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Euclidean Space

This is the arena of Euclidean geometry; i.e. every figure which is studied in
Euclidean geometry is a subset of Euclidean space. To define it one could
proceed axiomatically as Euclid did; one would then verify that the axioms
characterized Euclidean space by constructing “Cartesian Co-ordinate Systems”
which identify the n-dimensional Euclidean space E™ with the n-dimensional
numerical space R™. This program was carried out rigorously by Hilbert. We
shall adopt the mathematically simpler but philosophically less satisfying course
of taking the characterization as the definition.

We shall use three closely related spaces: n-dimensional Euclidean space E™,
n-dimensional Euclidean vector space E™; and the space R" of all n-tuples of
real numbers. The distinction among them is a bit pedantic, especially if one
views as the purpose of geometry the interpretation of calculations on R™.

We can take as our model of E™ any n-dimensional affine subspace of some
numerical space R¥ (k > n); the vector space E™ is then the unique fector
subspace of R* for which:

for p € E™. (Note that E™ contains the “preferred” point 0 while E™ has no
preferred point; each p € E™ determines a different bijection v — p+v from E™
onto E™.) Any choice of an origin py € E™ and an orthonormal basis ey, ..., e,
for E™ gives a bijection:

R" — E™: (2!, ...,2") l—>p0—|—inei
i

(the inverse of which is) called a Cartesian co-ordinate system on E™.

Such space E™ and E™ would arise in linear algebra by taking E™ to be the
space of solutions of k — n independent inhomogeneous linear equations in k
unknowns while E™ is the space of solutions of the corresponding homogeneous
equations.

We now give precise definitions.

Definition 1. The orthogonal group O(n) of R™ is the group of all n x n
matrices a whose transpose is their inverse:

a€0(n) < aa*=e
where e is the identity matriz. An equivalent characterization is that:
(ax,ay) = (z,y)

forallz,y € R™. A group R(n) of rigid motions of R" is the group generated
by O(n) and the group of translation, thus for a : R™ — R"™ we have:

a€ R(n) <= a(x) =ax+v (Vz e R™)

for some a € O(n), veR".
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Ezercise 2. Show that a : R™ — R™ is a rigid motion, i.e. an element of R(n),
if and only if it is an isometry:

la(z) —a(y)ll = ||z - yll

for all ,y € R™. Hint: You will need the following key lemma: Let e; (i =
1,...,n) be the point given by

ei=(0,...,0,1,0,...,0)
with 1 in the i-th slot. Assume z,y € R" satisfy the n + 1 equations:
o =0l =[ly =0, [lz—el=ly—el i=1,....n

Then z = y.

Let E™ be a set. Call two bijections z : E” — R"™ and y : E" — R"
equivalent iff the transformation yz~! : R" — R" is a rigid motion, i.e. yz~! €
R(n).

Definition 3. An (n-dimensional) Euclidean space is a set E™ together
with an equivalence class of bijections © : E™ — R"™; the elements of the equiva-
lence class are called Cartesian Co-ordinate systems of the Euclidean space.
(Note that by definition any Fuclidean space is a manifold diffeomorphic to R™.)

Definition 4. Call two pairs of points (p1,q1), (p2,q2) from E™ equivalent iff
for some (and hence every) cartesian co-ordinate system we have:

z(q1) — z(p1) = 2(q2) = z(p2) -

Denote the equivalence class of the pair (p,q) by ¢ — p and call it the vector
from p to q. Denote the set of all such vectors by E™ and call it the Euclidean
vector space associated to E™. The cartesian co-ordinate system x : E™ — R”
induces a map T, : E" — R™ by:

z.(q—p) =2z(q) —z(p).

Define the operations of vector addition, scalar multiplication, and inner product
i E™ by declaring that x, intertwine these operations with the corresponding
ones on R"; the operations are well-defined (i.e. independent of x) since yr—1 =

a € R(n) implies that y,x;! = a € O(n).



Definition 5. If we fix p € E™ we obtain a bijection:
E"—E":q—q-p;
denote the inverse bijection by:
E"—E":v—p+wv.
The set of all transformations:
E"—E":p—p+v

form a group called the translation group of E™; it is naturally isomorphic
to the additive group of the vector space E™ and will be denoted by the same
notation.

Definition 6. The groups
R(E™) =z 'R(n)z, O(E™) =z;'0(n)z,

are independent of the choice of cartesian co-ordinates x : E™ — R™. The
group R(E™) is also set of all transformations a : E™ — E™ which preserve the

distance function
(pg) = llp—dl =vi{P—apr—q;

it s called the group of rigid motions of E™. The group O(E™) is the groups
of orthogonal linear transformations of E". Forp € E™ let R(E"™), denote
the isotropy group:
R(E™), ={a € R(E") : a(p) =}.
Ezercise 7. The translation subgroup E" is a normal subgroup on R(E™):
aE"a ' =E"
for a € R(E™). For each fixed p € E™ the bijection:
E" > E":v—p+t+v
intertwines the group O(E™) acting on E™ with the group R(E™),. The sub-
group R(E™), is not normal in R(E™) but every element of R(E™) is uniquely
expressible as the product of an element in R(E™), and an element of E™:

R(E™) =E"-R(E"),, E"NR(E"),= {identity}.

Remark 8. One summarizes this exercise by saying that R(E™) is the semi-direct
product of O(E™) and E™ and writing:

R(E™) = O(E") = E".



Choosing co-ordinates gives the analogous assertion:
R(n) 2 O(n) < R"

which is nothing more than a fancy way of saying that @ € R(n) has form
a(x) = ax + v for some a € O(n) and v € R™. There is an important point
to be made here. The embeddings of O(E™) into R(E™) depends on the choice
of the “origin” p while the embedding of E" into R(E™) is independent of any
such choice. The subgroup E" of R(E™) has an “invariant interpretation” and
this accounts for why it is normal. (It also explains why normal subgroups are
sometimes called “invariant subgroups”; their definitions are independent of the
choice of co-ordinates.)

Definition 9. An m-dimensional affine subspace of E™ is a space E™ of form
E"=p+E™

where E™ is an m-dimensional vector subspace of E™. It is again a Fuclidean
space in the obvious way: an (inverse of) a cartesian co-ordinate system is a
map:
R™ — E™: (z',...,c™) »—>p—|—inei
3

where p is any point of E™ and ey, ..., ey is any orthonormal basis for E™.

Notation

Let M = M™ be an m-dimensional submanifold of n-dimensional Euclidean
space E™. Denote the space of vectors of E” by E™. Identify the tangent space
T,M and the normal space T#M to M at p with vector Subspaces of E":

TyM ={4(0)]y : R — M,~(0) = p} € E"
Ty M = {u € E"|(u,T,M) =0}.

Denote by X(M) and X+ (M) the space of (tangent) vector fields and normal
(vector) fields on M respectively. Thus for X,U : M — E™ we have:

XeX(M) = X(p)eT,M (Vpe M)

UeX (M)«<=U(p)eT, M (YpeM)

More generally for any map ¢ : N — M of a manifold N into M we denote
by X(p) (resp. X*(¢)) the space of all vector fields (resp. normal fields)
along . Thus for:

X,U:N —E"

we have:
X € X(p) <= X(q) € TyiyM (Vg € N)



and:
UeX(p)«=Ulg) €eTy,yM (Vg N).
Such fields are especially important when ¢ is a curve (i.e. N is an open interval
in R).
Note that X(M) = X(p) and X+(M) = S*(p) when ¢ : M — M is the
identity. Further note that X o ¢ € X'(¢) when X € X(M) and ¢ : N — M.
We denote by T,M C E™ the affine tangent space at p € M:

T,M =p+T,M.
Note the natural isomorphism:
TpM—>TpM v pH4v.
We introduce TpM because it is more natural to draw tangent vectors to M at
p with their tails at p rather than translated to some artificial origin.
The first fundamental form is the field which assigns to each p € M the

bilinear map:
gp € L*(T,M;R)

given by:
gp(v’ w) = <U7 w>

for v,w € T,M C E".

Second Fundamental Form

For each p € M denote by II(p) € L(E™) the orthogonal projection of E™ on
T,M. 1t is characterized by the three equations:

(p)* =1(p), M(pPE"=T,M, I(p)*=Ti(p).
Similarly denote by II*(p) the orthogonal projection on T;-M:
I (p) = I —Ti(p)

where [ is the identity transformation of E™.
It should be emphasized that II(p) is to be considered as a linear map:

II(p) : E" — E"
with “target” E™ (but image T, M). Thus II itself is a “matrix” valued function:

In: M — L(E").



Example 10. Take rectangular co-ordinates (z,y,2) on E® and let M = S? be
the sphere with equation:

4yt 2t =1.
Then the formula for II(p) is:

1—22 —zy —xz
_ _ 2 _
II(p) = yr 1-y yz
—2T —zy 1-—22

More generally for any hypersurface M™ (n = m + 1) with unit normal U we
have:

H(p)v = v — (v, U(P))U(p)
forpe M™, v e E™
Lemma 11. Forp € M and v € T, M we have:
DII*(p)v = —DII(p)v;
{DI(p)v}T,M C T, M;
{DII(p)v}T,;-M C T, M.

Proof. The first equation arises by differentiating the definition II- = I — II.
For the second differentiate the identity IT = I1? to obtain:

DII(p)v = T (p){ DII(p)v} + { DII(p)v}(p) .
For w € T,M we have II(p)w = w so the last equation yields:
0 =T(p){PI(p)viw

or
{DII(p)v}w € T,-M

as required. The same argument (reading II+ for IT) proves the third equation
of the lemma. O

Definition 12. The field h which assigns to each p € M the linear map:
hy : TyM — L(T,M,T,-M)

defined by:
hyp(v)w = {DII(p)v}w
forv,w € T,M is called the second fundamental form of M.
Proposition 13. Forp € M, v € T,M the adjoint h,(v)* : Tle — T,M of
the linear map hy,(v) : T,M — T;-M is given by:
hy(v)*u = {DII(p)v}u

foru e TPLM.



Proof. Differentiate the formula
((p)w, u) = (w, (p)u)

(which holds for all w,u € E™ and all p € M) in the direction v and use the
definition and the lemma. 0

Ezercise 14. Choose rectangular co-ordinates (z,y) € R™ x R"™™ = R" on
E"™ so that (z(p),y(p)) = (0,0) and:

T,M =R™ x0, T,M=0xR""

By the implicit function theorem there is a map f : R™ — R™ ™ such that
near p the equation of M is:

y=f(z).
Note that:
f(0)=0, Df(0)=0,

by the choice of co-ordinates. Show that:
hy,(v)w = D? f(0)vw

for v,w € T,M = R™. Thus the second fundamental form is the unique
quadratic form whose graph has second-order contact with M at the point
in question. One might call this graph the “osculating quadric” but to my
knowledge no one has.

Ezercise 15. Let p € M and v € T, M with ||v|]| = 1. For r > 0 let L denote the
ball of radius r about p in the (n — m + 1) dimensional affine subspace of E™
through p and parallel to the vector space R - v + TPJ-M CE™

L={p+to+u:ucT,Mt+]|ul?<r}.

Show that for r sufficiently small, L N M is a one-dimensional manifold (curve)
with curvature vector 4(0) at p given by:

(Here v : J — LN M is the parametrization of L N M by arclength (||%| = 1)
determined by the initial conditions v(0) = p and 4(0) = v.)

Covariant Derivative
Let y: R — M, X € X(v), and U € X (). The derivatives:

X, U:R—E"

will in general be neither tangent nor normal (example: M = circle).



Figure 1: A normal plane section

Definition 16. The fields VX € X(y) and VLU € X1 (v) given by:
(VX)(t) = O(y(t)X (1)
(VAU)(t) = T (v (1)U (1)
are called the covariant derivatives of X and U respectively.

Theorem 17 (Gauss-Weingarten Equations). For X € X(v) and U € X*(v)
the formulas: .
X = VX +h($)X

U=—h(%)"U+ ViU
resolve X and U into tangential and normal components respectively.

Proof. The conditions X € X(y) and U € X1 () may be written:

U(t) =I-(v()U (1)
Differentiate and use the definitions. O

We use notations for covariant derivatives analogous to the notations used
for ordinary derivatives. Thus for ¢ : N — M and X € X(M), U € X+ (M) we
write:

VX(q)w =T(¢(q)) DX (q)w
VAU (g)w =TI (p(q)) DU ()W
forge N, weTyN and if z,y,...,z are co-ordinates on N we write:
V. X=1I-0,X

ViU =11"-0,U
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etc. where X and U are evaluated at ¢ = g(x,%,...,2) and II and Tt are
evaluated at ¢(q).

Finally when X,Y € X(M) and U € X+ (M) we define Vy X € X (M) and
VyU € X+ (M) by:

VyX = II-DyX
VyU = IIt-DyU
where for any vector-valued function F' defined on M we define Dy F' by:
(Dy F)(p) = DF(p)Y (p)

for p € M.
In this notation the Gauss-Weingarten equations take The form:

DyX =VyX +h(Y)X
DyU =V3U — h(Y)'U

for X, Y € X(M) and U € X+ (M).

Remark 18. If X € X(M), U € X+ (M) and v : R — M, then X oy € X(v)
and U oy € X1 () and we have by the chain rule:

(V(X o)) = (Vy X)(7(1))
(VEU om)(t) = (VyU)(1(1)
for t € R and where Y € X (M) is any vector field such that
Y(y(t) =4(t)

for the particular value of ¢ in question. These formulas are useful in calculations
establish the relation between covariant differentiation of a vector field in the
direction of another vector field and covariant differentiation of a vector field
along a curve.

Let (t,s) be co-ordinates on R? and v : R?> — M. Note that the partial
derivatives of v are vector fields along ~:

Oy, 0sy € X ().
Proposition 19. We have:
V057 = VsOpy
h(0r7)0sy = h(957) 0 -
Proof. By Gauss-Weingarten:
0105y = V1057 + h(0py)0s7y -

But 0;0s = 0s0; so interchange s and ¢ and equate tangential and normal
components. O
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Corollary 20. The second fundamental form is symmetric:
hp(v)w = hy(w)v
forpe M; v,weT,M.
Proof. Choose v so that v(0,0) = p, 9;v(0,0) = v, 957(0,0) = w. O

Parallel Transport

The various tangent spaces T, M are all mutually isomorphic (since they have
the same dimension) but there is no natural choice of isomorphism between two
of them. In this section we define isomorphisms for the tangent spaces along a
curve v: R — M.

Lemma 21. Let to € R and v € Ty, )M. Then there is a unique X € X(v)
such that
VX = 0, X(to) = .

Proof. Let Ey,...,E, € X(Mp) be a moving frame defined in a neighborhood
My of v(tg) and define the Christofel symbols with respect to the frame by:

Vi, Ej = Z I'YEy.
k

(The m?® components Ffj are functions on Mjy.) Resolve X and # into compo-
nents with respect to the frame:

Ja
~

=
I

Z&%t)Ei(v(t))
PIRAGLACTON

o
—~
~
N

The functions & and 7/ are defined for ¢ sufficiently near tq that v(t) € M.
Applying V to the equation for X yields:

VX =) &h+ > Thew b By
k i,j

so that the equation VX = 0 reduces to a system of m linear differential equa-
tions in the unknowns &8 (k=1,...,m):

E4(t) + Z 5 (v ()€ (6’ (1) = 0.

This (by the existence and uniqueness theorem for differential equations) estab-
lishes local existence and uniqueness.
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The equations are linear so that the solution is defined on any interval on
which the coefficients are defined; i.e. on any interval J for which v(J) C M.
Hence the global solution may be constructed by covering the curve v by sets
My and piecing together. O

Definition 22. For ty,t; € R the map:
(75 t1,t0) : Ty M — Ty )M

given by:
(7, t1, to)v = X (t1)

(where X is given by the lemma) is called parallel transport. A vector field
X € X(v) along v is called parallel iff VX = 0; i.e. iff:

X(t) = 7(7,t,t0) X (to)-

The vector X (t) is called the parallel transport of X (to) € T, )M to Ty M
along .

Ezercise 23. Show that if Ey, ..., E,, on the co-ordinate vector fields of a local
co-ordinate system x',z2,..., 2™ then:
W) = S0 (1)
dt

and the Christoffel symbols are symmetric in (4, j):
Ik =Tk

Remark 24. In case M is an affine subspace of E™ the tangent space T, M is
independent of p and we have X = VX. Thus in this case a parallel vector
field is constant; i.e. the vector X (¢) (when drawn with their tails at the points
~(t)) are parallel. This partially explains the terminology; we shall see a deeper
interpretation below.

Proposition 25. Parallel transport is linear, orthogonal, and respects the op-
erations of reparametrization, inversion and composition:

(1) 7(v,t1,t0) € L(Ty10) M, Ty 2,) M),
(2) {r(7,t1,t0)v, 7(v, t1, to)w) = (v, w),
(3) T(yoo,tito) =T7(v,0(t0),o(t1))),
(4) T(v,to,t1) = T(v,t1,to) 7,

(5) T(7,ta,t1)T(7, t1,t0) = 7(7, t2, o).

forto,t1,t2 € R; v,w € Ty yM; and o : R — R a diffeomorphism.
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Figure 2: Parallel transport

Proof. Linearity is clear since the equation VX = 0 is linear. The last two
equations follow immediately from the definition of 7 (and the existence and
uniqueness theorem). For the second we must show that (X (¢),Y (¢)) is constant
when X,Y € X(v) are parallel. Differentiating:

LXy) = (X.Y)+ (XY

dt
= (VX,Y)+ (X,VY)
=0
as required. (We have used the fact that:

<w7 U> = (H(p)w, U>

for w € E, v € T,M. This is obvious geometrically; alternatively one may use
II(p)v = v and I(p)* = I1(p).) O

Everything in this section carries over word for word if the tangent field
X € X(v) is replaced by a normal field U € X+(M) and V is replaced by V+.
For the record we give the definitions.

Definition 26. The normal field U € X () along v is called parallel if V+U =
0. Parallel transport from y(to) to y(t1) along v) is the map:

(T, t1,t0) TFJ‘(tO)M — T’*tl)M

given by:
(1.t to)u = Ulty)

foru € TWL(tO)M where U is the unique parallel normal field along v satisfying
the initial condition:

U(to):U.
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Figure 3: Orthogonal projection onto T, M.

Covariant and Parallel

In the last section we defined parallel transport in terms of the covariant deriva-
tive; in this section we do the reverse. Thus V and 7 determine one another.
They may be viewed as different incarnations of the same object.

Let X be a vector field along the curve . Note that:

T(’% to, t)X(t) € T’y(to)M 5

i.e. as t varies with t( fixed the expression on the left lies in a non-varying vector
subspace of E. Hence its derivative lies in that subspace. In fact, more is true:

Proposition 27. Covariant differentiation may be recovered from parallel trans-
port via the formula:

(VX)(to) = %T(%to,t)X (t)

t=to

for X € X(v) and ty € R. An analogous formula holds for normal fields:

(VEU) (k) = %TL(WOJ)U@)

t=to

for U € X+(v).

Proof. We prove the first formula; the same argument works for the second.
Let Ey,...,E, € X(v) be a parallel moving frame along ; i.e.

Ei(t) = 7(v,t,to)vi



15

M / xt)

X(to)

7(77 tOv t)X(t)
T 40y M /

where v, ..., v, form a basis for T, ;,)M. Thus:
VE; =0.

Resolve X into components:

X(t) = Z&"(t)&-(t) :

Apply V:
VX =) {E;.
But:
T(Vatoat)X(t) = Zfz(t)T(77t07t)El(t)
= Zfi(t)Ei(to) -
The proposition follows on differentiating the last equation at ¢ = . O
Motions

Our immediate aim in the next few sections is to define motion without sliding,
twisting, or wobbling. This is the motion that results when a heavy object is
rolled, with a minimum of friction, along the floor. It is also the motion of the
large snowball a child creates as E rolls it into the bottom part of a snowman.
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We shall eventually justify mathematically the physical intuition that either
of The curves of contact in such ideal rolling may be specified arbitrarily; the
other is then determined uniquely. Thus for example the heavy object may be
rolled along an arbitrary curve on the floor; if that curve is marked in wet ink
another curve will be traced in the object. Conversely if a curve is marked in
wet ink on the object, the object may be rolled so as to trace a curve on the
floor. However, if both curves are prescribed, it will be necessary to slide the
object as it is being rolled if one wants to keep the curves in contact.

We shall denote a typical rigid motion of E™ by:

a € R(E™)
and denote the induced map on vectors by:
a€OE").
Thus in rectangular co-ordinates we have:
a(r) =ax+0b

for x € R™ where a € O(n) is an orthogonal matrix and b € R™.

Let M’ be another m-dimensional submanifold of E™. Objects on M shall
be denoted by the same letters as M with primes affixed. Thus for example,
II(p) is the orthogonal projection of E™ on T,M for p € M.

Definition 28. ¢ motion of M along M’ is a triple (a,~,~') where
a:R—RE"), v:R—>M, v:R—->M

such that:
at)(v(t)) =4'(t), at)TyyM = Typy@yM’

fort € R. The curves vy and v are called the curves of contact of the motion
m M and M respectively.
Note that a motion also matches normal vectors:

(as a(t) is an orthogonal transformation) and it matches affine tangent spaces:
a(t)TyyM = Ty M
(by adding the two equations in the definition).
We define three operators on motions:

Definition 29 (Reparameterization). If o : R — R is a diffeomorphism, and
(@,7,7) is a motion of M along M', then (aoo,yo0,vo0) is a motion of M
along M.
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Definition 30 (Inversion). If (a,v,7) is a motion of M along M’ then (a,~,7)
is a motion of M' along M where a(t) = a(t)~!.

Definition 31 (Composition). If (a,~,gamma) is a motion of M along M’
and (a,v,v") is a motion of M' along M" (note: same v) then (a”,~v,7") is a
motion of M along M" where o’ (t) = a(t) o a(t).

We now give the three simplest examples of “bad” motions; i.e. motions
which do not satisfy the concepts we are about to define. In all three of these
examples, p is a point of M and M’ is the affine tangent space to M at p:

M' =T,M.
Ezample 32 (Pure Sliding). Take a non-zero vector v € T,M (i.e. parallel to
M) and let
1) =p, () =p+tv, alt)(q) =g+t
for g € E™, t € R. Note that a is the identity, ¥ = 0, ¥ = v #£ 0, so that:

ay #75.
Ezample 33 (Pure Twisting). Take any curve of rotations which which acts as
the identity on the affine normal space p + TPJ-M ; thus for all ¢:

1) =7t =p, a)p)=p, alyu=u  (ueT,M).
Note that the derivative @ maps tangent vectors to tangent vectors:
d(t)T,y(t)M C T’y(t)M~

When m = 2 and n = 3 the motion is a rotation about the axis through p
normal to the plane M.

Ezample 34 (Pure Wobbling). This is the same as pure twisting except that
motion is the identity on the affine tangent space M. Note that:

a(t) Ty M C Ty M.
For example when m = 1 and n = 3 the motion is a rotation about the axis
M. If moreover M is a plane curve, a(t)M will be in a (rotating) plane which
contains the fixed line M.

Sliding

When a train slides on the track (e.g. in the process of stopping suddenly), there
is a terrific screech. Since we usually do not hear a screech, this means that the
wheel moves along without sliding. In other words the velocity of the point of
contact in the train wheel M equals the velocity of the point of contact in the
track M’. But the track is not moving; hence the point of contact in the wheel
is not moving. One may explain the paradox this way: the train is moving
forward and the wheel is rotating around the axle. The velocity of a point on
the wheel is the sum of these two velocities. When the point is on the bottom
of the wheel, the two velocities cancel.
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Definition 35. A motion (a,v,v’') is without sliding iff for all ty € R it
satisfies the two equivalent conditions:

=0, a(to)y(to) = (to).

t=to

To see the equivalence of these two conditions differentiate the equation
a -~ =~ to obtain:

Lanto)|  +alto)ilo) =4 (o).

t=to

Any rigid motion which is not a translation will have fixed points; hence it
is not surprising that for some p € E™ the curve t — a(t)(p) € E™ has vanishing
velocity at t = tg while for some g # p the curve t — a(¢)(¢) has non-vanishing
velocity. In particular, take p = ¥(tg). The curve ¢ — a(t)(v(tp)) € E™ will in
general be non-constant, but (when the motion is without sliding) its velocity
will vanish at the instant ¢t = tg; i.e. at the instant when it becomes the point
of contact. Thus a motion is without sliding if and only if the point of contact
s motionless.

We remark that if the motion is without sliding we have:

19l = lladll = 1191

so that the curves v and 7' have the same arclength:

/t W @)l = / e

Hence any motion where any 4 = 0 and 4’ # 0 (e.g. the example of pure sliding
above) is not without sliding.

FEzercise 36. Give an example of a motion where [|%'|| = ||¥|| but the motion is
not without sliding.

Ezxample 37. We describe mathematically the motion of the train wheel. Let the
center of the wheel move right along the z-axis and the wheel have radius one
and make one revolution in 27 units of time. Then the track M’ has equation
y = —1 and we take 22 + y? = 1 as the equation for M. Take

(cos(t=3) o (1=3))

= (sint,—cost);
Y@ =t -1);

and a(t) to be given by:

=2

—~
~

~—

' = (cost)x + (sint)y+¢
—(sint)z + (cost)y
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for p = (z,y), a(t)p = (2’,y’). The reader can easily verify that this is a motion
without sliding. A fixed point py on M, say pg = (1,0) sweeps out a cycloid
with parametric equations:

x = (cost)+t

y = —sint.

(Check that (&,9) = (0,0) when y = —1; i.e. for t = (2n+ §) m.)

Remark 38. These same formulas give a motion of a sphere M rolling without
sliding along a straight line in a plane M’. Namely in rectangular co-ordinates
(x,9, ) the sphere has equation 22 + y? + 22 = 1, the plane is y = —1 and the
line is y = —1, z = 0. The z-co-ordinate of a point is unaffected by the motion.
Note that the 4’ traces out a straight line in the plane M’ and the curve v traces
out a great circle on the sphere M.

Remark 39. The operations of reparametrization, inversion, and composition re-
spect motion without sliding; i.e. if (a,~,v’) and (@’,~’,~") are motions without
sliding and o : R — R is a diffeomorphism, then the motions (aoo,yo0,v 00),
(@(-)~1,9,~) and (&@'(-)a(-),v,~") are also without sliding. (The proof is imme-
diate from the definition.)

Twisting and Wobbling

A motion (a,v,7") of M along M’ transforms a vector field along v into a vector
field along +" via the formula:

(aX)(t) = a(t)X(?)
fort e R, X € X() (soaX € X(v)).

Definition 40. The motion (a,~,v') is without twisting iff it satisfies the
following four equivalent conditions:

(1) The instantaneous velocity of each tangent vector is normal:
a(t)(Ty)M) € Ty M
(2) It transforms parallel vector fields along v into parallel vector fields along
I

B VX = 0— V/(aX) = 0.

(8) It intertwines parallel transport:
a(t)7(v,t1,t0) = 7'(7', t1,t0)alto) -

(4) It intertwines covariant differentiation:

V'(aX)=aVX.
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We prove the conditions equivalent. Note that we have the equation:

a(t)II((t) = TI'(y'(£))a(t)

as this is merely a restatement of the second equation in the definition of motion.
Differentiate the equation aX = X’ to obtain:

aX +aX = X',

Apply II'(¥/(1)):
I (aX)+aVX =V'X'.

Thus ¢X is normal iff aVX = V’'X’; this establishes the equivalence (1) <
(4).

The implication (2) = (3) is a restatement of the definition of parallel
transport, while the implication (3) == (4) follows from the definition of V in
terms of 7. The implication (4) = (2) is obvious.

Definition 41. The motion (a,~,7’) is without wobbling iff it satisfies the
following four equivalent conditions:

(1) The instantaneous velocity of each normal vector is tangent:

a(t)(Tyy M) C Ty M.

(2) It transforms parallel normal fields along «y into parallel normal fields along
!

v
ViU =0= V'"(aU) = 0.

(8) It intertwines normal parallel transport:
a(ty)TH (7, tr,t0) = 7 (4, 1, to)alto)
(4) It intertwines normal covariant differentiation:
V' (aU) = aV*U.

(Here U € X+ (M) so aU € X+(M') and t,t1,t2 € R.)

The proof that the four conditions are equivalent is word for word the same
as before.

In summary a motion is without twisting iff tangent vectors at the point
of contact are rotating towards the normal space and it is without wobbling iff
normal vectors at the point of contact are rotating towards the tangent space.
In case m = 2 and n = 3 motion without twisting means that the instantaneous
axis of rotation is parallel to the tangent plane.
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Remark 42. The operations of reparametrization, inversion and composition
respect motion without twisting (resp. without wobbling); i.e. if (a,~,~") and
(@',v',~") are motions without twisting (resp. without wobbling) and o : R —
R is a diffeomorphism; then the motions (oo, yo0,~v o), (a(-)~1,~/,7), and
(@’ (-)a(-),~,~") are also without twisting (resp. without wobbling).

Remark 43. Given curves v : R — M and ' : R — M’ and a rigid motion
ag € R(E™) satisfying:

ao(v(0)) =~(0),  ao(Tyo)M) = Ty oyM’

there exists a unique motion (a,~y,v") of M along M’ (with the given v and ~')
without twisting or wobbling satisfying the initial condition:

a(0) = ag .

Indeed a(t) is defined uniquely by conditions (3) in the definitions so that a(t) is
determined by the additional condition that a(t)((t)) = +'(t). We prove below
a somewhat harder result where the motion is without twisting, wobbling, or
sliding. It is in this situation that v and 4" determine one another (up to an
initial condition).

Remark 44. We can now give another interpretation of parallel transport. Given
v:R — M and v € T, M take M’ to be an affine subspace of the same
dimension as M. Let (a,7,7’) be a motion of M along M’ without twisting
(and, if you like, without sliding or wobbling). Let X’ € X (') be the constant
vector field along +' (so that V' X’ = 0) with value a(0)v and let X € X(v) be
the corresponding vector field along ~:

X'(t) = agv, a(®)X(t) =2'(t).

Then X (t) = 7(v, to, t)v.

To put it another way, imagine that M is a ball. To define parallel transport
along a given curve v roll the ball (without sliding etc.) along a plane M’
keeping the curve 7 in contact with the plane M’. Let 7/ be the curve traced
out in M’. If a constant vector field in the plane M’ is drawn in wet ink along
the curve 4/ it will mark off a (covariant) parallel vector field along ~ in M.

Ezercise 45. Describe parallel transport along a great circle in a sphere.

Development

Development is the intrinsic version of motion without sliding or twisting.

Definition 46. A development of M along M’ is a triple (b,v,7') where
v:R — M and v : R — M’ are curves and b is a function which assigns to
each t € R an orthogonal linear isomorphism:

b(t) : T,y(t)M — T,Yl(t)M/

and such that the following equivalent conditions are satisfied:
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(1) There is a motion (a,~,~") without sliding, twisting, or wobbling such that
b(t) = alt) | Ty M
fort e R;
(2) there is a motion exactly as in (1) except possibly not without wobbling;

(8) b intertwines parallel transport:

b(t1)T(v,t1,t0) = 7' (7, t1, t0)b(to)

and satisfies:

We prove the equivalence of three conditions. The implications (1) = (2)
and (2) = (3) are obvious. For (3) = (1) choose any ay € R(E™) such that
ao(v(0)) = '(0) and ag | Ty0yM = b(0). There is a unique motion (a,~,v’)
without twisting or wobbling such that a(0) = ag. As a and b both intertwine 7
and 7" we have a(t) | T M = b(t). Hence a’y = by = %/ so the motion (a,,v’)
is also without sliding as required.

Remark 47. The operations of reparametrization, inversion, and composition
yield developments when applied to developments; ie. if (b,7v,7') is a devel-
opment of M along M’', (V/,7',7") is a development of M’ along M”, and
o : R — R is a diffeomorphism, then (bo o,y0 0,9 o0o), ('(:)~%,7,7), and
(' ()b(+),7,v") are all developments.

Theorem 48 (Developments along affine subspaces). Assume M’ = E™ is an
affine subspace of E™ and that we are given v: R — M, o’ € M’, ty € R, and
an orthogonal isomorphism:

bo : T’Y(to)M — TO/Em =E™.
Then there exists a unique development (b,~,~") satisfying the initial conditions:

b(to) = bo, +'(to) =0

Corollary 49. Assume (M’ = E™ and) that we are given v: R — M, tg € R,
and ao € R(E™) such that:

ao(TyueyM) = E™.

Then there exists a unique motion (a,~,~') without sliding, twisting or wobbling
satisfying the initial condition:

alto) = do .
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Proof. We first prove uniqueness. Let the development (b,~,v’) be given and
choose a basis €],...,el, for E™. Define a moving frame Ey,..., E,, along
by:

b(t)Ei(t) = €, .

Since (b,~,v’) is a development the E; are parallel:
VE; =0
and satisfy the initial condition:
boEi(to) = e .

This determines B(t) : Ty )M — E™ uniquely. Define &' = £°(t) by:
() = 3 € E®);
since by = 4’ the curve 7/ is uniquely determined by:
Y(t) = Zéi(t)ei’ ' (to) = o'.

For existence note that the formulas just derived can be taken as definitions of
b and ~'. O

Remark 50. Below we prove a theorem which asserts the existence of v given
/

v
Remark 51. Any two developments (b1, v,v;) and (bg,7,~4) of the same curve
v in M are related by:

ba(t) = cbi(t), 7a(t) = cy(t) +o

where c is a constant linear orthogonal isomorphism and v is a constant vector.
(This follows from uniqueness since one easily checks that if (be,,~4) is defined
from (b1,,7;) by these formulas then it is a development.)

Affine Parallel Transport

Now let (b,7,7') be any development of M along an affine space M’ = E™ and
define for each ¢t € R an affine map:

b(t) : TyyM — M' = E™ =+/(t) + E"

of affine tangent spaces by imposing the conditions that l;(t) induce the linear
map:
b(t) : T'y(t)M — E™
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on vectors and that b(t) carries the point v(¢) € M to the point v/(t) € M’ =
E™
b(t)y(t) =~'(t).
In other words b(t) is the restriction to the affine tangent space of a(t) where
(a,7,7') is a motion of M along M’ = E™ without sliding or twisting.
Definition 52. For tg,t; € R the affine isometry of affine tangent spaces:
%(%tl,to) : T’y(to)M - T’y(tl)M

given by: ) }
7(v,t1,t0) = b(t1) ~"b(to)

is called affine parallel transport ~(to) to v(t1) along 7.

Affine parallel transport is independent of the choice of the development
(b,7,7") of M along E™ but depends only on the curve 7. As a notation
indicates, the affine map 7 induces the (linear) parallel transport map:

(7, t1st0) : Typoy M — Ty )M

on the (vector) tangent spaces.
To see the independence of the development note that by the last remark by
and by arising from different developments are related by:

ba(t) =

(e}

b (1)
where ¢ is an affine isomorphism independent of ¢. Thus:
ba(t1) ™" - ba(to) = bu(t1) ™" - ba(to)

as required.
We next prove the analog for affine parallel transport of the formula:

d
%T(% to,t) X (t) = VX(to)
t=to

for X € X(v). Choose a vector field X along v and form the the “affine field”:
X(t) =~(t)+ X(t).
Thus X (t) lies in the affine tangent space at y(t):
X(t) € ToyyM.

Apply 7(v,to,t) to get a curve in a fixed affine space:

7~—(’7/7t()ﬂt)()z—(t)) € T’Y(tO)M .
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Proposition 53. We have:

d . ~ .
@T(%toi)(X(t)) = VX(to) +Y(to) € Tyte)M .
t=to

Proof. Choose a development (b,~,~") with:

E™ =m' = T,Y(to)M, b(to) = identity.

Then: ~
7(7:t0,t) = b(t)
Ty, b0, )(X(®) = b(&)(v(t)) + b(H) X (t)
= () +7(7,to,t) X (1)
Hence:
d ~ (v /
G| = )+ X @)
= J(to) + VX(to)
as required. O

Corollary 54. Affine parallel transport is given by:

7:(77 t, tO)(FY(tO) + ’Uo) = ’Y(t) + X(t) + T(Va t, tO)UO

for vg € Ty ) M where X € X () is the solution of the (linear inhomogeneous)
ordinary differential equation:

VX +4 =0, X(t) =0.

Ezercise 55. Consider the case where m = 1 and n = 2; i.e. M is a plane curve.
Show that in this case the curve a : R — E? given by:

a(t) = 7(v,t,t0)(v(to))

is an involute of . This means that
V(1) —aft) = s() X (¢)

where X is the unit tangent vector:

X(t) = O~ 4(@)

and s is the arclength:

)= [ Il
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Figure 4: An Evolute

Verify that v is the evolute of a: the locus of centers of curvature:

dr?

P
dr?

]
where 7 is the arclength parameter of a:

r(t) = / ot

Thus « is generated from ~ by unwiding a string wound around - while -y is the
locus of intersections of infinitessimally near normal lines to «.

The Frame Bundle

A frame for an m-dimensional vector space V is an ordered basis e = (e1, ..., en)
for V. This is the same as a vector space isomorphism e : R™ — V'™

e(§) = Z fiei

for € = (£,...,6™) € R™. Denote by Lis(R™,V) the set of all frames for V:

Lis(R™V)={e€V*™:eq,...,em abasis}.
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Note that the group GL(m) of all invertible m x m matrices acts on Lis(R™, V)

via the formula:
(a"e); = Za;ei
i

for a € GL(m) and e € Lis(R™,V); in terms of isomorphisms:

(a”e)(&) = e(ag)

fora: R™ —- R™, e: R™ — V, and £ € R™. The action is called a right action
because a — a* is an antihomomorphism:

(a102)" = azay;
this law looks like an associative law if we write the group element on the right:

(ear)as = e(ayaz)
where ea = a*e. The action is free:

a*e = e = a = identity
and transitive:
e,e' € Lis(R™, V) = Ja € LG(m) : ¢’ = a’e
so that each choice of e € Lis(R™, V) determines a diffeomorphism:
GL(m) — Lis(R™, V) : La+— a"e
from the (open) set of invertible matrices onto the open subset
Lis(R™, V) Cc V>,

Note however that Lis(R™, V) is not naturally a group (although it is diffeo-
morphic to one) for the diffeomorphism a — a*e depends on the choice of e.

Definition 56. The frame bundle F(M) of the submanifold M C E™ is the
set:
F(M)={(p,e):pe M,ec F(M),}

where F'(M), is the space of frames of the tangent space at p:
F(M), = Ls(R™,T,M).
Define a right action of GL(m) on F(M) by:
a*(p,e) = (p,a’e)

fora € GL(m) and (p,e) € F(M).
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Proposition 57. The frame bundle F(M) is a submanifold of E™ x (E™)*™
of dimension m +m? and the projection:

F(M) — M: (p,e) —p

is locally trivial. The orbits of the GL(m) action are the fibers of this projection:
GL(m)*(p,e) = F(M),

for (p,e) € F(M).

Proof. Any moving frame E1, ..., E,, € X(Mj) defined over an open subset M
of M gives a bijection:

My x GL(m) — F(Mp) : (p,a) — a*E(p)

where:
E(p) = (E1(p), ., En(p)) € F(M),.

This bijection (when composed with a parametrization of My) gives a parametriza-
tion of the open subset F'(Mp) of F(M). The diagram:

MO X GL(m) F(Mo)

My

clearly commutes so the assertions of the proposition are evident. O
Ezercise 58. Denote by O(M) the orthonormal frame bundle of M:
O(M) ={(p,e) € F(M) : (e, ;) = bij} -
Show that O(M) is a submanifold of F(M), that the projection:
O(M) — M : (p,e) —p

is locally trivial, and that the action of GL(m) on F (M) restricts to an action
of O(m) on O(M) whose orbits are the fibers:

O(M), = O(M) N F(M),

of this projection.
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Horizontal Lifts

We have previously used the idea of moving frame along a curve v : R — M; i.e.
vector fields Fy,..., B, € X(vy) which give a basis for T',;) M for each t € R.
Such a frame can be viewed as a curve §: R — F(M) in the frame bundle:

ﬁ(t) = (’Y(t)’ El(t)’ R Em(t))
for t € R.

Definition 59. We call such a curve g a lift of v; thus f: R — F(M) lifts
v:R — M iff mo =~ where 7 : F(M) — M is the projection. When the
vector fields E; are parallel along v the curve 3 is called horizontal; thus a
horizontal curve is one of form:

ﬂ(t) = (’Y(t)7 T(% 0, t)e)

where e = (e1,...,e,) € F(M), ). For (p,e) € F(M) we define two subspaces
of the tangent space T{, ) F(M). These are the vertical space V(, . which is
simply the tangent space to the fiber:

Vip,e) = T(Ihe)F(M)p

and the horizontal space H(, ) consisting of all tangent vectors to horizontal
curves through (p, e):

Hpe) = {B(0) | 3(0) = (p,e),3: R — F(M) horizontal} .

Proposition 60. The horizontal space is a vector space complement to the
vertical space:

Tip,e) F(M) = Vip,e) ® Hippe) -

The wvertical space is the kernel of the derivative of the projection 7 : F(M) —
M:

Vip,e) = ker De(p,e), Dm(p,e): Tipe)F(M) — T,M

so that this derived projection restricts to an isomorphism:
D7r(p, 6) | H(p,e) : H(p,e) — TpM.

Finally a curve §: R — F(M) is horizontal if and only if its tangent vector lies
in the horizontal space:

ﬂ(t) S Hﬁ(t) (VT S R) .

If B: R — F(M) is horizontal and a € GL(m) then a*f : R — F(M) is also
horizontal
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Proof. Much of this is a trivial restatement of the definition. One sees that:

Vip.e) = {(B:¢) € Ty oy F(M) : p = 0}.

‘While
Hepey=1{(p,€) : éi = hyp(ple; i=1,...,m}.

(This last equation is because according to the Gauss-Weingarten equations,
the equation VE; = 0 for E; € X(v) takes the form:

E; = h()E;

where h is the second fundamental form.) The formula for H, .y shows that it
intersects V{, ¢y only in the zero vector and that any vector (p, ) can be resolved
into components:

(B, €) = (0, — h(p)e) + (p, h(p)e)

as required. The formula for H, ) also shows that for g : R — F(M) the
condition that 3 have the form 3 = (v, 7e) is the same as the condition that
[CRS Hg. O

Remark 61. The reason for the terminology is that one draws the following
extremely crude picture of the frame bundle:

F(M), =7""(p)

=

(p,e)

| =
° M
p

One thinks of F(M) as “lying over” M. One would then represent the equation
v =mo 3 by a commutative diagram:
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hence the word “lift”. The vertical space is tangent to the vertical line in the
picture while the horizontal space is transverse to the vertical space. This crude
imagery can be extremely helpful.

Ezercise 62. Recall the orthonormal frame bundle O(M) C F(M) defined
above. Show that the horizontal space Hy, ) is tangent to O(m):

Hpe) € Tip,ey O(M)
and the proposition remains true if O(M) is read for F (M) and:
‘/(/p,e) = T(p«,e)O(M)p

is read for V{, o).

The Development Theorem

We now use the frame bundle to prove the existence of developments. For
the first time it is necessary to talk about developments (b,v,7’) or motions
(a,7,7") where the curves are not necessarily defined for all t € R but possibly
only on some interval J C R. The definitions are unchanged. The concept of
completeness used in the formulation of the theorem will be defined in the proof
and discussed at greater length below. As usual M and M’ denote arbitrary
m-~dimensional submanifolds of Euclidean space E™.

Theorem 63 (Existence and Uniqueness of Developments). Let v’ : R — M/,
o€ M, ty € R, and an orthogonal isomorphism:

bo : TOM — T"/’(to)M/

be given. Then there exists a development t — (b(t),y(t),7' (t)) of M along M’
defined for t € J where J is an open interval containing ty satisfying the initial
conditions:

b(to) = bo, (to) = o
Any two such developments agree wherever both are defined. If M is complete

(in the sense defined below), there is a globally defined development, i.e. one
with J = R.
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Corollary 64. Let v : R — M', 0 € M, ty € R, and a rigid motion ag €
R(E™) satisfying:
(Nl(O) = ’Vl(t())7 CL()TOM = T’Y/(to)M,

be given. Then there exists a motion without sliding, twisting or wobbling of M
along M’ defined on an open interval J containing to and satisfying the initial
condition:

alto) = ao .

Any two such agree wherever both are defined and if M is complete there is one
with J = R.

Definition 65. As any two developments (b1, v1,7') and (b, v2,7") with v1(tg) =
Y2 (to) and by(tg) = ba(tg) agree on Jy N Jy there is a development defined on
J1 U Jo; hence there is a unique maximally defined development (b,~y,~") defined
on J; any development (b, v1,v") with v1(tg) = v(fo) and by (to) = b(to) satisfies
J1 € J. We call this the (mazimally defined) development corresponding to the
given ' and the given initial conditions y(to) = 0 and b(to) = bo.

Remark 66. The statment of the theorem is essentially symmetric in M and
M’ as the operation of inversion carries developments to developments. Hence
giveny: R — M, o' € M, to € R, and by : T,y M — T,y M’, we may speak of
the development (b,7,~") corresponding to v with initial conditions 7/(tg) = o’
and b(t()) = bo.

Proof of theorem. We have already proved the theorem in case M is a Euclidean
space. Since the operations of composition and inversion yield developments
when applied to developments, we may assume w.l.o.g. that M’ is a Euclidean
space E™.

Our first step is to find a differential equation whose solutions correspond to
developments.

Definition 67. Given a smooth map £ : R — R™ the time dependent vector-
field B = B(t,p,e) on F(M) characterized by the conditions that B(t,p,e) be
horizontal:

B(t,p, 6) S H(p,e) C T(p7e)F(M)
and project to e(£(t)) € Tp,M:
Dr(p,e)B(t, p,e) = e(£(t))

where w1 F(M) — M is the projection (n(p,e) = p) is called the basic vec-
torfield corresponding to &.

We remark that B can be given explicitly via the formulas:

B(t>p7 6) = (ﬁa é)
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where
e = (e1,...,em) € F(M),
po= ) &t
é = (ézl7 ,€m)
& = hy(p)ei

for t € R and (p,e) € F(M).
As B is horizontal any integral curve 5 = 3(t) € F(M):
p=B(tp)
has form:
6(t) = (’Y(t)? T('Ya t7 to)eo)
where eg € /(M) (). As the parallel transport map:
T(’}/,t, to) : T’Y(to)M — T’y(t)M

is orthogonal it follows that B is tangent to the orthonormal frame bundle; i.e.
that §(t) € O(M) whenever 3(tg) € O(M) (i.e. eg € O(M)yy))-
Now choose an orthonormal frame ¢’ = (¢}, ...,¢,) for E™ = T,y E™. The

formulas:
b(t)Ei(t) = e;

(i = 1,...,m) establish a bijective correspondence between curves § : J —

Bt) = (v(t), E1(t), ..., En(t))
and triples (b,7,v') where v : J — M and for each t € J, b(t) : T,y M — E™
is a linear isomorphism. Let £ : R — R™ be given by:

v@:zama

Denote by B the corresponding basic vectorfield.
Claim . . The curve §:J — O(M) is an integral curve for B:

A(t) = B(t, 5(t))
if and only if the corresponding triple (b,7,~") is a development.
Indeed the equation 3 = B(t, 3) can be written:
BeHy §=3¢E
which in turn takes the form:

b(t)T(7,t,t0) = b(to),  b(t)F(t) =7'(t)

for t € J and these are precisely the equations for a development.
The development theorem is now an immediate consequence of the existence
and uniqueness theorem for ordinary differential equations. O
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Definition 68. The manifold M is complete iff it satisfies the following two
equivalent conditions:

(1) for every curvey' : R — E™ in Euclidean space, everyty € R, every point
0 € M, and every orthogonal isomorphism by : ToM — E™ the mazimally
defined development (b,~,~") determined by the initial conditions v(tg) = 0
and b(tg) = bg is defined for all t € R;

(2) for every curve & : R — R™ the corresponding basic vectorfield B is
complete; i.e. for each (tg,0,e9) € R x F(M) the initial value problem:

B(t) = B(t,8(t), B(to) = (0, e0)
has a globally solution B : R — F(M).

Remark 69. We have already noted that a basic vectorfield B is tangent to the
orthonormal frame bundle. Now note that if 5(t) = (v(t), E(t)) is an integral
curve to B so is a*f(t) = (y(t),a*E(t)) where a € GL(m) is a (constant)
invertible matrix. Since any frame at y(to) is carried to any other by a suitable
matrix a € GL(m) it follows that if one integral curve 8 with v(tg) = 0 is
defined for all ¢ then every integral curve 8 with y(t9) = 0 is defined for all
t. In particular, the vectorfield B is complete if and only if its restriction
B | R x O(M) to the orthonormal frame bundle is complete.

It is of course easy to give an example of a manifold which is not complete;
if (b,7,v’) is any development then M\{~(¢1)} is not complete as the given de-
velopment is only defined for ¢ < ¢;. Below we give equivalent characterizations
of completeness; we will see that any closed submanifold of E™ is complete.

Geodesics

The concept of a geodesic in a manifold generalizes that of a straight line in
Euclidean space. A straight line has parametrizations of form ¢ — p + o(t)v
where ¢ : R — R is a diffeomorphism, p € E™, v € E"; different o yield differ-
ent parametrizations of the same line. Certain parametrizations are preferred;
viz. those parametrizations which are “proportional to arclength”, i.e. where
o(t) = at + b (for constants a,b € R) so that the tangent vector &(¢)v has
constant length. The same distinctions can be made for geodesics. Some au-
thors use the term geodesic to include all parametrizations of a geodesic while
others restrict the term to cover only geodesics parametrized proportional to
arclength. We follow the latter course, referring to the more general concept as
a “reparametrized geodesic”. (Thus a reparametrized geodesic need not be a
geodesic.)

Definition 70. Let J = [a,b] be a bounded closed interval in R and v : J — M
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be a smooth curve in M. We define the length L(vy) and energy E(v) of v by:
b
o) = [ ol
ab
pe) = [ P

A variation of v : J — M is a family v\ : J — M of curves where A ranges
over an open interval I C R about 0 such that the map:

IxJ— M:(\t)— (1)
s smooth and:
Yo =7 -
The variation has fixed endpoints iff
Ya(a) = (a), ya(b) =~(b)
forall X e 1.

We shall generally suppress notation for the endpoints of J. When ~(a) = p
and y(b) = ¢ we say 7 is a curve from p to g. We can always compose v with
an affine reparametrization:

t'=0b-at+a

to get a new curve:

defined for 0 < ¢ < 1. Note that:

and
E(@)=(0-aE®).

More generally note that the arclength integral L(v) (but not the energy
integral E(v)) is invariant under reparametrization; i.e. if o : J' — J is a
diffeomorphism) then:

L(yoo) = L(y).
This is simple the change of variables formula for the integral of a real valued
function of a real variable.

Definition 71. A curve v : J — M defined on a closed bounded interval is
called a geodesic iff it satisfies the following equivalent conditions:

(1) It is an extremal of the energy integral:

d

—F =0
N (%\)\,\70

for every variation {y\} of v with fized endpoints;
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(2) It is parametrized proportional to arclength:
@) = constant

and is either a constant (i.e. 4 = 0) or is and extremal of the arclength

integral:
d

aL(’YA)L\:o =0

for every variation {y\} of v with fized endpoints.

(8) Its acceleration vector is normal to M :
() € TyyM — (VEe ).
(4) Its velocity vector is parallel:
V4(t) =0 (Vt e J).

(5) Some (and hence every) development (b,~,v') of v along an affine space
M' = E™ is a straight line parametrized proportional to arclength:

V() =7"(to) + (t —t0)¥'(to)  (VtEJ)
for some (each) ty € J.

When the interval J is infinite conditions (1) and (2) are meaningless since
the integrals F() and L(v) are infinite. But note that (e.g. using (3) or (4) as
the definition) v | J' is a geodesic whenever v is a geodesic and J' is a closed
subinterval of J. Hence for an infinite interval J (say J = R) we call y: J — M
a geodesic iff v | J' is a geodesic for every closed bounded subinterval J' C J;
this is equivalent to the equivalent conditions (3), (4), and (5) above.

Proof that the conditions are equivalent.

(3) <= (4). This is immediate from the Gauss-Weingarten equations: V7 is
the tangential component of 4 and vanishes <= # is normal.

(1) <= (3). Define X € X(v) by:

d

X(t) = N

()lx=0 -

Then

ABOz = [ IO heodt
2/(7(t),X(t)>dt
- 2 / (5(1), X ()t
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where in the last equation we have used integration by parts (the boundary
terms vanish since X vanishes at the endpoints since {7,} is a variation with
endpoints fixed). Clearly then (3) <= (1) since:

X(t) S Ty(t)M
so that

(3(t), X(t)) =0
if (3) holds. Conversely assume (3) fails, i.e. (by (3) <= (4)) that V~(tg) # 0 for
some t¢ in the interval. We must find a variation vy such that (dE/d\) # 0. By
continuity we may assume that Vv(t) # 0 for ¢ in an open interval J' containing

to. Let p(t) be a smooth real valued function which is non-negative, supported
in J’ but not identically vanishing. Define X € X(v) by:

X(t) = p(t) VA1)
By construction X vanishes at the endpoints of J, is supported in J, and
(5(t), X(t)) = 0

with strict inequality on an open set. Hence

- / (5(t), X (0)dt < 0

we must find a variation {y,} with X = dvy,/d\. For this note that we may
assume J’ was chosen so small that y(t) € My for t € J' where My is the domain
of some local co-ordinate system (z!,...,2™) on M. Let Ey, ..., E,, € X(M,)
be the co-ordinate vectorfield

of
ozt

for any function f on M, and resolve X into components

X(t) = Z&i(t)Ei(v(f))

for ¢ € J'. Define v,(¢) for A near 0 by

2! (1)) = ' (7(1) + AE'(t)
for t € J' and by
() = ()
for t € J\J’'. Then 7, is a variation of v with fixed endpoints and dyy | d\ = X

at A = 0 as required.

(1) <= (2). First note that we may assume that 7 is parametrized proportional
to arclength:

IO = ¢
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where ¢ is constant. Indeed this is explicitly part of (2) whereas if we assume
(1), then by (1) <= (3) we have

L1A@I” = 243,41 = 0.

Next calculate

d .
Lo = [ Zla®llazod:

[0 0, X @)
1

d . 9
= 2% a”%\(ﬂ“ [x=odt

1 d
= fcﬁE(%)h:O

so (1) <= (2) is clear.

(4) < (5). Let (b,7,7) be a development of v in a Euclidean space M’ = E™.
By the definition of development the vectorfield 4 € X' () is parallel if and only
if the vectorfield 4/ € X'(v’) is. But in affine space ordinary differentiation and
covariant differentiation coincide: the condition that 4’ be parallel is simply
that 4 = 0 which is clearly equivalent to (5).

Remark 72. Denote by Q(J,p,q) the space of all smooth curves v : J — M
from p to g. The energy and arclength integrals can be viewed as real valued

functions

while a variation {,} with fixed endpoints can be viewed as a curve:
I —=Q(,p,q): A=

in Q(J,p,q). Hence according to (1) in the definition we may say that v €
Q(J,p,q) a geodesic if and only if it is a critical point of E. In fact one can
make Q(J,p,q) (or rather a certain completion of it) into a smooth infinite
dimensional manifold; E will be a smooth function on this manifold and the
last assertion becomes literally true.

Now we noted above that reparametrization o : J* — J yields a map
QJ,p,q) = UJT ,p.g) iy = yo0
which intertwines L:
L(yoo)=L(v).

Thus if 7 o o is an extremal of L (critical point) then (by the chain rule), ~
should be a critical point of L. Moreover if o : J — J is a diffeomorphism, then
the map vy — oo is bijective. Finally, if the tangent vector 4 vanishes nowhere,
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then v may be parametrized by arclength; i.e. one can find a diffeomorphism
o : J' — J or that the tangent vector to v o o is a unit vector. (One defines
o(t') by

o(t) =t =t = [ I5lat)

These remarks suggest the following:

Exercise 73. Assume v : J — M has nowhere vanishing tangent vector. Show
that for any variation {7y} of v with endpoints fixed we have

d .
LWl == [V X0
where V' is the unit tangent vector to :

V(t) = 1501~ 5()
and X is the infinitesimal variation

d

X(t) = a%\

()x=0 -

Conclude that v is an extremal of the arclength:

d
aL(%)L\:o =0

if and only if there is a geodesic 7' : J — M and a diffeomorphism o : J' — J
such that

v =7o0.

Below we shall generalize this exercise to cover the case where + is allowed
to vanish. For the moment note that L(7,) need note even be differentiable.
(Suppose e.g. that v is constant on some subinterval.) However we have the
following

Exercise 74. Continue the notation of the last exercise but drop the hypothesis
that 4 vanishes nowhere. Show that the one-sided derivative of L(7,) exists at
A = 0 and satisfies

- [l < Lo < [ 1X()de.

Ezercise 75. Show that the development of a geodesic is a geodesic; i.e. if
(b,7v,7") is a development of M along M’ and ~ is a geodesic in M then 4/
is a geodesic in M’. Hint: When M’ = E™ this is the definition.
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Distance

Two points p and g of the manifold M are of distance ||p—¢|| apart in the ambient
Euclidean space E™. In this section we define a distance function which is more
intimately tied to M. We must assume that M is connected.

Definition 76. The intrinsic distance between two points p and q of M is
defined by

d(p,q) = inf L()

where the infimum is over all curves v from p to q. (As M is connected there
exist such curves; if M is not connected one might define d(p,q) = oo if p and
q lie in distinct connected components.)

Remark 77. Tt is natural to ask if the infimum is always attained. This is easily
seen not to be the case in general. Let M result from a Euclidean space by
removing a point o. The distance d(p, q) is equal to length of the line segment
from p to ¢ and any other curve from p to ¢ is longer. Hence if o is in the interior
of this line segment the infimum is not attained. We shall prove below that the
infimum s attained when M is complete.

Ezercise 78. The function d : M x M — R is a metric on M; i.e. it satisfies
the following conditions for o,p,q € M:

(i) d(p,q) = 0;
(ii) d(p,q) =0 <= p=g;
(iii) d(p,q) = d(q,p);
(iv) d(o,q) < d(o,p) + d(p, q)-
Definition 79. For p € M and r > 0 denote by B"(p) = B"(p, M), B' (p) =

ET(p7 M), S™(p) = S"(p, M) respectively the open ball, closed ball, and
sphere or radius v centered at p:

B"(p) = {qe M :d(p,q) <r}
B'(p) = {geM:d(pq) <r}
S"(p) = {qeM:d(p,q) =r}.

The following two propositions assert that (locally) the metric d is roughly Fu-
clidean.

Proposition 80. Given o € M we have:

d(p,q)
1im =
p.a—0 [[p — q||
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Proposition 81. Given o € M and local co-ordinates x = (x',... ™) defined
near o and such that the linear map:

Dz(o) : TyM — R™

is orthogonal (this may always be accomplished by a further linear change of
variables) we have
dipg)  _
pa—0 [[z(p) — z(q)||

Remark 82. The propositions imply that the topology M inherits as a subset
of E™, the topology on M determined by the metric d, and the topology on
M induced by the local co-ordinate systems of M are all the same; i.e. given
a sequence {p,}, C M and a point p € M the following three equations are
equivalent:

Jim [[pp, —pl = 0
lim d(p,,p) = 0

|
o

lim ||z(pn) — =(p)
n—oo
(where z is any local co-ordinate system defined near p).

Proof of 80. The triangle inequality:

I [ el < elslas
together with the fundamental theorem of calculus gives the obvious inequality

lg —pll < d(q,p)-

(A straight line is the shortest distance between two points.) The proposition
asserts another inequality as well; viz. given € > 0 we have

llg —pl <d(g,p) < (1+¢€)llg—pll

for ¢,p € M sufficiently near o. Let IT(0) and ITI*(0) be the orthogonal projec-
tions on TyM and Ty M respectively and define ¢ : E® — TyM and y : E™ —
ToM by:

2(p) = (o)(p — 0), y(p) = II*(0)(p — 0).

By the implicit function theorem there is a smooth map f : T,M — T;-M
whose graph near o is M:

peM = y(p) = f(z(p))
for p € E™ sufficiently near o. Note that f(0) =0 (as 0 € M) and

Df(0) =0
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Figure 5: Locally, M is the graph of f.

as the z-axis is the tangent space to M at o. Hence for v € T,M and x = x(p)
sufficiently near 0 we have:

ldf (z)vl < ellv]].-

Given p,q € M let v be the curve in M from p to ¢ whose projection on the
x-axis is a straight line

z(v(t) = x(p) +t(z(q

) -
y(r() = fl=(( )) y()

Then

6) = [ law+iola

/ l(t) + D (x(t))(t)|de

< (A+elzlg) —z@I
= (1+¢)(o)(g —p)ll
< (A+elg—npl

so d(p,q) < (14 ¢€)]lg — p|| as required. O
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Figure 6: A non-convex neighborhood of o.

Proof of 81. By assumption we have
1Dz (0)o]| = [|v]l

for v € T,M; hence (by continuity) given € > 0 there is a neighborhood M of
o such that for p € My and v € T, M we have

(1 =)lDz(p)v]| < [lvll < (1 + )| Dz(p)v]|.
Thus for any curve v lying wholly in My we have
(1-L(zery) < L(7) < (146 L{w o).

We are tempted to take the infumum over all v in My from p € My to g € M)
to obtain:

(L= 9)llz(q) —z(p)|l < d(g,p) < (1 +€)|lz(q) —z(p)] -

We must justify this however; the infimum over v in My need not be the same
as the infimum over v in M.

It suffices to show that the inequalities hold on a smaller neighborhood M;
of o. If (M) is convex then the right-hand inequality obtains, for the curve ~
from p to ¢ such that x o~y is a straight line will lie in M. For the left inequality,
find r > 0 and M, such that

o€ M, C B"(0) C B*(0) C Mp.
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Then for p,q € M; we have d(p,q) < 2r while 4r < L(v) for any curve v from
p to ¢ which leaves My. Hence in calculating d(p, q) we may take the infimum
over curves which lie in Mpy; this (together with the inequality ||z(q) — z(p)|| <
L(x - 7)), establishes the left inequality. O

The Geodesic Spray

We now describe the differential equation governing geodesics.

Definition 83. The tangent bundle T'M of M is the submanifold of E™ x E™
defined by
TM ={(p,v):pe M,veT,M}.

(To see that TM is indeed a submanifold of E™ x E"™ choose a moving frame
Ey,...,E, € X(My) defined over an open subset My of M; the map

MO x R™ — TMO CTM: (pv 5) = (pa EflEl(p))

gives (when composed with a suitable parametrization of My) a local parametriza-
tion.)

Definition 84. Let S = (S1,52) : TM — E" x E" be a vectorfield on TM; i.e.
S e X(TM). Call S a second order differential equation iff

Si(p,v) =v

for (p,v) € TM. This means that every integral curve 3 : R — TM of S (i.e.
6 =S8(8)) is of form B = (v,%) for some curve v : R — M is a base integral
curve iff it satisfies the differential equation

§ = Sa(v, )

(which accounts for the terminology). Call S a spray iff, in addition, Sy is
homogeneous of degree 2 in v:

SQ(p7 AU) = >‘252(pa U)

for (p,v) € TM and X € R. This means that an affine reparametrization
t'— y(A' +to) of a base integral curve t — ~y(t) is again a base integral curve.

Definition 85. There is a (necessarily unique) spray S on TM whose base
integral curves are the geodesics of M ; it is called the geodesic spray of M.
It is given by S = (51, 52) where:

Sl(p,’l}) =, SQ(pa U) = hp(U)U

for (p,v) € TM where h is the second fundamental form.
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To justify the definition note that by the Gauss-Weingarten equations a
curve v in M is a geodesic if and only if it satisfies the ordinary differential
equation

V() = oy (7)) (2) -

Since (by the development theorem for example) we can always find a geodesic
~ satisfying the initial conditions:

(7(0),74(0)) = (p, v)

for any (p,v) € TM it follows that

S(]L ’U) = (’7(0)a (O>) € T(p,u) (TM)

i.e. that S € S(TM). It is immediate that S is a spray as required.
We recall that the geodesic equation V4 = 0 takes the form

8(t) + Z I (v ()€ ()€ (8) = 0

where
A(t) =D OE( (1)
k
If the moving frame F1, ..., E,, consists of the co-ordinate vector fields for some
co-ordinate system z',...,z™; i.e.
of
Dg f ===
2 ox?

for any function f, then

where we have abbreviated

We shall thus write the geodesic equation in the abbreviated form:
i+ T(x)i? =0.

Remark 86. In fact any spray has this form in local co-ordinates. The second
order differential equation & + I'(z, &) = 0 is a spray if and only if:

[(x, M) = \T(x, &) .

Apply (%\)2 [x=0 to this last equation to obtain the desired form for I'(x, ).
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Definition 87. There is an open set N in TM and a map:
N = M : (p,v) — Exp, (v)
called the exponential map such that any geodesic v : J — M has form:

v(t) = Exp,(tv)

where
p=7(0), v=+(0).

(The existence of the exponential map follows easily from the existence and
uniqueness theorem for ordinary differential equations together with the fact
that for A € R the curve ¢ — (At) is a geodesic (with tangent vector Ay(0)
at t = 0) whenever v is a geodesic. Hence (1) is defined if 4(0) is sufficiently
small so we may define Exp,(v) by taking ¢ = 1 above.)

Remark 88. By definition the map
Exp,: Np =NNT,M — M

satisfies
Exp,(0) =p. DExp,(0)v =v

for p € M, v € T, M. Hence for sufficiently small neighborhoods V}, of 0 in T, M
the map Exp, | V,, maps V,, diffeomorphically onto an open neighborhood of
p in M (Inverse Function Theorem). This map can thus be used to introduce
local co-ordinates in M (compose with linear co-ordinates on T),M). The result
co-ordinate system has the property that straight lines represent geodesics. One
calls such co-ordinates geodesic normal at p.

Convexity

A subset of an affine space is called convex iff it contains the line segment
joiningany two of its points. The definition carries over to a submanifold M of
Euclidean space (or indeed more generally to any manifold M equipped with
a spray) once we reword the definition so as to confront the difficulty that a
geodesic joining two points might not exist nor, if it does, need it be unique.

Definition 89. A subset My of M is convex iff for any p,q € My there exists a
unique (up to an affine reparametrization) geodesic from p to g which lies wholly
in My. (It is not precluded that there be other geodesics from p to q which leave
and then re-enter My.)

Theorem 90. FEach point o € M has arbitrarily small convex neighborhoods.
In fact, if %, ...,2™ are local co-ordinates defined on a neighborhood My of o
in M and if U, is defined by:

U,={pe My:dp) <r?}
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- 1

where

then U, is convex for suffciently small r > 0.

Proof. For p € My let Q, be the quadratic form defined by:

Qp(v) =Y (") = > (2" (p) — 2" (o)) (p)0"e

k .5,k

where Ffj are the christofel symbols and where v!,...,v™ are the components

of v € T, M with respect to the basis given by the co-ordinate vector fields
evaluated at p. For p = o we have

so by shrinking M) if necessary we may assume that (), is positive definite for
pE Mo.
If v : J — My is any non-constant geodesic
d
—0

0(4(1)) = 2@, (1)) > 0

so that t — 0(vy(t)) is a convex real-valued function; hence
~(t) € Uy
for t € J where r = max(d(p),d(q)), p and ¢ being the endpoints of .
We show that for sufficiently small » > 0 and p, q € U, there is at least one

geodesic from p to g lying in U,.. Indeed since p = ¢ = 0, v = 0 is a solution of

Exp,(v) = ¢
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and since D Exp,(0) = identity the implicit function theorem yields a smooth
solution v = h(p, q) defined for p, ¢ near o and satisfying h(o,0) = 0. Since

Exp,(th(o,0)) =0
continuity gives
Exp, (th(p, q)) € My

for 0 <t <1 and p,q € U, with r > 0 sufficiently small. But as we have seen
above this (if 7 is small enough) implies

Exp, (th(p,q)) € U,

for 0 <t <1 as required.

We show that for sufficiently small » > 0 and p,q € U, there is at most
one geodesic from p to g lying in U,.. By the implicit function theorem choose
€, > 0 such that for p,q € U, and ||v]| < € we have

(i) [h(p,g)ll < e, and

(ii) Exp,(v) =g <= v = h(p,q).

Next choose p,q € U, and let Exp,(tv) (0 <t < 1) be any geodesic from p
to ¢ which remains in U,. We must show that ||v]] < e for then v = h(p,q)
by (ii) which establishes the desired uniqueness. Suppose the contrary, i.e. that
|v]| > €. Then by (ii) we have

h(p, Exp,(tv)) = tv

and hence

[[h(p, Exp, (tv) || = t[|v]|
and hence

[[1(p, Expy, (tv)|| = t]|v||

for 0 <t <t=¢/||v]. In the last equation let ¢ approach ¢ to obtain

[1h(p, Exp, (tv))[| = €

which contradicts (i). This completes the proof that U, is convex for sufficiently
small r > 0. O

Remark 91. These arguments work for any spray.

Minimal Geodesics

A straight line is the shortest distance between two points in Euclidean space.
The analogous assertion for geodesics in a manifold M is false; consider e.g. an
arc which is more than half of a great circle on a sphere. In this section we
consider curves which realize the shortest distance between their endpoints.
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Definition 92. A curve vy :J — M from p to q is called a minimal geodesic
iff it satisfies the two following equivalent condtions:

(1) it is parametrized proportional to arclength
[[%(t)]| = constant

fort € J, and it minimizes arclength integral:

L(v) < L(v)
for all curves v from p to q;

(2) it minimizes the energy integral:

E(y) < E()

for all curves v : J — M from p to q.

Remark 93. Condition (1) says that (||¥| is constant and) L(vy) = d(p, q); i.e.
that v is a shortest curve from p to ¢. It is not precluded that there be more
than one such ~; consider for example the case where M is a sphere and p and
q are antipodal.

Condition (2) implies that:

d
—F —0 =0
N (%\) \/\_0

for every variation {7y} of v with endpoints fixed. Hence a minimal geodesic is
a geodesic.

Finally, L(v") (but not E(')) is independent of the parametrization of ~'.
Hence if 7 is a minimal geodesic L(vy) < L(y') for every v’ (from p to q) whereas
E(y) < E(v') for those 4’ defined on (an interval the same length as) J.

Proof of the equivalence of the conditions. We prove (1) <= (2). Let ¢ be the
(constant) value of ||¥(¢)|| and |J| the length of the interval J. Thus

L(y)=clJI, E(y)=cJl.

Then for o' : J — M from p to g we have:

E(7)? g

|

o
=

2

S —
[ V)

IA A
NS
o &
)
R
2=

so (dividing by E(v)) e(y) < E(y') as required. (The inequality L(y")? <
E(v")|J| used above is the Schwartz inequality:

(Jron) <(f rar) ()
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with £(t) = |5'(0)]] and g(t) = 1.)

We prove (2) <= (1). We have already shown that + is a geodesic. It
is easy to dispose of the case where M is one-dimensional: Any ~ minimizing
E(v) or L(y) must be monotonic onto a subarc; otherwise it could be altered
so as to make the integral smaller. Hence suppose M is of dimension at least
two. Suppose L(y') < L(y) for some curve 4" from p to ¢; we will derive a
contradiction. Since the dimension of M is not one we may approximate v’ by a
curve whose tangent vector nowhere vanishes; i.e. we may assume w.l.o.g. that
4'(t) # 0 for all ¢. Hence we may reparametrize v’ proportional to arclength
and assume w.l.o.g. that 7/ : J — M and ||§/(¢)|| = ¢ for ¢t € J. But then

L(y)=clJ; L) ={|J;
E(y) = B()=cd%J|;

so that L(v") < L(y) implies E(y") < E(~) which is the desired contradiction.
O

Our next theorem asserts the existence of minimal geodesics. For p € M
and r > 0 recall the definitions:

B'(p) = {qgeM:d(p,q) <r}
S"(p) = {g€M:d(p,q) =r};

define ball and sphere in the tangent space by:

Vilp) = {veT,M:|v||<r}
Y(p) = {vel,M:|v|=r}

Theorem 94. Suppose p € M and r > 0 s sufficiently small that Exp,, maps
V"(p) diffeomorphically onto a neighborhood of p in M. Let v € V"(p), q =
Exp,(v) € M, and v : J — M be a curve from p to q. Then L(vy) = d(p,q) if
and only if there exists a monotonic surjective map o : J — [0,1] such that

V(t) = Exp,(o(t)v)

forte J. Hence
Exp,(V"(p)) = B"(p) -

Proof. First note that any curve of the indicated form has length L(vy) = ||v]|;
indeed such a curve is a reparametrization of the geodesic:

[0,1] = M : s+ Exp,(sv)

and this geodesic has length ||v|| as its initial tangent vector is V. Thus d(p, ¢) <
lvl| < r. We will show that any curve not of the desired form has length
L(v) > [|v|| if it remains in Exp,(V"(p)) and length L(v) > r if it exists. This
will show that ||v|| = d(p, ¢) and prove the theorem.
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Suppose for convenience that J = [0,1]. Thus v(0) = p and (1) = ¢. We
may assume that y(t) # p for t € (0, 1] for otherwise we could restrict v to [tg, 1]
where to = sup{t € J : y(t) = p}. Assume for the moment that () remains in
Exp, (V" (p)); then we may introduce “geodesic polar co-ordinates”; i.e. write v
in the form:

V(t) = Exp,(a(t)O(t))
€ (0,1] where o(t) € (0,7/|v||] and O(t) € ZI*l(p) (thus (1) = 1 and
= v). Introduce the auxiliary map:

a(s,t) = Exp,(sO(t))
for s € (0,7/||v||] and ¢ € (0, 1]; thus

V(t) = alo(t),t) .

for t
O(1)

Claim . (9sa, 0;cr) = 0.

Indeed:
0s(0sr, 0p) = (9%, Dp) + (Dsx, D,05x)
= (Vi0sa, dia) + %3t||83a||2
= 040
since s — «(s, t) is a geodesic with initial tangent vector of length ||O(t)]| = ||v]|.

Thus (9sa, Oy«x) is constant in s. But for s = 0 we have

a(0,t) = Exp,(0) =p

hence 0;ax = 0 at s = 0 so (Osa, Orr) = 0 at s = 0 so (v, Opx) = 0 identically.
Now using the claim we write

¥ = 6(0sa) + (Op)
where the vectors on the right are orthogonal. Hence
19117 = &2[lvll* + |9pcr]|?

SO

1
L(y) = / 140t

/ 6(8) dt]Jo]

0

/ 5 (t)dt o]
0

= vl

Y

Y

with strict inequality unless O(t) is constant (so d;v = 0) and o is monotonic
(so |¢] = ¢). To remove the assumption that vy remains in Exp,(V"(p)) note
that if it exits, say at time ¢;, then the above argument shows that L(~y) > L(y |
[0,t1]) > r as required. O
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Figure 7: Orthogonals to Geaodesics

Remark 95. We can now conclude that
5%(p) = Exp,(3°(p))
for 0 < s < r. The proof of the claim above shows that the geodesics
[0,1] — M : s+ Exp,(sw)

emanating from p (with w € $!(p)) are the orthogonal trajectories to the con-
centric spheres S*(p).

Exercise 96. Let M C E? be of dimension two and suppose that (orthogonal)
reflection in some plane E? preserves M. Show that E? intersects M in a
geodesic. (Hint: Otherwise there would be points p,q € M very close to one
another joined by two distinct minimal geodesics.) Conclude for example that
the co-ordinate planes intersect the ellipsoid (x/a)? + (y/b)* + (2/c)*> = 1 in
geodesics.

Ezercise 97. Introduce geodesic normal co-ordinates near p via

q= Exp, (Z wi(t})@-)
where e1, ..., ey, is an orthonormal basis for T,,M. Then z'(p) = 0 and

B'(p) ={q € M : 2(z(q) — 2*(p))* <°}.

Hence by the convexity theorem B”(p) is convex for r sufficiently small.
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(1) Show that it can happen that a geodesic in B"(p) is not minimal. (Hint:
Take M to be essentially the hemisphere 22 + 32 + 22 = 1, z > 0 together
with the disk 22 +y? < 1, z = 0 (but smooth the corner 22 + 3? = 1,
z=0). Let p=(0,0,1) and r = 7/2.)

(2) Show that if r is sufficiently small then the unique geodesic v in B"(p)
joining two points ¢,¢’ € B"(p) is minimal and that in fact any curve '
from ¢ to ¢’ which is not a reparametrization of v is strictly longer

L(y") > L(y) = d(q,q') -

Ezercise 98. Let v : J — M be a curve from p to ¢ with nowhere vanishing
tangent vectors

y(t) #0

for t € J. Then the following three conditions are equivalent:

(1) The curve « is an extremal of the arclength integral L:

d
—L(7x) [x=0 =0

X
for every variation {y,} of v with fixed endpoints.
(2) The curve v is a reparametrized geodesic; i.e. there exists a smooth
surjective o : J — [0,1] with ¢ > 0 and v € T, M such that ¢ = Exp,(v)
and

7(t) = Exp,(o(t)v) .

(3) The curve v minimizes arclength locally: i.e. there exists € > 0 such
that for every closed subinterval [t1,t2] C J of length less than e we have

Ly [ [t1, t2]) = d(v(t1),7(t2)) -

We remark that the hypothesis 4(t) # 0 implies that the reparametrization
o in (2) is in fact a diffeomorphism:

G(t) £ 0

for t € J.

It is often convenient to consider curves v where 4(t) is allowed to vanish
for some values of ¢; then v cannot (in general) be parametrized by arclength.
Such a curve v : J — M can be smooth (as a map) yet its image may have
corners (where 4 necessarily

A smooth curve
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Note that a curve with corners can never minimize distance even locally.

Ezercise 99. Show that conditions (2) and (3) of the last exercise are equivalent
even without the assumption that 4 is nowhere vanishing. Conclude that if
~v:J — M is a shortest curve from p to ¢:

L(vy) = d(p, q)

then «y is a reparametrized geodesic.

Show by example that one can have a variation {v,} with fixed points of a
reparametrized geodesic for which the map A — L(7,) is not even differentiable
at A = 0. (Hint: Take 7 to be constant.) Show that however that conditions (1),
(2) and (3) of the previous exercise remain equivalent if the hypothesis that ¥ is
nowhere vanishing is weakened to the hypothesis that 4(¢) # 0 for all but finitely
many t € J. Conclude that a broken geodesic is a reparametrized geodesic if
and only if it minimizes arclength locally. (A broken geodesic is a continuous
map 7 : J — M for which there exist ¢y < 1 < -+ < t,, with J = [to, t,] and
v | [ti—1,t;] a geodesic for ¢ = 1,...,n. It is thus a geodesic if and only if ¥ is
continuous at the break points:

Y(ti-) = F(ti+)

fori=1,...,n—1.)

Completeness

Intuitively a manifold is complete if there are no points missing. Note that the
second part of the following definition is word for word the same as the definition
of completeness given on page 34.

Definition 100. The manifold M C E™ is called complete iff it satisfies the
following equivalent conditions:

(1) the geodesic spray is complete as a wvectorfield on TM: i.e. for every
(p,v) € TM there exists a geodesic v : R — M (defined for all time
t) such that 4(0) = p, ¥(0) = v;

(2) for every curve v’ : R — E™ in a Fuclidean space, every tg € R, every
o € M, and every orthogonal isomorphism by : ToM — E™, the mazimally
defined development (b,~,~") with initial conditions v(tg) = o and b(ty) =
b is defined for allt € R;
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(3) the metric d is complete: i.e. given points pp € M with:

k—oo

7

there exists p € M with:
lim d(p,px) = 0;
k—o0

(4) every closed and bounded (with respect to the metric d) subset of M is
compact.

We shall prove the equivalence of these conditions and at the same time
prove the following:

Theorem 101 (Hopf-Rinow). If M is complete and p,q € M then there exists
a minimal geodesic v in M from p to q.

The pattern of proof of the equivalence of conditions (1) - (4) in the definition
of completeness is

()= @)= (2) = (1) = @)

We shall need the Hopf-Rinow theorem (where (1) is used as the definition of
completeness).

Proof of (4) = (8). Assume limd(p;,pr) = 0. Then the point set {py : k =
1,2,...} is clearly bounded so by (4) its closure is compact. Hence the sequence
{pi} contains a convergent subsequence. Aslimd(p;,py) = 0 the whole sequence
must converge to the limit of this subsequence. O

Proof of (3) = (2). We recall that, according to the proof of the development
theorem, the development (b,7,~') is essentially a solution of a certain differ-
ential equation on the orthonormal frame bundle O(M). Hence, by the contin-
uation theorem in the theory of ordinary differential equations, it is enough to
show that if b(t) and ~(t) are defined for ¢t < ¢, < oo then for some sequence
t, increasing to ¢4 the corresponding b(t,) and ~(¢,) converge; it then follows
that the solution can be defined for ¢ < t; + € where € is some small positive
number.
For this note that the equation:

which is part of the definition of development implies that for any subinterval
[t,%'] we have:
d(y(t),v(t')) = Ly | [t.¥']) = L(+" | [£,1])
so that:
lim d(4(t),7(#)) = 0.

Lt Tty
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Hence by (3) there exists py € M with:

li t)=py.
lim y(t) = pt
Now choose an orthonormal moving frame E1,..., E, € X(Mj) defined in a

neighborhood My of py. Using this frame (and a fixed orthonormal frame
€y, .., ey, for E™) we may identify the orthogonal isomorphism b(t) : Ty M —

Y m
E™ with an orthogonal matrix. But the space O(m) of orthogonal matrices is

compact; hence b(t,,) converges for a suitable sequence t,, T ¢4 as required. O

Proof of (2) = (1). Given (p,v) € TM choose any orthogonal isomorphism
by : T,M — E™ where E™ is the vector space of some Euclidean space E™.
Then choose any straight line v/ : R — E™ with tangent vector by(v) € E™:

() ='(0) + tho(v).
By (2) there is a development (b,7,v") with v(0) = p, b(0) = by; then by¥(0) =

4'(0) = by(v) so v is a geodesic (its development is a straight line) with the
desired initial conditions. O

Remark 102. In the language used in the proof of the development theorem
the implication (2) = (1) is even more obvious: If the basic vectorfield B
corresponding to £ : R — R™ is always complete, it is in particular complete
when £ is constant.

Proof of (1) = (4). Let K C M be closed and bounded. Fix p € M. Then
for r sufficiently large:

K Cc B (p).
By the theorem (proved next):
B'(p) € Exp, (V' (p))
where V' (p) is the closed ball of radius r in T,M. Now V' (p) is certainly

compact and hence so is its image by the continuous map Exp,. Thus K is a
closed subset of a compact set and hence is itself compact. O

Proof of Theorem. We shall assume that every geodesic leaving p is defined for
all time i.e. that Exp,, is defined on all of T}, M. Set:

r=d(p,q).

We must find v € T,M with ||v|| =1 and

Exp,(rv) = q.
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Lemma 103. Assume that s > 0 is sufficiently small that the map
exp,, : X*(p) — S°(p)

(from the sphere of tangent vectors of length s to the sphere of radius s in the
metric d) is a diffeomorphism. Assume also that d(p,q) > s and let z € S*(p)
be any point at which the function:

S%(p) = R:zw+—d(z,q)
achieves its minimum. Then

d(p,q) = d(p, z) + d(2,q) .

The lemma is obvious since any curve from p to ¢ must pass through S*(p).
By lemma 103 choose a unit vector v € T, M so that d(Exp,(sv),q) is mini-
mized (by compactness). Let 7 : [0,7] — M be the geodesic given by:

At) = Exp, (1)

for t € [0,7]. We must prove that v(r) = gq. We shall in fact prove a stronger
statement:

d(y(t),q) = —t
for ¢ € [s,7]. For these we need the following obvious:

Lemma 104. If p',¢' € M satisfy:

d(p,p") +d(p',q') +d(¢',q) = d(p,q)

then:
d(p,p") +d(p'.q") =d(p,q).
Now set:
I=A{te[sr]:d(y(t),q =r—t};

our objective is to prove that I = [s,r]; i.e. that I is non-empty, closed, and
open in [s, 7].

Now [ is non-empty as s € I by construction and lemma 103. By continuity
I is closed. Hence we need only prove t' + s’ € I for sufficiently small s’ under

the assumption that [s,t'] C I.
Read ~(t') for p/, s’ for s in lemma 103. We obtain a point ¢’ € S* (p') with:

dp'.q¢)+d(q',q) =d®,q).

But:
dp',q) =d(v(t'),q) =r -1’
ast' € I and:
d(p,p") = d(p,y(t')) =t'
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Figure 8: The Hopf-Rinow Theorem

as t' = L(y | [0,t']) > d(p,~v(¥')) = d(p,p’) and strict inequality would yield
d(p',q) =r —t' <r—dp,p')
which contradicts d(p, ¢) = r. Hence
d(p,p") +d(p',q') + d(d',q) = d(p, q)
so by lemma 104
t'+ s =dp,p') +dp',q) = dp.q).

Now let ' : [¢/,t'4+s'] — M be a minimal geodesic from p’ = v(¥') to ¢’ € Ss,(p’).
Then

V=t + 5]
for otherwise there would be a broken geodesic (= v from 0 to t' = ' from ¢’
to t' + ') from p to ¢’ of minimal length which is impossible. Hence

d(y(t' +5'),9) =d(d',q) = (' = t') = &'
so t' + s’ € I as required. O

Remark 105. The proof of the Hopf-Rinow theorem did not use the full strength
of the hypothesis: It was not necessary to assume that all geodesics in M are
defined for all time but only those which pass through the given point p. Also
in the proof that (1) = (4) of the definition it was not necessary to know that

B"(p) C Exp,(V"(p))

for all p but only for some p. Hence we have proved that if a manifold M has
the property that for some point p € M every geodesic passing through p is
defined for all ¢, then this is true for every point p € M; i.e. M is complete.
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Remark 106. If M is a closed submanifold of Euclidean space, then (as ||[p—q|| <
d(p,q)) M is complete. In particular, a compact manifold is always complete.
The topologist’s sine curve with equation (in R?):

1
= sin — >0
y = sin (x> 0)

is complete but not closed.

Isometries

Let M and M’ be submanifolds of Euclidean space E™. A isometry is an iso-
morphism of the “intrinsic” geometries of M and M’.

Definition 107. An isometry from M onto M’ is a bijective transformation
@ : M — M’ which satisfies the following equivalent conditions:

(1) the map ¢ is a diffeomorphism and for each p € M the linear map:
Deg(p) : TyM — Ty M’
s an orthogonal tsomorphism:

(2) the map ¢ is a diffeomorphism and preserves the lengths of curves:
L(y) = L(g o)
for every curve y: J — M;

(3) the map ¢ intertwines the intrinsic metrics d and d' on M and M’:
d(p,q) = d'(¢(p), #(a))

for allp,qge M.

We prove the equivalence of conditions (1) - (3). As

L) = [l

the implication (1) = (2) is immediate. The implication (2) = (3) follows
immediately from the definition of the distance as the infimum of the lengths of
curves. For (3) = (1) fix p € M and define ®,(v) € T, M’ for sufficiently
small v € T, M by:

(i) Exp, ) (25 (v)) = @(Exp,(v)).
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Since Exp,(tv) (for 0 <t < 1) is characterized by the equations:

d(p, Exp,(v)) = d(p, Exp,(tv)) + d(Exp,(tv), Exp,(v))
d(p, Exp,(tv)) td(p, Exp,(v))

it follows that ®, extends (uniquely) to a map

) TpM — Ty M
which is homogeneous of degree one
B, (t0) = 10, (v)

for v e T,M, t > 0. It follows that

.. d
(i) ©p(v) = o (Exp, (tv)) f1=o0
and hence that

(i) 15 ()] = [lv]|

(since d(p, Exp,(tv)) = t[|v]| for sufficiently small ¢ > 0). Thus it suffices to
prove that @, is linear; then equation (i) shows that ¢ is smooth and equation
(ii) shows that

(iv) Phiy(v) = Dy(p)v

so equation (ii) implies (1) as required.
Hence choose v, w € T, M. By polarization

2(v, w) [o] + flwlf® = v = w]]?
d(Exp,,(tv), Exp,(tw))?

dt

o] + [Jw]|* — lim
t—0

since:

: d(Exp,(tv), Exp,(tw))

2T i —tw]

by an earlier theorem. The same equation holds when v, w replaced by ®,(v), ®,(w)
so (applying ) this give:

(@p(v), Bp(w)) = (v, w)
for v,w € T,M. But v = v; + vy is characterized by the equation
(v, w) = (v, w) + (va, W)
for all w € T, M; hence
Dp(v1 + v2) = Pp(v1) + Pp(v2)

as required.
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Remark 108. If a : E™ — E™ is an isometry of the ambient Euclidean space
with a(M) = M’ then certainly ¢ = a | M is an isometry from M onto M’. On
the other hand the map ¢ : M — M’ given by

(0,0, z) = (cos O,sin 0, z)
where M is a plane set
M = {(z,y,2) e R*x=0,0 <y < 7/2}
and M’ is cylindrical
M ={(z,y,2) € R® : 2® +y* = 1,2,y > 0}

is an isometry which is not of form ¢ = a | M. Indeed, an isometry of form
@ = a | M necessarily preserves the second fundamental form (as well as the
first) in the sense that

ahy(vV)w = hf, (av)aw

for v,w € T,M but in the example h vanishes identically while ' does not.

We may thus distinguish two fundamental question:

I. Given M and M’ when are they extrinsically isomorphic? i.e. when is
there a rigid motion @ € R(E™) with a(M) = M'?

II. Given M and M’ when are they intrinsically isomorphic? i.e. when is
there an isometry ¢ : M — M’ from M onto M'?

As we have noted, both the first and second fundamental forms are pre-
served by extrinsic isomorphisms while only the first fundamental form need be
preserved by an intrinsic isomorphism (i.e. an isometry).

A question which occurred to Gauss (who worked for a while as a cartogra-
pher) is this: Can one draw a perfectly accurate map of a portion of the earth?
(i.e. a map for which the distance between points on the map is proportional
to the distance between the corresponding points on the surface of the earth).
We can now pose this question as follows: Is there an isometry from an open
subset of a sphere to an open subset of a plane? Gauss answered this question
negatively by associating an invariant, the Gauss curvature K : M — R, to a
surface M C E3. According to his “theorem egregium”:

for an isometry ¢ : M — M’. The sphere has positive curvature; the plane has
zero curvature; hence the perfectly accurate map does not exist. Our immediate
aim is to explain these ideas.

We shall need a concept slightly more general then that of “isometry”.

Definition 109. A map o : M — M’ is called a local isometry iff it satisfies
the following equivalent conditions
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(1) Forp e M the linear map
Dep(p) : TyM — T M’
18 an orthogonal linear isomorphism;

(2) Given p € M there are neighborhoods U of p in M and U’ of p(p) in M’
such that ¢ | U is an isometry from U onto U’.

As ¢ | U and ¢ have the same derivative at p it is clear that (2) = (1).
On the other hand (1) implies that Dp(p) is invertible so that (2) follows by
the inverse function theorem. The simplest example of a local isometry which
is not an isometry is the covering of the circle, by the line:

¢:R — S (0) =cosb,sind).

The Riemann Curvature Tensor

Let v : R?> = M, Z € X(v) and (s,t) denote co-ordinates on R2. Recall the
formula

Vs0yy — Vidsy =0

which says that ordinary partial differentiation and covariant partial differenti-
ation commute. The analogous formula (which results on replacing 9 by V and
~ by Z) is in general false. Instead we have the following

Definition 110. The Riemann curvature tensor is the field which assigns
to each p € M the multilinear map

R, € LA(T,M, L(T,M,T,M))
characterized by the equation
(1) Ry (u,v)w = (VsViZ — ViV Z)s=1=0
for u,v,w € T,M where v:R* — M and Z € X(v) satisfy
7(0,0) = p, (0:7)(0,0) = u, (9:7)(0,0) =wv, Z(0,0) = w.

The fact that R is well-defined (i.e. depends only on the values of ~, 9s7,
Oy, and Z at (0,0) and not on any higher derivatives) follows from the Gauss-
Codaizzi formula established below. We shall give another proof which gener-
alizes easily.

Suppose that the field R is well-defined and replace 0y, 0y, and Z by vector-
fields XY, Z € X(M). We obtain

R(X,Y)Z =VxVyZ —NyVxZ+Vxy|Z (1)
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The fact that [X,Y] € X(M) (i.e. is tangent) follows immediately from Gauss-
Weingarten equations and the symmetry of the second fundamental form. For-
mula (1’) clearly implies formula (1) for we may specialize to the case where 1 =
s, rog = t, T3,..., Ty, are local co-ordinates on M and X,Y are the co-ordinate
vectorfields corresponding to s,t. Hence it is enough to show that R(X,Y)Z
is well-defined. For this it is enough to show that (X,Y,Z) — R(X,Y)Z is
multilinear over the ring F (M) of smooth real-valued functions on M:

R(JX,Y)Z = R(X, [Y)Z = R(X,Y)fZ = [R(X.Y)Z
for f € F(M). Indeed, once we have this F (M )-multilinearity we may write
R(X,Y)Z =Xty p" R(E;, E;) By

where Ey,...,E,, € X(M) is a local moving frame and &,77,¢* are the com-
ponents of X, Y, Z:

X = X¢E;
Y = S0WE;
Z = *E;.

If ff;(p) = X (p) then €'(p) = & (p) so if X(p) = X'(p) Y(p) = Y'(p), Z(p) =
Z'(p) then
(R(X,Y)Z((p) = (R(X",Y")Z")(p)

as required. The multilinearity follows by an easy computation using the two
formulas:

VixY = fVxY
Vx(fY) = fVxY +(Dxf)Y.

Theorem 111 (Gauss-Codaizzi Equations). Forp € M and u,v € T,M
Ry(u,v) = hy(u) hyp(v) — hp(v)"hy(u)
(Vh)p(u,v) = (Vh)p(v,u)

where
hy € L(T,M, L(T,M, T, M))

1s the second fundamental form and

(Vh)p € L*(T,M, L(T,M,T;,-M))
1s defined below.
Proof. Choose v: R? — M and Z € X(v) satisfying

7(0,0) =p;  Z(0,0) = W;
(Vs1)(0,0) =u;  (V¢7)(0,0) = v.
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By Gauss-Weingarten

07 = ViZ+h(0n)Z;
asth = vsth + h(as’Y)VtZ,

{02} = V{0 Z} = h(8s7) MOy Z.
Hence
0s0,Z = VN, Z — h(ds7)*h(8y)Z
+VEH(O)Z} 4 h(0sY)V Z .
Now let

(VI)(0s7.0mZ = Vi{h(0m)Z}
~W(V0)Z — h(O)V, Z

and note that

0s0sZ = 0057
vsat7 = vt637

so interchanging s and t and subtracting gives

0 = {R(0s7,01y) = h(0s7)"M(8r) + h(81) h(Ds7)} Z

H(VA)(0s7, 0y) — VRh(Ory, 057)} Z .

Now equating tangential and normal components gives the theorem provided

(Vh), is defined by
(Vh)p(u,v)w = ((Vh)(0s7,0:)2)(0,0).

As with R we must check (Vh), is well-defined. The same argument works but
we must use a normal moving frame E,,11,...,E, € X*+(M). The role of (1)

is played by the formula

(VA)(X,Y)Z = VE{h(Y)Z} = MV xY)Z — h(Y)VxZ.

Remark 112. Equation (1’) can be written succinctly as
Vx,Vy]+Vixy) = R(X,Y).
This can be contrasted with the identity
[Dx,Dy]+ Dixy) =0
where sDx : F(M) — B(M) is defined by
(Dx f)(p) = Df(p)X(p)

for a real-valued function f € F(M).
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Exercise 113. Show that the field which assigns to each p € M the multilinear
map
Ry € L2(T,M, L(T,-M,T,-M))

characterized by

ViVil = Vi ViU = R (057, 0m)U
for v: R? — M and U € X () satisfies the equation

Ry (u,v) = hp(w)hp(v)" = hy(v)hy(u)*
forpe M, u,v € T,M.

Generalized Theorem Egregium

We will now show that geodesics, covariant differentiation, parallel transport,
and the Riemann curvature tensor are all intrinsic; i.e. intertwined by isometries.
These results are somewhat surprising since these objects are all defined using
the second fundamental form, whereas isometries need not preserve the second
fundamental form in any sense but only the first fundamental form.

Below we shall give a formula expressing the Gaussian curvature of a surface
M? in E? in terms of the Riemann curvature tensor and the first fundamental
form. It follows that the Gaussian curvature is also intrinsic. This fact was called
by Gauss the “Theorema Egregium” which explains the title of this section.

Let ¢ : M — M’ be a diffeomorphism. Using ¢ we can move objects from
M to M': a curve v : J — M induces a curve po~y : J — M'.  The
first fundamental form g which assigns to each p € M the bilinear map g, €
L*(T,M;R) given by

gp(v7 w) = (v, w)

induces a similar form ¢,.g on M’ via the formula
(0+9)o(p) (Do (p)v, Do(p)w) = gp(v, w)
for p € M, v,w € T,M (recall that Dp(p) : T, M — T,y M' is invertible);
A vectorfield X € X (M) induces a vectorfield ¢. X € X (M') via the formula
(2= X)(¢(p)) = De(p) X (p)

for p € M; A vectorfield X € X (v) along v induces a vectorfield p. X € X (po~y)
along ¢ o~y via the formula:

(0 X)(t) = Dop(v(£)) X (1) ;
The Riemann curvature tensor R which assigns to each p € M a multilinear
map R, € L*(T,M; L(T,M,T,M)) induces a similar tensor ¢.R on M’ via the
formula
(04 R)p(p) (Dp(p)u, Dep(p)v) Dp(p)w = Dp(p) Ry (u, v)w

for u,v,w € T, M.



66

Proposition 114. The first fundamental form is intrinsic; i.e. if o : M — M’
18 an tsometry then:

v g=g .

Proof. This merely a restatement of the definition of isometry; viz. that Dy(p) :
TyM — T,),yM be an orthogonal isomorphism. O

Proposition 115. Geodesics are intrinsic; i.e. if ¢ : M — M’ is an isometry
and v :J — M is a geodesic in M, then oo~y :J — M’ is a geodesic in M'.

Proof. Clearly ¢ preserves the energy integral
E(poy)=E()
and hence also its extremal. O

Proposition 116. The covariant derivative is intrinsic; i.e. if o :— M’ is an
isometry, v:J — M, and X € X(v), then

V(0. X) = 0. (VX).

Proof. Choose a local parametrization 1 : U — My C M on M, let x',... 2™

be the corresponding local co-ordinate system with co-ordinate vectorfields Fr, . ..

X (Mp), and Christoffel symbols Ffj:

(' (p),..., 2™ (p) = p,
E;o d) = 511/1,
ViE; =Y T} Ex.

k

Use the transformation ¢ to induce a local parametrization @ o : U — M| =
w(My) C M’ so that

2" (p(0)) = 2 (p),

I 1k
ViE; =) T} E;.
k

Now let &% be the components of X in the frame E;:
X(t) =Y & ME (1))
They are also the components of ¢, X in the induced frame:

(P X)(t) = Z (W Ei(pon(t).

S



Now compute the covariant derivatives of X and ¢.X in theses frames:

VX =3 (& o) m

i3,k
Ve X =3 (& +1ve ) By
i3,k
where v’ are the components of the velocity vector to the curve:

d

vi= Lot = Lo

- o/ (9 0(1).
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Thus to prove that V', X = ¢©,VX we must prove that ¢ preserves the

Christoffel symbols, that is,

I'E ((p) = TE (p)

for p € M.
We must show that the equation

(+) ST (e = Zr Jo'ed

iJ

holds identically in (v, £). Since ¢ maps geodescis to geodesics it must preserve

the geodesic equation

ZI‘ il

This means that () holds when v = €. Hence (by polarization) to show that (%)
holds identically it is enough to show that the Christoffel symbols are symmetric

n (i,7). Here’s the calculation which proves that:
Z INE, = Vo

V0

ZF’“ E},

Second Proof. The proposition can be reformulated in terms of vectorfields:

VPr, v X = p.Vy X
for X,Y € X(M). For this it suffices to show that

(Vi yveX,0.Z) = (Vy X, Z)
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for X,Y,Z € X(M). But
Dy(X,Z)=(VyX,Z)+(X,VyZ).

In the last equation cyclically permute X,Y, Z to get two further equations.
Add two of them and subtract the third to obtain:

Dy (X,Z) + Dx(Y.Z) ~ Dz(X.Y) = 2(VyX,Z)+([¥.X],2)
+H[Z,X],Y)+([Z,Y], X)

where we recall that the Lie brackets satisfy
Y, X]=VxY —-VxY.

Since we have

P:[X,Y] = [p.X,0.Y]

o«(Dxf) = Dy.xpsf
for any diffeomorphism and any X,Y € X (M), f € F(M) the desired formula
is now established. O

Proposition 117. Parallel transport is intrinsic; i.e. if o : M — M’ is an
isometry, and v : R — M, then

De(p)7(v,t,t0) = 7' (0 0 7, t,t0) Dip(po)
where p = 7(t), po = v(to). Also affine parallel transport is intrinsic
Do (p)7(7:t,to) = 7' (¢ 0 7,t,t0) Dep(po)

where Do(p) : T,M — T¢(p)M' is given by

Dep(p)(p +v) = ¢(p) + Dp(p)v
forveT,M.

Proof. The fields X (t) = 7(v,t,to)ve and Y (t) = 7(v,t,t0)(po + vo) (for vy €
Ty, M) are characterized by the equations

VX = o0,

X(to) = o,
VY —4)+5 = 0,

Y(to) = po+vo.

O

FEzercise 118. Formulate and prove a proposition which asserts that develop-
ments are intrinsic.



69

Proposition 119. The Riemann curvature tensor R is intrinsic; i.e. if ¢ :
M — M’ is an isometry, then

v R=R.
Proof. R is characterized by
R(0sv,07)X =V, VX -V, V:X.
O

Ezercise 120. Given local co-ordinates z!,...,2™ : My — R as above define

the coefficients g;; : My — R of the first fundamental form by:
9ij = 9(Es, Ej)

and define the coefficients R?

ijk - Mo — R of the curvature tensor by

R(E;, E;)Ex = Y R, Ep.
0

Show that Ffj and Rfjk can be expressed in terms of the g;; thereby deriving
the more traditional proofs of the propositions in this section.

Hint. The desired formulas are:

2 ngzrfj = 0,9k + 0j9ir — Okij
¢
and
Rl = OI% —oTy,

ik
+ Z(thF?k - F?hryk) :
h

To prove the former cyclically permute the indices in the formulas
9i9(Ej, Ey) = g(V,Ej, Ex) + g(Ej;, V,; Ey)

to get two similar formulas. Add two of them and subtract the third. O

The Cartan-Ambrose-Hicks Theorem

In this section we address what might be called the “fundamental problem
of intrinsic differential geometry”: viz. when are two manifolds isometric? In
some sense the theorem of this section answers that question (at least locally)
although the equivalent conditions given there are probably more difficult to
verify in most examples than the condition that there exist an isometry. We
begin with a proposition which asserts that there cannot be too many isometries.



70

Proposition 121. Let M and M’ be connected manifolds, p € M, and p1, 2 :
M — M’ be local isometries. Assume

©1(p) = p2(p) =9,  Dei(p) = Dpa(p) = bo.
Then ©1 = 3.

Proof. The formulas
vi(Exp,(v)) = Exp;/(bov)

for ¢ = 1,2 and sufficiently small v € T,M show that ¢; = @2 in a small
neighborhood of p (viz. a neighborhood which is the diffeomorphic image via
Exp, of a small ball about the origin in T, M ). This argument shows more
generally that the set of points ¢ € M at which ¢1(g) = ¢2(q) and Dp1(q) =
Dyo(q) is open. This set is clearly closed by continuity, so the proposition is
proved. O

Definition 122. A homotopy of maps from J to M is a map
v:[0,1] x J — M.
We often write
M) =7\ 1)

for A €10,1] and t € J and call v a homotopy between -, and ;. When
J =[a,b] is a closed finite interval we say the homotopy has fixed endpoints
i
f

(@) =0(a), Ya(b) =0(b)
for all A € ]0,1].

We remark that a homotopy and a variation are essentially the same thing;
viz. a curve of maps (curves). The difference is pedagogical. We used the word
“variation” to describe a curve of maps through a given map; when we use this
word we are going to differentiate the curve ¢ find a tangent vector (field) to
the given map. The word “homotopy” is used to describe a curve joining two
maps; it is a global rather than a local (infinitesimal) concept.

Definition 123. The manifold M is simply connected iff for any two curves
Y0,71 : [a,b] = M with
Yo(a) =(a), ~0(b) =71(b)

there is a homotopy from 7y to y1 with endpoints fized. (The idea is thatl the
space Q(p, q) of curves from p to q is connected.)

Ezxample 124. A Euclidean space is simply connected
YA 1) = 0(t) + A (t) — y0(t))
while the punctured plane C\{0} is not, for the curves
'Vn(t) — eQﬂ'int (0 S t S 1)

are not homotopic for distinct n.
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Theorem 125 (Global C-A-H Theorem). Let M and M’ be connected, simply
connected and complete, p € M, p' € M', and

bo : TyM — T,y M’
an orthogonal linear isomorphism. Then the following conditions are equivalent

(1) there is an isometry
@o: M — M

satisfying
¢(p) =9, Dep(p) = bo,;

(2) for any development (b,v,v') satisfying the initial condition

(6(0),7(0),7(0)) = (bo, p, ")
we have v'(1) = p' and b(1) = by whenever (1) = p;

(3) for any pair of developments (b;,7y;,7vi) (i = 0,1) satisfying the initial
condition
(8i(0),7:(0),7(0)) = (bo, p,p')

we have (1) = 71 (1) whenever (1) = v1(1);
(4) for any development (b,~,7") with (b(0),7(0),7'(0)) = (bo, p,p") we have
b(t)*R'y(t) - Rfy’(t)
for all t.

Moreover, when these equivalent conditions hold we have:

Y(t) = (1)
b(t) = Dep(y(t))

for any development (b,~,~') satisfying the initial condition in (2).

Ezxample 126. Before giving the proof let us interpret the conditions in case
M and M’ are two-dimensional spheres of radius r and ' respectively in three-
dimensional Euclidean space E3. Imagine that the spheres are tangent at p = p'.
Clearly the spheres will be isometric exactly when r = r/. Condition (2) says
that if the spheres are rolled along one another without sliding or twisting then
the endpoint 4/(1) of one curve of contact depends only on the endpoint v(1) of
the other and not on the intervening curve ~(¢). Finally we shall see below that
the Riemann curvature of a two manifold at a point ¢ is determined by a number
K (q) called the Gauss curvature; and that for spheres we have K(q) = 1/r.

Exercise 127. Let v be the closed curve which bounds the first octant as shown
in the diagram for example 126. Find ~'.
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Figure 9: Diagram for example 126
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Ezercise 128. Show that in case M is two-dimensional, the condition b(1) = by
may be dropped from (2).

Proof of theorem. We first prove a slightly different theorem; viz. we drop the
condition that M’ be simply connected (but continue to assume that M is) and
weaken (1) to assert that ¢ is a local isometry (i.e. not necessarily bijective).
We prove (1) = “Moreover ...”. Indeed if v/ = p oy and b = (Dyp) oy as
in “Moreover” then 4’ = b by the chain rule and b7 = 7'b by the last section so
(b,7,7") is the development with initial condition (b(0),~(0),~'(0)) = (bo, p,p’).
We prove (1) = (2). Given a development as in (2) we have (by “moreover”)

b(1) = Dy(y(1)) = Dy(p) = bo

as required.
We prove (2) = (3). Choose developments (b;,7;,7;) ¢ = 0,1 as in (3).
Define a curve « : [0,1] — M by “composition”

() =0(2t)

o
IN
~
IN
N|—

:’71(2—2t) t

IN
IA
—

N|—=

so that + is continuous and piecewise smooth and (1) = p. Let (b,7,’) be the
development determined by the initial condition
(6(0),~(0),~'(0)) = (bo,p,p’) so that by (2) we have that /(1) = p and b(1) =
bo. By the uniqueness of developments and the invariance under reparametriza-
tion

(b0(2t)>70(2t)77(1)(2t)) 0<t< %
(b(t)a’Y(t)ﬁ/(t)) =
(b1(2—-2t),n1(2-2t),7(2-2t)) 3<t<1

hence v)(1) =7 (3) =71(1) as required.
We prove (3) = (1). By (3) we may define ¢ : M — M’ by

where « : [0,1] — M is any curve from p to ¢ and (b,7,7’) is the development
with b(0) = bg. (According to (3), ¢ is well-defined; i.e. independent of the
choice of 4 from p to ¢q.) Now
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But each b(t) is an orthogonal transformation so

DoY) = o)) = @) -

Given ¢ € M and v € T,M we may always choose (1) = ¢ and 4(1) = v so
that:
[De(q)oll = [|v]
i.e. ¢ is a local isometry as required.
We prove (1) = (4). By “moreover”

b(t) = D (y(1))

for any development as in (4); hence (4) follows from the previous section.

We prove (4) = (3). Choose developments (b;,7;,v;) as in (3). Since M is
simply connected choose a homotopy ~ from g to v; with endpoints fixed. Let
(bx,vx,73) be the development with initial conditions:

7)\(0) =D, b)\(o) = bo

so to show 1 (1) = v5(1) we can show 0,74 (1) = 0. In fact we will show that
for each fixed ¢ the curve

A= (b>\ (t)7 2y (t)v 73\ (t))

is a development; then by the definition of development we have
MYA(1) = ba(1)0x7a(1) =0

as required.

Choose a basis Fjg, ..., Epyo for T,M and extend to get a moving frame E; €
X(v) along the homotopy 7 by imposing the conditions that the vectorfields
t — E;(\,t) be parallel

V:E; =0.

Let

Oy

> ¢E;
E = bE

7

so that by the definition of development we have
o = > ¢E;
i
V:E; = 0.
By definition of curvature we have

VNAEZ- = R(&w,a,w)Ei

ViVAE; = R(0,0\)E;
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and applying b to the former equation gives
V{bVAE;} = R'(0/,b(0A)) E;

where we have used the hypothesis b, R = R’ and the fact that bV; = Vb which
holds since we have developments for fixed A. Now

Vidhy = VAo
= ) _{(0:&)E] + & (VAE)}

while
V;(ba)\’y) = bvtax')/
= bViaOy
D AN E +E(BVAE)} -

We have shown that the equations

VY] = R0, X"E]

ViX' = > {0\ E] + €Y}

3

are satisfied by both

X/ — 8)\')//
Vo= Wi
and also by
X' = ba)\’}/
Y/ = bV,\E;.

Both solutions satisfy the initial conditions that they vanish identically at ¢ = 0
so they are equal. But this says that 0yy' = b0\y and bV, = Vb which says
that A — (ba(t),va(t),74(t)) is a development as required.

Now the modified theorem (where ¢ is a local isometry) is proved. The
original theorem follows immediately. Condition (4) is symmetric in M and
M’; hence if we assume (4) we have local isometries ¢ : M — M’ ¢ : M' — M
with

elp)=r, @) =p
Do(p) =bo,  Dp(p) ="
But then 1 o ¢ is a local isometry with 1 o ¢(p) = p and D(v o ¢)(p) = identity.

Hence 1) o ¢ is the identity. Similarly ¢ o is the identity so ¢ is bijective (and
1 = o~ 1) as required. O
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Theorem 129 (Local C-A-H Theorem). Suppose given p € M, p' € M', and
an orthogonal linear isomorphism by : T,M — Ty M'. Suppose r > 0 is suf-
ficiently small that Exp,, and Exp,, map the balls of radius v about the origin
diffeomorphically onto B"(p) and B"(p’) respectively. Then the following are
equivalent:

(1) There is an isometry ¢ : B"(p) — B"(p') with ¢(p) = p’ and Dy(p) = by.

(2) For every development (b,~,~") with v([0,1]) C B"(p), 7v'([0,1]) C B"(p’),
and satisfying the initial conditions (b(0),~v(0),~'(0)) = (bo,p, p') we have
that v/ (1) = p’ and b(1) = by whenever v(1) = p.

(8) For every pair of developments (bo,v0,7,), (b1,71,71) as in (2) we have
that 2 (1) = (1) whenever 1o(1) =1 (1);

(4) For each v € T,M with ||v|| < r we have

where
1) = Expy(to)
Y (t) = Expy(thov)
b(t) = 7'(v,t,0)b07(7,0,t).

Moreover when these equivalent conditions hold, ¢ is given by

¢(Exp,(v)) = Exp, (bov) .

Proof. The proofs (1) = (2) = (3) = (1) = (4) are as before; the reader
might note that when L(v) < r we also have L(v') < r for any development so
that there are plenty of developments with v : [0,1] — B"(p) and 7' : [0,1] —
B"(p'). The proof that (4) = (1) is a little different since (4) here is somewhat
weaker than (4) of the global theorem: the equation b, R = R’ is only assumed
for certain developments.

Hence assume (4), choose v, w € T, M with ||v|| < r and define a(A,t) by
a(At) = Exp,(t(v+ Aw))
for 0 <t <1 and \ near 0.
Define X = X(t) by
X(0) = ol )]
B =0

Claim . X is a “Jacobi field” along v(t) = «(0,t); i.e. X satisfies the differen-
tial equation
VX = R(, X)¥

Moreover X satisfies the initial conditions

X(0)=0, VX(0)=



7

To prove the claim we calculate

VX(0) = V.0xa(0,0)
= V,\&ga(0,0)

d
= Az

w
and

VX = V,V.dha

= V,Vidi
VaVidia + R(0ra, Ora) O
R(y,X)7y.

Proving the claim.
Now define ¢ as in “moreover” so that

p(a(A,t) = Exp, (t(bov + Abow))
by definition. Hence reading M for M’ in the claim gives
VX = R, XY
where
X'(t) = (@0 t) heo

On the other hand, if b(At) is defined by demanding that b(\,0) = by and that
for each A the curve

t— (b(\, 1), (A t), p(a(A, 1))

be a development then by the hypothesis of the theorem, b,R = R’ so applying
b to the claim gives

V?(bX) = R (,bX)y

at A = 0. Hence X’ and bX satisfy the same differential equation (with the
same initial condition) and so are equal. Thus

Dy(q)u= X'(t) = bu
with ¢ = a(0,t), b = b(0,t), u = X (¢) so that
1De(q)ull = [lbul| = |lu]

as required. O
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Flat Spaces

Our aim in the next few sections is to give applictions of the Cartan-Ambrose-
Hicks Theorem. It is clear that the hypothesis b, R = R’ for all developments
will be difficult to verify without drastic hypotheses on the curvature. The most
drastic such hypothesis is that the curvature vanishes identically.

Definition 130. The manifold M is called flat iff it satisfies the following
equivalent conditions:

(1) Every point has a neighborhood which is isometric to an open subset of Eu-

clidean space: i.e. at every point p there exist local co-ordinates x', ..., z™

such that the co-ordinate vectorfields Eq,. .., E,, are orthonormal.

(2) The Riemann curvature tensor R vanishes identically: R =0

Theorem 131. A complete connected, and simply connected manifold M is flat
if and only if there is an isometry o : M — R™ onto a Fuclidean space.

(The equivalence of (1) and (2) and the theorem both follow immediately
from the C-A-H Theorem.)
Ezercise 132. A one-dimensional manifold (curve) is always flat.

Ezercise 133. If My € E™ and My C E™ are flat so is M = M; x My C
E™ x E™ ~ Epritne,

FExercise 134. Let a,b be positive and ¢ non-negative and define M C C3 =
RS = ES by the equations

lul =a, |v]|=b w=-cuv

where u, v, w € C. Then M is diffeomorphic to a torus (a product of two circles),
M is flat, and if M’ is similarly defined from numbers a’,’, ¢’ then there is an
isometry ¢ : M — M’ if and only if a = a’, b=V, and c = ¢ (i.e. M = M').
(Hint: each Circle u = ug is a geodesic as well as each circle v = vg; the numbers
a,b,c can be computed from the length of the circle u = ug the length of the
circle v = vy, and angle between them.)

Ezercise 135. Let n =m + 1 and let E(t) be a one-parameter family of hyper-
planes in E™; more precisely

E(t) =~ +U)*
where v: R — E™, U : R — E™\{0}, and
Ut ={veE": (Utv)=0}.
Show that if U(to) and U (ty) are linearly independent, then the limit

L(to) = lim E(t) N E(to)

t—to
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exists and is a Euclidean space of dimension n —2 = m — 1; moreover if §(to) is
not parallel to L(tp), then the affine spaces L(t) fit together to form a manifold
near 7(to); more precisely the set

[t—to|<e

where ~ ~
L(t), ={P e L) [ lp =@ < p}
is a manifold of dimension m = n — 1 for p, e > 0 sufficiently small. A manifold

which arises this way is called developable. Show that the affine tangent spaces
to My are the original hyperplanes E(t)

TpMO = M’y(t)MO = E(t)

for p € L(t), and |t — to| < e. (One therefore calls My the “envelope” of the
family of hyperplanes E(t).) Show that Mg is flat (hint: use Gauss-Codaizzi)
and conclude that any development (b,7v,7') of My along a Euclidean space
E™ = m/ “unrolls” M in the sense that the map ¢ : My — E™ given by

@(p) =~'(t) +b(t)(p — (1))

for [t —to] < € and p € L(t), is an isometry. When n = 3, m = 2 one can
visualize M as a twisted sheet of paper as in the figure.

Remark 136. Given a hypersurface M C E™*! and a curve v : R — M* we
may form the osculating developable M, to M™* along « by taking

This developable has common tangent spaces with M along ~:
LyyM =T, Mo

This gives a nice interpretation of parallel transport: My may be unrolled onto
a hyperplane where parallel transport has an obvious meaning and the identifi-
cation of the tangent spaces thereby defines parallel transport in M.

Exercise 137. Show that each of the following is a developable surface in E?
(1) A cone on a plane curve I' C E?
M={tp+(1—t)g:t>0,qeT}
where p is a fixed point not on the plane EZ2.
(2) A cylinder on a plane curve I' C R?
M={¢q+tv:qel,teR}

where v is a fixed vector not parallel to E? (this is a cone with the cone
point p at infinity).
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Figure 10: A developable manifold

(3) The tangent developable to a space curve v : R — E?
M = {y(t) 4+ s¥(t) : |t —to] <€,0<s<e€}

where 4(tg) and %(¢o) are linearly independent and € > 0 is sufficiently
small.

(4) The normal developable to a space curve 7y
M = {y(t) + s5(t) : [t —to| <€, [s| <€}
where ||5(t)|| = 1 for all ¢, v(t9) # 0, and € > 0 is sufficiently small.

Symmetric Space

In the last section we applied the Cartan-Ambrose-Hicks Theorem in the flat
case; the hypothesis b,R = R’ was easy to verify since both sides vanish. To
find more general situations where we can verify this hypothesis note that for
any development (b,~,~") we have

b(t) = 7'(7',1,0)b(0)7(7,0,1)
so that the hypothesis b, R = R’ is certainly implied by the three hypotheses

T(’y,t70)*Rp = R'y(t)
T/(")//, t, 0)*R;/ = ﬁyl(t)
b()* Rp = R;)/
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where (b,v,v') is a development with (6(0),~(0),~'(0)) = (bo,p,p’). The last
hypothesis is a condition on the initial linear isomorphism:

bo : TyM — Tp/M/

while the former hypothesis are conditions on M and M’ respectively; viz. that
the Riemann curvature tensor is invariant by parallel transport. It is rather
amazing that this condition is equivalent to a rather simple geometric condition
as we now show.

Definition 138. The manifold M is symmetric about the point p € M iff
there is a (necessarily unique) isometry ¢ : M — M such that

() =p, De(p)=—1,

where I denotes the identity transformation of T,M; M is a symmetric space
iff it is symmetric about each of its points.

Ezercise 139. A symmetric space is complete. (Hint: If v : J — M is a geodesic
and ¢ : M — M is a symmetry about v(tg) then p(y(t)) = v(2tg — t).)

Definition 140. The manifold M is called a locally symmetric space iff it
satisfies the following equivalent conditions

(1) For eachp € M the open ball B" (p) with center p and radius r is symmetric
about p for sufficiently small r > 0.

(2) The covariant derivative VR, (defined below) vanishes identically

(VR)p(v)(v1,v2)w =0

forallp € M and all v,v1,v2,w € T,M.

(3) The curvature tensor R is invariant under parallel transport
T(7, 11, t0) B (to) = Bry(t)
for all curves v: R — M and all ty,t; € R.

Before proving the equivalence of (1), (2), (3) we note some immediate corol-
laries.

Corollary 141. Let M and M’ be locally symmetric spaces, p € M, and p' €
M'. Then there is an isometry ¢ : B"(p) — B'"(p') with p(p) = p’ if and only
if there is an orthogonal linear isomorphism by : T,M — T,y M’ intertwining R,
and R, : bo Ry = R,

Corollary 142. Let M and M’ be simply connected symmetric spaces. Then
there is an isometry @ : M — M’ if and only if there is an orthogonal linear
isomorphism by : T,M — T, M" with bo. R, = R, for somep € M andp" € M'.
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Corollary 143. A complete, simply connected, locally symmetric space is sym-
metric.

Corollary 144. A connected, simply connected symmetric space M is homoge-
neous; i.e. given p,q € M there exists an isometry ¢ : M — M with o(p) = q.

All the corollaries follow immediately from the appropriate version (local

and global) of the C-A-H Theorem. For the third corollary it is helpful to note
that by : T,M — T, M given by by = —I intertwines R with itself: by * R, = R,,.
For the last corollary note that a symmetric space is obviously locally symmetric
so that one can take by = 7(,1,0) : T,M — T,M where v is a curve from p to
q.
Ezercise 145. Show that the hypothesis that M be simply connected is not
needed in the last corollary. (Hint: If p,q € M are sufficiently close consider
the symmetry about the point ~ (%) where 7 : [0,1] — M is the unique minimal
geodesic from p to gq.)

We now prove the equivalence of (1), (2), (3) in the definition. The implica-
tion (3) = (1) is immediate from the local C-A-H Theorem. For the rest we
need the following.

Definition 146. The covariant derivative of the curvature tensor is the
field V R which assigns to each p € M the multilinear map

(VR), € L(T,M; L*(T,M; L(T,M, T,M)))
given by
d
(VR)p(v) = @T(%OJ)*RV(& lt=0
where v : R — M 1is any curve such that
7(0) =p, §(0) =v.

Note that
Ry € LA(Ty1y M L(Ty 1), Ty () M)

so that 7, R is a curve in a “constant” vector space
7(7,0,t)s Ry € L*(T,M; L(T,M; L(T,M,T,M)) .

Ezercise 147. Justify this definition; i.e. show that (VR),(v) is independent of
the choice of 7 satisfying v(0) = p and 4(0) = v. Hint: Consider the expression

(VR)(X)(X1,X2)Y = Vx(R(X1,X2)Y)—-R(VxX:,X0)Y

—R(X1,VxX3)Y — R(X1,X5)VyY

for vectorfields X, X1, X5, Y € X (M).
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Now (2) = (3) is immediate from the definition of VR; i.e. the condition
that VR vanishes identically is equivalent to the condition that 7(v,0,%). R
is independent of ¢ which is equivalent to the condition that it equals its value
for t = 0 and this is condition (3).

As for (1) = (2) we clearly have

(0«(VR))p = (VR) o)

for any isometry ¢ : M — M and any p € M. (This is by the generalized
theorem eregium.) Take ¢ to be a symmetry about p so that ¢(p) = p and
Dy(p) = —I. This becomes

- (VR)p = (VR)p

which entails (VR), = 0 as required.

Remark 148. Note that
R, € L*(T,M;T,M)

while
(VR), € LY(T,M;T,M).

Thus if by = =1 : T,M — T, M we have
bo« Ry = Rp, box(VR), = —(VR),.

The former equation was used to prove (3) = (1); the latter to prove (1) =
(2)-
Ezxample 149. A flat manifold is locally symmetric.

Ezample 150. If M7 C E™ and My C E™ are (resp. locally) symmetric, so is
M = M; x My C E™ where n = ny + no.

Ezample 151. The flat tori of the previous section are symmetric (but not simply
connected). This shows that the hypothesis of simply connectivity cannot be
dropped in the second corollary.

Ezxample 152. Below we define manifolds of constant curvature and show that
they are locally symmetric. The simplest example, after a flat space, is a sphere.
The symmetry ¢ of the sphere 22 + 2% + - + 22, = r about the point z =
(r,0,...,0) is given by

SO(SC071'1, . 'a'rnl) = (LEO, Ty ey *xm) .

Example 153. A compact two-dimensional manifold of constant negative cur-
vature is locally symmetric (as its universal cover is symmetric) but not ho-
mogeneous (as closed geodesics of a given period are isolated) and hence not
symmetric. This shows that the hypothesis that M be simply connected cannot
be dropped in the third corollary.
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Ezxample 154. The simplest example of a symmetric space which is not of con-
stant curvature is the orthogonal group M = O(k). Its defining equation is:

O(k) = {a € R¥*aa* = I}

where RF** denotes the space of all k by k matrices, a* denotes the transpose
of a, and I is the identity matrix. Thus n = k% and I is the identity matrix.
Thus n = k? and m = k(k — 1)/2. The inner product in the ambient Euclidean
space R*** is given by:
(A, B) = tr(AB")
for A,B € Rﬁ; the symmetry ¢ about the point p = I is given by:
o(a) =a"t.

(Exercise: Prove all this.)

Gaussian Curvature

In this section M C E™ shall be a hypersurface; i.e. n = m + 1 where m is the
dimension of M. We shall suppose that M is endowed with a unit normal; i.e.
a smooth map U : M — E" with:

U@ =1
T,M =U(p)*

for p € M (where ut = {v € E" : (u,v) = 0}). These conditions determine
U(p) up to a sign. We denote by S = S™ the unit sphere in E™:

S={u:E":|jul| =1}.
Note that the unit normal can be viewed as a map:
U:M—S.

When so viewed it is called the Gauss map. If v: R — S then ||v(#)||> = 1 so
{(v(t),%(t)) = 0 which shows that

T,S = ut

for u € S. Hence for p e M
T,M = TU(p)S

so that the derivative
DU(p) : TyM — Ty S

of the Gauss map is a linear map from a vector space to itself. Hence we make
the following
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Definition 155. The Gaussian curvature of the hypersurface M is the real-
valued function K : M — R defined by

K(p) = det(DU(p))

for p € M. (Note that replacing U by —U has the effect of replacing K by
(=1)™K so that K is independent of the choice of the unit normal U when m
is even.)

Remark 156. Given a subset B C M the set U(B) C S is often called the
spherical image of B. If U is a diffeomorphism on a neighborhood of B the
change of variables formula for an integral gives

/ s (dus = / K (p)\ s (dp)
U(B) B

where pps and pg denote the volume elements on M and S respectively. Intro-
ducing the notation

AreaM(B):/}BuM(dp)

we obtain immediately the formula

. Areag(U(B))
lK(p) :élglp AreSaM(B)

which says that the curvature at p is roughly the ratio of the (m-dimensional)
area of the spherical image U(B) to the area of B where B is a very small
open neighborhood of p in M. The sign of K(p) is positive when U preserves
orientation at p and negative when it reverses orientation.

We see that the Gaussian curvature is a natural generalization of Euler’s
curvature for a plane curve. Indeed for m = 1 and n = 2 we have

_d

K =
ds

where s is the arclength parameter and ¢ is the angle made by the normal (or
the tangent) with some constant line.

Ezample 157. The Gaussian curvature of a sphere of radius r is =" (constant).

Example 158. Show that the Gaussian curvature of the surface z = 22 — y? is
—4 < 0 at the origin.

Remark 159. Tt is often quite easy to see that the Gauss curvature K vanishes.
For example consider the developable surface defined in the last section. As the
unit normal is constant along the lines of the ruling, the spherical image is one
dimensional; hence Areag(U(B)) = 0 so K = 0. The following theorem relates
K and R (and may be applied to give another proof that a developable surface
is flat).
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(highly curved)

(slightly curved)

(negatively curved)
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Theorem 160. Assume that M is a surface; i.e. that m = 2 and n = 3. Choose
p € M and let v,w € T,M be a basis. Then

_<R;D(Ua w)va w>

K(p) = A(v,w)

where A(v,w) is the square of the area of the parallelogram spanned by v and w
A(v,w) = [o]?[lw]]* = (v, w)?.

Corollary 161. (Theorema Egregium of Gauss) Gaussian curvature is intrin-
sic; 1.e. if o : M — M’ is an isometry of surfaces then

K(p) = K'(¢(p))
forpe M.
Proof. Define hy(v1,v2) € R for vi,ve € T,M by

hy(v1,v2) = (hy(v1)v2, U(p))
so that
hp(v1)v2 = hy(v1,v2)U(p) -

Since U(p) is a unit vector it is orthogonal to its derivative in any direction;
whence by the Gauss-Weingarten equation

(DU(p)vr,v2) = —(hp(v1)"U(p),v2)
= 7hp(7)1, ’UQ) .
Note also that
hp(v1,v2) = hy(v2,v1)

by the symmetry of the second fundamental form. Hence by the Gauss Codaizzi
equations

—(Rp(v,w)v,w) = —(hy(v)"hp(w)v — hy(w) hy(v)v, w)
(hp(v)v, hyp(w)w) — ||hp(v)wH2
= hy(v,v)hy(w,w) — hp(v,w)2
(DU (p)v,v){DU(p), w, w)
—(DU(p)v, w){(DU (p)w, v)

so the theorem follows on reading T, M for R? and DU (p) for Q in the following:

Lemma 162. Let v,w be a basis for a Euclidean vector space E? and let Q :
R? — E? be a linear transformation. Then

(Qu, v){Qw, w) — (Qw, v)(Qu, w) .

(v, 0)(w, w) = (w,v)(v, w)

det(Q) =
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Proof of lemma. If C(v,w) denotes either the numerator or the denominator of
the right then
C(v,w) = (ab—bc)*C (v, w)

whenever
v = av +bw
w = cv +duw.

Hence the right-hand side is independent of the choice of basis so we may assume
without loss of generality that v, w are orthonormal. But in that case we have

Qu = (Qu,v)v+ (Qu,w)w
Qu = (Qw,v)v+ (Qw,w)w

so that the numerator is the determinant of the coefficients. As the denominator
is one for an orthonormal basis the lemma is proved. O

O

Ezercise 163. For m = 1, n = 2 the curvature is clearly not intrinsic as any
two curves are locally isometric (parameterized by arclength). Show that the
curvature K (p) is intrinsic for even m while its absolute value |K (p)| is intrinsic
for odd m > 3. Hint: We still have the equation

(DU(p)v,v) (DU (p)v,w)

(DU(p)w,v) (DU (p)w,w)

for v,w € T, M. Thus the 2 by 2 minors of the matrix
(DU (p)vi, v5))i,j

(where v1, ..., v, form an orthonormal basis for T,,M) are intrinsic. Thus ev-
erything reduces to the following

—(Rp(v,w)v,w) = det

Lemma 164. The determinant of an m by m matriz is an expression in its 2
by 2 minors if m is even; the absolute value of the determinant is an expression
in the 2 by 2 minors if m is odd and > 3. The lemma is proved by induction on
m. For the absolute value, note the formula

det(A)™ = det(det(A)I) = det(AB) = det(A) det(B)

for an m by m matriz A where B is the transposed matriz of cofactors.

Spaces of Constant Curvature

In the last section we saw that the Gaussian curvature of a two-dimensional
surface is intrinsic: we gave a formula for it in terms of the Riemann curvature
tensor and the first fundamental form. We may use this formula to define the
Gauss curvature for any two-dimensional manifold (even if its co-dimension is
greater than one). We make a slightly more general definition.
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Definition 165. Let p be a point of the manifold M and F C T,M a two-
dimensional vector subspace of the tangent space. The sectional curvature of
M at (p,R) is the number

(Bp (v, w)v, w)
KpF)= """+
(p7 ) Ap(v,w,v,w)
where F = span(v,w) and for vi,vs,v3,v4 € T,M

Ap(v1,v2,v3,04) = (v1,04)(V2,v3) — (V1,03)(V2,Va) .

(By an argument in the previous section, K (p, F) is independent of the choice of
the basis v,w of F and is equal to the Gauss curvature when M has dimension
two so that F =T,M.)

Ezercise 166. Suppose r > 0 is sufficiently small that the restriction of Exp,, to
V'(p) ={veT,M: |v|| <r}isa diffeomorphism onto B"(p) and let N be the
two-dimensional manifold given by

N = Exp,(FNV"(p)).

Show that the sectional curvature K(p,F) of M at (p,F) is the same as the
Gauss curvature of N at p (i.e. the sectional curvature of N at (p, F) = (p, T, N)).

Ezercise 167. Let p€ M C E™ and let F C T, M be a two-dimensional vector
subspace. For r > 0 let L denote the ball of radius r in the (n —m + 2)
dimensional affine subspace of E™ through p and parallel to the vector subspace
F + T, M:

L={p+v+u:veFuec T;‘M, v)|? + Jlul|? < r?}.

Show that for r sufficiently small, L N M is a two-dimensional manifold with
Gauss curvature Krny(p) at p given by

KLI’TM(p) = K(p7F) .

Definition 168. A space of constant curvature k € R is a manifold M
which satisfies the two equivalent conditions

(1) for each p € M and each two-dimensional subspace F' C T,M:
K(p,F) = k;
(2) for each p € M and all v1,vs,v3,v4 € TyM:

(Rp(v1,v2, )v3,v4) = kAp(v1,v2,v3,04) .
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We prove the conditions are equivalent. For (2) = (1) simply take v; =
vs = v and vy = vy = w and use the definitions. For (1) = (2) we must
“polarize”. Note that both sides of (2) have form c¢Q(v,w,v,w) where

Q(v1,v2,v3,v4) = (h(v1,v4), h(va,v3)) — (h(v1,v3), h(va, v4))
where h is a symmetric bilinear map from 7, M to an inner produce space E:
h:T,M xT,M — E, h(v,w) = h(w,v).

(For the left side take E = T;-M and h = second fundamental form and use the
Gauss-Codaizzi equations; for the right side take E = R and h(v,w) = (v, w).)
Hence both sides of (2) exhibit the following symmetries:

(1) Q(U1;U2,’U37’U4)—|—Q(1}2,’U17v3’v4) = 0;
(H) Q(Ula U27U37U4) + Q(’Ul,v271}4,’03) = 0,
(ili) Q(v1,v2,v3,v4) + Q(v2,v3,v1,v4) + Q(v3, v1,v2,v4) = 0.

The difference of the two sides of (2) also has these symmetries and by polar-
ization of (1) satisfies the additional symmetry:

(1V) Q(vlﬂv27v37v4) + Q(’U37’U2”U17q)4) _|_ Q(Ul,v477)3,’02)
+ Q(’U37’U4’U17U2) =0.

Thus we must show that (i)-(iv) imply that @ = 0.
In (iii) interchange vy with vy,vs, and w3 successively and add the four
resulting equations. Use (i) and (ii) and divide by 2 to obtain

Q(v1,v4,v3,v2) + Q(vg,v2,v3,v1) + Q(v4,v3,v1,v2) = 0.
By the permutation of (iii):
q(v3,v1,v4,v2) + Q(v1,v4,v3,v2) + Q(v4,v3,v1,v2) = 0.
Hence
(v) q(vg,v9,v3,v1) = Q(vs, V1,04, 02).
Use (v) twice in (iv) and divide by two
Q(v1,v2,v3,v4) + Q(v3,v9,v1,v4) = 0.

This equation together with (i) shows that Q(v1,ve,v3,v4) is skew-symmetric

in (v1,v2,v3) so it must vanish by (iii) as required.

Remark 169. The symmetric group Sy on four symbols acts naturally on L*(T,M; R)
and conditions (i)-(iv) say that the four elements

a ()+(12)

b = ()+(34)

c = ()+(123)+(132)

d ( )+ (13) + (24) + (13)(24)
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of the group ring annihilate Q. This subbests an alternate proof of (1) = (2).
A representation of a finite group is completely reducible so one can prove that
@ = 0 by showing that any vector in any irreducible representation of S; which
is annihilated by the four elements a, b, ¢ and d must necessarily be zero. This
can be checked case by case for each irreducible representation. (The group Sy
has 5 irreducible representations: two of dimension 1, two of dimension 3, and
one of dimension 2.)

Clearly any isometry b : T,M — T,y M intertwines A, and A, as they are
defined from the first fundamental forms g, and g;)/ which are intertwined by
b. Hence by the appropriate version (local or global) of the C-A-H theorem we
have the following corollaries of the definition.

Corollary 170. Let M and M’ be spaces of the same constant curvature k and
let p € M and p' € M'. Then there is an isometry ¢ : B"(p) — B'"(p') for
sufficiently small r > 0.

Corollary 171. Any two connected, simply connected and complete spaces of
the same constant curvature are isometric.

Corollary 172. Let M be a space of constant curvature k, p € M and M’ a
manifold. Then M’ is of constant curvature k if and only if for every p’ € M’
and every orthogonal isomorphism by : T,M — T, M’ there is an isometry
¢ B"(p) — B" (p') with

e(p) =1, De(p) = bo.

Corollary 173. A connected, simply connected, complete manifold M is of
constant curvature iff its isometry group acts transitively on its orthonormal
frame bundle O(M); i.e. if and only if for any p,p’ € M and each orthogonal
isomorphism by : TyM — Ty M there exists a (necessarily unique) isometry
w: M — M with

o(p) =p', De(p) = bo.

(To prove the converses of the last two corollaries make the observation that
K/(p/, F/) = K(p, F)

if ¢ is an isometry with o(p) = p’ and Dp(p)F = F'. Also observe that given
F and ¥’ we can always find by with boF = F'. Then use (1) in the definition.)
Ezxample 174. Any flat space is of constant curvature k = 0.

Ezample 175. Euclidean space E™ is the unique (up to isometry) connected,
simply connected, and complete space of constant curvature £ = 0. A model of
E™ is

E™=R™

the space of m-tuples of real numbers with first fundamental form

gp(v,w) = (v, w)
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for p e E™; v,w € T,E™ = R"™ where
(v,w) = v'w' + V2w + - Fo™mw™.
The isometry group is
I(E™) = R(m) =0(m) x R™
the group of rigid motions and geodesics are straight lines

y(t) =p+tv

forpe E™, veT,E™, teR.

Ezample 176. The unit sphere S™ is the unique (up to isometry) connected,
simply connected, and complete space of constant curvature k = 0. A model of
S™ is

S ={peR™": (p,p) =1}

with first fundamental form
gp(v,w) = (v, W)
for p € S™; v, w € T,S™ where
(v,w) = %0 +vtw! + - F ™™,

The isometry group
I(S™) =0(m+1)

is the orthogonal group
P(m+1)={a€ GL(m+1) : {(av,aw) = (v,w)Vv,w € R™*'}

acting by restriction: a | S™ is an isometry of S™ for a € O(m + 1). The
geodesics are given by
~(t) = cos(t)p + sin(t)v
for p € S™; v € T,S™ with (v,v) =1 and t € R.
The proofs of these assertions are left to the reader, but note that the unit
normal to S™ is given by

Ulp)=p
so that
T,8™ = {v e R™ : (p,v) =0}.
Hence if vq,...,vy is an orthonormal bases of T,,S™ then p,v1,...,v,, is an

orthonormal basis of R™*!. This proves that I(S™) = O(m + 1) and that
I(S™) acts transitively on O(S™) the orthonormal frame bundle.

FEzercise 177. Show that a product of spheres is not a space of constant curvature
(but it is a symmetric space).
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Ezample 178. Hyperbolic space H™ is the unique (up to isometry) connected,
simply connected, and complete space of constant curvature k = —1. A model
of H™ is
H™ ={peR™":Q(p,p) = —1,po < 0}
with first fundamental form
gp(v, ’LU) = Q(U’ ’LU)
forp e H™; v,w € T,H™ where
Qv,w) = —v'w® +vtw! 4+ W™ .
The isometry group
I(H™) C O(m,1)
is the subgroup of the pseudo-orthogonal group
O(m,1) = {a € GL(m + 1) : Q(av, aw) = Q(v,w)Vv,w € R™T!}
which preserves H™:
I(H")={a|H™:a€0(m,1);a(H™)=H™}.

The graph of Q(p,p) = —1 has two components one of which is H™; an element
of O(m, 1) can interchange them. The geodesics of H™ are given by

~(t) = cosh(t)p + sinh(¢t)v

forp e H™, v € T,H™ with Q(v,v) =1, and t € R.

We remark that the manifold H™ does not quite fit into the framework
of this chapter as it is not exhibited as a submanifold of Euclidean space but
rather of “pseudo-Euclidean space”: the positive definite innter produce (v, w)
of the ambient space R™*! is replaced by a non-degenerate symmetric bilinear
form Q(v,w). All the theory developed thus far goes through (reading Q (v, w)
for (w,w)) provided we make the additional hypothesis (true in the example
M = H™) that the first fundamental form ¢, = @ | T, M is positive definite.
For then @ | T,M is nondegenerate and we may define orthogonal projection
II(p) onto T, M by the following:

Lemma 179. Let Q be a symmetric bilinear form on a vector space E and for
each subspace F of E define its orthogonal complement by

Fr={ucE:Q,u)=0% € F}.

Assume @ is non-degenerate
Et = {0}.

Then FL is a vectorspace complement to F
E=FaF"
if and only if Q | F is non-degenerate
FNF+ ={0}.
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The proofs of the various properties of H™ are entirely analogous to the
corresponding proofs for ™. Thus the unit normal field to H™ is given by

Ulp) =p
for p € H™ although the “square of its length” is Q(p,p) = —1. We have
T,H™ = {v € R™" : Q(v,p) = 0}
so that orthonormal projection II(p) : R™*1 — T, H™ is given by

(p)w = w + Q(w, p)p.

If v1,..., vy, is an othronormal basis for T, H™ then p, v, ..., vy, is an orthonor-
mal basis for R™*! (with respect to Q) so O(m,1) acts transitively on the
orthonormal frame bundle O(H™). For the curve v we have

J(t) =), 7(0)=p, 7(0) =v, Q((?),5(t) = -1
so that it is a geodesic as required. Hence the second fundamental form is given
by
hp(v)v = Q(v,v)p

(as both sides are v(0)) so
gP(RP(U7 w)”? w) = {Q(wa ,U)2 - Q(wa w)Q(v, U)}Q(p,p)

by (the analog of) Gauss-Weingarten which, as Q(p, p) = —1, shows that k = —1
as required.

Covariant Differentiation of Tensors

The formulas of §5 show how to define covariant differentiation of tensor fields
more general than vectorfields and normal fields. Given such a field S along
v, S(t) will lie in the tensor space associated to the point v(¢) and so may be
“parallel translated” to the point y(tp). This gives a curve

t— T(Vatht)*S(t)

in a fixed vector space. The derivative of this curve at t = ¢y will be called the
covariant derivative of S:

d
VS(tO) = %T(’yvt()vt)*s(t) |t:t0 .

Note that the Leibnitz product rule
V(S1 ®S2) =(VS1) @ Sz + s1 ® (V.S2)

follows immediately; some authors simply define covariant differentiation of ten-
sors to be the (unique) operation which agrees with ordinary differentiation on
functions, covariant differentiation on vectorfields, and satisfies the product rule
(for tensor product and contraction).
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Remark 180. Note that
S(t) = 7(7,,0).5(0)

for all ¢ if and only if

VS =0.
To see this calculate
018 ity = (1, 0,t0). (11, 10)-S (D) |
dtT Rz * t=to - dtT YUy To )« Y5 T, 10 ) t=t

d
= T(’}/,O,to)*ﬁT(’V,to,t)*S(t) |t:t0
= T(’Y,O,to)*(VS)(t()) .

Hence the curve
t— 7(7,0,1).5(t)

(which takes values in the tensor space associated to v(0)) has vanishing deriva-
tive iff V.S vanishes identically.

To illustrate consider a field g which assigns to each point p € M a bilinear
map g, on the tangent space at p

gy € L*(T,M,R).

Ezercise 181. Given a tensor field S € 7] (M) there is a unique tensor field
VS € TrTY(M) such that for any p € M, v € T,M, and v : R — M with
~¥(0) = p, v(0) = v we have

d
(VS)P(U) = %T(Waovt)s’y(t) ‘t:O .

Such a field is by definition a tensor field of type (0,2).) Composition with the
curve y gives
Grn) € LTy M R).

The linear transformation
T = T(’Y,to,t) : Tv(t)M - T’Y(to)M

acts on g, via
(TG () (Vs 0) = gy (7710, 77 H0)
for v, w € T’ ,)M; thus

T(Va th t)*g’y(t) S LZ(T"/(tO)Ma R) .
Differentiating the identity

Gy (X (8), Y (1) = (Tugy(n)) (T X (1), 7Y (¢))
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at t =ty gives the Leibnitz product formula

S9(XY) = (Vg)(X,Y) + g(VX,Y) + g(X, VY)

for X,Y € X(v). In the alternate notation
Dz(9(X,Y)) = (Vzg)(X,Y) + g(VzX,Y) + g(X,VzY)
for X,Y,Z € X(M).
Now consider the tensor g given by
gp (v, w) = (v, w)

for p € M; v,w € T,M. This tensor is called the first fundamental form.
Then the fact that parallel transport 7 is an orthogonal transformation can be
expressed compactly in the equation Vg = 0. In summary we have

Proposition 182. The first fundamental form is parallel along any curve.

Since we can also parallel transport normal fields we can also covariantly
differentiate tensor fields which involve both tangential and normal fields. For
example, consider a field o which, like the second fundamental form h, assigns
to each p a bilinear map from the tangent space at p to the normal space at p:

ap € Ly = L(T,M, L(T,M,T,-M)) .

The linear transformations

T = T(vto,t) TyyM — Ty M
™t = 1tl(y,t0,1): T,j‘(t) — MT,f‘(tO)M

induce a transformation
T# = T#('%tvto) : L"/(t) - L’y(to)

defined by

(@) (W)w=T1"" oy (T )T e

for v,w € Ty, M. Define the covariant derivative V#a along v by

(V#a)(tg) = %T#aﬂ{(t) le =to.
Differentiating the identity

Ha(X)Y) = (rFa)((7X))(rY)
gives the formula

VH(a(X)Y) = (V#a)(X)Y + a(VX)Y + a(X)VY
for X,Y € X(v) or equivalently
Vi (a(X)Y) = (VEa)(VzX)Y + a(X)VY

for X,Y,Z € X(M).



