth manifold has an atlas of coordinate charts U, = R".
By Step 5 and the stability of intersections of basis sets under finite intersection, this atlas gives a de Rham
basis. Apply Step 4 to conclude. n

1.10 Fiber Bundles and Vector Bundles

We will use [4], [8], and [12] for this section.

1.10.1 Fiber Bundles

The surface of the cylinder can be seen as a disjoint union of a family of line segments continuously
parametrized by points of a circle. The Mobius band can be presented in similar way. The two dimensional
torus embedded in the three dimensional space can presented as a union of a family of circles (meridians)
parametrized by points of another circle (a parallel). The tangent bundle T'M of a smooth manifold M is a
union of vector spaces T, M.
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The examples considered above share two important properties: (a) any two fibers are homeomorphic; (b)
despite the fact that the whole space cannot be presented as a Cartesian product of a fiber with the base
(the parameter space), if we restrict our consideration to some small region of the base the part of the fiber
space over this region is such a Cartesian product. The two properties above are the basis of the following
definition.

Definition 1.10.1 (Fiber bundle). A fiber bundle 7 : E — M consists of

(i) three topological spaces:
E, called the total space of the bundle,
M, called the base space of the bundle, and
F, called the standard fiber or model fiber of the bundle;

(i) a surjective continuous map « : E — M, called the projection;

(ii)) and a local trivialization condition: for each x € M, there exist a neighborhood U of x in M and a
homeomorphism ¢ : 7=1(U) — U x F, called the local trivialization of E over U, such that = = pr; ogp.

A C® fiber bundle is a fiber bundle in the category of smooth manifold: E, M, F are smooth manifolds, continu-
ous mappings above are replaced with smooth mappings, and homeomorphism is replaced with diffeomorphism.

The projection 7 is sometimes also called a (C™) fibration of E. F — E = M is also used to denote a fiber
bundle.

A trivial fiber bundle is a fiber bundle that admits a local trivialization over the entire space, i.e., a global
trivialization. In this sense, one can also call locally trivial fiber bundle for a general fiber bundle.

A section of a bundle is a continuous map o : M — E such that 7 o o(x) = x for each x € M.

Remark 1.10.2. Note that if £ — M is a fiber bundle with model fiber F' then =~ (U) = [[, .., E, where
E, = 7 !(z) is called a fiber (over z). The condition 7 = pr, op requires that for any ¢ € E, = {¢ €
Eln(§) =z}, ¢|g, (§) = (z,y) for some y € F. Thus, p|g, : £, — {x} x F. Itis easy to see it has an inverse
by restricting the inverse of ¢ to {z} x F. Thus, each fiber F, is homeomorphic to the model fiber F. o

The above definition of bundle is not sufficiently restrictive. A bundle will be required to carry additional
structure involving a group G of homeomorphisms of F' called the group of the bundle. Before imposing
the additional requirements, consideration of a collection of examples, new and old, will show the need for
these.

Example 1.10.3 (The product bundle). The first example is the product bundle or product space E =
M x F. In this case, the projection is given by n(x,y) = x. Taking U = X and ¢ = id, the last condition
is fulfilled. The sections of £ — M are just the graphs of any continuous maps M — F. The fibers
are, of course, all homeomorphic, however there is a natural unique homeomorphism FE, — F' given by
prsy : (x,y) — y. As will be seen, this is equivalent to the statement that the group G of the bundle consists
of the identity alone. In this case, the bundle is called the trivial bundle. &

Example 1.10.4 (The Mobius band). The second example is the Mobius band. The base space E is a circle
M = S! obtained from a line segment L by identifying its ends. The fiber F is a line segment as well.
The bundle M is obtained from the product L x Y by matching the two ends with a twist. The projection
L x F — L carries over under this matching into a projection 7 : £ — M. There are numerous crosssections;
any curve as indicated with end points that match provides a section. It is clear that any two cross-sections
must agree on at least one point. There is no natural unique homeomorphism of E, with F. However there
are two such which differ by the map g of F' on itself obtained by reflecting in its midpoint. In this case the
group G is the cyclic group of order 2 generated by g. &

Example 1.10.5 (Klein bottle and the twisted torus). Check [12] Example 1.4 & 1.5. Here, G = Z, as
well. &
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Example 1.10.6 (Covering spaces). A covering space E of a space X is another example of a bundle. The
projection 7w : F — X is the covering map. The usual definition of a covering space is the definition of
bundle modified by requiring that each E, is a discrete subspace of E so that 7=}(U) = Heer, Ve, and
that 7|y, : Ve — U is a homeomorphism for every { € E,. If X is path-connected, motion of a point
along a curve v in X from z; to x5 can be covered by a continuous motion of E, in F from E,, to E,,.
Choosing a base point z, each E, can be put in 1-1 correspondence with F' = E, using a curve in X. This
correspondence depends only on the homotopy class of the curve. Considering the action on F' of closed
curves from x to zp, the fundamental group 7 (X) appears as a group of permutations on F. Any two
correspondences of F, with F differ by a permutation corresponding to an element of m(X). Thus, for
covering spaces, the group of the bundle is a factor group of the fundamental group of the base space. &

Example 1.10.7 (The tangent bundle of a manifold). This is the familiar one. Here, G = GL(V) where
VT,M. &

These examples show that a bundle carries, as part of its structure, a group G of transformations of the
fiber F. In the last exmaple, the group G has a topology. It is necessary to weave G and its topology into
the definition of the bundle. This will be achieved through the intermediate notion of a fiber bundle with
coordinate systems (briefly: “coordinate bundle”). The coordinate systems are eliminated by a notion of
equivalence of coordinate bundles, and a passage to equivalence classes.

Definition 1.10.8 (Transformation groups). A topological group G is a set which has a group structure and a
topology such that maps g — g~! and (g1, g2) — g192 are continuous. If G is a topological group, and F is a
topological space, we say that G is a topological transformation group of F relativetoamap n: G x F — F

if
(i) n is continuous,

(i) n(e,y) = y where e is the identity of G, and

i) n(g192,y) =1 (91,7 (92,y)) forall g1,g2 in Gand y in F.

As we shall rarely consider more than one such n, we shall abbreviate n(g,y) by g - y. For any fixed g, the map
y — g -y is a homeomorphism of F onto itself; for it has the continuous inverse y — g~ ' - y. In this way 1
provides a homomorphism of G into the group of homeomorphisms of F:

1 : G —Homeo(F')
(F—>F)

g—
y—=g9-y

We shall say that G is effective if Yy, g -y = y implies g = e. Thatis, n(g) = idp = g = e. Thatis, n
is injective. Then G is isomorphic to a subgroup of the group of homeomorphisms of F. In this case one might
identify G with that group of homeomorphisms, however we shall frequently allow the same G to operate on
several spaces.

Before we talk about the coordinate bundle, we need to introduce the concept of transition map. Suppose
for there are two open sets U,, Us in which z € M lie. Let ¢,, ¢ be their associated homeomorphisms. We
can regard them as

o T ({UaNUp) = (UaNUg) x F
©p 7T71(Ua ﬂUﬁ) — (Ua ﬂUg) x F

Now consider the map fu5.. = valE, © (¢5] Em)_l : F' — F (in fact, the restrictions of ¢, and ¢z to E, are
maps from E, to {z} x F = F; see remark 1.10.2.) Note that f,z , is a homeomorphism of F'. We have the
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transition map f,3 defined as

fap : Ua NUz — Homeo(F)

T fozﬁ,fc

The map has two properties: (1) (fas(z))™" = fsa(x) in the group Homeo(F); (2) Vo € U, N Ug N U,,
favy(@) = fap(x)fs () in group Homeo(F).

Also note that if we denote - as the action of Homeo(F) on F, then V¢ € E,, x € U, NUsg,

fap(m(8)) - 05(€) = fap(@) - 05(€) = Yalr, © (vslE.) ™" (98(€)) = @a ().

Definition 1.10.9 (Coordinate bundle with structure group). A coordinate bundle with structure group
G is a fiber bundle F — E 5 M with an effective topological transformation group G acting on F by n
and a family U = {Ua, Pa}.c 4 Of coordinate charts, consisting of open sets covering M and their associated
homeomorphisms, such that

* any two charts (Uy, @) and (Ug, pg) are G-compatibility: either U, N Uz = & or there exists a contin-
uous map g from U, N Upg to G such that fo g(x) = 1g(z) € Homeo(F') for all x € U, N Up. In this case
we shall identify f, g with g, and consider f, g as a continuous map from U, N Ug to G; this yields the

identity fop(x) -y =n(fap(2),y), Vo € Uy NUg,y € F.

A fiber bundle chart is admissible as a bundle chart on the bundle E with structure group G if and only if it is
G-compatible with every element of the given G-bundle atlas.

We revisit the definition of fiber bundle now.

’

Definition 1.10.10. Two coordinate bundles (F — E = M,G) and (F' — E' = M’ G") are said to be
equivalent in the strict sense if they have the same total space, base space, projection, fiber, and group, and
their coordinate functions {(Ua; pa)}t e ar {(Us, ©8)} 5 p satisfy the conditions that for any x € U N Up,

fap(@) = alp, o (0slE,) "

is equal to some 1,y € Homeo(F) for a continuous map g : U, N U — G.

Remark 1.10.11. As one can see from the resemblance between G-compatibility within a bundle atlas and
this definition, we see this definition can be stated briefly by saying that the union of the two atlases is still
an atlas for the bundle.

That this is a proper equivalence relation follows quickly. Reflexivity is immediate. Symmetry follows from
the continuity of g — g~!. Transitivity depends on the simultaneous continuity of (g1, g2) — g19o- o

Definition 1.10.12 (fiber bundles as equivalence classes). With above notion of equivalence, a fiber bundle
is defined to be an equivalence class of coordinate bundles.

One may regard a fiber bundle as a “maximal” coordinate bundle having all possible coordinate functions of an
equivalence class. As our indexing sets are unrestricted, this involves the usual logical difficulty connected with
the use of the word “all.”

Remark 1.10.13 (Category of smooth manifold). We will stick with the category of smooth manifolds now.
The fiber bundle F — E 5 M is required to be a C* fiber bundle, the transformation group G is required
to be a Lie group, and the group Homeo(F') becomes the group Diff (F'). Continuous maps become smooth
maps. Homeomorphisms become diffeomorphisms. We will use p, ¢ to refer to typical elements in M and
reserve x,y for elements in F. 'Y

We have a smooth analogue of the remark 1.10.2; for its proof, see [4] Proposition 1.5.
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Proposition 1.10.14. The projection map 7 : E — M of a C*° fiber bundle is a submersion, that is, for each
point  in E, the induced tangent map dm¢ : E¢ — My (¢ is surjective; furthermore, for each p € M, the fiber
E, = n~Y(p) in E over p is an embedded submanifold diffeomorphic to the standard fiber F of the bundle.

Example 1.10.15 (Subbundles). Let M and N be manifolds; call (M, N) a manifold pair if NV is a subman-
ifold of M. Suppose that (Fy, Fy), (E1, E»), and (M, M) are manifold pairs such that F; — E; =% M; isa
fiber bundle, i = 1, 2. Call F5 a subbundle of F; if the following condition is satisfied for each bundle chart
(U, p) on E5 over an open set U in M,: given p € U, there exists an open neighborhood V of p in M; and a
bundle chart (V, ) on E; over V such that

w‘wfl(UﬁV) = ‘P‘wgl(UnV)-

Not all bundle charts on E; restrict to bundle charts on FE if F} # F3, for there are diffeomorphisms of Fy
which do not map F; to Fs.

As an example of a subbundle, F — 7' X 5 X is a subbundle of F — E = M for each submanifold X of
M; if E is a trivial bundle over a neighborhood of X, then 7' X is also a trivial bundle. &

Example 1.10.16 (The pullback of a bundle). Suppose that h: N — M is a C*° map, and let F — E = M
be a fiber bundle. The product N x FE is a fiber bundle over N with fiber £. The map h now determines a
subbundle of N x E, which in most cases is far more interesting than the original bundle N x E. Set

WE:={(p,£) e Nx E | h(p) =7(¢)} CN x E.

Project h*E onto N by the map pr, |+ g, which will also be denoted by pr,. Similarly, denote the restriction
of pry to h*E by pr,. The fiber of h*E atp € N is (h*E), = {p} x Ej ), which is diffeomorphic to Ej )
under pr,; thus the standard fiber of h*E is F'.

Assume that (U,v) is a local trivialization of E over an open set U in M; the subset (hopr,) ' (U) =
pr; *(h~*(U)) of h*E is a trivial bundle over the open set h~(U) in N, with pr, as the projection map; in
fact, a bundle chart on h*E over h=*(U) is (h=1(U), o pr,). The bundle h*E is called the pullback of E by
the map h. &

Exercise 1.10.17. Prove that h*E over N is a subbundle of N x E over N. If the structure group of E is a Lie
group G, show that the structure group of h*E is a Lie subgroup of G. Since h*E is a submanifold of N x E, its
tangent bundle is a submanifold of T(N x E); prove that T (h*E) = {(u,v) € TN x TE | hyu = m,v}.

Example 1.10.18 (Composite bundles). &
Example 1.10.19 (The universal line bundle over a projective space). See [4] Example 1.12 (e). &
Example 1.10.20 (Milnor’s exotic spheres). See [4] Example 1.12 (j) &

1.10.2 Vector Bundles
1.11 Problems

Exercise 1.11.1 ( [6] 1-7). Let N denote the north pole (0,...,0,1) € S* C Rt and let S denote the south
pole (0,...,0,—1). Define the stereographic projection o : S"\{N} — R" by

1 n

Let 5(z) = —o(—x) for x € S"\{S}.

(a) For any x € S"\{N}, show that o(xz) = u, where (u,0) is the point where the line through N and z
intersects the linear subspace where x"*1 = 0. Similarly, show that &(x) is the point where the line
through S and x intersects the same subspace. (For this reason, & is called stereographic projection
from the south pole.)
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(b) Show that o is bijective, and

2ut, ... 2u" |ul? — 1)

u? +1

ot (ul,...,u”) = (

(c) Compute the transition map G oo~ * and verify that the atlas consisting of the two charts (S*\{N}, o) and
(S"\{S}, &) defines a smooth structure on S™. (The coordinates defined by o or & are called stereographic
coordinates.)

(d ) Show that this smooth structure is the same as the one defined in [6, Example 1.31].
Solution. (a) Quick solution: Let O be the origin and 7(z) = («!,...,2™,0) the projection to the hyperplane
H = {z € R"! | z"™! = 0}. The triangle N, O, (u,0) is similar to the triangle z, 7(x), (u,0). Hence, (u,0) =

m(z)/ (1 — z"!). The line passing through N and —z is the mirror image of the line passing through S and
x, which yields 6(z) = —o(—x).

Slow solution: The line passing through N = (0,---,0,1) and z = (z!,--- ,z", 2" ") can be written as
N+tz—N), teR

or
N+tx—N)=(0,---,0,1)+¢t((z", -, 2" 2" ") = (0,---,0,1))

= (ta', - ta" t (2" 1) +1), teR

let ¢ (z"*! — 1) + 1 = 0 to get its intersection with the hyperplane 2" *! = 0 and we have

n 1 n n
ta =) +1=0=t=0 2" Elet=r—n seS\(N}
Plugging ¢ into the original line to get
1 n n+1 a! z"
(u,0) = (ta',- - ta"t (x —1)—|—1)|t:1721n+1= 1—;1;"4‘17.“’1—:1:”4‘170 = (o(x),0)

which shows that o(z) = w.

For the other part, let v’ be similarly defined: (v’,0) is the point where the line through S and « interests
the linear subspace 2" ! = 0 The line passing through S = (0,---,0,—1) and z = (z!,--- ,z",2"*!) can be
written as
S+tx—95), teR
or
S+tlx—S)=(0,--,0,-1)+¢t((z",- ,x”,x”“) - (0,---,0,-1))
= (ta', - 2"t (2" +1) 1), teR

Let ¢ (z"*! 4+ 1) — 1 = 0 to get its intersection with the hyperplane 2"*! = 0 and we have

1
n+1 . _ _ n+1 o _ n
t(z"t +1) 1—O:>t—7mn+l+1, T #£ létfixn-u_*_l’ x € SM\{S}
Notice that ( . ) ( ) )
~ _.’I;)...’_l‘n x’...7xn
o(z) = —o(-x) = 14 gntl T T g gntt

Thus plugging ¢ into the original line and get

l‘l "

x”+1+1’”.

’ _ ... +1 - =
(w',0) = (tz',-- 2", t (2" + 1) 1)‘t—wn+11+1_<
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which shows that 5(z) = «'.
(b) Quick solution: Note that

@)+ @)’ 1 (@) 14 gt w1 lo@p—1 2

2
o(x)|” = = = x = =1- .
7 (1—antt)? (1—antt)?  L—amdd o () +1 lo(2)P +1

This shows that the left inverse of ¢ is

2ul, ... 2un ul? — 1)
ul* +1

T(u17...,u”) = (

Since the tangent space to S™ at N is a translate of H, any line from H to N intersects S™ at a second point,
which shows that ¢ is surjective; consequently, 7 is its right inverse as well.

Slow solution: get the equation of the line passing through (u,0),z, N and solve parameter ¢, get left and
right inverse, and compute their compositions.

(c) We have

(—2u1,...,—2u",1— |u|2) (2u1,...,2u”) (ul,...,u")

L+ fuf? T 1= (= [uP) /(1 [u?) |uf?

(Gor)(u',...,u") =—0

This transition map is smooth and involutive (so that its inverse is itself), so the atlas defines a smooth
structure on S”.

(d) Let the atlas defined in [6, Example 1.31] be
A= {(U;717(p:+1) ) (Un_+1’%:+1) ) (Uiiv%i)}ie{l,.. )
and let the atlas defined in this exercise be

B ={((S"\{N},0),(S"\{5},9))}-

We want to use [6, Proposition 1.17 (b)] to show that the two atlases determine the same smooth structure
by proving that each of the chart in the .4 is compatible with both charts in B, because this implies that their
union is an atlas (A and B are already smooth atlases). We check the smooth compatibilities:

We see that U;" = { (2!, ,2"™) e R"" : 2 > 0} and U; = { (2!, ,2"™) e R" T 2? < 0},
90?: : UfﬂS” — B"; gof (x17~-. ,x"*l) = (a:l,'-- 7f2,~-~m”+1)

Then, for (U;—p ‘P:H) ) (Un_+17 %:4-1)’

(2u1, s 20 a2 — 1) _ (2u1, e 7Qu")
l[ull +1 2 +1

+ —1 1 n\ _ , +
Pn+1°0 (U,"',U)—(,O,,L_i_l(

Similarly,

[ullf +1 lullf +1

2ut, - 2um 1 — ||ul)? 2ult, -, 2un
QDZEHO&*I (“17"’ ) =gl <( Iu] )> = ( )

The two maps are both smooth by the same reasoning we have shown in part (c). The inverses of them
(noticing that it is the n+1-th coordinate that is truncated under ¢ 1) are

1 n
_ To,
oo (pin) (2t e e ) = (ol T ) A

1 /1= |ff3
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and

1 n
o + 1(1 n/nh) ~<1 n 2) (CU,"'7.'13)
go\p Ty, r ,T =0 33,"',33,:': 1— ||z =

oo (pni1) ! has a positive denominator and is thus smooth and o o (1) ! is smooth because the denom-
inator is zero iff the (z!,--- ,x”,x/"ﬁ =(0,--- ,(),;L'/”E while o : S"\{N = (0,---,0,1)} — R™ excludes
that possibility. Argument for & is similar, where exclusion of the south pole from domain of & is working.
Lastly, we want to prove that (Uii, cpii)for i € {1,--- ,n} are all compatible with ( (S"\{N}, o) (argument

for ( S"\{S},& )) is similar). Notice that these 2n charts do not contain S and N. We have the smooth
transition maps

1 l n 2
1 N (2u,--~,2u,-~-,2u ,||an—1)
oo (u u") =
7 () JullZ +1
and its inverse

2l I 22, x”"'l)

-1/ 1 2 +1\ _ ( ’ ’ n’ ’
O’O(@i) ($7"'7x7"'xn )_ 1 — pntl :

The inverse is smooth also by avoiding the singularity in the denominator (2n charts do no contain .S and N
where the (n 4 1)-th coordinate is 1). ¢

Exercise 1.11.2 ( [6] 1-8). By identifying R? with C, we can think of the unit circle S* as a subset of the
complex plane. An angle function on a subset U C S! is a continuous function # : U — R such that () =
for all z € U. Show that there exists an angle function § on an open subset U C S' if and only if U # S!. For
any such angle function, show that (U, #) is a smooth coordinate chart for St with its standard smooth structure.

Solution. No Global Angle Function:

Poor Man’s solution: If ¢ existed, then 6 (S') C R would be compact and connected, i.e., § (S') = [a, b].
The restriction 6 : S' — [a, b] is continuous and surjective by definition, making its left inverse a two-sided
inverse. The existence of a continuous inverse (alternatively, the fact that 6 is continuous and bijective with
a compact domain and Hausdorff codomain) makes # a homeomorphism. But S' # [a, b] because only the
latter has cut-points.

Fancy solution: Let 7 : R — S! be given by 7(t) = exp(it). Recall that H; (S',Z) = Z and H,(R,Z) = 0. Ifa
global angle function 6 : S* — R existed, then

ms 00, =idy = 0, : Z — 0 is injective,

a clear contradiction.

Yes Local Angle Function: Let U ¢ S! be open and 6 : U — R defined by 6(z) = arg(z) with a branch cut
along the ray {\p | A > 0} for some point p € S'\U.

Smooth Structure: We observe that arg is the only possible choice of angle function (up to an element of
277 for each connected component of U, which is irrelevant for our purposes). It is an injective continuous
open map (open arcs form a base for the topology of U). If we restrict its codomain to its image (which is
necessarily an open subset of R), then it is also surjective, making it a homeomorphism with an open subset
of R. It remains to check that the chart (U, arg) is compatible with any of the standard charts on S!, say,
(U, ¢F). We have

ot (arg™ (1)) = o (") = sin(t)
which is smooth with a smooth inverse on (—7 /2, 7/2). ¢
Exercise 1.11.3 ( [6] 1-11). Let M = En, the closed unit ball in R™. Show that M is a topological manifold

with boundary in which each point in S"~! is a boundary point and each point in B" is an interior point. Show
how to give it a smooth structure such that every smooth interior chart is a smooth chart for the standard smooth
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structure on B". [Hint: consider the map 7o o~! : R® — R", where o : S* \ {N} — R" is the stereographic
projection (Problem 1.11.1) and = is a projection from R™*! to R™ that omits some coordinate other than the
last.]

Solution. Since M C R™, it is second countable and Hausdorff. In order to come up with the atlas, we observe
that the inverse stereographic projection R” — S™\{N} maps the ball B" to the southern hemisphere and
its boundary to the equator. Hence, we can restrict the codomain to the lower half-space. We compose with
a chart dropping any but the last coordinate to get a map B” — H". Concretely, let

(2u1,...72/\1ﬂ,...,2u",\u|2 — 1)

+ut >0
[ul2 + 1 !

oF (u',. . u") =

where the hat denotes omission. Its inverse is given by

(xl,...,:l:\/l — |az|2,xi,...,x"—1)

1—2an

11
(gpi) (m,...,x”):
These are trivially compatible with the interior chart (B™,id). The transition functions are

(zl,...,xi,...,:lz 1f|x|2,xj,...,:r") 1< 3

+\—1 i i
901:':0(90]) = (xlv"'axn) =]
<$1,...,i\/1—|.7J‘2,$j,...7.’17i_1,...,.1‘”) i>7

which are smooth because their domains exclude |z| = 1. ¢

Exercise 1.11.4 ( [6] 2-3). For each of the following maps between spheres, compute sufficiently many coordi-
nate representations to prove that it is smooth.

(@) pp: St — S!is the nth power map for n € Z, given in complex notation by p,(z) = z™
(b) «a:S™— S™is the antipodal map a(x) = —uz.
() F:S®— S?is given by F(w,z) = (20 + wz, iwz — i2w, 22 — ww), where we think of S® as the subset
{(w,z): |w|* +]z]* =1} of C2,
Solution. (a) For sufficiently small angular charts around z and 2", the map in coordinates is 6 — nf + 27wm,
where m € Z is a constant depending on the choice of charts.
(b) Using standard charts (U", ¢°), the map in coordinates is u +— —u.

(c) The map F expressed with real numbers is F(a,b,c,d) = (2(ac + bd),2(bc — ad),a® + b* — (* + d?)).
For example, using the standard charts (U, , ¢, Jon S* and (Us ,¢3 ) containing the points (0,0, 0, —1) and
(0,0, —1), respectively, we have

((@g) oFo (@;)_1) (z,y,2) = (2(zz + yw),2(yz — zw)) w= —+/1 — (22 + y2 + 22).

We should restrict the domain to

V= {(J;,y,z) e R3

1
(x2+y2—|—22 < 1) A <x2+y2 < 2)}
so that F(V) c U;. T The calculations are similar for the remaining charts. In all three parts, we have
smooth maps R"*! — R™*! which restrict to maps of spheres S* — S™. These restrictions are always
smooth because we can compose with inclusion to get a smooth map S” — R**! — R™*! and restrict the
codomain to S™ via [6, Corollary 5.30]. ¢

"The complement of set V' in the unit 3-ball is a napkin ring; see this YouTube video.
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Exercise 1.11.5 ( [6] 3-1). Suppose M and N are smooth manifolds with or without boundary, and F : M —
N is a smooth map. Show that dF, : T,M — TgN is the zero map for each p € M if and only if F is
constant on each component of M.

Solution. Because manifolds are locally connected, we know that F' is constant on each connected compo-
nent iff /' is locally constant. It therefore suffices to work in coordinates and prove that a smooth map
F : R™ — R" is constant iff its Jacobian is identically zero. If F' is constant, then its Jacobian clearly van-
ishes. If F' is nonconstant, then pick points p and ¢ such that F(p) # F(q). Let v := q — p, L(t) := p + tv,
and f := F o L. Since f (0) # f(1), the mean value theorem guarantees us a time ¢ € (0,1) such that
f'(t) = (DF o L)(t)v # 0, which implies DF # 0. ¢

Exercise 1.11.6 ( [6] 3-2). Prove the [6, Proposition 3.14] below.

Proposition 1.11.7 (The Tangent Space to a Product Manifold). Let My, ..., My be smooth manifolds, and
foreach j, let m; : My x --- x My — M; be the projection onto the M factor. For any point p = (p1,...,px) €
My X - -+ x My, the map

a:Ty(My X -+ X My) = Ty, My ® - - - @ Tpp, My

defined by
a(v) = (d(m), (©),...d (), ()

is an isomorphism. The same is true if one of the spaces M; is a smooth manifold with boundary.

Proof. We will take k = 2 to simplify notation. Let ¢ty : M — M x N be the map sending = to (x, p2)
and ¢y : N — M x N be the map sending y to (p1,y). Note that they are sections of bundles 7,; and
TN, respectively. Note that 7y, o 1y and 7y o 1) are constant (so their differentials are zero); ma; o s and
7N oy are identity maps (so their differentials are identities). We claim that S(u, w) := dips(u) + dey(w) is
the inverse of « (checking one side is enough since these are vector spaces of the same dimension):

(ao B)(u,w) = a(dipr(u) + dey(w))
= (d(mapoen) (u) +d(ma o en) (w),d(mn o ar) (u) +d(mn o) (w))
= (u,w).

What we are saying in terms of coordinates is that, for a smooth curve v = (va,7n) : R = R™ x R™, the
data of 4/(0) and (v4,(0), v (0)) are equivalent. ]

Exercise 1.11.8 ( [6] 3-3). Prove that if M and N are smooth manifolds, then T(M x N) is diffeomorphic to
TM x TN.

Solution. By [6, Proposition 3.14], we have an identification between T, M" ©T, N™ and T(,, ;) (M™ x N™).
The diffeomorphism between them is given by the map

F:T(M x N)—TM x TN
(P @), u®v) = ((p,u), (g,v))

F is bijective with inverse F~! : ((p,u), (¢,v)) = ((p,q),u ® v). Given any point (p,q) € M x N, we have
a smooth chart (U; x Us,p1x ¢2) for M x N. Then by [6, Proposition 3.18], we have a smooth chart
(7= (Uy x Us) , @) where

@1 (U x Uy) — RAm+™)

. 0

-0
i J
v@a:i

D w 87?]] = (@1(p),(p2(q),v,w)

Ay

(p,q)

(p,q)
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where 7 : T(M x N) = [[T(p,o) (M x N) = [[T,M & T,N — M x N is the natural projection. The smooth
chart of the image point ((p,u), (¢,v)) for the manifold TM x TN is given by (r3," (Uy) x 75" (Us) , ¢) where

@yt (U1) x myt (U) — REMA™)

_ vié' ; 0
L4 ozt

, w —
p ayj

where 75, : TM — M and wy : TN — N are natural projections and we again omit including the points as

index. In fact in both ¢ and , the indexes are implied by the subscripts along with the coordinate vectors. In

the above maps u and w are both coordinates of the derivations (u',---,u"), (w!, -+ ,w™). Both of these

charts are standard charts constructed form product and bundle in different order. The remaining is to show

that the coordinate representations of F and F~! are smooth:

q

> = (4,01(1))’ v, @2((])710)

F(£E7 y’ v’ w) = @ o F © @_1(x7y7v7w)

=¢|F viaai @wj%
T (et @0t ) Pl @eertm)
e 9
aﬂfz ‘P;l(m)ﬂwj 8y] gagl(w)
= (1 (01 (@) ;0,02 (93 ' (2)) ,w)
= (z,v,y,w)

and similarly R
F_l(x’ /U7 y) w) = L)Z o F o ()5_1('%‘7 U7 y7 w) = (.’I;, y? /U7 w)

Both of them are just switching the coordinates or a multiplication of the matrix

1 000
0 010
01 0 0
0 0 0 1
and are thus linear and smooth. Therefore F' is a diffeomorphism. ¢

Exercise 1.11.9 ( [6] 3-4). Show that TS' is diffeomorphic to S' x R.

Solution. Let (U,0y) and (V,6yv) be two angle charts covering S'. The transition function 6y o 6! is of
the form 6 — 6 + C, where C is a locally constant function. The derivative of this function is the identity,
so 0/00y and 9/00y glue together into a smooth vector field /96 on S' which is nowhere-vanishing. We
claim that the map F : S! x R — TS! given by F(p,r) := (p,r) is a diffeomorphism. Because 9/90 is
nowhere-vanishing, F' is bijective. We also need to check that F' is a local diffeomorphism, but this is trivial.
See [6, Corollary 10.20] for the generalization of this idea. ¢

Exercise 1.11.10. Prove that S? x R is parallelizable. Explain why this does not contradict the combined
observations that S? is not parallelizable and T (S* x R) is diffeomorphic to TS* x TR.

Solution. Let S C R3 be the unit sphere. The map (p,r) — €"p is a diffeomorphism from S? x R to R3\{0}.
The latter is an open subset of R? and therefore has a trivial tangent bundle. There is no contradiction
because a vector field on S? x R can be nonzero in the R direction and zero in the S? direction. In fact, the
vector bundle T'S? is even worse than nontrivial: it has a nonzero Euler class, so it does not admit a single
nowhere-vanishing global section, let alone a global frame (this is the hairy ball theorem, hehe). The vector
fields 9/0x,0/dy, d/0z, which parallelize R*\{0}, each vanish at some point when restricted to S. ¢
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Exercise 1.11.11 ( [6] 4-12). Using the covering map ¢ : R? — T? (see [6, Example 4.35]), show that
the immersion X : R? — R3 defined in [6, Example 4.2(d)] descends to a smooth embedding of T? into R3.
Specifically, show that X passes to the quotient to define a smooth map X : T2 — R®, and then show that X is
a smooth embedding whose image is the given surface of revolution.

Exercise 1.11.12 ( [6] 5-1). Consider the map ® : R* — R? defined by
O(z,y,5,t) = (2> +y, 2> +y> + 2 +t2 +y).

Show that (0,1) is a regular value of ®, and that the level set ®~1(0, 1) is diffeomorphic to S.

Solution. The Jacobian of ® is
2z 1 0 0
Do = ( 2¢ 2y+1 2s 2t )

Suppose 22 +y = Oand 22 + 2 + 2 +t2 +y = 9y2 +s24+t2 = 1. If s £ 0ort # 0, then D® is
surjective. If s = ¢ = 0, then y = —1 and « = +1, which makes the first two columns linearly independent.
Now, let M = ®1(0,1). By the regular level set theorem, M C R* is an embedded submanifold. The
smooth map ¢ : M — S? given by ¢(z,y, s,t) = (z,s/v1 + 22,t/v/1 + 2?) has smooth inverse ¢~ (a,b, c) =
(a,—a?,bv/1+ a2, ¢V/1 + a?). Hence, it is a diffeomorphism. ¢

Exercise 1.11.13 ( [6] 7-1). Show that for any Lie group G, the multiplication map m : G x G — G is a
smooth submersion. [Hint: use local sections.]

Solution. 1. Let (g,h) € G x G. The smooth map oy, (k) := (m (k,h™"),h) = (kh™', h) is a section of m,
and oy, (gh) = (g, h). By the local section theorem, m is a submersion.

2. The map m has constant rank because it intertwines the G-actions g - (h, k) := (gh,k) and g - h := gh. It

is surjective and therefore a submersion.

3. Lett : G — G x G be the inclusion «(g) := (g,e). Since m o+ = idg is a submersion, m must be a
submersion.

4. Using techniques from Problems 1.11.14 and 1.11.15, we can directly compute the derivative dm, ;) (X,Y) =
dRy(X)+ dLg(Y). For any Z € Ty, G, we have dm g ) (dRy-1(Z2),0) = Z.

As my calculus professor would say, we have four proofs, so it must be true! ¢

Exercise 1.11.14 ( [6] 7-2). Let G be a Lie group.

(a) Let m : G x G — G denote the multiplication map. Using Proposition 1.11.7 to identify T ¢)(G x G)
with T.G © T.G, show that the differential dm .y : T.G © T.G — T.G is given by

dme(X,Y)=X+Y
[Hint: compute dm..)(X,0) and dm)(0,Y) separately.]
(b) Leti: G — @ denote the inversion map. Show that di. : T,G — T.G is given by di.(X) = —X.
Solution. (a) Let X,Y € T.G. Let £ : G — G x G be the section of m given by ¢(g) := (g,e). Since
d¢(X) = (X,0), we have
dm(X,0) = (dmo df)(X) = d(mof)(X)= d(idg)(X)=X
A symmetric argument shows that dm(0,Y) =Y.

(b) Let . : G — G x G be given by u(g) := (g,i(9)) = (9,97"). Since du(X) = (X, di(X)), and m o ¢ is
constant, we have

0= d(mou)(X) = dm(du(X)) = dm(X, di(X)) = X + di(X).
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Exercise 1.11.15 ( [6] 7-3). Our definition of Lie groups includes the requirement that both the multiplication
map and the inversion map are smooth. Show that smoothness of the inversion map is redundant: if G is a
smooth manifold with a group structure such that the multiplication map m : G x G — G is smooth, then G
is a Lie group. [Hint: show that the map F : G x G — G x G defined by F(g,h) = (g, gh) is a bijective local
diffeomorphism.]

Solution. We observe that F has a set-theoretic two-sided inverse given by F~'(g, h) = (g, g~ *h). It suffices
to show that F~! is smooth, since i(g) = w2 (F~'(g, €)), where  is projection onto the second factor. Since
dF..(X,Y) = (X, X +Y) is invertible, F is a diffeomorphism on a neighborhood U > (e, ¢). Let L, and R,
denote left and right multiplication by g, respectively. They are diffeomorphisms for all g € G with inverses
Ly and Ry-1. Note that V' := (L, x Ry) (U) is a neighborhood of (g, ), and

F|, = (Ly x (LgoRy)) o F|,; 0 (Ly—1 x Ry-1),

which is a diffeomorphism. Since F' is a local diffeomorphism, its inverse is smooth. ¢

Exercise 1.11.16 ( [6] 7-13). For each n > 1, prove that U(n) is a properly embedded n?-dimensional Lie
subgroup of GL(n,C).

Exercise 1.11.17 ( [6] 10-2). Let E be a vector bundle over a topological space M. Show that the projection
map 7 : E — M is a homotopy equivalence.

Exercise 1.11.18 ( [6] 10-10). Suppose M is a compact smooth manifold and E — M is a smooth vector
bundle of rank k. Use transversality to prove that E admits a smooth section o with the following property:
if k > dim M, then o is nowhere vanishing; while if k < dim M, then the set of points where o vanishes is a
smooth compact codimension- k submanifold of M. Use this to show that M admits a smooth vector field with
only finitely many singular points.

Exercise 1.11.19 ( [6] 8-16). For each of the following pairs of vector fields X,Y defined on R3, compute the
Lie bracket [X,Y].

() X = yai — meza%; Y = a%.
®) X =afh —ydks Y=y -z

(C)X—sca yam, Y:xa%—i—ya%.

Solution. We can compute Lie brackets using the definition, [6, Proposition 8.26], or [6, Proposition 8.28].
We will illustrate one approach for each of the parts:

(a) Given an arbitrary function f,

- () - (42
> 2 2 2
:yaigy 2ry %_%_yaing“" y%+2x gyf
(i 2,
— (X, Y] = 43;@,83 _ %
v 0 0 a 9 0
[X,Y] = (XY'-vX!) Ers (XY? - v X?) oyt (xy® - vxh) 2 9 2.0
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o 9
=2
( o yay)

(@
0 0

Exercise 1.11.20 ( [6] 9-3). Compute the flow of each of the following vector fields on R?:
(@ V=yg: + 3,
® W=z +2y5.
(¢ X = 3:(% - ya%.

@Y = 330% +y%.

Solution. (a) Fy(z,y) = (z+yt +t2/2,y +t).

() Fi(z,y) = (we ,ye’).

(© Fy(z,y) = (we',ye").

(@ Fi(z,y) = ((z+y)e' + (z—ye ", (y+x)e' + (y —x)e™") /2. ¢

Exercise 1.11.21 ( [6] 9-5). Suppose M is a smooth, compact manifold that admits a nowhere vanishing
smooth vector field. Show that there exists a smooth map F : M — M that is homotopic to the identity and has
no fixed points.

Solution. Let X be a nowhere-vanishing vector field on M. It is complete because M is compact. Thus, we
have a smooth family of diffeomorphisms {G; : M — M}, , with Gy = id. Every member is homotopic to
the identity by sending ¢ — 0. Every point p € M is a regular point, so there are neighborhoods p € V,, C U,
and times ¢, > 0 such that X has the canonical form §/9z' on U,, and no point of V, is fixed by G, for all
0 <t < €. Reduce {V,,} ., to a finite subcover, and let e = miny €, > 0. Then G, has no fixed points and is
the required map. ¢

Exercise 1.11.22 ( [6] 11-5). For any smooth manifold M, show that T*M is a trivial vector bundle if and
only if TM is trivial.

Exercise 1.11.23 ( [6] 11-7). In the following problems, M and N are smooth manifolds, F' : M — N is a
smooth map, and w € X*(N). Compute F*w in each case.

(W) M =N =R2 F(s,t) = (st,e'), w = xdy — ydz

(b) M =R?and N =R3, F(0,) = ((cos ¢ + 2) cos b, (cos p + 2) sin 6, sin ¢), w = z2dx

(@O M={(st) eR?: s>+t <1} and N =R3\{0}, F(s,t) = (s,t, VI =2 — %), w= (1 —2? — y?) dz

Solution. (a)
P = (o F)ilaoF) + (o F)i(yoF)

e'd(st) + std ( ;
<(“) +%$MQ <3§U%+3gﬂﬁ>

—e(tds + sdt) + st (e'dt)
= se'(t — 1)dt — e'tds

ds
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(b)
Fru=((z*)oF)d(zoF)+ (0o F)d(yoF)+ (00 F)d(zoF)
= (sin® ¢) d((cos ¢ + 2) cos 0)
—sin?y 9((cos ¢ + 2) cos 9) o+ 9((cos ¢ + 2) cos §) 40
Op 00
= sin? o(— sin @ cos Ody — (cos ¢ + 2) sin Odh)
= —sin® p cos Ody — (cos ¢ + 2) sin O sin® pdf
©

F*w=(00F)d(zoF)+ (0o F)d(yoF)+ ((1-2*—-y*)oF)d(z0F)
- (1—32—t2)d(m)
a((1_s2_t2)5)d8+a((1_32_t2)%)

Os ot

=(1-s*-1¢?) dt

1 -1 1 -1
=(1-s"—17) <2 (1—s*—1t%) 2 (—2s)ds + 3 (1—s*—1¢%) (—2t)dt)

—sv/1— 52 —t2ds —t\/1 — s2 — t2dt
¢

Exercise 1.11.24. Reading: see lecture note Definition 2.3, Theorem 2.4, and Theorem 2.6. It can be shown
that there are many smooth manifolds (at least those with “good covers”) with finite-dimensional de Rham
cohomology groups. In particular, the compact ones all have finite-dimensional de Rham cohomology groups.
Furthermore, we have a Kiinneth-type formula: if M and N are smooth manifolds with finite good covers, then
forany 0 < k < dim M + dim N, one has

Hlz (M x N) @ ar(M) @ Hyg'(N)

Exercise 1.11.25. For any smooth manifold M, let HP(M) denote the p th compactly supported de Rham
cohomology group of M.

(@) Given an open subset U C M, let « : U — M denote the inclusion map, and define a linear map vy :
Q2(U) — Q2(M) by extending each compactly supported form to be zero on M\U. Show that dow; = 40d,
and so vy induces a linear map on compactly supported cohomology, denoted by v, : H?(U) — HP?(M).

(b) Mayer-Vietoris with Compact Supports: Suppose M is a smooth manifold and U,V C M are open subsets
whose union is M. Prove that for each nonnegative integer p, there is a linear map 6. : HP(M) —
HPL(U N V) such that the following sequence is exact:

O g nv) 225 gry @ mE(v) B gy O grivwnv) 22

where i, j, k,l are the inclusion maps.

(c) Let H?(M)* denote the algebraic dual space to H?(M), that is, the vector space of all linear maps from
H?(M) to R. Show that the following sequence is also exact:

(5) « (k)Tel)” w (1) =0 5"

v (U EP (V) 20T ge vy O geer gy B0

— H{(M)
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Exercise 1.11.26 (Poincaré Duality). Let M be an oriented smooth n manifold. Define a map PD : QP (M) —
QP (M)* by

PD(w)(n) = /an

(a) Show that PD descends to a linear map (still denoted by the same symbol) PD : HY, (M) — H}~P(M)*.
(b) Show that PD is an isomorphism for each p. [Hint: imitate the proof of the de Rham theorem 1.9.34, with
“de Rham manifold” replaced by “PD manifold.” You will need Lemma ?? and Problem 1.11.25. In order to use
Lemma ??, you'll need to prove the following fact: Every bounded convex open subset of R™ is diffeomorphic to
R™. To prove this, let U be such a subset, and without loss of generality assume 0 € U. First show that there
exists a smooth nonnegative function f € C°°(U) such that f(0) = 0 and f(z) > 1/d(z) away from a small
neighborhood of 0, where d(x) is the distance from x to OU. Next, show that g(z) = 1 + fol t=1f(tx)dt is a
smooth positive exhaustion function on U that is nondecreasing along each ray starting at 0. Finally, show that
the map F : U — R"™ given by F(x) = g(z)x is a bijective local diffeomorphism. Also, you may use the fact that
the conclusion of the five lemma is still true even if the appropriate diagram commutes only up to sign.]

Exercise 1.11.27 (Euler Characteristic). Let M be a smooth n-manifold all of whose de Rham groups are
finitedimensional. The Euler characteristic of M is the number

n

X(M) = (~1)" dim Hp (M)

p=0

Show that x(M) is a homotopy invariant of M, and x(M) = 0 when M is compact, orientable, and odd-
dimensional.
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Chapter 2

Riemannian Manifolds

Given a vector space V' (which we always assume to be real), an inner producton Visamap V x V — R,
typically written (v, w) — (v, w), that satisfies the following properties for all v, w,z € V and a,b € R:

(i) SYMMETRY: (v, w) = (w, v).
(ii) BILINEARITY: (av + bw, z) = a{v,z) + b({w, x) = (z, av + bw).
(iii) POSITIVE DEFINITENESS: (v, v) > 0, with equality if and only if v = 0.
A vector space endowed with a specific inner product is called an inner product space.

An inner product on V allows us to make sense of geometric quantities such as lengths of vectors and angles
between vectors. First, we define the length or norm of a vector v € V" as

o] = (v,0) /2,
Polarization identity
1
(v,w) = 1(<v+w,v—|—w> — (v —w,v —w)).
shows that an inner product is completely determined by knowledge of the lengths of all vectors. The angle
between two nonzero vectors v,w € V is defined as the unique 6 € [0, 7] satisfying

cosf =

Two vectors v, w € V are said to be orthogonal if (v, w) = 0, which means that either their angle is 7/2 or
one of the vectors is zero. If S C V is a linear subspace, the set S+ C V, consisting of all vectors in V that
are orthogonal to every vector in S, is also a linear subspace, called the orthogonal complement of S.

Vectors vy, .. ., v are called orthonormal if they are of length 1 and pairwise orthogonal, or equivalently if
(vi,v;) = 6;; (where ;5 is the Kronecker delta symbol). The following well-known proposition shows that
every finite-dimensional inner product space has an orthonormal basis.

Proposition 2.0.1 (Gram-Schmidt Algorithm). Let V' be an n-dimensional inner product space, and suppose
(v1,...,vy) is any ordered basis for V. Then there is an orthonormal ordered basis (by,...,by,) satisfying the
following conditions:

span (by,...,by) =span (vy,...,v;) foreachk=1,...,n
Proof. See [7, Proposition 2.3]. |
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Let M be a smooth manifold with or without boundary. A Riemannian metric on M is a smooth covariant
2-tensor field g € T2(M) whose value g, at each p € M is an inner product on 7,,M; thus g is a symmetric
2-tensor field that is positive definite in the sense that g,(v,v) > 0 for each p € M and each v € T, M,
with equality if and only if v = 0. A Riemannian manifold is a pair (), g), where M is a smooth manifold
and g is a specific choice of Riemannian metric on M. If M is understood to be endowed with a specific
Riemannian metric, we sometimes say “M is a Riemannian manifold.” The next proposition shows that
Riemannian metrics exist in great abundance.

Proposition 2.0.2. Every smooth manifold with or without boundary admits a Riemannian metric.
Proof. See [6, Proposition 13.3]. [ ]

Let g be a Riemannian metric on a smooth manifold M with or without boundary. Because g, is an inner
product on T,,M for each p € M, we often use the following angle-bracket notation for v,w € T, M :

(v,w)g = gp(v,w).

Using this inner product, we can define lengths of tangent vectors, angles between nonzero tangent vectors,

and orthogonality of tangent vectors as described above. The length of a vector v € T,M is denoted by
[v|g = (v, v)é/ ?. If the metric is understood, we sometimes omit it from the notation, and write (v, w) and |v|
in place of (v, w), and |v|,, respectively.

The starting point for Riemannian geometry is the following fundamental example.

Example 2.0.3 (The Euclidean Metric). The Euclidean metric is the Riemannian metric § on R™ whose
value at each z € R" is just the usual dot product on 7,,R™ under the natural identification 7,,R™ = R"™. This

means that for v,w € T,R" written in standard coordinates (z',...,z2") asv =}, vi8i|x =3 wi9;| ,
xT

we have
n
(v,w)g = Zvlwl
=1
When working with R™ as a Riemannian manifold, we always assume we are using the Euclidean metric
unless otherwise specified. L)

Suppose (M, g) is a Riemannian manifold with or without boundary. If (z',...,2") are any smooth local
coordinates on an open subset U C M, then g can be written locally in U as

g = gij d.]?l ® dﬂ]‘j

for some collection of n? smooth functions g;; for i, j = 1, ..., n. The component functions of this tensor field
constitute a matrix-valued function (g;;), characterized by g;;(p) = <8i| b aj\p>, where 9; = §/0z" is the i
th coordinate vector field; this matrix is symmetric in i and j and depends smoothly on p € U. If v = v0; |p
is a vector in T,,M such that g;;(p)v? = 0, it follows that (v,v) = g;;(p)v‘v? = 0, which implies v = 0; thus
the matrix (g;;(p)) is always nonsingular. The notation for g can be shortened by expressing it in terms of
the symmetric product: using the symmetry of g;;, we compute

g=gijds' ® da’
=~ (g da'® da? +gj da’ @ da?)  (gij = g51)
(9i5 dz' ® da’ + g;; do? ® da') (Z Z = Z Z)
v joi

=gijdz' dz/  (dueto eq. (1.8))

N = N
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For example, the Euclidean metric on R™ (Example 2.0.3) can be expressed in standard coordinates in several

ways:

g= Z dz? dzt = Z ( dxi)2 = 0i; dz? da?
The matrix of g in these coordinates is thus g;; = J;;. More generally, if (E1,..., E,) is any smooth local
frame for M on an open subset U C M and (¢',...,e") is its dual coframe, we can write g locally in U as

9= gije'e’, 2.0
where g¢,;(p) = <Ei| oo Ej |p>, and the matrix-valued function (g;;) is symmetric and smooth as before.

A Riemannian metric g acts on smooth vector fields X,Y € X(M) to yield a real-valued function (X,Y).
In terms of any smooth local frame, this function is expressed locally by (X,Y) = ¢;;X'Y7 and therefore
is smooth. Similarly, we obtain a nonnegative real-valued function |X| = (X, X)'/2, which is continuous
everywhere and smooth on the open subset where X # 0.

A local frame (F;) for M on an open set U is said to be an orthonormal frame if the vectors F/ | b E,| »
are an orthonormal basis for T),M at each p € U. Equivalently, (E;) is an orthonormal frame if and only if

(Bi, Ej) = dij

in which case ¢ has the local expression

where (si)2 denotes the symmetric product e’c? = £/ ® £'.

Proposition 2.0.4 (Existence of Orthonormal Frames). Let (M, g) be a Riemannian n-manifold with or with-
out boundary. If (X;) is any smooth local frame for TM over an open subset U C M, then there is a smooth or-
thonormal frame (E;) over U such that span (E1|p ey Ek|p> = span (X1|p e Xk|p> foreachk=1,...,n

and each p € U. In particular, for every p € M, there is a smooth orthonormal frame (E;) defined on some
neighborhood of p.

Proof. See [7] Proposition 2.8. [ |

Warning: A common mistake made by beginners is to assume that one can find coordinates near p such that
the coordinate frame (9;) is orthonormal. Above proposition does not show this. In fact, as we will see in
Chapter 7, this is possible only when the metric is flat, that is, locally isometric to the Euclidean metric.

For a Riemannian manifold (M, g) with or without boundary, we define the unit tangent bundle to be the
subset UT'M C T'M consisting of unit vectors:

UTM = {(p,v) € TM : |v|g = 1}.

Proposition 2.0.5 (Properties of the Unit Tangent Bundle). If (M, g) is a Riemannian manifold with or
without boundary, its unit tangent bundle UT M is a smooth, properly embedded codimension-1 submanifold
with boundary in TM, with Q(UTM) = 7= 1(OM)( where = : UTM — M is the canonical projection). The
unit tangent bundle is connected if and only if M is connected (when dim M > 1), and compact if and only if M
is compact.

Exercise 2.0.6. Use local orthonormal frames to prove the preceding proposition.
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2.1 Pullback Metrics and Isometries

If two vector spaces V' and W are both equipped with inner products, denoted by (-, -}y and (-, )y, respec-
tively, then a map F : V' — W is called a linear isometry if it is a vector space isomorphism that preserves
inner products: (F'(v), F' (V")) = (v,v"),,. If V and W are inner product spaces of dimension n, then given
any choices of orthonormal bases (vy,...,v,) for V and (wy,...,w,) for W, the linear map F' : V. — W
determined by F' (v;) = w; is easily seen to be a linear isometry. Thus all inner product spaces of the same
finite dimension are linearly isometric to each other.

Suppose (M, g) and (M,§) are Riemannian manifolds with or without boundary. An isometry from (1M, g)
to (M, 9) is a diffeomorphism ¢ : M — M such that ¢*§ = g. We say (M, g) and (M g) are isometric if
there exists an isometry between them.

Proposition 2.1.1. When OM = &, ¢ : (M g) — (M, g) is an isometry if and only if ¢ is a smooth bijection
and each differential dy,, : T,M — T, (p)M is a linear isometry.

Proof. “=": Notice that
(©79),, (0,0") = G(p) (dipp(v), dipp(v')) = (dipp(v), dipp(v')) 5 (2.2)

and

gp(vﬂ U/) = (v, U/>g
Since ¢ is an isometry, the RHS of above two equations are equal. So do their LHS. This shows that dy,, :
(TpM, (-, ) g) — (Tg,(p)ﬁ , (e ~>§) is a linear isometry. ¢ as a diffeomorphism is smooth and bijective.

”

“e
Suppose ¢ is smooth (this condition first ensures dy, can be defined) and bijective and dy,, : (T,M, (-,-)4) —

( S(,(p)M e ->§) is a linear isometry. We first show that ¢ is a diffeomorphism: by [6] Theorem 4.14 (c), it

suffices to show it has constant rank. But this is resulte dfrom ¢ being a smooth immersion. That’s because
isometry implies injectivity by the positivedefiniteness of the norm: for linear map A : V — W, letv € V s.t.
Av = 0; then 0 = ||0||w = ||Av|lw = |[v|lv = v = 0; thus A=(0) = {0} = dy, is injective. The remaining is
to pass (v, w)y = (dp,(v), cl<,ap(u})>§ to p*g = g, but this argument is the same as the “=-" direction because
the metrics are pointwise defined. |

A composition of isometries and the inverse of an isometry are again isometries, so being isometric is an
equivalence relation on the class of Riemannian manifolds with or without boundary. Our subject, Rie-
mannian geometry, is concerned primarily with properties of Riemannian manifolds that are preserved by
isometries.

If (M, g) and (]\7 ,g) are Riemannian manifolds, a map ¢ : M — M is a local isometry if each point p € M

has a neighborhood U such that ¢|;; is an isometry onto an open subset of M. That is, @ is said to be a
local isometry if Vp € M, there is a neighborhood U of p such that ¢ : U — ¢(U), defined as the restriction

of ply : U — M onto codomain @(U), is diffeomorphism from (open) Riemannian submanifold (U, ¢j;g) to
(open) Riemannian submanifold (@(U), L:;(U)§> with ¢* (L;(U)§> = 1};g. We need to first explain how *g

gives a Riemannian metric on M (called pullback metric). In fact,

Lemma 2.1.2. Suppose (M ,g) 1s a Riemannian manifold with or without boundary, M is a smooth manifold
with or without boundary, and F : M — M is a smooth map. The smooth 2-tensor field ¢ = F*q is a
Riemannian metric on M if and only if F' is an immersion.

Proof We have g, (v,w) = gp(p)(dFy(v),dF,(w)). Thus, symmetry and bilinearity of g, follows from that of
Jr(p)> and positive deﬁmteness is true iff dF »(v) = 0 implies v = 0, i.e., dF), is injective. [ ]
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A Riemannian submanifold (M, g) is then a manifold M C M equipped with the metric ¢ = +*g induced
by the pullback of the inclusion ¢ : M — M:

gp(v,w) = gp (dep(v), dip(w)).

Because we usually identify 7}, A/ with its image in Tpﬂ under dtp, and think of d¢, as an inclusion map,
what this really amounts to is g,(v,w) = g,(v,w) for v,w € T, M. In other words, the induced metric g is
just the restriction of g to vectors tangent to M.

We go back to prove an exercise ( [7] Exercise 2.7) on local isometry.

Exercise 2.1.3. Prove that if (]Tf ,g) and (M, g) with OM = & are Riemannian manifolds of the same dimension,
a smooth map ¢ : M — M is a local isometry if and only if p*g = g.

Proof. “<™:

o~ proof of (2.2) . . . e . . . .
pr g =g —m—m—— each dtpp is a linear isometry — dgap 1s Injective — @ 1S a smooth immersion

[614.8(b),0 M= ,dim M=dim M=n

 is a local diffeomorphism defn. VYpe M,3nbd U ofps.t. ¢ : U — ¢(U)

is a diffeomorphism. The left is to check ¢* (L;(U)ﬁ) = 1;g. The following commutative diagram is helpful.
We see that 1,7y 0 ¢ = ¢|u = g o wy.

oU)

U
LUJ vlu le(U)
M

/J@

N
4>¢ M

Note that ¢* (L:;(U)g) = (tp) © ¢)" 7 = (¢|y)" g. Noticing that |, = ¢ o ¢y and that [6] Proposition 3.9
tells us dv, : T,U — T}, M is an isomorphism, we for v,w € T,,U have

[(¢l0)" 3], (v, w)

= ot (w0 (), (0), dlgo (), (w))

= Gon (40 © (), (), Aoy 0 d (), (w))

= Got ((dep (4 (0), (), dgp (), () ) (2.3)
= ("9, (d(w), (), dw), W)

" g (), ), d(w), (w))

= (159), (v,w)

Thus (¢|;)" g = t;;g on T,U.

“i”:

Now ¢ is a local isometry. Vp € M, there exists a neighborhood U of p s.t. ¢ : U — ¢(U) is a diffeomor-
phism from (open) Riemannian submanifold (U,:};¢) to (open) Riemannian submanifold (<p(U ),LZ;(U)§>

with (¢|;)" (l;(Uﬁ) = (¢ly)" g = ujyg- Since d (w), : T,U — T, M is an isomorphism (see [6] Proposition
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-1 -1
3.9), we for o, @ € T, M have v = [ d (LU)p} (@), w = [ d (LU)p} (@) € T,U and

00,0 = g5 ( d (1), (), d (1), (w))

= (tv9), (v, w)

B [(ely)" 7], (v.w)

(2.2)

("9, (d(w), W), d(w), W)

= (¢"9), (0, )
This shows g = p*g. ]

Remark 2.1.4. We enforced OM = @ to use [6]NProposition 4.8 (b), which is used in the proof of [6]
Theorem 4.14 (c). Also note that we don’t need OM = & due to [6] 4.9. '

2.2 Methods for Constructing Riemannian Metrics

2.2.1 Riemannian Submanifold

As we have seen, every submanifold M of a Riemannian manifold (M,§) inherits a Riemannian metric
g=1g.
Example 2.2.1 (Spheres). For each positive integer n, the unit n-sphere S* C R"™*! is an embedded n-

o
dimensional submanifold. The Riemannian metric induced on S™ by the Euclidean metric is denoted by ¢
and known as the round metric or standard metric on S”. &

The next proposition describes one of the most important tools for studying Riemannian submanifolds. If
(M,g) is an m-dimensional smooth Riemannian manifold and M C M is an n-dimensional submanifold

(both with or without boundary), a local frame (Ey, ..., E,,) for M on an open subset U C M is said to be
adapted to M if the first n vector fields (F1, ..., E,) are tangent to M. (see remark below.)

Figure 2.1: Adapted local frame
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Remark 2.2.2. From [6] p.116, we can see that T,M can be seen as a subspace of Tp]\7 . Thus, n =
dimT,M < dimT,M = m. When we say (E1,..., E,) are tangent to M we mean for each p € U N M, we
have (E;), € T, M (notice that (E;), is defined in T,,M but not necessarily in 7T,M C T,,M.) [ )

Proposition 2.2.3 (Existence of Adapted Orthonormal Frames). Let (1\7 ,g) be a Riemannian manifold (with-
out boundary), and let M C M be an embedded smooth submanifold with or without boundary. Given p € M,
there exist a neighborhood U of p in M and a smooth orthonormal frame for M on U that is adapted to M.

Exercise 2.2.4. Prove the preceding proposition. [Hint: Apply the Gram-Schmidt algorithm to a coordinate
frame in slice coordinates (see [7] Proposition A.22).]

Suppose (M g) is a Riemannian manifold (without boundary) and M C M is a smooth submanifold with or
without boundary in M. Given p € M, a vector v € T, M is said to be normal to M if (v,w) = 0 for every
w € T,,M. The space of all vectors normal to M at p is a subspace of TpM , called the normal space at p and
denoted by N,M = (T,,M )L. At each p € M, the ambient tangent space T,,M splits as an orthogonal direct
sum Tp1\7 = T,M @ N,M. A section N of the ambient tangent bundle TM ’M is called a normal vector
field along M if N, € N, M for each p € M. The set

NM =[] N,M
peEM

is called the normal bundle of M. Fig. 2.2 illustrates an example where vector v € TPJ\N/[ is normal to 7}, M
for M C R3.

Figure 2.2: Tangent space of Riemannian submanifold

Proposition 2.2.5 (The Normal Bundle). If M is a Riemannian m-manifold (without boundary) and M C M
is an immersed or embedded n-dimensional submanifold with or without boundary, then N M is a smooth rank-

(m — n) vector subbundle of the ambient tangent bundle ™M ‘ . There are smooth bundle homomorphisms
M
T.TM| - TM, wl:TJTI‘ S NM
M M

called the tangential and normal projections, that for each p € M restrict to orthogonal projections from Tp1\7
to T, M and N, M, respectively.
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Proof. See [7] Proposition 2.16. [ |

In case M is a manifold with boundary, the preceding constructions do not always work, because there is not
a fully general construction of slice coordinates in that case. However, there is a satisfactory result in case
the submanifold is the boundary itself, using boundary coordinates in place of slice coordinates.

Suppose (M, g) is a Riemannian manifold with boundary. We will always consider M to be a Riemannian
submanifold with the induced metric.

Proposition 2.2.6 (Existence of Outward-Pointing Normal). If (M, g) is a smooth Riemannian manifold with
boundary, the normal bundle to OM is a smooth rank-1 vector bundle over M, and there is a unique smooth
outward-pointing unit normal vector field along all of OM.

Exercise 2.2.7. See [6] Proposition 15.33.

Corollary 2.2.8. If (M, g) is an oriented Riemannian manifold with boundary and g is the induced Riemannian
metric on OM, then the volume form of g is

w,g = Lide (NJwg) 5
where N is the outward unit normal vector field along OM.

Computations on a submanifold M C M are usually carried out most conveniently in terms of a smooth
local parametrization: this is a smooth map X : U — M, where U is an open subset of R" (or R in case
M has a boundary), such that X (U) is an open subset of M, and such that X, regarded as a map from U
into M, is a diffeomorphism onto its image. Note that we can think of X either as a map into M or as
a map into M; both maps are typically denoted by the same symbol X. If we put V = X(U) C M and
¢ =X"1:V - U, then (V,¢) is a smooth coordinate chart on M. Note that coordinate chart need not to
be smooth to define an atlas for a smooth manifold, but there X, ¢ are smooth (diffeomorphisms).

Suppose (M, g) is a Riemannian submanifold of (JT/f ,g)and X : U — M is a smooth local parametrization of
M. The coordinate representation of g in these coordinates is given by the following 2-tensor field on U:

(¢ g=X"g=X"1"G=(10X)"g.

Since ¢ o X is just the map X itself, regarded as a map into M, this is really just X*g. The simplicity
of the formula for the pullback of a tensor field makes this expression exceedingly easy to compute, once
a coordinate expression for g is known. For example, if M is an immersed n-dimensional Riemannian
submanifold of R™ and X : U — R™ is a smooth local parametrization of M, the induced metric on U is just

2
g=X7g I NN (g2 3 (S g ) o S PR gk

oud o~ oud Ouk
1 i=1 j,k=1

i=1 i=1 \j=
where (u') stands for the coordinates of R D U.

Example 2.2.9 (Metrics in Graph Coordinates). If U C R™ isan opensetand f : U — R is a smooth function,
then the graph of f is the subset I'(f) = {(x, f(x)) : * € U} C R™*!, which is an embedded submanifold
of dimension n. It has a global parametrization X : U — R"*! called a graph parametrization, given by
X (u) = (u, f(u)); the corresponding coordinates (u',...,u™) on M are called graph coordinates. In graph
coordinates, by (2.4), the induced metric of I'(f) is

= du! 2 —df 2
—_——
Xg=2 | D gy & | + gfp)d“’ = (du')® + o+ (du") + df>.
i=1 j:l\_\é,‘-./ j=1
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Applying this to the upper hemisphere of S? with the parametrization X : B> — R? given by
X(u,v) = (u,v, 1—u? 7112) ,

we see that the round metric on S? can be written locally as

J=X*g= du?+dv? + (“d“”d” )2
oo
(1 —v2) du? + (1—u2) dv? + 2uv du dv
- 1—u2—0? '

&

Example 2.2.10 (Surfaces of Revolution). Let H be the half-plane {(r, z) : » > 0}, and suppose C' C H is an
embedded 1-dimensional submanifold. The surface of revolution determined by C is the subset S¢ C R?

given by
Sc = {(x,y,z) : (\/mz +y27z) € C}.

Figure 2.3: A surface of revolution

The set C is called its generating curve (see Fig. 2.3). Every smooth local parametrization +(t) = (a(¢), b(¢))
for C yields a smooth local parametrization for S of the form

X(t,0) = (a(t) cos b, a(t)sin b, b(t)),

provided that (¢, 6) is restricted to a sufficiently small open set in the plane. The ¢-coordinate curves ¢
X (t,0p) are called meridians, and the #-coordinate curves 0 — X (¢, 0) are called latitude circles. The
induced metric on S¢ is

X*g =d(a(t) cos0)* + d(a(t)sin0)* 4+ d(b(t))?
= (d'(t) cos 0 dt — a(t) sin 6 d6)”
+ (d/(t)sin @ dt + a(t) cos 0 dO) + (V' (¢) dt)
=(a'(t)> + V' (t)*) dt* +a(t)* d6>.

In particular, if v is a unit-speed curve (meaning that |y/(t)]> = a/(t)2 + b/(t)2 = 1), this reduces to
dt? + a(t)? d#?. Here are some examples of surfaces of revolution and their induced metrics.
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e If C is the semicircle 72 + 22 = 1, parametrized by () = (sin¢,cos¢p) for 0 < ¢ < m, then S¢ is
the unit sphere (minus the north and south poles). The map X (¢, 8) = (sin ¢ cos 8, sin ¢ sin 8, cos @)
constructed above is called the spherical coordinate parametrization, and the induced metric is
dy? + sin? ¢ dA?. (This example is the source of the terminology for meridians and latitude circles.)

e If C is the circle (r — 2)? + 22 = 1, parametrized by ~(t) = (2 + cost,sint), we obtain a torus of
revolution, whose induced metric is dt? + (2 + cost)? d6?.

e If C is a vertical line parametrized by ~(t) = (1,t), then S¢ is the unit cylinder 22 + y? = 1, and
the induced metric is dt?> + d#?. Note that this means that the parametrization X : R? — R? is an
isometric immersion.

&

Example 2.2.11 (The n-Torus as a Riemannian Submanifold). The n-torus is the manifold T” = S!x- - -xS!,
regarded as the subset of R?" defined by (21)? + (22)2 + - - + (2?"~1)? + (22")? = 1. The smooth covering
map X : R" — T, defined by X (ul,--- ,u™) = (cosu!,sinu!,-- -, cosu™,sinu™), restricts to a smooth local
parametrization on any sufficiently small open subset of R™, and the induced metric is equal to the Euclidean
metric in (u’) coordinates, and therefore the induced metric on T" is flat. &

2.2.2 Riemannian Products

Next we consider products. If (M, g;) and (M>, g2) are Riemannian manifolds, the product manifold M; x
M5 has a natural Riemannian metric g = g; @ g», called the product metric, defined by

I(pr,p2) ((V1,02) , (W1, w2)) = g1, (v1,w1) + gal,,, (v2,w2),

where (v1, v2) and (wy, wo) are elements of T},, M, ®T), M, which is naturally identified with T{,,, ..,y (M x My).
Smooth local coordinates (z',...,z") for My and (z"*!,... 2"*™) for M, give coordinates (z',...,z"™™)
for My x Ms. In terms of these coordinates, the product metric has the local expression g = g;; dz* dz7,

where (g;;) is the block diagonal matrix
) — (gl)ab 0 )
= (" (.

here the indices a, b run from 1 to n, and ¢, d run from n + 1 to n + m. Product metrics on products of three
or more Riemannian manifolds are defined similarly.

Exercise 2.2.12. Show that the induced metric on T™ described in Example 2.2.11 is equal to the product metric
obtained from the usual induced metric on St C R2.

Here is an important generalization of product metrics. Suppose (M1, g1) and (M3, g2) are two Riemannian
manifolds, and f : M; — Ris a strictly positive smooth function. The warped product A, x ; M, is the
product manifold M; x M, endowed with the Riemannian metric g = g; ® f2gs, defined by

9(p1,p2) ((U1>v2) ) (w17w2)> = gl|p1 (Ulawl) + f (p1)292 v (U27w2) >
2

where (vq,v2), (w1, ws) € Ty, My & Tp, M, as before. (Despite the similarity with the notation for product
metrics, g1 @ f2g» is generally not a product metric unless f is constant.) A wide variety of metrics can be
constructed in this way; here are just a few examples.

Example 2.2.13 (Warped Products).
(a) With f =1, the warped product M; x fMs is just the space M; x M, with the product metric.
(b) Every surface of revolution can be expressed as a warped product, as follows. Let H be the half-plane

{(r,z) : r > 0}, let C C H be an embedded smooth 1-dimensional submanifold, and let So C R?
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denote the corresponding surface of revolution as in Example 2.2.10. Endow C with the Riemannian
metric induced from the Euclidean metric on H, and let S! be endowed with its standard metric. Let
f : C — R be the distance to the z-axis: f(r,z) = r. Then [7] Problem 2-3 shows that S¢ is isometric
to the warped product C' x ¢S*.

(c) If we let p denote the standard coordinate function on RT C R, then the map ®(p,w) = pw gives an
isometry from the warped product R* x, S"=1 to R™\{0} with its Euclidean metric (see [7] Problem
2-4).

&

2.2.3 Riemannian Submersions

Unlike submanifolds and products, the quotient of Riemannian manifolds only inherit Riemannian metrics
under very special circumstances. Suppose M and M are smooth manifolds, 7 : M — M is a smooth
submersion, and g is a Riemannian metric on M. By the submersion level set theorem (see [6] Cor.5.13),
each level set My = 7~ Y(y) is regular (as 7 is a smooth submersion) and a properly embedded smooth
submanifold of M. , and = is a defining map for My (see [6] p.107). Then by [6] Proposition 5.38, Tzﬂy =
Ker ( dm, : T, M — Tr(eyM ) for any z € Z\A]y. Therefore, at each point = € M, we define two subspaces of

the tangent space T, M as follows: the vertical tangent space at z is
Vw = Ker dﬂ'w = Tx (Mﬂ(z))

(that is, the tangent space to the fiber containing ), and the horizontal tangent space at z is its orthogonal
complement:

H, = (V)" = {v e T,M |Yw e T, (Mﬁ(x)) (v, w)y = 0}

Then the tangent space T, M decomposes as an orthogonal direct sum T,M = H,&V,. Note that the vertical
space is well defined for every submersion, because it does not refer to the metric; but the horizontal space
depends on the metric.

A vector field on M is said to be a horizontal vector field if its value at each point lies in the horizontal
space at that point; a vertical vector field is defined similarly. Given a vector field X on M, a vector field X
on M 1s called a horizontal lift of X if X is horizontal and 7-related to X. (The latter property means that
dm, ( Xy ) = Xy(e) for each o € M .) In other words, the following diagram is commutative (X is so-called

"lift”):

M —>—— M =11, 5 T.M

y Jo

M ————— TM =1,cp T:M
The next proposition is the principal tool for doing computations on Riemannian submersions.

Proposition 2.2.14 (Properties of Horizontal Vector Fields). Let M and M be smooth manifolds, let  : M —
M be a smooth submersion, and let § be a Riemannian metric on M.

(a) Every smooth vector field W on M can be expressed uniquely in the form W = WH + WV, where W is
horizontal, WV is vertical, and both W and WV are smooth.

(b) Every smooth vector field on M has a unique smooth horizontal lift to M.

(c) Forevery x € M and v € H,, there is a vector field X € X(M) whose horizontal lift X satisfies X, = v.
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Proof. [7] Proposition 2.25. [ |

The fact that every horizontal vector at a point of M can be extended to a horizontal lift on all of M (part
(c) of the preceding proposition) is highly useful for computations. It is important to be aware, though, that
not every horizontal vector field on M is a horizontal lift, as the next exercise shows.

Exercise 2.2.15. Let 7 : R? — R be the projection map m(x,y) = x, and let W be the smooth vector field y0,
on R2. Show that W is horizontal, but there is no vector field on R whose horizontal lift is equal to W.

Now we can identify some quotients of Riemannian manifolds that inherit metrics of their own. Let us begin
by describing what such a metric should look like.

Suppose (JT/f ,g) and (M, g) are Riemannian manifolds, and = : M — M is a smooth submersion. Then 7 is

said to be a Riemannian submersion if for each z € M. , the differential dm, restricts to a linear isometry
from H, onto T} (.M. In other words, g, (v, w) = gx(s) ( dm.(v), dm,(w)) whenever v, w € H,.

Remark 2.2.16. Note that dm, : Tx]\A/[/ =V,®H, = Ker( dm)@(vxf — Tr(z)yM is a C*° submersion and is
thus onto. Thus, Vv’ € Ty ()M, Fv = vy, +vg, stv' = dn.(v) = dn, (vy,) + dn, (vg,) =0+ dr, (vm,) =
dm, (vg,). This shows that dm,| a,  He = TryM is also onto. Therefore, in the above definition, the only
requirement is linear isometry. ®

Example 2.2.17 (Riemannian Submersions).

(a) The projection 7 : R"** — R™ onto the first n coordinates is a Riemannian submersion if R"** and R”
are both endowed with their Euclidean metrics.

(b) If M and N are Riemannian manifolds and M x N is endowed with the product metric, then both
projections wy; : M x N — M and ny : M x N — N are Riemannian submersions.

(c) If M x; N is a warped product manifold, then the projection ma; : M xy N — M is a Riemannian
submersion, but 7y typically is not.

&

Exercise 2.2.18. Verify above example.

Solution. We do (a) and (b), leaving (c) as a fact.

(a): For
7 RYF S R
(.’1’;1,"'7$n,xn+17"',$n+k)’—>($17"',l’n)
we have components m; (X1, ,Tn, Tni1, , Tntk) = &; for 1 < ¢ < n and Jacobian
10 --- 000 --- 0
01 --- 000 --- 0
I (z) =
00 ---100 ---0 o ()
Then
n+k o Ul % Ul % n 9
d x ¢ - - JTr = M — (2
i (Z 83&) () : : p
7 ,Un-i—k o ™ i i
dx™ ox™
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v1:-~-:v”:0}

Un+1:”.:,un+k:0},

Since
n+k 9

V. =Ker (dn,) = {szaxi

and
n+k 6

L i
H, = (V) :{zi:v py

we see Vv, w € H,,
5o, w) = g(v,w) = 7 o = wil’ = 2" o = wil® 4+ 2 ot = wagl
=2 i —wil” = g (dme(v), dme(w)) = g (dme(v), dma(w))
The map = is thus a Riemannian submersion.

(b): Let (M, gpr) and (N, gn) be Riemannian manifolds. Equip the product manifold M x N with the product
metric gy« N = gu @ gn, defined at each point (p,q) € M x N by:

gmxn (X1, Y1), (X2,Y2)) = gm (X1, Xo2) 4+ gn (Y1, Y2),
for all (X17Y1)7 (XQ,YQ) S T(p,q)(M X N) = TpM D TqN

We consider the projection:
v MxN—=M, (pq)—p.

We claim that 7, is a Riemannian submersion. First, note that m,; is a smooth submersion since its differ-
ential at each point (p, ) is:

doy : T,M®TyN - T,M, (X,Y)— X,
which is clearly surjective. The vertical space at (p, q) is:
Vip,q = ker(dmyr) = {(0,Y) | Y € T,N}.
The horizontal space is the orthogonal complement of V{, ;) with respect to the product metric:

Hpg) = Vi = 1(X,0) | X € T,M}.

We now verify that the differential dr, restricts to a linear isometry from H, ;) to T,M: For any v = (X, 0)
and w = (Y,0) in H, 4, we have:

guxn (v, w) = guxn ((X,0), (Y,0)) = g (X, Y),
and
g (dmar(v), dmar(w)) = gar (X, Y).
Therefore, the restriction dmy| Hepy - Hpg = TpM is a linear isometry. Hence, 7, is a Riemannian
submersion. ¢

Given a Riemannian manifold (A, g) and a surjective submersion = : M — M, it is almost never the case that
there is a metric on M that makes 7 into a Riemannian submersion. It is not hard to see why: for this to be the

—1
Hw) Ty M —

case, whenever p,ps € M are two points in the same fiber 71 (y), the linear maps ( dmp,
H,, both have to pull g back to the same inner product on T, M.

There is, however, an important special case in which there is such a metric. Suppose 7 : M — M is a
smooth surjective submersion, and G is a group acting on M. (See [7] Appendix C for a review of the basic
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definitions and terminology regarding group actions on manifolds.) We say that the action is vertical if every
element ¢ € G takes each fiber to itself, meaning that (¢ - p) = w(p) for all p € M. The action is transitive
on fibers if for each p, ¢ € M such that w(p) = 7(q), there exists ¢ € G such that ¢ - p = q.

If in addition M is endowed with a Riemannian metric, the action is said to be an isometric action or an
action by isometries, and the metric is said to be invariant under G, if the map = — ¢ - = is an isometry
for each ¢ € G. In that case, provided the action is effective (so that different elements of G define different
isometries of M ), we can identify G with a subgroup of Iso(]\7 ,g). Since an isometry is, in particular, a
diffeomorphism, every isometric action is an action by diffeomorphisms.

Theorem 2.2.19. Let (]\7 ,g) be a Riemannian manifold, let 7 : M — M be a surjective smooth submersion,

and let G be a group acting on M. If the action is isometric, vertical, and transitive on fibers, then there is a
unique Riemannian metric on M such that 7 is a Riemannian submersion.

Proof. Problem 2.5.6. u

The next corollary describes one important situation to which the preceding theorem applies.

Corollary 2.2.20. Suppose (M g) is a Riemannian manifold, and G is a Lie group acting smoothly, freely,

properly, and isometrically on M. Then the orbit space M = M / G has a unique smooth manifold structure and
Riemannian metric such that = is a Riemannian submersion.

Proof. Under the given hypotheses, the quotient manifold theorem (see [6] Theorem 21.10) shows that M
has a unique smooth manifold structure such that the quotient map = : M — M is a smooth submersion. It
follows easily from the definitions in that case that the given action of G on M is vertical and transitive on
fibers. Since the action is also isometric, Theorem 2.2.19 shows that M inherits a unique Riemannian metric
making 7 into a Riemannian submersion. |

Here is an important example of a Riemannian metric defined in this way. A larger class of such metrics is
described in Problem 2.5.7.

Example 2.2.21 (The Fubini-Study Metric). Let n be a positive integer, and consider the complex projective
space CP" defined in [7] Example C.19. That example shows that the map 7 : C"*!\{0} — CP" sending
each point in C"*1\ {0} to its span is a surjective smooth submersion. Identifying C**! with R?"*2 endowed

with its Euclidean metric, we can view the unit sphere S2"*+! with its round metric ¢ as an embedded
Riemannian submanifold of C"™!\{0}. Let p : S*"*! — CP" denote the restriction of the map n. Then p is
smooth, and it is surjective, because every 1-dimensional complex subspace contains elements of unit norm.
We need to show that it is a submersion. Let zy € S?"*! and set {, = p(z9) € CP". Since 7 is a smooth
submersion, it has a smooth local section o : U — C"*! defined on a neighborhood U of ¢, and satisfying
o (Co) = 20 (Theorem A.17). Let v : C"T1\{0} — S?>"*! be the radial projection onto the sphere:

z
v(z) = —.
||

Since dividing an element of C"*! by a nonzero scalar does not change its span, it follows that po v = .
Therefore, if we set ¢ = v oo, we have pod = porv oo = moo = Idy, so o is a local section of p. By the
local secrtion theorem (see [6] Theorem 4.26), this shows that p is a submersion. Define an action of S! on
S?7*1! by complex multiplication:

A- (zl,...,z”'H) = (/\zl,...,)\z""'l)

for A € S' (viewed as a complex number of norm 1) and z = (z*,...,2""!) € S, This is easily seen to

be isometric, vertical, and transitive on fibers of p. By Theorem 2.2.19, therefore, there is a unique metric on
CP" such that the map p : S>"*! — CP" is a Riemannian submersion. This metric is called the Fubini-Study
metric. &
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2.2.4 Riemannian Coverings

Another important special case of Riemannian submersions occurs in the context of covering maps. Suppose
(M,g) and (M, g) are Riemannian manifolds. A smooth covering map = : M — M is called a Riemannian
covering if it is a local isometry.

Proposition 2.2.22. Suppose m : M — M is a smooth normal covering map, and g is any metric on M that is
invariant under all covering automorphisms. Then there is a unique metric g on M such that 7 is a Riemannian
covering.

Proof. “invariant under I = Autﬁ(/]\z ),” is defined in last subsection; for normal covering map and beyond,
see [5] p.293, 309-314 and [6] Chapter 21; for proof of the proposition, see [7] Proposition 2.31. [ ]

Proposition 2.2.23. Suppose (M g) is a Riemannian manifold, and T is a discrete Lie group acting smoothly,
freely, properly, and isometrically on M. Then M /F has a unique Riemannian metric such that the quotient
map  : M — M / ' is a normal Riemannian covering.

Proof. This is an immediate consequence of [6] Theorem 21.13 and above proposition. |

Corollary 2.2.24. Suppose (M, g) and (M ,g) are connected Riemannian manifolds, = : M — M is a normal
Riemannian covering map, and I = Aut,(M). Then M is isometric to M /T.

Proof. Proof by [6] Proposition 21.12 & [6] Theorem 21.13 & [6] Theorem 4.31. [ ]

Example 2.2.25. The two-element group I' = {+1} acts smoothly, freely, properly, and isometrically on S™
by multiplication. [7] Example C.24 shows that the quotient space is diffeomorphic to the real projective
space RP"™ and the quotient map ¢ : S® — RP" is a smooth normal covering map. Because the action
is isometric, Proposition 2.2.23 shows that there is a unique metric on RP" such that ¢ is a Riemannian
covering. &

Example 2.2.26 (The Open Mdébius Band). The open Mobius band is the quotient space M = R?/Z, where
Zactson R? by n - (z,y) = (z + n, (—1)"y). This action is smooth, free, proper, and isometric, and therefore
M inherits a flat Riemannian metric such that the quotient map is a Riemannian covering. (See Problem
2.5.8) )

Exercise 2.2.27. Let T" C R?" be the n-torus with its induced metric. Show that the map X : R® — T" of
Example 2.2.11 is a Riemannian covering.

2.3 Basic Constructions on Riemannian Manifolds

2.3.1 Raising and Lowering Indices

Given a Riemannian metric ¢ on a smooth manifold M with or without boundary, we define a bundle
homomorphism g : M — T*M as follows. For each p € M and each v € T),M, we let g(v) € T,y M be the
covector defined by

g(v)(w) = gp(v,w) forallw e T,M.

To see that this is a smooth bundle homomorphism, it is easiest to consider its action on smooth vector fields:
IX)(Y)=g9(X,Y) forX,Y € X(M).

Because g(X)(Y') is linear over C*°(M) as a function of Y, it follows from the tensor characterization lemma
1.1.18 that g(X) is a smooth covector field; and because g(X) is linear over C*°(M) as a function of X,
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this defines g as a smooth bundle homomorphism by the bundle homomorphism characterization lemma
( [6] Lemma 10.29). As usual, we use the same symbol for both the pointwise bundle homomorphism
g:TM — T*M and the linear map on sections g : X(M) — X*(M).

Note that g is injective at each point, because g(v) = 0 for some v € T, M implies

0=9(v)(v) = (v, v)g,

which in turn implies v = 0. For dimensional reasons, therefore, g is bijective, so it is a bundle isomorphism
(see [6] Proposition 10.26).

Given a smooth local frame (E;) and its dual coframe ('), let g = g;;¢’c? be the local expression for g (see
(2.1)). If X = X'E; is a smooth vector field, the covector field g(X) has the coordinate expression

9(X) = (9:;X") €, (2.5)
as G(X)(Y) = gije' @9 (X,Y) = g X'/ (V) = §(X) = (9:;X") €.

Exercise 2.3.1. Write down the matrix of g and conclude that the matrix of g in any local frame is the same as
the matrix of g itself.

Solution. For each p, g as a linear transformation from vector space 7, M to vector space T, M. Its matrix is
computed using Definition 1.1.8. Since

9 (Er) = (9i(Ex)")e’ = ngj5j~

and the basis of T}, M is (E},) and the basis of Ty M is (¢7), the matrix of § is
| | g o gna
A= gE) - g(E,) | =|: .o
We note that this is the transpose of the matrix of g. However, since the matrix of g is symmetric, we proved

the statement. ¢

Given a vector field X, it is standard practice to denote the components of the covector field g(X) by
X; = gi; X',

so that 4
9(X) = Xje’,

and we say that g(X) is obtained from X by lowering an index. With this in mind, the covector field g(X)
is denoted by X’ and called X flat, borrowing from the musical notation for lowering a tone. That is, we
also use b to denote g, which is a smooth bundle isomorphism, as we remarked above.

The matrix of the inverse map ' : Ty M — T, M is the inverse of (g;;). (Because (g;;) is the matrix of the

isomorphism g, it is invertible at each point.) We let (¢%/) denote the matrix-valued function whose value at
p € M is the inverse of the matrix (g;;(p)), so that

9791 = grig’" = 6} (2.6)

Because g;; is a symmetric matrix, so is g*/. Thus for a covector field w € X*(M), the vector field g~!(w) has
the coordinate representation _
7 M w) =w'E; 2.7)
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where 4 -
w' = gwj. (2.8)

If w is a covector field, the vector field g~ (w) is called (what else?) w sharp and denoted by wf, and we say
that it is obtained from w by raising an index. Likewise, as the inverse of g, the map g~ = # : I['(T*M) —
D(TM);T*M — TM is a smooth bundle isomorphism.

The two inverse isomorphisms b and f are known as the musical isomorphisms.

Definition 2.3.2. The flat and sharp operators can be applied to tensors of any rank, in any index position, to
convert tensors from covariant to contravariant or vice versa. Formally, this operation is defined as follows: if F'
is any (k,l)-tensor and i € {1, ...,k + [} is any covariant index position for F' (meaning that the i th argument
is a vector; not a covector), we can form a new tensor F* of type (k + 1,1 — 1) by setting

— ﬁ
Fﬁ (ala" '7a}€+l) =F (a17"'aai—1aaiaai+l7"'7a/€+l)

whenever «, ..., a,; are vectors or covectors as appropriate. In any local frame, the components of F* are
obtained by multiplying the components of F by ¢gP? and contracting one of the indices of g*? with the i th index
of F. Similarly, if i is a contravariant index position, we can define a (k — 1,1 4 1)-tensor F” by

b b
F (a17"'1ak+l) =F (a17"'7ai717ai7ai+17' ";ak+l) .

In components, it is computed by multiplying by g,, and contracting.

Example 2.3.3. For example, if A is a mixed 3-tensor given in terms of a local frame by
A=A @ Ej® &,
we can lower its middle index to obtain a covariant 3-tensor A” with components
Aiji = g Al
&

To avoid overly cumbersome notation, we use the symbols F* and F” without explicitly specifying which
index position the sharp or flat operator is to be applied to; when there is more than one choice, we will
always stipulate in words what is meant.

Another important application of the flat and sharp operators is to extend the trace operator introduced to
covariant tensors. If F' is any covariant k-tensor field on a Riemannian manifold with & > 2, we can raise
one of its indices (say the last one for definiteness) and obtain a (1, %k — 1)-tensor h*. The trace of F! is thus
a well-defined covariant (k — 2)-tensor field. We define the trace of F' with respect to g as

trg F' = tr (Fﬁ) .
Sometimes we may wish to raise an index other than the last, or to take the trace on a pair of indices other
than the last covariant and contravariant ones. In each such case, we will say in words what is meant.

The most important case is that of a covariant 2-tensor field. We will see that the additional information g
allows us to do some identifications beyond T(»V(V) = V @ V* = £(V*,V;R) = End(V). If L : X(M) —
X(M) is a smooth tensor field of type (1,1), then the map L : X(M) x X(M) — C*°(M) given by

L(X,Y)=g(L(X),Y), 2.9

for each X, Y € X(M) is a smooth tensor field of type (0,2) on M. Conversely, if ' : X(M) x X(M) —
C°(M) is a smooth tensor field of type (0,2) on M, then there exists a unique smooth tensor field F' :
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X),Y) for each X,Y € X(M). Indeed, for each
F(X,Y). Thenlet F: X(M) — X(M) be the map

x) =9 "(wx). (2.10)

(M) — (M) of type (1,1) such that F(X,Y) = g(F(X
X € X(M) we define wy : X(M) — C>(M) bwa( ) =
=fw

F(X) =
Notice that 5
g(F(X),Y) = g(&,Y) = Gwh) (V) = wx (V) = F(X,Y)
Therefore the mapping
DY) = DT (M)
Fe F (2.11)
F i F
defines an isomorphism between the tensor fields of type (0,2) on M and the tensor fields of type (1,1) on
M. In particular we shall use the trace of the endomorphism field I’ to define that of the (0, 2)-tensor field
F:
tr,(F) :== tr(F) € C>(M) (2.12)
The trace of a linear endomorphism A : V' — V on a finite-dimensional vector space is invariant under the
choice of change of basis, so for an orthonormal basis of V, any vector is written as v = ), (v, e;)e; and thus

K2

\ |
tr(A) = sum of diagonal elements of {A(el) A(en)] = >""(A(e;), e;). Thus, for a local orthonormal frame

(Ey,--- ,E,) on (M, g), we can write
try(F) == tr(F) = zn:g(F(Ei),Ei) = Zn:F(Ei, E;) = Fy (2.13)
i=1 =1
In general, for any local frame (F4,--- , E,) on (M, g),
g (F) i tx(F) = Y0 (F(B)); = Dk ) 22D Z o)y =9'Fy. (214
=1 z:l =1

——
i-th coeff of vector =wg, (Ej)=F(E;,E;)=F;;

When g = (6;5), (2.14) recovers (2.13). Note that coefficients like F;; and F;; are always understood under
a certain choice of basis.

2.3.2 Inner Products of Tensors

A Riemannian metric yields, by definition, an inner product on tangent vectors at each point. Because of the
musical isomorphisms between vectors and covectors, it is easy to carry the inner product over to covectors
as well.

Suppose g is a Riemannian metric on M, and x € M. We can define an inner product on the cotangent space
T M by
(w,mg = (7). (2.15)

(Just as with inner products of vectors, we might sometimes omit g from the notation when the metric is
understood.) To see how to compute this, we just use the basis formula (2.8) for the sharp operator, together
with the relation g g*" = g;xg** = &}, to obtain
(w,n) = {¢"w; By, g, )

= (Ex, E1) (g"w;) (9"n;)

= g (9"wi) (9"n;) (2.16)

= 6jg"win;

= gwim;.
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In other words, the inner product on covectors is represented by the inverse matrix (¢%). Using our conven-
tion (2.8), this can also be written

(w,n) =wn' =wn;.

Exercise 2.3.4. Let (M, g) be a Riemannian manifold with or without boundary, let (E;) be a local frame for
M, and let (£*) be its dual coframe. Show that the following are equivalent:

(a) (E;) is orthonormal.

(b) (') is orthonormal.

©) (51’)ji = F; for each i.

This construction can be extended to tensor bundles of any rank, as the following proposition shows. First
a bit of terminology: if £ — M is a smooth vector bundle, a smooth fiber metric on F is an inner product
on each fiber E, that varies smoothly, in the sense that for any (local) smooth sections o, 7 of E, the inner
product (o, 7) is a smooth function.

Proposition 2.3.5 (Inner Products of Tensors). Let (M, g) be an n-dimensional Riemannian manifold with or
without boundary. There is a unique smooth fiber metric on each tensor bundle T*) T M with the property that
ifar, ..., k1t B1,- .., Bra are vector or covector fields as appropriate, then

(1 ® @ g1, 1 @+ @ Brqa) = (a1, 1) -+ - (Qett; Brt) - 2.17)

With this inner product, if (E1, ..., E,) is a local orthonormal frame for TM and (', ... &™) is the correspond-
ing dual coframe, then the collection of tensor fields E;, ® - -+ ® E;, @€' @ --- @& as dll the indices range from
1 to n forms a local orthonormal frame for T*:DT M. In terms of any (not necessarily orthonormal) frame, this
fiber metric satisfies
<F’ G> = Givry " Giprn GO ngstjllljllngigf (2.18)
If F and G are both covariant, this can be written
(F,G) = Fjlmlejl'“j’, where G1-+Jt = giis: ~-~9lele1...5; (2.19)

represents the components of G with all of its indices raised (see Definition 2.3.2).

Proof. Problem 2.5.11. |

2.3.3 Integration of Riemannian Volume Form

Let (M, g) be a Riemannian manifold and for p € M, let (U, ¢ = (z;)) be a coordinate chart. {Jz;} is then
a smooth local frame defined on U. Apply Gram-Schmidt orthogonalization process we can obtain a smooth
orthonormal frame {F;} defined on U. If (M, g) in endowed with an orientation, by replacing E; with —E; if
ncessary, we can find an oriented orthonormal frame in U. Thus, every point has a neighborhood on which
we can find an oriented orthonormal frame.

Proposition 2.3.6 (Riemannian Volume Form). Suppose (M, g) is an oriented Riemannian n-manifold with or
without boundary, and n > 1. There is a unique smooth orientation form w, € Q" (M), called the Riemannian
volume form, that satisfies

wg (B1,y... En) =1 (2.20)

for every local oriented orthonormal frame (E;) for M.
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Proof. Suppose first that such a form w, exists. If (E4, ..., E,) is any local oriented orthonormal frame on
an open subset U C M and (51, .. ,5”) is the dual coframe, we can write w, = fe! A--- Ae" on U. The
condition (2.20) then reduces to f = 1, so

wg:z-:l/\-~/\5" (2.21)

This proves that such a form is uniquely determined.
To prove existence, we would like to define w, in a neighborhood of each point by (2.21), so we need to
check that this definition is independent of the choice of oriented orthonormal frame. If (El, . ,En> is
another oriented orthonormal frame, with dual coframe (El, e ,E'”), let
Wy =E"N---NE™
We can write B _
E;, = AE,
for some matrix (Af ) of smooth functions. The fact that both frames are orthonormal means that (Af (p)) €

O(n) for each p, so det (Af ) = %1, and the fact that the two frames are consistently oriented forces the
positive sign. We compute

o (Brveons ) = ot (3 () = et (47) =1 =, (..

Thus w, = @, so defining w, in a neighborhood of each point by (2.21) with respect to some smooth oriented
orthonormal frame yields a global n-form. The resulting form is clearly smooth and satisfies (2.20) for every
oriented orthonormal frame. n

Lemma 2.3.7. Suppose (M,g) and (ﬂ ,g) are positive-dimensional oriented Riemannian manifolds with or
without boundary, and F : M — M is an orientation-preserving local isometry. Show that F*wz; = w.

Proof. Let (F;) be a local oriented orthonormal frame on M. Then (E;) = (F,E;) gives a basis for each T, M,
q € F(U) (dF, is an isomorphism for each p € U) and local isometry condition keeps the orthonormality
of (E;) on F(U). It is also oriented with respect to the given orientation of M, so (E;) on F(U) is a local
oriented orthonormal frame on M. Now,

l=wz(Er, -, Ey) = ws(FuEy, -+, FuE,) = F*wz(Ey, -+, Ey),

which by uniquness of the Riemannian volume form implies that F*w; = w,. |

Although the expression for the Riemannian volume form with respect to an oriented orthonormal frame is
particularly simple, it is also useful to have an expression for it in coordinates.

Proposition 2.3.8. Let (M, g) be an oriented Riemannian n-manifold with or without boundary, n > 1. In any
oriented smooth coordinates (x*), the Riemannian volume form has the local coordinate expression

wy = y/det (g;;) dzt A -+ A daz"
where g,; are the components of g in these coordinates.

Proof. Let (U, (z*)) be an oriented smooth chart, and let p € M. In these coordinates, wy = f dz' A---A daz”
for some positive coefficient function f. To compute f, let (F;) be any smooth oriented orthonormal frame
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defined on a neighborhood of p, and let (¢?) be the dual coframe. If we write the coordinate frame in terms
of the orthonormal frame as 5
= AJE;

ozt v

then we can compute

B ) a ) ) |
fzwg (W”W) :El/\/\&— (M”@xn) :det(z‘f] <axl)> :det(Az)

On the other hand, observe that

9 9 k ! kA k gk
gij:<8x7;a8xj>g:<AiEk,AjEl>g=A Bk, B, ZA Aj

This last expression is the (i, j)-entry of the matrix product A" A, where A = (AZ) Thus,
det (g;;) = det (AT A) = det A” det A = (det A)?

from which it follows that f = det A = +,/det (g;;), where we also note that (gw) is positive-definite and
has positive determinant. Since both frames (9/92") and (E;) are oriented, the sign must be positive. [ |

Suppose (M, g) is an oriented Riemannian manifold with or without boundary, and let w, denote its Rie-
mannian volume form. If f is a compactly supported continuous real-valued function on M, then fw, is a
compactly supported n-form, so we can define the integral of f over M to be [, fw,. If M itself is compact,
we define the volume of M by Vol(M) = [, w,.

Because of these definitions, the Riemannian volume form is often denoted by dV, (or dA4, or ds, in the
2-dimensional or 1-dimensional case, respectively). Then the integral of f over M is written [,  f dV;, and
the volume of M as [,, dV,. Be warned, however, that this notation is not meant to imply that the volume
form is the exterior derivative of an (n — 1)-form; in fact, as we will see when we study de Rham cohomology,
this is never the case on a compact manifold.

Proposition 2.3.9. Let (M, g) be a nonempty oriented Riemannian manifold with or without boundary, and
suppose f is a compactly supported continuous real-valued function on M. Then

(@ If f >0, then [,, f dVy > 0, with equality if and only if f = 0.
®) | [y FdVy| < [y 1f] AV

Proof. See [7, Proposition 16.8-9]. For part (a), evoking Proposition 1.7.9 (c) should suffice. [ |

2.3.4 Integration of Riemannian Density

Proposition 2.3.10 (The Riemannian Density). If (M, g) is any Riemannian manifold, then there is a unique
smooth positive density u on M, called the Riemannian density, with the property that

w(EBy, ... Ey) =1 (2.22)

for every local orthonormal frame (E;).

Proof. Uniqueness is immediate, because any two densities that agree on a basis must be equal. Given any
point p € M, let U be a connected smooth coordinate neighborhood of p. Since U is diffeomorphic to
an open subset of Euclidean space, it is orientable. Any choice of orientation of U uniquely determines a
Riemannian volume form w, on U, with the property that w, (E1, ..., E,) = 1 for any oriented orthonormal
frame. If we put p, = |wg|, it follows easily that p, is a smooth positive density on U satisfying (2.22). If
U and V are two overlapping smooth coordinate neighborhoods, the two definitions of y, agree where they
overlap by uniqueness, so this defines y, globally. |
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As analogues of Lemma 2.3.7 and Proposition 2.3.8, we have the following results.
Exercise 2.3.11. Suppose (M, g) and (M ,g) are Riemannian manifolds with or without boundary, and F :
M — M is a local isometry. Show that F* iz = p,.

Solution. The proof is similar to that of Lemma 2.3.7: use the local isometry to transfer a local orthonormal
frame (E;) on M to a local orthonormal frame (E;) on M, and then compute to verify the defining property
of the Riemannian density (2.22) to evoke uniqueness of the Riemannian density. ¢

Exercise 2.3.12. Let (M, g) be a Riemannian manifold with or without boundary, and let (z*) be any smooth
coordinates on M. Show that the Riemannian density u, has the local coordinate expression

g = 1/det(gi;)| dzt A~ A da".

Solution. Let piy = u| dz'A---A dz”|. Pick a local orthonormal frame (F;) on M and write 8,, = A’ E;. Then
= pig(Dgy,- 0z, ) = |det(A)|. Since g;; = (AT A);;, we have det(g;;) = (det(A))?, det(A) = £+/det(g;;),
and u = | det(A)| = y/det(g;;). Thus, pg = /det(g;;)] dzt A -+ A da™|. ¢
Exercise 2.3.13. Let (M, g) be an oriented Riemannian manifold with or without boundary and let w, be its
Riemannian volume form.

(a) Show that the Riemannian density of M is given by g = |wy|.

(b) For any compactly supported continuous function f : M — R, show that

Jutin=J, 4o

Solution. Use Exercise 2.3.12 and notice that the definition of integration of density traces back to equation

(1.11). ¢

Similar to Proposition 2.3.9, by evoking Proposition 1.7.17 (b), we obtain

Proposition 2.3.14. Let (M, g) be a Riemannian manifold with or without boundary with its Riemannian
density juy. Let f be a compactly supported continuous real-valued function on M. If f > 0, then [, f g >0,
with equality if and only if f = 0.

Because of Exercise 2.3.13 (b), it is customary to denote the Riemannian density simply by dVj, and to
specify when necessary whether the notation refers to a density or a form. If f : M — R is a compactly
supported continuous function, the integral of f over M is defined to be [,, f dV,. Exercise 2.3.13 shows
that when A is oriented, it does not matter whether we interpret dV, as the Riemannian volume form or
the Riemannian density. (If the orientation of M is changed, then both the integral and dV; change signs,
so the result is the same.) When M is not orientable, however, we have no choice but to interpret it as a
density.

2.3.5 Riemannian Measure

Let (M, g) be a Riemannian manifold. If M is oriented, dVj is interpreted as the Riemannian volume form;
otherwise it is just the Riemannian density. Now, Propositions 2.3.9 and 2.3.14 reveal that the mapping

Ay : Co(M) — R

fH/Mdeg
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is a positive linear functional. It turns out that this “integration” we defined indeed matches up with an
integral with respect to a measure. This is the content of the Riesz-Markov-Kakutani (RMK) representation
theorem. We recall some concepts in measure theory following Folland’s [2].

A topological space X is called locally compact if every point in X has a compact neighborhood. X is called
a Hausdorff if every pair of distinct points in X have disjoint neighborhoods. A useful consequence is that
compact sets are closed in Hausdorff spaces. A topological space X is called o-compact if it can be written as
a countable union of compact subsets. A measure y is called o-finite if space X can be written as a countable
union of finite-measure sets.

Let X be a locally compact Hausdorff (LCH) space. A Borel measure is any measure y defined on the
o-algebra B generated by the topology of X, called Borel s-algebra. A Borel-measurable set E, i.e., E € B,
is called a Borel set.

Let u be a Borel measure on the LCH X and E a Borel subset of X. The measure y is called outer regular
on F if
w(E) =inf{u(U) : U D E,U open}

and inner regular on F if
w(E) =sup{u(K) : K C E, K compact}

If ;1 is outer and inner regular on all Borel sets, y is called regular. It turns out that regularity is a bit too
much to ask for when X is not o-compact, so we adopt the following definition. A Radon measure on X
is a Borel measure that is finite on all compact sets, outer regular on all Borel sets, and inner regular on all
open sets.

Proposition 2.3.15. A Radon measure is inner regular on all of its o-finite sets.
Corollary 2.3.16.

1. If a Radon measure is o-finite then it is regular.

2. If X is o-compact, every Radon measure on X is regular.

The proof of the proposition (see section 7.2 of [2]) involves using the inner and outer regularity properties
of the Radon measure to approximate the measure of o-finite sets of finite measure, and for sets of infinite
measure to apply that technique to a sequence of sets, each of which has finite measure. From this, the
corollary follows directly from the definitions of o-finiteness and o-compactness.

Note that some authors define a Radon measure ; on the Borel o-algebra of any Hausdorff space to be any
Borel measure that is inner regular on open sets and locally finite, meaning that for every point = € X there
is an open neighborhood of z with finite measure. For Hausdorff spaces, this implies that x(C) < oo for
every compact set C'; and for locally compact Hausdorff spaces, the two conditions are equivalent.

One further bit of notation: If U is open in X and f € C.(X), we shall write
f=<uU

to mean that 0 < f < 1 and supp(f) C U. (This is slightly stronger than the condition 0 < f < xy, which
implies only that supp(f) C U.)

Theorem 2.3.17 (Riesz-Markov-Kakutani Representation Theorem). Let X be a locally compact Hausdorff
(LCH) space, and let A be a positive linear functional on C.(X). Then there exists a unique Radon measure p
on o-algebra £ of X that represents A in following sense:

Af :/ fdu forevery f € C.(X).
b'e
Moreover, y satisfies the following properties:
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(@) p(U)=sup{I(f): feC(X),f<U}foralopenU C X.

(b) w(K)=inf{I(f): f e CX),f > xk}forall compact K C X.

(d)  is such that the measure space (X, &, 1) is complete: if E € £, A C E, and u(E) =0, then A € £.
Proof. The proof is very involved. See section 7.2 of [2], Theorem 2.14 of Rudin’s Real and Complex Analysis,

or Martikainen’s class note. There is also a nice REU paper blending with elements in functional analysis to
prove it. u

For any topological manifold M, it is by definition Hausdorff and locally compact by [6, Proposition 1.12].
Furthermore, it is also o-compact.

Proposition 2.3.18. Every topological manifold M is o-compact.

Proof. By [6, Lemma 1.10], it has a countable basis of precompact coordinate balls. Therefore, there is a

countable set of precompact coordinate balls which cover X, and the set of closure of these balls is the set
of countably many compact subspaces which cover X. Thus, X is o-compact. |

Now, for Riemannian manifold (M, g), we can use RMK representation theorem to induce a Radon measure
that we will denote by 1, (recall dV, denotes the Riemannian density/volume form). We call 1, the Rie-
mannian measure. Above proposition combines with Corollary 2.3.16 (b) to make this ;, a regular Borel
measure on M. One use standard machinery developed in real analysis to define integrable functions.

A function F : M — R := R U {+oc} is called a lower semicontinuous function if p, — p implies
liminf F' (p,) > F(p). For a lower semicontinuous function F' > 0 on M, let us define

Ry(F) = sup {A, (f) | f € Co(M) satisfies f < F}
and for any function f > 0 on M, let us define
Ay(f) =inf {Ay(F) | F > f is lower semicontinuous} .

A function f on M is said to be integrable if there exists a sequence {f,,} C Co(M) such that A, (|f — f,|) —
0. Then {A, (f,)} is a convergent sequence, and its limit does not depend on the choice of { f,,}. We denote
the limit by [,, f diu, and we call it the integral of f. In particular, any f € Cy(M) is integrable and its
integral is just the above defined A,(f). A subset K C M is said to be integrable if its characteristic function
Xk : M — R is integrable. In this case, [,, xx du, [also denoted by [, du, or Vol(K,g)] is called the
n-dimensional volume of K. Any compact (or more generally, precompact) subset K of M is integrable
with Vol(K, g) < 4+o0. The following approximation theorem for Radon measure is useful.

Theorem 2.3.19. Let X be a LCH space. If j is a Radon measure on X, C.(X) is dense in LP(u) for 1 < p < 0o
Proof. See [2, Proposition 7.9]. [ ]

For any 1 < p < oo we define the L? norm on C.(M) via

1/p
Hﬂm?(&ﬁ?@ﬂ

and define LP(M, g) to be the completion of C.(M) under the L” norm. Similarly one can define L>° (M, g).
It is not hard to extend to the theory to complex-valued functions. In the special case p = 2, one can define
an inner product structure on L?(M, g) by

<f1af2>L2 = /M flfg d,ug
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which make L?(M, g) into a Hilbert space.

We will come back to the analysis on Riemannian manifolds in Chapter 8. Before that we need to introduce
several basic aspects of Riemannian manifolds, namely connection, geodesic, and curvature. Nevertheless,
there are some differential operators we can study.

2.3.6 Some Differential Operators on Riemannian Manifolds

Let (M, g) be an n-dimensional Riemannian manifold. We define some some canonical linear differential
operators in this subsection. The references we use here are [1], [16], and this note.

I. The Gradient Operator

We use the sharp operator to extend the classical gradient operator to Riemannian manifolds. Let f : M — R
be a smooth function, the gradient of f is the vector field grad f = ( df)* = g~'( df) obtained from df by
raising an index. Unwinding the definitions, we see that grad f is characterized by the following equation

df(X) = (grad f,X) forall X e X(M). (2.23)

That’s because g(grad f, X) = g(grad f) (X) = g(g~*(df)) (X) = df(X). The gradient has the local

expression
[6114.24

(df)i=(df)(E:)) ="Eif

grad f 22 (g¥(df);) E; (9VEif) E;. (2.24)

Thus if (E;) is an orthonormal frame (then (g;;) = I = (¢"7) = I"! = I), then grad f is the vector field
whose components are the same as the components of df; but in other frames, this will not be the case.

If h is another smooth function on M, then

(2.15)

(grad f)(h) = dh(grad f) = (grad g, grad f)

which under a local frame writes as

(dh, df).

(grad f)(h) = g ( dh);( df);
by (2.16). If we choose the frame to be the coordinate frame, then

(ewacd F)() = 7 - IL — (grad )

g symmetric ij 8f 0
(‘33% 81‘]' '

The gradient operator grad : C*° (M) — X(M) is linear and satisfies product rule: Vf1, fo € C°(M),

grad (f1 + f2) = grad (f1) + grad (f2)

2.25
grad (fuf2) = f (srad (1)) + fr (gxad (£2) (225

Ifo:(M,g9) — (M, g) is an isometry, then
D, (gradg (q)*(f))) = gradg(f) (2.26)

for any f € COQ(M ). Indeed, ® is a diffeomorphism, so Definition 1.2.11 of isomorphisms ®,, ®* ensure
that any Y € X(M) is some ®,(X) and give the following computation:

5 (cID* (gradg (@*(f))) ,<I>*(X)) 0! = &% (gradg ((I)*(f)) ,X) —g (gradg (cb*(f)) ,X) 0!
=X (0°(f)) 007! = ([2.(X)]()o @) 0 @7* = [2.(X)] (F) = § (erad;(), ©.(X)).

—
— fod: M—R =Yex(M)
: ————
—_— —
MR M—R
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Moreover, note that (2.26) implies

o, (3 (7)), (3 () = o () oy (8) o9 @2

for any fl, fz € COO(M ). Indeed, taking into account the definitions of the gradient of ®* ( fg) (resp. fg )

(o (3 (7)), (0 (1))~ e, (o ()] (v ()
) o =t ()] () 8 sy (7). sy (7)) o

g

= [0 (emaa, (2" (7)) (
as claimed.
The next proposition shows that the gradient has the same geometric interpretation on a Riemannian mani-
fold as it does in Euclidean space. If f is a smooth real-valued function on a smooth manifold M, recall that
a point p € M is called a regular point of f if df, # 0, and a critical point of f otherwise; and a level set
f71(c) is called a regular level set if every point of f~!(c) is a regular point of f. [7] Corollary A.26 shows
that each regular level set is an embedded smooth hypersurface in M.

Proposition 2.3.20. Suppose (M, g) is a Riemannian manifold, f € C*°(M), and R C M is the set of regular
points of f. For each c € R, the set M, = f~'(c) N'R, if nonempty, is an embedded smooth hypersurface in M,
and grad f is everywhere normal to M..

Proof. Problem 2.5.9. |

II. The Divergence Operator

Suppose (M, g) is an Riemannian n-manifold with or without boundary, and dV/, is its volume form.
If X is a smooth vector field on M, then X dVj, is an (n—1)-form. The exterior derivative of this (n—1)-form
is a smooth n-form, so it can be expressed as a smooth function multiplied by dVj. That function is called
the divergence of X, and denoted by div X; thus it is characterized by the following formula:

d(XdV,) = (div X) dV,. (2.28)

Even if M is nonorientable, in a neighborhood of each point we can choose an orientation and define the
divergence by (2.28), and then note that reversing the orientation changes the sign of dV, on both sides of
the equation, so div X is well defined, independently of the choice of orientation. In this way, we can define
the divergence operator on Riemannian manifold with or without boundary, by requiring that it satisfy
(2.28) for any choice of orientation in a neighborhood of each point.

The next theorem is a fundamental result about vector fields on Riemannian manifolds. In the special case
of a compact regular domain in R?, it is often referred to as Gauss’s theorem.

Theorem 2.3.21 (The Divergence Theorem). Let (M, g) be an Riemannian manifold with boundary S = OM
(both M and S can be nonorientable; unlike the case in Theorem 1.6.14). [6, Theorem 5.11] is still valid in this
case, so S with subspace topology has a smooth structure making it an embedded hypersurface in M inheriting
a metric § = v5g. Then, for any compactly supported smooth vector field X on M,

/M(div X)dv,= [ (X,N),dv;

oM

where N is the outward-pointing unit normal vector field along OM given by Proposition 2.2.6 (which does not
require the ambient Riemannian manifold M to be oriented).

Proof. One need to first prove the orientable case [6, Theorem 16.32] and then use the orientation covering
7 : M — M ot show the nonorientable case [6, Theorem 16.48]. [ |
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The term “divergence” is used because of the following geometric interpretation. A smooth flow § on M
is said to be volume-preserving if for every compact regular domain D, we have Vol (6;(D)) = Vol(D)
whenever the domain of 6, contains D. It is called volume-increasing, volume-decreasing, volume-
nonincreasing, or volume-nondecreasing if for every such D, Vol (6,(D)) is strictly increasing, strictly
decreasing, nonincreasing, or nondecreasing, respectively, as a function of ¢. Note that the properties of
flow domains ensure that if D is contained in the domain of 6, for some ¢, then the same is true for all times
between 0 and ¢.

The next proposition shows that the divergence of a vector field can be interpreted as a measure of the
tendency of its flow to “spread out,” or diverge (see Fig. 2.4).

Figure 2.4: Geometric interpretation of divergence.

Proposition 2.3.22 (Geometric Interpretation of the Divergence). Let M be an oriented Riemannian mani-
fold, let X € X(M), and let 0 be the flow of X. Then 0 is

(a) volume-preserving if and only if div X = 0 everywhere on M.

(b) volume-nondecreasing if and only if div X > 0 everywhere on M.
(c) volume-nonincreasing if and only if div X < 0 everywhere on M.
(d) volume-increasing if and only if div X > 0 on a dense subset of M.

(e) volume-decreasing if and only if div X < 0 on a dense subset of M.

Proof. See [6, Proposition 16.33]. Note that this theorem cannot be easily generalized to the nonorientable
case. We need dVj to be a differential form to use Cartan’s magic formula, even though some results
employed in the proof have analogues in the nonorientable case. |

In any smooth local coordinates ("), we can express the divergence operator as

N AN S
div (X axi> = 5 (x7V/dety) (2.29)
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where det g = det (gy;) is the determinant of the component matrix of g in these coordinates. Indeed,
d(X.dv,) = d (XJ (\/det(g) dz' A A dx"))
Zop 48 g (\/det(g)Z(—l)i_l de?(X) da' A A dai A A dx")

——
=X

i=1

(1.9) Z(_l)b—l d(Xl\/m) /\d:Cl/\/\a—fE\Z/\/\ dxn
i=1
=%, 3 (xj,/det(g)) dzi
Z(—l)i_1 Z % (Xj\/det(g)) dad A dat Ao A dat A A da™
i=1 j=1

For one-forms, a A 8 = —8 A @« and o A « = 0, so above can be written as

Z(—l)i_1% (Xi\/det(g)) dzi A dzt A A dzi A A da”

=1

By a A 8 = —f A « again, we have

d(X_dV,) = (-1)1'—1% (Xi\/det(g)) (1) Lzt Ao A dz”

-

h
Il
o

a, (XR/@) dzt Ao A da”

xl

©
Il
-

0 (Xi\/det(g)) Vdet(g) dz' A A da”

Il
NMS
o

o
—_

—~

~—

et(g ozt
= dletg - (Xa/det g) av,

1

implying (2.29).

Like the gradient operator, the divergence operator div : X(M) — C°°(M) also satisfies linearity and product
rule: if f € C°(M), X,Y € X(M), then

div(X +Y) = div(X) + div(Y)

2.30
div(fX) = fdivX + (grad f, X), ( )
Exercise 2.3.23. Use Equation (2.32) to show above two properties of the divergence operator.
Assuming some knowledge about covariant deriavtives in later chapters, we can show
div(X) = tr(VX) (2.31)

and

div(X) = Z (%f +y Xkr;ik> (2.32)
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Ideed, for any local chart (U, (x%)), we first observe that (5.9) implies

(+) : ZF Z (; > 9" (g + di9u — 519@0)
i=1 =1

1 i 1 i 1 il s
=5 | 29"+ 5 _9"0gi— 5 9"
il il il

1 % 1 T 1 [y
=3 > g"0,90 + 3 > 9" digi — 3 > g"0ig
il il

il
gij,9" symmetric 1 il
—_— 5 § g 33‘91‘1

Then,

. 1 9det (g ox*
Z e (kg j)Xk + i det (gl])
\/W — \ 2/det (gi;) Ox or

1 ddet (gij) k 8Xk
(2det (gi;)  OxF X0 Ozk

where we used Jacobi’s formula for derivative of determinant:
0 —1 0(gi5) iy 0(9i5)
Dk det (gi;) = det (gi;) - tr ((gij) ng =det (gi) - tr | (97) ij

matrix multiplication

ij 0gi; mmetri m Ogm
= det (g:5) > (g”)ml< 39,5) oo oy(g,) 3 g 0L
x lm T

I,m=1

I,m=1

Now,

X' |y
(VX Pr0p1112 ZXL (4.9) Z( +ZXk > :le(X)
On a local orthonormal frame of a Riemannian manifold (M, g), the trace of the linear endomorphism
VX :X(M)— X(M); Y — Vy X can be computed in the same way as (2.14). Thus

n

div(X) = tr(VX) = Y (Vg X, E;),. (2.33)

i=1
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Ifd: (M,g) — (M, g) is an isometry, then
P (divyg (P« (X))) = divg(X) (2.34)

forany X € X(M). Indeed, let (E1, ..., E,) be alocal orthonormal frame on (M, g). Then (®. (E1),..., 2. (E,))

is a local orthonormal frame on (M ,9). By Proposition 5.2.8,

* (divy(®.(X))) = divg(Pu(X)) 0 ®
72 (V<1>E(I) )<I>*Ei)oq>
‘Z ( )iV, 5,0, (X),CD*EZ») o d
—Z@“( )oVa.5,0.(X), i)

- Z g (((I)*ﬁ)Ei)Q Ez) by (4.21)

n=1

=Y 9(Vg,X, E;) = divy(X).
n=1

III. The Hessian Operators

Let f be a smooth function on M. Then Vf € I' (T(OVTM) = Q' (M) is just the 1-form df, because both
tensors have the same action on vectors: Vf(X) = Vxf = Xf = df(X). The 2-tensor H; := V?f =
V(df) is called the covariant Hessian of f. Proposition 4.3.7 shows that its action on smooth vector fields
X,Y can be computed by the following formula:

Hy(Y,X) =V*f(Y.X) = Vi yf=Vx(Vyf) = Vv f=XYf) - (VxY)f. (2.35)
In any local coordinates, it is
Hy =V?f=fde'® da’, with f;; = 9;0,f — I'¥,0cf. (2.36)

If M is equipped with a Riemannian metric g and V is the Levi-Civita connection, then (VxY)f—(VyX)f =
[X,Y]f =X(Yf)—Y(Xf). Equation (2.35) then implies the symmetry of covariant Hessian operator:

Hy (Y, X) = Hy(X,Y). (2.37)

With the additional information g, we also define the Hesse tensor field h; : X(M) — X(M) by hy =

V(grad f):
hy(X) = Vx(grad f) (2.38)

It defines a smooth (1, 1)-tensor field on M. Note that qquation (2.9) shows H; = ﬁ; Indeed,
hy(X,Y) = g(hs(X),Y) = (Vix(grad £),Y)
LMY, Ty (grad f,Y) — (grad f, VxY)

=Vx(Yf) = (VxY)(f) (2.39)
= X(Y[) = (VxY)(f)
=H;X,)Y)

By the isomorphism (2.11), we can also write H; = E} as hy = Hy.
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IV. The Laplace-Beltrami Operator

One of the most fundamental objects associated to a Riemannian manifold (1, g) is its Laplace-Beltrami
operator, a second-order elliptic self-adjoint partial differential operator which acts on C*°(M). It is defined
as

A:C®(M)— C™®(M)
f— —div(grad(f))
From equations (2.33), (2.39), and (2.14), one gets

Af = —div(grad(f)) = — tr(V(grad f))
= —tr(hy) = —te(Hy) = — try(Hy)

=- Z 97 Hy(E;, Ey) (2.40)

1,j=1

1,j=1

under a local frame (Ey,---,E,) on (M,g). If (E;) = (0;) for a local chart, then one can go through the
same process as in the proof of (2.31) to continue writing above equation to get

1 0 iy of )
Af = ——+—— | g7+/det - . 2.41
f det(g) O (g °t9) 5,7 (2.41)
A quicker way is to use (2.29) and (2.24):
: (0 0 1 o ( ;. 0f
_ - _ ij A R ij
div(grad f) div (g 9 8xj> Toi(g) 0 (g p det(g))

For f1, fo € C°°(M), one has

div (f2 (grad (f1))) = —f2 (Af1) + g (grad (f2) , grad (f1))
A (fif2) = f2(Af1) —2g (grad (f1),grad (f2)) + f1 (Af2)

To derive (2.42) (1), one simply substitutes f = f> and X = grad (f;) in (2.30) (2) and one takes into
account the definition of A. On the other hand, the definition of A, (2.25), (2.30) (1), and (2.42) (1) imply

that
A (f1f2) = —div (grad (f1f2))
= —div (f2 (grad f1)) — div (f1 (grad (f2)))
= f2(Af1) — g (grad (f2),grad (f1)) + f1 (Af2) — g (grad (f1), grad (f2))
= f2(Af1) —2g (grad (f1) ,grad (f2)) + f1 (Af2)
i.e. (2.42) (2) is valid.

(2.42)

Let (M,g) be a Riemannian manifold with or without boundary. A function v € C* (M) is said to be
harmonic if Au = 0.

Theorem 2.3.24 (Green’s identities). Suppose (M, g) is compact. Let N, g be as in Theorem 2.3.21. Then,

/ ulAv dV, :/ (grad u, grad v), dV, —/ ulNv dVy
M M oM

/ (uAv — vAu) dV, = / (vNu — uNv) dVj
M oM
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Proof. Exercise. |

Exercise 2.3.25.

(a) Show that if M is compact and connected and OM = &, the only harmonic functions on M are the
constants.

(b) Show that if M is compact and connected, OM # &, and u,v are harmonic functions on M whose
restrictions to OM agree, then u = v.

Ifdo:(M,g) — (]\7, g) is an isometry, then
Agod" =d% o Ay (2.43)

Indeed, using the definition of A, (2.34) and (2.26), one gets

A, (q)*( f)) = —div, (gradg o f)) - ¢ (div;, (<1>* (gradg o f))))
= -0 (div;j (gradg( ~))) = o

for any f e COO(M).

In fact, one can show for a Riemannian manifold (M, g) that the only diffeomorphisms ® : M — M which
commute with the Laplace-Beltrami operator A are the isometries (see Helgason [1962], p. 387).

V. The Hodge-de Rham Operators

Let (M, g) be an oriented n-dimensional Riemannian manifold. Since dVj is a top-degree form serving as
the basis of 2" (M), every n-form in Q" (M) can be written as f dVj, for some smooth function f on M. Thus,
multiplication by the Riemannian volume form defines a smooth bundle isomorphism * : C*°(M) — Q"™ (M):

xf = fdV.
For example, the divergence operator can be written as div(X) = «~!( d(X 1 dV;)). We will generalize this

to a smooth bundle homomorphism over all forms, called Hodge star operator. First, the Riemannian metric
g induces a fiber metric (-|-) on A* (T*M). We give two equivalent definitions:

Definition 2.3.26 (Fiber metric on n-forms).
If
w=a'A---AaF
n=p8"A---AB",
then
(wn) = det (<ai,ﬂj>) = det (<ﬁo/, ﬁ5]>)

and extend linearly (via universal property). This is well-defined and gives a symmetric bilinear map that is
positive-definite if we specify an ordering. See [16] p.404-408.

If {e;} is an orthonormal basis of T, M, let {¢'} denote the dual basis, defined by &' (e;) = 6.
Then declare that
{el =t A N, 1<) <ipg< - <ip <n},

is an orthonormal basis of A* (T3 M) and show that it satisfies (w|n) = det ((a’, 37)) and is independent of the
choice of frame. See [7] Problem 2-16.
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We already have a fiber metric (-, -) for all tensor fields. We wish to compare it with the fiber metric (-|-) just
defined on forms. If a = Y  asel and 8 = 3 Brel are k-forms considered as covariant tensor fields, then by
(2.19) we have

(o, B) = Zailmikﬁil““ = ZaIBI where 3! have raised indices.
I I

Now let e!, ..., e™ be an orthonormal basis for V*. Then in this basis,
(a,B8) = Zalﬂl = Z arBr
I I

and we have

(alBy = ""(are"|Bse”) =Y arBy (e'le”)

1,J 1,J
1 1
=> larB = Hzalﬁl =l ).
1 I
We conclude that ]
<a|ﬂ> = E<avﬁ>a
so the two inner products differ by a factor of £!.

Exercise 2.3.27. Let (M, g) be an oriented Riemannian n-manifold. Show that the Riemannian volume form
dV, is the unique positively oriented n-form that has unit norm with respect to the fiber metric (-|-).

We are now ready to define the Hodge star operator.

Proposition 2.3.28 (Hodge Star Operator). Let (M, g) be an oriented Riemannian manifold and dV, be its
Riemannian volume form. Foreach k = 0, ... ,n, there is a unique smooth bundle homomorphism * : A*¥T*M —
A"=FT* M, called the Hodge star operator, satisfying

w A = (wln) 4,

for all smooth k-forms w,n. For k = 0, we interpret the inner product as ordinary multiplication, which recovers
the original case that xf = f dV,.

Proof. We prove uniqueness first:

suppose there is some * : A*¥T*M — A"~*T*M such that wA*n = (w|n) dV,. In a local oriented orthonormal

frame (E1,- - , E,), we consider in particular w = n = e/ =& A--- A&’ and suppose *w = Y ;'ase’. If we
denote the complementary indices of I = (iy,--- ,i;)in (1,--- ,n)as I~ = (i ,--- ,i, ), which is ordered
as increasing indices and is thus unique for each I, then the rule that o A 8 = —3 A « for one-forms implies

el A <Z’aJ5M> = (l|eDet Ao A
J
elnap-el =l A ne?
ar- - (71)7—(7‘.17”'77;1672-177'”7i;7k)€1 Ao NP =el Ao AP

- - (—1)Tl s )

where 7 is the number of inversions for the permutation (é1,- - , 4,47, -+ ,%, ). (=1)7 is £1, so a;- must
have the same sign as it, i.e., (—1)". Thus,

*(51) — (_1)T(ilv"'7ik77;177"'7i;_k)617.
Specification of the assignment of * on the whole orthonormal basis uniquely determines x.

105



Differential Geometry Anthony Hong

The next is the existence of *:
We simply define « locally as
(o) = ()7l i el

for any local oriented orthonormal coframe (¢*) and extend it linearly over the whole space A*T*M via
the universal property of the tensor product. To show it is independent of the choice of coframe, proceed
similarly as in Proposition 2.3.6.

Notice that the basis for A°T*M is the constant function 1 on M, and its complementary indices are simply
1,---,n. Thus, x1 = ! A--- Ae™ = dV,. By linearity, «f = f - x1 = f dV,, recovering the base case. [ ]

Proposition 2.3.29 (General Formula of Hodge Star Operator). Let (M,g) be an oriented Riemannian n-
manifold. Let (E;) be a local orthonormal frame and (&) be its coframe. Then

* (Eil A A Eik) _ det(g) Z (_1)T(j1~--jk,ik+1---in)gi1jk .. _gikjk e+l AL A gt (2.44)
(J1,dk)€S{in, sin}

where (ig41,- - ,in) are the complementary indices of (i1, -- ,ix) and 7 is the number of inversions of the per-

mutation (j1, -, jkyik+1,° " ,in). Here, S{i1,--- , iy} means the set of all self-bijections of the set {i1,- - i)}

Proof. See [16, Theorem 9.26]. [ ]

For example, when n = 5, for the basis (9;), ( dz?), we have
«(dz' A da®) = /det(g) > (=1)70240)glh g% da? A dat A da®
(j1,42)€5{1,3}
_ m<(_1)7(13245)911g33 (_1)7(31245)913931> da? A dzd A de®
_ \/M(—gllg?’?’—kgl?’g?’l) de? A det A dad,

For R3 with Euclidean metric, we have
x de = dy A dz

x dy = dz A da
x dz= dz A dy
Proposition 2.3.30. The Hodge star operator satisfies the following properties:
(a) The Hodge star is an isometry from A*T*M to A"~*T* M with respect to the fiber metric (-|-).
(b) 1= dVy, and «dV, = 1.
(c) For any w € AFT*M, +*w = (—1)F=F)y,
(d) Fora, 8 € AFT*M, (|8) = (xa|  B) = +(a A %B) = (8 A %)

Proof. We showed (b) in Proposition 2.3.28 because x is an isomorphism for & = 0 case. For the proof of (c),
see [16] Proposition 9.25 (3). We show (a): since w An = (—1)’“577 A w for k-form w and I-form 7, we see

(ra] * B) dVy = (xa) A (+(+8)
) A ((-1)5=95)
—1)’“(”_"') xaNf
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(d): the first equality is just (a). For the second notice that x(a A %5) = *({a|B) dVj) = (a|B) * dV,; = (| 5)
by (b). The third equality is similar. |

Let (M, g) be an oriented Riemannian n-manifold. For 1 < k < n, we define the codifferential operater

§=d": QM) — QF1(M)
w s (=1)PFFDH 4w
and extend this definition to 0-forms by defining dw = 0 for w € Q°(M). Here, from right to left, * :
QF(M) — Q" =F(M), d: Q" F(M) — Q"*+1(M), and * : Q"+ (M) — QF~1(M). Recall that d is called

the exterior differential operator. By Proposition 2.3.30 (c) and the fact that d o d = 0, the square of the
codifferential operator also vanishes:

dod=0. (2.45)

Also, d : QF1(M) — QF(M) and 6 : QF(M) — QF~1(M) are adjoint with respect to the fiber metric (--).
That is, for all w € Q¥(M) and n € Q*~1(M),

{0w[n) = (wl dm) (2.46)

Indeed, Proposition 2.3.30 (c) implies x§ = (—1)*(k+D+1(_1)(n=ktD(k=1) gy = (—1)kCn—Fk+2) qsx  —
dx = (—1)k(k=27=2) 4 5 Then Theorem 1.5.4 (ii) gives
k+(n—(k—1))=n-+1 form
0=4d (w A 1) = dw A+ (=1)Fw A d(*n)
dw A s + (=1)k(=1)*-DE=1=20=2) ) A s5p
dw A *np —w A xdn by analyzing the parity

w A *6n = dw A *n
(wlony dVy = ( dw|n) dV, by definition of =

Exercise 2.3.31 ( [6] 16-22). Let (M, g) be an oriented compact Riemannian n-manifold. Show that the
formula

(w,m) = A (), 4V,

defines an inner product on Q* (M) for each k.
We also have a generalization of the zero-th order Laplace-Beltrami operator A.

Definition 2.3.32 (Hodge-de Rham operator). Let (M, g) be an oriented compact Riemannian n-manifold.
For each 0 < k < n, the Hodge-de Rham operator or Laplace-Beltrami operator on k-forms A : QF(M) —
QF (M) is the linear map defined by

Aw = dow + § dw

Exercise 2.3.33 ( [6] 17-3). When k = 0, by definition, 6f =0, so Af = §df = (—1)"*1 % dx (df). Show
that this coincides with A f defined by (2.40).

Solution. There is in fact a generalization of the divergence operator over Q¥ (M) by

divw =Y "1, (Vpw), (2.47)
i=1
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and one can show that § = — div (see Proposition 5.4 of this note for example). For the one-form df we
have

= Z vEE><f>>

On the other hands,
div(grad f) = Zg (Vg, grad f, E;)

= ZE (grad f, E;)) — g (grad f, Vg, E;)

=df(E)=E:(f) =df(VEe,Ei)=(VE,E:)(f)
= Z — (Ve Ei) (f))-
Thus, div(df) = div(grad f) and Af = §df = —div(grad f), recovering the original definition of the
zero-th order Laplace-Beltrami operator. ¢

Exercise 2.3.34. Read Section 4.1 of the note for the definition of divergence operator over all (k,l)-tensor
fields. Proposition 4.1 of the note shows that for a vector field X,

div X = div(X").
This fact generalizes the equality div( df) = div(grad f) we showed above.

Proposition 2.3.35 ( [1] Proposition 2.10). The operator A : Q¥(M) — QF(M), for each 0 < k < n, has the
following properties:

(D) A is self-adjoint, i.e., (Aw|n) = (w|An);

(i) A is positive, i.e. (Aw|w) > 0 for all w € QF(M);
(iii) Aw = 0ifand only if dw = 0 and ow = 0;
(iv) dA =Ad 6A = Aj, Ax = %A,

2.4 Generalizations of Riemannian Metrics

There are other common ways of measuring “lengths” of tangent vectors on smooth manifolds. Let’s digress
briefly to mention three that play important roles in other branches of mathematics: pseudo-Riemannian
metrics, sub-Riemannian metrics, and Finsler metrics. Each is defined by relaxing one of the requirements in
the definition of Riemannian metric: a pseudo-Riemannian metric is obtained by relaxing the requirement
that the metric be positive; a sub-Riemannian metric by relaxing the requirement that it be defined on the
whole tangent space; and a Finsler metric by relaxing the requirement that it be quadratic on each tangent
space.

Pseudo-Riemannian Metrics

A pseudo-Riemannian metric (occasionally also called a semi-Riemannian metric) on a smooth manifold
M is a symmetric 2-tensor field g that is nondegenerate at each point p € M. This means that the only vector
orthogonal to everything is the zero vector. More formally, g(X,Y) = 0forallY € T,M if and only if X = 0.
If g = gi;¢'¢’ in terms of a local coframe, nondegeneracy just means that the matrix g;; is invertible. If g is
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Riemannian, nondegeneracy follows immediately from positive-definiteness, so every Riemannian metric is
also a pseudo-Riemannian metric; but in general pseudo-Riemannian metrics need not be positive.

Given a pseudo-Riemannian metric g and a point p € M, by a simple extension of the Gram-Schmidt algo-
rithm one can construct a basis (E1, ..., E,) for T, M in which g has the expression

g=— (") = = (") + () o+ (o) (2.48)

for some integer 0 < r < n. This integer r, called the index of g, is equal to the maximum dimension of any
subspace of T,,M on which g is negative definite. Therefore the index is independent of the choice of basis,
a fact known classically as Sylvester’s law of inertia.

By far the most important pseudo-Riemannian metrics (other than the Riemannian ones) are the Lorentz
metrics, which are pseudo-Riemannian metrics of index 1. The most important example of a Lorentz metric
is the Minkowski metric; this is the Lorentz metric m on R™*! that is written in terms of coordinates
(&,...,6"7) as
2 2
m=(d¢")" +---+(d¢")” = (dr)* (2.49)

In the special case of R*, the Minkowski metric is the fundamental invariant of Einstein’s special theory of
relativity, which can be expressed succinctly by saying that in the absence of gravity, the laws of physics
have the same form in any coordinate system in which the Minkowski metric has the expression (2.49). The
differing physical characteristics of “space” (the ¢ directions) and “time” (the 7 direction) arise from the fact
that they are subspaces on which ¢ is positive definite and negative definite, respectively. The general theory
of relativity includes gravitational effects by allowing the Lorentz metric to vary from point to point.

Many aspects of the theory of Riemannian metrics apply equally well to pseudo-Riemannian metrics. Al-
though we do not treat pseudo-Riemannian geometry directly in this book, we will attempt to point out as
we go along which aspects of the theory apply to pseudo-Riemannian metrics. As a rule of thumb, proofs that
depend only on the invertibility of the metric tensor, such as existence and uniqueness of the Riemannian
connection and geodesics, work fine in the pseudo-Riemannian setting, while proofs that use positivity in an
essential way, such as those involving distance-minimizing properties of geodesics, do not.

For an introduction to the mathematical aspects of pseudo-Riemannian metrics, see the excellent book
[O'N83] (Barrett O’Neill, Semi-Riemannian Geometry with Applications to General Relativity); a more physical
treatment can be found in [HE73] (Stephen W. Hawking and George F. R. Ellis, The Large-Scale Structure of
Space-Time.)

Sub-Riemannian Metrics

A sub-Riemannian metric (aka. singular Riemannian metric or Carnot-Carathéodory metric) on a man-
ifold M is a fiber metric on a smooth distribution S C T'M (i.e., a k-plane field or sub-bundle of T'M). Since
lengths make sense only for vectors in S, the only curves whose lengths can be measured are those whose
tangent vectors lie everywhere in S. Therefore one usually imposes some condition on S that guarantees that
any two nearby points can be connected by such a curve. This is, in a sense, the opposite of the Frobenius
integrability condition, which would restrict every such curve to lie in a single leaf of a foliation.

Sub-Riemannian metrics arise naturally in the study of the abstract models of real submanifolds of complex
space C", called CR manifolds. (Here CR stands for “Cauchy-Riemann.”) CR manifolds are real manifolds
endowed with a distribution S C T'M whose fibers carry the structure of complex vector spaces (with
an additional integrability condition that need not concern us here). In the model case of a submanifold
M C Cn, S is the set of vectors tangent to M that remain tangent after multiplication by i = /—1 in
the ambient complex coordinates. If S is sufficiently far from being integrable, choosing a fiber metric
on S results in a sub-Riemannian metric whose geometric properties closely reflect the complex-analytic
properties of M as a subset of C".
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Another motivation for studying sub-Riemannian metrics arises from control theory. In this subject, one is
given a manifold with a vector field depending on parameters called controls, with the goal being to vary
the controls so as to obtain a solution curve with desired properties, often one that minimizes some function
such as arc length. If the vector field is everywhere tangent to a distribution S on the manifold (for example,
in the case of a robot arm whose motion is restricted by the orientations of its hinges), then the function can
often be modeled as a sub-Riemannian metric and optimal solutions modeled as sub-Riemannian geodesics.

A useful introduction to the geometry of sub-Riemannian metrics is provided in the article [Str86] (Robert
s. Strichartz, Sub-Riemannian Geometry.)

Finsler Metrics

A Finsler metric on a manifold M is a continuous function F' : TM — R, smooth on the complement of the
zero section, that defines a norm on each tangent space 7, M. This means that F'(X) > 0for X # 0, F(cX) =
le|F(X) forc e R,and F(X+Y) < F(X)+ F(Y). Again, the norm function associated with any Riemannian
metric is a special case.

The inventor of Riemannian geometry himself, G. F. B. Riemann, clearly envisaged an important role in
n-dimensional geometry for what we now call Finsler metrics; he restricted his investigations to the “Rie-
mannian” case purely for simplicity (see Spivak, volume 2). However, only very recently have Finsler metrics
begun to be studied seriously from a geometric point of view.

The recent upsurge of interest in Finsler metrics has been motivated largely by the fact that two different
Finsler metrics appear very naturally in the theory of several complex variables: at least for bounded strictly
convex domains in C", the Kobayashi metric and the Carathéodory metric are intrinsically defined, biholo-
morphically invariant Finsler metrics. Combining differential-geometric and complex-analytic methods has
led to striking new insights into both the function theory and the geometry of such domains.

2.5 Problems

Exercise 2.5.1 ( [7] 1-4). A topological space is said to be o-compact if it can be expressed as a union of
countably many compact subspaces. Show that a locally Euclidean Hausdorff space is a topological manifold if
and only if it is o-compact.

Exercise 2.5.2 ( [7] 2-1). Show that every Riemannian 1-manifold is flat.

Exercise 2.5.3 ( [6] 13-1). If (M, g) is a Riemannian n-manifold with or without boundary, let UM C T'M be
the subset UM = {(x,v) € TM : |v|y = 1}, called the unit tangent bundle of M. Show that UM is a smooth
fiber bundle over M with model fiber S* 1.

Solution. Since 1 is a regular value of the map ¢(p,v) := |v|2, we know that UM = ¢~'(1) is an embedded
submanifold, and we can restrict 7 : TM — M to obtain «|;,, : UM — M. It is impossible in general
to choose coordinates around each point which make g look like the Euclidean metric dz’ ® dz’. However,

we do have an orthonormal local frame o4,...,0, : U — 7 1(U), which induces a local trivialization
UxR" = 7= H(U) of TM via (p,c',...,c") = (p,c'oi(p)). Butthen 7=} (U)NUM = Tr_1|UM (U)=UxS" 1,
proving that UM is a fiber bundle with model fiber S~ 1. ¢

Exercise 2.5.4 ( [7] 2-2). Suppose V and W are finite-dimensional real inner product spaces of the same
dimension, and F : V. — W is any map (not assumed to be linear or even continuous) that preserves the origin
and all distances: F'(0) = 0 and |F(z) — F(y)| = |z — y| for all x,y € V. Prove that F is a linear isometry.
[Hint:First show that F preserves inner products, and then show that it is linear.]

Exercise 2.5.5 ( [7] 2-5). Prove parts (b) and (c¢) of Proposition 2.2.14 (properties of horizontal vector fields).
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Exercise 2.5.6 ( [7] 2-6). Prove Theorem 2.2.19 (if 7 : M — Misa surjective smooth submersion, and a group
acts on M isometrically, vertically, and transitively on fibers, then M inherits a unique Riemannian metric such
that 7 is a Riemannian submersion).

Exercise 2.5.7 ( [7] 2-7). For 0 < k < n, the set Gy (R™) of k-dimensional linear subspaces of R™ is called a
Grassmann manifold or Grassmannian. The group GL(n, R) acts transitively on G (R™) in an obvious way,
and Gy (R™) has a unique smooth manifold structure making this action smooth (see [6] Example 21.21).

(a) Let Vi, (R™) denote the set of orthonormal ordered k-tuples of vectors in R™. By arranging the vectors in
k columns, we can view Vi, (R™) as a subset of the vector space M(n x k,R) of all n x k real matrices.
Prove that Vj, (R™) is a smooth submanifold of M(n x k,R) of dimension k(2n — k — 1) /2, called a Stiefel
manifold. [Hint: Consider the map ® : M(n x k,R) — M(k x k,R) given by ®(A) = ATA.]

(b) Show that the map « : Vi, (R™) — Gy, (R™) that sends a k-tuple to its span is a surjective smooth submer-
sion.

(¢) Give Vi, (R™) the Riemannian metric induced from the Euclidean metric on M(n x k,R). Show that the
right action of O(k) on Vi, (R™) by matrix multiplication on the right is isometric, vertical, and transitive
on fibers of m, and thus there is a unique metric on Gy (R™) such that = is a Riemannian submersion.
[Hint: It might help to note that the Euclidean inner product on M(n x k,R) can be written in the form
(A,B) =tr (ATB).]

Exercise 2.5.8 ( [7] 2-8). Prove that the action of Z on R? defined in Example 2.2.26 is smooth, free, proper,
and isometric, and therefore the open Mobius band inherits a flat Riemannian metric such that the quotient map
is a Riemannian covering.

Exercise 2.5.9 ( [7] 2-9). Prove Proposition 2.3.20 (the gradient is orthogonal to regular level sets).

Exercise 2.5.10 ( [7] 2-10). Suppose (M, g) is a Riemannian manifold, f € C*°(M), and X € X(M) is a
nowhere-vanishing vector field. Prove that X = grad f if and only if X f = || X||2 and X is orthogonal to the
level sets of f at all regular points of f.

Exercise 2.5.11 ( [7] 2-11). Prove Proposition 2.17 (inner products on tensor bundles).

Exercise 2.5.12 ( [6] 16-19). Consider R™ as a Riemannian manifold with the Euclidean metric and the
standard orientation.

(a) Calculate * dx* fori=1,...,n.
(b) Calculate *( dx* A da?) in the case n = 4.

Exercise 2.5.13 ( [6] 16-20). Let M be an oriented Riemannian 4-manifold. A 2-form w on M is said to be
self-dual if xw = w, and anti-self-dual if xw = —w.

(a) Show that every 2-form w on M can be written uniquely as a sum of a self-dual form and an anti-self-dual
form.

(b) On M = R* with the Euclidean metric, determine the self-dual and anti-self-dual forms in standard
coordinates.

Exercise 2.5.14 ( [6] 16-21). Let (M, g) be an oriented Riemannian manifold and X € X(M). Show that

X,dV, = +X"
divX =+d* X’

and, when dim M = 3, we can define curl : X(M) — X(M) by curl(X) = B! d(X") where 3 : TM — A*T*M
is such that by §(X) = X dVj. See [6] p.426 for more details. Show that

curl X = (* de)ﬁ
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Chapter 3

Model Riemannian Manifolds

We will study the model Riemannian manifolds, Euclidean spaces, spheres, hyperbolic spaces, which are
highly-symmetric spaces, i.e., spaces with a large isometry group. After that, we explore some more general
classes of Riemannian manifolds with symmetry—the invariant metrics on Lie groups, homogeneous spaces,
and symmetric spaces. We will, for reference convenience, also study characteristics like curvature and
geodesics on these spaces, which will only be introduced in later chapters.

3.1 Symmetries of Riemannian Manifolds

Let (M, g) be a Riemannian manifold. Recall that Iso(M, g) denotes the set of all isometries from M to itself,
which is a group under composition. We say that (M, g) is a homogeneous Riemannian manifold if Iso(}M, g)
acts transitively on M, which is to say that for each pair of points p, g € M, there is an isometry ¢ : M — M
such that ¢(p) = q.

The isometry group does more than just act on M itself. For every ¢ € Iso(M, g), the global differential dy
maps 7'M to itself and restricts to a linear isometry dy,, : T, M — T,y M for each p € M.

Given a point p € M, let Iso,(M, g) denote the isotropy subgroup at p, that is, the subgroup of Iso (M, g)
consisting of isometries that fix p. For each ¢ € Iso (M, g), the linear map dy, takes T,,M to itself, and the
map I, : Iso,(M, g) = GL (T, M) given by I,,(¢) = dy, is a representation of Iso, (M, g), called the isotropy
representation. We say that )M is isotropic at p if the isotropy representation of Iso, (M, g) acts transitively
on the set of unit vectors in T, M. If M is isotropic at every point, we say simply that M is isotropic.

There is an even stronger kind of symmetry than isotropy. Let O(M) denote the set of all orthonormal bases

for all tangent spaces of M (and recall as in [6] we assume a basis is ordered):

oM) = H { orthonormal bases for T),M }
peEM

There is an induced action of Iso(M, g) on O(M ), defined by using the differential of an isometry ¢ to push
an orthonormal basis at p forward to an orthonormal basis at ¢(p):

@ (b1,...,by) = (degp (b1),..., dop (by)).

We say that (M, g) is frame-homogeneous if this induced action is transitive on O(M), or in other words,
if for all p,q € M and choices of orthonormal bases at p and ¢, there is an isometry taking p to ¢ and the
chosen basis at p to the one at q. (Warning: Some authors use the term isotropic to refer to the property we
have called frame-homogeneous.)
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A homogeneous Riemannian manifold looks geometrically the same at every point, while an isotropic one
looks the same in every direction. We have the following proposition/examples.

Proposition 3.1.1. Let (M, g) be a Riemannian manifold.
(a) If M is isotropic at a point p € M and homogeneous, then it is isotropic.
(b) If M is frame-homogeneous, then it is homogeneous and isotropic.
(c) If M is isotropic, then it is homogeneous.
(d) M can be isotropic at one point without being isotropic.
(e) M can be homogeneous without being isotropic anywhere.

(f) M can be isotropic and homogeneous without being frame-homogeneous.

Proof. (a): Suppose it is isotropic at p and homogeneous. Then for any ¢ € M, there is an isometry ¢ :
M — M such that ¢(p) = ¢g. Let us,us € T,M be unit vectors. We want to show that there is an isometry
¢ : M — M such that di,(u;) = up. We find ¢ such that d¢, sends v, := de, ' (u1) to vy := diy, ' (u2),

which are unit vectors as ¢ is an isometry. Then let ¥ = ¢ o gpo L.

(b): Homogeneity is automatic. To show M is isotropic, let p € M and u;,us € T,M be unit vectors.
Complete u; to orthonormal bases of T, A/ and then use frame-homogeneity.

(c): Problem 6.6.7.
(d): Problem 3.7.20: A counterexample is the paraboloid z = 22 + y? in R? with the induced metric.
(e): Problem 3.7.8, Problem 3.7.9: A counterexample is the Berger metrics on S3.

(f): Problem 7.9.4: A counterexample is the Fubini-Study metrics on complex projective spaces CP". |

A deep theorem of Sumner B. Myers and Norman E. Steenrod [14] shows that if M has finitely many
components, then Iso(M, g) has a topology and smooth structure making it into a finite-dimensional Lie
group acting smoothly on M. We will neither prove nor use the Myers-Steenrod theorem, but if you are
interested, a good source for the proof is [15].

3.2 Euclidean Spaces

The simplest and most important model Riemannian manifold is of course n-dimensional Euclidean space,
which is just R™ with the Euclidean metric § = §;;dz'dz? = (dz%)%.

Somewhat more generally, if V' is any n-dimensional real vector space endowed with an inner product, we
can set g(v, w) = (v,w) for any p € V and any v,w € T,V = V. Choosing an orthonormal basis (b1,...,bs)
for V defines a basis isomorphism from R" to V that sends (z,...,2") to z'b;; this is easily seen to be
an isometry of (V, g) with (R", g), so all n-dimensional inner product spaces are isometric to each other as
Riemannian manifolds.

It is easy to construct isometries of the Riemannian manifold (R, g): for example, every orthogonal linear
transformation A : R™ — R" preserves the Euclidean metric, as does every translation « — b + z. It follows
that every affine transformation = — b + Ax with A orthogonal is an isometry.

It turns out that the set of all such isometries can be realized as a Lie group acting smoothly on R™. Regard
R™ as a Lie group under addition, and let § : O(n) x R® — R™ be the natural action of O(n) on R".
Define the Euclidean group E(n) to be the semidirect product R" xy O(n) determined by this action: this
is the Lie group whose underlying manifold is the product space R™ x O(n), with multiplication given by
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(b,A) (b, A") = (b+ AV, AA"). It has a faithful representation given by the map p : E(n) = GL(n + 1,R)
defined in block form by
A b

where b is considered an n x 1 column matrix. The Euclidean group acts on R"” via
(b,A) -z =b+ Ax (3.1

Note that E(n) = R™ xp O(n) as a semidirect product of Lie groups is a Lie group (see [6, p.168]) and that
(3.1) indeed defines a group action: (0', A’)-((b,A)-z) = b+ A'b+ A’ Ax = ((/, A')(b, A)) -z, withid = (0, I).
Each Euclidean space is frame-homogeneous:

Exercise 3.2.1. Show that (3.1) defines a smooth isometric action of E(n) on (R™, g), and the induced action
on the orthogonal frame bundle O (R™) is transitive.

3.3 Spheres

Our second class of model Riemannian manifolds comes in a family, with one for each positive real number.
Given R > 0, let S"(R) denote the sphere of radius R centered at the origin in R"*!, endowed with the metric

{CJ) r (called the round metric of radius R) induced from the Euclidean metric on R"**! i.e., 5‘ R= ln (m) 9
When R = 1, it is the round metric on S”(1) = S", and we use the notation 5:51.

One of the first things one notices about the spheres is that like Euclidean spaces, they are highly symmetric.
We can immediately write down a large group of isometries of S*(R) by observing that the linear action of
the orthogonal group O(n + 1) on R™*! preserves S”(R) and the Euclidean metric, so its restriction to S"(R)
acts isometrically on the sphere. Problem 3.7.17 will show that this is the full isometry group.

Proposition 3.3.1. The group O(n + 1) acts transitively on O (S"(R)), and thus each round sphere is frame-
homogeneous.

Proof. See [7, Proposition 3.2]. [ ]

Another important feature of the round metrics—one that is much less evident than their symmetry—is that
they bear a certain close relationship to the Euclidean metrics, which we now describe. Two metrics g; and
g2 on a manifold M are said to be conformally related (or pointwise conformal or just conformal) to
each other if there is a positive function f € C*° (M) such that go = fg¢1. Given two Riemannian manifolds
(M, g) and (M ,9), a diffeomorphism ¢ : M — M is called a conformal diffeomorphism (or a conformal
transformation) if it pulls g back to a metric that is conformal to g:

©*g = fg for some positive f € C*>°(M)

Problem 3.7.3 shows that conformal diffeomorphisms are the same as angle-preserving diffeomorphisms.
Two Riemannian manifolds are said to be conformally equivalent if there is a conformal diffeomorphism
between them.

A Riemannian manifold (M, g) is said to be locally conformally flat if every point of M has a neighborhood
that is conformally equivalent to an open set in (R", g).

Exercise 3.3.2. (a) Show that for every smooth manifold M, conformality is an equivalence relation on the set
of all Riemannian metrics on M.

(b) Show that conformal equivalence is an equivalence relation on the class of all Riemannian manifolds.
(c) Suppose g1 and go = fg; are conformally related metrics on an oriented n-manifold. Show that their volume
forms are related by dV,, = f™/? dVj,.
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A conformal equivalence between R™ and S™(R) minus a point is provided by stereographic projection
from the north pole. This is the map o : S"(R)\{N} — R™ that sends a point P € S"(R)\{N}, written
P=(¢&,...,¢"7),t0ou= (u',...,u") € R", where U = (u',...,u",0) is the point where the line through
N and P intersects the hyperplane {(¢,7) : 7 = 0} in R*"!. Thus U is characterized by the fact that
(U — N) = A(P — N) for some nonzero scalar \. Writing N = (0, R),U = (u,0), and P = (¢,7) € R"! =
R™ x R, we obtain the system of equations

ut = /\fi

—R=M\r1—-R) (3.2)

Solving the second equation for A and plugging it into the first equation, we get the following formula for

stereographic projection from the north pole of the sphere of radius R:
R¢

R—r

It follows from this formula that o is defined and smooth on all of S*(R)\{/N}. The easiest way to see that

it is a diffeomorphism is to compute its inverse. Solving the two equations of (3.2) for 7 and &¢ gives

(3.3)

o, 1) =u=

T A—1
i v — 3.
13 T R Y 3.4
The point P = o~ !(u) is characterized by these equations and the fact that P is on the sphere. Thus,
substituting (3.4) into |¢|> + 72 = R? gives

[ul> | a(A=1) 2
e PR =R
from which we conclude
\ |u|? + R?
T 2R?

Inserting this back into (3.4) gives the formula

2 2 p2
2R?u |ul* — R ) 3.5)

-1
= ) = ) R

o) = (60 = (e Pl
which by construction maps R™ back to S”(R)\{/N} and shows that ¢ is a diffeomorphism.
Proposition 3.3.3. Stereographic projection is a conformal diffeomorphism between S™(R)\{N} and R™.
Proof. Rigorously we have

—1 n - n *ZL*g —

o= (R, g) — (M =S"(R) \ N, t115:9)

where ¢ : M — R™t! is the composition tg» o t37. In light of the context of equation (2.4), o~ is a smooth

parametrization of M. In this case, the manifold we parametrize is an immersed Riemannian submanifold
of the Euclidean space R"*!, so the equation (2.4) works perfectly. Due to (3.5), we compute:

(6=) dn= (o) 5= i (d(w 0~ 1))? = z_; (d (%))2 ; (d (RH))Q

If we expand each of these terms individually, we get

2IR2yI _ _Z 2R? - 2u,u; dus + (Jul?> + R?)2R? — (2R%u;)(2u;) dus — 2R2 du’ B AR%W S vt du’

|ul® + R?  (Jul? + R2)? ! (lul? + R?)? T ful? + R? (lul? + R2)*
d (R|u|2 - R2> C2RY,utdu' 2R (Jul? — R?) Y, uf dut 4Ry wt du
P+ B2) P+ B2 (|uf? + R2)* (luf? + B2)*
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Therefore,

co AR (dud)? 16RY (X, uf dud)® 16R uf? (X0l du’)® 16RS (X, ul dui)’

071 Ir=
™) (Jul? + R?)? (Jul> + R?) (Jul? + B2)* (Jul? + RB2)*
4 )2
:4R > (dw?)
(Jul? + R2)*
In other words,
(0*1)* Jp= fg, where f(u) = LQ (3.6)
(lul? + R?)
Here, g now represents the Euclidean metric on R™, and so ¢ is a conformal diffeomorphism. |

Corollary 3.3.4. Each sphere with a round metric is locally conformally flat.

Proof. Stereographic projection gives a conformal equivalence between a neighborhood of any point except
the north pole and Euclidean space; applying a suitable rotation and then stereographic projection (or stere-
ographic projection from the south pole), we get such an equivalence for a neighborhood of the north pole
as well. [ |

3.4 Hyperbolic Spaces

Our third class of model Riemannian manifolds is perhaps less familiar than the other two. For each n > 1
and each R > 0 we will define a frame-homogeneous Riemannian manifold H"(R), called hyperbolic space
of radius R. There are four equivalent models of the hyperbolic spaces, each of which is useful in certain
contexts. In the next theorem, we introduce all of them and show that they are isometric.

Theorem 3.4.1 (Models of Hyperbolic Space). Let n be an integer greater than 1. For each fixed R > 0, the
following Riemannian manifolds are all mutually isometric.

(a) (HYPERBLOID MODEL) H"(R) is the submanifold of Minkowski space R™! defined in standard coordi-
nates (¢*,...,£",7) as the “upper sheet” {T > 0} of the two-sheeted hyperboloid (51)2 o () =12 =
—R2?, with the induced metric

vl k=
Jgr=1014,

where « : H"(R) — R™! is inclusion, and § = ¢"™") is the Minkowski metric:
_ 2 n
g=(d¢") 4+ (d¢")’ - (dr)

(b) (BELTRAMI-KLEIN MODEL) K™(R) is the ball of radius R centered at the origin in R"™, with the metric
given in coordinates (w?, ..., w™) by

dw1)2+...+(dw")2 2(w1 dwt + -+ w" dw”)2
R? — |w|? (R? — |w[?)?

7= il

(¢c) (POINCARE BALL MODEL) B"™(R) is the ball of radius R centered at the origin in R™, with the metric
given in coordinates (u',...,u™) by

(du')? 4+ (dum)?

gy = AR
In (R? — [uf2)?
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(d) (POINCARE HALF-SPACE MODEL) U™ (R) is the upper half-space in R"™ defined in coordinates (z*,...,2" "1, y)
by U"(R) = {(z,y) : y > 0}, endowed with the metric

12, . n—1\2 2
ﬁ%iRQ(dJU) + +(2da: )+ dy
Y

Proof. Figure 3.1 below illustrates the four models of hyperbolic space.

U"(R)

\
Y

Figure 3.1: The four hyperbolic models.

The three isometries are central projection ¢ : H"(R) — K"(R), hyperbolic stereographic projection
7w : H"(R) — B"(R), and generalized Cayley transform « : U"(R) — B"(R). For the explicit formulas of
these isometries, see [7] Theorem 3.7. [ |

We often use the generic notation H"(R) to refer to any one of the Riemannian manifolds of Theorem 3.4.1,
and gr to refer to the corresponding metric; the special case R = 1 is denoted by (H", g) and is called simply
hyperbolic space, or in the 2-dimensional case, the hyperbolic plane.

Because all of the models for a given value of R are isometric to each other, when analyzing them geometri-
cally we can use whichever model is most convenient for the application we have in mind. The next corollary
is an example in which the Poincaré ball and half-space models serve best.

Corollary 3.4.2. Each hyperbolic space is locally conformally flat.

Proof. In either the Poincaré ball model or the half-space model, the identity map gives a global conformal
equivalence with an open subset of Euclidean space. |

The examples presented so far might give the impression that most Riemannian manifolds are locally con-
formally flat. This is far from the truth, but we do not yet have the tools to prove it. See [7, Problem 8-25]
for some explicit examples of Riemannian manifolds that are not locally conformally flat.

The symmetries of H"(R) are most easily seen in the hyperboloid model. Let O(n, 1) denote the group of
linear maps from R™! to itself that preserve the Minkowski metric, called the (n + 1)-dimensional Lorentz
group. Note that each element of O(n, 1) preserves the hyperboloid {72 — |¢|* = R?}, which has two com-
ponents determined by 7 > 0 and 7 < 0. We let OT(n, 1) denote the subgroup of O(n,1) consisting of
maps that take the 7 > 0 component of the hyperboloid to itself. (This is called the orthochronous Lorentz
group, because physically it represents coordinate changes that preserve the forward time direction.) Then
O%*(n,1) preserves H"(R), and because it preserves q it acts isometrically on H"(R). (Problem 5.5.1 will
show that this is the full isometry group.) Recall that O (H"(R)) denotes the set of all orthonormal bases for
all tangent spaces of H"(R).

118



Differential Geometry Anthony Hong

Proposition 3.4.3 ( [7] Proposition 3.9). The group O*(n,1) acts transitively on O (H"(R)), and therefore
H™(R) is frame-homogeneous.

3.5 Invariant Metrics on Lie Groups

Let G be a Lie group. A Riemannian metric g on G is said to be left-invariant if it is left-invariant as a tensor
field, i.e., invariant under all left translations:

VoeG, Lyg=g

Similarly, g is right-invariant if it is invariant under all right translations, and bi-invariant if it is both left-
and right-invariant. The next lemma shows that left-invariant metrics are easy to come by.

Lemma 3.5.1. Let G be a Lie group and let g be its Lie algebra of left-invariant vector fields.

(a) A Riemannian metric g on G is left-invariant if and only if for all X,Y € g, the function g(X,Y) is
constant on G.

(b) The restriction map g — g. € ¥? (T*G) together with the natural identification T.G = g gives a bijection
between left-invariant Riemannian metrics on G and inner products on g.

Proof. (a): For a fixed p € G, every ¢ € G can be written as ¢ = ¢p for some ¢ € G (just letting ¢ = gp~1).
Thus, ¢g(X,Y") is constant on G iff Vo € G, ¢,(X},Yy) = gop(Xpp, Yop), Which, by left-invariance of X and

Y, is equal to ngo(p)( d(Ly)p(Xp), d(Ly)p(Yy)) = (Lg*ag)p(va Yy)-
(b): We give the inverse of the map g — g. € X2 (T} G). Given g, € X2 (T G) we define g by letting

Vu,v € TG, gp(u,v) = ge( d(Lp-1)p(w), d(Lp-1)p(v)). 3.7)

For each p € G, g, defined in this way is certainly an inner product. It is not hard to show g is smooth.
In light of part (a), to show g is left-invariant, it suffices to show p — g¢,(X,,Y},) is a constant for any
pair of left-invariant vector fields on G: d (Lp—l)po = X L1(p) = X, and similarly for Y, imply that
9p(Xp, Yy) = ge (X, Ye) for any p € G. That is, g(X,Y) is constant on G. [ ]

Thus all we need to do to construct a left-invariant metric is choose any inner product on g, and define
a metric on G by applying that inner product to leftinvariant vector fields. Right-invariant metrics can be
constructed in a similar way using right-invariant vector fields. Since a Lie group acts transitively on itself
by either left or right translation, every left-invariant or right-invariant metric is homogeneous.

Much more interesting are the bi-invariant metrics, because, as you will be able to prove later (Problems
7.9.1 and 7.9.2), their curvatures are intimately related to the structure of the Lie algebra of the group. But
bi-invariant metrics are generally much rarer than left-invariant or right-invariant ones; in fact, some Lie
groups have no bi-invariant metrics at all (see [7, Problems 3-12 and 3-13]). Fortunately, there is a complete
answer to the question of which Lie groups admit bi-invariant metrics, which we present in this section.

We begin with a proposition that shows how to determine whether a given left-invariant metric is bi-
invariant, based on properties of the adjoint representation of the group. Recall that this is the representation
Ad : G — GL(g) given by Ad(yp) = (C,), : g — g, " where C, : G — G is the automorphism defined by
conjugation: Cy, (1)) = pihp~ .

Proposition 3.5.2. Let G be a Lie group and g its Lie algebra. Suppose ¢ is a left-invariant Riemannian metric
on G, and let (-, -) denote the corresponding inner product on g as in Lemma 3.5.1. Then g is bi-invariant if and
only if (-, -) is invariant under the action of Ad(G) C GL(g), in the sense that (Ad(p)X,Ad(p)Y) = (X,Y) for
al X, Y egand ¢ € G.

THere, F, is called the induced Lie algebra homomorphism from the Lie group homomorphism F : G — H as in [6] Theorem
8.44, but it is in fact the same as dF, if we identify g 2 T.G and b = TeH. If dF. sends u to v, then F, sends u’ to vL.
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Proof. We begin the proof with some preliminary computations. Suppose g is left-invariant and (-, -) is
the associated inner product on g. Let ¢ € G be arbitrary, and note that C, is the composition of left
multiplication by ¢ followed by right multiplication by ¢~!. Thus for every X € g, left-invariance implies
(Ry-1), X = (Ry-1), (Ly,), X = (Cy), X = Ad(p) X . Therefore, for all ) € G and X,Y € g, we have

((Rw‘l)* g)w (Xy, Yy) = gy (((Rv‘l)* X)Wfl ((Rp), Y)Wp—l)

= Gypp—1 (( (()0 ) (Ad((p)Y)w¢—1)
= (A (sD)X»Ad(w >

Now assume that (-,-) is invariant under Ad(G). Then the expression on the last line above is equal to
(X,Y) = gy (Xy,Yy), which shows that (R,-1)" g = g. Since this is true for all ¢ € G, it follows that g is
bi-invariant.

Conversely, assuming that g is bi-invariant, we have (R,-1) " g = g foreach ¢ € G, so the above computation
yields

(X.Y) = 9y (X0 %) = ((Bo1)"0) | (X0 Y) = (Ad(9)X, Ad(9)Y)

which shows that (-, -) is Ad(G)-invariant. ]

In order to apply the preceding proposition, we need a lemma about finding invariant inner products on
vector spaces. Recall that for every finite-dimensional real vector space V, GL(V') denotes the Lie group of
all invertible linear maps from V to itself. If H is a subgroup of GL(V), an inner product (-,-) on V is said to
be H-invariant if (hx, hy) = (x,y) forall z,y € V and h € H.

Lemma 3.5.3. Suppose V is a finite-dimensional real vector space and H is a subgroup of GL(V'). There exists
an H-invariant inner product on V' if and only if H has compact closure in GL(V).

Proof. Assume first that there exists an H-invariant inner product (-, -) on V. This implies that H is contained
in the orthogonal subgroup O(V) C GL(V) defined as

O(V) = {A € GL(V) | (Az, Ay) = (z,y)}.

Choosing an orthonormal basis of V' yields a Lie group isomorphism between O(V) and O(n) C GL(n,R)
(where n = dim V), so O(V) is compact; and the closure of H is a closed subset of this compact group, and
thus is itself compact.

Conversely, suppose H has compact closure in GL(V), and let K denote the closure. A simple limiting
argument shows that K is itself a subgroup, and thus it is a Lie group by the closed subgroup theorem.
Let (-,-)o be an arbitrary inner product on V, and let i be a right-invariant density on K (for example, the
Riemannian density of some right-invariant metric on K; see subsection 2.3.4). * For fixed z,y € V, define
a smooth function f, , : K — R by f, ,(k) = (kz, ky)o. Then define a new inner product (-,-) on V' by

(z,y) = /K foyt

Here, compactness of K ensures that the integral is well-defined. It follows directly from the definition that
(-,-) is symmetric and bilinear over R. For each nonzero z € V, we have f, , > 0 everywhere on K, so
(x,x) > 0, showing that (-, -) is indeed an inner product.

“I don’t see why we cannot just use Riemannian volume form but Riemannian density here. Whichever we use, we should note that
left (right)-invariant metrics produce left (right)-invariant Riemannian volume forms/Riemannian densities; see Lemma 3.7.7. To use
Riemannian volume form, we need to first give K a right-invariant orientation in the same way as Proposition 1.7.18 and then define
a right-invariant metric in the same way as (3.7). Perhaps Jack Lee doesn’t bother putting too much in his errata to explain the right
other-half.
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To see that it is invariant under K, let ky € K be arbitrary. Then for all z,y € V and k € K, we have

Troz koy (k) = (kkox, kkoy)q = fuy © Ri,(k),

where Ry, : K — K is right translation by k. Because p is right-invariant, it follows from diffeomorphism
invariance of the integral that

(ko, koy) =/ Troz,koylt =/ (fey © Rio) 1t
K K
right-invariance / (fly o Rko) RZO/JJ
K
| B o)
K

Prop.1.7.9(d) /
_— Sy = <xa y>
g

Thus (-, ) is K-invariant, and it is also H-invariant because H C K. [ |

Prop.1.1.19(a)

Theorem 3.5.4 (Existence of Bi-invariant Metrics). Let G be a Lie group and g its Lie algebra. Then G admits
a bi-invariant metric if and only if Ad(G) has compact closure in GL(g).

Proof. Proposition 3.5.2 shows that there is a bi-invariant metric on G if and only if there is an Ad(G)-
invariant inner product on g, and Lemma 3.5.3 in turn shows that the latter is true if and only if Ad(G) has
compact closure in GL(g). [ ]

The most important application of the preceding theorem is to compact groups.

Corollary 3.5.5 (Compact Lie Groups). Every compact Lie group admits a bi-invariant Riemannian metric.

Proof. 1If G is compact, then Ad(G) is a compact subgroup of GL(g) because Ad : G — GL(g) is continuous.
Now, a continuous mapping from a compact space to a Hausdorff space is a closed map, so the closure of
Ad(QG) just itself. The previous theorem thus applies. [ |

Another important application is to prove that certain Lie groups do not admit bi-invariant metrics. One
way to do this is to note that if Ad(G) has compact closure in GL(g), then every orbit of Ad(G) must be a
bounded subset of g with respect to any choice of norm, because it is contained in the image of the compact
set Ad(G) under a continuous map of the form ¢ — ¢ (Xy) from GL(g) to g. Thus if one can find an element
Xy € g and a subset S C G such that the elements of the form Ad(p)X are unbounded in g for ¢ € S, then
there is no bi-invariant metric.

Here are some examples.
Example 3.5.6 (Invariant Metrics on Lie Groups).

(a) Every left-invariant metric on an abelian Lie group is bi-invariant, because the adjoint representation
is trivial. Thus the Euclidean metric on R™ and the flat metric on T" of Example 2.2.11 are both
bi-invariant.

(b) If a metric g on a Lie group G is left-invariant, then the induced metric on every Lie subgroup H C G
is easily seen to be left-invariant. Similarly, if ¢ is bi-invariant, then the induced metric on H is bi-
invariant.

(c) The Lie group SL(2,R) (the group of 2 x 2 real matrices of determinant 1) admits many left-invariant
metrics (as does every positive-dimensional Lie group), but no bi-invariant ones. To see this, recall
that the Lie algebra of SL(2,R) is isomorphic to the algebra s((2,R) of trace-free 2 x 2 matrices, and
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(d

(e)

®

(2

(h)

the adjoint representation is given by Ad(A)X = AXA~!. If we let Xy = ( 8 (1)

= 8 130 ) € SL(2,R) for ¢ > 0, then Ad (A.) Xo = ( 8 CO
Thus the orbit of X is not contained in any compact subset, which implies that there is no bi-invariant
metric on SL(2,R). A similar argument shows that SL(n,R) admits no bi-invariant metric for any
n > 2. In view of (b) above, this shows also that GL(n, R) admits no bi-invariant metric for n > 2. (Of
course, GL(1,R) does admit bi-invariant metrics because it is abelian.)

) € sl(2,R) and

A, , which is unbounded as ¢ — oc.

With S? regarded as a submanifold of C2, the map

(wz)%( 0 f) (3.8)

—Z W
gives a diffeomorphism from S* to SU(2). Under the inverse of this map, the round metric on S? pulls

back to a bi-invariant metric on SU(2), as Problem 3.7.8 shows.

Let o(n) denote the Lie algebra of O(n), identified with the algebra of skewsymmetric n x n matrices,
and define a bilinear form on o(n) by

(A,B) =tr (A" B)

This is an Ad-invariant inner product, and thus determines a bi-invariant Riemannian metric on O(n)
(see Problem 3.7.10).

Let U™ be the upper half-space as defined in Theorem 3.4.1. We can regard U" as a Lie group by

identifying each point (z,y) = (z',...,2" !, y) € U™ with an invertible n x n matrix as follows:
In—l 0
(‘Ta y) > ( l‘T y

where I,,_; is the (n — 1) x (n — 1) identity matrix. Then the hyperbolic metric g% is left-invariant on
U” but not right-invariant (see Problem 3.7.11).

For n > 1, the (2n + 1)-dimensional Heisenberg group is the Lie subgroup H,, C GL(n + 2,R) defined
by

1 2T =z
H, = 0 1 y |:z,yeR"zeR
0 0 1

where x and y are treated as column matrices. These are the simplest examples of nilpotent Lie
groups, meaning that the series of subgroups G 2 [G,G] D |G, [G,G]] D --- eventually reaches the
trivial subgroup (where for any subgroups G, G2 C G, the notation [G1, G2| means the subgroup of G
generated by all elements of the form xlxgxflxg ! for 2; € G; ). There are many leftinvariant metrics
on H,, but no bi-invariant ones, as Problem 3.7.12 shows.

Our last example is a group that plays an important role in the classification of 3-manifolds. Let Sol

denote the following 3-dimensional Lie subgroup of GL(3,R):
e 0 =z

Sol = 0 Y rx,y,z € R

0 0 1

This group is the simplest non-nilpotent example of a solvable Lie group, meaning that the series
of subgroups G 2 [G,G] 2 [[G,G],[G,G]] 2 --- eventually reaches the trivial subgroup. Like the
Heisenberg groups, Sol admits left-invariant metrics but not bi-invariant ones (Problem 3.7.13).

&
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3.6 Other Homogeneous Riemannian Manifolds

There are many homogeneous Riemannian manifolds besides the frame-homogeneous ones and the Lie
groups with invariant metrics. To identify other examples, it is natural to ask the following question: If M
is a smooth manifold endowed with a smooth, transitive action by a Lie group G (called a homogeneous
G-space or just a homogeneous space), is there a Riemannian metric on M that is invariant under the
group action?

The next theorem gives a necessary and sufficient condition for existence of an invariant Riemannian metric
that is usually easy to check.

Theorem 3.6.1 (Existence of Invariant Metrics on Homogeneous Spaces). Suppose G is a Lie group and
M is a homogeneous G-space. Let py be a point in M, and let I,,, : Gp, — GL (T,,, M) denote the isotropy
representation at pg. There exists a G-invariant Riemannian metric on M if and only if I,,, (G,,) has compact
closure in GL(T,, M).

Proof. See [7, Theorem 3.17]. [ ]

The next corollary, which follows immediately from Theorem 3.6.1, addresses the most commonly encoun-
tered case. (Other necessary and sufficient conditions for the existence of invariant metrics are given in
Walter Poor’s Differential Geometric Structures 6.58-6.59.)

Corollary 3.6.2. If a Lie group G acts smoothly and transitively on a smooth manifold M with compact isotropy
groups, then there exists a G-invariant Riemannian metric on M.

3.6.1 Locally Homogeneous Riemannian Manifolds

A Riemannian manifold (M, g) is said to be locally homogeneous if for every pair of points p, ¢ € M there
is a Riemannian isometry from a neighborhood of p to a neighborhood of ¢ that takes p to ¢. Similarly, we
say that (M, g) is locally frame-homogeneous if for every p,q € M and every pair of orthonormal bases
(v;) for T, M and (w;) for Ty M, there is an isometry from a neighborhood of p to a neighborhood of ¢ that
takes p to ¢, and whose differential takes v; to w; for each i.

Every homogeneous Riemannian manifold is locally homogeneous, and every frame-homogeneous one is lo-
cally frame-homogeneous. Every proper open subset of a homogeneous or frame-homogeneous Riemannian
manifold is locally homogeneous or locally frame-homogeneous, respectively. More interesting examples
arise in the following way.

Proposition 3.6.3 ( [7] Proposition 3.20). Suppose (JVI ,g) is a homogeneous Riemannian manifold, (M, g) is
a Riemannian manifold, and = : M — M is a Riemannian covering. Then (M, g) is locally homogeneous. If
(M, q) is frame-homogeneous, then (M, g) is locally frame-homogeneous.

Locally homogeneous Riemannian metrics play an important role in classification theorems for manifolds,
especially in low dimensions. The most fundamental case is that of compact 2-manifolds, for which we have
the following important theorem.

Theorem 3.6.4 (Uniformization of Compact Surfaces). Every compact, connected, smooth 2-manifold admits
a locally frame-homogeneous Riemannian metric, and a Riemannian covering by the Euclidean plane, hyperbolic
plane, or round unit sphere.

Proof. See [7, Theorem 3.22]. The proof relies on the topological classification of compact surfaces (see, for
example, [5, Thms. 6.15 and 10.22]). [ |

Locally homogeneous metrics also play a key role in the classification of compact 3-manifolds. In 1982,
William Thurston made a conjecture about the classification of such manifolds, now known as the Thurston
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geometrization conjecture. The conjecture says that every compact, orientable 3-manifold can be expressed
as a connected sum of compact manifolds, each of which either admits a Riemannian covering by a homo-
geneous Riemannian manifold or can be cut along embedded tori so that each piece admits a finite-volume
locally homogeneous Riemannian metric. An important ingredient in the analysis leading up to the conjec-
ture was his classification of all simply connected homogeneous Riemannian 3-manifolds that admit finite-
volume Riemannian quotients. Thurston showed that there are exactly eight such manifolds (see [Thu97]
or [Sco83] for a proof):

* R3 with the Euclidean metric

* S? with a round metric

* H? with a hyperbolic metric

* S? x R with a product of a round metric and the Euclidean metric

e H? x R with a product of a hyperbolic metric and the Euclidean metric

* The Heisenberg group H; of Example 3.5.6 (g) with a left-invariant metric
* The group Sol of Example 3.5.6 (h) with a left-invariant metric

* The universal covering group of SL(2, R) with a left-invariant metric

The Thurston geometrization conjecture was proved in 2003 by Grigori Perelman. The proof is described in
several books [BBBMP, KL08, MF10, MT14].

3.6.2 Symmetric Spaces

We end this section with a brief introduction to another class of Riemannian manifolds with abundant sym-
metry, called symmetric spaces. They turn out to be intermediate between frame-homogeneous and homo-
geneous Riemannian manifolds (see Problem 6.6.8).

Here is the definition. If (M, g) is a Riemannian manifold and p € M, a point reflection at p is an isometry
¢ : M — M that fixes p and satisfies dy, = -Id: T,M — T,M. A Riemannian manifold (1, g) is called a
(Riemannian) symmetric space if it is connected and for each p € M there exists a point reflection at p.
More generally, (M, g) is called a (Riemannian) locally symmetric space if each p € M has a neighborhood
U on which there exists an isometry ¢ : U — U that is a point reflection at p. Clearly every Riemannian
symmetric space is locally symmetric.

The next lemma can be used to facilitate the verification that a given Riemannian manifold is symmetric.
Lemma 3.6.5. If (M, g) is a connected homogeneous Riemannian manifold that possesses a point reflection at

one point, then it is symmetric.

Proof. Suppose (M, g) satisfies the hypothesis, and let ¢ : M — M be a point reflection at p € M. Given
any other point ¢ € M, by homogeneity there is an isometry ¢ : M — M satisfying ¥(p) = ¢. Then
@ =1 o poy~!is an isometry that fixes g. Because di,, is linear, it commutes with multiplication by —1, so

dpg = dipp o (_ IdTpM) od (w_l)q = (_ IquM) odipod (w_l)q = —ldz,,,
Thus ¢ is a point reflection at q. |

Example 3.6.6 (Riemannian Symmetric Spaces).

(a) Suppose (M, g) is any connected frame-homogeneous Riemannian manifold. Then for each p € M,
we can choose an orthonormal basis (b;) for T,,M, and frame homogeneity guarantees that there is an
isometry ¢ : M — M that fixes p and sends (b;) to (—b;), which implies that dy, = —Id. Thus every
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frame-homogeneous Riemannian manifold is a symmetric space. In particular, all Euclidean spaces,
spheres, and hyperbolic spaces are symmetric.

(b) Suppose G is a connected Lie group with a bi-invariant Riemannian metric g. If we define ® : G — G
by ®(x) = 271, then it is straightforward to check that d®.(v) = —v for every v € T.G, from which
it follows that d®? (g.) = g.. To see that ® is an isometry, let p € G be arbitrary. The identity ¢~ =

(pflq) - p~ ! forall ¢ € G implies that ® = R,,-1 o® o L,,-1, and therefore it follows from bi-invariance
of g that
((I)*g)p = dq);gp—l = d (Lp—l)p ] d(I): (¢] d (Rp—l)e gp—l = gp

Therefore ® is an isometry of g and hence a point reflection at e. Lemma 3.6.5 then implies that (G, g)
is a symmetric space.

(c) The complex projective spaces (Example 2.2.21) and the Grassmann manifolds (Problem 2.5.7) are all
Riemannian symmetric spaces (see Problems 3.7.15 and 3.7.16).

(d) Every product of Riemannian symmetric spaces is easily seen to be a symmetric space when endowed
with the product metric. A symmetric space is said to be irreducible if it is not isometric to a product
of positive-dimensional symmetric spaces.

&

3.7 Problems

Exercise 3.7.1 ( [7] 3-2). Prove that the metric on RP" described in Example 2.2.25 is frame-homogeneous.
Exercise 3.7.2 ( [7] 3-5).

(a) Prove that (S”(R), §R) is isometric to (S", R? 5) for each R > 0.

(b) Prove that (H"(R), gr) is isometric to (H", R?) for each R > 0.
(c) We could also have defined a family of metrics on R by gr = R2g. Why did we not bother?

Exercise 3.7.3 ( [7] 3-6). Show that two Riemannian metrics g, and go are conformal if and only if they define
the same angles but not necessarily the same lengths, and that a diffeomorphism is a conformal equivalence if
and only if it preserves angles. [Hint: Let (E;) be a local orthonormal frame for g;, and consider the g»-angle
between E; and (cos0)E; + (sin0)E,]

Exercise 3.7.4 ( [7] 3-7). Let U? denote the upper half-plane model of the hyperbolic plane (of radius 1), with
the metric § = (daz? + dy?) /y*. Let SL(2,R) denote the group of 2 x 2 real matrices of determinant 1. Regard

U? as a subset of the complex plane with coordinate z = x + iy, and let
az+b a b
Az="2"" A= L(2,R).
Tt d (C d>€s(’)

Show that this defines a smooth, transitive, orientation-preserving, and isometric action of SL(2,R) on (U?, g).
Is the induced action transitive on O(U?)?

Exercise 3.7.5 ( [7] 3-8). Let B? denote the Poincaré disk model of the hyperbolic plane (of radius 1), with the
metric § = (du? + dv?) / (1 — u? — 02)2, and let G C GL(2,C) be the subgroup defined by

G:{(ga) :a,ﬂe(C,|a|2—|ﬁ|2>O}.

Regarding B? as a subset of the complex plane with coordinate w = u + iv, let G act on B? by

(5 2) -
g @ - Bu+a
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Show that this defines a smooth, transitive, orientation-preserving, and isometric action of G on (B2, §). [Hint:
One way to proceed is to define an action of G on the upper half-plane by A - z = k= ! o A o k(z), where k is the
Cayley transform defined by
z—1R
= = .R
Klz)=w=1i TR

in the case R = 1, and use the result of Problem 3.7.4.]

Exercise 3.7.6 ( [7] 3-9). Suppose G is a compact connected Lie group with a left-invariant metric g and a
left-invariant orientation. Show that the Riemannian volume form dVj, is bi-invariant. [Hint: Show that dV, is
equal to the Riemannian volume form for a bi-invariant metric.]

Lemma 3.7.7. Let G be a Lie group and let g be a left (right)-invariant Riemannian metric on G. If it is
oriented, let dV, be the Riemannian volume form on G; otherwise, let 1, be the Riemannian density on G. Then
dV, or pg is left (right)-invariant.

Proof. Left (right)-invariance of the metric means exactly that left (right) translations are isometries. Now
use Lemma 2.3.7 (for dV}) or Exercise 2.3.11 (for p,). [ |

Exercise 3.7.8 ( [7] 3-10). Consider the basis

01 0 i 0
() () =G )
for the Lie algebra su(2). For each positive real number a, define a leftinvariant metric g, on the group SU(2)

by declaring X,Y, aZ to be an orthonormal frame.

(a) Show that g, is bi-invariant if and only if a = 1.
(b) Show that the map defined by (3.8) is an isometry between (SS, 5) and (SU(2), ¢1).

[Remark: SU(2) with any of these metrics is called a Berger sphere, named after Marcel Berger. ]

Exercise 3.7.9 ( [7] 8-16). For each a > 0, let g, be the Berger metric on SU(2). Compute the sectional
curvatures with respect to g, of the planes spanned by (X,Y), (Y, Z), and (Z, X). Prove that if a # 1, then
(SU(2), g4) is homogeneous but not isotropic anywhere.

Exercise 3.7.10 ( [7] 3-11). Prove that the formula (A, B) = tr (A" B) defines a bi-invariant Riemannian
metric on O(n).

Exercise 3.7.11 ( [7] 3-12). Regard the upper half-space U™ as a Lie group as described in Example 3.4.1 (f).
(a) Show that for each R > 0, the hyperbolic metric g% on U™ is leftinvariant.
(b) Show that U™ does not admit any bi-invariant metrics.

Exercise 3.7.12 ( [7] 3-13). Write down an explicit formula for an arbitrary left-invariant metric on the
Heisenberg group H, of Example 3.5.6 (g) in terms of global coordinates (z*,...,z",y',...,y", z), and show
that the group has no bi-invariant metrics.

Exercise 3.7.13 ( [7] 3-14). Repeat Problem 3.7.12 for the group Sol of Example 3.5.6 (h).

Exercise 3.7.14 ( [7] 3-18). Let I' C E(2) be the subgroup defined by (3.20). Prove that T' acts freely and
properly on R? and the orbit space is homeomorphic to the Klein bottle, and conclude that the Klein bottle has a
flat metric and a Riemannian covering by the Euclidean plane.

Exercise 3.7.15 ( [7] 3-19). Show that the Fubini-Study metric on CP™ is homogeneous, isotropic, and sym-
metric.
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Exercise 3.7.16 ( [7] 3-20). Show that the metric on the Grassmannian Gy, (R™) defined in [7, Problem 2-7]
is homogeneous, isotropic, and symmetric.

Exercise 3.7.17 ( [7] 5-11). Recall the groups E(n),O(n + 1), and O*(n, 1) defined previously, which act
isometrically on the model Riemannian manifolds (R™, g), ( S*(R), g R), and (H"(R), gr), respectively.

(a) Show that

Iso (R",g) = E(n),

(b) Show that in each case, for each point p in R"™,S"™(R), or H"(R), the isotropy group at p is a subgroup
isomorphic to O(n).

(c) Strengthen the result above by showing that if (M, g) is one of the Riemannian manifolds (R, g) , (S” (R), g R),
or (H"(R), gr),U is a connected open subset of M, and ¢ : U — M is a local isometry, then ¢ is the
restriction to U of an element of Iso(M, g).

Exercise 3.7.18 ( [7] 6-2). Let n be a positive integer and R a positive real number.

(a) Prove that the Riemannian distance between any two points p, q in S™(R) with the round metric is given
by
(p,q)
R?2’

dgr(p,q) = Rarccos

where (-, -) is the Euclidean inner product on R™+1,
(b) Prove that the metric space (S™(R), d,,,) has diameter TR.

Exercise 3.7.19 ( [7] 6-3). Let n be a positive integer and R a positive real number. Prove that the Riemannian
distance between any two points in the Poincaré ball model (B"(R), gr) of hyperbolic space of radius R is given

by
2R?lp — q? )
(R? —[pl*) (R* = qI*) )~
where | - | represents the Euclidean norm in R™. [Hint: First use the result of Problem 3.7.2 to show that it

suffices to consider the case R = 1. Then use a rotation to reduce to the case n = 2, and use the group action of
Problem 3.7.5 to show that it suffices to consider the case in which p is the origin.]

dgr (P, q) = Rarccosh <1 +

Exercise 3.7.20 ( [7] 8-5). Let S C R? be the paraboloid given by z = x% + 32, with the induced metric. Prove
that S is isotropic at only one point.
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Chapter 4

Connections

4.1 The Problem of Differentiating Vector Fields

See [7] for more details. In essense, we cannot define the acceleration of a curve v : I — M for an abstract
manifold as in the case M C R™ (the definition of velocity though is still valid: +/(t9) = d, <%| to))

because to define 7 (¢) by differentiating ~/(¢) with respect to ¢, we have to take a limit of a difference
quotient involving the vectors /(¢ + h) and +/(¢) who, however, live in different vector spaces T’ ;)M and
Ly M.

4.2 Connections

Definition 4.2.1. Let 7 : E — M be a smooth vector bundle over a smooth manifold M with or without
boundary, and let T'(E) denote the space of smooth sections of E. A connection in F is a map

V:X(M)xT(F)—=T(E),
written (X,Y) — VY, satisfying the following properties:
(D VxY is linear over C>*°(M) in X : for f1, fo € C*°(M) and X, X5 € X(M),
Vaxi+pxY = [V, Y + oVx,Y

(i) VxY islinear over RinY : for a;,as € Rand Y1,Ys € T'(E),
Vx (a1Y1 + GQYQ) =a1VxY] +axVxYs

(i) V satisfies the following product rule: for f € C*°(M),
Vx(fY) = fVxY + (X [)Y.

The symbols V reads as “del” or “nabla,” and V xY is called the covariant derivative of Y in the direction X.

There is a variety of types of connections that are useful in different circumstances. The type of connection
we have defined here is sometimes called a Koszul connection to distinguish it from other types. Since we
have no need to consider other types of connections in this book, we refer to Koszul connections simply as
connections.

Although a connection is defined by its action on global sections, it follows from the definitions that it is
actually a local operator, as the next lemma shows.
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Lemma 4.2.2 (Locality). Suppose V is a connection in a smooth vector bundle E — M. For every X €
X(M),Y € I'(E), and p € M, the covariant derivative VxY'|, depends only on the values of X and Y in an

arbitrarily small neighborhood of p. More precisely, if X = Xona neighborhood of p, then VxY| »=VgzY

»

if Y =Y on a neighborhood of p, then VxY|, = VX)N/|,). (The proof is similar to that of [6] Proposition 3.8)

Proof. First consider Y. Replacing Y by Y — Y shows that it suffices to prove V xY|, =0if Y vanishes on a
neighborhood of p.

Thus suppose Y is a smooth section of E that is identically zero on a neighborhood U of p. Choose a bump
function ¢ € C*°(M) (see [6] p.42) with support in U such that ¢(p) = 1. The hypothesis that Y vanishes on
U implies that ¢Y = 0 on all of M, so for every X € X(M), we have Vx(¢Y) = Vx(0-9Y) = 0Vx(pY) = 0.
Thus the product rule gives

=0
0=Vx(Y)=(Xp)Y +¢(VxY) = 0=p(VxY)

Now Y = 0 on the support of ¢, so the first term on the right is identically zero. Evaluating above equation
at p shows that VY|, = 0. The argument for X is similar: use property (i) of connection to get

0  bump spt in U w/ ¢(p)=1

vaXY = QOVXY.

Then evaluate both sides at p. |

Proposition 4.2.3 (Restriction of a Connection). Suppose V is a connection in a smooth vector bundle E — M.
For every open subset U C M, there is a unique connection VY on the restricted bundle E|,, that satisfies the
following relation for every X € X(M) andY € T'(E) :

Vix,) Vo) = (VxY)ly - (4.1)

Remark 4.2.4. We recall from [6] p.255 Example 10.8 to see that F|y is a smooth vector bundle. Also recall
X|, is a smooth vector field on U. See [6] p.185 proposition 8.23. Lastly, notice the comments given after
local and global section on [6]p.255. Y, Vx(Y) € I'(E) naturally restricts to a global smooh section on U.
From the first two notions, we see that the LHS of (4.1) is well-defined. By the last notion, the RHS of (4.1)
is also clear. '

Proof. [7] p.90 proposition 4.3. |
In the situation of this proposition, we typically just refer to the restricted connection as V instead of VY;

the proposition guarantees that there is no ambiguity in doing so.

Lemma 4.2.2 tells us that we can compute the value of VxY at p knowing only the values of X and Y in a
neighborhood of p. In fact, as the next proposition shows, we need only know the value of X at p itself.

Proposition 4.2.5. Under the hypotheses of Lemma 4.2.2, VxY'|, depends only on the values of Y in a neigh-
borhood of p and the value of X at p. (Since the claim about Y was proved in Lemma 4.2.2, this is to prove

X, =X, = VxV|, = VgY| . Equivalently, (X — X), = 0, € T,M = VgV = zero section (.)

Proof. The claim about Y was proved in Lemma 4.2.2. To prove the claim about X, it suffices by linearity
to assume that X, = 0 and show that VY|, = 0. Choose a coordinate neighborhood U of p, and write
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X = X', in coordinates on U, with X?(p) = 0. Thanks to Proposition 4.2.3, it suffices to work with the
restricted connection on U, which we also denote by V. For every Y € I' (E|;,), we have

VxY|, = Vxip Y|, = Xi(p)VgiY‘p =0.

Remark 4.2.6. Thanks to Propositions 4.2.3 and 4.2.5, we can make sense of the expression V,Y when v
is some element of 7, M and Y is a smooth local section of E defined only on some neighborhood of p. To
evaluate it, let X be a vector field on a neighborhood of p whose value at p is v, and set V,,Y = VxY| i
Proposition 4.2.5 shows that the result does not depend on the extension chosen. Henceforth, we will
interpret covariant derivatives of local sections of bundles in this way without further comment. o

4.2.1 Connections in the Tangent Bundle

For Riemannian or pseudo-Riemannian geometry, our primary concern is with connections in the tangent
bundle, so for the rest of the chapter we focus primarily on that case. A connection in the tangent bundle
is often called simply a connection on M. (The terms affine connection and linear connection are also
sometimes used in this context, but there is little agreement on the precise definitions of these terms, so we
avoid them.)

Suppose M is a smooth manifold with or without boundary. By the definition we just gave, a connection in
TM is a map

V:iX(M)xX(M)— X(M)
satisfying properties (i)-(iii) above. Although the definition of a connection resembles the characterization
of (1,2)-tensor fields given by the tensor characterization lemma (Lemma B.6), a connection in TM is not
a tensor field because it is not linear over C*°(M) in its second argument, but instead satisfies the product
rule.

For computations, we need to examine how a connection appears in terms of a local frame. Let (E;) be a
smooth local frame for TM on an open subset U C M. For every choice of the indices i and j, we can
express the vector field Vg, F; in terms of this same frame:

Vi E;j =Y THE (4.2)
k=1

As i,j, and k range from 1 to n = dim M, this defines n® smooth functions I‘fj : U — R, called the
connection coefficients of V with respect to the given frame. The following proposition shows that the
connection is completely determined in U by its connection coefficients.

Proposition 4.2.7. Let M be a smooth manifold with or without boundary, and let V be a connection in
TM. Suppose (E;) is a smooth local frame over an open subset U C M, and let {Ff]} be the connection
coefficients of V with respect to this frame. For smooth vector fields X,Y € X(U), written in terms of the frame
as X = X'E;,Y = Y7FE}, one has

VxY = (X (Y*) + X'YITY) Ey. (4.3)
Proof. Just use the defining properties of a connection and compute:
VxY =Vx (YE;)
B yivyE;+ X (Y/)E;  (Y’:U — R are component functions)
D XYIVeE+X (Y)E (X =XE)
=X (Y7)E; + X'YIT} By
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Renaming the dummy index in the first term yields (4.3). |

Once the connection coefficients (and thus the connection) have been determined in some local frame, they
can be determined in any other local frame on the same open set by the result of the following proposition.

Proposition 4.2.8 (Transformation Law for Connection Coefficients). Let M be a smooth manifold with or
without boundary, and let V be a connection in TM. Suppose we are given two smooth local frames (E;) and
(E) for TM on an open subset U C M, related by E; = Af E; for some matrix of functions <Af) Let I‘fj and

ffj denote the connection coefficients of V with respect to these two frames. Then

Joaqr

Bt = (47)S ATATT, + (47)S ATE, (A7)

Proof. We note that
E, Al ooAn\ (B

E, AL AR E,

Hence, E, = (A‘l)’;Ek. By (4.3), we see that

i Joar

= [(A1E,) (45) + ALATTS, ] (A7) E)

Joar

_1\k r 1K
=(A 1)pA;1A,FP + (A 1)p AlE, (A%)

Joqr

Vi B = [Ei(E;?) + EYETTY } E,

4.2.2 Existence of Connections

So far, we have studied properties of connections but have not produced any, so you might be wondering
whether they are plentiful or rare. In fact, they are quite plentiful, as we will show shortly. Let us begin with
the simplest example.

Example 4.2.9 (The Euclidean Connection). In TR", define the Euclidean connection V by the following

formula ( [7] (4.3)).
0 0
L X (Y™) ——
Ozt +et X oxn
It is easy to check that this satisfies the required properties for a connection, and that its connection coeffi-
cients in the standard coordinate frame are all zero: It is easy to verify (i)-(iii). Computation of connection

coefficients is also straightforward:

VxY =X (Y

_ 0 "9 0 0 0 0
Vit = 2 o O gF = 3 Vs ~ 05 =

=1

&

Here is a way to construct a large class of examples.

Example 4.2.10 (The Tangential Connection on a Submanifold of R™). Let M C R"™ be an embedded
submanifold. Define a connection V' on 7'M, called the tangential connection, by setting

VY =n' (?;{?‘M) ,
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where 7T is the orthogonal projection onto 7'M, V is the Euclidean connection on R" (Example 4.2.9), and
X and Y are smooth extensions of X and Y to an open set in R". (Such extensions ex1st by the result of [7]

Exercise A.23.) Since the value of V ¢ Y at a point p € M depends only on X = X, this just boils down
to defining (VTY)p to be equal to the tangential directional derivative V} Y we 1ntuitive1y defined in [7]
(4.4). To show it is indeed a connection, see [7] Example 4.9. &

In fact, there are many connections on R”, or indeed on every smooth manifold that admits a global frame
(for example, every manifold covered by a single smooth coordinate chart). The following lemma shows
how to construct all of them explicitly.

Lemma 4.2.11. Suppose M is a smooth n-manifold with or without boundary, and M admits a global frame
(E;). Formula (4.3) gives a one-to-one correspondence between connections in TM and choices of n® smooth
real-valued functions {T'};} on M.

Proof. Every connection determines functions {F -} by (4.2), and we have shown that those functions satisfy

(4.3). On the other hand, given {F -}, we can define VxY by (4.3); it is easy to see that the resulting
expression is smooth if X and Y are smooth linear over R in Y, and linear over C*°(A{) in X. To prove that
it is a connection, only the product rule requires checking; this is a straightforward computation: we check
that

VxY = (X (Y*) + X'Y'T},) E
satisfies the product rule (iii). For f € C>°(M),

x(fY) = (X (fY*) + X' fYT})) Ey
LLESD (px (YF) + YEXf+ fXYITE) B,
=f(X (Y") + XYITE) B+ (YFXf) B
= fVxY + (Xf)Y*E,
= fVxY + (Xf)Y.

Proposition 4.2.12. The tangent bundle of every smooth manifold with or without boundary admits a connec-
tion.

Proof. Let M be a smooth manifold with or without boundary, and cover M with coordinate charts {U,};
the preceding lemma guarantees the existence of a connection V* on each U,. Choose a partition of unity
{¢a} subordinate to {U, }. We would like to patch the various V* ’s together by the formula

VxY =) ¢aViY.

Because the set of supports of the ,, ’s is locally finite, the sum on the right-hand side has only finitely many
nonzero terms in a neighborhood of each point, so it defines a smooth vector field on M. It is immediate
from this definition that V xY is linear over R in Y and linear over C*° (M) in X. We have to be a bit careful
with the product rule, though, since a linear combination of connections is not necessarily a connection.
(You can check, for example, that if V°? and V! are connections, then neither 2V° nor V° 4+ V! satisfies the
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product rule.) By direct computation,
x(fY) = 0aV&(fY)
= 0a (XY + fVEY)
=(XNHYD o+ 0aViY
= (Xf)Y N fVxY. )
]

Although a connection is not a tensor field, the next proposition shows that the difference between two
connections is.

Proposition 4.2.13 (The Difference Tensor). Let M be a smooth manifold with or without boundary. For any
two connections V° and V! in TM, define amap D : X(M) x X(M) — X(M) by

D(X,Y) = VY - V&Y.

Then D is bilinear over C°>°(M), and thus defines a (1,2)-tensor field called the difference tensor between V°
and V1.

Proof. It is immediate from the definition that D is linear over C°*°(M) in its first argument, because both
V0 and V! are. To show that it is linear over C*°(M) in the second argument, expand D(X, fY') using the
product rule, and note that the two terms in which f is differentiated cancel each other. The last sentence of
the proposition is a consequence of Lemma 1.1.18:

D % X(M) x X(M) - X(M)

0 factor 2 factors

is bilinear and then defines a (1,2)-tensor field. [ |

Now that we know there is always one connection in 7'M, we can use the result of the preceding proposition
to say exactly how many there are.

Theorem 4.2.14. Let M be a smooth manifold with or without boundary, and let V° be any connection in TM.
Then the set A(T M) of all connections in TM is equal to the following affine space:

ATM) ={V*+D:DeT (T0:2TM)},

where D € T (T'"?TM) is interpreted as a map from X(M) x X(M) to X(M) as in Proposition 1.1.5, and
VO 4+ D:X(M) x X(M) — X(M) is defined by

(V'+ D), Y =V%Y +D(X,Y).

Proof. [7] Problem 4-4. [ |
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4.3 Covariant Derivatives of Tensor Fields

We first defined a connection in F, the total space of a vector bundle 7 : E — M :
V:X(M)xT(E)—T(E)

and then in particular a connection in £ = T'M, where I'(TM) = X(M) :

V: X(M) x X(M) — X(M)

We show in this section that every connection in 7'M automatically induces connections in all tensor bundles
over M,

V:X(M)xT (T(’“’l)(TM)) =T (T(’“*l)(TM))
and thus gives a way to compute covariant derivatives of tensor fields of any type.

Proposition 4.3.1. Let M be a smooth manifold with or without boundary, and let V be a connection in T M.
Then V uniquely determines a connection in each tensor bundle T*)T M, also denoted by V, such that the
following four conditions are satisfied.

(i) In THOTM = TM,V agrees with the given connection.
(i) In TOOTM = M x R,V is given by ordinary differentiation of functions:

Vxf=Xf

(For the identification TCOTM = M x R, see [6] p-317: for any vector space V, [6] p. 312 notes that
TV = R by convention. Now

7°7*M = [ 1°(T; M) = [[R=M xR
peEM peEM

Similarly, T°TM = M x R. Thus, T®OTM, either interpreted as T°T* M or T°T M, equals to M x R.
And the space of smooth sections T (T(OVO)TM) = I'(M x R) = C°°(M) is just the space of smooth
functions.)

(iii) V obeys the following product rule with respect to tensor products:

Vx(F®G)=(VxF)2G+F® (VxG).

(iv) V commutes with all contractions: if "tr” denotes a trace on any pair of indices, one covariant and one
contravariant, then
Vx(tI‘F) = tr (VxF)

This connection also satisfies the following additional properties:

(a) V obeys the following product rule with respect to the natural pairing between a covector field w and a
vector field Y :

VX<(U,Y> = <VXW,Y> + (w,VXY>.

(Note: (w,Y), = (wp, Y,) = w, (Y,). So (w,Y) € C°°(M). See [6] p.274)
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(b) (b) Forall F € T (T":YTM), smooth 1-forms w', ... w*, and smooth vector fields Y1, ..., Y,

(VxF) (... 0" Y, Y) =X (F(w'...,0" Y1,....17))

=Y F (W VW YY)
i=1 4.4

=Y F (w0t Y, VXYY

Proof. First we show that every family of connections on all tensor bundles satisfying (i)-(iv) also satisfies
(a) and (b). Suppose we are given such a family of connections, all denoted by V. Recall forw € X*(M),Y €
X(M),w ®Y denotes the tensor fields defined by (w ® Y), := w, ® Y}, (see [6] p.317), and (w,Y) is also
pointwise defined: (w,Y’), := (wp, Y,) = wy (¥}). Also note that

wy @Y, € TyM @ T,M =TT M 2 End (T M)

sothatw ® Y € I' (T HT*M). Then the trace of w, ® Y, € T(:DT* M is the sum of the diagonal elements
of the matrix representation of w, ®Y,, identified as a linear endomorphism. Plugging k£ = | = 0 into formula
(1.3) gives

[6] 12.22 m
tr (WP ® }/;7) = Z ((}Jp ® Y )'m - (wp)m (Yp) .
1<m<n
On the other hand, if Y, = (Y;,)’ Ei wp = (wp); e/ then &/ (E;) = 67 gives that
wp () = (@), €0 [(%)' Bi] = (@), (%) = (wp),,, ()"

Thus tr (w, ® Y,) = w, (¥,) and (w,Y) = tr(w ® Y). Therefore, (i)-(iv) imply

Vxw(Y)=Vx{w,Y)=Vx(trweY)) =tr(Vx(w®Y))
=tr (Vxw)®Y +w® (VxY)) (by (iv)
=tr((Vxw)®Y)+tr(w® (VxY)) (linearity of tr)
= (Vxw,Y) + (w, VxY) (wa is a 1-form, € D(T®VT M) while V xY is a vector field, € T(T"OTM)
(4.5)

Then (b) is proved by induction using a similar computation applied to

F(wl,...,wk,Yl,...,Yl) :tro-~~otr(F®w1®"'®wk®Y1®"'®Yz),
k4l
where each trace operator acts on an upper index of F' and the lower index of the corresponding 1-form,

or a lower index of F' and the upper index of the corresponding vector field. In fact, (4.4) can be easily
generalized from the case k = [ = 1:

VxF(w,Y)=Vx(trotr(FQw®Y))
=trotr (Vx(F® (w®Y)))
=trotr(VxF)®@ (w®Y)+ F® (Vx(w®Y)))
=trotr((VxF) @ WY)+ FQ (Vxw®Y +w® VxY)))
=trotr((VxF) Qw@Y + FeVxw®Y + FRuwe VxY)
=(VxF)(w,Y)+ F(Vxw,Y) + F(w,VxY)
= (VxF)w,Y)=VxF(w,Y) - F(Vxw,Y) — F(w,VxY)

Vx
Vx
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Next we address uniqueness. Assume again that V represents a family of connections satisfying (i)-(iv), and
hence also (a) and (b). Observe that (ii) and (a) imply that the covariant derivative of every 1-form w can
be computed by

(Vxw) (V) = X(@(¥)) —w (V). 4.6)
(this is just the same as (4.5) since a one-form is also a covector field.)

It follows that the connection on 1-forms is uniquely determined by the original connection in 7'M, which
is VxY. Similarly, (b) gives a formula determining the covariant derivative of every tensor field F' in terms
of covariant derivatives of vector fields and 1-forms, so the connection in every tensor bundle is uniquely
determined.

Now to prove existence, we first define covariant derivatives of 1-forms by (4.6), and then we use (4.4) to
define V on all other tensor bundles. The first thing that needs to be checked is that the resulting expression
is multilinear over C*>°(M) in each w’ and Y;, and therefore defines a smooth tensor field. This is done
by inserting fw? in place of w’, or fY; in place of Y;, and expanding the right-hand side, noting that the
two terms in which f is differentiated cancel each other out. Once we know that Vx F' is a smooth tensor
field, we need to check that it satisfies the defining properties of a connection. Linearity over C*°(M) in X
and linearity over R in F are both evident from (4.4) and (4.6), and the product rule in F' follows easily
from the fact that differentiation of functions by X satisfies the product rule. It is then a straightforward
computational exercise to show that the resulting connection satisfies conditions (i)-(iii). To prove (iv), first
observe that every (k,[)-tensor field can be written locally as a sum of tensor fields of the form 7; ® --- ®
Z,®¢'®---® (', and for such a tensor field the trace on the i th contravariant index and the j th covariant
one satisfies

tr(Z1®"'®Zk®Cl®"'®Cl) ZCj(Zi)Zl®"'®/Z;®"'®Zk®cl®"'®Zj®"'®€l-
Then (iv) follows by applying (4.4) and (4.6) to this formula. [ |
While (4.4) and (4.6) are useful for proving the existence and uniqueness of the connections in tensor
bundles, they are not very practical for computation, because computing the value of V x F" at a point requires
extending all of its arguments to vector fields and covector fields in an open set, and computing a great

number of derivatives. For computing the components of a covariant derivative in terms of a local frame,
the formulas in the following proposition are far more useful.

Proposition 4.3.2. Let M be a smooth manifold with or without boundary, and let V be a connection in T M.
Suppose (E;) is a local frame for M, (53) is its dual coframe, and {F } are the connection coefficients of V with
respect to this frame. Let X be a smooth vector field, and let X' E; be its local expression in terms of this frame.

(a) The covariant derivative of a 1-form w = w;e' is given locally by

Vix(w) = (X (wp) — X7w;l%)) ek,

(b) IfF €T (T'™DTM) is a smooth mixed tensor field of any rank, expressed locally as
F— it ““E“®"'®Eik®€j1®"'®5jl,

Ji---Ji

then the covariant derivative of F is given locally by

o 01 ...D... b
vxF—< (F550) +ZX’"FJ; 5T ZXT"F;;..;'.:], m>
Eil®"'®Eik®€jl®"'®€]l'
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Proof. To show (a), we only need to show
(Vxw)(Br) = X (wi) — X w I,
By (4.6), we see

VX(U(Ek) = X(M(Ek» — w(VXEk)

= X(wp) —w [(X( 6 )+ XI6T%)E
~—~

constant
(wr) —w [(04 X717, ) E;]
(wg) — winI‘;k

X
X

To show (b), we only need to show

i, ik L. . i1 lk m it pe. ik Zg _ m ik »
(VXF)(€ ’ € ’Ejl’ ’EJZ) Fjl i + z :X F]l -Ji F X F]l ~~~~~~ Jlrmjs
s=1

By (4.4), we see

(VXF) (gilv"' 7€ik7Ej17"' ’Ejl)

=X (F(e",-+ ", By, By)) = Y _F(",...,Vxe™, ... ,e™ B}, ..., Ej)
—ZF(c?il,"' ,Eik,Ejl,...,VxEjs,...,E]'l)

E

jl)

k
—Fi E F(&:“,...,—XmF’r;psp,...,s”“,E

J1---Ju g1
_ZF(gil’... 75ik7Ej17...7XmenjsEp,...,Ejl) (by (a) and (4.3))

k
_le ik +ZXmF11 D 1k1"’bb ZXWFH Ak

J1---Ju J1---Ji Ji---pe-di m]e

Because the covariant derivative V x F' of a tensor field (or, as a special case, a vector field) is linear over
C° (M) in X, the covariant derivatives of F' in all directions can be handily encoded in a single tensor field
whose rank is one more than the rank of I, as follows.

Proposition 4.3.3 (The Total Covariant Derivative). Let M be a smooth manifold with or without boundary
and let V be a connection in TM. For every F € I (T®)TM), the map

VF:QYM) x - x Q"(M) x X(M) x --- x X(M) — C>(M)

k copies 141 copies

given by
(VF) (W', 0", Y1, Y, X) = (VX F) (0!, ..., 0f 11, ) 4.7)

defines a smooth (k,l + 1)-tensor field on M called the total covariant derivative of F.
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Proof. This follows immediately from the tensor characterization lemma (Lemma 1.1.18): Vx F' is a tensor
field, so it is multilinear over C°°(M) in its k + [ arguments; and it is linear over C°° (M) in X by definition
of a connection. [ ]

Remark 4.3.4. Note that the smooth (k,! + 1)-tensor field induced by VF is called the total covariant
derivative of F' and is denoted by VF as well. One can think of the covariant derivative of a tensor field as
directional derivatives while the total covariant derivative is the total derivative of the tensor field. '

When we write the components of a total covariant derivative in terms of a local frame, it is standard practice
to use a semicolon to separate indices resulting from differentiation from the indices resulting from the “41”
insertion. For example, let Y be a vector field. Thatis, Y € X(M) =T (TWOTM) where k = 1,1 = 0 in the
above proposition. We write it in coordinates as Y = Y*E;. Then the components of the (1, 1)-tensor field
VY are written as Y ;, i.e.,

VY =Y E; @& (4.8)
where Y ; is obtained by the following:
Yi:,j =VY (eiij) = (VEJY) (51)
SO (5, (V1) + ()" YT ) B (<)

3 (Y') + (B7)" YT,
E; (Y +Y*r,

4.9

For a one-form w € T'(T®“Y)TM) where k = 0,1 = 1 in above proposition, we have a (0, 2)-tensor field V.
If we write w = wy,,¢™, then the components of the Vw are written as w;j, i.e.,

Vw = wi;jai ® €j
where w;,; is obtained by the following:

wi;j = Vw (E;, Ej) = (VEw) (Ei)
(46)

Ej (OJ (EL)) — W (VEJEZ)
E; (wme™ (E;)) — wme™ (F?iEk)
= iji — wkl"k-

Je

(4-2)

More generally, replacing (4.3) and (4.6) with (4.4) and using the definition of coefficient Ffj we get a
formula for the components of total covariant derivatives of arbitrary tensor fields as shown in the next
lemma.

Proposition 4.3.5. Let M be a smooth manifold with or without boundary and let V be a connection in TM; and

let (E;) be a smooth local frame for TM and {Ffj} the corresponding connection coefficients. The components
of the total covariant derivative of a (k,l)-tensor field F' with respect to this frame are given by

le Ak — le zk ZF“MP'“%F“ ZF“ ik

Ji--juym Ji-- ]l Ji--J1 J1.--p--Ji mjs

139



Differential Geometry Anthony Hong

Proof.

r (T(k,l+1)TM) SVF = F“’ -~’,ij E,® -@F, ® ... @edgem

FJ““ —VF( ugik7Ej1ﬂ" EJHE )
(4.7)
vEm ( 1 SRS EJ1>"'7Ejz)
k l
prop. 4.3.2(b) iq--ed q pit-pe-d zq i D
B (Fhljzk) + Z (Em) FJ’ “Ji * Z Fjll"'Q"']lFlIJs
s=1 s=1
l
i i1 Pl s i1+ ig TP
= Em Fjll Jl ZFjll i T _ZFl kaJS
s=1

Exercise 4.3.6. Suppose F' is a smooth (k,[)-tensor field and G is a smooth (r, s) tensor field. Show that the
components of the total covariant derivative of F' ® G are given by
(V(F® G))i‘l-”i‘l\:plw-pr. — [l GP1-+ p7 4 Fi 'Ikal -Dr

Ji---J191---9s;m J1-- ]z,m qi1-- Ji---Ju --gs:m

[Remark: This formula is often written in the following way, more suggestive of the product rule for ordinary
derivatives:

(Fit GRirdn) o = Frl it G + L Gl
Notice that this does not say that V(F @ G) = (VF) @ G+ F ® (VG), because in the first term on the right-hand
side of this latter formula, the index resulting from differentiation is not the last lower index.]

4.3.1 Second Covariant Derivative

Having defined the tensor field VF for a (k, [)-tensor field F', we can in turn take its total covariant derivative
and obtain a (k,l + 2)-tensor field V2F = V(VF). Given vector fields X,Y € X(M), let us introduce the
notation V%  F for the (k, [)-tensor field obtained by inserting X, Y in the last two slots of V*F

ViyF(...)=V?F(..,Y,X).

Note the reversal of order of X and Y : this is necessitated by our convention that the last index position
in VF is the one resulting from differentiation, while it is conventional to let V% ,- stand for differentiating
first in the Y direction, then in the X direction. (For this reason, some authors adopt the convention that
the new index position introduced by differentiation is the first instead of the last. As usual, be sure to check
each author’s conventions when you read.)

It is important to be aware that V% y F is not the same as Vx (Vy F). The main reason is that the former
is linear over C*°(M) in Y, while the latter is not. The relationship between the two expressions is given in
the following proposition.

Proposition 4.3.7. Let M be a smooth manifold with or without boundary and let V be a connection in TM.
For every smooth vector field or tensor field F,

ViyF =Vx (VyF) = Vg F.

Proof. ForY € X(M) =T (TWOTM) ,VF € I (T®HYTM), we have VF @ Y € I' (T*+LHDTAL). The

covariant derivative (Vy F') (--) G VF(---,Y) can be expressed as the trace of VF' ® Y on its last two
indices. We have
VyF=tr(VF®Y)=C/H(VFRY) (4.10)
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as we can verify by computing their components: proposition 4.3.2 shows that

l

Q1% 3101 i1 pee % 113 prop. 4.3.5 [AREREE m
(VYF)gll y]: = FJll ]Lk —|—ZY"LFJ11 th sz ZYmFﬂl“-p’-c--Jsz mjs — Fjll ]zZ?leY t (41D
s=1
On the other hand,
[r(VF @ Y)Ji i L2 (gp gy im

= (VF@Y) (" = L™ ™ By By B 4.12)
ZVF(“ "'75%7Ej17"' EJHE ) (5m)
= Fjl ey

Similarly, V% y F' can be expressed as an iterated trace:

ViyF=tr(tr (V’F@X)®Y).
(First trace the last index of V2F with that of X, and then trace the last remaining free index-originally the
second-to-last in V2 F-with that of Y.)
We notice that for X € X(M) =T (TMOTM) ,VF € T (T!HDTM), we have Vyx (VF) € T (T®HDTM),
V(VF) € T (T®HHITM), V(VF) ® X € T (T*HLFDTN ), and Vx (VF) ® Y € T (THFLHEDTM). We
write the iterated expression as

CE(CHIV(VE) @ X) @) 2L CRLL (VL (VF) @ V) = V(VE)(---, Y, X) = Vi, F

where the second equality comes from the following reasoning:

(4.12) (4.11

k+1 211 9100 111 m
[CH-I (VX(VF) ® Y)]gl JI[C [VX(VF)];J]; Ji+1 ve (VF)Jl JI; Jit1 Ji42 X Yq’
=q =q =m

where j;11 = ¢ and j;;» = m are just renaming of indices. On the other hand, F € T ) (V) = VF ¢
THRED (V) = [V(VE)] € TEH2(V) = [V(VF)(---,Y, X)] € T®D(V) where

V(VF)( 7}/7X) : (wla"' 7wk7}/1a"' 7}/l) HV(VF) (("')17"' awk7Y17”' ;}/I7Y7X)
Now,

[V(VE)(-+ Y, X)) % = V(VEF) (e, &%, Ej,,-+ ,Ej,, Y, X)

JiJl

:vX(VF)(é‘ila"'vgik Ejm" EJ”Y)

l
prop. 4.3.2 11 Ik m i1 Dl T m 11 (23 P
((VF Jidi+ +ZX VF Jl Jit1 F ZX (VF Jl"'P'“JHlFmJe
xEB & - -®E ®5J1®...®5J1+1 gh .. g% B ... E.Y
71 Tk ? J1» I
=YJi+1
prop. 4.3.5 i1ig my q
(VF)]l“'Jl Ji+1 ]l+2X Y
N~
=q =m

This shows [C}1! (Vx(VF) @ Y)]i.lm o

B [(VE)( Y XL So

Jidi

Vi yF=CHU(CHNV(VR) @ X)@Y)
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Therefore, since Vx commutes with contraction (see prop. 4.3.1 (iv)) and satisfies the product rule with
respect to tensor products (see prop. 4.3.1 (iii)), we have

Vx (VyF)=Vx(tr(VF@Y))
=tr (Vx(VF®Y))
=tr (Vx(VF)®Y + VF @ VxY)
=tr(tr (VPVF@ X)QY) +1tr(VF @ VxY)
=ViyF+VomF

4.4 Vector and Tensor Fields Along Curves

Let M be a smooth manifold with or without boundary. Given a smooth curve v : I — M, a vector field
along + is a continuous map V' : I — T'M such that V(t) € T, M for every ¢ € I; it is a smooth vector
field along + if it is smooth as a map from I to 7M. We let X(y) denote the set of all smooth vector fields
along ~. It is a real vector space under pointwise vector addition and multiplication by constants, and it is a
module over C'*°(I) with multiplication defined pointwise:

(fX) (@) = f(B)X(2).

The most obvious example of a vector field along a smooth curve v is the curve’s velocity: 7/'(t) € T M for
each ¢, and its coordinate expression

1
v(t)

shows that it is smooth. Here is another example: if ~ is a curve in R?, let N(t) = Ry/(t), where R is
counterclockwise rotation by 7 /2, so N (t) is normal to 7/(t). In standard coordinates, N (t) = (—4%(t),5*(t)),
so N is a smooth vector field along ~.

A large supply of examples is provided by the following construction: suppose v : I — M is a smooth curve
and V is a smooth vector field on an open subset of M containing the image of . Define V' : I — T'M by
setting V'(t) = V() for each t € I. Since V' is equal to the composition V' o 1, it is smooth. A smooth vector

field along ~ is said to be extendible if there exists a smooth vector field V on a neighborhood of the image
of ~ that is related to V' in this way (Fig.4.1).

Not every vector field along a curve need be extendible; for example, if v (t1) = 7 (t2) but v/ (¢1) # v/ (¢2)
(Fig.4.2), then 4 is not extendible. Even if v is injective, its velocity need not be extendible, as the next
example shows.

Example 4.4.1. Consider the figure eight curve v : (—7, 7) — R? defined by
~(t) = (sin 2t,sint).

Its image is a set that looks like a figure eight in the plane (Fig.4.3). [7] Problem 4-7 asks to show that ~
is an injective smooth immersion, but its velocity vector field is not extendible. For problem 4-7, we can
verify a more general claim given by [6] Example 4.2 (b): if v : J — M is a smooth curve in a smooth
manifold M with or without boundary, then ~ is a smooth immersion if and only if +/(¢) # 0 for all ¢t € J.
For (b), suppose that the smooth curve «y is a smooth immersion. Then d, is injective for every ¢, € J.
Then ' (to) = dyi, (d/ dt|t0) # 0. Conversely, suppose 7' (ty) # 0 for every to € J. Suppose that dvy;,(v) =0
for some v € Ti,J. Since T},J is spanned by d/dtt;,, we have that v = ad/ dt|, for some o € R. Then

142



Differential Geometry Anthony Hong

\

N

Figure 4.1: Extendible vector field

Figure 4.2: Nonextendible vector field

0 = dy, (ed/ dtl,)) = adry, (d/ dt],,) = o' (to), implying o = 0. Hence, d;, is injective, and therefore ~
is a smooth immersion.

We compute

’ v i Y T —
~'(t) = dt()é‘)x o (t)ay 20052t8x+costay

2cos 2t ’s zeros are £Z - £3T and cost ’s zeros are %, so the velocity is nonvanishing and ~ is a smooth
immersion. The injectivity of ~ is clear. The claim that V' = + is non-extendible is equivalent of saying that
there exists no smooth vector field V(p) =V, (p)% +V, (p)a% of which ~ is an integral curve (see [6] p.206),

cost

B difylt 0 ﬂ ) 0 0 <2cos2t>

or that there are no smooth functions V, XN/y : R? — R satisfying

() =0 =00 = (TN = ()

For example, we assume there is g : R? 7, R such that 2 cos 2t = g(sin 2¢, sin t) and use the implicit function
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Y

Figure 4.3: The image of the figure eight curve

theorem ... L

More generally, a tensor field along  is a continuous map o from I to some tensor bundle 7)) TM such
that o(t) € 7"V (T, M) for each t € I. It is a smooth tensor field along 1 if it is smooth as a map from
I to DT M, and it is extendible if there is a smooth tensor field & on a neighborhood of ~(I) such that
o=00".

4.4.1 Continuous Derivatives Along Curves
Here is the promised interpretation of a connection as a way to take derivatives of vector fields along curves.

Theorem 4.4.2 (Covariant Derivative Along a Curve). Let M be a smooth manifold with or without boundary
and let V be a connection in T M. For each smooth curve v : I — M, the connection determines a unique
operator

Dy X(7) = X(7),

called the covariant derivative along ~, satisfying the following properties:

(i) LINEARITY OVER R :
Dt(aV + bW) = aDtV + thW for a, beR.

(i) PRODUCT RULE:
Dy(fV) = f'V + DV for f e C>(I).

(iii) If V € X(v) is extendible, then for every extension 14 of V,
(DV) (8) = Vo)V

where D,V € X(v) is a vector field along ~, i.e. D;V : I — TM where (D;V') (t) € T, ;M. For the RHS,
sz(t)f/ is understood in terms of remark 4.2.6: let X be a vector field on a nieghborhood U of the point

p= (1) such that X, ='(t) = v € T,M, and V.y (s V = V.,V = (Vx V) .
p

Remark 4.4.3. There are analogous operators on the space of C* tensor fields of any type along ~. For

example, the above explains 79T M = TM case. Another of peculiarity is T7(>OTM = M x R which

as explained in prop. 4.3.1 gives rise to smooth functions along the curve ~, i.e., f : Im(y) — R. Then
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analogusly, we have D;(af 4+ bg) = aD:f +bD;g; D:(fg) = f'g + fD:g; and for extension fe C>(U) where
Im(y) € U, we by similar notations above, (D;f) (¢t) = V,Y,(t)f = V,f = (VXf) prop- 431 f

f » (Xf)p =
X,F = () = 7O (Fory(®) = (for)(t) = &(f om)(t). .

[6]1p.69

Proof. For simplicity, we prove the theorem for the case of vector fields along ~; the proof for arbitrary tensor
fields is essentially identical except for notation.

First we show uniqueness. Suppose D, is such an operator, and let ¢y, € I be arbitrary. An argument similar
to that of Lemma 4.2.2 shows that the value of D,V at ¢ty depends only on the values of V' in any interval
(to — €,to + ¢) containing ty. (If ¢y is an endpoint of I, extend ~ to a slightly bigger open interval, prove the
lemma there, and then restrict back to I. If M has nonempty boundary, we can do this after first embedding
M into a smooth manifold M without boundary and extending V arbitrarily to a connection on M.) Choose
smooth coordinates (z*) for M in a neighborhood of ~ (t), and write

V(t) =V (t)8j|v(t)
for t near to, where V!, ..., V" are smooth real-valued functions defined on some neighborhood of ¢, in I.
By the properties of D,, since each 0; is extendible,

D,V (t) = VI(t)0; "o

+ VI V95,

= (Vv A OV OrGom) o -
We spare some sapce to explain above equation: We interpret J; as a vector field along v. Namely,

9;:1—TM
t+—>6j|

(4.13)

(1)

where (8j|7(t)) spans T’y ;) M.

(DV) () = Dy (Z w@) O [Z Dy (V79)

J

(i1)

J

> V90 +VID, (aj)] (t)

Linsein ummaton. 73 (1)a(t) + V7 (¢) Dy (3) (1)
G vrj g J o (95
1% (t)aj‘w) + VIVt (@)

0; € X(v) is natrurally extended to the coordinate vector field in X(U) (see [6] p.176 Example 8.2), still
denoted as 9; (i.e., 9y = 0; ). Let X be a vector field on a nieghborhood of the point p = «(t) such that

Xp = ’)//(t) =vE TpM, and V'y’(t) (5]) = Vw/(t) (87) = (VX (aj))p Now,

Vx (9;) = (X (@‘)k) + X (0™ F§m> O = X" (0;)" T5,,06 = X'T},0%

where the k-th component funciton (@)k is a constant funciton 5}“ and thus is evaluated by the vector field
X to be zero (see [6] p.180 and [6] 3.4(a)). Then,

Voo (35) = (Tx @) = (XTED) ) = X DTS 0)K]

= (X,0) THOW|_ =¥ O 0L, ,
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where we notice that X?, Pfj are all functions. Therefore,

(DY) (6) = VI0D;]  + VIOV (9))

v(t)

VWas|+ VI OF O,

= (VF0) + VIA OT (1)) 0

(1)

This shows that such an operator is unique if it exists. For existence, if v(I) is contained in a single chart, we
can define D,V by (4.13); the easy verification that it satisfies the requisite properties is left as an exercise.
In the general case, we can cover ~y(I) with coordinate charts and define D,V by this formula in each chart,
and uniqueness implies that the various definitions agree whenever two or more charts overlap. |

(It is worth noting that in the physics literature, the covariant derivative along a curve is sometimes called
the absolute derivative.)

Exercise 4.4.4. Complete the proof of theorem by showing that the operator D, defined in coordinates by (4.13)
satisfies properties (i)-(iii).

Apart from its use in proving existence of the covariant derivative along a curve, (4.13) also gives a practical
formula for computing such covariant derivatives in coordinates.

Now we can further improve proposition 4.2.5 by showing that V, Y actually depends only on the values of
Y along any curve through p whose velocity is v.

Proposition 4.4.5. Let M be a smooth manifold with or without boundary, let V be a connection in T'M, and
let pe Mandv € T,M. Suppose Y and Y are two smooth vector fields that agree at points in the image of

some smooth curve v : I — M such that v (to) = p and +' (to) = v. Then V,,Y =V, Y.

Proof. We can define a smooth vector field Z along v by Z(t) = Y, = ~v(t)' Since both Y and Y are

extensions of Z, it follows from condition (iii) in above theorem that both V,Y and VUSN/ are equal to
DtZ (to). [ ]

4.5 Geodesics

Armed with the notion of covariant differentiation along curves, we can now define acceleration and geodesics.

Let M be a smooth manifold with or without boundary and let V be a connection in 7M. For every smooth
curve v : I — M, we define the acceleration of ~ to be the vector field D,+" along ~. A smooth curve ~ is
called a geodesic (with respect to V) if its acceleration is zero: D;y' = 0. In terms of smooth coordinates
(z"), if we write the component functions of v as v(¢) = (z!(t),...,2"(t)), then it follows from (4.13) that
~ is a geodesic if and only if its component functions satisfy the following geodesic equation:

FR(t) + &' (1)a ()T (x(1) = 0, (4.14)
where we use z(t) as an abbreviation for the n-tuple of component functions (z'(¢),...,2"(t)). This is a
system of second-order ordinary differential equations (ODEs) for the real-valued functions z',...,2". The

next theorem uses ODE theory to prove existence and uniqueness of geodesics with suitable initial conditions.
(Because difficulties can arise when a geodesic starts on the boundary or later hits the boundary, we state
and prove this theorem only for manifolds without boundary.)

Theorem 4.5.1 (Existence and Uniqueness of Geodesics). Let M be a smooth manifold and V a connection
in TM. For everyp € M,w € T,M, and ty € R, there exist an open interval I C R containing t, and a geodesic
v : I — M satisfying v (tg) = p and v’ (tg) = w. Any two such geodesics agree on their common domain.
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Proof. Let (z') be smooth coordinates on some neighborhood U of p. A smooth curve in U, written as
v(t) = (z'(t),...,2"(t)), is a geodesic if and only if its component functions satisfy (4.14). The standard
trick for proving existence and uniqueness for such a second-order system is to introduce auxiliary variables
v’ = @' to convert it to the following equivalent first-order system in twice the number of variables:

0 () = —v' (t)od (£)TE (x(2)). (4.15)

Treating (a:l, ol ,v”) as coordinates on U x R™, we can recognize (4.15) as the equations for the

flow of the vector field G € X (U x R™) given by

0
k
= 1V —
k
Iz* |, 4

Gav) — v/ Ty (2) (4.16)

Ank
ov (0)
By the fundamental theorem on flows 1.2.8, for each (p, w) € U x R™ and ¢y € R, there exist an open interval
Iy containing ¢, and a unique smooth solution ¢ : [o — U x R™ to this system satisfying the initial condition
( (to) = (p,w). If we write the component functions of ¢ as ((t) = (z%(t),v"(t)), then we can easily check
that the curve y(t) = (2*(¢),...,2"(t)) in U satisfies the existence claim of the theorem.

To prove the uniqueness claim, suppose v,4 : I — M are both geodesics defined on some open interval with
v (to) = 7 (to) and 7 (to) = ¥’ (to). In any local coordinates around -~ (to), we can define smooth curves
¢,C: (to—e,to+¢) — U x R™ as above. These curves both satisfy the same initial value problem for the
system (4.15), so by the uniqueness of ODE solutions, they agree on (ty — ¢, to + ¢) for some £ > 0. Suppose
for the sake of contradiction that ~(b) # 7(b) for some b € I. First suppose b > t,, and let 5 be the infimum
of numbers b € I such that b > ¢, and ~(b) # 7(b) (Fig.4.4).

v(B
y(to)

Figure 4.4: Uniqueness of geodesics
Then § € I, and by continuity, v(8) = 7(8) and +'(8) = 7/(5). Applying local uniqueness in a neighborhood
of 3, we conclude that v and 4 agree on a neighborhood of 3, which contradicts our choice of 8. Arguing
similarly to the left of ¢, we conclude that v = 4 on all of I. |

A geodesic v : I — M is said to be maximal if it cannot be extended to a geodesic on a larger interval, that
is, if there does not exist a geodesic 4 : I — M defined on an interval I properly containing I and satisfying
7|; = 7. A geodesic segment is a geodesic whose domain is a compact interval.

Corollary 4.5.2. Let M be a smooth manifold and let V be a connection in T M. For eachp € M and v € T, M,
there is a unique maximal geodesic vy : I — M with v(0) = p and v/(0) = v, defined on some open interval I
containing O .

Proof. Given p € M and v € T, M, let I be the union of all open intervals containing O on which there is a
geodesic with the given initial conditions. By Theorem 4.5.1 , all such geodesics agree where they overlap,
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so they define a geodesic v : I — M, which is obviously the unique maximal geodesic with the given initial
conditions. ]

The unique maximal geodesic v with v(0) = p and +/(0) = v is often called simply the geodesic with initial
point p and initial velocity v, and is denoted by ~,. (For simplicity, we do not specify the initial point
p in the notation; it can implicitly be recovered from v by p = n(v), where = : TM — M is the natural
projection.)

4.6 Parallel Transport

Another construction involving covariant differentiation along curves that will be useful later is called parallel
transport. Let M be a smooth manifold with or without boundary and let V be a connection in 7M. A smooth
vector or tensor field V' along a smooth curve - is said to be parallel along v (with respect to V) if D;V =0
(Fig.4.5). Thus a geodesic can be characterized as a curve whose velocity vector field is parallel along the
curve.

Figure 4.5: A parallel vector field along a curve

The fundamental fact about parallel vector and tensor fields along curves is that every tangent vector or
tensor at any point on a curve can be uniquely extended to a parallel field along the entire curve. Before we
prove this claim, let us examine what the equation of parallelism looks like in coordinates. Given a smooth
curve  with a local coordinate representation v(t) = (v*(¢),...,~™(t)), formula (4.13) shows that a vector
field V is parallel along ~ if and only if

VE) = =VIRY OTE (1), k=1,...,n, 4.17)

with analogous expressions based on Proposition 4.3.5 for tensor fields of other types. In each case, this
is a system of first-order linear ordinary differential equations for the unknown coefficients of the vector
or tensor field-in the vector case, the functions (V!(t),...,V"(t)). The usual ODE theorem guarantees the
existence and uniqueness of a solution for a short time, given any initial values at ¢ = ty; but since the
equation is linear, we can actually show much more: there exists a unique solution on the entire parameter
interval.

Theorem 4.6.1 (Existence, Uniqueness, and Smoothness for Linear ODEs). Let I C R be an open interval, and
forl1 < j k<mn,let Af : I — R be smooth functions. For all ty € I and every initial vector (cl7 ... ,c”) € R",
the linear initial value problem

VR(t) = ANtV (t)
VE (tg) = &

has a unique smooth solution on all of I, and the solution depends smoothly on (t,c) € I x R™.
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Theorem 4.6.2 (Existence and Uniqueness of Parallel Transport). Suppose M is a smooth manifold with or
without boundary, and V is a connection in TM. Given a smooth curve v : I — M, ty € I, and a vector
v € Ty4o)M or tensor v € T, (T, ;) M), there exists a unique parallel vector or tensor field V along ~ such
that V (to) = v.

Proof. As in the proof of Theorem 4.4.2, we carry out the proof for vector fields. The case of tensor fields
differs only in notation.

First suppose «(I) is contained in a single coordinate chart. Then V is parallel along ~ if and only if its com-
ponents satisfy the linear system of ODEs (4.17). Theorem 4.6.1 guarantees the existence and uniqueness of
a solution on all of I with any initial condition V (t¢) = v.

Figure 4.6: Existence and uniqueness of parallel transports

Now suppose (/) is not covered by a single chart. Let 8 denote the supremum of all b > ¢, for which a
unique parallel transport exists on [tg, b]. (The argument for ¢ < ¢, is similar.) We know that 3 > ¢, since for
b close enough to tg, ([to, b]) is contained in a single chart and the above argument applies. Then a unique
parallel transport V' exists on [tg, 5) (Fig.4.6). If 5 is equal to sup I, we are done. If not, choose smooth
coordinates on an open set containing v(5 — J, 5 + ¢) for some positive §. Then there exists a unique parallel
vector field V on (83— 4, 3+6) satisfying the initial condition V(3 —4/2) = V(8—4/2). By uniqueness, V = V
on their common domain, and therefore V is a parallel extension of V past 3, which is a contradiction. W

The vector or tensor field whose existence and uniqueness are proved in Theorem 4.6.2 is called the parallel
transport of v along . For each ty,t; € I, we define a map

Pty Ty M = Ty M,
called the parallel transport map, by setting P,; (v) = V (t1) for each v € T, )M, where V is the parallel

transport of v along +. This map is linear, because the equation of parallelism is linear. It is in fact an
isomorphism, because P, is an inverse for it.

It is also useful to extend the parallel transport operation to curves that are merely piecewise smooth. Given
an admissible curve v : [a,b] — M, amap V : [a,b] — TM such that V(t) € T, M for each t is called a
piecewise smooth vector field along ~ if V' is continuous and there is an admissible partition (ao, ..., ax)
for  such that V' is smooth on each subinterval [a;_1, a;]. We will call any such partition an admissible
partition for V. A piecewise smooth vector field V along ~ is said to be parallel along ~ if D;V = 0
wherever V is smooth.
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Corollary 4.6.3 (Parallel Transport Along Piecewise Smooth Curves). Suppose M is a smooth manifold with
or without boundary, and V is a connection in TM. Given an admissible curve «y : [a,b] — M and a vector
v € T,y 4oy M or tensor v € TV (T, ) M), there exists a unique piecewise smooth parallel vector or tensor field
V along v such that V(a) = v, and V is smooth wherever = is.

Proof. Let (ap,...,a) be an admissible partition for ~. First define V\[ao’al] to be the parallel transport of v
along the first smooth segment '7‘[a0,a1] ; then define V\[ahaz] to be the parallel transport of V' (a;) along the
next smooth segment 7|[a1’a2] ; and continue by induction. |
Here is an extremely useful tool for working with parallel transport. Given any basis (by,. .., b,) for T, )M,
we can parallel transport the vectors b; along -, thus obtaining an n-tuple of parallel vector fields (1, ..., E,)
along . Because each parallel transport map is an isomorphism, the vectors (E;(t)) form a basis for T, M
at each point (¢). Such an n-tuple of vector fields along ~ is called a parallel frame along ~. Every smooth
(or piecewise smooth) vector field along v can be expressed in terms of such a frame as V (t) = Vi(t)E;(t),
and then the properties of covariant derivatives along curves, together with the fact that the F; ’s are parallel,
imply

DV (t) = Vi(t)Es(t) (4.18)

wherever V and ~ are smooth. This means that a vector field is parallel along ~ if and only if its component
functions with respect to the frame (E;) are constants.

The parallel transport map is the means by which a connection "connects” nearby tangent spaces. The next
theorem and its corollary show that parallel transport determines covariant differentiation along curves, and
thereby the connection itself.

Theorem 4.6.4 (Parallel Transport Determines Covariant Differentiation). Let M be a smooth manifold with
or without boundary, and let V be a connection in TM. Suppose v : I — M is a smooth curve and V is a smooth
vector field along ~. For each ty € I,

PV (t) =V (t
D,V (to) = lim 0 t(ll)to (fo) (4.19)

Proof. Let (E;) be a parallel frame along ~, and write V (t) = V*(t)E;(t) for t € I. On the one hand, (4.18)
shows that DV (to) = Vi (to) E; (to)

On the other hand, for every fixed ¢; € I, the parallel transport of the vector V (¢;) along + is the constant-
coefficient vector field W (t) = V' (t1) E;(t) along v, so P!, V (t1) = V" (t1) E; (to). Inserting these formulas

into (4.19) and taking the limit as t; — t,, we conclude that the right-hand side is also equal to V' (to) E; (to).
|

Corollary 4.6.5 (Parallel Transport Determines the Connection). Let M be a smooth manifold with or without
boundary, and let V be a connection in T M. Suppose X and Y are smooth vector fields on M. For every p € M,

PYY. oy —Y,
VXY|p — %1_1% W (4.20)

where v : I — M is any smooth curve such that v(0) = p and 7/(0) = X,.

Proof. Given p € M and a smooth curve +y such that v(0) = p and +/(0) = X, let V(¢) denote the vector field
along v determined by Y, so V'(¢) = Y, (;). By property (iii) of Theorem 4.4.2, VxY'|  is equal to D,V (0), so
the result follows from Theorem 4.6.4. [ |

A smooth vector or tensor field on M is said to be parallel (with respect to V) if it is parallel along every
smooth curve in M.
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Proposition 4.6.6. Suppose M is a smooth manifold with or without boundary, V is a connection in T M, and
A is a smooth vector or tensor field on M. Then A is parallel on M if and only if VA = 0.

Proof. [7] Problem 4-12. [ |

Although Theorem 4.6.2 showed that it is always possible to extend a vector at a point to a parallel vector
field along any given curve, it may not be possible in general to extend it to a parallel vector field on an
open subset of the manifold. The impossibility of finding such extensions is intimately connected with the
phenomenon of curvature, which will occupy a major portion of our attention in the second half of the book.

4.7 Pullback Connections

Like vector fields, connections in the tangent bundle cannot be either pushed forward or pulled back by
arbitrary smooth maps. However, there is a natural way to pull back such connections by means of a diffeo-
morphism. In this section we define this operation and enumerate some of its most important properties.

Suppose M and M are smooth manifolds and o: M — M is a diffeomorphism. For a smooth vector
field X € X(M), recall that the pushforward of X is the unique vector field ¢, X € X(M) that satisfies
dop (Xp) = (94X, forall p € M. (see [6] p.182-183)

Lemma 4.7.1 (Pullback Connections). Suppose M and M are smooth manifolds with or without boundary. If

V is a connection in TM and ¢ : M — M is a diffeomorphism, then the map ©*V : X(M) x X(M) = X(M)
defined by

(¢9) ¥ = (¢, (Voux (01) (4.21)

is a connection in T M, called the pullback of V by ¢.

Proof. It is immediate from the definition that (gp*%)x Y is linear over R in Y. To see that it is linear over
C>°(M)in X, let f € C>°(M), and let f = fo ™!, 50 p.(fX) = fp.X. Then

(w*@)fXY=(s0‘1) (Vip.x (927))
= (¢7). (FVex (p.1))

=1 (#19), ¥

Finally, to prove the product rule in Y, let f and f be as above, and note that an easy result [7] A.7 implies
(p=X) (f) = (Xf) o p~". Thus

(¢9) () = (07, (Voux (fieuY))
= (»7). (FVex (0:Y) + (0.X) (Y
=1 (¢V) Y+ (XY,
|

The next proposition shows that various important concepts defined in terms of connections-covariant deriva-
tives along curves, parallel transport, and geodesics all behave as expected with respect to pullback connec-
tions.
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Proposition 4.7.2 (Properties of Pullback Connections). Suppose M and M are smooth manifolds with or
without boundary, and ¢ : M — M isa diffeomorphism. Let ¥ be a connection in TM and let V = ©*V be
the pullback connection in TM. Suppose v : I — M is a smooth curve. (a) p takes covariant derivatives along
curves to covariant derivatives along curves: if V is a smooth vector field along -, then

do o D,V = Dy(dp o V),

where D, is covariant differentiation along ~ with respect to V, and D, is covariant differentiation along ¢ o~y
with respect to V. (b) ¢ takes geodesics to geodesics: if v is a V-geodesic in M, then ¢ o is a V-geodesic in M.
(c) o takes parallel transport to parallel transport: for every to,t1 € I,

dor(ay) © Prye, = PQ‘;?? 0 dpy (1)

Proof. [7] Problem 4-13. [ ]

4.8 Problems
Exercise 4.8.1. ( [7] Problem 4-6) Let M be a smooth manifold and let V be a connection in T'M. Define a
map 7 : X(M) x X(M) — X(M) by
T(X,Y)=VxY -VyX — [X,Y].
(a) Show that 7 is a (1, 2)-tensor field, called the torsion tensor of V.

(b) We say that V is symmetric if its torsion vanishes identically. Show that V is symmetric if and only if its

connection coefficients with respect to every coordinate frame are symmetric: T'*. = I‘?i. [Warning: They might

ij
not be symmetric with respect to other frames.]

(c) Show that V is symmetric if and only if the covariant Hessian V*u of every smooth function u € C*°(M) is
a symmetric 2-tensor field.

(d) Show that the Euclidean connection V on R"™ is symmetric.

Solution. (a) To show 7 is a (1, 2)-tensor field, we will need to use tensor characterization lemma. That is,
we need to show T is multilinear over C*°(M). 7(X +Y,Z) = 7(X, Z) + 7(Y, Z) is clear. Let f € C>®(M).

(fX.Y) = VixY = Vy fX — [fX,Y]
LSRR Y — Vv X~ (fIXY] - (VY )X)

SLACOMEEO fYY — (fVy X + (Y )X) — (FIX,Y] - (Y £)X)
= fVxY — fVy X — fIX,Y]
= fT(X,Y)
(b) Eq (4.3) gives
VxY = VyX = (X(Y¥) + XTYITE) 0, — (Y(XF) + YIXTE) 0y
LSt X, ¥] + (XTYITE — YIXIT) 0
= [X,Y]+ XY (T} — T5) 0

Thus, for 7(X,Y) to be zero for all X and Y, we must have Ffj = F?i. To verify this, note that the torsion
tensor 7 is determined by

7-(81-, 81) = Vaiaj - Vajéb - [81-, 6j] = (FZ — Ffz)ak
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(where [0;,0;] = 0 is by [LeeSM] eq.(8.10); note that the result thus relies on this particular frame). Since

the torsion tensor vanishes if and only if I'}; = I'¥;, we conclude that:

T(X,)Y)=0 < T}, =T},

©
This is easy: for any smooth function u on M,
V2u(Y,X) — V2u(X,Y) =Y (Xu) — (VyX)u — X(Yu) + (VxY)u

= [YV,X}U—F (VXY — VXY)’IL
=7(X,Y)u

¢

Exercise 4.8.2. ( [7] Problem 4-9) Let M be a smooth manifold, and let V° and V' be two connections on
TM.

(a) Show that V° and V! have the same torsion (4.8.1) if and only if their difference tensor is symmetric, i.e.,
D(X,Y)=D(Y,X) forall X and Y.

(b) Show that V° and V! determine the same geodesics if and only if their difference tensor is antisymmetric,
ie, D(X,Y)=—-D(Y,X) forall X and Y.
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Chapter 5

The Levi-Civita Connection

5.1 The Tangential Connection Revisited

We are eventually going to show that on each Riemannian manifold there is a natural connection that is
particularly well suited to computations in Riemannian geometry. Since we get most of our intuition about
Riemannian manifolds from studying submanifolds of R™ with the induced metric, let us start by examining
that case.

Let M C R"™ be an embedded submanifold. A geodesic in M should be “as straight as possible.” A reasonable
way to make this rigorous is to require that the geodesic have no acceleration in directions tangent to the
manifold, or in other words that its acceleration vector have zero orthogonal projection onto T'M.

The tangential connection VL (V) =7 " (V Y| M) defined in Example 4.2.10 is perfectly suited to this task,

because it computes covariant derivatives on M by taking ordinary derivatives in R™ and projecting them
orthogonally to T'M.

It is easy to compute covariant derivatives along curves in M with respect to the tangential connection.
Suppose v : I — M is a smooth curve. Then v can be regarded as either a smooth curve in M or a smooth
curve in R™, and a smooth vector field V' along + that takes its values in TM can be regarded as either a
vector field along v in M or a vector field along ~ in R™. Let D,V denote the covariant derivative of V along
7 (as a curve in R™) with respect to the Euclidean connection V, and let D,/ V denote its covariant derivative
along v (as a curve in M) with respect to the tangential connection V '. [7] Proposition 5.1 shows a simple
relationship between them: V¢ € I, DV (t) = = ' (D,V (t)). Via plugging the zero connection coefficients of
the Euclidean connection on R™ into (4.13), we see that D;+/(t) = v”(t). Thus, the smooth curve vy : I — M
is a geodesic with respect to the tangential connection on M if and only if its ordinary acceleration ~"(t) is
orthogonal to T, ;) M for all ¢ € I.

Analogs for embedded Riemannian or pseudo-Riemannian manifolds in pseudo-Euclidean space R™* are
provided in [7] p.117 as well.

5.2 Connections on Abstract Riemannian Manifolds

There is a celebrated (and hard) theorem of John Nash that says that every Riemannian metric on a smooth
manifold can be realized as the induced metric of some embedding in a Euclidean space. That theorem
was later generalized independently by Robert Greene and Chris J. S. Clarke to pseudo-Riemannian metrics.
Thus, in a certain sense, we would lose no generality by studying only submanifolds of Euclidean and pseudo-
Euclidean spaces with their induced metrics, for which the tangential connection would suffice. However,
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when we are trying to understand intrinsic properties of a Riemannian manifold, an embedding introduces a
great deal of extraneous information, and in some cases actually makes it harder to discern which geometric
properties depend only on the metric. Our task in this chapter is to distinguish some important properties of
the tangential connection that make sense for connections on an abstract Riemannian or pseudo-Riemannian
manifold, and to use them to single out a unique connection in the abstract case.

5.2.1 Metric Connections

The Euclidean connection on R™ has one very nice property with respect to the Euclidean metric: it satisfies
the product rule B o B
Vx(Y,Z) = (VxY,Z)+(Y,VxZ), (5.1

as you can verify easily by computing in terms of the standard basis. (In this formula, the left-hand side
represents the covariant derivative of the real-valued function (Y, Z) regarded as a (0, 0)-tensor field, which
is really just X(Y,Z) by virtue of property (ii) of Prop. 4.3.1.) The Euclidean connection has the same
property with respect to the pseudo-Euclidean metric on R™*. It is almost immediate that the tangential
connection on a Riemannian or pseudo-Riemannian submanifold satisfies the same product rule, if we now
interpret all the vector fields as being tangent to M and interpret the inner products as being taken with
respect to the induced metric on M (see Prop. 5.2.3 below).

This property makes sense on an abstract Riemannian or pseudo-Riemannian manifold. Let g be a Rieman-
nian or pseudo-Riemannian metric on a smooth manifold M (with or without boundary). A connection V
on T'M is said to be compatible with g, or to be a metric connection, if it satisfies the following product
rule forall X, Y, Z € X(M) :

Vx(Y,Z2) =(VxY,Z) +(Y,VxZ).

The next proposition gives several alternative characterizations of compatibility with a metric, any one of
which could be used as the definition.

Proposition 5.2.1 (Characterizations of Metric Connections). Let (M, g) be a Riemannian or pseudo-Riemannian
manifold (with or without boundary), and let V be a connection on T M. The following conditions are equiva-
lent:

(@) V is compatible with g : Vx(Y,Z) = (VxY,Z) + (Y, VxZ).
(b) g is parallel with respect to V : Vg = 0.

(¢) In terms of any smooth local frame (E;), the connection coefficients of V satisfy

Thigy + F%gjgil = Ei (9i5) - (5.2)

(d) If V,W are smooth vector fields along any smooth curve -y, then

4

Vo W) = (DV, W) +(V, D:W). (5.3)

(e) If V,W are parallel vector fields along a smooth curve v in M, then (V, W) is constant along ~.
(f) Given any smooth curve -y in M, every parallel transport map along ~y is a linear isometry.
(g) Given any smooth curve ~ in M, every orthonormal basis at a point of y can be extended to a parallel

orthonormal frame along .

Proof. First we prove (a) < (b). By (4.7) and (4.4), the total covariant derivative of the symmetric 2-tensor
g is given by
(Vg)(Y,Z,X) = (Vxg) (Y. Z) = X(g(Y, 2)) —g9(VxY.Z) — g (Y,VxZ).

156



Differential Geometry Anthony Hong

This is zero for all X,Y, Z if and only if (5.1) is satisfied for all X,Y,Z. To prove (b) < (c), note that
Proposition 4.3.5 shows that the components of Vg in terms of a smooth local frame (E;) are

igk = Bk (9i) — Thigiy — T 9i1-

These are all zero if and only if (5.2) is satisfied. Next we prove (a) < (d). Assume (a), and let V, W be
smooth vector fields along a smooth curve v : I — M. Given ¢ty € I, in a neighborhood of ~ (¢y) we may
choose coordinates (z*) and write V = V9; and W = W9; for some smooth functions V*, W7 (ty — ¢, to +
¢) — R. Applying (5.1) to the extendible vector fields 9;, 0;, we obtain

d d o

_ —_ g J . .

VW) = 2 (VW (0:.0;))
= (VIW3 + VAW (0,05) + VW (Vo005 05) + (90 Vo95)
= (DV, W) +(V,D:W)

which proves (d). Conversely, if (d) holds, then in particular it holds for extendible vector fields along -,
and then (a) follows from part (iii) of Theorem 4.4.2.

Now we will prove (d) = (e) = (f) = (g) = (d). Assume first that (d) holds. If V and W are parallel along
=, then (5.3) shows that (V, W) has zero derivative with respect to ¢, so it is constant along ~.

Now assume (e). Let vg,wq be arbitrary vectors in T’y M, and let V, W be their parallel transports along
7, so that V (tg) = vo, W (to) = wo, Py s, v0 = V (t1), and P}, wo = W (t1). Because (V,W) is constant
along v, it follows that (P}, vo, P, wo) = (V (t1), W (t1)) = (V (o) , W (to)) = (vo,wo), so P, isalinear
isometry.

Next, assuming (f), we suppose v : I — M is a smooth curve and (b;) is an orthonormal basis for T, M,
for some ¢y € I. We can extend each b; by parallel transport to obtain a smooth parallel vector field F; along
v, and the assumption that parallel transport is a linear isometry guarantees that the resulting n-tuple (E;)
is an orthonormal frame at all points of .

Finally, assume that (g) holds, and let (E;) be a parallel orthonormal frame along ~. Given smooth vector
fields V and W along v, we can express them in terms of this frame as V = V'E; and W = WY E;. The fact
that the frame is orthonormal means that the metric coefficients g;; = (E;, E;) are constants along v(£1 or 0

), and the fact that it is parallel means that D,V = ViE; and D,W = W*E,. Thus both sides of (5.3) reduce
to the following expression:

gig (VW7 V).

This proves (d). [ |

Corollary 5.2.2. Suppose (M, g) is a Riemannian or pseudo-Riemannian manifold with or without boundary,
V is a metric connection on M, and v : I — M is a smooth curve.

(@) |v'(t)| is constant if and only if D,~'(t) is orthogonal to /'(t) for all ¢t € I.

(b) If v is a geodesic, then |+'(t)| is a constant.
Proof. Let V(t) = W(t) = 4/(t) in proposition 5.2.1(d). |

Proposition 5.2.3. If M is an embedded Riemannian or pseudo-Riemannian submanifold of R™ or R™*, the
tangential connection on M is compatible with the induced Riemannian or pseudo-Riemannian metric.
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Proof. We will show that VT satisfies (5.1). Suppose X, Y, Z € X(M), and let X , 17, Z be smooth extensions
of them to an open subset of R” or R"™*. At points of M, we have

V;<Y,Z> :X<Y7Z> :X<?72>

7 (VeY).Z)+ (V.5 (V5Z))
where the next-to-last equality follows from the fact that Z and Y are tangent to M. |

5.2.2 Symmetric Connections

It turns out that every abstract Riemannian or pseudo-Riemannian manifold admits many different metric
connections (see [7] Problem 5-1), so requiring compatibility with the metric is not sufficient to pin down
a unique connection on such a manifold. To do so, we turn to another key property of the tangential
connection. Recall the definition of the Euclidean connection. The expression on the right-hand side of that
definition is reminiscent of part of the coordinate expression for the Lie bracket:

[X,Y] =X (Y % —Y (X7 %.

In fact, the two terms in the Lie bracket formula are exactly the coordinate expressions for VxY and Vy X.
Therefore, the Euclidean connection satisfies the following identity for all smooth vector fields X, Y :

VxY -VyX =[X,Y].

This expression has the virtue that it is coordinate-independent and makes sense for every connection on the
tangent bundle. We say that a connection V on the tangent bundle of a smooth manifold M is symmetric if

VxY - VyX =[X,Y]forall X,Y € X(M).

The symmetry condition can also be expressed in terms of the torsion tensor of the connection, which was
introduced in Problem 4.8.1; this is the smooth (1, 2)-tensor field 7 : X(M) x X(M) — X(M) defined by

7(X,Y)=VxY - VyX — [X,Y].

Thus a connection V is symmetric if and only if its torsion vanishes identically. It follows from the result of
Problem 4.8.1 that a connection is symmetric if and only if its connection coefficients in every coordinate
frame satisfy I'¥; = I'*.; this is the origin of the term “symmetric.”

ij Jis
Proposition 5.2.4. If M is an embedded (pseudo-)Riemannian submanifold of a (pseudo-)Euclidean space, then
the tangential connection on M is symmetric.

Proof. Let M be an embedded Riemannian or pseudo-Riemannian submanifold of R”, where R" is endowed
either with the Euclidean metric or with a pseudoEuclidean metric g%, r + s = n. Let X,Y € X(M), and
let X,Y be smooth extensions of them to an open subset of the ambient space. If . : M — R" represents the
inclusion mabp, it follows that X and Y are (-related to X and Y, respectively, and thus by the naturality of
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the Lie bracket ( [7] Prop. A.39), [X,Y] is i-related to [X,Y]. In particular, [X,Y] is tangent to M, and its
restriction to M is equal to [X,Y]. Therefore,

VEY - VIX =aT (Vg¥| - ViX| )
= ([X’?]‘M)
= [X.7]]
= [X,Y].

M

The last two propositions show that if we wish to single out a connection on each Riemannian or pseudo-
Riemannian manifold in such a way that it matches the tangential connection when the manifold is presented
as an embedded submanifold of R™ or R™* with the induced metric, then we must require at least that the
connection be compatible with the metric and symmetric. It is a pleasant fact that these two conditions are
enough to determine a unique connection.

Theorem 5.2.5 (Fundamental Theorem of Riemannian Geometry). Let (M, g) be a Riemannian or pseudo-
Riemannian manifold (with or without boundary). There exists a unique connection V on T'M that is compatible
with g and symmetric. It is called the Levi-Civita connection of g (or also, when g is positive definite, the
Riemannian connection).

Proof. We prove uniqueness first, by deriving a formula for V. Suppose, therefore, that V is such a con-
nection, and let X,Y,Z € X(M). Writing the compatibility equation three times with X,Y, Z cyclically
permuted, we obtain

X(Y,2) = (VxY,Z) + (Y, Vx Z)

Y(Z,X) = (VyZ,X)+(Z,VyX)

Z(X,)Y)=(VzX,)Y)+ (X, VzY)

Using the symmetry condition on the last term in each line, this can be rewritten as

X(Y,Z) =(VxY,Z) + (Y, VzX) + (Y, [X, Z])
Y(Z,X)=(VyZ X)+(Z, VxY) +(Z[Y,X])
Z(X,Y) = (VzX,Y)+(X,VyZ) + (X,[Z,Y])

Adding the first two of these equations and subtracting the third, we obtain

XY, Z)+Y(Z,X) - Z(X,Y) =2(VxY, Z) + (Y, [X, Z]) + (Z,[Y, X]) — (X, [Z,Y]).
Finally, solving for (VxY, Z), we get

(Vx¥,2) = J(X(V,2) 4 V{Z,X) ~ Z(X,Y) ~ (V[X,2) — (Z ]V X) (X [ZY]). (54

Now suppose V! and V? are two connections on 7'M that are symmetric and compatible with g. Since the
right-hand side of (5.4) does not depend on the connection, it follows that (VLY — V%Y, Z) = 0 for all
X,Y, Z. This can happen only if VLY = V%Y forall X and Y, so V! = V2.

To prove existence, we use (5.4), or rather a coordinate version of it. It suffices to prove that such a
connection exists in each coordinate chart, for then uniqueness ensures that the connections in different
charts agree where they overlap.
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Let (U, (z%)) be any smooth local coordinate chart. Applying (5.4) to the coordinate vector fields, whose Lie
brackets are zero, we obtain

(V5,05,01) = = (0; (0, 01) + 05 (01, 0;) — 01 (0s,05)) . (5.5)

DN =

Recall the definitions of the metric coefficients and the connection coefficients:

gZ—j = <8,—,8j>, v(’)iaj = F;’;&m

Inserting these into (5.5) yields

m 1
I3 gmi = 3 (0sgj1 + 0j9i — O19ij) - (5.6)
Finally, multiplying both sides by the inverse matrix g*' and noting that g,,,;¢*' = 6* , we get
1
Iy = igkl (0igjt + 059 — Ngiz) - (5.7)

This formula certainly defines a connection in each chart, and it is evident from the formula that T'}; = T'};,
so the connection is symmetric by Problem 4.8.1(b). Thus only compatibility with the metric needs to be

checked. Using (5.6) twice, we get
Thigij + Thjgi = % (Okgij + Oigrj — Ojgri) + % (Orgji + Ojgri — Oigu;)
= OG5
By Proposition 5.2.1 (c), this shows that V is compatible with g. |

A bonus of this proof is that it gives us explicit formulas that can be used for computing the Levi-Civita
connection in various circumstances.

Corollary 5.2.6 (Formulas for the Levi-Civita Connection). Let (M, g) be a Riemannian or pseudo-Riemannian
manifold (with or without boundary), and let V be its Levi-Civita connection.

(a) IN TERMS OF VECTOR FIELDS: If X,Y, Z are smooth vector fields on M, then

(Vx¥,2) = L(X(Y,2) + Y(Z,X) - Z(X.Y)

- Y [X, 2]) = (Z,[Y, X]) + (X, [Z,Y]))

(5.8)

(This is known as Koszul’s formula.)
(b) IN COORDINATES: In any smooth coordinate chart for M, the coefficients of the Levi-Civita connection
are given by
1
Iy = 59“ (0igji + 059 — Dugij) - (5.9)

(¢) IN A LOCAL FRAME: Let (E;) be a smooth local frame on an open subset U C M, and let cfj :U — Rbe
the n® smooth functions defined by

[E;, Ej] = ¢}, Ex. (5.10)
Then the coefficients of the Levi-Civita connection in this frame are
k 1 kl m m m
I = 59 (Eigji + Ejga — E1gij — 9imCii — 9imCi + gimcly) - (5.11)
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(d) IN A LOCAL ORTHONORMAL FRAME: If g is Riemannian, (E;) is a smooth local orthonormal frame, and
the functions cfj are defined by (5.11), then

r =5 (e = e — i) - (5.12)

Proof. We derived (5.8) and (5.9) in the proof of Theorem 5.2.5. To prove (5.11), apply formula (5.8) with
X =EFE,;,Y = E;, and Z = Ej, to obtain

Il9q = (Ve Ej, Ei)
1
2

(Eigji + Ejgi — Eigij — GimCi} — Gim <} + gimcly) -

Multiplying both sides by ¢*' and simplifying yields (5.11). Finally, under the hypotheses of (d), we have
gij = 9,5, 50 (5.11) reduces to (5.12) after rearranging and using the fact that cfj is antisymmetricin¢,j. W

On every Riemannian or pseudo-Riemannian manifold, we will always use the Levi-Civita connection from
now on without further comment. Geodesics with respect to this connection are called Riemannian (or
pseudo-Riemannian) geodesics, or simply “geodesics” as long as there is no risk of confusion. The connec-
tion coefficients Ffj of the Levi-Civita connection in coordinates, given by (5.9), are called the Christoffel

symbols of g.

The next proposition shows that these connections are familiar ones in the case of embedded submanifolds
of Euclidean or pseudo-Euclidean spaces.

Proposition 5.2.7.
(a) The Levi-Civita connection on a (pseudo-)Euclidean space is equal to the Euclidean connection.

(b) Suppose M is an embedded (pseudo-)Riemannian submanifold of a (pseudo-)Euclidean space. Then the
Levi-Civita connection on M is equal to the tangential connection V.

Proof. We observed earlier in this chapter that the Euclidean connection is symmetric and compatible with
both the Euclidean metric g and the pseudo-Euclidean metrics q(“s), which implies (a). Part (b) then follows
from Propositions 5.2.3 and 5.2.4. |

An important consequence of the definition is that because Levi-Civita connections are defined in coordinate-
independent terms, they behave well with respect to isometries. Recall the definition of the pullback of a
connection (see Lemma 4.7.1).

Proposition 5.2.8 (Naturality of the Levi-Civita Connection). Suppose (M, g) and (M ,g) are Riemannian or
pseudo-Riemannian manifolds with or without boundary, and let V denote the Levi-Civita connection of g and
V that of g. If p : M — M is an isometry, then ©*V = V.

Proof. By uniqueness of the Levi-Civita connection, it suffices to show that the pullback connection ¢*V is
symmetric and compatible with g. The fact that ¢ is an isometry means that for any X,Y € X¥(M) and
peM,

(Yo, Zp) = (dpy (V) iy (Z)) = ((9:Y ) ) (0:2) )
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where ¢*Y is a vector field, called the pushforward of Y by ¢; see [6] p.183. In other words, (Y, Z) =
(.Y, s Z) o . Therefore,

X(Y,Z) = X ((¢xY, 0 Z) 0 )
[6]Cor.8.21
———— (X)) (Y, 0 Z)) 0
V a metric conn. = =
TR ((Vpux (907 ), 0. 2) + (9.Y: V. x (0.2)) ) 0 ¢

2 ((p7), Voux (0.Y), Z) + (Yo (¢71), Vix (9.2))

(4.21) = *
(#9), v 2)+{v.('9), 2).
which shows that the pullback connection is compatible with g. The fourth equality is true in the same man-

neras (Y, Z) = (.Y, 0. Z)op. Specifically, <<p* ((grl)* Vo.x @J)) ,cp*Z>o<p - <(¢1)* Vo.x (0.Y) 7Z>.
Symmetry of the pullback connection is proved as follows:

(go*%)x Y — (cp*%)y x 42 (99*1)* (Vgp*x (oY) = Vo.v (‘P*X))
Tasmem () vy
=[X,Y]

Corollary 5.2.9 (Naturality of Geodesics). Suppose (M, g) and (]Tf ,g) are Riemannian or pseudo-Riemannian

manifolds with or without boundary, and ¢ : M — M is a local isometry. If v is a geodesic in M, then @ o~y is
a geodesic in M.

Proof. This is an immediate consequence of Proposition 4.7.2, together with the fact that being a geodesic is
a local property. [ ]

Like every connection on the tangent bundle, the Levi-Civita connection induces connections on all tensor
bundles.

Proposition 5.2.10. Suppose (M, g) is a Riemannian or pseudo-Riemannian manifold. The connection induced
on each tensor bundle by the Levi-Civita connection is compatible with the induced inner product on tensors, in
the sense that X (F,G) = (VxF,G) + (F,V xG) for every vector field X and every pair of smooth tensor fields
F,GeT (T"YTM).

Proof. Since every tensor field can be written as a sum of tensor products of vector and/or covector fields,
it suffices to consider the case in which F = a3 ® - - ® agy; and G = 51 @ - -+ ® Brr1, Where «; and §; are
covariant or contravariant 1-tensor fields, as appropriate. In this case, the formula follows from (2.17) by a
routine computation. u

Proposition 5.2.11. Let (M, g) be an oriented Riemannian manifold. The Riemannian volume form of g is
parallel with respect to the Levi-Civita connection.

Proof. Let p € M and v € T, M be arbitrary, and let v : (—¢,¢) — M be a smooth curve satisfying v(0) =
and 7/(0) = v. Let (Ey, ..., E,) be a parallel oriented orthonormal frame along ~. Since dV, (E\,...,E,) =
and D;E; = 0 along v, formula (4.4) shows that V,, (dV,) = D; (dV,)|,_, = 0.

| SRS
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Proposition 5.2.12. The musical isomorphisms commute with the total covariant derivative operator: if F is
any smooth tensor field with a contravariant ith index position, and b represents the operation of lowering the i
th index, then

v (Fb> — (VF). (5.13)
Similarly, if G has a covariant ith position and f denotes raising the ith index, then

V (G*) = (VG). (5.14)

Proof. The discussion on subsection 2.3.1 shows that F* = tr(F @ g), where the trace is taken on the i th
and last indices of F' ® g. Because ¢ is parallel, for every vector field X we have Vx (F ® g) = (VxF) ® g.
Because V x commutes with traces, therefore,

Vi (Fb) = Vx(tr(F ©g)) = tr (VxF) © g) = (Vx F)’.

This shows that when X is inserted into the last index position on both sides of (5.13), the results are equal.
Since X is arbitrary, this proves (5.13). Because the sharp and flat operators are inverses of each other when
applied to the same index position, (5.14) follows by substituting F' = G* into (5.13) and applying f to both
sides. |

5.3 Exponential Map

Note that the results in this section are generally true for all connection in 7'M, not just for the Levi-Civita
connection. For simplicity, we restrict attention here to the latter case. We also restrict to manifolds without
boundary, in order to avoid complications with geodesics running into a boundary.

The next lemma shows that geodesics with proportional initial velocities are related in a simple way.
Lemma 5.3.1 (Rescaling Lemma). For everyp € M,v € T,M, and ¢,t € R,
Yev (t) = Yo (Ct)7

whenever either side is defined.
Proof. See [7] Lemma 5.18. [ |

The assignment v — ~, defines a map from T'M to the set of geodesics in M. More importantly, by virtue of
the rescaling lemma, it allows us to define a map from (a subset of) the tangent bundle to M itself, which
sends each line {cv} through the origin in 7}, M to a geodesic. Define a subset £ C T'M, the domain of the
exponential map, by

& ={veTM :+, is defined on an interval containing [0,1]},

and then define the exponential map exp : £ — M by
exp(v) = (1)

For each p € M, the restricted exponential map at p, denoted by exp,), is the restriction of exp to the set
ep=ENT,M.

The exponential map of a Riemannian manifold should not be confused with the exponential map of a Lie
group. To avoid confusion, we always designate the exponential map of a Lie group G by exp®, and reserve
the undecorated notation exp for the Riemannian exponential map.
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The next proposition describes some essential features of the exponential map. Recall that a subset of a
vector space V is said to be star-shaped with respect to a point z € S if for every y € S, the line segment
from x to y is contained in S.

Proposition 5.3.2 (Properties of the Exponential Map). Let (M, g) be a Riemannian or pseudo-Riemannian
manifold, and let exp : £ — M be its exponential map.

(@) & is an open subset of T M containing the image of the zero section, and each set ¢, C T,,M is star-shaped
with respect to O .

(b) For each v € T'M, the geodesic vy, is given by

Yo (t) = exp(tv)
for all t such that either side is defined.

(c) The exponential map is smooth.

(d) For each point p € M, the differential d (expp)0 1 To (TpM) = T,M — T,M is the identity map of T,M,
under the usual identification of Ty (T, M) with T, M.

Proof. Write n = dim M. The rescaling lemma with ¢ = 1 says precisely that exp(cv) = Ve (1) = Y ()
whenever either side is defined; this is (b). Moreover, if v € £,, then by definition 7, is defined at least on
[0, 1]. Thus for 0 < ¢t < 1, the rescaling lemma says that

exp, (tv) = Y0 (1) = ()

is defined. Thus, {tv: t € [0,1]} C £, = the segment [0, v] is in &,. This shows that ¢, is star-shaped with
respect to 0.

Next we will show that £ is open and exp is smooth. To do so, we revisit the proof of the theorem of
existence and uniqueness theorem for geodesics 4.5.1 and reformulate it in a more invariant way. Let
(xl) be any smooth local coordinates on an open set U C M, let # : TM — M be the projection, and
let (z%,v") denote the associated natural coordinates for 7=!(U) C TM. In terms of these coordinates,
formula (4.16) defines a smooth vector field G on 7= (U). The integral curves of G are the curves n(t) =
(z'(t),...,z"(t),v(t),...,v"(t)) that satisfy the system of ODEs given by (4.15), which is equivalent to the
geodesic equation under the substitution v* = #*, as we observed in the proof of Theorem 4.5.1. Stated
somewhat more invariantly, every integral curve of G on 7~ (U) projects to a geodesic under 7 : TM — M
(which in these coordinates is just w(x,v) = x ); conversely, every geodesic v(t) = (z'(t),...,z"(t)) in U
lifts to an integral curve of G in 7~1(U) by setting v*(t) = @'(t).

The importance of G stems from the fact that it actually defines a global vector field on the total space of T M,
called the geodesic vector field. Then the unique C*° maximal flow 6 obtained from fundamental theorem
on flows 1.2.8 is called geodesic flow. We could verify that G defines a global vector field by computing the
transformation law for the components of G under a change of coordinates and showing that they take the
same form in every coordinate chart; but fortunately there is a way to avoid that messy computation. The
key observation, to be proved below, is that G acts on a function f € C*°(T'M) by

Gfp.v) = G f = | F 00400 (5.15)

t=0

(Here and whenever convenient, we use the notations (p,v) and v interchangeably for an element v €
T,M, depending on whether we wish to emphasize the point at which v is tangent.) Since this formula is
independent of coordinates, it shows that the various definitions of G given by (4.16) in different coordinate
systems agree.
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To prove that G satisfies (5.15), we write the components of the geodesic v, () as x'(¢) and those of its
velocity as v¥(t) = @%(t). Using the chain rule and the geodesic equation in the form (4.15), we can write the
right-hand side of (5.15) as

=Yv (t) :'Y:; (t)

9f A~ A~ 0
O8G0 W00 + 25w vt
t=0
e gﬁ@wwk—gﬁwww%ﬁﬁ@)
L9 G f(p,v).

The fundamental theorem on flows shows that there exist an open set D C R x T'M containing {0} x T'M
and a smooth map 6 : D — TM, such that each curve %) (t) = 0(t, (p,v)) is the unique maximal integral
curve of GG starting at (p, v), defined on an open interval containing 0.

Now suppose (p,v) € £. This means that the geodesic v, is defined at least on the interval [0,1], and
therefore so is the integral curve of G starting at (p,v) € TM. Since (1, (p,v)) € D, there is a neighborhood
of (1, (p,v)) in R x T'M on which the flow of G is defined (Fig. 5.1). In particular, this means that there is a
neighborhood of (p, v) on which the flow exists for ¢ € [0, 1], and therefore on which the exponential map is
defined. This shows that £ is open.

AR
RxTM
/1_ - _/'I
O S
104
A I
v __ LV >
(p,0) M
(p,v) ™
T,M

Figure 5.1: £ is open.

Since geodesics are projections of integral curves of G, it follows that the exponential map can be expressed
as

exp,,(v) = 7(1) = w o 0(1, (p, v))
wherever it is defined, and therefore exp,,(v) is a smooth function of (p,v). To compute d (exp,) , (v) for an

arbitrary vector v € T,,M, we just need to choose a curve 7 in T,,M starting at O whose initial velocity is v,
and compute the initial velocity of exp, or. A convenient curve is 7(t) = tv, which yields

d

d d
Aep,)y ) = | (em,en) (0= G| ey = G b =v
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Thus d (exp,,) , is the identity map. [ |

Corollary 5.2.9 on the naturality of geodesics translates into the following important property of the expo-
nential map.

Proposition 5.3.3 (Naturality of the Exponential Map). Suppose (M, g) and (M, g) are Riemannian or pseudo-

Riemannian manifolds and ¢ : M — M is a local isometry. Then for every p € M, the following diagram
commutes:

M — M

where £, C T,M and é;(p) - Tcp(p)ﬂ are the domains of the restricted exponential maps exp,, (with respect to
9) and exp,(, (with respect to g), respectively.

Exercise 5.3.4. Prove above proposition

An important consequence of the naturality of the exponential map is the following proposition, which says
that local isometries of connected manifolds are completely determined by their values and differentials at a
single point.

Proposition 5.3.5. Proposition 5.22. Let (M, g) and (M, §) be Riemannian or pseudo-Riemannian manifolds,
with M connected. Suppose ¢,v : M — M are local isometries such that for some point p € M, we have

¢(p) = ¥(p) and dp, = dip,. Then ¢ = 1.
Proof. [7] Problem 5-10. [ ]

A Riemannian or pseudo-Riemannian manifold (M, g) is said to be geodesically complete if every maximal
geodesic is defined for all ¢ € R, or equivalently if the domain of the exponential map is all of TM. It is easy
to construct examples of manifolds that are not geodesically complete; for example, n every proper open
subset of R™ with its Euclidean metric or with a pseudo-Euclidean metric, there are geodesics that reach the
boundary in finite time. Similarly, on R" with the metric (o) * g obtained from the sphere by stereographic
projection, there are geodesics that escape to infinity in finite time.

5.4 Normal Neighborhood and Normal Coordinates

We continue to let (M, g) be a Riemannian or pseudo-Riemannian manifold of dimension n (without bound-
ary). Recall that for every p € M, the restricted exponential map exp, maps the open subset £, C T),M
smoothly into M. Because d (expp) 0 is invertible, the inverse function theorem guarantees that there exist
a neighborhood V' of the origin in 7),M and a neighborhood U of p in M such that exp, : V — U is a
diffeomorphism. A neighborhood U of p € M that is the diffeomorphic image under exp,, of a star-shaped
neighborhood of 0 € T,,M is called a normal neighborhood of p.

Every orthonormal basis (b;) for T),M determines a basis isomorphism B : R" — T,M by B (z!,...,2") =
b IfU = exp,, (V') is a normal neighborhood of p, we can combine this isomorphism with the exponential

1
U - R™:

map to get a smooth coordinate mapy = B! o (expplv)
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B*l
oM —— R"

N
U

Such coordinates are called (Riemannian or pseudo-Riemannian) normal coordinates centered at p.

Proposition 5.4.1 (Uniqueness of Normal Coordinates). Let (M, g) be a Riemannian or pseudo-Riemannian
n-manifold, p a point of M, and U a normal neighborhood of p. For every normal coordinate chart on U centered
at p, the coordinate basis is orthonormal at p; and for every orthonormal basis (b;) for T,M, there is a unique
normal coordinate chart (z*) on U such that dil, = b; fori=1,...,n. In the Riemannian case, any two normal

coordinate charts (¢') and (&) are related by
i = Al (5.16)

for some (constant) matrix (AZ ) € O(n).

Proof. Let ¢ be a normal coordinate chart on U centered at p, with coordinate functions (z*). By definition,
this means that ¢ = B~ o exp, !, where B : R" — T,M is the basis isomorphism determined by some
orthonormal basis (b;) for T;,M. Note that d, ' = d (exp, ), o dBo = B because d (exp,,), is the identity and

B is linear. Thus 9;, = dy,, 1(8;],) = B(0i],) = bi, which shows that the coordinate basis is orthonormal
at p. Conversely, every orthonormal basis (b;) for T,,M yields a basis isomorphism B and thus a normal

coordinate chart ¢ = B~' o exp, !, which satisfies 9;|, = b; by the computation above. If ¢ = B~1o exp; !
is another such chart, then

oy l=B"1lo exp;1 oexp,oB = B~ 'oB,
which is a linear isometry of R™ and therefore has the form (5.16) in terms of standard coordinates on R™.
Since (z7) and (') are the same coordinates if and only if (AZ) is the identity matrix, this shows that the
normal coordinate chart associated with a given orthonormal basis is unique. |

Proposition 5.4.2 (Properties of Normal Coordinates). Let (M, g) be a Riemannian or pseudo-Riemannian
n-manifold, and let (U, (¢")) be any normal coordinate chart centered at p € M.

(a) The coordinates of p are (0, ..., 0).

(b) The components of the metric at p are g;; = &;; if g is Riemannian, and g;; = £9,; otherwise.

(c) For every v = viai‘p € T, M, the geodesic v, starting at p with initial velocity v is represented in normal
coordinates by the line
Yo(t) = (tvl,...,tv") , (5.17)

as long as t is in some interval I containing 0 such that ~,(I) C U.
(d) The Christoffel symbols in these coordinates vanish at p.
(e) All of the first partial derivatives of g;; in these coordinates vanish at p.
Proof. Part (a) follows directly from the definition of normal coordinates, and parts (b) and (c) follow from
Propositions 5.4.1 and 5.3.2(b), respectively.

To prove (d), let v = vi8i|p € T,M be arbitrary. The geodesic equation (4.14) for v, (t) = (tv',...,tv")
simplifies to .
Ffj (tv)v*e? = 0.

Evaluating this expression at ¢ = 0 shows that I'};(0)v*v/ = 0 for every index k and every vector v. In partic-
ular, with v = 9, for some fixed a, this shows that Fﬁa = 0 for each a and k£ (no summation). Substituting
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v =0, + 0 and v = 9, — 9, for any fixed pair of indices a and b and subtracting, we conclude also that
Fﬁb = 0 at p for all a, b, k. Finally, (e) follows from (d) together with (5.2) in the case Ej = 0. [ |

Because they are given by the simple formula (5.17), the geodesics starting at p and lying in a normal
neighborhood of p are called radial geodesics. (But be warned that geodesics that do not pass through p do
not in general have a simple form in normal coordinates.)

5.5 Problems

Exercise 5.5.1 ( [7] 5-1). Let (M, g) be a Riemannian or pseudo-Riemannian manifold, and let V be its Levi-
Civita connection. Suppose V is another connection on TM, and D is the difference tensor between V and V
(Prop.4.2.13). Let D denote the covariant 3-tensor field defined by D*(X,Y, Z) = (D(X,Y), Z). Show that V
is compatible with g if and only if D® is antisymmetric in its last two arguments: D°(X,Y,Z) = —D"(X, Z,Y)
forall XY, Z € X(M). Conclude that on every Riemannian or pseudo-Riemannian manifold of dimension at
least 2, the space of metric connections is an infinite-dimensional affine space.

Exercise 5.5.2 ( [7] 5-8). Let G be a Lie group and g its Lie algebra. Suppose g is a bi-invariant Riemannian
metric on G, and (-,-) is the corresponding inner product on g (see [7] Proposition 3.12). Let ad : g — gl(g)
denote the adjoint representation of g (see [7] Appendix C).

(a) Show that ad(X) is a skew-adjoint endomorphism of g for every X € g:

(ad(X)Y, Z) = (Y, ad(X)Z).

[Hint: Take the derivative of (Ad (exp®tX) Y, Ad (exp® tX) Z) with respect to t at t = 0, where exp® is the
Lie group exponential map of G, and use the fact that Ad, = ad.]

(b) Show that VxY = %[X , Y] whenever X and Y are left-invariant vector fields on G.

(c) Show that the geodesics of g starting at the identity are exactly the one-parameter subgroups. Conclude
that under the canonical isomorphism of g = T.G described in [7] Proposition C.3, the restricted Riemannian
exponential map at the identity coincides with the Lie group exponential map exp® : g — G. (See [7] Proposition
C.7.)

(d) Let R™ be the set of positive real numbers, regarded as a Lie group under multiplication. Show that g =
t=2dt? is a bi-invariant metric on R*, and the restricted Riemannian exponential map at 1 is given by ¢/t —

ec.
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Chapter 6

Geodesics and Distance

6.1 Lengths

To say that v : I — M is a smooth curve is to say that it is smooth as a map from the manifold (with
boundary) I to M. If I has one or two endpoints and M has empty boundary, then ~ is smooth if and only if
it extends to a smooth curve defined on some open interval containing /. (If 9M # @, then smoothness of
has to be interpreted as meaning that each coordinate representation of v has a smooth extension to an open
interval.) A curve segment is a curve whose domain is a compact interval. A smooth curve v : I — M has
a well-defined velocity +'(t) € T,y M for each ¢ € I. We say that v is a regular curve if 7/(t) # 0 for ¢ € I.
This implies that - is an immersion, so its image has no “corners” or “kinks.” If M is a smooth manifold with
or without boundary, a (continuous) curve segment v : [a,b] — M is said to be piecewise regular if there
exists a partition (ay,...,ax) of [a,b] such that 7|[a171’ai] is a regular curve segment (meaning it is smooth
with nonvanishing velocity) for i = 1,..., k. For brevity, we refer to a piecewise regular curve segment as
an admissible curve, and any partition (ao, . .., ax) such that [y, ., is smooth for each i an admissible
partition for . (There are many admissible partitions for a given admissible curve, because we can always
add more points to the partition.) It is also convenient to consider any map 7 : {a} — M whose domain is a
single real number to be an admissible curve.

Suppose v is an admissible curve and (ao,...,ax) is an admissible partition for it. At each of the in-
termediate partition points aq,...,ar_1, there are two one-sided velocity vectors, which we denote by
v (a; ) =limy rq, 7' (t), ¥ (@) = limy~ q, 7/ (t). They are both nonzero, but they need not be equal.

If v : I — M is a smooth curve, we define a reparametrization of ~ to be a curve of the form 4 = yoyp : I’ —
M, where I’ C R is another interval and ¢ : I’ — I is a diffeomorphism. Because intervals are connected, ¢
is either strictly increasing or strictly decreasing on I’. We say that 7 is a forward reparametrization if ¢ is
increasing, and a backward reparametrization if it is decreasing.

For an admissible curve v : [a,b] — M, we define a reparametrization of ~ a little more broadly, as a curve
of the form 4 = 7y o ¢, where ¢ : [¢,d] — [a, b] is a homeomorphism for which there is a partition (co, ..., cx)
of [¢, d] such that the restriction of ¢ to each subinterval [¢;_1, ¢;] is a diffeomorphism onto its image.

If v : [a,b] — M is an admissible curve, we define the length of + to be
b
L) = [ 1 @),

The integrand is bounded and continuous everywhere on [a, b] except possibly at the finitely many points
where ~ is not smooth, so this integral is well defined.
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Proposition 6.1.1 (Properties of Lengths). Suppose (M, g) is a Riemannian manifold with or without bound-
ary, and v : [a,b] — M is an admissible curve.

() ADDITIVITY OF LENGTH: If a < ¢ < b, then Ly (%) = Ly (110, ) + L (7))
(b) PARAMETER INDEPENDENCE: If 7 is a reparametrization of v, then Ly(v) = Ly (7).

(c) ISOMETRY INVARIANCE: If (M, g) and (M ,g) are Riemannian manifolds (with or without boundary) and
@ : M — M is a local isometry, then Ly(y) = Lz(¢ o).

Exercise 6.1.2. Prove above proposition.

Suppose v : [a,b] — M is an admissible curve. The arc-length function of ~ is the function s : [a,b] =& R
defined by

t
s(t):Lg(vha,t]) :/ ' (w)], du. 6.1)

It is continuous everywhere, and it follows from the fundamental theorem of calculus that it is smooth
wherever v is, with derivative s'(¢) = |4/(¢)|. For this reason, if v : I — M is any smooth curve (not
necessarily a curve segment), we define the speed of + at any time ¢ € I to be the scalar |/(¢)|. We say that
~ is a unit-speed curve if |7/(¢t)| = 1 for all ¢, and a constant-speed curve if |7/(¢)| is constant. If v is a
piecewise smooth curve, we say that - has unit speed if |y/(¢)| = 1 wherever ~ is smooth. If v : [a,b] — M is
a unit-speed admissible curve, then its arc-length function has the simple form s(¢) = ¢t — a. If, in addition, its
parameter interval is of the form [0, b] for some b > 0, then the arc-length function is s(¢) = ¢. For this reason,
a unit-speed admissible curve whose parameter interval is of the form [0, 8] is said to be parametrized by
arc length.

Proposition 6.1.3. Suppose (M, g) is a Riemannian manifold with or without boundary.

(a) Every regular curve in M has a unit-speed forward reparametrization.

(b) Every admissible curve in M has a unique forward reparametrization by arc length.
Proof. (a): For a regular curve v : I = [a,b] — M we define s(¢) as in (6.1) and notice that s'(¢) = |7/ (¢)| > 0
due to regularity of the curve (7’ never vanishes). Thus, s'(¢) # 0, making s(¢) a local diffeomorphism due
to the inverse function theorem; s'(¢) > 0 means s(¢) is strictly increasing and is thus injective. If we write
s : I — s(I) =: I’ then s is bijective. The (toy version of) global rank theorem tells us that s must be a

diffeomorphism from I to I’. Then let ¢ = s~ be the reparametrization y = yo o : I’ — M of v : [ — M.
Since inverse function theorem also gives the formula for the derivative of the inverse function, we see

A ()l = 17 (0(s))¢" ()| = |7/ (1p(s))]

‘
S ()‘ (é))
5]:1[ ng tllat :\y' 1s a unit SpEE[l IEpaIaIIlEtIlzaEIOIl Of ’7'

(b): notice that in (a), s(a) = 0. If we denote s(b) = ¢, then the curve 7 is a curve [0,¢] — M parametrized
by arc length. This works for the case where there is only one smooth segment in the admissible curve ~. If
there are more than one, do induction. The details are shown in [7, Proposition 2.49]. [ ]

6.2 Riemannian Distance
Suppose (M, g) is a connected Riemannian manifold with or without boundary. For each pair of points
p,q € M, we define the Riemannian distance from p to ¢, denoted by d,(p, ¢), to be the infimum of the

lengths of all admissible curves from p to q. The following proposition guarantees that d,(p,q) is a well-
defined nonnegative real number for each p,q € M.
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Proposition 6.2.1. If M is a connected smooth manifold (with or without boundary), then any two points of
M can be joined by an admissible curve.

For convenience, if (M, g) is a disconnected Riemannian manifold, we also let d,(p, ¢) denote the Riemannian
distance from p to ¢, provided that p and q lie in the same connected component of M.

Proposition 6.2.2 (Isometry Invariance of the Riemannian Distance Function). Suppose (M, g) and (M )
are connected Riemannian manifolds with or without boundary, and ¢ : M — M is an isometry. Then

ds(p(2), ¢(y)) = dg(z,y) for all z,y € M.

Remark 6.2.3. Note that unlike lengths of curves, Riemannian distances are not necessarily preserved by
local isometries. ®

Theorem 6.2.4 ( [7] Theorem 2.55). Let (M, g) be a connected Riemannian manifold with or without bound-
ary. With the distance function dg, M is a metric space whose metric topology is the same as the given manifold

topology.

Thanks to the preceding theorem, it makes sense to apply all the concepts of the theory of metric spaces
to a connected Riemannian manifold (M, g). For example, we say that M is (metrically) complete if
every Cauchy sequence in M converges. A subset A C M is bounded if there is a constant C' such that
dg(p,q) < C for all p,q € A; if this is the case, the diameter of A is the smallest such constant, i.e.,
diam(A) = sup {dy(p, q) : p,q € A}. Since every compact metric space is bounded, every compact connected
Riemannian manifold with or without boundary has finite diameter.

6.3 Geodesics and Minimizing Curves

Let (M,g) be a Riemannian manifold. An admissible curve v in M is said to be a minimizing curve if
Ly(v) < Ly(7) for every admissible curve 4 with the same endpoints. When M is connected, it follows from
the definition of the Riemannian distance that v is minimizing if and only if L, () is equal to the distance
between its endpoints.

Our first goal in this section is to show that all minimizing curves are geodesics. To do so, we will think
of the length function L, as a functional on the set of all admissible curves in M with fixed starting and
ending points. (Real-valued functions whose domains are themselves sets of functions are typically called
functionals.) Our project is to search for minima of this functional.

6.3.1 Families of Curves

Given intervals I,J C R, a continuous map I' : J x I — M is called a one-parameter family of curves.
Such a family defines two collections of curves in M: the main curves I';(¢t) = I'(s,t) defined for ¢ € I by
holding s constant, and the transverse curves I'(*) (s) = I'(s, ) defined for s € J by holding ¢ constant.

If such a family I" is smooth (or at least continuously differentiable), we denote the velocity vectors of the
main and transverse curves by

O T(s,t) = (Ty) (t) € TrsyM; s (s,t) = DO/ (s) € Tpgs.n M.

Each of these is an example of a vector field along I', which is a continuous map V : J x I — T'M such that
V(s,t) € Tr(s,)M for each (s, t).

The families of curves that will interest us most in this chapter are of the following type. A one-parameter
family T is called an admissible family of curves if (i) its domain is of the form J x [a,b] for some open
interval J; (ii) there is a partition (aq, ..., ax) of [a,b] such that T" is smooth on each rectangle of the form
J X [a;—1,a;); and (iii) T's(t) = I'(s,t) is an admissible curve for each s € J (Fig. 6.1). Every such partition
is called an admissible partition for the family.
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as

ai

Figure 6.1: Admissble family of curves.

If v : [a,b] — M is a given admissible curve, a variation of v is an admissible family of curvesI": J x [a, b] —
M such that J is an open interval containing 0 and Iy = ~. It is called a proper variation if in addition, all
of the main curves have the same starting and ending points: I';(a) = v(a) and T's(b) = v(b) for all s € J.

In the case of an admissible family, the transverse curves are smooth on J for each ¢, but the main curves are
in general only piecewise regular. Thus the velocity vector fields 9;I" and 9;I" are smooth on each rectangle
J % [a;—1, a;], but not generally on the whole domain.

We can say a bit more about d,I", though. If I is an admissible family, a piecewise smooth vector field
along T is a (continuous) vector field along I" whose restriction to each rectangle J X [a;_1,a;] is smooth
for some admissible partition (aq, ..., ax) for T'. In fact, 9, is always such a vector field. To see that it is
continuous on the whole domain J x [a, b], note on the one hand that for each i = 1,... k — 1, the values
of O,I" along the set J x {a;} depend only on the values of I on that set, since the derivative is taken only
with respect to the s variable; on the other hand, ;T is continuous (in fact smooth) on each subrectangle
J X [a;—1,a;] and J X [a;, a;+1], so the right-hand and left-hand limits at ¢ = a; must be equal. Therefore 9,T
is always a piecewise smooth vector field along I'. (However, 9, is typically not continuous at ¢t = a;.)

If T is a variation of v, the variation field of T is the piecewise smooth vector field V' (¢) = 9,I'(0, t) along ~.
We say that a vector field V' along ~ is proper if V(a) = 0 and V' (b) = 0; it follows easily from the definitions
that the variation field of every proper variation is itself proper.

Lemma 6.3.1. If v is an admissible curve and V is a piecewise smooth vector field along ~, then V is the
variation field of some variation of «. If V is proper, the variation can be taken to be proper as well.

Proof. Suppose v and V' satisfy the hypotheses, and set I'(s,t) = exp,,,(sV(t)). By compactness of [a, b],
there is some positive ¢ such that T is defined on (—¢,¢) x [a,b]. By composition, I' is smooth on (—¢,¢) X
[a;—1,a;] for each subinterval [a;_1,a;] on which V is smooth, and it is continuous on its whole domain. By
the properties of the exponential map, the variation field of T" is V. Moreover, if V(a) = 0 and V(b) = 0, the
definition gives I'(s,a) = v(a) and T'(s, b) = ~(b), so I is proper. [ |

If V is a piecewise smooth vector field along I', we can compute the covariant derivative of V either along
the main curves (at points where V' is smooth) or along the transverse curves; the resulting vector fields
along I" are denoted by D,V and D,V respectively.

A key ingredient in the proof that minimizing curves are geodesics is the symmetry of the Levi-Civita connec-
tion. It enters into our proofs in the form of the following lemma. (Although we state and use this lemma
only for the Levi-Civita connection, the proof shows that it is actually true for every symmetric connection in
TM.)
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Lemma 6.3.2 (Symmetry Lemma). Let ' : J X [a,b] — M be an admissible family of curves in a Riemannian
manifold. On every rectangle J x [a;_1,a;] where T is smooth, Ds(0;') = D¢(9sT).

Proof. This is a local question, so we may compute in local coordinates (z*) around a point I" (sg, ty). Writing

the components of I' as I'(s, t) = (2'(s,t),...,2"(s,t)), we have
ox* ox*
atF = Wak, &F = gak

Then, using the coordinate formula (4.13) for covariant derivatives along curves, we obtain

0%zk 9zt Oxd
k . _ 7 1k
Fji) ak, D;o,T = (81585 + 95 ot F]z) O

92k L oxt %
0sot ot Os

Dsatf = (

Now, the lemma follows from the following

Ox' 0xd . 0xd Ox' ;. iej 0x' 027 problemas.1 Oz’ x

ds ot 7' 9s ot 7 ot 0s Y ot 9s 7

6.3.2 Minimizing Curves are Geodesics

We can now compute an expression for the derivative of the length functional along a variation of a curve.
Traditionally, the derivative of a functional on a space of maps is called its first variation.

Theorem 6.3.3 (First Variation Formula). Let (M, g) be a Riemannian manifold. Suppose ~ : [a,b] — M is a
unit-speed admissible curve, T : J x [a,b] — M is a variation of v, and V is its variation field (Fig. 6.3). Then
L, (T's) is a smooth function of s, and

d b k-1
| L) = —/ (V,Dyy'ydt = (V (ai), Aiy) + (V(5),7' (b)) = (V(a),7(a)), (6.2)
s=0 a i=1
where (ao, ..., ay) is an admissible partition for V, and for each i = 1,....k — 1, Ay =+ (aff) =/ (a; ) is

the “jump” in the velocity vector field v at a; (Fig.6.2). In particular, if T is a proper variation, then

d b / k—1 /
i) Ly (Ts) = f/a (V, D'y dt — Z; (V (a5), A') . (6.3)

Figure 6.2: A;+' is the “jump” in v at a;
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Proof. On every rectangle J x [a;_1,a;| where I is smooth, since the integrand in L, (I's) is smooth and the
domain of integration is compact, we can differentiate under the integral sign as many times as we wish.
Because L, (T',) is a finite sum of such integrals, it follows that it is a smooth function of s. For brevity, let
us introduce the notations (see the blue and red v.f. in Fig. 6.3)

T(s,t) = O L'(s,t), S(s,t) = sI(s,1).

Veey= 95T (o)
[ )

2s[ (s.€)
_ (‘-cf))'(s)
= S(s.t)

Figure 6.3: Vector fields V, S, and T’

Differentiating on the interval [a;_1, a;] yields

d o @i (9 1/2
£Lg (FS|[ai,17ai]) - Ail £<T7 T> dt

ﬂ/ %<T,T>*1/22<DST,T>dt (6.4)

i—1

Lemma 6.3.2 @i
| s

where we have used the symmetry lemma in the last line. Setting s = 0 and noting that S(0,¢) = V (¢) and
T(0,t) = +'(¢) (which has length 1 given by assumption of the theorem), we get

’ o W]) :/1 (D,V,') dt
3 (" (d /
— 5 Vo) = {V.De') ) dt

Finally, summing over i, we obtain (6.2). [ |
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Because every admissible curve has a unit-speed parametrization and length is independent of parametriza-
tion, the requirement in the above proposition that v be of unit speed is not a real restriction, but rather just
a computational convenience.

Theorem 6.3.4. In a Riemannian manifold, every minimizing curve is a geodesic when it is given a unit-speed
parametrization.

Proof. Suppose 7 : [a,b] — M is minimizing and of unit speed (so that we can use previous theorem), and
(ao, ..., ay) is an admissible partition for . If I is any proper variation of -y, then L, (I';) is a smooth function
of s that achieves its minimum at s = 0 (we are given that v is minimizing), so it follows from elementary
calculus that d (L, (T's)) /ds = 0 when s = 0. Since every proper vector field along + is the variation field of
some proper variation (Lemma 6.3.1), the right-hand side of (6.3) must vanish for every such V.

First we show that Dy’ = 0 on each subinterval [a;_1,a;], so v is a “broken geodesic.” Choose one such
interval, and let ¢ € C*°(R) be a bump function such that ¢ > 0 on (a;_1,a;) and ¢ = 0 elsewhere. Then
(6.3) with V' = ¢Dy+" (which is proper and we can thus apply the last sentence of the first paragraph)
becomes

0:_/ oD Pdt (%)
a;—1

Since the integrand is nonnegative and ¢ > 0 on (a;_1, a;), this shows that D;y’ = 0 on each such subinterval.

Next we need to show that A;y" = 0 for each i between 0 and %, which is to say that v has no corners. For
each such i, we can use a bump function in a coordinate chart to construct a piecewise smooth vector field V'
along v such that V' (a;) = A7’ and V' (a;) = 0 for j # i. Then (6.2) reduces to — |Am’\2 =0,50 A" =0
for each i.

Finally, since the two one-sided velocity vectors of v match up at each a;, it follows from uniqueness of
geodesics that 7\[%@“1] is the continuation of the geodesic 7|[ai71 o,]> and therefore  is smooth. |

The preceding proof has an enlightening geometric interpretation. Under the assumption that D;y’ # 0, the
first variation with V' = ¢D;v’ is negative (RHS of (x)), which shows that deforming ~ in the direction of
its acceleration vector field (since ¢ > 0) decreases its length (Fig. 6.4). Similarly, the length of a broken
geodesic v is decreased by deforming it in the direction of a vector field V' such that V (a;) = A;y' (Fig. 6.5).
Geometrically, this corresponds to “rounding the corner.”

Figure 6.4: Deforming in the direction of the acceleration.

The first variation formula actually tells us a bit more than is claimed in Theorem 6.3.4. In proving that - is
a geodesic, we did not use the full strength of the assumption that the length of T'; takes a minimum when
s = 0; we only used the fact that its derivative is zero. We say that an admissible curve + is a critical point of
L, if for every proper variation I'; of v, the derivative of L, (T'y) with respect to s is zero at s = 0. Therefore
we can strengthen Theorem 6.3.4 in the following way.

Corollary 6.3.5. A unit-speed admissible curve ~y is a critical point for L, if and only if it is a geodesic.
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Figure 6.5: Rounding the corner

Proof. If v is a critical point, the proof of Theorem 6.3.4 goes through without modification to show that + is
a geodesic. Conversely, if v is a geodesic, then the first term on the right-hand side of (6.3) vanishes by the
geodesic equation, and the second term vanishes because 7’ has no jumps. |

The geodesic equation D;y' = 0 thus characterizes the critical points of the length functional. In general,
the equation that characterizes critical points of a functional on a space of maps is called the variational
equation or the Euler-Lagrange equation of the functional. Many interesting equations in differential
geometry arise as variational equations.

6.3.3 Geodesics Are Locally Minimizing

Next we turn to the converse of Theorem 6.3.4. It is easy to see that the literal converse is not true, because
not every geodesic segment is minimizing. For example, every geodesic segment on S™ that goes more than
halfway around the sphere is not minimizing, because the other portion of the same great circle is a shorter
curve segment between the same two points. For that reason, we concentrate initially on local minimization
properties of geodesics.

As usual, let (M, g) be a Riemannian manifold. A regular (or piecewise regular) curve v : I — M is said to
be locally minimizing if every ¢, € I has a neighborhood I, C I such that whenever a,b € Iy with a < b,
the restriction of  to [a, b] is minimizing.

Lemma 6.3.6. Every minimizing admissible curve segment is locally minimizing.
Exercise 6.3.7. Prove the preceding lemma.

Our goal in this section is to show that geodesics are locally minimizing. The proof will be based on a careful
analysis of the geodesic equation in Riemannian normal coordinates.

If € is a positive number such that exp,, is a diffeomorphism from the ball B, (0) C 7}, M to its image (where
the radius of the ball is measured with respect to the norm defined by g,), then the image set exp,, (B:(0)) is
a normal neighborhood of p, called a geodesic ball in M, or sometimes an open geodesic ball for clarity.

Also, if the closed ball B.(0) is contained in an open set V C T, M on which exp, is a diffeomorphism onto
its image, then exp, (B:(0)) is called a closed geodesic ball, and exp, (9B:(0)) is called a geodesic sphere.
Given such a V, by compactness there exists ¢’ > ¢ such that B.,(0) C V, so every closed geodesic ball is
contained in an open geodesic ball of larger radius. In Riemannian normal coordinates centered at p, the
open and closed geodesic balls and geodesic spheres centered at p are just the coordinate balls and spheres.

Suppose U is a normal neighborhood of p € M. Given any normal coordinates (a:’) on U centered at p,
define the radial distance function » : U — R by

o) = )+ ), ©5)
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and the radial vector field on U\{p}, denoted by 9,, by

or = , (6.6)

In Euclidean space, r(x) is the distance to the origin, and 0, is the unit vector field pointing radially outward
from the origin. (The notation is suggested by the fact that 9, is a coordinate derivative in polar or spherical
coordinates.)

Lemma 6.3.8. In every normal neighborhood U of p € M, the radial distance function and the radial vector
field are well defined, independently of the choice of normal coordinates. Both r and 0, are smooth on U\{p},
and r? is smooth on all of U.

Proof. Proposition 5.4.1 shows that any two normal coordinate charts on U are related by 7¢ = A; 27 for some

orthogonal matrix (A;), and a straightforward computation shows that both r and 0, are invariant under
such coordinate changes. The smoothness statements follow directly from the coordinate formulas. |

The crux of the proof that geodesics are locally minimizing is the following deceptively simple geometric
lemma.

Theorem 6.3.9 (The Gauss Lemma). Let (M, g) be a Riemannian manifold, let U be a geodesic ball centered
at p € M, and let O, denote the radial vector field on U\{p}. Then 0, is a unit vector field orthogonal to the
geodesic spheres in U\{p}.

Proof. We will work entirely in normal coordinates (z*) on U centered at p, using the properties of normal
coordinates described in Proposition 5.4.2.

Let g € U\{p} be arbitrary, with coordinate representation (¢',...,¢"), and letb = r(q) = \/(ql)2 + 4 ()
where r is the radial distance function defined by (6.6). It follows that 0, ‘ has the coordinate representation

_q¢ 0

Orly = b Ozt .

Letv = vi8i|p € T, M be the tangent vector at p with components v* = ¢'/b. By Proposition 5.4.2(c), the
radial geodesic with initial velocity v is given in these coordinates by

Yo(t) = (to',. .., t0").

It satisfies ,(0) = p, v, (b) = ¢, and ~,,(b) = viﬁi’q = 0|, Because g, is equal to the Euclidean metric in
these coordinates, we have

1
O], = ol = /@) o (o) = 2y (@) o () = 1,
so v is a unit vector, and thus 1, is a unit-speed geodesic. It follows that 9, |, = v,/(b) is also a unit vector.

To prove that 0, is orthogonal to the geodesic spheres let ¢, b, and v be as above, and let %}, = exp,, (95;(0))
be the geodesic sphere containing ¢. In these coordinates, ¥, is the set of points satisfying the equation

(x1)2+- -+ (z")? = b?. Let w € T, M be any vector tangent to 3 at ¢. We need to show that <w, 8T\q> =0.
g

Choose a smooth curve o : (—¢,e) — X, satisfying 0(0) = ¢ and ¢'(0) = w, and write its coordinate
representation in (z')-coordinates as o(s) = (c'(s),...,0"(s)). The fact that o(s) lies in %, for all s means
that
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Figure 6.6: Proof of Gauss lemma.

Define a smooth map I' : (—¢,¢) x [0,b] — U (Fig.6.6) by

T(s,t) = (Zol(s), L ba"(s)) .

For each s € (—¢,¢),T is a geodesic by Proposition 5.4.2(c). Its initial velocity is I',(0) = (1/b)c(s)d; | p,
which is a unit vector by (6.6) and the fact that g, is the Euclidean metric in coordinates; thus each I'; is a
unit-speed geodesic. As before, let S = 9;" and T' = 9,I". It follows from the definitions that

5(0,0) = d% B I,(0) = 0;
T0.0)= g (0=
SO0 = 5| ot =uw
0.5 = G| 0 =0 = al,

Therefore (S,T) is zero when (s,¢) = (0,0) and equal to <w, 6T|q> when (s,t) = (0,b), so to prove the
theorem it suffices to show that (S, T") is independent of ¢. We compute

%(S, T) = (DS, T) + (S,D,T) (compatibility with the metric)
= (DT, T)y+ (S,D;T) (symmetry lemma) 6.7)
= (DT, T)+0 (each I, is a geodesic) ’
:%%m%o (IT| = || = 1 for all (s, £)).
|

This proves the theorem.

We will use the Gauss lemma primarily in the form of the next corollary.

Corollary 6.3.10. Let U be a geodesic ball centered at p € M, and let r and 9, be the radial distance and radial
vector field as defined by (6.5) and (6.6). Then gradr = 0, on U\{p}.
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Proof. By the result of Problem 2.5.10, it suffices to show that 0, is orthogonal to the level sets of r and
or(r) = |8T|3. The first claim follows directly from the Gauss lemma, and the second from the fact that

O,(r) = 1 by direct computation in normal coordinates, which in turn is equal to |8T|3 by the Gauss lemma.
|

Here is the payoff: our first step toward proving that geodesics are locally minimizing. Note that this is
not yet the full strength of the theorem we are aiming for, because it shows only that for each point on a
geodesic, sufficiently small segments of the geodesic starting at that point are minimizing. We will remove
this restriction after a little more work below.

Proposition 6.3.11. Let (M, g) be a Riemannian manifold. Suppose p € M and q is contained in a geodesic
ball around p. Then (up to reparametrization) the radial geodesic from p to q is the unique minimizing curve in
M from p to q.

Proof. Choose ¢ > 0 such that exp, (B:(0)) is a geodesic ball containing g. Let v : [0,c] — M be the radial
geodesic from p to ¢ parametrized by arc length, and write () = exp,,(tv) for some unit vector v € T, M.
Then L,(y) = ¢, since  has unit speed.

o(bo)

p=0(a0) [g=0(b)

z.

Figure 6.7: Radial geodesics are minimizing.

To show that + is minimizing, we need to show that every other admissible curve from p to ¢ has length
at least ¢. Let o : [0,b] — M be an arbitrary admissible curve from p to ¢, which we may assume to be
parametrized by arc length as well. Let ag € [0,b] denote the last time that o(¢) = p, and by € [0, ] the
first time after a, that o(¢) meets the geodesic sphere ¥ of radius ¢ around p (Fig.6.7). Then the composite
function r o ¢ is continuous on [ag, by] and piecewise smooth in (ag,by), so we can apply the fundamental
theorem of calculus to conclude that

bo bo
r(o (b)) —r(o(ap)) = / %r(o(t))dt = dr (o’ (t)) dt
bo bo
_ / (erad il o' (1)) dit < / | grad vl ][o”(t) | dt ©6.8)

bo
:/ 0O dt = Ly (o]0 1)) < Lo(0)
ao
Thus Ly(o) > r (o (by)) — r (o (ag)) = ¢, so v is minimizing. Now suppose L,(c) = ¢. Then b = ¢, and
both inequalities in (6.8) are equalities. Because we assume that ¢ is a unit-speed curve, the second of
these equalities implies that ¢y = 0 and by = b = ¢, since otherwise the segments of o before ¢ = ag
and after t = by would contribute positive lengths. The first equality then implies that the nonnegative
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expression |gradr|,)|[o’(t) | — <gradr|a(t) ,cr’(t)> is identically zero on [0,b], which is possible only if
o’(t) is a positive multiple of grad r|,, for each ¢. Since we assume that ¢ has unit speed, we must have

o'(t) = grad r|0(t) = 8T|U(t). Thus o and + are both integral curves of 0, passing through ¢ at time ¢ = ¢, so
o=". |

The next two corollaries show how radial distance functions, balls, and spheres in normal coordinates are
related to their global metric counterparts.

Corollary 6.3.12. Let (M, g) be a connected Riemannian manifold and p € M. Within every open or closed
geodesic ball around p, the radial distance function r(z) defined by (6.5) is equal to the Riemannian distance
from p to x in M.

Proof. Since every closed geodesic ball is contained in an open geodesic ball of larger radius, we need only
consider the open case. If z is in the open geodesic ball exp, (B.(0)), the radial geodesic v from p to z is
minimizing by Proposition 6.3.11. Since its velocity is equal to 0., which is a unit vector in both the g-norm
and the Euclidean norm in normal coordinates, the g-length of ~ is equal to its Euclidean length, which is
r(x). [ |

Corollary 6.3.13. In a connected Riemannian manifold, every open or closed geodesic ball is also an open or
closed metric ball of the same radius, and every geodesic sphere is a metric sphere of the same radius.

Proof. Let (M, g) be a Riemannian manifold, and let p € M be arbitrary. First, let V = exp,, (B.(0)) € M be
a closed geodesic ball of radius ¢ > 0 around p. Suppose q is an arbitrary point of M. If ¢ € V, then Corollary
6.3.12 shows that ¢ is also in the closed metric ball of radius ¢. Conversely, suppose ¢ ¢ V. Let S be the
geodesic sphere exp,, (0B.(0)). The complement of S is the disjoint union of the open sets exp, (B.(0)) and
M\ exp,, (B.(0)), and hence disconnected. Thus if  : [a,b] — M is any admissible curve from p to ¢, there
must be a time ¢y € (a,b) when v (to) € S, and then Corollary 6.3.12 shows that the length of 7, , , must
be at least c. Since 7\[t0,b] must have positive length, it follows that d,(p,q) > ¢, so ¢ is not in the closed
metric ball of radius ¢ around p.

Next, let W = exp, (B.(0)) be an open geodesic ball of radius c. Since W is the union of all closed geodesic
balls around p of radius less than ¢, and the open metric ball of radius ¢ is similarly the union of all closed
metric metric balls of smaller radii, the result of the preceding paragraph shows that W is equal to the open
metric ball of radius c.

Finally, if S = exp,, (9B.(0)) is a geodesic sphere of radius ¢, the arguments above show that S is equal to
the closed metric ball of radius ¢ minus the open metric ball of radius ¢, which is exactly the metric sphere
of radius c. u

The last corollary suggests a simplified notation for geodesic balls and spheres in M. From now on, we
will use the notations B, (p) = exp, (B.(0)), B.(p) = exp, (Bc(0)), and S.(p) = exp, (0B.(0)) for open and
closed geodesic balls and geodesic spheres, which we now know are also open and closed metric balls and
spheres. (To avoid confusion, we refrain from using this notation for other metric balls and spheres unless
explicitly stated.)

In order to prove that geodesics in (M, g) are locally minimizing, we need the following refinement of the
concept of normal neighborhoods. A subset W C M is called uniformly normal if there exists some § > 0
such that W is contained in a geodesic ball of radius § around each of its points (Fig. 6.8). If ¢ is any such
constant, we will also say that W is uniformly j-normal. Clearly every subset of a uniformly §-normal set is
itself uniformly -normal.

Lemma 6.3.14 (Uniformly Normal Neighborhood Lemma). Given p € M and any neighborhood U of p, there
exists a uniformly normal neighborhood of p contained in U.
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Figure 6.8: Uniformly normal Neighborhood.
Proof. See [7, Lemma 6.14]. [ |
Theorem 6.3.15. Every Riemannian geodesic is locally minimizing.

Proof. Let (M, g) be a Riemannian manifold. Suppose v : I — M is a geodesic, which we may assume to
be defined on an open interval, and let ¢y, € I. Let W be a uniformly normal neighborhood of 7 (¢y), and let
Iy C I be the connected component of y~!(W) containing to. If a,b € I, with a < b, then the definition of
uniformly normal neighborhood implies that the image of 7, ,; is contained in a geodesic ball centered at
v(a) (Fig. 6.9).

a tyo b

I

Figure 6.9: Geodesics are locally minimizing.

Proposition 5.4.2 shows that every geodesic segment lying in that ball and starting at -y(a) is part of a radial
geodesic, and Proposition 6.3.11 shows that each radial geodesic segment is minimizing. However, the

restriction of +y to [a, 1] is also a geodesic segment from v(a) to y(b) lying in the same geodesic ball, and thus
v [a,p) TUSE coincide with this minimizing geodesic. |
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Given a Riemannian manifold (M, g) (without boundary), for each point p € M we define the injectivity
radius of M at p, denoted by inj(p), to be the supremum of all @ > 0 such that exp, is a diffeomorphism
from B,(0) C T,,M onto its image.

If there is no upper bound to the radii of such balls (as is the case, for example, on R™), then we set
inj(p) = co. Then we define the injectivity radius of M, denoted by inj(M), to be the infimum of inj(p) as
p ranges over points of M. It can be zero, positive, or infinite. (The terminology is explained by Problem
9.1.1.)

Lemma 6.3.16. If (M, g) is a compact Riemannian manifold, then inj(M) is positive.

Proof. For each z € M, there is a positive number §(x) such that z is contained in a uniformly ¢(z)-normal
neighborhood W,, and inj (2’) > §(z) for each 2’ € W. Since M is compact, it is covered by finitely many

such neighborhoods W, , ..., W, . Therefore, inj(M) is at least equal to the minimum of 6 (z1),...,d (zx).
It cannot be infinite, because a compact metric space is bounded, and a geodesic ball of radius ¢ contains
points whose distances from the center are arbitrarily close to c. |

In addition to uniformly normal neighborhoods, there is another, more specialized, kind of normal neigh-
borhood that is frequently useful. Let (M,g) be a Riemannian manifold. A subset U C M is said to be
geodesically convex if for each p,q € U, there is a unique minimizing geodesic segment from p to ¢ in M,
and the image of this geodesic segment lies entirely in U.

The next theorem says that every sufficiently small geodesic ball is geodesically convex.
Theorem 6.3.17. Let (M, g) be a Riemannian manifold. For each p € M, there exists ¢q > 0 such that every

geodesic ball centered at p of radius less than or equal to ¢ is geodesically convex.

Proof. Exercise. |

6.4 Completeness

Recall that such a manifold is said to be geodesically complete if every maximal geodesic is defined for all
t € R. For clarity, we will use the phrase metrically complete for a connected Riemannian manifold that is
complete as a metric space with the Riemannian distance function, in the sense that every Cauchy sequence
converges.

The Hopf-Rinow theorem, which we will state and prove below, shows that these two notions of completeness
are equivalent for connected Riemannian manifolds. Before we prove it, let us establish a preliminary result,
which will have other important consequences besides the Hopf-Rinow theorem itself.

Lemma 6.4.1. Suppose (M, g) is a connected Riemannian manifold, and there is a point p € M such that exp,
is defined on the whole tangent space T,,M. Then

(a) Given any other q € M, there is a minimizing geodesic segment from p to q.
(b) M is metrically complete.
Remark 6.4.2. We can call the assumption in the lemma as “locally geodesically complete.” o
Proof. Let ¢ € M be arbitrary. If v : [a,b] — M is a geodesic segment starting at p, let us say that v aims at
q if v is minimizing and
dg(p,q) = dg(p, (b)) + dg(7(b), q) (6.9)
(This would be the case, for example, if ¥ were an initial segment of a minimizing geodesic from p to g; but

we are not assuming that.) To prove (a), it suffices to show that there is a geodesic segment v : [a,b] — M
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that begins at p, aims at ¢, and has length equal to d,(p, g), for then the fact that ~ is minimizing means that
dg(p,7(b)) = Lyg(y) = dg(p, q), and (6.9) becomes

dy(p;q) = dg(p,q) + dg(v(b), q),

which implies v(b) = ¢. Since v is a segment from p to ¢ of length d,(p, ¢), it is the desired minimizing
geodesic segment.

Choose £ > 0 such that there is a closed geodesic ball B.(p) around p that does not contain q. Since the
distance function on a metric space is continuous, there is a point « in the geodesic sphere S.(p) where
dg(x,q) attains its minimum on the compact set S.(p). Let v be the maximal unit-speed geodesic whose
restriction to [0, £] is the radial geodesic segment from p to z (Fig. 6.10); by assumption, ~ is defined for all
teR.

Figure 6.10: Proof that 7|[015] aims at q.

We begin by showing that 7|[018] aims at ¢. Since it is minimizing by Proposition 6.3.11 (noting that every
closed geodesic ball is contained in a larger open one), we need only show that (6.9) holds with b = ¢, or

dg(p,q) = dg(p,x) + dy(x,q) (6.10)

To this end, let o : [ag, by] — M be any admissible curve from p to ¢. Let ¢y be the first time o hits S.(p), and
let o1 and o4 denote the restrictions of o to [ag, to] and [to, bo|, respectively (Fig. 6.10). Since every point in
Se(p) is at a distance ¢ from p, we have L, (o1) > dg (p, o (t0)) = dg4(p, z); and by our choice of « we have
Ly (02) > dg (0 (to),q) > dg(z, q). Putting these two inequalities together yields

Lg(0) = Ly (91) + Ly (02) = dy(p, ) + dy(2, q)

Taking the infimum over all such o, we find that d,(p, ¢) > d4(p, z) + dy4(z, ¢). The opposite inequality is just
the triangle inequality, so (6.10) holds.

Now let T' = d,;(p, ¢) and
A= {b €[0,7]: 7]y, aims at q}

We have just shown that ¢ € A. Let A = sup.A > . By continuity of the distance function, it is easy to see
that A is closed in [0, 7', and therefore A € A. If A =T, then 7|, 1y is a geodesic of length T" = d,(p, ¢) that
aims at ¢, and by the remark above we are done. So we assume A < T and derive a contradiction.

Let y = v(A), and choose § > 0 such that there is a closed geodesic ball B;(y) around y, small enough that
it does not contain ¢ (Fig. 6.11).

The fact that A € A means that
dg(y,q) = dg(p,q) —dy(p,y) =T — A
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Figure 6.11: Proof that A = T.

Let z € S5(y) be a point where d,(z, ¢) attains its minimum, and let 7 : [0, ] — M be the unit-speed radial
geodesic from y to z. By exactly the same argument as before, 7 aims at ¢, so

dg(2,q) = dg(y,q) —dg(y,2) = (T — A) =0 (6.11)

By the triangle inequality and (6.11),

dg(p, 2) > dg(p,q) — dg(2,9)
=T - (T—A-06)=A+4

Therefore, the admissible curve consisting of | (0,4] (of length A) followed by 7 (of length ¢) is a minimizing
curve from p to z. This means that it has no corners, so z must lie on v, and in fact, z = y(A4 + ¢§). But then
(6.11) says that

dg(p,q) =T = (A+0) +dy(z,q) = dy(p, 2) + dy(2, 9),

o) *y|[0’ A+s) aims at ¢ and A + 6 € A, which is a contradiction. This completes the proof of (a).

To prove (b), we need to show that every Cauchy sequence in M converges. Let (¢;) be a Cauchy sequence
in M. For each 4, the assumption of local geodesical completeness allows us to get a unit-speed minimizing
geodesic v;(t) = exp, (tv;) from p to ¢;. Let d; = d, (p,qi), so that ¢; = exp, (d;v;). Since (g;) is Cauchy
and d, is continuous, the sequence (d;) is Cauchy and thus bounded in R. Let (v;) be a sequence consisting
of unit vectors in T,M. Then the sequence of vectors (d,;v;) in T,M is bounded. Therefore a subsequence
(di,vi, ) converges to some v € T, M by the Balzano-Weierstrass theorem. By continuity of the exponential
map, ¢;, = exp, (d;,vi,) — exp, v, and since the original sequence (g;) is Cauchy, it converges to the same
limit.

|

The next theorem is the main result of this section.

Theorem 6.4.3 (Hopf-Rinow). A connected Riemannian manifold is metrically complete if and only if it is
geodesically complete.

Proof. Let (M, g) be a connected Riemannian manifold. Suppose first that M is geodesically complete. Then
in particular, it satisfies the hypothesis of Lemma 6.4.1, so it is metrically complete.

Conversely, suppose M is metrically complete, and assume for the sake of contradiction that it is not geodesi-
cally complete. Then there is some unit-speed geodesic ~ : [0,b) — M that has no extension to a geodesic on
any interval [0,0") for &’ > b. Let (¢;) be any increasing sequence in [0, b) that approaches b, and set ¢; = v (¢;).
Since v is parametrized by arc length, the length of |, , , is exactly [t; — [, so dg (gi,q;) < |t; — ;| and
(g;) is a Cauchy sequence in M. By completeness, (g;) converges to some point ¢ € M. Let W be a uniformly
d-normal neighborhood of ¢ for some ¢§ > 0. Choose j large enough that ¢; > b — ¢ and ¢; € W (Fig. 6.12).
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Figure 6.12: ~ extends past q.

The fact that Bs (¢;) is a geodesic ball means that every unit-speed geodesic starting at ¢; exists at least
for t € [0,6). In particular, this is true of the geodesic o with ¢(0) = ¢; and ¢’(0) = +'(¢;). Define

’?:[O,tj+5)—>Mby
N B (9 te[0,b)
V(t)_{a(t—tjy te(t;— ot +0)

Note that both expressions on the right-hand side are geodesics, and they have the same position and velocity
when ¢ = ¢;. Therefore, by uniqueness of geodesics, the two definitions agree where they overlap. Since
t; + ¢ > b,% is an extension of y past b, which is a contradiction. |

A connected Riemannian manifold is simply said to be complete if it is either geodesically complete or
metrically complete; the Hopf-Rinow theorem then implies that it is both. For disconnected manifolds,
we interpret “complete” to mean geodesically complete, which is equivalent to the requirement that each
component be a complete metric space. As mentioned in the previous chapter, complete manifolds are the
natural setting for global questions in Riemannian geometry.

We conclude this section by stating three important corollaries: whose proofs are easy applications of Lemma
6.4.1 and the Hopf-Rinow theorem.

Corollary 6.4.4. If M is a connected Riemannian manifold and there exists a point p € M such that the
restricted exponential map exp,, is defined on all of T, M, then M is complete.

Corollary 6.4.5. If M is a complete, connected Riemannian manifold, then any two points in M can be joined
by a minimizing geodesic segment.

Since compact metric spaces are complete, we also have:

Corollary 6.4.6. If M is a compact Riemannian manifold, then every maximal geodesic in M is defined for all
time.

The Hopf-Rinow theorem and Corollary 6.4.4 are key ingredients in the following theorem about Riemannian
covering maps. This theorem will play a key role in the proofs of some of the local-to-global theorems.

Theorem 6.4.7. Suppose (M ,g) and (M, g) are connected Riemannian manifolds with M complete, and  :
M — M is a local isometry. Then M is complete and  is a Riemannian covering map.

185



Differential Geometry Anthony Hong

Proof. A fundamental property of covering maps is the path-lifting property: if = is a covering map, then
every continuous path v : I — M lifts to a path 4 in M such that 70 7 = . We begin by proving that =
possesses the path-lifting property for geodesics (Fig. 6.13): if p € M is a point in the image of 7,y : I — M
is any geodesic starting at p, and p is any point in 7—!(p), then v has a unique lift starting at p. The lifted
curve is necessarily also a geodesic because = is a local isometry.

Figure 6.13: Lifting geodesics.

To prove the path-lifting property for geodesics, suppose p € 7(M) and p € 7~ 1(p), and let v : I — M be
any geodesic with p = 7(0). Let v = 7/(0) and & = (dnp) " (v) € TZ;/Z\Z (which is well defined because dr
is an isomorphism), and let 4 be the geodesic in M with initial point p and initial velocity ©. Because M is
complete, ¥ is defined on all of R. Since 7 is a local isometry, it takes geodesics to geodesics; and since by
construction 7(¥(0)) = v(0) and dmj (¥'(0)) = +'(0), we must have mo4 = v on I, so 7|, is a lift of ~ starting
at p. To show that M is complete, let p be any point in the image of 7. If v : T — M is any geodesic starting
at p, then v has a lifty : [ — M. Because M is complete, 7 o 4 is a geodesic defined for all ¢ that coincides
with v on I, so y extends to all of R. Thus M is complete by Corollary 6.4.4.

Next we show that 7 is surjective. Choose some point p € M, write p = m(p), and let ¢ € M be arbitrary.
Because M is connected and complete, there is a minimizing unit-speed geodesic segment v from p to q.
Letting 7 be the lift of v starting at p and r = d,(p, ¢), we have 7(3(r)) = v(r) = g, so ¢ is in the image of 7.

To show that 7 is a smooth covering map, we need to show that every point of M has a neighborhood U
that is evenly covered, which means that #~'(U) is a disjoint union of connected open sets U, such that
7 | Uy : Uy — U is a diffeomorphism. We will show, in fact, that every geodesic ball is evenly covered.

Let p € M, and let U = B.(p) be a geodesic ball centered at p. Write 77! (p) = {Pa},c 4, and for each o let

U, denote the metric ball of radius ¢ around p, (we are not claiming that (7(1 is a geodesic ball). The first
step is to show that the various sets U,, are disjoint. For every o # f3, there is a minimizing geodesic segment
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4 from p, to ps because M is complete. The projected curve v = 7 o ¥ is a geodesic segment that starts and
ends at p (Fig. 6.14), whose length is the same as that of 4. Such a geodesic must leave U and reenter it
(since all geodesics passing through p and lying in U are radial line segments), and thus must have length at
least 2¢. This means that dj (p.,pg) > 2¢, and thus by the triangle inequality, U, N Ug = @.

The next step is to show that 7= (U) = U, U,. If § is any point in U,, then there is a geodesic 7 of length
less than ¢ from p, to ¢, and then o7 is a geodesic of the same length from p to 7(§), showing that 7(q) € U.
It follows that |J,, U, C 71 (U).

Conversely, suppose G € 7~ (U), and set ¢ = m(g). This means that ¢ € U, so there is a minimizing radial
geodesic v in U from ¢ to p, and r = d,(q,p) < €. Let 4 be the lift of ~ starting at ¢ (Fig. 6.14). It follows
that 7(3(r)) = ~(r) = p. Therefore ¥(r) = p, for some «, and d (§,p) < Lg(7) =7 < ¢,50 G € U,.

7 N\
l\ )
~ y(r) q\\
Ua\ = )

~ v -

| =

// \\\
U'\ p.—%qo)
N V4

Figure 6.14: Left: proof that U, N U = @; right: proof that 7~ (U) C Ua Us.

It remains only to show that 7 : U, — U is a diffeomorphism for each «. It is certainly a local diffeomorphism
(because  is). It is bijective because its inverse can be constructed explicitly: it is the map sending each
radial geodesic starting at p to its lift starting at p,. This completes the proof. |

Corollary 6.4.8. Suppose M and M are connected Riemannian manifolds, and = : M — M is a Riemannian
covering map. Then M is complete if and only if M is complete.

Proof. A Riemannian covering map is, in particular, a local isometry. Thus if M is complete, 7 satisfies the
hypotheses of Theorem 6.4.7, which implies that M is also complete. |

Conversely, suppose M is complete. Let p € Mand s € TPM be arbitrary, and let p = #(p) and v = dm(0).
Completeness of M implies that the geodesic v with (0) = p and 4/(0) = v is defined for all ¢ € R, and then
its lift 4 : R — M starting at j is a geodesic in M with initial velocity @, also defined for all ¢.

Corollary 6.4.5 to the Hopf-Rinow theorem shows that any two points in a complete, connected Riemannian
manifold can be joined by a minimizing geodesic segment. The next proposition gives a refinement of that
statement.
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Proposition 6.4.9. Suppose (M, g) is a complete, connected Riemannian manifold, and p,q € M. Every path-
homotopy class of paths from p to q contains a geodesic segment ~ that minimizes length among all admissible
curves in the same path-homotopy class.

Proof. Let T : M — M be the universal covering manifold of M, endowed with the pullback metric § = 7*g.
Given p,q € M and a path o : [0,1] — M from p to g, choose a point p € 7~ !(p), and let 5 : [0,1] — M be the
lift of o starting at p, and set ¢ = 5(1). By Corollary 6.4.5, there is a minimizing g-geodesic segment 5 from p
to ¢, and because  is a local isometry, v = 7 o 7 is a geodesic in M from p to q. If ~; is any other admissible
curve from p to ¢ in the same path-homotopy class, then by the monodromy theorem (see [5, Theorem
11.15]), its lift 4, starting at p also ends at ¢q. Thus 7; is no shorter than 5, which implies ~+; is no shorter
than ~. |

6.5 Geodesics of the Model Spaces

Euclidean Space (R",q)

The of (R™,g) is the Euclidean connection (by Proposition 5.2.7 (a)):
= 0 0
VxY =X (YY) —+ -+ XYY"
X (") Oxl ok X ox™
Exercise 6.5.1. Show that the on R™ with respect to the Euclidean connection are exactly

the constant curves (points) and the straight lines with constant-speed parametrizations.

Exercise 6.5.2. Let v : I — R"™ be a smooth curve, show that the smooh vector fields V along - that are parallel
along ~ with respect to the Euclidean connection are exactly the constant-coefficient ones.

Every Euclidean space is

Spheres (S*(R), 9)

The round metric on the sphere S"(R) is induced by the Euclidean metric on R"*! (Example 2.2.1), so Propo-
sition 5.2.7 (b) implies that the of (S”(R),;) is the tangential connection (Example
4.2.10)

VY =71 (VgY|um).
Define a great circle on S*(R) to be any subset of the form S"(R) N II, where IT C R"*! is a 2-dimensional
linear subspace.

Proposition 6.5.3. A nonconstant curve on S™(R) is a if and only if it is a periodic constant-
speed curve whose image is a great circle. Thus every sphere is

Proof. Let p € S*(R) be arbitrary. Because f(z) = |z|? is a defining function for S*(R), [6, Proposition 5.38]
shows that a vector v € T,R"*! is tangent to S"(R) if and only if df,(v) = 2(v,p) = 0, where we think of
p as a vector by means of the usual identification of R"*! with 7,,R"**. Thus 7,,S™(R) is exactly the set of
vectors orthogonal to p.

Suppose v is an arbitrary nonzero vector in 7,,S™(R). Let ¢ = |v|/R and ¥ = v/a (so |v] = R), and consider
the smooth curve v : R — R"*! given by

~(t) = (cos at)p + (sin at)v
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By direct computation, |y(t)|? = R?, so y(t) € S*(R) for all t. Moreover,

v (t) = —a(sin at)p + a(cos at)d
7" (t) = —a?(cos at)p — a®(sin at)

Recall from section 5.1 that a smooth curve v : I — M on embedded submanifold M of R” is a geodesic
with respect to its tangential connection if and only if its ordinary acceleration " (t) is orthogonal to T’ ;) M
for all t € I. Now, ~(t) is proportional to v(t) (thinking of both as vectors in R™*!), it follows that
7" (t) is g-orthogonal to T',;yS™(R), so ~ is a geodesic in S™(R). Since v(0) = p and 7/(0) = av = v, it
follows that v = ~,. Each +, is periodic of period 27 /a, and has constant speed by Corollary 5.2.2 (or by
direct computation). The image of v, is the great circle formed by the intersection of S™(R) with the linear
subspace spanned by {p, 7}, as one can check.

Conversely, suppose C' is a great circle formed by intersecting S™(R) with a 2-dimensional subspace II, and
let {v, w} be an orthonormal basis for IT. Then C is the image of the geodesic with initial point p = Rw and
initial velocity v. |

Hyperbolic Spaces (H"(R), §r)

The geodesics of hyperbolic spaces can be determined by an analogous procedure using the hyperboloid
model.

Proposition 6.5.4. A nonconstant curve in a hyperbolic space is a maximal geodesic if and only if it is a
constant-speed embedding of R whose image is one of the following:

(a) HYPERBOLOID MODEL: The intersection of H"(R) with a 2-dimensional linear subspace of R™!, called a
great hyperbola (Fig. 6.15).

Figure 6.15: A great hyperbola.
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(b) BELTRAMI-KLEIN MODEL: The interior of a line segment whose endpoints both lie on 0K"(R) (Fig. 6.16).

Figure 6.16: Geodesics of K" (R).

(¢) BALL MODEL: The interior of a diameter of B"(R), or the intersection of B"(R) with a Euclidean circle
that intersects OB™(R) orthogonally (Fig. 6.17).

Figure 6.17: Geodesics of B"(R).

(d) HALF-SPACE MODEL: The intersection of U"(R) with one of the following: a line parallel to the y-axis or
a Euclidean circle with center on U™ (R) (Fig. 6.18).

d

Figure 6.18: Geodesics of U™(R).
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Every hyperbolic space is

Proof. We begin with the hyperboloid model, for which the proof is formally quite similar to what we just
did for the sphere. Since the Riemannian connection on H"(R) is equal to the tangential connection by
Proposition 5.12, it follows from Corollary 5.2 that a smooth curve v : I — H"(R) is a geodesic if and only if
its acceleration +”(t) is everywhere g-orthogonal to T, H" (R) (where ¢ = g™ is the Minkowski metric).

Let p € H"(R) be arbitrary. Note that f(x) = §(z, z) is a defining function for H"(R), and (3.10) shows that
the gradient of f at p is equal to 2p (where we regard p as a vector in 7,R™! as before). It follows that a
vector v € T,R™! is tangent to H"(R) if and only if g(p,v) = 0. Let v € T,H"(R) be an arbitrary nonzero
vector. Put a = |v|;/R = q(v,v)/?/R and ¢ = v/a, and define v : R — R™! by

~(t) = (cosh at)p + (sinh at)d

Direct computation shows that ~ takes its values in H"(R) and that its acceleration vector is everywhere
proportional to (t). Thus v”(t) is g-orthogonal to T’,;)H" (R), so vy is a geodesic in H" (R) and therefore has
constant speed. Because it satisfies the initial conditions v(0) = p and +/(0) = v, it is equal to ~,. Note that
v, is a smooth embedding of R into H"(R) whose image is the great hyperbola formed by the intersection
between H"(R) and the plane spanned by {p, v}.

Conversely, suppose II is any 2-dimensional linear subspace of R™! that has nontrivial intersection with
H"(R). Choose p € IINH"(R), and let v be another nonzero vector in II that is g-orthogonal to p, which
implies v € T,H"(R). Using the computation above, we see that the image of the geodesic v, is the great
hyperbola formed by the intersection of II with H"(R).

Before considering the other three models, note that since maximal geodesics in H"(R) are constant-speed
embeddings of R, it follows from naturality that maximal geodesics in each of the other models are also
constant-speed embeddings of R. Thus each model is geodesically complete, and to determine the geodesics
in the other models we need only determine their images.

Consider the Beltrami-Klein model. Recall the isometry ¢ : H"(R) — K"(R) given by c¢({,7) = R{/T
(see (3.11)). The image of a maximal geodesic in H"(R) is a great hyperbola, which is the set of points
(&,7) € H*(R) that solve a system of n — 1 independent linear equations. Simple algebra shows that ( &, 7
) satisfies a linear equation o;¢* + 37 = 0 if and only if w = c(¢,7) = R¢/7 satisfies the affine equation
a;w' = —BR. Thus c maps each great hyperbola onto the intersection of K" (R) with an affine subspace of
R™, and since it is the image of a smooth curve, it must be the intersection of K" (R) with a straight line.

Next consider the Poincaré ball model. First consider the 2-dimensional case, and recall the inverse hyper-
bolic stereographic projection 7—! : B?(R) — H?(R) constructed in Chapter 3:

2R%u R? 4 |u|?
—1 o _
Q0 (u)—(E,T) <R2_|u|27RR2_|u|2)'

In this case, a great hyperbola is the set of points on H?(R) that satisfy a single linear equation «;¢* + 37 = 0.
In the special case 8 = 0, this hyperbola is mapped by 7 to a straight line segment through the origin, as
can easily be seen from the geometric definition of 7. If 5 # 0, we can assume (after multiplying through
by a constant if necessary) that 3 = —1, and write the linear equation as 7 = «;¢* = « - £ (where the dot
represents the Euclidean dot product between elements of R? ). Under 71, this pulls back to the equation

R?+u?  2R?a-u

R =
RZ—|ul2  R2—|uf?

on the disk, which simplifies to
lul> = 2Ra-u+ R?* =0

Completing the square, we can write this as

lu— Ral* = R? (lof* — 1) (6.12)
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If |a|? < 1, this locus is either empty or a point on dB?(R), so it contains no points in B?(R). Since we are
assuming that it is the image of a maximal geodesic, we must therefore have |a|? > 1. In that case, (6.12)
is the equation of a circle with center Ra and radius R+/|a|? — 1. At a point u, where the circle intersects
OB?(R), the three points 0, 1, and Ra form a triangle with sides |ug| = R,|Ral, and |ug — Ra| (Fig. ??),
which satisfy the Pythagorean identity by (6.12); therefore the circle meets OB?(R) in a right angle.

uo

Figure 6.19: Geodesics are arcs of circles orthogonal to the boundary of H?(R).

In the higher-dimensional case, a geodesic on H"(R) is determined by a 2-plane. If the 2-plane contains
the point (0,...,0, R), then the corresponding geodesic on B"(R) is a line through the origin as before.
Otherwise, we can use an orthogonal transformation in the ( ¢!, ..., £ ) variables (which preserves g ) to
move this 2-plane so that it lies in the (f 1g2, 7-) subspace, and then we are in the same situation as in the
2-dimensional case.

Finally, consider the upper half-space model. The 2-dimensional case is easiest to analyze using complex
notation. Recall the complex formula for the Cayley transform « : U?(R) — B?(R) given in Chapter 3:

Substituting this into equation (6.12) and writing w = u + iv and a = a + b in place of u = (ul, u2) , Q=
(a!,a?), we get
olz—iR|> ., z—iR ., Z+iR 2| 12 2 (12
— — iR R R =R -1
|z + iR|? ! az+iR+Z “z R+ o (I )
Multiplying through by (z +iR)(z — iR)/2R? and simplifying yields
(1 —b)|z|*> = 2aRx + (b+ 1)R* = 0.

This is the equation of a circle with center on the z-axis, unless b = 1, in which case the condition |a|? > 1
forces a # 0, and then it is a straight line = constant. The other class of geodesics on the ball, line segments
through the origin, can be handled similarly.

—1

In the higher-dimensional case, suppose first that v : R — U™(R) is a maximal geodesic such that v(0) lies
on the y-axis and ~/(0) is in the span of {0/dz',d/0y}. From the explicit formula (3.15) for &, it follows
that x o v(0) lies on the v-axis in the ball, and (x o v)’(0) is in the span of {9/du',d/dv}. The image of the
geodesic k o vy is either part of a line through the origin or an arc of a circle perpendicular to 9B™(R), both
of which are contained in the (u!, v)-plane. By the argument

in the preceding paragraph, it then follows that the image of v is contained in the (2, y)-plane and is either a
vertical half-line or a semicircle centered on the y = 0 hyperplane. For the general case, note that translations
and orthogonal transformations in the z-variables preserve vertical half-lines and circles centered on the
y = 0 hyperplane in U"(R), and they also preserve the metric g3,. Given an arbitrary maximal geodesic
v : R — U™(R), after applying an z-translation we may assume that (0) lies on the y-axis, and after an
orthogonal transformation in the z variables, we may assume that +/(0) is in the span of {9/0z",8/0y};
then the argument above shows that the image of ~ is either a vertical half-line or a semicircle centered on
the y = 0 hyperplane. |
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6.6 Problems

Exercise 6.6.1 ( [7] 6-1). Suppose M is a nonempty connected Riemannian 1-manifold. Show that if M is
noncompact, then it is isometric to an open interval in R with the Euclidean metric, while if it is compact, it is
isometric to a circle S'(R) = {x € R? : |z| = R} with its induced metric for some R > 0, using the following
steps.

(a) Let v : I — M be any maximal unit-speed geodesic. Show that its image is open and closed, and therefore
v is surjective.

(b) Show that if v is injective, then it is an isometry between I with its Euclidean metric and M.

(c) Now suppose v (t1) = 7 (t2) for some t; # to. In case ~' (t1) = +' (t2), show that v is periodic, and
descends to a global isometry from an appropriate circle to M.

(d) It remains only to rule out the case v (t1) = ~(t2) and v/ (t1) = —7' (t2). If this occurs, let ty =
(t1 + t2) /2, and define geodesics « and (3 by

a(t) =~ (to+t), Bt)=v({to—1).

Use uniqueness of geodesics to conclude that o = [ on their common domain, and show that this contra-
dicts the fact that ~y is injective on some neighborhood of t.

Exercise 6.6.2 ( [7] 6-4). Previously, we have started with a Riemannian metric and used it to define the Rie-
mannian distance function. This problem shows how to go back the other way: the distance function determines
the Riemannian metric. Let (M, g) be a connected Riemannian manifold.

(a) Show thatif v : (—e,e) — M is any smooth curve, then

/ . dg (7(0)7 V(t))
[7/(0)1, = lim ST

(b) Show that if g and g are two Riemannian metrics on M such that d,(p, q) = d3(p, q) for all p,q € M, then
9=
Exercise 6.6.3 ( [7] 6-12). Let (M, g) be a connected Riemannian manifold.

(a) Suppose there exists § > 0 such that for each p € M, every maximal unit-speed geodesic starting at p is
defined at least on an interval of the form (-0, ). Prove that M is complete.

(b) Prove that if M has positive or infinite injectivity radius, then it is complete.
(c) Prove that if M is homogeneous, then it is complete.
(d) Give an example of a complete, connected Riemannian manifold that has zero injectivity radius.

Exercise 6.6.4 ( [7] 6-13). Let G be a connected compact Lie group. Show that the Lie group exponential map
of G is surjective. [Hint: Use Problem 5.5.2.]

Exercise 6.6.5 ( [7] 6-16). Suppose (M, g) is a complete, connected Riemannian manifold with positive or
infinite injectivity radius.
(a) Let p € (0, 00| denote the injectivity radius of M, and define T? M to be the subset of T M consisting of

vectors of length less than p, and D to be the subset {(p,q) : dy(p,q) < p} € M x M. Define E : T°M —
D? by E(x,v) = (x,exp, v). Prove that E is a diffeomorphism.

(b) Use part (a) to prove that if B is a topological space and F,G : B — M are continuous maps such that
dy(F(z),G(x)) < inj(M) for all x € B, then F and G are homotopic.

193



Differential Geometry Anthony Hong

Exercise 6.6.6 ( [7] 6-17). Suppose (M, g) is a connected Riemannian manifold. A closed geodesic in M is
a nonconstant geodesic segment v : [a,b] — M such that y(a) = v(b) and v'(a) = +'(b). Show that if M is a
compact and connected, then every nontrivial free homotopy class in M is represented by a closed geodesic that
has minimum length among all admissible loops in the given free homotopy class. [Hint: Use Prop. 6.4.9 to
show that the given free homotopy class is represented by a geodesic loop, i.e., a geodesic whose starting and
ending points are the same. Show that the lengths of such loops have a positive greatest lower bound; then
choose a sequence of geodesic loops whose lengths approach that lower bound, and show that a subsequence
converges uniformly to a geodesic loop whose length is equal to the lower bound. Use Problem 6.6.5 to show
that the limiting curve is in the given free homotopy class, and apply the first variation formula to show that the
limiting curve is in fact a closed geodesic.]

Exercise 6.6.7 ( [7] 6-18). A connected Riemannian manifold (M, g) is said to be k-point homogeneous if
for any two ordered k-tuples (p1,...,px) and (qi,...,qx) of points in M such that d, (p;,p;) = dg(g:,q;) for
all i, j, there is an isometry ¢ : M — M such that ¢ (p;) = ¢; fori = 1,...,k. Show that (M, g) is 2-point
homogeneous if and only if it is isotropic. [Hint: Assuming that M is isotropic, first show that it is homogeneous
by considering the midpoint of a geodesic segment joining sufficiently nearby points p,q € M, and then use the
result of Problem 6.6.3 (c) to show that it is complete.]

Exercise 6.6.8 ( [7] 6-19). Prove that every Riemannian symmetric space is homogeneous. [Hint: Proceed as
in Problem 6.6.7.]

Exercise 6.6.9 ( [7] 5-22). A smooth vector field X on a Riemannian manifold is called a Killing vector field if
the Lie derivative L x g of the metric with respect to X vanishes. By Proposition 1.2.12 (g) (which is an analogue
of [6, Theorem 9.42]), this is equivalent to the requirement that the metric be invariant under the flow of X.
Prove that X is a Killing vector field if and only if the covariant 2-tensor field (VX)® is antisymmetric. [Hint:
Proposition 1.2.12 (d).]

Exercise 6.6.10 ( [7] 6-24). Let (M, g) be a Riemannian manifold.

(a) Prove that a Killing vector field that is normal to a geodesic at one point is normal everywhere along the
geodesic.

(b) Prove that if a Killing vector field vanishes at a point p, then it is tangent to geodesic spheres centered at p.

(c) Prove that a Killing vector field on an odd-dimensional manifold cannot have an isolated zero.
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Chapter 7

Curvature

Recall that a Riemannian manifold is said to be flat if it is locally isometric to a Euclidean space, that is, if
every point has a neighborhood that is isometric to an open set in R™ with its Euclidean metric. Similarly,
a pseudo-Riemannian manifold is flat if it is locally isometric to a pseudo-Euclidean space. For Euclidean con-
nection on R", we see that VxVy Z = XY (Z*) 0y, VyVxZ =Y X (Z*) Oy, and (XY (Z*) —= Y X (Z%)) O =
V[ x,v]Z due to Example 4.8. Thus, the following relation holds for all vector fields X,Y, Z defined on an
open subset of R™:

VXVyZ — vyvxZ = V[Xy] Z.

We say that a connection V on a smooth manifold M satisfies the flatness criterion if whenever X,Y, 7 are
smooth vector fields defined on an open subset of M, the following identity holds:

VxVyZ - VyVxZ = VixyZ. 7.1

Example 7.0.1. The metric on the n-torus induced by the embedding in R?" given in Example 2.2.11 is flat,
because each point has a coordinate neighborhood in which the metric is Euclidean. &

Proposition 7.0.2. If (M, g) is a flat Riemannian or pseudo-Riemannian manifold, then its Levi-Civita connec-
tion satisfies the flatness criterion.

Proof. We just showed that the Euclidean connection on R" satisfies (7.1). By naturality (see Proposition
5.2.8), the Levi-Civita connection on every manifold that is locally isometric to a Euclidean or pseudo-
Euclidean space must also satisfy the same identity. |

7.1 Curvature Tensor

Motivated by the computation in the preceding section, we make the following definition. Let (M, g) be a
Riemannian or pseudo-Riemannian manifold, and define a map R : X(M) x X(M) x X(M) — X(M) by

R(X,Y)Z =VxVyZ - VyVxZ - VixyZ. (7.2)

Proposition 7.1.1. The map R defined above is multilinear over C°*°(M), and thus defines a (1,3)-tensor field
on M.
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Proof. The map R is obviously multilinear over R. For f € C*(M),
R(X,fY)Z =VxVyvZ —ViyVxZ —Vix v Z
1.2.4
S U Vv Z = Vv VxZ = Vixyir(xny 2

(XIVYyZ + fVxVyZ — fVyVxZ — fVixy)Z — (Xf)VyZ
— fR(X,Y)Z.

defn.4.2.1

The same proof shows that R is linear over C*>°(M) in X, because R(X,Y)Z = —R(Y, X)Z from the defini-
tion. The remaining case to be checked is linearity over C*° (M) in Z: using definition of connection and Lie
Bracket, we see

R(X,Y)fZ=VxVyfZ -VyVxfZ—-VixyvfZ
=Vx([VyZ+Y[Z)-Vy([VxZ+X[fZ) - fVixy)Z - [X,Y]|fZ
= fVxVyZ+XfVyZ+YfVxZ+ XY [)Z
—fVyVxZ -YfVxZ - XfVyZ-Y(X[)Z
- fVxyZ-[X.Y|fZ
= fR(X,Y)Z
By the tensor characterization lemma 1.1.18, the fact that R is multilinear over C*° (M) implies that it is a

(1,3)-tensor field (R takes in three vectors and output one vector, so R € L(V,V,V; V) 2 VV*V*V* =
T3 (V).) [ |

Thanks to this proposition, for each pair of vector fields X,Y € X(M), the map R(X,Y) : X(M) — X(M)
given by Z — R(X,Y)Z is a smooth bundle endomorphism of TM (see [6] 10.29), called the curvature
endomorphism determined by X and Y. The tensor field R itself is called the (Riemann) curvature
endomorphism or the (1, 3)-curvature tensor or the Riemann curvature tensor of the second kind (Some
authors call it simply the curvature tensor, but we reserve that name instead for another closely related tensor
field, defined below.)

As a (1, 3)-tensor field, the curvature endomorphism can be written in terms of any local frame with one
upper and three lower indices. We adopt the convention that the last index is the contravariant (upper)
one. (This is contrary to our default assumption that covector arguments come first.) Thus, for example, the
curvature endomorphism can be written in terms of local coordinates (z%) as

R = Rylds' @ do? @ da* @ 0,
where the coefficients Rijkl are defined by

R (0:,0;) O = Rij1,' 0. (7.3)

We explain this a bit: looking back at proposition 1.1.5, we write above equation really to mean that for the
ReTWSTM,
U(R) (0;,0;,0k) = Riji'0n,

or
T(R(+,0;,0;,0,)) = Riji' 0.

Since 7 is an isomorphism whose inverse sends a vector to its evaluation map v, showing this equality is
exactly showing that
Rijilor = R(-,0;, 05, 0k),

but Rijklal(d.%‘m) = El Rijklda?m(al) = Rijkm and R( . ,8i, 8j, ak)(da:””) = R(dl‘m, 8i7 8j, 8k) = Rijkm.

The next proposition shows how to compute the components of R in coordinates.

196



Differential Geometry Anthony Hong

Proposition 7.1.2. Let (M, g) be a Riemannian or pseudo-Riemannian manifold. In terms of any smooth local
coordinates, the components of the (1, 3)-curvature tensor are given by

Riji' = 0,T%), — ;Th + TL%,, — TR . (7.4)

jm

Proof.
R(0;,07)0k = V,Va,0r — V,Vo,0k — Vs, 0,0k

6]1(8.10
SAEL V5, Vo, 06 — Vo, Vo, Ok
(4.2)

Vo, (I'k0m) — Vo, (I'0m)
I’s are functions Fﬂvai am + 811—\%87” _ F%vaj 6771 _ 8]'1_‘?13

=T T0,00+ 0L 0 — T 0y — 0,10,

= [0,T%), — ;i + TiLL,, — TiRTY, 0,

7

The characterization (7.3) then concludes. [ |

Importantly for our purposes, the curvature endomorphism also measures the failure of second covariant
derivatives along families of curves to commute. Given a smooth one-parameter family of curves " : J x I —
M, recall from previous chapter that the velocity fields T'(s, ) = 8,I'(s,t) = (I's)" (t) and S(s,t) = 9,T'(s,t) =
I'®(s) are smooth vector fields along T".

Proposition 7.1.3. Suppose (M, g) is a smooth Riemannian or pseudo-Riemannian manifold and T : JxI — M
is a smooth one-parameter family of curves in M. Then for every smooth vector field V along T,

D,D.V — D,D,V = R(8,T,8,T") V. (7.5)

Proof. This is a local question, so for each (s,t) € J x I, we can choose smooth coordinates (z*) defined on
a neighborhood of T'(s, t) and write

D(s,t) = (fyl(s,t), . ,’y"(s,t)) , V(s t)= Vj(s’t)aj|r(s,t) .

The product rule for covariant derivatives along curves yields

ov? i
D,V = Wai + V'D;0;.
Therefore, applying product rule again, we get
02V v ov? i

Interchanging s and ¢ and subtracting, we see that all the terms except the last cancel:
D.D,V — DD,V =V (DyD;0; — D;D0;) . (7.6)
Now we need to compute the commutator in parentheses. For brevity, let us write

k J
N g T=ar=2"
0Os

= F:
S =0;s 5

0;.

Because 0; is extendible, .
v’

D.O: = L=
ta’b vTaz It

Vaj aia
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and therefore, because Vy,0; is also extendible,

D.D,d; = (67 Va, a)

ot
0y 67
= 5 8tVa 0; + —— En Vs (Vajai)
0%y 87 ok

= asan 00t o g eVt

Interchanging s <> t and j <> k and subtracting, we find that the first terms cancel, and we get

J Ak
D,D.0; — D;D,0; = %%i (Vo,Va,0; — Vo,V 5,0)
0y 0y _
= 51 Bs ——R (0k,0;) 0; = R(S,T)0;
Finally, inserting this into (7.6) yields the result. [ |

For many purposes, the information contained in the curvature endomorphism is much more conveniently
encoded in the form of a covariant 4-tensor. We define the (Riemann) curvature tensor (of the first kind)
to be the (0,4)-tensor field Rm = R’ (also denoted by Riem by some authors) obtained from the (1,3)-
curvature tensor R by lowering its last index. Its action on vector fields is given by

Rm(X,Y,Z,W) = (R(X,Y)Z,W), (7.7)

(Thr LHS is R*(X,Y, Z,W) = R(X,Y, Z, W"); what this really means is that for R € L(V,V,V;V) given by
(7.2), ®(R)(X,Y, Z,W") =RHS. This is true as ®(R)(X,Y, Z,W*) = W*(R(X,Y, Z)) = g(W)(R(X,Y)Z) =
gW,R(X,Y)Z) =g(R(X,Y)Z,W).) In terms of any smooth local coordinates it is written

Rm = Rijkldxi ®dr! ® da* @ d:vl,
where R;ji = gimRijr™ (see Example 2.3.3). Thus (7.4) yields

Risia = gum (BT} — ;T3 + T4 ~ T (7.8)

It is appropriate to note here that there is much variation in the literature with respect to index positions
in the definitions of the curvature endomorphism and curvature tensor. While almost all authors define
the (1, 3)-curvature tensor as we have, there are a few whose definition is the negative of ours. There is
much less agreement on the definition of the (0, 4)-curvature tensor: whichever definition is chosen for the
curvature endomorphism, you will see the curvature tensor defined as in (7.7) but with various permutations
of (X,Y,Z, W) on the right-hand side. After applying the symmetries of the curvature tensor that we will
prove later in this chapter, however, all of the definitions agree up to sign. There are various arguments to
support one choice or another; we have made a choice that makes equation (7.7) easy to remember. You just
have to be careful when you begin reading any book or article to determine the author’s sign convention.

The next proposition gives one reason for our interest in the curvature tensor.

Proposition 7.1.4. The curvature tensor is a local isometry invariant: if (M g) and (M g) are Riemannian or
pseudo-Riemannian manifolds and ¢ : M — M is a local isometry, then gp*Rm Rm.

Exercise 7.1.5. Prove above proposition.
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7.2 Flat Manifolds

To give a qualitative geometric interpretation to the curvature tensor, we will show that it is precisely the
obstruction to being locally isometric to Euclidean (or pseudo-Euclidean) space. (In next chapter, after we
have developed more machinery, we will be able to give a far more detailed quantitative interpretation.) The
crux of the proof is the following lemma.

Lemma 7.2.1. Suppose M is a smooth manifold, and V is any connection on M satisfying the flatness criterion.
Given p € M and any vector v € T, M, there exists a parallel vector field V on a neighborhood of p such that
Vp =

Proof. Letp € M and v € T,M be arbitrary, and let (z',...,2™) be any smooth coordinates for M centered
at p. By shrinking the coordinate neighborhood if necessary, we may assume that the image of the coordinate
map is an open cube C. = {z : f:v1| <e,i=1,...,n}. We use the coordinate map to identify the coordinate
domain with C..

Begin by parallel transporting v along the x!-axis; then from each point on the z!-axis, parallel transport
along the coordinate line parallel to the 22-axis; then successively parallel transport along coordinate lines
parallel to the 23 through z" axes (Fig. 7.2). The result is a vector field V defined in C.. The fact that V
is smooth follows from by an inductive application of Theorem 1.2.8 to vector fields of the form Wy, ,) =

8/9z*F — T (x)8/0v7 on C. x R™; the details are left as an exercise.

Since VxV is linear over C*°(M) in X, to show that V is parallel, it suffices to show that Vs,V = 0 for
eachi =1,...,n. By construction, Vs,V = 0 on the z'-axis, V5,V = 0 on the (2!, z?)-plane, and in general
Vo,V = 0 on the slice M C C. defined by z**! = ... = 2" = 0. We will prove the following fact by
induction on & :

Vo V=:---=Vp V=0 onh.

For k = 1, this is true by construction, and for k = n, it means that V is parallel on the whole cube C.. So
assume that (7.9) holds for some k. By construction, V,,,V = 0 on all of M}, and for i < k, the inductive
hypothesis shows that V5,V = 0 on the hyperplane M), C M. Since [0;+1,0;] = 0, the flatness criterion
gives

Vo (Vs,V) =V, (VaHlV) =0 on Mgi;.

This shows that V,V is parallel along the z*+!-curves starting on M. Since V.,V vanishes on M}, and the
zero vector field is the unique parallel transport of zero, we conclude that Vy,V is zero on each z**!-curve.
Since every point of My, is on one of these curves, it follows that Vs,V = 0 on all of Mj.;. This completes
the inductive step to show that V' is parallel. |

Exercise 7.2.2. Prove that the vector field V constructed in the preceding proof is smooth.

Theorem 7.2.3. A Riemannian or pseudo-Riemannian manifold is flat if and only if its curvature tensor vanishes
identically.

Proof. One direction is immediate: Proposition 7.0.2 showed that the Levi-Civita connection of a flat metric
satisfies the flatness criterion, so its curvature endomorphism is identically zero, which implies that the
curvature tensor is also zero.

Now suppose (M, g) has vanishing curvature tensor. This means that the curvature endomorphism vanishes
as well, so the Levi-Civita connection satisfies the flatness criterion. We begin by showing that g shares one
important property with Euclidean and pseudo-Euclidean metrics: it admits a parallel orthonormal frame in
a neighborhood of each point.

Let p € M, and choose an orthonormal basis (by,...,b,) for T,M. In the pseudo-Riemannian case, we
may assume that the basis is in standard order (with positive entries before negative ones in the matrix
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gij = gp (bi,b;) ). Lemma 7.2.1 shows that there exist parallel vector fields E1, ..., E, on a neighborhood U
of p such that E;| =b, foreachi = 1,...,n. Because parallel transport preserves inner products, the vector
fields (E,) are orthonormal (and hence linearly independent) in all of U. Because the Levi-Civita connection
is symmetric, we have

[E“ Ej] symmetric conn. inEj . ij Ei _ (FZ’ . Ffz) Ek Pb.4.8.1 0.
Thus the vector fields (£, .. ., E,) form a commuting orthonormal frame on U. The canonical form theorem
for commuting vector fields ( [6] proposition ??) shows that there are coordinates (yl, .. 7y”) on a (possibly

smaller) neighborhood of p such that E; = /9y’ fori = 1,...,n. In any such coordinates, g;; = g (9;,9;) =
g (E;, E;) = %6, so the map y = (y',...,y") is an isometry from a neighborhood of p to an open subset of
the appropriate Euclidean or pseudo-Euclidean space. |

Using similar ideas, we can give a more precise interpretation of the meaning of the curvature tensor: it is a
measure of the extent to which parallel transport around a small rectangle fails to be the identity map.

LY -

p=T(0,0) Py r,o0)

Figure 7.1: The curvature endomorphism and parallel transport around a closed loop.

Theorem 7.2.4. Let (M, g) be a Riemannian or pseudo-Riemannian manifold; let I be an open interval con-
taining 0; let " : I x I — M be a smooth one-parameter family of curves; and let p = I'(0,0), z = 9,I'(0,0), and
y = 0;'(0,0) (see Fig.6.3). For any sy, s2,t1,t2 € I, let piutz . Tr(s,,t,)M — Tr(s, 1,)M denote parallel trans-

s1,t1

port along the curve F81|[t1’t2] :t— T'(s1,t) from time t; to time to, and let P;ffll s Tr(s, e M = Trgs, e M

denote parallel transport along the curve F(t1)|[51 o) - 81 T (s, t1) from time s, to time s,. (See Fig.7.1) Then
for every z € T, M,
0,0 5,0 5, 0,
R(o,y) — lim 00 % Lo o Pyl o Fyp(2) — 2

5,60 de

(7.9

Proof. Define a vector field Z along I by first parallel transporting z along the curve ¢t — I'(0, ¢), and then for
each ¢, parallel transporting Z(0,¢) along the curve s — T'(s,t). The resulting vector field along T" is smooth
by another application of Theorem 1.2.8 as in the proof of lemma 7.2.1; and by construction, it satisfies
D;Z(0,t) =0forallt € I, and D;Z(s,t) = 0 for all (s,t) € I x I. Proposition 7.1.3 shows that

R(z,y)z = D,DyZ(0,0) — DD, Z(0,0) = D,D,Z(0,0).
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Thus we need only show that D;D,Z(0,0) is equal to the limit on the right-hand side of (7.10). From
Theorem 4.6.4, we have
Ps0(Z(s,e)) — Z(s,0
(DVZ)(5,0) = lim 122 Z(8:9) = Z2(5.0) (7.10)

e—0 I

(D.(D22)) (0,0) = 1im T2 (PZG,0) = DiZ(0,0)

lim 5 . (7.11)

Evaluating (7.10) first at s = § and then at s = 0, and inserting the resulting expressions into (7.11), we
obtain

Py o PY(Z(5,€)) — PYy(Z(8,0)) — Py2(2(0,¢)) + Z(0,0)

(Ds(D:Z)) (0,0) = 5,12130 5 . (7.12)
Here we have used the fact that parallel transport is linear, so the e-limit can be pulled past Pg 60.
Now, the fact that Z is parallel along ¢ — I'(0,¢) and along all of the curves s — I'(s, t) implies
PyY(2(8,0)) = Py2(Z(0,€)) = Z(0,0) = 2
2(0,¢) = FyZ(Z(0.9)) = Py o Py (2).
Inserting these relations into (7.12) yields (7.9). [ ]

7.3 Symmetries of the Curvature Tensor

The curvature tensor on a Riemannian or pseudo-Riemannian manifold has a number of symmetries besides
the obvious skew-symmetry in its first two arguments.

Proposition 7.3.1 (Symmetries of the Curvature Tensor). Let (M, g) be a Riemannian or pseudo-Riemannian
manifold. The (0, 4)-curvature tensor of g has the following symmetries for all vector fields W, XY, Z:

(@ Rm(W,X,Y,Z) = —Rm(X,W,Y, Z).

() Rm(W,X,Y,Z) = —Rm(W, X, Z,Y).

(©) Rm(W,X,Y,Z) = Rm(Y, Z, W, X).

(d) Rm(W,X,Y,Z)+ Rm(X,Y,W,Z) + Rm(Y,W, X, Z) = 0.

Remark 7.3.2. Before we begin the proof, a few remarks are in order. First, as the proof will show, (a) is a
trivial consequence of the definition of the curvature endomorphism; (b) follows from the compatibility of
the Levi-Civita connection with the metric; (d) follows from the symmetry of the connection; and (c) follows
from (a), (b), and (d). The identity in (d) is called the algebraic Bianchi identity (or more traditionally
but less informatively, the first Bianchi identity). It is easy to show using (a)-(d) that a three-term sum
obtained by cyclically permuting any three arguments of Rm is also zero. Finally, it is useful to record the
form of these symmetries in terms of components with respect to any basis:

@) Rijmi = —Rjin.

() Rijri = —Rijix-

(@) Rijit = Ryij

(d) Rijwi + Rjkit + Riiji = 0.
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Proof. 1dentity (a) is immediate from the definition of the curvature tensor, because R(W, X)Y = —R(X, W)Y
To prove (b), it suffices to show that Rm(W, X,Y,Y) = 0 for all Y, denoted as identity (x) for then (b) follows
from the expansion of Rm(W, X, Y + Z,Y + Z) = 0:

0L Rm(W, X,Y + Z,Y + 2)
— (ROW, X)(Y + Z),Y + Z),
— (R(W, X)Y + R(W,X)Z,Y + Z),
— (ROW, X)Y.Y ) + (R(W, X)Y, Z)y + (R(W, X)Z,Y), + (R(W, X) 2, 2),
)

L (RW, X)Y, Z) + (R(W, X)Z,Y ),

— (R(W,X)Y, Z), = —(R(W,X)Z,Y),, or Rm(W, X,Y,Z) = —Rm(W, X, Z,Y)

we now show (x): the compatibility with the metric gives

Vx(Y,Z) =(VxY,Z) +(Y,VxZ)
= Vx (1Y) =(VxY,Y) + (Y, VxY) =2(VxV)Y) (%)
———

X|Y|2
and
Vx(Y,Z)=(VxY,Z)+(Y,VxZ)
= Vw(VxY,Z) =(VwVxY,Z)+ (VxY,VwZ) (xx)
W(VxY,Z)
Thus,

(+) (%)

WX|Y|? W (2(VxY,Y)) =2(VyVxY,Y)+2(VxY,ViY);

xWIY? L ¥ (2(Vw YY) = 2(Va VYY) +2(ViwY, VxY);

W, X)Y 2 2L 2 (Vi Y V).

When we subtract the second and third equations from the first, the left-hand side is zero. The terms
2(VxY,VyY) and 2(VyY, VxY) cancel on the right-hand side, giving
0=2(VyVxY)Y) - 2(VxVyY,Y) - 2(V,xY,Y)
= 2(R(W, X)Y,Y)
= 2Rm(W, X,Y,Y).

Next we prove (d). From the definition of Rm, this will follow immediately from

R(W, X)Y + R(X,Y)W + R(Y, W)X = 0.

Using the definition of R and the symmetry of the connection, the left-hand side expands to

(VwVxY —VxVwY — Vi xY)

+ (VxVyW = Vy VxW = Vix v W)

+ (VyVwX —ViwVy X — Viyu X)

=Vw (VxY = VyX)+ Vx (VyW = VyY) + Vy (VX — VxW)
~ViwxY = Vixy|W = Viyw X

= Vw[X, Y]+ Vx[Y, W] + Vy[W, X]
—Vwx)Y = VixyiW = Viyw X

= WX Y]]+ [X [V, W]+ [V, [W, X
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This is zero by the Jacobi identity (see property 1.2.4).

Finally, we show that identity (c) follows from the other three. Writing the algebraic Bianchi identity four
times with indices cyclically permuted gives

Rm(W,X,Y,Z)+ Rm(X,Y,W,Z) + Rm(Y,W,X,Z) =0
Rm(X,Y, Z W)+ Rm(Y,Z, X, W)+ Rm(Z,X,Y,W) =0
Rm(Y,Z,W,X)+ BRm(Z,W,Y,X)+ Rm(W,Y,Z,X)=0
Rm(Z,W,X,Y) + Rm(W, X, Z,Y) + Rm(X, Z,W,Y) = 0.

Now add up all four equations. Applying (b) four times makes all the terms in the first two columns cancel.
Then applying (a) and (b) in the last column yields 2Rm(Y, W, X, Z) — 2Rm(X, Z,Y,W) = 0, which is
equivalent to (c). [ ]

There is one more identity that is satisfied by the covariant derivatives of the curvature tensor on every
Riemannian manifold. Classically, it was called the second Bianchi identity, but modern authors tend to use
the more informative name differential Bianchi identity.

Proposition 7.3.3 (Differential Bianchi Identity). The total covariant derivative of the curvature tensor satisfies
the following identity:

VBRm(X,Y,Z,V,W)+VRm(X,Y,V,W,Z)+VRm(X,Y,W,Z,V) = 0. (7.13)
In components, this is
Rijrizm + Rijimik + Rijmig = 0. (7.14)
Proof. First of all, we show that by the symmetries of Rm, (7.13) is equivalent to
VR(Z,V,X,Y , W)+ VRm(V,W,X,Y,Z)+VRm(W, Z,X,Y,V) = 0. (7.15)
For example,
VRm(X,Y,Z,V,W)=(VwRm)(X,Y,Z,V)

D W(Rm(X,Y,Z,V)) — Rm(VwX,Y,Z,V) — Rm(X,VwY, Z,V) — Rm(X.,Y,VwZ,V) — Rm(X,Y, Z,Vy V)

2RTIL _W(Rm(Z,V,X,Y)) — Rm(VwX.,Y,Z,V)— Rm(X,VwY,Z,V) - Rm(X,Y,VwZ,V) — Rm(X,Y, Z, Vi V)
— v Bm(Z,V,X,Y)) M @) @) )
—_——
a function
and

VERm(Z,V,X,Y,W)
(3) 4) (1) (2)
=W(Rm(Z,V,X,Y)) — Rm(VwZ,V,X,Y) - Rm(Z,VwV, X, Y) - BRm(Z,V,VwX,Y)—Rm(Z,V,X,VyY)

Equation (7.15) be proved by a long and tedious computation, but there is a standard shortcut for such
calculations in Riemannian geometry that makes our task immeasurably easier. To prove that (7.15) holds
at a particular point p, it suffices by multilinearity to prove the formula when X,Y, Z, V, W are basis vectors
with respect to some frame. The shortcut consists in choosing a special frame for each point p to simplify the
computations there.

Let p be an arbitrary point, let (:ﬁ) be normal coordinates centered at p, and let X, Y, Z, V, W be arbitrary
coordinate basis vector fields. These vectors satisfy two properties that simplify our computations enor-
mously: (1) their commutators vanish identically, since [0;,9;] = 0; and (2) their covariant derivatives
vanish at p, since I'};(p) = 0 (Prop.5.4.2(d)).
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Using these facts and the compatibility of the connection with the metric, the first term in (7.15) evaluated

at p becomes
(VwRm) (Z,V,X,Y)=Vw(Rm(Z,V,X,Y))

=Vw (VzVyX —=VyVzX - Viz11X,Y)
= (VwVzVyX - VwVyVzX,Y).

Write this equation three times, with the vector fields W, Z, V' cyclically permuted. Summing all three gives
VEm(Z,V, X, Y, W)+ VRm(V,W,X,Y,Z)+ VRm(W, Z,X,Y,V)
=(VwVzVy X —VyVyVzX
+VzVyViw X —VzViw Vi X
+VyVwVzX —VyVViw X, Y>
= (R(W,2) (Vv X) + R(Z,V) (VwX) + R(V,W) (V2X),Y)
=0,

where the last line follows because Vy X = Viy X = VzX =0 at p. [ |

7.4 The Ricci Identities

The curvature endomorphism also appears as the obstruction to commutation of total covariant derivatives.
Recall that if F' is any smooth tensor field of type (k, [), then its second covariant derivative V2F = V(VF) is
a smooth (k, ! + 2)-tensor field, and for vector fields X and Y, the notation V%QYF denotes V2F(...,Y, X).
Given vector fields X and Y, let R(X,Y)* : T*M — T*M denote the dual map to R(X,Y"), defined by

(R(X,Y)"™n) (Z) = n(R(X,Y)Z).

Theorem 7.4.1 (Ricci Identities). On a Riemannian or pseudo-Riemannian manifold M, the second total
covariant derivatives of vector and tensor fields satisfy the following identities. If Z is a smooth vector field,

ViyZ—-ViyxZ=R(X)Y)Z (7.16)
If B is a smooth 1-form,
Vg{,yﬂ - VQY,XB =-R(X,Y)"B. (7.17)
And if B is a smooth (k,[)-tensor field,
(ViyB—-V3ixB) (W', ...,o" W,.... V)
=B (R(X,Y)w' ..., Vi, V) + -
+ B (w,.. WL R Y)W VAL W) (7.18)
—B (W' .. W RX, YY)V, Vo, V) —
— B (wl, ... ,wk,Vh ce ,‘/l_l,R(X, Y)W)

for all covector fields w' and vector fields V;. In terms of any local frame, the component versions of these
formulas read

Z'pq—Z'qp = —Rpg 2™, (7.19)

Bipa — Bisap = Bpai"™ Bm.s (7.20)

By iipa — B vap = = Bpam" By 25 — - = Rpgm" By (7.21)
+ Rpgju " Brajst i, + 4 Rygi " BRI e
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Proof. For any tensor field B and vector fields X, Y, Proposition 4.3.7 implies
ViyB—-V3xB=VxVyB-Vy,y)B-VyVxB+Vy,x)B
- VXVYB - VYVXB - V[X’y]B,
where the last equality follows from the symmetry of the connection. In particular, this holds when B = Z is
a vector field, so (7.16) follows directly from the definition of the curvature endomorphism. Next we prove
(7.17). Using (4.6) repeatedly, we compute
(VxVyB)(Z2) = X ((VyB)(2)) — (VyB) (VxZ)
=X (Y(8(2)) - B(VyZ)) = (VyB) (VxZ) (7.23)
=XY(8(Z)) = (VxB) (Vv Z) = B(VxVyZ) = (VyB) (VxZ).

Reversing the roles of X and Y, we get

(7.22)

(VyVxp)(2) =Y X(B(2)) = (VyB) (Vx2) = B(VyVxZ) = (Vxf) (Vv Z), (7.24)
and applying (4.6) one more time yields
(Vixyi8) (Z2) = [X,Y](8(2)) - B(VixiZ) - (7.25)

Now subtract (7.24) and (7.25) from (7.23): all but three of the terms cancel, yielding
(VxVyB—VyVxpB—Vixy)B) (Z)=—-B(VxVyZ —-VyVxZ —VixyZ)
=-B(R(X,Y)Z),
which is equivalent to (7.17). Next consider the action of V% ;- — V3 y on an arbitrary tensor product:
(Vgc,y— V%f,x) (F'eqG)
=(VxVy = VyVx = Vixy]) (F®G)
=VxVyFRG+VyFVxG+VxFVyG+F®VxVyG
—VyVxFRG-VxFVyG-VyFQRVxG—-FQVyVxQG
~Vixy]F®G - F®VixyG
=(ViyF-VixF)®G+F® (VxyG - Vi xG).
A simple induction using this relation together with (7.16) and (7.17) shows that for all smooth vector fields
Wi,...,W, and 1-forms o', ..., 7,
(Viy - Vix) (Mo - oWeon ---an)
= (RX, Y)W ®--- Wy @n'@---@n' +---
W@ @ Wi @ (RX, Y)W @n' @ @1
W@ @W,o (-RX,Y) ) oo e+
MR- aWeon' ® - on e (-R(X,Y) 7).

Since every tensor field can be written as a sum of tensor products of vector fields and 1-forms, this implies
(7.18). Finally, the component formula (7.21) follows by applying (7.18) to

(v‘i;q’EpB - v%pyEqB) (£7,....6% Ej,... . Ej}),
where (E;) and (¢°) represent a local frame and its dual coframe, respectively, and using

R (Eq7 Ep) E; = quijm = _quijmv

R(Eq, Ep)"¢" = Rypm'e™ = —Rpgm'e™.
The other two component formulas are special cases of (7.21). |
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7.5 Ricci and Scalar Curvature

Suppose (M, g) is an n-dimensional Riemannian or pseudo-Riemannian manifold. Because 4-tensors are so
complicated, it is often useful to construct simpler tensors that summarize some of the information contained
in the curvature tensor. The most important such tensor is the Ricei curvature or Ricci tensor, denoted by
Rc (or often Ric in the literature), which is the covariant 2-tensor field defined as the trace of the curvature
endomorphism on its first and last indices. That is, Rc = Ci(R) where C1 is the unique linear mapping from
TUS(TM) to T2 (T M) such that

w1 @ ws ®ws v — (Wi, v1)ws @ ws

(note that we didn’t write v; ® w1 ® wy ® w3 because we want to be aligned with the convention that
the contravariant index is placed at last for Riemannian endomorphism; as in definition 2.3.2 the order of
covariant and contravariant is assumed to be dropped.) Now, since

R = Ry'da’ ® di’ @ da* @ 0,
we see that C3 sends R to

Rc
—N—

Ry (dx', 8))dr? @ do* = Rijp'0yda? @ da® = RyjPde? @ da® = RyPda' @ da? .
The components of Rc are usually denoted as R;;, so above equation implies
Rij = Ryi;"

Proposition 7.5.1.

(1) For vector fields X,Y,
Re(X,Y)=tr(Z— R(Z,X)Y).

(2) For orthonormal basis (E;), we have

r(Z = R(Z,X)Y) =Y (R(E;, X)Y,Ei),

(3) Rij = ¢"" Riijm.

Proof. (1): We denote Z +— R(Z,X)Y as the operator A € End(TM). Then f = ®(A) € THD(TM) is
defined by
fW,2) = 2(A)(W,Z) = W(R(Z,X)Y)

To get the trace of f = ®(A), we compute f(dz’,d;):

(7.3)

fi= f(da',0;) = da’ (R(9;, X 0) (Y " Opn)) dz’ (Rjem!' X*Y™0)) = Rk XFY™.

Thus, the trace of f is
> i = R X*Y™ = Ry XY

which is the same as Ry;;"dz! ® d?(X,Y) = Re(X,Y).
(2) In general, for f € End(V),
r(f) =Y _(Ei [ (E2).

(2
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That's because f(E;) = >_; fj:E; where (f;;) is the matrix of f, and (E;, f (E;)) = >, fj:(Ei, Ej) =
> fiidi = fu.

(3) It is known that the components of Riemann curvature tensor satisfies R;;x; = gimRijx™. Thus
gkakijm _ gkmgmkaijP
(26)
L) 5;6 Rkijp

k
= Rpi;" = Ry

The scalar curvature is the function S pointewise defined as the trace of the Ricci tensor:
S = trg Rc = Rii = ginij.

where we used equation (2.14). Note that (Rc,)*(v,w) = Re,(v,w?) and S, = tr((Rc,)*) (note that it is the
last index, or the second covariant, that is raised, so we write (v, w) instead of (w,v); just as in definition
2.3.2, the order of covariant and contravariant is assumed to be dropped).

Lemma 7.5.2. The Ricci curvature is a symmetric 2-tensor field. It can be expressed in any of the following
ways:
Rij = Rkijk = R7kk] = *Rkikj = *Rikjk.

Proof. To show R;; = R;;*;, we use Example 2.3.3. By the symmetry of Riemann curvature tensor we obtain

prop.7.5(3)

Rit*; = 6" Rikmj = 9" (= Riimj) = 9" (—(—Riijm)) = ¢"" Riijm Rij

Similarly,
—Rii"; = —g"" Riimj = ¢"" Riijm = Rij,

and
k __ km _ _km _
*Rikj =g Rikjm =g Rkijm = Rij-

It is sometimes useful to decompose the Ricci tensor into a multiple of the metric and a complementary piece
with zero trace. Define the traceless Ricci tensor of g as the following symmetric 2-tensor:

° 1
Rc= Rc— —9g.
n

Proposition 7.5.3. Let (M, g) be a Riemannian or pseudo-Riemannian n-manifold. Then try Rc = 0, and the
Ricci tensor decomposes orthogonally as

o 1
Rec =Re +ESg. (7.26)

Therefore, in the Riemannian case,
1
|Re|? = |Rel? + %52 (7.27)

Remark 7.5.4. The statement about norms, and others like it that we will prove below, works only in the
Riemannian case because of the additional absolute value signs required to compute norms in the pseudo-
Riemannian case. The pseudo-Riemannian analogue would be (Rc, Re), = (Rc, Re)g + +S2, but this is not
as useful. 'Y
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Proof. Note that in every local frame, we have
trg g = gijg’ =0 = n.

It then follows directly from the definition of I%c that tr, Rocz 0 and (7.26) holds:

linearity

o 1 1 1
try Re=try(Rc— —S try Re— —Stryg=9——-Sn=20
ry Re= try(Rc - 9) rg Re— —Strgg ~Sn

where we again note that S is a function and S, is thus only a scalar. The fact that the decomposition is
orthogonal follows easily from the fact that for every symmetric 2-tensor h, we have

(h,g) = gikgjlhijgkl = gijhij =try h,
and therefore <ROC» g) =try Re= 0. Finally, (7.27) follows from (7.26) and the fact that (g,g) = tr,g=n. R

The next proposition, which follows directly from the differential Bianchi identity, expresses some important
relationships among the covariant derivatives of the various curvature tensors. To express it concisely, it is
useful to introduce another operator on tensor fields. If T' is a smooth 2-tensor field on a Riemannian or
pseudo-Riemannian manifold, we define the exterior covariant derivative of T to be the 3-tensor field DT
defined by

(DT)(X,Y, Z) = ~(VT)(X,Y, Z) + (VI)(X, Z,Y).
In terms of components, this is
(DT)ijk = =Tijik + Tinyy

(This operator is a generalization of the ordinary exterior derivative of a 1-form, which can be expressed in
terms of the total covariant derivative by (dn)(Y, Z) = —(Vn)(Y, Z)+(Vn)(Z,Y) by the result of [7] Problem
5-13. The exterior covariant derivative can be generalized to other types of tensors as well, but this is the
only case we need.)

Proposition 7.5.5 (Contracted Bianchi Identities). Let (M, g) be a Riemannian or pseudo-Riemannian mani-
fold. The covariant derivatives of the Riemann, Ricci, and scalar curvatures of g satisfy the following identities:

trg(VRm) = —D(Rc), (7.28)

1
trg(VRe) = idS, (7.29)
where the trace in each case is on the first and last indices. In components, this is

Rijii.' = Rjka — Rjik, (7.30)
. 1
R’ = 5Su. (7.31)

Proof. Start with the component form (7.14) of the differential Bianchi identity, raise the index m, and then
contract on the indices 7, m to obtain (7.30). (Note that covariant differentiation commutes with contraction
by Proposition 4.3.1 and with the musical isomorphisms by Proposition 5.2.12, so it does not matter whether
the indices that are raised and contracted come before or after the semicolon.) Then do the same with
the indices j, k and simplify to obtain (7.31). The coordinate-free formulas (7.28) and (7.29) follow by
expanding everything out in components. |
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It is important to note that if the sign convention chosen for the curvature tensor is the opposite of ours, then
the Ricci tensor must be defined as the trace of Rm on the first and third (or second and fourth) indices. (The
trace on the first two or last two indices is always zero by antisymmetry.) The definition is chosen so that
the Ricci and scalar curvatures have the same meaning for everyone, regardless of the conventions chosen
for the full curvature tensor. So, for example, if a manifold is said to have positive scalar curvature, there is
no ambiguity as to what is meant.

A Riemannian or pseudo-Riemannian metric is said to be an Einstein metric if its Ricci tensor is a constant

multiple of the metric-that is,
Rc=)\g for some constant \. (7.32)

This equation is known as the Einstein equation. As the next proposition shows, for connected manifolds of
dimension greater than 2, it is not necessary to assume that ) is constant; just assuming that the Ricci tensor
is a function times the metric is sufficient.

Proposition 7.5.6 (Schur’s Lemma). Suppose (M, g) is a connected Riemannian or pseudo-Riemannian mani-
fold of dimension n > 3 whose Ricci tensor satisfies Rc = fg for some smooth real-valued function f. Then f is
constant and g is an Einstein metric.

Proof. Proof. Taking traces of both sides of Rc = fg shows that f = %S, so the traceless Ricci tensor is

(o)
identically zero. It follows that Re= 0. Because the covariant derivative of the metric is zero, this implies the
following equation in any coordinate chart:

1
0= Rij;r — ﬁs;k‘gij

Tracing this equation on ¢ and k, and comparing with the contracted Bianchi identity (7.31), we conclude
that

1 1
0= 55;1 - ES;J'

Because n > 3, this implies S;; = 0. But S;; is the component of V.S = dS, so connectedness of M implies
that S is constant and thus so is f. |

Corollary 7.5.7. If (M, g) is a connected Riemannian or pseudo-Riemannian manifold of dimension n > 3, then
g is Einstein if and only if Rc = 0.

Proof. Suppose first that g is an Einstein metric with Rc = )\g. Taking traces of both sides, we find that
A = 15, and therefore Rc = Rc— Ag = 0. Conversely, if Rc = 0, Schur’s lemma implies that g is Einstein. W

7.6 The Second Fundamental Form

Suppose (M, g) is a Riemannian submanifold of a Riemannian manifold (M, 9)- Recall that this means that
M is a submanifold of M endowed with the induced metric g = ¢},g (Where ¢ps : M < M is the inclusion

map). We will study the relationship between the geometry of M and that of M. We assume that (M ,g) is
a Riemannian or pseudo-Riemannian manifold of dimension m, and (M, g) is an embedded n dimensional

Riemannian submanifold of M. For other cases, see [7] p.226 for more explanation.

Our first main task is to compare the Levi-Civita connection of M with that of M. The starting point for
doing so is the orthogonal decomposition of sections of the ambient tangent bundle 7'M | into tangential
M
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and orthogonal components. Just as we did for submanifolds of R™, we define orthogonal projection maps
called tangential and normal projections:

T TM ‘ —TM,
M
ot TM‘ ~ NM.
M
In terms of an adapted orthonormal frame (Ey,..., E,,) for M in M, these are just the usual projections

onto span (Ey, ..., E,) and span (E, 41, ..., E;,) respectively, so both projections are smooth bundle homo-
morphisms (i.e., they are linear on fibers and map smooth sections to smooth sections). If X is a section of

TM]| , we often use the shorthand notations X7 = 77X and X+ = 71X for its tangential and normal
M
projections.

If X,Y are vector fields in X(M), we can extend them to vector fields on an open subset of M (still denoted
by X and Y ), apply the ambient covariant derivative operator V, and then decompose at points of M to get

VY = (%XY)T n (ﬁxy)L . (7.33)

We wish to interpret the two terms on the right-hand side of this decomposition. Let us focus first on the
normal component. We define the second fundamental form of A/ to be the map II : X(M) x X(M) —
I'(NM) (read “two”) given by

~ i
(X,Y) = (VXY) ,
where X and Y are extended arbitrarily to an open subset of M. Since mt maps smooth sections to smooth
sections, II(X,Y) is a smooth section of N M.

The term first fundamental form, by the way, was originally used to refer to the induced metric g on M.
Although that usage has mostly been replaced by more descriptive terminology, we seem unfortunately to be
stuck with the name “second fundamental form.” The word “form” in both cases refers to bilinear form, not
differential form.

Proposition 7.6.1 (Properties of the Second Fundamental Form). Suppose (M, g) is an embedded Riemannian
submanifold of a Riemannian or pseudo-Riemannian manifold (M,g), and let X,Y € X(M).

(a) 1I(X,Y) is independent of the extensions of X and Y to an open subset of M.
(b) 1I(X,Y) is bilinear over C*°(M) in X and Y.

(c) II(X,Y) is symmetricin X and Y.

() The value of II(X,Y") at a point p € M depends only on X, and Y,,.

Proof. Proof. Choose particular extensions of X and Y to a neighborhood of M in M, and for simplicity
denote the extended vector fields also by X and Y. We begin by proving that I1(X,Y") is symmetric in X and

Y when defined in terms of these extensions. The symmetry of the connection V implies

(X,Y) — (Y, X) = (%XY - %YX)L = [X, Y]

Since X and Y are tangent to M at all points of M, so is their Lie bracket (Cor.1.2.6). Therefore [X, Y]+ = 0,
so II is symmetric.

Because VY| depends only on X, it follows that the value of II(X,Y’) at p depends only on X,, and
p

in particular is independent of the extension chosen for X. Because V xY is linear over COO(/]\/VI ) in X, and

210



Differential Geometry Anthony Hong

every f € C°°(M) can be extended to a smooth function on a neighborhood of M in M, it follows that
II(X,Y) is linear over C*° (M) in X. By symmetry, the same claims hold for Y. [ |

As a consequence of the preceding proposition, for every p € M and all vectors v, w € T, M, it makes sense
to interpret II(v, w) as the value of II(V, W) at p, where V and W are any vector fields on M such thatV, = v
and W, = W, and we will do so from now on without further comment.

The following theorem shows that for the normal part of the decomposition, we have a relationship similar
to the Euclidean case: (VxY)' = VxY.

Theorem 7.6.2 (The Gauss Formula). Suppose (M, g) is an embedded Riemannian submanifold of a Rieman-
nian or pseudo-Riemannian manifold (M, q). If X,Y € X(M) are extended arbitrarily to smooth vector fields
on a neighborhood of M in M, the following formula holds along M :

VxY = VxY +11(X,Y)

The Gauss formula can also be used to compare intrinsic and extrinsic covariant derivatives along curves. If
~: I — M is a smooth curve and X is a vector field along v that is everywhere tangent to M, then we can
regard X as either a vector field along v in M or a vector field along ~ in M. We let D, X and D; X denote

its covariant derivatives along ~ as a curve in M and as a curve in M, respectively. The next corollary shows
how the two covariant derivatives are related.

Corollary 7.6.3 (The Gauss Formula Along a Curve). Suppose (M, g) is an embedded Riemannian submanifold

of a Riemannian or pseudo-Riemannian manifold (M,q), and v : I — M is a smooth curve. If X is a smooth
vector field along ~y that is everywhere tangent to M, then

DX =D, X +11(+, X).

Although the second fundamental form is defined in terms of covariant derivatives of vector fields tangent
to M, it can also be used to evaluate extrinsic covariant derivatives of normal vector fields, as the following
proposition shows. To express it concisely, we introduce one more notation. For each normal vector field
N € T'(NM), we obtain a scalar-valued symmetric bilinear form IIy : X(M)x X(M) — C*(M) by

Iy (X,Y) = (N,II(X,Y)). (7.34)

Let Wy : X(M) — X(M) denote the self-adjoint linear map associated with this bilinear form, characterized
by
(Wn(X),Y) =TIy(X,Y) = (N,II(X,Y)). (7.35)

The map Wy is called the Weingarten map in the direction of N. Because the second fundamental
form is bilinear over C*° (M), it follows that Wy is linear over C°°(M) and thus defines a smooth bundle
homomorphism from 7'M to itself.

Proposition 7.6.4 (The Weingarten Equation). Suppose (M, g) is an embedded Riemannian submanifold of
a Riemannian or pseudo-Riemannian manifold (M ,g). Forevery X € X(M) and N € I'(NM), the following
equation holds:

(@XN)T — _Wx(X) (7.36)

when N is extended arbitrarily to an open subset of M.

In addition to describing the difference between the intrinsic and extrinsic connections, the second funda-
mental form plays an even more important role in describing the difference between the curvature tensors

of M and M. The explicit formula, also due to Gauss, is given in the following theorem.
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Theorem 7.6.5 (The Gauss Equation). Suppose (M, g) is an embedded Riemannian submanifold of a Rieman-
nian or pseudo-Riemannian manifold (M, gq). For all W, XY, Z € X(M), the following equation holds:

Rm(W,X,Y,Z) = Rm(W, X,Y, Z) — (IL(W, Z),1I(X, Y)) + (W, Y),1I(X, Z)).

There is one other fundamental submanifold equation, which relates the normal part of the ambient cur-
vature endomorphism to derivatives of the second fundamental form. We will not have need for it, but we
include it here for completeness. To state it, we need to introduce a connection on the normal bundle of a
Riemannian submanifold.

If (M, g) is a Riemannian submanifold of a Riemannian or pseudo-Riemannian manifold (M ,g), the normal
connection V+ : X(M) x I'(NM) — I'(NM) is defined by
L - L
VX N=(VeN)
where N is extended to a smooth vector field on a neighborhood of M in M.

Proposition 7.6.6. If (M, g) is an embedded Riemannian submanifold of a Riemannian or pseudo-Riemannian

manifold (1\7 ,9), then V+ is a well-defined connection in N M, which is compatible with § in the sense that for
any two sections N1, No of NM and every X € X(M), we have

1
X (Ny, No) = <VXN1,N2> + (N1, VxNa).

Exercise 7.6.7. Prove the preceding proposition.

We need the normal connection primarily to make sense of tangential covariant derivatives of the second
fundamental form. To do so, we make the following definitions. Let /' — M denote the bundle whose fiber
at each point p € M is the set of bilinear maps T, M x T,M — N,M. It is easy to check that F is a smooth
vector bundle over M, and that smooth sections of F' correspond to smooth maps X(M) x X(M) — I'(NM)
that are bilinear over C>°(M), such as the second fundamental form. Define a connection V¥ in F as
follows: if B is any smooth section of F, let V£ B be the smooth section of F' defined by

(VAXB) (Y, 2) = Vx(B(Y,Z)) - B(VxY,Z) — B(Y,VxZ).

Exercise 7.6.8. Prove that V¥ is a connection in F.

Now we are ready to state the last of the fundamental equations for submanifolds.

Theorem 7.6.9 (The Codazzi Equation). Suppose (M, g) is an embedded Riemannian submanifold of a Rie-
mannian or pseudo-Riemannian manifold (M,q). For al W, X, Y € X(M), the following equation holds:

(RW, X)Y)t = (VEID) (X,Y) — (VEI) (W, Y). (7.37)

7.6.1 Curvature of Curve

By studying the curvatures of curves, we can give a more geometric interpretation of the second fundamental
form. Suppose (M, g) is a Riemannian or pseudoRiemannian manifold, and v : I — M is a smooth unit-
speed curve in M. We define the (geodesic) curvature of + as the length of the acceleration vector field,
which is the function « : I — R given by

K(t) = [Dey'(t)]-

If + is an arbitrary regular curve in a Riemannian manifold (not necessarily of unit speed), we first find a unit-
speed reparametrization 7 = +y o ¢, and then define the curvature of + at  to be the curvature of 7 at =1 (¢).
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In a pseudo-Riemannian manifold, the same approach works, but we have to restrict the definition to curves
~ such that |7/ (t)| is everywhere nonzero. [7] Problem 8-6 gives a formula that can be used in the Riemannian
case to compute the geodesic curvature directly without explicitly finding a unit-speed reparametrization.

From the definition, it follows that a smooth unit-speed curve has vanishing geodesic curvature if and only
if it is a geodesic, so the geodesic curvature of a curve can be regarded as a quantitative measure of how far
it deviates from being a geodesic. If M = R"™ with the Euclidean metric, the geodesic curvature agrees with
the notion of curvature introduced in advanced calculus courses.

Now suppose (M, g) is a Riemannian or pseudo-Riemannian manifold and (A, g) is a Riemannian subman-
ifold. Every regular curve v : I — M has two distinct geodesic curvatures: its intrinsic curvature « as a

curve in M, and its extrinsic curvature % as a curve in M. The second fundamental form can be used to
compute the relationship between the two.

Proposition 7.6.10 (Geometric Interpretation of IT). Suppose (M, g) is an embedded Riemannian submanifold
of a Riemannian or pseudo-Riemannian manifold (M,g),p € M, and v € T,M.

(a) (v, v) is the g-acceleration at p of the g-geodesic ~,.
(b) If v is a unit vector, then | II(v,v)| is the g-curvature of -, at p.

Note that the second fundamental form is completely determined by its values of the form II(v, v) for unit
vectors v, by the following lemma.

Lemma 7.6.11. Suppose V is an inner product space, W is a vector space, and B,B' : V. xV — W are
symmetric and bilinear. If B(v,v) = B'(v,v) for every unit vector v € V, then B = B'.

Because the intrinsic and extrinsic accelerations of a curve are usually different, it is generally not the case
that a g-geodesic that starts tangent to M stays in M ; just think of a sphere in Euclidean space, for example.
A Riemannian submanifold (M, g) of (M ,g) is said to be totally geodesic if every g-geodesic that is tangent
to M at some time ¢, stays in M for all ¢ in some interval (¢ —&,t9 + €).

Proposition 7.6.12. Suppose (M, g) is an embedded Riemannian submanifold of a Riemannian or pseudo-
Riemannian manifold (M, g), The following are equivalent:

(a) M is totally geodesic in M.
(b) Every g-geodesic in M is also a g-geodesic in M.
(c) The second fundamental form of M vanishes identically.

7.7 Hypersurfaces

Now we specialize the preceding considerations to the case in which M is a hypersurface (i.e., a submani-
fold of codimension 1) in M. Throughout this section, our default assumption is that (M, g) is an embedded

n-dimensional Riemannian submanifold of an (n + 1)-dimensional Riemannian manifold (M, g). (The anal-
ogous formulas in the pseudo-Riemannian case are a little different; see [7] Problem 8-19.)

In this situation, at each point of M there are exactly two unit normal vectors. In terms of any local adapted
orthonormal frame (E4,..., F,+1), the two choices are +F, ;. In a small enough neighborhood of each
point of M, therefore, we can always choose a smooth unit normal vector field along M.

If both M and M are orientable, we can use an orientation to pick out a global smooth unit normal vector
field along all of M. In general, though, this might or might not be possible. Since all of our computations
in this chapter are local, we will always assume that we are working in a small enough neighborhood that
a smooth unit normal field exists. We will address as we go along the question of how various quantities
depend on the choice of normal vector field.
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7.7.1 The Scalar Second Fundamental Form and the Shape Operator

Having chosen a distinguished smooth unit normal vector field N on the hypersurface M C M, we can
replace the vector-valued second fundamental form II by a simpler scalar-valued form. The scalar second
fundamental form of M is the symmetric covariant 2-tensor field i € I' (ST M) defined by h = Iy (see
(7.34)); in other words,

hX,Y) = (N,II(X,Y)). (7.38)

Using the Gauss formula v xY = VxY +1II(X,Y) and noting that VY is orthogonal to N, we can rewrite
the definition as N
h(X,Y) = <N, vxy> . (7.39)

Also, since N is a unit vector spanning N M at each point, the definition of h is equivalent to
II(X,Y) = h(X,Y)N. (7.40)

Note that replacing N by —N multiplies i by —1, so the sign of i depends on which unit normal is chosen;
but h is otherwise independent of the choices.

The choice of unit normal field also determines a Weingarten map Wy : X(M) — X(M) by (??); in the case
of a hypersurface, we use the notation s = Wy and call it the shape operator of M. Alternatively, we can
think of s as the (1, 1)-tensor field on M obtained from h by raising an index. It is characterized by

(sX,Y)=h(X,Y) forall X,Y € X(M).
Because h is symmetric, s is a self-adjoint endomorphism of 7'M, that is,
(sX,Y)=(X,sY) forall XY € X(M).

As with h, the sign of s depends on the choice of N.
Remark 7.7.1. We can think of s as the (1, 1)-tensor field on M obtained from h by raising an index. In fact,
by mimicing Example 2.3.3 and using (2.6), we see that
hi! = (hﬁ)z‘j = g" i
= W = hida’ ©9; = g"hyda’  0;
= 5(X) = U(h*)(X) = ¥(g"hyda’ ® 0;)(X)
= ¢ ha[¥(da’ © 9;))(X) = g"hada' (X)9;
_ g”hilXiaj
= (sX,Y) = (¢"'hyX'0;,Y*0y) = " g;rhu X'V
=8t hyXYR = hy X'YF = h(X,Y)

where ¥ is the isomorphism from 7(1:V)(T'M) to End(TM). 'y

In terms of the tensor fields 4 and s, the formulas of the last section can be rewritten somewhat more simply.
For this purpose, we will use the Kulkarni-Nomizu product of symmetric 2-tensors h, k:

h® k(w,z,y,z) = h(w, 2)k(x,y) + h(x, y)k(w, )
_h(w’ y)k(:v, Z) - h(l‘, Z)k(’UJ, y)7

and the exterior covariant derivative of a smooth symmetric 2-tensor field T is
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Theorem 7.7.2 (Fundamental Equations for a Hypersurface). Suppose (M, g) is a Riemannian hypersurface
in a Riemannian manifold (M,g), and N is a smooth unit normal vector field along M.

(a) THE GAUSS FORMULA FOR A HYPERSURFACE: If X,Y € X(M) are extended to an open subset of M, then
VxY =VxY + h(X,Y)N.

(b) THE GAUSS FORMULA FOR A CURVE IN A HYPERSURFACE: If v : I — M is a smooth curve and X : [ —
T M is a smooth vector field along ~, then

DX =D, X +h(y,X)N.
(c) The WEINGARTEN EQUATION FOR A HYPERSURFACE: For every X € X(M),
VxN = —sX

(d) The GAUSS EQUATION FOR A HYPERSURFACE: For al W, X,Y, Z € X(M),

1
Rm(W,X,Y, Z) = Rm(W, XY, Z) = (h® h)(W, X.Y, 2).

(e) THE CODAZZI EQUATION FOR A HYPERSURFACE: For al W, X, Y € X(M),

Rm(W, X,Y,N) = (Dh)(Y, W, X).

7.7.2 Principal Curvatures

At every point p € M, we have seen that the shape operator s is a self-adjoint linear endomorphism of the
tangent space T,M. To analyze such an operator, we recall some linear-algebraic facts about self-adjoint
endomorphisms.

Lemma 7.7.3. Suppose V is a finite-dimensional inner product space and s : V. — V is a self-adjoint linear
endomorphism. Let C denote the set of unit vectors in V. There is a vector vy € C where the function v
(sv, v) achieves its maximum among elements of C, and every such vector is an eigenvector of s with eigenvalue
Ao = (sv0, o).

Proposition 7.7.4 (Finite-Dimensional Spectral Theorem). Suppose V is a finitedimensional inner product
space and s : V. — V is a self-adjoint linear endomorphism. Then V has an orthonormal basis of s-eigenvectors,
and all of the eigenvalues are real.

Proof. The proof is by induction on n = dim V. The n = 1 result is easy, so assume that the theorem holds
for some n > 1 and suppose dim V' = n + 1. Above lemma shows that s has a unit eigenvector by with a real
eigenvalue )\g. Let B C V be the span of by. Since s(B) C B, self-adjointness of s implies s (B+) C B*. The
inductive hypothesis applied to s|, L implies that B+ has an orthonormal basis (b1, .. ., b,) of s-eigenvectors
with real eigenvalues, and then (bg, b1, . .., b,) is the desired basis of V. [ |

Applying this proposition to the shape operator s : T,M — T,M, we see that s has real eigenvalues
K1,...,kn, and there is an orthonormal basis (b1, ...,by,) for T,,M consisting of s-eigenvectors, with sb;, =
k;b; for each 7 (no summation). In this basis, both h and s are represented by diagonal matrices, and & has
the expression

h(v,w) = kivtw' + -+ kv w™.

The eigenvalues of s at a point p € M are called the principal curvatures of M at p, and the corresponding
eigenspaces are called the principal directions. The principal curvatures all change sign if we reverse the
normal vector, but the principal directions and principal curvatures are otherwise independent of the choice
of coordinates or bases.
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There are two combinations of the principal curvatures that play particularly important roles for hypersur-
faces. The Gaussian curvature is defined as K = det(s), and the mean curvature as H = (1/n)tr(s) =
(1/n)try(h). Since the determinant and trace of a linear endomorphism are basis-independent, these are
well defined once a unit normal is chosen. In terms of the principal curvatures, they are

1
K =FKiky kn, H=—(ki+ - +kn),
n

as can be seen by expressing s in terms of an orthonormal basis of eigenvectors. If N is replaced by —N,
then H changes sign, while K is multiplied by (—1)".

7.7.3 Hypersurfaces in Euclidean Space

Now we specialize even further, to hypersurfaces in Euclidean space. In this section, we assume that M C
R"*! is an embedded n-dimensional submanifold with the induced Riemannian metric. The Euclidean metric
will be denoted as usual by g, and covariant derivatives and curvatures associated with g will be indicated
by a bar. The induced metric on M will be denoted by g.

In this setting, because Rm = 0, the Gauss and Codazzi equations take even simpler forms:

1
§h ® h = Rm, (7.41)
Dh =0, (7.42)
or in terms of a local frame for M,
hithjie — hichji = Rijr, (7.43)
hijik — hik;; = 0. (7.44)

In particular, this means that the Riemann curvature tensor of a hypersurface in R”*! is completely deter-
mined by the second fundamental form. A symmetric 2-tensor field that satisfies Dh = 0 is called a Codazzi
tensor, so Dh = 0 can be expressed succinctly by saying that h is a Codazzi tensor.

Exercise 7.7.5. Show that a smooth 2-tensor field h on a Riemannian manifold is a Codazzi tensor if and only
if both h and Vh are symmetric.

The equations %h @® h = Rm and Dh = 0 can be viewed as compatibility conditions for the existence of
an embedding or immersion into Euclidean space with prescribed first and second fundamental forms. If
(M, g) is a Riemannian n-manifold and 4 is a given smooth symmetric 2-tensor field on M, then Theorem
8.13 shows that these two equations are necessary conditions for the existence of an isometric immersion
M — R™! for which h is the scalar second fundamental form. (Note that an immersion is locally an
embedding, so the theorem applies in a neighborhood of each point.) It is a remarkable fact that the Gauss
and Codazzi equations are actually sufficient, at least locally. A sketch of a proof of this fact, called the
fundamental theorem of hypersurface theory, can be found in [Pet16, pp. 108-109].

In the setting of a hypersurface M C R™*!, we can give some very concrete geometric interpretations of the
quantities we have defined so far. We begin with curves. For every unit vector v € T, M, lety =, : I - M
be the g-geodesic in M with initial velocity v. Then the Gauss formula shows that the ordinary Euclidean
acceleration of y at 0 is 7"/ (0) = Dy’ (0) = h(v,v)N,. Thus |h(v,v)] is the Euclidean curvature of ~ at 0, and
h(v,v) = (v"(0),N,) > 0 if and only if ”(0) points in the same direction as N,. In other words, h(v,v) is
positive if -y is curving in the direction of IV, and negative if it is curving away from N,,.
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Proposition 7.7.6. Suppose v : I — R™ is a unit-speed curve, to € I, and « (ty) # 0.

(a) There is a unique unit-speed parametrized circle ¢ : R — R™, called the osculating circle at ~ (to), with the
property that ¢ and ~ have the same position, velocity, and acceleration at t = t.

(b) The Euclidean curvature of v at tg is k (to) = 1/R, where R is the radius of the osculating circle.

Proof. An easy geometric argument shows that every circle in R” with center ¢ and radius R has a unit-speed
parametrization of the form

c(t) =q+ Rcos <t_Rt0> v+ Rsin (t ;;O) w,

where (v, w) is a pair of orthonormal vectors in R™. By direct computation, such a parametrization satisfies

1
¢(t)) =gq+Rv, ¢ (to)=w, ¢ (to)=—7v.

Thus if we put

R = = v = _R’Y” (tO) y W= ’}/ (to) ’ qa=7 (t()) — Rv

we obtain a circle satisfying the required conditions, and its radius is equal to 1/k (o) by construction.
Uniqueness is left as an exercise. |

Exercise 7.7.7. Complete the proof of the preceding proposition by proving uniqueness of the osculating circle.

7.7.4 Computations in Euclidean Space

When we wish to compute the invariants of a Euclidean hypersurface M C R"*!, it is usually unnecessary
to go to all the trouble of computing Christoffel symbols. Instead, it is usually more effective to use either a
defining function or a parametrization to compute the scalar second fundamental form, and then use (??) to
compute the curvature. Here we describe several contexts in which this computation is not too hard.

Usually the computations are simplest if the hypersurface is presented in terms of a local parametriza-
tion. Suppose M C R"*! is a smooth embedded hypersurface, and let X : U — R"*! be a smooth local
parametrization of M. The coordinates (u',...,u™) on U C R™ thus give local coordinates for M. The
coordinate vector fields 9; = 9/0u" push forward to vector fields dX (9;) on M, which we can view as sec-
tions of the restricted tangent bundle TR"*! ] 1> OF equivalently as R"™* _valued functions. If we think of

X(u) = (X' (u),..., X" (u)) as a vector-valued function of u, these vectors can be written as

qu (81) = (')ZX(u) = (81-X1(u), PN ,8an+1(u)) .

For simplicity, write X; = 9;X. Once these vector fields are computed, a unit normal field can be computed
as follows: Choose any coordinate vector field 9/927° that is not contained in span (X7, ..., X,,) (there will
always be one, at least in a neighborhood of each point). Then apply the Gram-Schmidt algorithm to the
local frame (X1, ..., X,,0/8270) along M to obtain an adapted orthonormal frame (E, ..., E,;1). The two
choices of unit normal are N = +F, ;.

The next proposition gives a formula for the second fundamental form that is often easy to use for computa-
tion.
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Proposition 7.7.8. Suppose M C R"*! is an embedded hypersurface, X : U — M is a smooth local
parametrization of M, (Xy,...,X,) is the local frame for TM determined by X, and N is a unit normal
field on M. Then the scalar second fundamental form is given by

X
h(Xs, X;) = <8ui8ui’N>'

Here is another approach. When it is practical to write down a smooth vector field N = N'9; on an open
subset of R"*! that restricts to a unit normal vector field along M, then the shape operator can be computed
straightforwardly using the Weingarten equation and observing that the Euclidean covariant derivatives of
N are just ordinary directional derivatives in Euclidean space. Thus for every vector X = X79; tangent to

M, we have
n+1

sX = —vaZ - Z Xj (@Nl) (97;
i,j=1

One common way to produce such a smooth vector field is to work with a local defining function for M :
Recall that this is a smooth real-valued function defined on some open subset U C R"*! such that U N M
is a regular level set of F' (see [7] Prop. A.27). The definition ensures that grad F (the gradient of F' with
respect to g) is nonzero on some neighborhood of M N U, so a convenient choice for a unit normal vector
field along M is

_grad F

| grad F|

Here is an application.

Example 7.7.9 (Shape Operators of Spheres). The function F : R"*! — R defined by F(z) = |z|? is a
smooth defining function for each sphere S"(R). The gradient of this function is grad F = 2", 2'9;, which
has length 2R along S"(R). The smooth vector field

n+1

1 %

thus restricts to a unit normal along S™(R). (It is the outward pointing normal.) The shape operator is now
easy to compute:

1 n+1 ] , 1
X =—— ;1 X7 (9;2") 0; = —5X.

Therefore s = (—1/R) Id. The principal curvatures, therefore, are all equal to —1/R, and it follows that the
mean curvature is H/ = —1/R and the Gaussian curvature is (—1/R)". &

For surfaces in R3, either of the above methods can be used. When a parametrization X is given, the normal
vector field is particularly easy to compute: because X; and X, span the tangent space to M at each point,
their cross product is a nonzero normal vector, so one choice of unit normal is

X1 XX2

N=——7
‘Xl XX2|

7.7.5 Gauss’s Theorema Egregium

Because the Gaussian and mean curvatures are defined in terms of a particular embedding of M into R"*+1,
there is little reason to suspect that they have much to do with the intrinsic Riemannian geometry of (M, g).
The next exercise illustrates the fact that the mean curvature has no intrinsic meaning.
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Exercise 7.7.10. Let M; C R be the plane {z = 0}, and let M, C R be the cylinder {z* + y* = 1}. Show that
M, and My are locally isometric, but the former has mean curvature zero, while the latter has mean curvature
i%, depending on which normal is chosen.

The amazing discovery made by Gauss was that the Gaussian curvature of a surface in R? is actually an
intrinsic invariant of the Riemannian manifold (M, g). He was so impressed with this discovery that he
called it Theorema Egregium, Latin for ”excellent theorem.”

Theorem 7.7.11 (Gauss’s Theorema Egregium). Suppose (M,g) is an embedded 2-dimensional Riemannian
submanifold of R3. For every p € M, the Gaussian curvature of M at p is equal to one-half the scalar curvature
of g at p, and thus the Gaussian curvature is a local isometry invariant of (M, g).

Motivated by the Theorema Egregium, for an abstract Riemannian 2-manifold (M, g), not necessarily em-
bedded in R?, we define the Gaussian curvature to be K = %S, where S is the scalar curvature. If M is a
Riemannian submanifold of R?, then the Theorema Egregium shows that this new definition agrees with the
original definition of K as the determinant of the shape operator.

Corollary 7.7.12. If (M, g) is a Riemannian 2-manifold, the following relationships hold:

1
RmziKg@g, Rc=Kg, S=2K.

7.8 Sectional Curvature

Now, finally, we can give a quantitative geometric interpretation to the curvature tensor in dimensions higher
than 2 . Suppose M is a Riemannian n-manifold (with n > 2), p is a point of M, and V C T, M is a star-
shaped neighborhood of zero on which exp, is a diffeomorphism onto an open set U C M. Let II be any
2dimensional linear subspace of T),M. Since II N V is an embedded 2-dimensional submanifold of V, it
follows that S = expp(H N V) is an embedded 2-dimensional submanifold of U C M containing p (Fig.
8.5), called the plane section determined by II. Note that Sy is just the set swept out by geodesics whose
initial velocities lie in II, and 7}, 51 is exactly II.

We define the sectional curvature of II, denoted by sec(II), to be the intrinsic Gaussian curvature at p of the
surface Sp; with the metric induced from the embedding Sy C M. If (v,w) is any basis for II, we also use
the notation sec(v, w) for sec(II).

The next theorem shows how to compute the sectional curvatures in terms of the curvature of (M, g). To
make the formula more concise, we introduce the following notation. Given vectors v, w in an inner product
space V, we set

o Awl = VuPRw]? — (v, w)?

It follows from the Cauchy-Schwarz inequality that |[v A w| > 0, with equality if and only if v and w are
linearly dependent, and |v A w| = 1 when v and w are orthonormal.

Proposition 7.8.1 (Formula for the Sectional Curvature). Let (M, g) be a Riemannian manifold and p € M.

If v, w are linearly independent vectors in T, M, then the sectional curvature of the plane spanned by v and w is

given by

Rmy, (v, w,w,v)
|v A wl|?

(7.45)

sec(v,w) =

Exercise 7.8.2. Suppose (M, g) is a Riemannian manifold and g = M\g for some positive constant A\. Use
Theorem 7.30 to prove that for every p € M and plane 11 C T,,M, the sectional curvatures of I1 with respect to

g and g are related by sec(IT) = A~ !sec(II).

The formula for the sectional curvature shows that one important piece of quantitative information provided
by the curvature tensor is that it encodes the sectional curvatures of all plane sections. It turns out, in fact,
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that this is all of the information contained in the curvature tensor: as the following proposition shows, the
sectional curvatures completely determine the curvature tensor.

Proposition 7.8.3. Suppose Ry and R, are algebraic curvature tensors on a finitedimensional inner product
space V. Iffor every pair of linearly independent vectors v, w € V,

Ri(v,w,w,v) _ Ro(v,w,w,v)
v A wl? v A wl?

then R1 = Ro.

Proposition 7.8.4 (Geometric Interpretation of Ricci and Scalar Curvatures). Let (M, g) be a Riemannian
n-manifold and p € M.

(a) For every unit vector v € T, M, Rep(v,v) is the sum of the sectional curvatures of the 2-planes spanned by
(v,b2),...,(v,by), where (by,...,b,) is any orthonormal basis for T,,M with b; = v.

(b) The scalar curvature at p is the sum of all sectional curvatures of the 2-planes spanned by ordered pairs of

distinct basis vectors in any orthonormal basis.

Proof. Given any unit vector v € T,,M, let (b1, ...,b,) be as in the hypothesis. Then Rc,(v,v) is given by

Rep(v,v) = Ru1(p) = Riaa"(p) = Y Ry (bie, b1, by, b) = D sec (b, by,
k=1 k=2

For the scalar curvature, we let (b4, ..., b,) be any orthonormal basis for 7, M/, and compute

S(p) =R (p) =Y _Rey (b, b) = > Ry (be, by, by, be) = > _ sec (b, by) -
j=1 j,k=1 j#k

[ ]
One consequence of this proposition is that if (M, g) is a Riemannian manifold in which all sectional curva-

tures are positive, then the Ricci and scalar curvatures are both positive as well. The analogous statement
holds if “positive” is replaced by “negative,” “nonpositive,” or “nonnegative.”

If the opposite sign convention is chosen for the curvature tensor, then the righthand side of formula (7.45)
has to be adjusted accordingly, with Rm, (v, w,v,w) taking the place of Rm,(v,w,w,v). This is so that
whatever sign convention is chosen for the curvature tensor, the notion of positive or negative sectional,
Ricci, or scalar curvature has the same meaning for everyone.

7.8.1 Sectional Curvatures of the Model Spaces

7.9 Problems

Exercise 7.9.1 ( [7] 7-13). Let G be a Lie group with a bi-invariant metric g. Show that the following formula
holds whenever X,Y, Z are left-invariant vector fields on G:

R(X,Y)Z =-[Z,[X,Y]]

-

(see Problem 5.5.2.)

Exercise 7.9.2 ( [7] 8-17). Let G be a Lie group with a bi-invariant metric g.
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(a) Suppose X and Y are orthonormal elements of Lie(G). Show that sec (X,,Y,) = 1|[X,Y]|? for each
p € G, and conclude that the sectional curvatures of ( G, g ) are all nonnegative.

(b) Show that every Lie subgroup of G is totally geodesic in G.
(c) Now suppose G is connected. Show that G is flat if and only if it is abelian.

Exercise 7.9.3 ( [7] 8-12). Suppose 7 : (M, g) — (M, g) is a Riemannian submersion, and (]\7, g) has all
sectional curvatures bounded below by a constant c. Use O’Neill’s formula (Problem 7-14) to show that the
sectional curvatures of ( M, g ) are bounded below by the same constant.

Exercise 7.9.4 ( [7] 8-13). Let p : S?*"+! — CP" be the Riemannian submersion described in Example 2.30.

In this problem, we identify C"+! with R?>"*2 by means of coordinates (x',y*,...,x" ! y"*1) defined by 27 =
¥ + iyl
(a) Show that the vector field
S = xji — i
oy Y o

on C"*! is tangent to S*"*! and spans the vertical space V, at each point z € S?"*!. (The implicit
summation here is from 1 ton + 1.)

(b) Show that for all horizontal vector fields W, Z on S?"*+1,
W, 2)" = —dw(W, 2)S = 2(W, JZ)S
where w is the 1 -form on C"*! given by
w=S8"= ijdyj —ylda’
J
and J : TC"*! — TC"*! is the real-linear orthogonal map given by
0 0 .0 .0
VRN ¥ B R SR ¥
7 (a oI * oy > oyI OxJ

(This is just multiplication by i = \/—1 in complex coordinates. Notice that J o J = —1d.)
(c) Using O’Neill’s formula (Problem 7-14), show that the curvature tensor of CP" satisfies
Rm(w,z,y,z) =0, 2){Z,7) — (0,7)(Z, Z)
= 2(w, JI)(g, JZ) — (0, J§)(Z, JZ)
+ (w, JZ)(Z, Jy)
for every ¢ € CP" and w, z,y, z € T,CP", where w, Z, 9, Z are horizontal lifts of w, x,y, z to an arbitrary
point § € p~'(q) € S¥*1.

(d) Using the notation of part (c), show that for orthonormal vectors w, z € T,CP", the sectional curvature of
the plane spanned by {w, z} is
sec(w,z) = 1+ 3(w, J&)?

(e) Show that for n > 2, the sectional curvatures at each point of CP™ take on all values between 1 and 4 ,
inclusive, and conclude that CP" is not frame-homogeneous.

(f) Compute the Gaussian curvature of CP*.
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Chapter 8

Laplacian on Riemannian Manifolds

8.1 Basic Examples

[11] chapter 1 Basic Examples

Because the theory of the Laplacian on a Riemannian manifold involves some technical preliminaries, we
begin by examining some simple examples. In fact, considering the Laplacian and the associated heat flow
on just S! and R highlights essential differences between the Laplacian on a compact and on a noncompact
manifold.

First, recall that if T': V' — V is a symmetric, nonnegative linear transformation of a finite dimensional inner
product space V, then there exists an orthonormal basis of eigenvectors of V' with eigenvalues 0 < A\; <
... < Ap. The set {)\;} is called the spectrum of T, denoted o (7'). Note that A € o(T) if any only if there is
some nonzero vector v that solves the system of linear equations (7' — AI)v = 0, i.e., ker(T' — AI) # 0. Also,
the system Az = 0 has nonzero solutions if and only if the matrix A is singular, i.e., det(A) = 0. Thus, we
can equivalently write

Ago(T) < ker(T — M) =0 <= det(T — M) #0 <= (T — M)~ exists

This eigenvector decomposition of V' generalizes to the infinite dimensional case where V' is a Hilbert space
and T is a compact operator, i.e. an operator such that if {v;} is a bounded sequence in V, then {T';} has a
convergent subsequence. (For example, any projection onto a finite dimensional subspace is compact, and in
fact any compact operator is the norm limit of such finite rank operators.) In this case, the spectral theorem
for compact operators says that V' again has an orthonormal basis of eigenvectors for T, each eigenspace
has only finite multiplicity, and the only (finite or infinite) accumulation point for the set of eigenvalues
is zero. In particular, since the absolute values of the eigenvalues are bounded, the operator T is itself
bounded. Remember that in infinite dimensions a linear operator may well be unbounded, or equivalently
discontinuous.

The spectral theorem for compact operators is an easy generalization of the finite dimensional situation.
We want to show that this eigenvector decomposition holds for certain unbounded differential operators on
compact manifolds. The space V' will be some Hilbert space of functions or forms on the manifold. We
remark that unbounded operators are only defined on a dense subset of a Hilbert space, and in general one
must be very careful to define the domains of such operators and their adjoints correctly. The domains of
definition of our unbounded operators are rather easy to construct on compact manifolds, but noncompact
manifolds are more difficult to treat.
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8.2 Hilbert Spaces Associated to a Compact Riemannian Manifold

[1] chapter 2 section 1

8.3 Some Canonical Differential Operators on a Riemannian Manifold

[1] chapter 2 section 2

8.4 Heat Kernel

[11] chapter 3

8.5 Atiyah-Singer Index Theorem

[11] chapter 4
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Chapter 9

Jacobi Fields

9.1 Problems

Exercise 9.1.1 ( [7] 10-24). Let (M, g) be a complete Riemannian manifold and p € M. Show that inj(p) is
equal to the radius of the largest open ball in T),M on which exp,, is injective.
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Chapter 10

Curvature and Topology

227



Differential Geometry Anthony Hong

228



Differential Geometry Anthony Hong

Chapter 11

Appendix
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