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Chapter 1

Calculus of Euclidean Maps

The analytic study of surfaces involves multi-variable calculus. We begin
with a “brief review” of calculus in R™. Let

R™ = n — dimensional Euclidean space
={(z"2* 2% ... 2" 2" € R}.

(Note the superscripts; this is standard and traditional notation in differential
geometry stemming from tensor calculus.)

Standard inner product on R™: x = (xl, 2, ... ),y = (yl, 2 ™)
then,
<$,y> :gjy:mlyl_'_nyQ_i__'_xnynzzxzyl
i=1
Norm:
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Distance Function on IR":

dz,y) = |r—yl=(a"—y)2+ @ -2+ + (" —y")?

Open sets in R™:

B.(p) = open ball of radius r centered at p
= {zeR":d(z,p) <r}.

Definition. U C R" is open provided for each p € U there exists € > 0 such
that B.(p) C U.

Euclidean Mappings: F :R" — [R™

These are the types of maps that will arise most frequently in our study,
for example.

1) F: R — R3: parameterized curve in space, F(t) = (z(t),y(t), 2(t)),
1-parameter map.

2) F:R?* — R3: parameterized surface in space, F'(u,v) = (z(u,v),y(u,v), z(u,v)),
2-parameter map.
3) F:R?* — R% change of coordinates, e.g. polar coordinates,

x =rcosf
y =rsind,

F(r,0) = (rcos,rsinf).

F
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Limits and Continuity:

Definition. Consider the map F' : R® — R™. Assume [ is defined in a
“deleted” neighborhood of xzy € R™. Then,

means that for every e > 0 there exists § > 0 such that, |F(z) — L| < €
whenever |x — x| < (x # ).

P

/‘;"—.\ F J Fb‘-)‘ )

fi X ] |

\ f'/(é J — ‘ , N

S ~ P
R" r"

Definition. F': U C R® — R™. F is continuous at xg € U provided,

lim F(x) = F(xg).

T—T0

F' is continuous on U if it is continuous at each point of U.

The following fact gives a useful chararcterization of continuity.

Proposition 1.1. F': U C R* — R™ s continuous on U iff for all open
sets V. C R™, F~Y(V) is open in R".

Component Functions:

Given F' : U C R™ — R™ it is often useful to express F' in terms of its
component functions:
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Then the component functions of F' are: fi: U C R* = R,i = 1,...,m,
which we sometimes display as,

or,

Example. F(x!,2?) = (2z'2% 2* — 2)

1 1.2
Yy o= 2o
F:yQ — g2 _ gl

Example. F:R? - R3 F(u,v) = (uv?,ucosu, /")
NI A

x y z

= uv?
= UCOSv
— eu/v

F

I IS
|

Proposition 1.2. F': U C R — R™ is continuous on U if and only if its
component functions f*: U CR® - R, i=1,...,m, is continuous on U.

Differentiation of Mappings

Definition. Given f : U C R® — R. fis C*¥ on U provided f and its partial
derivatives of order up to, and including, & are continuous on U. f is C"° on
U (or smooth on U) provided f and its partial derivatives of all orders exist
and are continuous on U.

2
Example. f : U C R?> - R. f(z,y) f is C? means that f,g,g,ﬂ,

Ox’ Jy’ 0x?
O2f  2f O°f

0xdy’ Oyox’ Oy?

exist and are continuous on U.
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Example. f:R?> 5 R. f(z,y) =2?+ 3zy —y?. fis C™ on R
Example. f(z,y) =In(l1 —2*—4?). fisC®on U = {(z,y) : 2> + y* < 1}.
EXERCISE 1.1. Construct a function f : R — R which is C'* but not C2.

Definition. Given F : U C R® — R™. F is C*¥ on U iff its component
functions f1,..., f™ are C* on U. F is C* (smooth) on U iff f1, ..., f™ are
C> (smooth) on U.

Example. F : R? — R? F(x,y) = (vcosy,xsiny,e™). fl(x,y) = zcosy, f*(z,y) =
rsiny, f3(x,y) = e® are smooth. Therefore F' is smooth.

Remark. We will usually assume the mappings we deal with are smooth - even
though some results might be true with weaker differentiability assumptions.

Chain Rule for real valued functions of several variables:

Given a smooth function of n variables, w = f(z!,...,2") where z° =
z'(t,...), 1 = 1,--- ,n, depend smoothly on ¢. Then the composition w =
flxi(t,...),...,2"(¢t,...)) depends smoothly on ¢ and,

8_w_8w8x1+8w8x2+ +8_w8x”
ot Oxl ot o0x? Ot ox™ Ot

or, using summation notation,

ow " Ow Ozt

ot L=oxi Ot

=1

Jacobians:

Definition. Given F : U C R™ — R™ smooth with component functions,
F:y = fi(at,....2"), i=1,...,m.

(& f1:U CR™ — R smooth), the Jacobian Matriz of F is the m X n matriz,
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[ oyt Oy Oy’ T
oxt 022 7 Oan
9" oy Oy’

DF — oxt Ox2 Q" 7

o oo

L Ozt 022 7 Oz

or, in short hand,
DF = lﬁy} .
027 | 1255,

At p € R",

DF(p) = {gg;(p)]-

Alternative notation: J(F) = DF.

Example. F : R? » R3 F(x,y) = (2* + 42 2rvy,xcosy). DF is3 x 2:
—— N =

1 2 3

Yy Y Y

2x 2y
DF = | 2y 2z
cosy —xsiny

Remark. For ordinary real function f : R — R, y = f(z), DF is just the

x
For mappings, the Jacobian plays the role of first derivative.

d
1 x 1 matrix [d—y} , and so DF is essentially just the derivative of y = f(z).
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Jacobian Determinant. Consider special case m =n. F : U C R" — R",
Foy'=fi(z,...,2"), i=1,...,n

Then DF is a square n x n matrix. The Jacobian determinant is then defiend
as,

Jacobian determinant = det DF
1 n 7

Oy, y") 4|9

ozt ... x") Ox

Example. For the map, F': R? — R?, F(z,y) = (2% — v, 2zy).

2 _ .2
p.U= Uy
v o= 2y
DF is given by,
ou Ou
oxr Oy _
DF — _ { gx ) 2y }
o0 o v %
or Jy
I(u,v) 2 2
=det DF =4(z" +y
(. ) )

Chain Rule for Mappings.

The Calculus I chain rule may be written as follows: Given functions
f:R—Rand g: R — R, then (fog) =f"-¢.

Theorem 1.3 (Chain rule). Given smooth maps F: V CR™ - R G:U C
R™ — R™ such that G(U) C V. Then the composition FoG : U C R"* — R*
1s defined and smooth, and

D(F o G)(z) = DF(G(z))DG(z)
or simply,

D(Fo@)yn= DF-DG

matrix multiplication
Ixm mxn
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Proof. Apply the chain rule for real valued functions of several variables.
First, recall, if A = [aijlixm and B = [bj]mx, then the product matrix
C' = AB = [cit]exn has entries given by,

Cik = E aijbjp

J

(i row of A dotted into k™ column of B)

Now, express F, G and F' o G in terms of component functions:

G:yj = gj('rlw-'uxn)a ]-S]Sm

FoG:z' = fig"(a*,....2"),...,¢" (", ...,2™),1<i <L

For each 1 < k < n : 2z depends on the 3’’s and the y’’s depend on z*.
Therefore z* depends on z*¥ and by the CR for real valued functions of several
variables,

020 = 02" 9y
oxk ]Z_; oyl Ok

The term being summed is the i, kth entry of the matrix product,
01 oy
oy’ oxk |’

02" [0 ‘ %
oxk| |0y oxk |’

D(FoG) = DF - DG.

and hence,

or,
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The Inverse Function Theorem

Analytically the Jacobian of F' : R” — R™ plays a role analogous to f’
for functions f : R — R. For example just as the derivative can be used to
approximate f,

flx+ Ax) = f(z) + fl(x) A,

the Jacobian can be used to approximate F': R™ — R™,

F(p+ Ap) = F(p) + DF(p) Ap
W—/\/r
mxn nXx

(provided F'is C! - this all can be made very precise). In the above expres-
sion we are treating points in R"™ and R as column vectors.

Recall, given a smooth function f : R — R, if f(xy) # 0 then on a
small interval I about xg, f is either increasing (f’(x¢) > 0) or decreasing
(f'(zo) < 0). In either case f has an inverse f~! on I and

RN 1 g1 ~1
or, more simply,
-1\ __ l _ n—1
(f) = 7 (f)

or, in differential notation, if y = f(z) then x = f~!(y) and,

de _ 1 _ (dy\"
dy dy  \dz '
dx

Theorem 1.4 (Inverse function Theorem). . Let ' : U C R" — R”
be a smooth map. Suppose for some p € U, DF(p) is nonsingular (<
det DF(p) #0). Then there is a nbd V' of p such that

1. W = F(V) is open.

2. F:V — W is one-to-one and onto, and F~* : W — V is smooth.
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3. For each q € W,

D(F)(q) = [DF(F(a))] ",

or simply,

ﬂ"\ F-"l

EXERCISE 1.2. Assuming (1) and (2) hold, show that (3) necessarily
holds. Hint: Differentiate both sides of the equation: F o F~! = id (where
id : R™ — R" is the identity map, id(z) = x for all z € R")

Remark. Let V., W be open sets in R". A map F : V — W is called a
diffeomorphism provided it is 1-1 and onto, and both F' and F'~! are smooth.
Conditions (1) and (2) in the IFT say that F': V — W is a diffeomorphism.

Remark. Let’s specialize the statement of the IFT to the case n = 2. Hence,
consider F' : U C R* = R? F(z,y) = (u(z,y),v(x,y)), i.e. F has compo-
nent functions

cuo= u(z,y)
F: v — v(x,y?,;) (x,y) €U (%)

F is smooth < u = u(x,y), v =v(z,y) are smooth, and so,

0w ou
or 0Oy
DF =
ov Ov
or 0Oy
Let p = (zo,%0) € U be such that det DF(xg, ) # 0, and hence,
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o ou
or Jy

det #0 at (zg,yo)-
o0 o
or Jy

Then, according to the IFT, there exists a neighborhood V' of (zg, o) such
that W = F(V) is an open set in the u-v plane, and F~' : W — V is defined
and smooth. We have F~!(u,v) = (z(u,v),y(u,v)), i.e. F~' has component
functions,

1z =ux(u,v)
' y:y(u,v)

i.e. the equations (%) can be smoothly inverted to obtain z and y in terms
of u and v. Moreover, when evaluated at the appropriate points,

(u,v) € W

oxr Oz du du 17!
ou v dxr Oy
oy Oy v Ov

ou v dr Oy



Chapter 2

Parameterized Curves in R>

Definition. A smooth curve in R? is a smooth map o : (a,b) — R3.
z
-
7€) = (x4, (%) z(4)
7

For each t € (a,b), o(t) € R3. As t increases from a to b, o(t) traces out a
curve in R3. In terms of components,

o(t) = (x(t), y(t), 2(1)), (2.1)
. x = xz(t)
o y=y(t) a<t<b,
z = z(t)
do 2
velocity at time t: a(t) =o'(t) = ('(t),y'(t), 2/ (t)) i
speed at time ¢: ‘C;—(;(t)‘ = lo’(t)| W;)

12
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Example. 0 : R — R3 o(t) = (rcost,rsint,0) - the standard parameteri-
zation of the unit circle,

T =rcost
o: y=rsint
z =
has velocity and speed,
o' (t) = (—rsint,rcost,0)
o' ()] = r (constant speed)

Example. ¢ : R — R3 o(t) = (rcost,rsint, ht), r,h > 0 constants (the
heliz), has velocity and speed,

o(t) = (—rsint,rcost,h)

lo’'(t)] = Vr?+h? (constant)

Definition. A regular curve in R? is a smooth curve o : (a,b) — R? such
that o'(t) # 0 for all t € (a,b).

That is, a regular curve is a smooth curve with everywhere nonzero velocity.
The examples above are regular.

Example. 0 : R — R3, o(t) = (t3,12,0). ¢ is smooth, but not regular. o
has velocity,

o'(t) = (3t*,2t,0), a'(0) = (0,0,0)

Graph of o:
r =t 2 1/3\2
y =1t = (a')
z =

Hence, the graph is as follows,
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There is a cusp, not because the curve isn’t smooth, but because the
velocity = 0 at the origin. A regular curve has a well-defined smoothly
turning tangent, and hence its graph will appear smooth.

The Geometric Action of the Jacobian

Given a smooth map F': U C R® — R3, p € U. Let X be any vector
based at the point p. To X at p we associate a vector Y at F'(p) as follows.
Let 0 : (—¢,¢) — R3 be any smooth curve such that,

do
= d —0)=X
o0)=p ad TO)=X,

i.e. o is a curve which passes through p at ¢ = 0 with velocity X. (E.g.
one can take o(t) = p + tX.) Now, look at the image of ¢ under F, i.e.
consider 3 = F oo, fB:(—€€) = R3 B(t) = Foo(t) = F(o(t)). We have,
B(0) = F(c(0)) = F(p), i.e., B passes through F(p) at ¢t = 0. Finally, let

_ 4

Y == (0).

i.e. Y is the velocity vector of g at t = 0.

X F

= y
Fep)

EXERCISE 2.1. Show that Y = DF(p)X.
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Note: In the above, X and Y are represented as column vectors, and the
right hand side of the equation involves matrix multiplication. Hint: Use the
chain rule.

Thus, roughly speaking, the geometric effect of the Jacobian is to “send
velocity vectors to velocity vectors”. The same result holds for mappings
F:U CR"” — R™ (i.e. it is not necessary to restrict to dimension three).

Reparameterizations

Given a regular curve o : (a,b) — R3. Traversing the same path at a
different speed (and perhaps in the opposite direction) amounts to what is
called a reparameterization.

Definition. Let o : (a,b) — R? be a regular curve. Let h : (¢,d) C R —
(a,b) C R be a diffeomorphism (i.e. h is 1-1, onto such that h and h~!
are smooth). Then 6 = goh : (¢,d) — R3, is a regular curve, called a
reparameterization of o.

Le., start with a curve o = o(t), make a change of parameter ¢t = h(u), then
obtain the reparameterized curve & given by,

g(u) =o(h(u)).
= original parameter, © = new parameter.

Remarks:

1. o0 and & describe the same path in space, just traversed at different
speeds (and perhaps in opposite directions).

2. Compare velocities:

o(h(u)) ie.,
o(t), where t = h(u).

Qe
|

Qe
|

Hence, by the chain rule,

do  do dt_da‘h,

du  dt du  dt
h' > 0: orientation preserving reparameterization.
h' < 0: orientation reversing reparameterization.
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Example. o : (0,27) — R3, o(t) = (cost,sint,0). Consider the reparame-

terization function, h : (0,7) — (0, 27),

h:t=h(u)=2u, ue (0,m).

Reparameterized curve:

g(u) = o(t) =0(2u)
g(u) = (cos2u,sin2u,0)

o describes the same circle, but traversed twice as fast,
do

U

d
—le, speed of 6 = =2.

speed of o0 =

Remark. Regular curves always admit a very important reparameterization:
they can always be parameterized in terms of arc length (see below).
Length Formula: Consider a smooth curve defined on a closed interval,
o:la,b] — R

g (6) = final beml‘

() = jatial po;n'f
o is a smooth curve segment. Its length is defined by,
b
length of o = / |0’ (t)]dt.

Le., to get the length, integrate speed wrt time.

o(t) = (rcost, rsint,0) 0<t <27,

2m 2m
Length of o = / o’ (t)|dt = / rdt = 2mr.
0 0

Example.
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Proposition 2.1. The length formula is independent of parameterization,
i.e., if 0 : [c,d] — R3 is a reparameterization of o : [a,b] — R® then length
of & = length of o.

EXERCISE 2.2. Prove this. (See e.g., [2, Prop. 2.1].)

Arc Length Parameter:

Along a regular curve o : (a,b) — R? there is a distinguished parameter
called arc length parameter. Fix ¢ty € (a,b). Define the following function
(arc length function).

s=s(t), t € (a,b), s(t) = /t o’ (t)|dt .

Thus,
if t > 9, s(t) = length of o from ¢, to t,

if t <to, s(t) = —length of o from ¢, to t.

S~y et

0’(.“0)

s = s(t) is smooth and by the Fundamental Theorem of calculus,
s'(t) =o' ()| > 0 for all t € (a,b)

Hence s = s(t) is strictly increasing, and so has a smooth inverse - can solve
smoothly for ¢ in terms of s, t = ¢(s) (reparameterization function).

Then,

d(s) = o(t(s))

is the arc length reparameterization of o.
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Proposition 2.2. A regular curve admits a reparameterization in terms of
arc length.

Example. Reparameterize the circle o(t) = (rcost,rsint,0), —oco < t <
00, in terms of arc length parameter.

Obtain the arc length function s = s(t),

t t
s = /|a/(t)|dt:/rdt
0 0
S
rt = t

s = = — (reparam. function)
r

Hence,

. s

5(s) = o(t(s)) = a(;)

a(s) = (rcos <§>, 7 sin <§>,O)

r r

Remarks:

1. Often one relaxes the notation and writes o(s) for 6(s) (i.e. one drops the
tilde).

2. Let 0 = 0(t), t € (a,b) be a unit speed curve, |o'(t)] =1 for all t € (a,b).

Then,
t t
s = /|a'(t)ydt:/1dt
to to

s = t—to

[.e. up to a trivial translation of parameter, s = ¢t. Hence unit speed curves
are already parameterized wrt arc length (as measured from some point).
Conversely, if 0 = o(s) is a regular curve parameterized wrt arc length s then
o is unit speed, i.e. |0’(s)| = 1 for all s (why?). Hence the phrases “unit speed
curve” and “curve parameterized wrt arc length” are used interchangably.

EXERCISE 2.3. Consider the helix,

o(t) = (rcost,rsint, ht).

Show that, when parameterized wrt arc length, we obtain,
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o(s) = (rcosws, rsinws, hws) .
1
VrE 4+ h?

Vector fields along a curve.

where w =

We will frequently use the notion of a vector field along a curve o.

Definition. Given a smooth curve o : (a,b) — R? a vector field along o is a
vector-valued map X : (a,b) — R? which assigns to each ¢ € (a,b) a vector
X(t) at the point o(t).

X1t)

7 Lt)

Some examples:

1. The velocity vector field along o : (a,b) — R3.

o' (a,b) = R t—o'(t).

e
7 (+)

2. The unit tangent vector field along o,

|T(t)| =1 for all . (Note o must be regular for 7" to be defined).
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Example. Find the unit tangent vector field along o(t) = (r cost, rsint, ht).

o'(t) = (—rsint,rcost,h)

0'()] = Vr2+h?

1
T(t) = ————(—rsint,rcost,h
0 = <= )

Note. If s — o(s) is parameterized wrt arc length then |o’(s)] = 1 (unit
speed) and so,

T(s)=0d'(s). (2.2)

Differentiation. Analytically, vector fields along a curve are just maps,

X :(a,b) CR — R
Can differentiate by expressing X = X (¢) in terms of components,

X(t) = (X'(1), X(1), X°(t)),

dX dX' dX? dXx3
d \odt’ dt’odt )’
Example. Consider the unit tangent field to the helix,

1
T(t) = ————(—rsint,rcost,h
) = sl )
1
T'(t) = ————(—rcost,—rsint,0).
) = sl )
EXERCISE 2.4. Let X = X (¢) and Y = Y (¢) be two smooth vector fields
along o : (a,b) — R3. Prove the following product rules,

d dX dY
d dX dY

Hint: Express in terms of components.
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Curvature

Curvature of a curve is a measure of how much a curve bends at a given
point:

,arﬁe

/—’,j—r\

srmall

This is quantified by measuring the rate at which the unit tangent turns wrt
distance along the curve. Given a regular curve, t — o(t), reparameterize in
terms of arc length, s — o(s), and consider the unit tangent vector field,

T=T(s)  (T(s)=0'(s))
Now differentiate 7' = T'(s) wrt arc length,
ar

d_ = curvature vector
S

dT
The direction of — tells us which way the curve is bending. Its magnitude

s
tells us how much the curve is bending,

dr

S

= curvature

Definition. Let s — o(s) be a unit speed curve. The curvature k = k(s) of
o is defined as follows,

r(s) = [T'(s)] (=1o"(s)]),

where ' = di.
S

Example. Compute the curvature of a circle of radius 7.
Standard parameterization:  o(t) = (rcost,rsint,0).

s s
Arc length parameterization: o(s) = (7“ cos (—) , 7 sin (—) ,O) )
r r
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Then we compute,

T(s) = o'(s)= <— sin <;> , COS (;) ,0)
T'(s) = (—% cos (;) ,—% sin (;) ,0)
= —% (cos <;> ,sin (;) ,O)
1

W) = IT'(s)] = -

(Does this answer agree with intuition?)

EXERCISE 2.5. Let s — o(s) be a unit speed plane curve,

For each s let ¢(s) = angle between positive xz-axis and T'(s)

b4

g’j T
P(s)
J T(s)
l X
dé| . o
Show: k(s) = |¢'(s)] = ‘%' Hint: Observe, T'(s) = cos ¢(s)i + sin ¢(s)j
(why?).

Conceptually, the definition of curvature is the right one. But for compu-
tational purposes it’s not so good. For one thing, it would be useful to have
a formula for computing curvature which does not require that the curve
be parameterized with respect to arc length. Using the chain rule, such a
formula is easy to obtain.

Given a regular curve t — o(t), it can be reparameterized wrt arc length
s — o(s). Let T =T(s) be the unit tangent field to o; we have,
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So by the chain rule,
dTl’ dl' ds

dt ds dt
B dT |do
 ds | dt
aT| _ |do||dr
dt|  |dt||ds
and hence,
dT
| dt
m——d_a,
dt
ie.,
el , d
t) = = —. 2.3
K0 = ol = (23)

EXERCISE 2.6. Use the above formula to compute the curvature of the
helix o(t) = (rcost,rsint, ht).

Frenet Equations

Let s — o(s), s € (a,b) be a regular unit speed curve such that x(s) # 0
for all s € (a,b). (We will refer to such a curve as strongly regular). Along o
we are going to introduce the vector fields,

T =T(s) - unit tangent vector field
N = N(s) - principal normal vector field
B = B(s) - binormal vector field

{T, N, B} is called a Frenet frame. At each point of ¢ {7, N, B} forms an
orthonormal basis, i.e. T, N, B are mutually perpendicular unit vectors (see
figure next page).



CHAPTER 2. PARAMETERIZED CURVES IN R3 24

To begin the construction of the Frenet frame, we have the unit tangent
vector field,

T(s) =d'(s), '= dis

Consider the derivative 7" = T"(s).
Claim. 71T along o.

Proof. 1t suffices to show (1",T) = 0 for all s € (a,b). Along o,
(T,T) =|T|*>=1.

Differentiating both sides,

d d
—(T.T)=—1 =
d3< T ds 0
dT dT
—. T T —) =
dT
20— —
<d8’ > 0
(T T) = 0.

Definition. Let s — o(s) be a strongly regular unit speed curve. The
principal normal vector field along o is defined by

T T

The binormal vector field along o is defined by

N(s)

B(s) = T(s) x N(s). (2.5)
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Note, the definition of N = N(s) implies the equation
T' = kN (2.6)

Claim. For each s, {T'(s), N(s), B(s)} is an orthonormal basis for vectors
in space based at o(s).

Mutually perpendicular:

T 1
—)

Y K

(T,N) = (T, (T, T') = 0.

B=TxN = (B,T) = (B,N) = 0.
Unit length: |7'| =1, and

| |7
N p— = _1
N= | T T
BP = |TxNP

= |TPIN] = (T,N)* = 1.

Remark on orthonormal bases.

Let X be a vector at the point o(s):

N Tis)

Then X can be expressed as a linear combination
X =aT +bN +cB
The constants a, b, ¢ are determined as follows,

(X,T) = (aT +bN +¢B,T)
= a(T,T)+b(N,T) +¢(B,T)

a.



CHAPTER 2. PARAMETERIZED CURVES IN R3 26

Hence, a = (X, T), and similarly, b = (X, N), ¢ = (X, B). Hence X can
be expressed as,

X = (X, T)T + (X, N)N + (X, B)B. (2.7)

Torsion: 'Torsion is a measure of “twisting”. Curvature is associated with
T’: torsion is associated with B’

B = TxN
B = T xN+TxN
= KNXN4+TxN'

Therefore B’ =T x N’ which implies B’ LT, i.e.

(B',T) =0

Also, since B = B(s) is a unit vector along o, (B, B) = 1, differentiation and
the metric product rule imply

(B',B) =0
It follows that B’ is a multiple of N,

B = (B, T)T+(B',N)N + (B',B)B
= (B',N)N.
Hence, we may write,
B ' =-7N, (2.8)
where,
T = torsion = —(B',N). (2.9)
Remarks.

1. 7isa function of s, 7 = 7(s).
2. T is signed i.e. can be positive or negative.

3. |7(s)|=|B'(s)|, i.e., 7 = £|B’|, and hence 7 measuures how B wiggles.

Given a strongly regular unit speed curve o, the collection of quantities
T,N, B, k, 7 is sometimes referred to as the Frenet apparatus.
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Example. Compute T, N, B, k,7 for the unit speed circle.

o = (res () ron (2)0)
P () ()0
= Hoe(2) o (2) )

1
k = |T'=-
r
/
N = Z:—<Cos(f>,sin(§>,0>
k r r
B = TxN
i j k
= -5 c 0
—c —s 0
= k=(0,0,1),

s s

(where ¢ = cos (—) and s = sin (—)) Finally, since B = 0, 7 = 0, i.e. the
r r

torsion vanishes.

Conjecture. Let s — o(s) be a strongly regular unit speed curve. Then,
o is a plane curve iff its torsion vanishes, 7 = 0.

Example. Compute 7T, N, B, k, 7 for the unit speed helix.
By Exercise 2.3,

o(s) = (rcosws, rsinws, hws) .
1

where w =
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T = o =(—rwsinws,rwcosws, hw)
T = —w’r(cosws,sinws,0)
r
k = |T'| = w’r = 55— = const.
r?+h
T’ .
N = — = (—cosws,—sinws,0)
K
i i K
B = TxN=| —rwsinws rwcosws hw
—cosws  —sinws 0
B = (hwsinws, —hw cosws,Tw)
B' = (hw?cosws, hw?sinws, 0)

= hw?*(cosws,sinws, 0)

B = —ho’N

h

r _ 2 _
B = —TN:>T—hU)—TQ—i_—h2.

The osculating plane:

I1(s) = osculating plane of o at o' (s)
= plane passing through o(s) spanned by T'(s) and N(s)
(or equivalently, perpendicular to B(s))

See figure next page.
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TU¢s)

Comments.

(1) s — TII(s) is the family of osculating planes along 0. The Frenet equation
B’ = —7N shows that the torsion 7 measures how the osculating plane is
twisting along o.

(2) TI(sg) passes through o(sg) and is spanned by o’(sg) and ¢”(sg). Hence,
in a sense that can be made precise, s — o(s) lies in TI(s) “to second order
in s”. If 7(sp) # 0 then o”(s¢) is not tangent to I1(sy). Hence the torsion 7
gives a measure of the extent to which o twists out of a given fixed osculating
plane (see e.g. [3, p. 60f]).

Theorem 2.3. (Frenet Formulas) Let s — o(s) be a strongly reqular unit
speed curve. Then the Frenet frame, T, N, B satisfies,

T = kN
N = —kT 4+ 1B
B = —TN

Proof. We have already established the first and third formulas (see equations
(2.6) and (2.8)). To establish the second, observe B=TxN = N = BxT.
Hence,

N = (BxT)=B'xT+BxT
—TN xT+rBxN
—7(=B) 4+ k(=T)

= —kT'+71B.

We can express the Frenet formulas as a matrix equation,
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T 0 k 0 T

N = | —K 0 7 N

B 0 —7 0 B
a

Note that A is skew symmetric: A" = —A. A = [a;], then a;; = —a;;.
The Frenet equations can be used to derive various properties of space

curves.

Proposition 2.4. Let s — o(s), s € (a,b), be a strongly reqular unit speed
curve. Then, o is a plane curve iff its torsion vanishes, T = 0.

Proof. Recall, the plane II which passes through the point xy € R3 and is
perpendicular to the unit vector n consists of all points € R? which satisfy
the equation,

(n,x —x0) =0.

=: Assume s — o(s) lies in the plane II. Then, for all s,

(n,o(s) —xg) =0
Since n is constant, differentiating twice gives,

d
d—(n,a(s) —x0) = (n, 0’y =(n,T) = 0,

s

d

—(n, Ty = (n, T") = k{n,N) = 0,
ds
Since n is a unit vector perpendicular to T and N, n = B, so B = +n.
Le., B = B(s) is constant which implies B’ = 0. Therefore 7 = 0.
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«<: Now assume 7 =0. B'= —7N = B’ =0, i.e. B(s) is constant,
B(s) = B = constant vector.

We show s — o(s) lies in the plane, (B,x — o(sg)) = 0, passing through
o(s0), so € (a,b), and perpendicular to B, i.e., will show,

(B,o(s) —o(sp)) =0. (%)

for all s € (a,b). Consider the function, f(s) = (B, o(s) — o(sp)). Differenti-
ating,

F(8) = 4BLo(s) — ols0)

= (Ba(s) —a(s0)) + (B, d'(s))

= 0+(B,T)=0.

= const. Since f(sg) = (B,o(so) — o(s9)) = 0., ¢ =0
0. Therefore (x) holds, i.e., s — o(s) lies in the plane

Hence, f(s) = ¢
"o, 0

and thus f(s)
(B, x = 0(s0))

Sphere Curves. A sphere curve is a curve in R?® which lies on a sphere,

|z — 20> = 72, (sphere of radius r centered at x)

S

SRS

(x —xg,x —x0) = T

Thus, s — o(s) is a sphere curve iff there exists zy € R?, r > 0 such that
(0(5) — x0,0(5) —x0) =72, for all s. (%)

If s — o(s) lies on a sphere of radius r, it is reasonable to conjecture that

o has curvature k > — (why?). We prove this.
r
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Proposition 2.5. Let s — o(s), s € (a,b), be a unit speed curve which
lies on a sphere of radius r. Then its curvature function k = K(s) satisfies,

K> —.
r

Proof. Differentiating (x) gives,
2(c’',0 —10) =0

ie.,
<T, g — l’0> =0.

Differentiating again gives:

(T' o —xo) + (T,0") = 0
(T, — 20) + (T,T) = 0
(T' o —x9) = —1 (=T #0)
K(N,o —x9) = —1
But,
[(N,0 =) = [Nllo —zol[ cos |
= r|cosb|,
and so,
1 1

1
r

(N, 0 — z0)] h 7| cos d|
[

EXERCISE 2.7. Prove that any unit speed sphere curve s — o(s) having
constant curvature is a circle (or part of a circle). (Suggestion: Show that
the torsion vanishes (why is this sufficient?). To show this differentiate (x) a
few times.)

Lancrets Theorem.

Consider the unit speed circular helix o(s) = (r cosws, rsinws, hws),w =
1/v/r2 4 h2. This curve makes a constant angle wrt the z-axis: We have,
T = (—rwsinws, r cosws, hw), and hence,

(T’ k)

cos = ——~L = hw = const.

T[[k]
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Definition. A unit speed curve s — o(s) is called a generalized helix if its
unit tangent 7" makes a constant angle with a fixed unit direction vector u
(& (T,u) = cosf = const).

Theorem 2.6. (Lancret) Let s — o(s), s € (a,b) be a strongly regqular unit
speed curve such that 7(s) # 0 for all s € (a,b). Then o is a generalized heliz
iff k/T =constant.

For a proof, see [2, p. 32].

Non-unit Speed Curves.

Given a strongly regular curve ¢ — o(t) (hence, k # 0) it can be repa-
rameterized in terms of arc length s — (s), 6(s) = o(t(s)). The quantities
T,N,B,k, T can then be computed. But it is convenient to have formulas
for these quantities which do not involve reparameterizing in terms of arc
length.

Proposition 2.7. Let t — o(t) be a strongly regular curve in R3. Then

o d

-2 _¢

(a) Bl dt
(b) B: o X o
lo X o

(¢) N=BxT

l|o x 7
d pu—
() K |O_|3
(6 x3d,0)
(&) 7= Texap

Proof. We derive some of these. See e.g. [2, Section 2-6] for further details.
Interpreting physically, we have t=time, o&=velocity, d=acceleration.

The unit tangent may be expressed as,

where v = |6 = speed.
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Hence,
o = vl
o = %UT:%T vcfi—z
= %T—FU(RN)U

5 = 0T +v’kN

Side Comment: This is the well-known expression for acceleration in terms
of its tangential and normal components.

v = tangential component of acceleration (0 = §)

v’k = normal component of acceleration
2

. . : 9 v
= centripetal acceleration (for a circle, v’k = —).
r

0,4 lie in the osculating plane; if 7 # 0, ¢ does not.
Continuing the derivation,

oxo = T x (VT +v*’kN)
= vT XT+v*xT x N
x5 = vkB
o6 x 3| = v*k|B| =13
Hence
’ e xd] |6 x 6]

3 - |(-7’3
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Also,

o X0

B=const -6 xo6=—-—.
|0 x G

EXERCISE 2.8. Derive the expression for 7. Hint: Compute ¢ and use
Frenet formulas.

EXERCISE 2.9. Suppose o is a regular curve in the z-y plane, o(t) =

(x(t),y(t),0), ie.,
Ca=a(t)

o
y=y(t)
(a) Show that the curvature of o is given by,
- g
- [¢2 +yz]3/2
(b) Use this formula to compute the curvature k = k(t) of the ellipse,

ZL'Q y2
StE=1

The Fundamental Theorem of Space Curves

This theorem says basically that any strongly regular unit speed curve
is completely determined by its curvature and torsion (up to a Euclidean
motion).

Theorem 2.8. Let & = R(s) and T = T(s) be smooth functions on an interval
(a,b) such that®(s) > 0 for all s € (a,b). Then there exists a strongly reqular
unit speed curve s — o(s), s € (a,b) whose curvature and torsion functions
are ® and T, respectively. Moreover, o is essentially unique, i.e. any other
such curve & can be obtained from o by a Fuclidean motion (translation
and/or rotation).

Remarks.

1. The FTSC shows that curvature and torsion are the essential quantities
for describing space curves.

2. The FTSC also illustrates a very important issue in differential ge-
ometry. The problem of establishing the existence of some geometric object
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having certain geometric properties often reduces to a problem concerning
the existence of a solution to some differential equation, or system of differ-
ential equations.

Proof. Fix sy € (a,b), and in space fix Py = (0, yo, 20) € R? and a positively
oriented orthonormal frame of vectors at Py, {To, No, Bo}-

We show that there exists a unique unit speed curve o : (a,b) — R3
having curvature & and torsion 7 such that o(sg) = Py and o has Frenet
frame {7}, No, Bo} at o(so).

The proof is based on the Frenet formulas:

T = kN
N = —kT+71B
B = —TN
or, in matrix form,
d T 0 w 0 T
d_ N = —K 0 7 N
| B 0 -7 0] |B

The idea is to mimmick these equations using the given functions K, T.
Consider the following system of O.D.E.’s in the (as yet unknown) vector-
valued functions e; = e1(s), ea = ea($), e3 = e3(s),

d€1 _ )
— = ke

ds 2

d

2= Fey+7es (%)
ds

des _

— = —Te

dS 2 J

We express this system of ODE’s in a notation convenient for the proof:

d 61 0 E O 61
d_ €2 = —K 0 T (&) s
5 €3 0 —7 0 €3

29
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Set,

Q= - — (2],

o F o
S © F
S 3 O

ie. Q' =0, U2 =% O3 =0, etc. Note that Q is skew symmetric,
Q=-0<— Q;'=-07, 1<4,5<3. Thus we may write,

d €1 [ } €1

- | €2 = | €2 )

ds es es

or,
d S
d—ei:ZQiﬂej, 1<i<3. (2.10)
S
j=1

Consider the sytem of ODE’s (2.10) subject to the initial conditions,

61(50) =Ty
IC 62(80) = NO
63(80) = BO

Basic existence and unique result for systems of linear ODE’s guarantees
that this system has a unique solution:

s —ei(s), s — eas), s —es(s), s € (a,b).

We show that e; =T, eo = N, e3 = B, kK = k and T = 7 for some unit speed
curve s — o(s).

Claim. {e;(s),ea(s),e3(s)} is an orthonormal frame for all s € (a,b), i.e.,
(ei(s),e;(s)) = 0;5 V s € (a,b)

where 0;; is the “Kronecker delta” symbol:

_ 0 A
5,-j_{ 1 isy (2.11)



CHAPTER 2. PARAMETERIZED CURVES IN R3

38

Proof of the claim. We make use of the “Einstein summation convention”:

d L .
£€i = Z Qﬂej = Qﬂej
7=1

Let g;; = (ei,e;), gij = gij(s),1 < i,7 < 3. Note,

9ij(s0) = (ei(s0),¢€;j(s0))
.

The g;;’s satisfy a system of linear ODE’s,

d d
2.9 = £<€u€j>

= <€;7 e]'> + <€i7 6;)
= <Qik€k, 6j> + <€i; Qjéed

= QF(er, e;) + Q% (es, e0)

Hence,

d K ¢
7595 = Q" grj + 5" gie

IC . gij(SO) = (52']'
Observe, g;; = 0;; is a solution to this system,

d d
LHS = Eéij = Econst = 0.

RHS = Q6 + Q%
= Q7+ Q)

= 0 (skew symmetry!).

But ODE theory guarantees a wunique solution to this system.

gij = 0i; is the solution, and hence the claim follows.

Therefore
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How to define o: Well, if s — o(s) is a unit speed curve then

d(s)=T(s) = o(s)=o0(s0)+ /s T(s)ds.

S0

Hence, we define s — o(s), s € (a,b) by,

Claim. o isunitspeed, Kk =k, 7=7,T =e;, N = ey, B = e3.
Proof of the claim. We have,

d s
O'/ = %(PO +/ €1<8)d8) =€,

S0

hence, |0'| = |e1| = 1, so o is unit speed. Then we have,

k= |T'| = ||| = [Fez| = F
K K K

B:TXN:€1X€2:63
B' =ey=-Tey=—-TN =

T.

T
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Additional Chapter 2 Exercises

1. Show that o(t) = (e’ cost,e’sint,e’) is a regular curve by computing
its speed. Then reparameterize ¢ in terms of arc length.

2. Show that

= (L8 0=

is a unit speed curve, and compute its curvature.

3. (Continuation of Exercise 2.5.) If o : [0,4] — R?, s — o(s), is a conver
curve, then ¢ = ¢(s) is necessarily increasing. Hence f(f/i(s)ds =
Ap = ¢(0) — ¢(0). If o is a simple closed convex curve, conclude that
fog Kk(s)ds = 2.

4. Use Proposition 2.7, p. 33, to compute x, 7, T, N, B for o(t) = (cosht,sinht,t).
(This curve is sometimes referred to as the hyperbolic helix.) Partial

answer: k = 7 = +sech’t (where secht = —1-).
2 cosht

5. Let t — o(t) be a regular curve in R3. Suppose there is a point p in R?
such that o(t) — p is perpendicular to ¢’(t) for all ¢. Show that o lies
on sphere centered at p.

6. Prescribed curvature in the plane.

(a) To construct a unit speed curve in the z-y with curvature k = k(s)
(k> 0), let 6 = 6(s) be defined by, 6(s) = [; #(u) du. Then show
that

o(s) = ( /0 " cos B(u) du, /O " sin 0(u) du, 0)

is a unit speed curve with curvature xk = k(s).

(b) Use part (a) to construct a curve in the z-y plane with curvature

K(s) = H% (Ans.: o(s) = (sinh~'(s),v/1+ s2,0).)

7. (Central force field.) Consider the path of a particle ¢ — o (t) in space.
Show that if the acceleration vector is always proportional to the posi-
tion vector, o”(t) = f(t)o(t) then the motion is in a plane. (Hint: Use
Proposition 2.7(e).)
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8. The rotation of a rigid body moving along a unit speed curve s — o(s)
is described by the angular velocity vector w = w(s) determined by the
equations, 7" = w x T, N' = w x N, and B’ = w x B. Show that
w, in terms of T, N, and B, is given by w = 7T + kB. (Hint: write
w = al + bN + ¢B, and take cross products with 7', N, and B to
determine a, b, and ¢.) w is known as the Darboux vector.

9. Let o : [0,L] — R? be a unit speed closed curve, i.e. o(0) = o(L).
Show that if o is contained in the ball of radius R centered at the
origin then the integral of the curvature xk of o satisfies, fOL kds > %.
(Hint differentiate f(s) = —(o’(s),o(s)) and then integrate.)



Chapter 3

Surfaces

We all understand intuitively what a surface is. In calculus we encounter
surfaces in several ways.

1. As graphs of functions of two variables, z = f(z,y).
Er. z=a+1>

2. As level surfaces of functions of three variables, F'(z,y,
Er. 2*4+y*+22=1

3.  As surfaces of revolution.

Ex. Torus: surface of a doughnut.

We shall be fairly precise about what we mean by a surface. Our def-
inition will need to cover all these cases. The key is to describe surfaces
parametrically. Very roughly speaking, a surface for us is going to be a sub-
set of R? which can be broken up into overlapping pieces such that each piece
is described parametrically, i.e. described by a 2-parameter map.

42
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Hence, the starting point is the notion of parameterized surfaces.

Definition. A smooth parameterized surface in R? is a smooth map x : U C
R? = R3, (u,v) — x(u,v).

As (u,v) varies over U, x(u,v) € R? traces out a “surface” in R3.
v
X
—
‘ (u:\l) ‘0

4

)4

In terms of components, x(u,v) = (z(u,v),y(u,v), z(u,v)),

r = z(u,v)
x: y=vylu,v) (u,v) €U
z = z(u,v)

An effective way to see what gets traced out is to look at the “u-curves”
and “v-curves”.

(1) if v is held constant, v = vy and u varies,
u — x(u, vg) “u — curve”
(2) if w is held constant, u = ug and v varies,

v — x(ug, v) “v — curve”

%

—
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One way to examine a parameterized surface is to plot many “coordinate”
curves, u=const, v=const. This is how e.g., Mathematica plots parameter-
ized surfaces.

Example. x : U — R* U = {(u,v) : 0 < u < 27,0 < v < 3}, x(u,v) =
(2 cosu, 2sinu,v),

T =2cosu
X: y=2sinu O<u<22r, O0<v<3
2=

For this example it is convenient to consider closed rectangle U:0<u< 27,
0 <wv < 3. We plot some u-curves and v-curves:

T =2cosu
v=0: y=2sinu 0<u<2r circlein 2z =10
z=0
r=2cosu
v=1: y=2sinu 0<u<2r circlein z =1
z=1
ete
T =2 vertical line
u=20 Yy = 0<v<3
Z =0
z=0 vertical line
u=m/2: y=2 0<v<3
Z =0
ete.
¥ ¢
) X
- —)— =

2
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This parameterized surface describes a cylinder. Note that the coordinate
functions satisfy:
x2+y2:4, 0<2<3.

Note: On the original domain U, x is 1-1. We will restrict attention to
parameterized surfaces x : U C R? — R? which are 1-1. Cylinder of radius
a: x(u,v) = (acosu, asinu,v)

Coordinate Vector Fields. Given a smooth surface,

X(u’ U) = (:L'(’LL, U)v y(uv U)v Z(u7 U))7

we can differentiate wrt v and v,

ox _(0n 0y 0
ou ou’ Ou’ Ou

ox <8x oy 82)

v \ow '
These partial derivatives have natural interpretations,
Jx
%(uo, Vo) = tangent vector to u-curve
u — x(u, vg) at x(ug, vo)
Jx
%(uo, vo) = tangent vector to v-curve
v — x(up, v) at x(ug, vo)
Ix
z ov (4 )
v '
—— % /
[ — 5
: x
e s
w y
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Hence,

b
— = velocity vector field to u-curves

ou
X .
0= velocity vector field to v-curves.
v
Remark. The coordinate curves u = ug, v = vg lie in the surface. Hence the
, ox ox
coordinate vectors G_(UO’ Vo), a_(uo,'U[)) are tangent vectors to the surface
u v

at x(ug, vg).

Standard Picture: Grid of horizontal and vertical lines in U C R? gives rise to
a grid of curves - the coordinate curves on x(U). This amounts to introducing
coordinates on x(U).

0 0
Shorthand Notation: x, = —X, X, = 7
ou ov
Actually, to insure that the image of a parameterized surface x looks like
a surface (i.e. smooth 2-dimensional object), we need a reqularity condition,
akin to the regularity condition for parameterized curves (o'(t) # 0).

Example. x : R? — R3, x(u,v) = (0,0,0) V(u,v). Image a single point!
ox oOx

Note that — = — =0
ore aau ov

Example. x : R? = R?, x(u,v) = (cos(u + v?), sin(u + v?),1)

z = cos(u + v?)
x: y=sin(u+ v?)
z=1

Image: 2%+ y? =1,z =1, a circle!

Compute: —X——Q’u% i.e 8_X3_X
pute: n ou’ v

Ov ou’

are linearly dependent (at every
point).
3 3 ¢ 9 . aX ax .
To avoid this type of “degeneracy” we need to require that —, — be lin-

ou. Ov
early independent. There are several ways to characterize this independence.
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Consider a parameterized surface, x : U C R? — R3,
x(u,v)
y(u,

z(u,v)

Dx = Jacobian matrix of x, is the 3 x 2 matrix:

x
X: Yy
z

Recall,

the rank of a matrix

ox

du

y

du

0z

du

v)

ox

v

dy

o

0z

o

x(u,v) =

47

(x(u,v),y(u,v), z(u,v)),

= no. of linearly independent rows
= no. of linearly independent columns

Proposition 3.1. Let x: U C R? = R? be a smooth parameterized surface.
Then the following conditions are equivalent.

(1) Dx has rank 2.

(2) ?, ?)_X are linearly independent.
u’ Ov
(9X
(3) 5, % % 0.
Proof:

Dx has rank 2 <= columns lin. indep.

ox 0x

ou’ Ov

lin. indep.

<= one is not a multiple of the other
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Definition. We introduce the following terminology.

1. A regular (parameterized) surface in R? is a smooth parameterized sur-

face x : U C R* = R? such that g_x X ? # 0 for all (u,v) € U.
u Ov

2. A coordinate patch is a regular surface x : U C R? — R? which is
one-to-one.

Remark. Essentially (i.e., apart from an additonal technical condition dis-
cussed later), a surface in R? is a subset of R? which is covered by coordinate
patches.

If the regularity condition is not satisfied, the image of x can degenerate
to a point, or curve — or something that does not look like a smooth surface
(surface with “folds” or “cusps”). If, however, the regularity condition is
satisfied, then the image of x will look like a smooth surface. This is made
precise in the following proposition.

Proposition 3.2. Let x : U C R? — R3 be a reqular surface. Then for each
(ug,vo) € U there is a neighborhood V- C U of (ug,vo) such that the image
x(V) C R3 coincides with the graph of an equation of the form,

z=flz,y) or y=g(x,2) or x=hly2),
where f, g, h are smooth functions of two variables.

Proof. The proof is a nice application of the Inverse Function Theorem. We
have x : U C R? — R?, x(u,v) = (z(u,v), y(u,v), z(u,v)), and

ox (895 dy 82) ox (856 Ay 82)

Ou  \ou du’ du v \ov dv dv
Then,
0x " 0x ok
a. a. - Lo, uw Ry
ou  Ov 4
Ty Yo Ry
Yv 2o Ty 2y Ty Yo
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0
Since, by regularity, 0_X X 0_X # 0 at (ug,vg), one of the components must
u v
be nonzero, say,
oxr Oy
ou JOu
#0 at (ug,vo)-
or Oy
v Ov
Now, consider the map ® : U C R? — R? defined by, ®(u,v) = (z(u,v), y(u,v)),
o T x(u,v)
y =y(u,v)
® has Jacobian matrix,
ox O
Ju Ov
Do =
dy 0Oy
Ju 0Ov

Hence det D® # 0 at (ug,vp), i.e. D® is nonsingular at (ug,vg). By the
IFT there exists a neighborhood V' of (ug,vy) such that W = &(V) is open
in R? and &' : W c R? - V C R? is smooth. In terms of components,

@71(% y) = (U(xa y), U(l‘, y))>
ot UTURY) G yew

Now, let f =20®7 ! f: W C R? — R,
fla,y) = 2(27 (2, y)) = 2(u(z,y), v(z, y)).
The graph of f is the set of points in R3,
graph f = {(z,y,2) €R*: z = f(z,y), (z,y) € W}

We now observe that x(V') = graphf (see figure next page): f =200 =
2= fo®, hence =(u,0) = f((u,0)) = f(x{u, v), y(u,v)). Thus,

x(u,v) = (z(u,v),y(u,v), z(u,v))
= (z(u,v),y(u,v), f(x(u,y),y(u,v)) € graph f.
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v P Xewyv)

Y T fa,0)= (xeav), ye,0))

Some Parameterized Surfaces

1. Graphs of functions of two variables, z = f(z,y), f : U C R* - R
smooth function,

graph f = {(z,y,2) € R*: z = f(x,y), (x,y) € U}.

For example: For f(z,y) = x® + 4, graph f is the set of all points (z,y, 2)
such that z = 22 + ¢%
There is a standard way to parameterize such graphs: x : U C R? — R3,

x(u,v) = (u,v, f(u,v)),

r=u
X: y=v (u,v) e U.
Z:f(uvv)

x is a regular surface (in fact, a coordinate patch). One needs to checl the
regularity condition:

ox of ox of
ou (1’0’ 8u>’ o (O’l’ 81})

Ox ax_< of 8f1)7é0

ou v\ o v

x is called the Monge patch associated to f.
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Example. f : U C R? - R, f(z,y) = /1—-22—y2, U = {(z,y) :
r?+y? <1}, graphf:z=/1— 22 —y? a hemisphere. Associated Monge
patch:
r=u
X: y=uv ,

z2=+1—u?—v?
ie., x(u,v)=(u,v,vV1—u2—12?), x:U CR? — R

2. Geographical Coordinates on a sphere of radius R.

5}22:{(95;%2) ER32$2+y2+Z2:R2}

0 = colatitude,0 < 6 < 7

¢ = longitude, 0 < ¢ < 7.

By spherical coordinates,

= Rsinfcos¢
= Rsinfsin ¢
z = Rcosf.

Let U={(0,¢):0<0 <7, 0<¢<2r}. Definex:U CR? — R? by,
x(0,¢) = (Rsinf cos ¢, Rsinfsin¢, Rcosh).

X is clearly a smooth parameterized surface.

Coordinate curves:

O = coust. -
f-curves: ¢ = const — longitudes (meridians)

¢-curves: # = const — circles of latitude
<P 2 a5t -
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Coordinate vector fields:

g—z = (Rcosfcosp, Rcoslsing, —Rsinb)
E)_X = (—Rsinfsing, Rsinfcosgo, 0).
o
Eg. at (0,0) = (r/2, 7/2)
ox ox
@ - (07 07 _R)7 8_¢ - (_R7 07 O)
. ox 0Ox 9 .
EXERCISE 3.1. Show by computation that 2 X % = Rsinf > 0,

0<6<m.

Hence, x is regular surface (in fact, a coordinate patch).

3. Surfaces of revolution.

Consider a regular curve o in the z-z plane, o(t) = (r(¢),0, 2(1)), i.e,

x =r(t)
o: y=0 a<t<b.
z = z(t)

(Assume o does not meet the z-axis.) Now rotate o about the z-axis to
generate a surface of revolution:

(rie)y ,0,214) (V14) Cos0,v1) 50 2e4i)
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Parameterize as follows: Let U = {(¢,0) : a <t < b.—7m < 0 < w}. Define
x: U C R? — R3 by,
x(t,0) = (r(t) cosf,r(t)sind, z(t)).
This gives a parametric description of the surface of revolution; ¢ measures
position along ¢ and # measure how far o has been rotated.

t-curves: f=const, longitudes (meridians)
O-curves: t = const, circles of latitude (parallels).

EXERCISE 3.2. Show that x as defined above is a regular surface (in fact
a coordinate patch provided o is 1-1).

EXERCISE 3.3. Rotate the circle pictured below about the z-axis to obtain

a torus.
Z
v
s
T @"

Show that the torus is parameterized by the following map: U = (0,27) X

(_71-777-)7
x:U C R? — R3,

x(t,0) = (R+rcost)cosf, (R+ rcost)sinf, rsint).

Hint: Parameterize the circle appropriately.
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Reparameterizations.

Definition. Let x : U C R? — R? be a regular surface. Let f: V C R? —
U C R? be a diffeomorphism. Theny = xo f : V C R? — R? is called a
reparameterization.

VL

v £ v u ¥ %)
O | ~ | &S
V! u!

v oF

=

x|

Proposition 3.3. Given a reqular surface x : U C R? — R3 and a diffeo-
morphism f:V CR* - U CR?, the mapy =xof:VCR? - R?isa
reqular surface.

Proof. y = x o f is smooth. We need to show that y satisfies the regularity

condition. To do this we first show how the two sets of coordinate vectors

ox
l are related. Some notation:

ou |7 | Ovt
f:VCR>—=UCR?
f(vlvUQ) = (u1>u2) = (fl(vlav2)7f2<vlvv2))
Cul = )
/e u2 _f?,(Ul?U?,)
ou’
Df N |:avk]2><2
Then,
y(vl7v2) =Xo f(vlan> - X(f(’Ul, U2))
— x\(fl(vl,vz)j\fﬂvl,vz))
ie. 1 (51 .2
y = x(u',u*) where f: ZQ ; ?2251222; .
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Hence, by the chain rule,

dy  Oxou'  Ox Ou®

= =1.2
ovk oul Ovk + ou? Ovk’ K ’
g oxow
L= Qud Ok
7=1
dy ou’ Ox
RO et —1,2.
ovk - Ovk Oud’ K ’
EXERCISE 3.4. Show that,
dy Oy ox  0Ox
A A Df. 2=« 2=
ot % ov? det Df oul % ou?

I(ul,u?) ox  0Ox

—O(vt,v?) oul " o (70)

Hence, y is regular if x is.

Terminology: The reparameterization map f is called a coordinate transfor-
mation, and describes a change of coordinates on the surface.

Surfaces (at last!).

We now want to make the transition from the notion of a parameterized
surface to that of a surface. A (regular) surface in R3 is a subset of R?
which is covered by coordinate patches, subject to some additional conditions
described below. The sphere, for example,

S ={(z,y,2) eR* : 2® + > + 2* =1}

will, by our definition, be a surface (as it should be!). It can be covered by
several coordinate patches — but not by a single coordinate patch.

Before giving the “official” definition of a regular surface, we need to make
a couple of comments.

1. Any subset M of R? inherits a natural collection of ‘open sets’: We say
that W C M is open in M provided W = U N M for some open set U in R3.
(See figure on next page.)
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&,

2. Consider a coordinate patch, i.e. a 1-1 regular parameterized surface,
x : U C R? — R3. Then, in particular,

x:U —x(U)
is a continuous, 1-1 and onto map. Hence we can consider the inverse,
x1t:aU)—=U.

We point out that it’s possible for the inverse to be not continuous:

-—

o - i
K -5 N\ X

o '7

—_—)

X1
\_’-

The points p, ¢ are close, as points in R?, but x~1(p),x *(g) are not close.

Definition. A subset M C R3 is a (regular) surface provided each point of
M is contained in a coordinate patch x : U C R* — R3 such that (i) x(U) is
open in M and (ii) x ! : #(U) — U is continuous.

We refer to coordinate patches with the additional properties in the defin-
tion as proper patches. Thus, M C R3 is a regular surface iff M can be covered
by proper patches.

Example. Consider the sphere,
S?={(z,y,2) eR*: 2® +y* + 22 = 1}.

In this example the sphere is covered by six proper patches: z*, 27, y*,y 7, 2", 27,
each a parameterized hemisphere.
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2t upper hemisphere: z = \/1 — a2 — y2, with domain D : 2% +¢? < 1.
Associated Monge patch: z7: U — R3 U = {(u,v) € R? : u? +v? < 1},

r=u
2T y=vw
z=v1—-u?—0v?

Le. zT(u,v) = (u,v,vV1—u?—v?).
Claim. 2% is a proper patch in S2.

(1) =27 is a coordinate patch (Monge patch)

(2) 2%(U) is an open subset of S%:

2HU) ={(z,y,2) € 5%:2>0}

=52Nn{z>0} .
———

open in R3

(3) (27)7':2z"(U) — U is continuous:
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(27)"Yxz,y,2) = (z,y) — projection onto the first two coordinates, which is
continuous.

2~ : lower hemisphere: z = —y/1 — x? — y?; associated Monge patch: z~ :
U— R 2 (u,0) = (u,v, —V1 — u? — v?),

Other hemispheres:
yT = Monge patch associated with hemisphere S? N {y >0} (y =1 — 22 — 2?)

yu=—————— S?Nn{y <0}
et =—————— $2n{z>0}
2T =—————— S2n{x <0}

Proposition 3.4 (Smooth overlap property). Let M be a surface. Let x :
U—R3andy:V — R3 be two proper patches in M which overlap, W :=
x(U)Ny(V) #0 Then,

ylox:x'(W)CR*— y (W) cCR?

is a diffeomorphism (i.e., is smooth with smooth inverse).

RN > 5 £ s
A v .
u' l v)
w

-] -_—

rfc)(

Proof. Inverse function theorem! (See [1], p. 70, Propisition 1.)

Example. In sphere example consider the overlapping patches 2™ : U C
R? — R3 2% (u,v) = (u,v,vV/1—u2—02) and y© : U C R?* — R3

y(u,v) = (u,vV1—u?—02v). Observe, y"(U) = S? N {y > 0} and
2H(U) = S?N{z > 0}. Then,

W=y U)Nz"U)=5*n{y>0}n{z>0}#0.
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Consider (z7) "t oy™ : (y")'(W) — (z7)"H(W). Note, (y7)"H (W) =
half-disk = U N {v > 0}. Now,

y (u,v) = (u,V1—u?—0v20)
)Nz y,2) = (z,y)

and hence
Y loyt(uv) = () Hyt(uv) = ()", VI — 02 — 02, 0)
= (U,‘/l—UQ—’UQ),

which is smooth on U N {v > 0}.

The smooth overlap property is the key ingredient used to generalize
the notion of surfaces in R? to differentiable manifolds. That this property
holds for surfaces is important. For example, it is used to show that certain
properties which are defined in terms of coordinate charts (proper charts),
don’t really depend on the specific coordinate charts chosen. We give an
illustration.

Consider a function f : M — R, where M is a surface. What does it
mean for f to be smooth?

Definition. f : M — R is smooth provided for each p € M there exists a
proper patch x : U C R? — R3 in M containing p (p € x(U) C M) such that
fox:U CR? — R is smooth.
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We say that f is f expressed in coordinates. Thus, f is smooth provided
there exists a collection of charts covering M such that each coordinate ex-
pression f is smooth.

This definition of smoothness does not depend on the particular choice
of proper charts covering M.

EXERCISE 3.5. If x and y are any two overlapping proper patches in
M then on the overlap, f o x is smooth iff f oy. (Hint: Smooth overlap

property.)

The following proposition identifies a large and important class of sur-
faces.

Proposition 3.5 (The inverse image theorem). Let f : R — R be a smooth
function. Consider the level set

M = {(z,y,2) € R*: f(x,y,2) = 0}
If V= (fs, [y, f-) # 0 at each point of M then M is a surface.

Example. The sphere.

S ={(z,y,2) eR3: 2? + > + 22 =1}
={(z,y,2) €eR*: f(z,y,2) = 0},

where f(x,y,2) = 2? +y* + 22 — 1. Now,
Vf=(2x,2y,22),

and so Vf # 0 except at (z,y,z) = (0,0,0) € S%. Hence, Vf # 0 at each
point of S2. Therefore S? is a surface.

Example. Double Cone.
M ={(z,y,2) € R?: 2% = 2% +y*}
= {(z,y,2) € R: f(x,y,2) = 0},
where f(x,y,2) = 2? + y* — 2%. Then,

Vf=(21,2y,22) #0
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except at (0,0,0). But this time (0,0,0) € M. So the proposition doesn’t
guarantee that M is a surface, and in fact it is not. The origin is not contained
in a proper patch. In general, however, away from points where the gradient
vanishes we do get a surface.

Remarks
Jo

1. Df=|fy, | ~ (fo,fy. fz) = Vf. Le. the gradient of f essentially
I

corresponds to the Jacobian of f.

2. Because M = f~1(0). For this reason, the proposition is often referred to
as the wnverse image theorem.

Sketch of proof. Uses the inverse function theorem (actually the implicit
function theorem, which is a consequence of the IFT; see [1], p. 59, Prop. 2
for complete details).

We want to show M is covered by proper patches. Choose py = (g, Yo, 20) €

M; V f|,, # 0. Suppose then that %(po) £ 0.

M: f(z,y,2)=0 (%)
By the IFT, near py = (zo,¥o, 20), (*¥) can be solved smoothly for z in
terms of z and v,
z=h(z,y),
i.e., there exists a nbd U of (x¢,0) and a smooth function h: U C R* - R
such that (z,y, h(z,y)) satisfies (x) for all (x,y) in U,

@y, h(z,y)) =0 V(z,y)€U.

Hence,
(x,y,h(z,y)) € M  for all (z,y) € U.

Ty \ I

Yy
///U

oY)
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Now consider the Monge patch associated to h, x : U — R3?,
x(u,v) = (u,v, h(u,v)).
Then x is a proper patch in M which contains py.

Tangent Vectors to a Surface.

Definition. Let M be a surface, and p € M. X is a tangent vector to M at
p provided X is the velocity vector at p of some smooth curve ¢ which lies
in M, i.e. provided there exists a smooth curve o : (—¢,¢) — M C R3 such
that 0(0) = p and ¢/(0) = X.

This definition is independent of coordinate patches — it is a coordinate
free concept. But for computational purposes it’s convenient to introduce
coordinates.

Let x : U — M C R? be a proper patch in M which contains p, p =

x (g, Vo).

ox X
Observe that —(ug,v9) and —(ug,vg) are tangent vectors to M at p =

x(ug, vg): according to the definition:

x, (ug, v9) = velocity vector to u — x(u, vg) at x(ug, vg), and,

X, (U, v9) = velocity vector to v — x(ug,v) at x(ug, vg) -
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Notation/Terminology.

T,R? := tangent space of R?® at p
= set of all vectors in R? based at p.

T,R3 is a 3-dimensional vector space. For M a surface, p € M,

T,M := tangent space of M at p
= set of all tangent vectors to M at p.

In the following proposition we show that 7T,M is a 2-dimensional sub-
space of T,R? spanned by x,(ug, vo) and x,(ug, vo).

Proposition 3.6. Let M be a surface, p € M. Letx : U — M C R?
be a proper patch in M containing p, p = x(ug,vo). Then T,M is a 2-
dimensional vector space, in fact it is the 2-dimensional vector subspace of
T,R3 spanned by {x,(uo, vo), Xy (ug, Vo) },

T,M = span{x,(uo,vo),X,(to,vo)}
= {Ax,(ug,vo) + Bx,(ug,vp) : A, B € R}

Proof:
T,M C span{x,(ug, vo),X,(ug,v0)}: Let X € T,M. Then there exists a

smooth curve o : (—e,¢) — M C R? such that ¢(0) = p and ¢/(0) = X.
Without loss of generality, by taking e sufficiently small, o C x(U).

Key observation: ¢ can be represented in a certain manner in terms of

coordinates; we will use this representation over and over.

Let 6 =x'oao:
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0 : (—€,€) = U C R? and in terms of components, 6(t) = (u(t),v(t)), t €
—¢ E)?

(

u = u(t) —€ <l<e.

v =u(t) (3.1)

o

5(0) = x1(o(0)) = x*(p) = (uo, vo). Using the IFT, it can be shown that &
is a smooth curve in R?, that is, u = u(t) and v = v(t) are smooth functions.
Now, 6 =x'oo = o=x06=0(t) =x(6(t)), ie.

o(t) =x(u(t),v(t)),  te€(—€e). (3.2)
Remark. We say that ¢ is the coordinate representation of o; & is just o
expressed in coordinates.

Returning to the proof, by the chain rule,

do ox du %@

a  oudt v dt’
or, rewriting slightly,
o'(t) = u(t)xu(u(t),v(t)) +v' ()% (ult), v(t)),
and setting t = 0, we obtain,
0'(0) = u'(0)xu(uo, vo) + v'(0)xy (uo, v0) ,

and thus,
X = AXU(UQ, UD) + va(u07 UO) )
where A = u/(0), B ='(0), as was to be shown.

span {x, (o, vo), X, (to, vo)} C T,M: One must show that a vector of the
form,

Axy, (ug, vo) + Bxy(ug, vo)
for any A, B € R, is the velocity vector of a curve ¢ in M passing through p.
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EXERCISE 3.6. Show this. Hint: Let ¢ = x o0& where ¢ is the parameter-
ized line, 6(t) = (At+ug, Bt4uvg). Then, o(t) = x(6(t)) = x(At+ug, Bt+uvy),
and apply the chain rule.

Tangent plane to M at p:

Let x be a proper patch in M containing p = x(ug, v9). Then the

tangent plane to M at p = plane through p spanned by
X, (U, Vo) and x,(ug, vo)
= plane through p perpendicular
to N = x,(ug, vo) X X, (ug, vo).

Equation of tangent plane:
a(r — xo) +b(y — yo) + c(z — ) =0,

where N = (a,b,¢) and p = x(ug, v9) = (X0, Yo, 20)-

Unit normal vector field associated to a proper patch x : U — M C R3:

4 E X
——
(u:\l) ‘

n =n(u,v), n(u,v) € Txwun)R?, n(u,v) L M.

Remark. The unit normal field is unique up to sign.
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Example. Compute the unit normal field to the surface z = 2% + y? with
respect to the associated Monge patch.

We have, x : R? — R3, x(u,v) = (u,v,u® +v?), x, = (1,0,2u),x, =
(0,1,2v), and so,

i j k
Xy XX, = |1 0 2u| = (—2u,—2v,1)
0 1 2u
Hence,
(—2u, —2v,1)
n
‘<_2u7 _2U7 1)’
—2u, —2v,1
n(u,v) = (Z2u, ~2v, 1)

V1+4u2 + 402

EXERCISE 3.7. Let f : U € R? — R be a smooth function and let
M=graph f. M is a smooth surface covered by a single patch - the associated
Monge patch x : U C R? — R? defined by x(u,v) = (u,v, f(u,v)). Show
that the unit normal vector field to M wrt x is given by,

_ (_fm _fm 1)

where f, = % and f, = %

Some Tensor Analysis

Consider overlapping patches,
x:U— MCR? x = x(u', u?)
y:V =+ MCR? y =y(v!,v?).

1+

“w 7

O\ 2 v
u PR

nu v!
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Let p € x(U)Ny (V). T,M has the two different bases at p: {x1,Xa}, {y1,¥y2}
ox ox dy ou

where we are using the shorthand, x; = — X0 = —,y1 = =, y2 = —.
& LT 52T 52 T 92 T B2

Let X € T,M. X can be expressed in two different ways,

Classical tensor analysis is concerned with questions like the following:
How are the components X? and X* with respect to the two different bases
related? We now consider this.

By the smooth overlap property, f =y~ o x is a diffeomorphism on the
overlap. We have, f : x 1(W) — y }(W), where W = x(U) N x(V), and
flul,u?) = (vh,0%) = (f1(u', u?), f2(ul, u?)),

Ul — fl<u17 u2)

[ 0?2 = f2(ul,u?)

1

i.e., f is the change of coordinates map; v! and v? depend smoothly on u'
and u2. On the overlap we have, x = y o f, and hence, x(u!, u?) = y(v',v?),
where v!, v? depend on u!,u? as above.

EXERCISE 3.8. (1) Use the chain rule to show,

ovk
X; = -
Ou Y&
k

(Note: This is essentially the same as the computation on p. 53, but
with the role of x and y reversed from that here).

(2) Use (1) to show,
R

Xk = :
i@ul ’

k=1,2.
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(3) Show (2) implies

X1
Xz

|

|

o
out

Df

Il

X2

|

68
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1.

2.

Additional Chapter 3 Exercises

The helicoid is the surface swept out by a rotating horizontal line as it
rises along the z-axis (see the figure below). It can be described by the
parameterized surface x : R? — R3,

x(u,v) = (aucosv, ausinv, bv) ,

where a, b are positive constants. Show that x is a regular surface by
computing |xy X Xy|. (Notation: x, = 2%, etc.)

(a) Let x : R? — R3 be the map defined as follows: For each (u,v) €
R?) let x(u,v) be the point of intersection of the line through
(0,0,1) and (u,v,0) with the sphere S? = {(z,y,2) € R® : 2% +
y* + 2% = 1}. (See the figure below.) Show that

2u 2v u?+0? -1
x(u,v) = : : .
w42+ 17w +02+ 1 w2 +02+1
Hint: By parameterizing the line through (0,0,1) and (u,v,0),
show that x(u, v) is of the form, x(u,v) = (0,0, 1) +¢(u, v, —1) for
some t, and then determine ¢. (Remark: The map x is a proper

patch which covers all of S? except the north pole. The inverse
map x ! is called the stereographic projection of S? onto R?.)

0,0, 1)

——
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(b) Let y(u,v) = (u,v,v1—u? —v?) be the Monge patch associated
with the upper hemisphere z = /1 — 22 — y2. Write out explicitly

the overlap map y ! o x, where x is as in part (a), and observe
that it is smooth.

3. Carefully apply the “inverse image theorem” to show that the graph of
the equation: zy + yz + zx = 1 is a smooth surface.

4. Letz: U — M and y : V — M be overlapping patches in M containing
the point p. Consider the tangent vector X € T,M with respect to
both coordinate vector bases, X = Y. X'&; = >, X7g;. Show that
the components of X in the two coordinate ssytems are related by,

DR

=1

where [%} is the Jacobian matrix of the change of coordinate map

f=ytox, flu',u?) = (vt (ul,u?),v*(ut,u?)).

5. Let M and N be surfaces. A map f : M — N is said to be smooth
provided for each p € M there is a proper patch z : U — M containing
p and a proper patch g : V' — N containing f(p) , with f(z(U)) C g(V)
such that f =y lofoxz:U — Visasmooth Euclidean map.

Let f : M — N be smooth. For a fixed point p € M we define
a mapping between tangent spaces df : T,M — Ty, N, called the
differential of f, as follows. For any X € T,M, let o : (—€,¢) = M
be a smooth curve in M such that a(0) = p and o/(0) = X. Then
f=foa:(—ee) — N will be a smooth curve in N passing through
f(p). We now define: df (X) = 5'(0).

Problem: Show that df is a linear map, and, in fact, that the matrix
representing df with respect to the coordinate bases {z;} at p and {y;}
at f(p) is the Jacobian matrix of f = 'o foz (evaluated at z7(p)).
(Hint: Show that 3(t) = f(ul(t),u2(t)), where S(t) = 571 o B(t) =
(v(t),v(t)) and a(t) = T(u'(t),u>(t)). Then apply the chain rule.)



Chapter 4

The First Fundamental Form
(Induced Metric)

We begin with some definitions from linear algebra.

Definition. Let V' be a vector space (over IR). A bilinear form on V is a
map of the form B : V x V — IR which is bilinear, i.e. linear in each “slot”,

B(aX +bY,2) = aB(X,Z)+bB(Y,2),
B(X,cY +dZ) = ¢B(X,Y)+dB(X, Z).

A bilinear form B is symmetric provided B(X,Y) = B(Y, X) forall X, Y € V.

Definition. Let V be a vector space. An inner product on V' is a symmetric
bilinear form (, ) : V x V — IR which, in addition, is positive definite,

(X, X)>0foral X and =0iff X =0.
Example. (, ):T,R*xT,R*— IR,
(X,)Y)=X-Y (usual Euclidean dot product).

EXERCISE 4.1. Verify carefully that the Euclidean dot product is indeed
an inner product.

Definition. Let M be a surface. A metric on M is an assignment, to each
point p € M, of an inner product ( , ) : T,M x T,M — IR.

71
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Because our surfaces sit in Euclidean space, they inherit in a natural way,
a metric called the induced metric or first fundamental form.

Definition. Let M be a surface. The induced metric (or first fundamental
form) of M is the assignment to each p € M of the inner product,
(, ):TLM x T,M— IR,
(X,)Y) = X .Y (ordinary scalar product of X and Y

viewed as vectors in IR? at p)

L.e., the induced metric is just the Euclidean dot product, restricted to the
tangent spaces of M. We will only consider surfaces in the induced metric.
Just as the Euclidean dot product contains all geometric information about
IR3, the induced metric contains all geometric information about M, as we
shall see.

The Metric in a Coordinate Patch.

X
e~

Let x : U C IR> — M C IR? be a proper patch in M. Let p € x(U) be
any point in x(U), p = x(u',u?), and let X,Y € T,M. Then,
0x 5 0x

X = Xlw—FX%:Xle—i—XZXQ,

X = ZXixi, x; = x;(ut, u?),
i
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and similarly,
Y =) Vix;.
J
Then,
(XY) = O _X'x,> Yx;)
¢ J
i,
The metric components are the functions g;; : U — IR, 1 < 14,5 < 2, defined
by
9ij = (Xi,Xj),  Gij = gij(ul,UQ)- (4.1)
Thus, in coordinates,
2
(X,Y) = Z 9 X'Y7 . (4.2)
ij=1

Note that the metric in x(U) is completely determined by the g¢;;’s. The
metric components may be displayed as a 2 X 2 matrix,

ool = |2 2]

g21  G22

Note: ¢;; = (x;,%;) = (x;,%;) = gj;- Hence, the matrix of metric compo-
nents is symmetric; and there are only three distinct components,

g1 = <X1>X1>, gi12 = <X1>X2> = <X27X1> = 021, G2 = <X2,X2>-
Notations:
1. Gauss: giu=F, gu=gun=F, gn=_G.

2. x(u,v) = (z(u,v),y(u,v), z(u,v)). Then one writes:

Guu = <Xuaxu>7 Guv = <Xuaxv>7 Gov = <Xvaxv> .
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Example. Consider the parameterization of S? in terms of geographic coor-
dinates,
x(0,¢) = (rsinf cos ¢, rsinfsin @, r cosl) ,

0<f<m 0< ¢ < 2rm. We compute the metric components in these
coordinates. We have,

ox

=55 = r(cos 6 cos ¢, cos 0 sin ¢, —sin §),

X0
Xy, =r(—sinésing,sinf cose,0),
goo = (Xo,Xo)
= 1%[cos? 0 cos? ¢ + cos? O sin? ¢ + sin® ]
= r%(cos® § + sin*0) = r?,
oo = (X0,Xg)
= r?[— cos 0 cos ¢ sin O sin ¢ + cos 0 sin ¢ sin O cos @)
=0 (geometric significance?)
Jos = r?[sin®Osin® ¢ + sin® @ cos? ¢

= r2gin’4.

[9::] = goo 9op | _ r? 0
Yij 9o0 oo 0 r2sin?6

Length and Angle Measurement in M.

Thus,

Let o : [a,b] = M C IR?® be a smooth curve in a surface M. Viewed as
a curve in R, o(t) = (x(t),y(t), 2(t)), we can compute its length by the
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formula,

do
dt

b 2 2 2
dx dy dz
= — — — | dt
[+ (@)« (5)
But this formula does not make sense to creatures living in the surface: z,y, z

are BEuclidean space coordinates. Creatures living in the surface must use
surface coordinates — i.e., we must express ¢ in terms of surface coordinates.

dt

b
Length of 0 = /

Let x : U — M C IR? be a proper patch in M and suppose o is contained
in this patch, o C x(U) :

- 5

“ u

X
—— FEO)
Geed il
|

ul

We express o in terms of coordinates: 6 = 7' oo : [a,0] - U C
R, 6(1) = (u/ (), u(1)), e,

5 u' =u
. u2:u2(t) ’

%
=
©]
=
Q
I
"
o
Q>
@
Q
=
I
"
—
Q>
=
~
~
=
¢}
=
Q
@
)
@
@
3!
e}
e
&
=
o
=
w
[\
N
~

By the chain rule,

do _ oxdut | ox de?

dt  Oul dt = Ou? dt
du? du?

= — X1+ — X,

dt dt
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or,

do _ i
dt — dt

X .

i

76

u .
This shows that —, i = 1,2, are the components of the velocity vector with

respect to the basis {x1,xs}.

Computing the dot product,

(o doy st du
dt’ dt’ — ‘= dt TV L= qt 7Y

i,j=1

Hence, for the speed in surface coordinates, we have,

do 2 du® du?
dt| Zg’” dt dt -

For length, we then have,

du® du?
Length ofa—/ Zgw dl; CZ

a

—/b d_ul +2 didi+ d_u2 th
= i g11 i 912 ai di 922 a

(4.3)



CHAPTER 4. THE FIRST FUNDAMENTAL FORM 7

Arc length element. Let s denote arc length along o; s can be computed in
terms of t as follows. s = s(t), a <t <b,

s(t) = length of o from time a to time ¢

/ Z du’ duJ
Y ar “ar

and hence,

In terms of differentials,

U Jad

ds® =

du’ du?

and we arrive at the expression for the arc length element in terms of the
metric components,

(3]
VoY
M

)
Sl
Y
&‘Q
Y
Et\%
N———
[\]

2
ds* = Zgijduiduj (4.4)

3,j=1

Heuristically, moving from a point with coordinates (u,us) to the near by
point (uy + duy, ug + dusy), produces an arc length ds given by (4.4).
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Traditionally, one displays the metric (or, metric components g;;) by writ-
ing out the arc length element.

Notations:

ds®> = g1 (du')? + 2g1adutdu® + goo(du?)?

ds? = guudu® + 2g,,dudv + g,,dv?

ds* = Edu®+2Fdudv + Gdv?  (Gauss).

Remark. These expressions for arc length element of a surface M generalize
the expression for the arc length element in the Euclidean u-v plane we

encounter in calculus,
ds* = du® + dv?

(le Juu = 17 Guv = 07 Guv = ]')

Example. Write out the arc length element for the sphere S? parameterized
in terms of geographic coordinates,

x(0, ¢) = (rsinf cos ¢, rsinfsin ¢, r cos b)) .

We previously computed the g;;’s,

i = | o0 oo | _ r’ 0
Yij 9o0 oo 0 r2sin?6 |’

i.e., Joo = 7’2, 9oy = G0 = O, 9o = 7"2 Sin2 6. SO,
ds® = geed0® + 2g64d0dd + gyedd®
ds®> = r%d6? + r?sin® 6do* .

But this expression is familiar from calculus as the arc length element which
can be derived from heuristic geometric considerations:
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ds? = df? + de2. d¢
ds
dly =rdf, dly = rsinfdeo de

ds? = r2df? 4 r? sin? Od¢?.

EXERCISE 4.2. Consider the parameterization of the z-y plane in terms
of polar coordinates,

x =rcosf
X: y=rsinf ,0<r<oo, 0<6<2m,
z=0

ie., x(r,8) = (rcosf,rsinf,0), 0 < r < oo, 0 < 0 < 2m. Compute the g;;’s
with respect to these coordinates. Show that the arc length element in this
case is: ds? = dr® + r2d6?.

Angle Measurement.

X = X'x;,
B > >
P X Y =) Yix;,

(X,Y)
cos) =-———=
| XY
_ > gy XY
V2 95X XT3 g YYT
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ox
out

Example. Determine the angle between the coordinate vectors x; =

ox |
and x9 = —— in terms of the g;;’s.

ou?

(x1,X2) o g12

|x1| Xo| B vV 9114/ 922

cosf =

(|x1] = /(x1,%1) = /911, etc.)

The Metric is intrinsic:

This discussion is somewhat heuristic. We claim that the g;;’s are intrin-
sic, i.e. in principle they can be determined by measurements made in the
surface.

Let x : U — M be a proper patch in M; x = x(u',u?) = x(u,v) (i.e.,
u! = u, u* = v. Consider the coordinate curve u —— x(u, vo) passing through
X (ug, vp).

Let s = s(u) be the arc length function along o, i.e.,

s(u) = length of o from ug to u
“1o
= / T du
w | OU

v ox
- \/uo \/guudu (‘%’ - guu) .
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By making length measurements in the surface the function s = s(u) can be
determined known. Then by calculus, the derivative,

ds

@ = VvV Guu

is known. Therefore ¢g11 = ¢y, and similarly g.o = g¢..,, can in principal be
determined by measurements made in the surface.
The metric component g;» can then be determined by angle measurement,

J12 = <X1,X2> = \XlHXQ\ cosf

= \/911/922 - cos(angle between x1,Xs) .

Hence g5 is also measurable. Thus all metric components can be determined
by measurements made in the surface, i.e.

the metric components and all quantities determined from them are
1nirinsic.

Surface Area.

Let M be a surface, and let x : U — M be a proper patch in M. Consider
a bounded region R contained in x(U); we have R = x(WW) for some bounded
region W in U:

We want to obtain (i.e. heuristically motivate) a formula for the area of

R =x(W).
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Restrict attention to R = x(W); partition W into small rectangles:

(A VIV (uren, Rz Rla,visv)

w,v) (utsu,vi

Let AS = area of the small patch corresponding to the coordinate rectangle.
Then,

AS = area of the parallelogram spanned by P() and PR,
AS =~ |PQ x PR|.

But,
- 0x
PQ = x(u+ Au,v) —x(u,v) ~ %Au ,
PR = x(u, v+ Av) — x(u,v) ~ a—XAU ,
v
and thus,
0x 0
AS = %AU X %A’U
ox 0x
~ |=— x —|AuAv .
ou . ov Uy

The smaller the increments Au and Aw, the better the approximation.

dS = the area element of the surface corresponding to the

coordinate increments du, dv ,

ox 0x
_X_

d f—
S ou Ov

du dv .
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To obtain the total area of R, we must sum up all these area elements -
but the summing up process is integration:

Area of R = //dS,
Area of R = // ox

This is a perfectly reasonable formula for computing surface area - but
not for 2-dimensional creatures living in the surface. It involves the cross
product which is an IR* concept. We now show how this area formula can
be expressed in an intrinsic way (i.e. involving the g;;’s ).

Using generic notation, u! = u, u? = v, x = x(u', u?) we write,

Area of R // ‘&le%

= / |x1 X Xo|du!du?
W

du dv,

where R = x(W).

du' du?

Now introduce the notation,
g = det[gij] 9ij = <Xz7xj>

Claim: g = |x; X Xp/?

Proof. Recall the vector identity,

|a x b|* = [a]’|b|* — (a- b)*.
Hence,

X1 X Xo* = [x1]?%a|* — (x1,%X2)°

= <X17X1><X2,X2> - <X1,X2>2

= G102 — 9% = g,
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But,
g1t 912
g = det[g;;] = det = 911922 — 912 »
g21 922

where we have used g2 = ¢12.

Thus, the surface area formula may be expressed as,

Area of R = //W\/EdulduQ (R = x(W))

I

dS = \/Eduldu2 )

where,

Example. Compute the area of the sphere of radius r.

Sf:xz—i—yQ—l—zQ:rQ.

Parameterize with respect to geographical coordinates, x : U — S,

x(0,¢) = (rsinf cos ¢, rsinfsin ¢, r cosb) ,
U:0<0<m0<¢<22rm.

84
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We have,

Area of S? = // dS, where dS =./gdfd¢.
U

Now,
Goo  Goo
= det|g;;] = det
I 9 { 960 9o }
r? 0
= det { 0 r2sin®6 1
g =r*sin?6
Thus,

dS =V r*sin? 0 dfdg = r*sin 0dOde

Side remark: This expression for the surface area element of a sphere is
familiar from calculus or physics where it is usually derived by heuristic
considerations:

dS = dgldgg, d¢
dlv =rdf, dly = rsinfdeo

dS = (rdf)(rsinfdo)

= r2sin 0dOde. /

Continuing the computation of the surface area of S2,

Area of S? = // r? sin 0dfdg = //r2 sin #dfd¢p
U U

27 T 27

— / /r251n9d0d¢:/ r?[— cos ][5 dg
0 0 0
2

= / 2r2de = 2r?¢|3™ = 4.
0

do
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The surface area formula involves a choice of coordinates, i.e. a choice of
proper patch. It is important to recognize that the formula is independent
of this choice.

Proposition 4.1. The area formula is independent of the choice of coordi-
nate patch.

Let x: U — M, y :V — M be proper patches, and suppose R is
contained in x(U) Ny (V):

pa—

Set,

gi; = (x;,x;), ¢=det[g;],

gij = (Yi,yi), g =det[gy].
Then the claim is that,

// Vodu'du® = // Vgdvtdv?
x~1(R) yH(R)

Proof. The proof is an application of the change of variable formula for double
integrals.

Let f: U C IR? — V C IR? be a diffeomorphism, where U, V' are bounded
regions in IR2.

Iy
|
i
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Then, the change of variable formula for double integrals is as follows,

//h(vl,v2)dv1dv2 = //hof(ul,u2)|det D f|du!du?
v U

(vt v?)
1 )
= [ [ e G
or, in briefer notation,

[ [ pava = [ [0 ‘

In the case at hand, f =y 'ox:x }R) = y ' (R), and h = /3. So,

by the change of variable formula,

n = 0(v',v?)
1 2 _ )
//y—l(n)\/adv o= /L—I(R)ﬁ‘a(ul7u2)

Thus, to complete the proof, it suffices to establish the following lemma.

duldu

dutdu?

Lemma 4.2. g = det[g;;], § = det[g;;]. are related by,

va= il g

Proof of the lemma: 1t follows from Exercise 3.4 that,

u1 u2

ox ox  O(v',v?) Oy 8y
o0t " 0 T 0(ul ) 00l " d?

or,
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Hence,
g = det[gzj] = |X1 X X2|2
(vt v?)\?
= (W ly1 X yal?
(O, v?) .
~ \O(ul, u?) g
Taking square roots yields the result. O

EXERCISE 4.3. Consider the torus of large radius R and small radius r
described in Exercise 3.3. Use the intrinsic surface area formula and the
parameterization given in Exercise 3.3 to compute the surface area of the
torus. Answer: 4mw2Rr.

EXERCISE 4.4. Let f : U C IR?> — IR be a smooth function of two
variables. Let M be the graph of f|, = {(z,y,2) € R®: z = f(x,y), (z,y) €
W}, where W is a bounded subset of U. Derive the following standard
formula from calculus for the surface area of M,

af\*  (of\?
AreaofM://W\/l—l—(a—i) +(8_£) dzdy ,

by considering the Monge patch associated to f.

More Tensor Analysis

Let x : U — M, y:V — M be overlapping patches in a surface M,
W =x(U)Ny(V)#0D. Let f=y tox:x (W) —=y }(W),

vt =it u?)

[ v? = f2(ul,u?)

be the smooth overlap map, cf., Proposition 3.4. Introduce the metric com-
ponents with respect to each patch,

gij = (X, %), Gi = (¥i, ¥;) -

How are these metric components related on the overlap?
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EXERCISE 4.5. Show that,

2

o o’
Zgab 7]2172'

ou' dul’
a,b=1
These equations can be expressed as a single matrix equation,

[9i5] = [%]t (Gt [g—z] -

Taking determinants we obtain,
g = detgi;] = det[+]*[][+]

= det[*]" det[«] det[x]

ov ov
= det {Gu } det[g;;] det {au ]

our second derivation of this formula.

Remark. Interchanging the roles of x and y above we obtain,

out ou’
gab Zgw

v Oub’

which involves the Jacobian of f‘l. Compare this “transformation law”
for the metric components to the transformation law for vector components
considered in Exercise 3.8. Vector fields are “contravariant” tensors. The
metric ( , ) is a “covariant” tensor.
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Additional Chapter 4 Exercises

1. Compute the metric components gi1 = Guu, 912 = Guv, J22 = Jup for the
helicoid (cf. Exercise #1 in Chapter 3 Additional Exercises).

2. Consider the ellipsoid,

$2 y2 22 -

Ftpta=1l (abe>0) ; j

(a) Introduce ‘geographic’ coordinates 6, ¢ on the ellipsoid by slightly
modifying the equations for spherical coordinates.

(b) Write down the proper patch x associated with the geographic
coordinates above, and compute the g;;’s (ggg, etc.).

3. Let U ={(r,0) e R*: 0 < r < 00,0 <6 <2r}. Themap x: U C
R? — R3 defined by x(r,6) = (rcos,rsin6,0) is a proper patch which
parameterizes the z-y plane in terms of polar coordinates.

(a) Compute the metric components g;; (i.e., g,r, etc.) with respect
to this parameterization.

(b) The polar equation: r = r(#), a« < 6§ < 3, describes a curve o in
the z-y plane. Use the length formula, Equation (4.2) on p. 72,

to show,
Length of dr + 240,
ength of o = d(‘) r

by parmeterizing o approprlately.

(c) Use part (b) to compute the length of the logarithmic spiral r =

e ?
0<60 < o0.

4. Consider the map x: U CR?* - R} U ={(0 <t <2m,—7m <0 <7},
x(t,0) = ((R+ rcost)cosf, (R + rcost)sinf,rsint)

which parameterizes the torus, as described in Exercise 3.3, on p. 53.
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(a) Compute the metric components g;; (i.e., gu, etc.) with respect
to this parameterization.

(b) Use the g;;’s to compute the surface area element dS and find the
surface area of the torus.

5. Surfaces of revolution. Rotate the regular curve o : xz = r(t), z = 2(t),
a <t < b, in the z-z plane about the z-axis to obtain a surface of
revolution M (cf., Chapter 3, p 52f).

(a) Compute the metric components g1 = g,, etc.

(b) Use part (a) and Equation 4.5 to show,

b
Surface area of M = 27?/ r/ ()2 + (/)% dt.

(c) Pappus’ Theorem. Let s denote arc length along o, ¢ = the length
of o, and p(s) = r(t(s)) be the radial function reparameterized
in terms of arc length. Use part (b) to show that the surface
area of M = 2mpl, where p is the average value of p = p(s), p =
f(f p(s) ds/l. (Remark: Note that, by symmetry considerations,
p = R for the torus in part (c). This provides a check on part

(c))-



Chapter 5

The Second Fundamental Form

Directional Derivatives in R®.

Let f: U C IR?> — IR be a smooth function defined on an open subset
of R}, Fix p € U and X € T,IR*. The directional derivative of f at p in
the direction X, denoted Dy f is defined as follows. Let o : IR — IR® be the
parameterized straight line, o(t) = p +tX (note o(0) = p and ¢'(0) = X):

.

P

Then,

d

Dxf = Ef 0 0(t)|i=o

d
= %f(p +tX)|i=o

t—0 t

( i LX) — f () ) ‘

92
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Proposition 5.1. The directional derivative is given by the following for-
mula,

Dxf =X-Vf(p)

= (X', X?, X7) - (g—i(p),g—g(p),%(po

0 0 0
=x' L)+ 2L+ 0 L)

Proof. Chain rule!

Vector Fields on IR3. A vector field on IR? is a rule which assigns to each
point of IR? a vector at the point,

r€ R —Y(r) €T, R

/ Yix)

A

Analytically, a vector field is described by a mapping of the form,
Y:U c R — R’
Y(z) = (Y'(2),Y?*(),Y?(x)) € T,IR.
The components of Y are the real valued functions: Y*:U — IR, i =1,2,3.

Example. Y : R* — R3 Y(r,y,2) = (y+2,2+x,2+y). Eg., Y(1,2,3) =
(5,4,3),etc. Yi=y+2, YV2=z+4+z, and V> =z +y.
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The directional derivative of a vector field is defined in a manner similar
to the directional derivative of a function: Fix p € U, X € T,IR* Let
o : IR — IR? be the parameterized line o(t) = p+tX (o(0) = p,o’(0) = X).
Then t — Y o o(t) is a vector field along o in the sense of the definition in
Chapter 2.

Then, the directional derivative of Y in the direction X at p, is defined
as,

d
DxY = =Y 0 o(t)|ims (5.1)

Le., to compute DxY, restrict Y to o to obtain a vector valued function of
t, and differentiate with respect to t.

In terms of components, Y = (Y1 Y2 Y3),

DxY = LV oo(t), Y20 0(t), V¥ 0 0(t) iy

d d d
— (%Yl 00 (t)]=o0, %YQ 00 (t)]i=o0, aY?’ ° U<t)’t:0>

= (DxY?, DxY? DxY3).
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Directional derivatives on surfaces.

Let M be a surface, and let f : M — IR be a smooth function on M.
Recall, this means that f = fox is smooth for all proper patches x : U — M
in M.

Definition. For p € M, X € T,M, the directional derivative of f at p in the
direction X, denoted Vx f, is defined as follows. Let o : (—¢,¢) — M C IR?
be any smooth curve in M such that ¢(0) = p and ¢’(0) = X:

Then,

Vif = 5f ooty 62)

Le., to compute Vx f, restrict f to ¢ and differentiate with respect to pa-
rameter t.

Proposition 5.2. The directional derivative is well-defined, i.e. independent
of the particular choice of o.

Proof. Let x : U — M be a proper patch containing p. Express ¢ in terms
of coordinates in the usual manner,

By the chain rule,

do _~dui L ox
dt L g T 0w )

, d
XelM=X= ZXlxi. The initial condition,d—j(()) = X then implies
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Now,

foalt)

Hence, by the chain rule,

d _of dut Of du?
o) =5 e a

_Zafd_“i_ du' of
a i@ui dt - dt out’

Therefore,
d
Vxf = Efoa(t)‘tzo
_ du’ af 1,2 _ 1
Of
Vxf = ZXZ(()—Z{Z,(ul,uQ),
or simply,
Of
= X'—
Vxf=) X2
of of
_ v19/ 2 9
=X oul X ou?’

96

(5.3)
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Example. Let X = x;. Since x; = 1-x3 +AO Xy, X!'=1and XA2 = 0.

0 0
Hence the above equation implies, Vy, f = —f Similarly, V, f = —f Le.,
out ou?
of
Vi f=—-—, i=12 5.4
7,f aU/Z ? ( )

The following proposition summarizes some basic properties of directional
derivatives in surfaces.

Proposition 5.3.

(1) Viaxsmw)f =aVxf +bVyf
(2) Vx(f+9)=Vxf+Vxg
(3) Vxfg= (Vxflg+ f(Vxg)

EXERCISE 5.1. Prove this proposition.

Vector fields along a surface.

A vector field along a surface M is a rule which assigns to each point of

M a vector at that point, v
(x)

r €M —=Y(x)e TR

N.B. Y(x) need not be tangent to M.
Analytically vector fields along a surface M are described by mappings.
Y:M— R
Y(z) = (YY), Y*(2),Y3(z)) € T,IR?
Components of Y: Y': M — IR, i = 1,2,3. We say Y is smooth if its
component functions are smooth.

The directional derivative of a vector field along M is defined in a manner
similar to the directional derivative of a function defined on M.
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Given a vector field along M, Y : M — IR? for p € M, X € T,M, the
directional derivative of Y in the direction X, denoted VY, is defined as,
d

VXY = ay o O'(t)|t:0

where o : (—€,¢) — M is a smooth curve in M such that ¢(0) = p and
do

—(0) = X.

- (0)

Y

L.e. to compute VxY, restrict Y to o to obtain a vector valued function of
t - then differentiate with respect to t.

Proposition 5.4. IfY(x) = (Y(x),Y?(x),Y3(z)) then,
VxY = (VY VxY? VxY?).
Proof. Exercise.

Surface Coordinate Expression. Let x : U — M be a proper patch in M
containing p. Let X € T,M, X = Zx’xz An argument like that for
i

functions on M shows,

— §2 z@ 1.2 _ 1,2
VXY_ Xauz(u’u>’ (p—X(lL,’U,))
i=1

where Y =Y ox:U — R?is Y expressed in terms of coordinates.
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EXERCISE 5.2. Derive the expression above for VxY. In particular, show

)4

— =1,2. 9.9
8u7,’ t ’ ( )

VY =

Some basic properties are described in the following proposition.

Proposition 5.5.
(1) VaxiwwZ =aVxZ +byZ
(2) Vx(Y+2)=VxY +VxZ
(3) Vx(fY)=(Vx[)Y + fVxY
(4) Vx(Y,Z) =(VxY,Z) + (Y, VxZ)

The Weingarten Map and the 2nd Fundamental Form.

We are interested in studying the shape of surfaces in IR*. Our approach
(essentially due to Gauss) is to study how the unit normal to the surface
“wiggles” along the surface.

The objects which describe the shape of M are:

1. The Weingarten Map, or shape operator. For each p € M this is a
certain linear transformation L : T,M — T,M.

2. The second fundamental form. This is a certain bilinear form £ : T, M x
T,M — IR associated in a natural way with the Weingarten map.

We now describe the Weingarten map. Fix p € M. Let n : W —
R, pe W — n(p) € T,JR?, be a smooth unit normal vector field defined
along a neighborhood W of p (see figure next page).
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n

Ay > m

Remarks

1. n can always be constructed by introducing a proper patch x : U —
M, x = x(u',u?) containing p:

A X1 X X3

n= —,
|X1 X X9

U — IR n = n(ut,u?). Then, n = nox ! :x(U) — IR? is a smooth
unit normal v.f. along x(U).

2. The choice of n is not quite unique: n — —n; choice of n is unique “up
to sign”

3. A smooth unit normal field n always exists in a neighborhood of any
given point p, but it may not be possible to extend n to all of M. This
depends on whether or not M is an orientable surface.

Ex. Mobius band.

Lemma 5.6. Let M be a surface, p € M, and n be a smooth unit normal
vector field defined along a neighborhood W C M of p. Then for any X €
T,M, VxneT,M.
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Proof. 1t suffices to show that Vxn is perpendicular to n. In| =1 =
(n,n) =1=

Vx(n,n) = Vxl
(Vxn,n)+ (n,Vxn) = 0
2(Vxn,n) = 0

and hence Vxn L n.

Definition. Let M be a surface, p € M, and n be a smooth unit normal v.{f.
defined along a nbd W C M of p. The Weingarten Map (or shape operator)
is the map L : T,M — T,M defined by,

L(X)=—Vxn.

Remarks

1. The minus sign is a convention — will explain later.

d
2. L(X)=-Vxn= —"e o (t)]i=o0

Lemma 5.7. L : T,M — T,M is a linear map, i.e.,

L(aX +bY) =aL(X)+bL(Y).
forall XY, € T,M, a,bec IR.
Proof. This follows from properties of directional derivative,

L(CLX + bY) = —vax+byn
= —[aVxn+ bVyn|
= a(—Vxn) + b(—Vyn)

= aL(X) 4 bL(Y).
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Example. Let M be a plane in IR3:
M :ax+by+cz=d.

Determine the Weingarten Map at each point of M. We note that unit
normal is given by,

~ (a,b,c)  fa b c
Ve rrrE \Waa)
where A = va? + b2 + 2. Hence,

L(X) =-Vxn=-Vy <“ b C)

AN
a b c
= — (VXX7VXX’VXX) =0.

Therefore L(X) =0V X € T,M,ie. L=0.

Example. Let M = S? be the sphere of radius r, let n be the outward
pointing unit normal. Determine the Weingarten map at each point of M.

Fix p € S?, and let X € T,,S%. Let 0 : (—&,e) — S? be a curve in S? such

that o(0) = p, d—O(O) =X

dt
Then,
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t t
But note, noo(t) =n(o(t)) = |08| = ﬂ. Hence,
o r
d o(t) ldo
LX) = == lmo = =75 k=o
1
LX) = —2X.
for all X € T,M. Hence,
L.

where id : T,M — T,M is the identity map, id(X) = X.
1
Remark: 1f we had taken the inward pointing normal then L = —id.
r

Definition. For each p € M, the second fundamental form is the bilinear
form

L:T,M x T,M — IR defined by,

L(X,)Y)=(L(X),Y) (5.7)
= —(Vxn, Y> .

Note that £ is indeed bilinear, e.g.,

L(aX +bY,Z) = (L(aX +bY),2)
— (aL(X) + bL(Y), Z)
(L(X), Z) + b(L(Y), Z)

L(X,Z)+bL(Y, Z).

a
a

Example. If M is a plane, then £ = 0:
L(X,Y)=(L(X),Y)=(0,Y)=0.
Example. The sphere S? of radius r, £ : T,S? x T,5? — IR,
LX,Y) =(L(X),Y)
1
—(—SX,Y
~1xm)

= (XY)
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Hence, £L = ——( , ). The second fundamental form is a multiple of the first

fundamental form!

Coordinate expressions

Let x : U — M be a patch containing p € M. Then {x;, X5} is a basis for
T,M. We express L : T,M — T,M and L : T,M x T,M — R with respect
to this basis. Since L(x;) € T,M, we have,

= L'x. (5.8)

The numbers L';, 1 < 4,5 < 2, are called the components of L with respect to
the coordinate basis {x1, x2}. The 2x2 matrix [L’;] is the matrix representing
the linear map L with respect to the basis {x;,x5}.

EXERCISE 5.3. Let X € T,M and let Y = L(X). In terms of components,
X =3, X% and Y = 37, Y'x;. Show that

Yi=)LGXT, i=1,2,
J

which in turn implies the matrix equation,

e || -

This is the Weingarten map expressed as a matrix equation.

Introduce the unit normal field along W = x(U) with respect to the patch
x:U— M,

X1 X X9

n= f=n(u',u®),

|X1XX2"
n=nox ':W > R.

Then by Exercise 5.2,
on

Coul

L(x;) = =Vyn =
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Setting n; = % and using (5.8), we obtain,

n; = —L(x;)

nj=—Y L'y, j=1.2. (5.9)

These are known as the Weingarten equations. They can be used to compute
the components of the Weingarten map. However, in practice it turns out
to be more useful to have a formula for computing the components of the
second fundamental form.

Components of L: The components of £ with respect to {x;,Xs} are defined
as,

Lij = L(xi%5),  1<4,5<2. (5.10)

Using bilinearity, we sse that the components completely determine L,
LIX,)Y) =L X'xi, Y Yx))
( J

i\j
= Ly X'y, (5.11)
1,
The following proposition provides a very useful formula for computing
the Lij,S.
Proposition 5.8. The components L;; of L are given by,
Lij = (7, x45) ,

0°x

where Xij = m

Remark: Henceforth we no longer distinguish between n and 7, i.e., lets agree
to drop the “ "7, then,
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Proof.
N
/)
Along x(U) we have, (n, %) = 0, and hence,
0 0x
" g’ =
on 0Ox 0*x
o gur! T o) =
on 0x 0*x 0*x

B g’ = T Guga! = T Gug)

or, using shorthand notation,
(i, x;) = —(n,xy5) .

But,

Lij = L(xi,x;) = (L(x:), x;)

= _<ni’ X]> )
and hence L;; = (n,x;;). O
Observe,
Li; = (n,xi;)
= (n,xj;) (mixed partials equall)
Li =Ly, 1<ij<2. (5.13)

In other words, £(x;,x;) = L£(x;,x;). In fact, using (5.11) and (5.13), one
sees that this holds for all tangent vectors X, Y.

Proposition 5.9. The second fundamental form L : T,M x T,M — IR is
symmetric, i.e.

LX,Y)=L(Y,X)V X,Y €T,M.
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Relationship between L‘; and L,

= <L(Xj)7xi> - <ZijXk7Xi7>

k
= > hkax),
k
and hence,

Lij =Y gult;, 1<ij<2. (5.14)
k

Classical tensor jargon: L;; obtained from L*; by “lowering the index k with
the metric”. The equation above implies the matrix equation

[Lij] = [g:][L7] - (5.15)

Geometric Interpretation of the 2nd Fundamental Form

Normal Curvature. Let s — o(s) be a unit speed curve lying in a surface
M. Let p be a point on o, and let n be a smooth unit normal v.f. defined in
a nbd W of p. The normal curvature of o at p, denoted k,,, is defined to be
the component of the curvature vector o” = T" along n, i.e.,

Kk, = mnormal component of the curvature vector
= (o",n)
= (T".n)
= |T'||n| cos®

= Kcost,

where 6 is the angle between the curvature vector 77 and the surface normal
n (see figure next page). If k # 0 then, recall, we can introduce the principal
normal N to o, by the equation, 7" = kN in this case 6 is the angle beween
N and n.
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Remark: k, gives a measure of how much o is bending in the direction
perpendicular to the surface; it neglects the amount of bending tangent to
the surface.

Proposition 5.10. Let M be a surface, p € M. Let X € T,M, |X|=1
(i.e. X is a unit tangent vector). Let s — o(s) be any unit speed curve in
M such that 0(0) = p and o'(0) = X. Then

L(X,X) =normal curvature of o at p
= kn, = (0", n). (5.16)

Proof. Along o,

(d'(s),no0(s))y = 0, for all s
d

£(a',noa> =0
d
(a”,noa>—|—<a’,£noa> = 0.

At s =0,

(0" ,n) +(X,Vxn) = 0
(0" )n)y = —(X,Vxn)
b = (X, L(X))
kn = (L(X),X)
— L(X,X).

Remark: the sign convention used in the definition of the Weingarten map
ensures that £(X, X) = 4k, (rather than —k,,).
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Corollary 5.11. All unit speed curves lying in a surface M which pass
through p € M and have the same unit tangent vector X at p, have the
same normal curvature at p. That is, the normal curvature depends only on
the tangent direction X.

Thus it makes sense to say:

L(X, X) is the normal curvature in the direction X .
Given a unit tangent vector X € T,M, there is a distinguished curve in
M, called the normal section at p in the direction X. Let,
IT = plane through p spanned by n and X.
IT cuts M in a curve o. Parameterize o wrt arc length, s — o(s), such that

do
= d—(0)=X":
7(0) =p and 7 (0)

By definition, o is the normal section at p in the direction X. By the previous
proposition,

L(X,X) =normal curvature of the normal section o
= (0", n) =(T",n)
= Kkcost,

where 6 is the angle between n and T”. Since o lies in II, 7" is tangent to II,
and since T” is also perpendicular to X, it follows that 7" is a multiple of n.
Hence, 6 = 0 or 7, which implies that £(X, X) = +k.

Thus we conclude that,

L(X, X) = signed curvature of the normal section at p in the direction X.
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Principal Curvatures.

The set of unit tangent vectors at p, X € T,M, |X|=1, forms a circle
in the tangent plane to M at p. Consider the function from this circle into
the reals,

X — normal curvature in direction X
X — L(X,X).
The principal curvatures of M at p, k1 = k1(p) and Ky = Ka(p), are
defined as follows,

k1 = the mazimum normal curvature at p
= max L(X, X)

|X[=1

ko = the minimum normal curvature at p

= min £(X, X)

|X[=1

This is the geometric characterization of principal curvatures. There is
also an important algebraic characterization.

Some Linear Algebra

Let V' be a vector space over the reals, and let ( , ):V xV — IR be an
inner product on V'; hence V' is an inner product space. Let L : V' — V be a
linear transformation. Our main application will be to the case: V = T,M,
( , ) = induced metric, and L = Weingarten map.

L is said to be self adjoint provided

(L(v),w) = (v, L(w)) VY v,weV.

Remark. Let V = IR", with the usual dot product, and let L : IR" — IR"
be a linear map. Let [LY;] = matrix representing L with respect to the
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standard basis, e; : (1,0, ...,0), etc. Then L is self-adjoint if and only if [L’]
is symmetric [L';] = [L7;].
Proposition 5.12. The Weingarten map L : T,M — T,M 1is self adjoint,
i.€e.

(L(X),Y) = (X,L(Y)) ¥ X,Y € T,M,
where { , ) = 1st fundamental form.

Proof. We have,

(LX), Y) = LIX)Y)=L(Y,X)
= (L(Y), X) = (X, L(Y)). O

Self adjoint linear transformations have very nice properties, as we now
discuss. For this discussion, we restrict attention to 2-dimensional vector
spaces, dimV = 2.

A vector v € V, v # 0, is called an eigenvector of L if there is a real
number A such that,

L(v) = M.
A is called an eigenvalue of L. The eigenvalues of L can be determined by
solving

det(A — \) =0 (5.17)

where A is a matrix representing L and I = identity matrix. The equation
(5.17) is a quadratic equation in A, and hence has at most 2 real roots; it
may have no real roots.

Theorem 5.13 (Fundamental Theorem of Self Adjoint Operators). Let V' be
a 2-dimensional inner product space. Let L : V — V be a self-adjoint linear
map. Then V' admits an orthonormal basis consisting of eigenvectors of L.

That is, there exists an orthonormal basis {e1,ex} of V' and real numbers
/\1, A27 )\1 Z )\2 such that

L(e1) = Mey, L(ea) = \aea,

i.e., ey and ey are eigenvectors of L and My, Ay are the corresponding eigen-
values. Moreover the eigenvalues are given by

A= Tn|a>1<(L(v),v>

Ay = min(L(v),v).

|v|=1
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Proof. A proof is given in Do Carmo [1], p. 214 f.

Remark on orthogonality of eigenvectors. Let eq,es be eigenvectors with
eigenvalues A, A\o. If A\ # Xy, then e; and ey are necessarily orthogonal, as
seen by the following,

Aifer, ea) = (L(er), ea) = (e1, L(ea)) = Aafer, €2)

= ()\1 — )\2><€1, 62> =0= <€1, 62> = 0. On the other hand, AN =X=A

then L(v) = A\v for all v. Hence any o.n. basis is a basis of eigenvectors.
We now apply these facts to the Weingarten map,

L:T,M —T,M,
L:T,MxT,M— R, L(X,)Y)=(L(X)Y).
Since L is self adjoint, and, by definition,

we obtain the following.

Theorem 5.14. The principal curvatures k1, ke of M at p are the eigenvalues
of the Weingarten map L : T,M — T,M. There ezists an orthonormal basis
{e1,e2} of T,M such that

L(Gl) = k1€, L(@Q) = R9€9,

i.e., e1,ey are eigenvectors of L associated with the eigenvalues Ky, ko, Te-
spectively. The eigenvectors ey and es are called principal directions.

Observe that,
K1 = /€1<€1,€1> = <L(€1),€1> = 5(61,61)
Ko = HKalea,e2) = (L(ez),e2) = L(eg, €2),

i.e., the principal curvature k; is the normal curvature in the principal direc-
tion ey, and similarly for k.
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Now, let A be the matrix associated to the Weingarten map L with respect
to the orthonormal basis {ej, ex}; thus,

L(el) = K161+ 062
L(Gg) = 061 + Ko€2
which implies,
. K1 0
A= |: 0 K9 1

Then,

det L = detA = Kik9
trL = trA=r+kKy.

Definition. The Gaussian curvature of M at p, K = K(p), and the mean
curvature of M at p, H = H(p) are defined as follows,

K =detL = R1R9 (518)
H=trL =k +Ry. (5.19)

Remarks. The Gaussian curvature is the more important of the two curva-
tures; it is what is meant by the curvature of a surface. A famous discovery
by Gauss is that it is intrinsic — in fact can be computed in terms of the g;;’s
(This is not obvious!). The mean curvature (which has to do with minimal
surface theory) is not intrinsic. This can be easily seen as follows. Changing
the normal n — —n changes the sign of the Weingarten map,

This in turn changes the sign of the principal curvatures, hence H = k1 + Ko
changes sign, but K = k1ky does not change sign.



CHAPTER 5. THE SECOND FUNDAMENTAL FORM 114

Some Examples

Example. For S? = sphere of radius r, compute k1, k2, K, H (Use outward
normal).

Geometrically: p € S?, X e T,M, |X|=1,

L(X,X) = = curvature of normal section in direction X

= —curvature of great circle
1

r

Therefore )
k1 =max L(X, X) = ——,

|X|=1 r

1
Ky = min L(X, X) = ——,

IX|=1 r

1 2
K:/€1I€2:—2>0, H=kr1+ K =—.
r r

Algebraically: We need to determine the eigenvalues of Weingarten map:
L:T,M — T,M. We showed previously,

1
L = —-id, ie,
T

1
L(X) = —=X forall X € T,M.
T
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Thus, with respect to any orthonormal basis {e;, e} of T,M,

1
Lie)=——e¢ 1=1,2
()=
1 2
Therefore, ki1 = kg = ——, =, H=—-.
r r r
Example. Let M be the cylinder of radius a: 2% 4+ y?> = a®. Compute
K1, ke, K, H. (Use the inward pointing normal.)
Geometrically:
L(X1,X1) = = curvature of normal section in direction X,
= + curvature of circle of radius a
1
= -
L(Xs,X3) = = curvature of normal section in direction X3

= curvature of line
= 0.
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In general, for X # X1, X,
L(X,X) = curvature of ellipse through p.

The curvature is between 0 and i, and thus,

0< L(X.X) <

SN

We conclude that,

1
k. = max L(X, X) = L(X1,X,) = e

| X]=1

R = min £(X,X):£(X2,X2):O

| X[=1

1
Thus, K =0 (cylinder is flat!) and H = —.
a

Algebraically:  Determine the eigenvalues of the Weingarten map. By a
rotation and translation we may take p to be the point p = (a,0,0). Let
e1,e3 € T,M be the tangent vectors e; = (0,1,0) and e = (0,0, 1).

z
_//
€,
"‘-‘,
= — Y
Pl e o

To compute L(e;), consider the circle,

s .S
o(s)=(a COS(E)’GSIH(E)’O)
Note that ¢(0) = p and ¢’(0) = e;. Thus,
L(e;) = —=Vgn
d
= o)

s=0
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But,
__oals) _ a(s)
A P R
- (o) ()9
Therefore,

1
=—(0,1,0
~(0,1,0

1
L(el) = 561

Thus, e; is an eigenvector with eigenvalue % Similarly (exercise!),
L(GQ) :0:0'62

i.e., ey is an eigenvector with eigenvalue 0. (Note; e5 is tangent to a vertical
line in the surface, along which n is constant.)

1
We conclude that, k1 = —, ko =0, K =0, H =
a

N =

Example. Consider the saddle surface, M: z = y? — 2%, Compute k1, Ko,

K, H at p=(0,0,0).
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L(ei,e;) = = curvature of normal section in direction of e;

= + curvature of z = /*

The curvature is given by,

and so, L(e1,e1) = 2. Similarly, L(es, e5) = —2. Observe,
L(ea, e2) < LIX, X) < Lex, e1)
Therefore, k1 = 2, kg = =2, K = —4, and H =0 at (0,0,0).

EXERCISE 5.4. For the saddle surface M above, consider the Weingarten
map L : T,M — T,M at p = (0,0,0). Compute L(e;) and L(eg) directly
from the definition of the Weingarten map to show,

L(ey) = 2e; and L(ey) = —2e,.

Hence, —2 and 2 are the eigenvalues of L, which means k1 = 2 and ky = —2.

Remark. We have computed the quantities k1, ko, K, and H of the saddle
surface only at a single point. To compute these quantities at all points, we
will need to develop better computational tools.

Significance of the sign of Gaussian Curvature

We have,

K=detL = R1K2.

1. K > 0 <= k; and ko have the same sign <= the normal sections in
the principal directions ey, e both bend in the same direction,

ﬁ__\ K >0 at p.
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Ex. 2z = az? + by?, a,b have the same sign (elliptic paraboloid). At
p=1(0,0,0), K =4ab> 0.

2. K < 0 < k; and ks have opposite signs <= normal sections in
principle directions e; and es bend in opposite directions,

e K <0 at p.

Ex. 2z = ax® + by?, a,b have opposite sign (hyperbolic paraboloid). At
p=(0,0,0), K = 4ab < 0.

Thus, roughly speaking,

K > 0 at p=surface is “bowl-shaped” near p
K < 0 at p= surface is “saddle-shaped” near p

This rough observation can be made more precise, as we now show. Let
M be a surface, p € M. Let eq, e5 be principal directions at p. Choose eq, €5
so that {e1, ez, n} is a positively oriented orthonornal basis.

By a translation and rotation of the surface, we can assume, (see the
figure),

(1) p=1(0,0,0)
(2) e; =(1,0,0), e; =1(0,1,0), n=(0,0,1) at p

(3) Near p = (0,0,0), the surface can be described by an equation of form,
z = f(x,y), where f: U C IR> — IR is smooth and f(0,0) = 0.
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Proposition 5.15.

1 1
z= §m1x2 + 5/432y2 + higher order terms

Proof. Consider the Taylor series about (0,0) for functions of two variables,
1 1
2= f(0,0) + fo(0,0)z + f,(0,0)y + 3 fou O, 0)2* + fay (0,0)zy + 5w (0, 0)y?
+ higher order terms.

We must compute 1st and 2nd order partial derivatives of f at (0,0). Intro-
duce the Monge patch, x(u,v) = (u,v, f(u,v)), i.e,

xXr u
X: y=v
z—f(u,v)

We have,

X1 = Xu:(]-707fu)7
X2 = XU:(O717fU)7

X1 X Xo Xy X Xy
n fr—y =

X1 X Xao|  |xy X X,

(_fua _fv7 1)

V14 f2+ f2

At (u,v) = (0,0): n=1(0,0,1)= fu=f, =0, = x3=(1,0,0) =¢; and
X9 = (0, 1,0) = €9.

Recall, the components of the 2nd fundamental form L;; = £(x;,x;) may
be computed from the formula,

0%x
Lij = (n,Xy), Xij = 5555
In particular, Li; = (n,x11), where x17 = Xy = (0,0, fuu)-

At (U,, U) = (070) Ly = <n7X11> = (0707 1) : (070>fuu(070>) = fuu(oaO) .
Therefore,

fuu(070> =L = E(X1,X1) = 5(61761) =K.
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Similarly,
fw((), 0) = £(62, 62) = Ko

Fu(0,0) = L{er, e2) = (L(er), ea) = M(er, ea) = 0.

Thus, setting x = u, y = v, we have shown,

f:(0,0) = f,(0,0) =0
fxm(0,0) = k1, fyZJ(O’O):’iQa f;ry(oao)zo,

which, substituting into the Taylor expansion, implies,

1 1
z= 5/-;11'2 + §/£2y2 + higher order terms. B

Computational Formula for Gaussian Curvature.

We now derive a useful expression for computing the Guassian curvature

of more general surfaces.

We have,
K = Gaussian curvature

= det L = det[L;].
From equation (5.15) on p. 101,
[Lis] = [gi5][L%],
det[L;;] = det]gi;] det[L’;]
= det[g;;] - K
Hence,

N det[L”]
det[g;;] °

9i5 = (Xi,%X;), Lij = (n, ;) .

Further,

det[L;;] = det [ L Lo }

L21 L22

= L11L22 - L%Q )
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since Lo = Ls1, and similarly,

det[gi;] = g11, Goz — Goa -
Thus,

_ L11L22 - L%Q

K 5 -
g11922 — 91o

Example. Compute the Gaussian curvature of the saddle surface z = y?—2z2.

Introduce the Monge patch, x(u,v) = (u, v, v? — u?).

Compute the metric components g;;:

x, =(1,0,—2u), x, =(0,1,2v),

Guu = (Xu,Xy) = (1,0, —2u) - (1,0, —2u)

=1+ 4u?.
Similarly,
G = (Xy,Xy) = 1+ 4%,
Juw = (Xu,Xy) = —4uv.
Thus,

det[glj] = GuuGvv — g?w

= (1 + 4u*)(1 + 40?) — 16u*?

=14+ 4u? + 4>

Compute the second fundamental form components L;;:

We use, L;; = (n,x;;). We have,

Xy XX, (2u,—2v,1)

n = - )
xu X Xo| V14 4u? + 402

and,

Xuuw = (0,0, —2), X, = (0,0,2), %y, = (0,0,0).

122

(5.20)

2
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Then,
-2
Luu = <n7xuu> -
V14 4u? 4+ 4v?
2
va = <n7xvv> =
V14 4u? + 402
Luv - <n7xuv> 0
Thus,
det[L;;] = LuyLyy — L2 S
ij] — HMuuHov uv_1+4u2+4v27
and therefore,
det[L;;] —4 1
K = Yl — .
(v, ) det[g;;] 1+ 4u?+ 40> 1+ 4u? + 402
—4
K(u,v) =

(1 + 4u? + 4v?)?
Hence the saddle surface z = y? — 2% has Gaussian curvature function,

—4
(1 + 422 + 4y2)2°

K($7y> =

—4 1
(1 + 4r2)2 74’
/2?2 4+ y? is the distance from the z-axis. As r — oo, K — 0 rapidly.

Observe that K < 0 everywhere, and K = where r =

EXERCISE 5.5. Consider the surface M which is the graph of z = f(z,v).
Show that the Gaussian curvature K = K(x,y) is given by,

fzzfyy - zzy

x y
_of _*f
where f, = 97’ fow = 922’ ete.
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EXERCISE 5.6. Let M be the torus of large radius R and small radius r
described in Exercise 3.3. Using the parameterization,

x(t,0) = (R+rcost)cosf, (R+rcost)sinf, rsint)
show that the Gaussian curvature K = K (t,6) is given by,

cost

L —
r(R + rcost)

Where on the torus is the Gaussian curvature negative? Where is it positive?
(See figure.)

Negativé‘c‘urvatwﬁ

Postive Gurvatur

EXERCISE 5.7. Derive the following expression for the mean curvature H,
_ g11 Lo — 2912112 + goa L1y

H 2
g11922 — 912

The principal curvatures x; and k2 at a point p € M are the normal
curvatures in the principal directions e; and e,. The normal curvature in
any direction X is determined by k; and ks as follows.

If X € T,M,|X]| =1 then X can be expressed as (see the figure),

X = cosfe; + sinfe, .
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Proposition 5.16 (Euler’s formula). The normal curvature in the direction
X is given by,
L(X,X) = ry1cos® 0+ kysin? 0,

where K1, kg are the principal curvatures, and 6 is the angle between X and
the principal direction eq.

Proof. Use the shorthand, ¢ = cosf, s =sinf. Then X = ce; + seq, and
L(X) = L(cey + se3)
= cL(e1) + sL(ey)

= CKi€1 + SKo€s.

Therefore,
L(X, X) = (LX), X)

= (cK1€1 + SKoey, ceq + Sea)

= 2Ky + $%ko.

EXERCISE 5.8. Assuming k; > kg, determine where (i.e., for which values
of ) the function,

k(0) = Ky cos’ 0 + kysin?f, 0<6<2rm

achieves its maximum and minimum. The answer shows that the principal
directions ey, e5 are unique, up to sign, in this case.

Gauss Theorema Egregium

The Weingarten map,
L(X)=—-Vxn

is an extrinsically defined object - it involves the normal to the surface. There
is no reason to suspect that the determinant of L, the Gaussian curvature,
is intrinsic, i.e. can be computed from measurements taken in the surface.
But Gauss carried out some courageous computations and made the extraor-
dinary discovery that, in fact, the Gaussian curvature K is intrinsic - i.e.,
can be computed from the g;;’s. This is the most important result in the
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subject - albeit not the prettiest! If this result were not true then the subject
of differential geometry, as we know it, would not exist.

We now embark on the same path - courageously carrying out the same
computation.
Some notation. Introduce the “inverse” metric components, g9/, 1 < i,5 <
2, by

[97] = [gs5]7"

i.e. g¥ is the i-jth entry of the inverse of the matrix [g;;]. Using the formula,

a b1 d —b
c d Cad—be| —c a |’

we can express ¢g* explicitly in terms of the g;;, e.g.,

1 g22

= —7, etc
911922 — 919

Note, in an orthogonal coordinate system, i.e., a proper patch in which g5 =
(x1,x2) = 0, we have simply,

By the definition of an iinverse matrix, we have
l9i]l97] =1

where I = identity matrix = [§;7/]. Here 6;/ is the Kronecker delta (cf.,
equation (2.11) in Chapter 2),

' L, i=7,

and so, - .
93311971 = 6]

The product formula for matrices then implies,

> ging™ =67
k
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or, by the Einstein summation convention,
ki _ i
gikg™ = 0j .

Now, let M be a surface and x : U C IR? — M C IR® be any proper
patch in M. Then,

x = x(u',v’) = (z(u’,w?),y(u' u?), 2(u', u?)),

ox (8:c oy 82)

out oui’ Out’ Oui
. x (P 0%y 0%z
T puwiow - \0wou dwou duiou

We seek useful expressions for these second derivatives. At any point
p € x(U), {x1,%x2,n} form a basis for T,IR*. Since at p, x;; € T,IR*, we can
write,

X;j = F}jxl + F?ij + Aijn,
X;j = 22: Ffjxe + \ijn.
=1
or, making use of the Einstein summation convention,
X = Fijg + \ijn. (5.21)
We obtain expressions for \;;, Ffj. Dotting (5.21) with n gives,
(xi5,m) = Ffj (x¢,m) + Aij(n,n)
= Ay = Xy n) = (n,xy)
Nij = Li;.
Dotting (5.21) with x;, gives,

(xij, %) = Tii(xe, %) + Aij{n, %)

(xij,x1) = T5g0
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Solving for Ffj,
(Xij, xi) g™ = T8 9mg™™
= Ffj‘sgn
(xij, x) g™ =T}

Thus,
Ffj = gM(xZ-j,xk) )

Claim. The quantity (x;;,xj) is given by,

1 (0gi | Ogix  0gij
2\ ow ou’ ouk

<X¢j, Xk:) =

1

= Q(gik,j + Giki — Gijk)

Proof of the claim. We use Gauss’ trick of permuting indices.

0 0

Gijk = wgij = %@%Xj)

. 8xi an
—%ap&%ﬂ&gﬁ>

(1) gijr = (Xiks X5) + (Xi, Xji)
(J k) (2) gy = (Xijs Xn) + (Xi, Xpj)

(i< 7)) 3) giri = (Xji, Xx) + (Xj, Xki)
Then (2) + (3) — (1) gives:
Gikj + Giki — Gije = 2(Xij, Xp) -

Thus we arrive at,

1
Ly = 59" (Giks + ik — Gii) -

Remark. These are known as the Christoffel symbols.

128

(5.22)

(5.23)
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Summarizing, we have,
X = Fijg + L;jn, (Gauss Formulas) (5.24)

where L;; are the components of the 2nd fundamental form and T'j; are the
Christoffel symbols as given above.
Consider now the Gauss formulas together with the Weingarten equa-
tions (5.9),
nj = _Lisz' .
We remark that the vector fields x;,x5,n, play a role in surface theory
roughly analogous to the Frenet frame for curves. The Gauss formulas and

Weingarten equations for the partial derivatives of x;, X2, n then play a role
roughly analogous to the Frenet formulas.

Now, Gauss takes things one step further and computes the 3rd deriva-

)
ouk

tives, Xijk =

0 0 0
Xijh = 5o k(FZngLL”n):a—ngz—l—a - Lijn

= FZ ng + F ka + LZ] ¥+ L”nk
=Tt 1 Xe T+ I A(COXm + Lagn) + Ligpn + Lij(— Lbxy)

F sz + F ka +Fijgkn + Lij,kn — LijLKng .
\W_/
Fmré ¢ oXe

Thus,
Xijk = (D50 + TP — Lip L)% + (Lij i + T L )n

ij— mk
and interchanging indices (j <> k),

Xinj = (T Fmrf — LipL*)x¢ + (Lig; + T4 Loj)n .

ik ]
Now, x;,; = X;;, implies

Fij + F Fé LZkLE FZ k + I FZ LijLek =

ij— mk

or,

L R b B ry;rf;,i = LyL'; — Lij L.

zk]

~~

¥4
Rzﬂc
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These are the components of the famous Riemann curvature tensor. Note
that thes componets are intrinsic, i.e. they can be computed from the g;;’s
(they involve 1st and 2nd derivatives of the g;;’s).

We arrive at,

R!, = LikLZj - Lingk The Gauss Equations. (5.25)

ijk
Theorem 5.17 (Gauss’ Theorem Egregium). The Gaussian curvature of a

surface is intrinsic, i.e. can be computed in terms of the g;;’s.

Proof.  This follows from the Gauss equations. Multiply both sides by g.e,
ngRfjk = LikngLZj — Lz'jgmf.[/k.

But recall (see p. 13),
Lmj = ngsz .

Hence,
9meR, = LigLinj — Lij Ly,

Setting : = kK = 1, m = 7 = 2 we obtain,
92£R§21 = Ly11 Loy — L1aLoy

Thus,
det|gy;]
¢
K = g%—le, g = det[g;] O

g
Comment. Gauss’ Theorema Egregium can be interpreted in a slightly

different way in terms of isometries. We discuss this point here very briefly
and very nformally.

Let M and N be two surfaces. A one-to-one, onto map f: M — N that
preserves lengths of curves is called an isometry. (This may be understood
at the level of tangent vectors: f takes curves to curves, and hence velocity
vectors to velocity vectors. f is an isometry iff it preserves the length of
velocity vectors iff it preserves the induced metrics gy, and gy.) For example,
the process of wrapping a piece of paper into a cylinder is an isometry.
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Theorem 5.18. Gaussian curvature is a bending invariant, i.e. is invariant
under isometries, by which we mean: if f : M — N is an isometry then

Kx(f(p) = Kn(p),

i.e., the Gaussian curvature is the same at corresponding points.

Proof. f preserves lengths and angles. Hence, in appropriate coordinate
systems, the metric components for M and N are the same. By the formula
for K above, the Gaussian curvature will be the same at corresponding points.

Application 1. The cylinder has Gaussian curvature K = 0 (because a
plane has zero Gaussian curvature).

Application 2. No piece of a sphere can be fllattened into a piece of a plane

without distorting distances (because Kpane = 0, Ksphere = —, T =radius).
r

Theorem (Riemann). Let M be a surface with vanishing Gaussian cur-
vature, K = 0. Then each p € M has a neighborhood which is isometric to
an open set in the Euclidean plane.

EXERCISE 5.9. Although The Gaussian curvature K is a “bending invari-
ant”, show that the principal curvatures ki, ko are not. I.e., show that the
principle curvatures are not in general invariant under an isometry. (Hint:
Consider the bending of a rectangle into a cylinder).

Remark. It can be shown that in an orthogonal coordinate system,
9i; = (xi,%;) =0,

the formula for the Gaussian curvature simplifies to the following

_ 1 6 1 8922 8 1 agll
k= 2,/9 [8u1 (\/§ 8u1) * ou? <\/§ ou? )} (5.26)
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Additional Chapter 5 Exercises

1. Compute the Gaussian curvature K of the helicoid,
x(u,v) = (ucosv,usinv, bv),
(where b is a positive constant). Show that,

b2
K=———+
(b2 + u?)?
2. Let u — o(u), a < u < b, be a regular curve in space, without self-
intersections, and let p be a fixed point in space not on ¢. The param-
eterized surface (called a generalized cone),

x(u,v) = p+vo(u), a<u<b 0<uw,
describes a family of rays emanating from the point p.

(a) Show that x is regular if and only if o(u) x o'(u) # 0, for all
a<u<b.

(b) Assuming regularity, show by a computation that the surface is
flat, i.e., has vanishing Gaussian curvature.

3. Let x = x(u',u?) be a proper patch in a surface M, and let n =
n(ut,u?), n = x; X Xa/|X; X X3, be the associated unit normal to
M. Show that n; x ny = K,/gn, where n; = I and K is Gaussian

oud
curvature.

4. Suppose that in a proper patch x : U — M, x = x(u,v), the Wein-
garten map satisfies L = fI, where f = f(u,v) and I = the identity
map. Prove that f is constant. (Hint: Show that % = % = 0. To
show this, consider L applied to the coordinate vectors.)



Chapter 6

Geodesics and the
Gauss-Bonnet Theorem

Geodesics in Surfaces.

We want to generalize the idea of a straight line in Euclidean space to
surfaces. These generalized lines will be called geodesics. Before defining
geodesics, let us first understand some properties of straight lines in R3.

(1) Straight lines are curves of zero acceleration. Consider a point
p € R? and a vector N at p. We can generate the straight line o at p in
the direction N by defining o(t) = p+tN. See the figure below. Then
we have

o _ oo
dt dt?

Therefore straight lines are curves with zero acceleration.

=0.

133
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(2)

Straight lines are curves of zero curvature. Again let o(t) = p+
tN be a straight line at p in the direction N. Then o is a regular curve
and so from Chapter 2, we know that it’s unit tangent and curvature
are, respectively

o'(t) N

0= 1] = ]

o' @) |N]

Therefore straight lines are curves with zero curvature.

and k(t) =|T'(t)| = 0.

The shortest distance between two points is a straight line.
Let p and g be two points in R3. What is the shortest path between p
and ¢? It shouldn’t be hard to convince yourself that the shortest path
is a straight line between the two points.

N

The third property readily generalizes to curves on surfaces. We can
imagine two points p and ¢ on a surface and ask: what is the shortest path
on the surface between p and ¢?
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We can use this idea to motivate the definition of a geodesic. Let’s con-
sider the sphere. Consider two points p and ¢ on the sphere.

It shouldn’t be hard to convince yourself that the shortest path between
the points p and g on a sphere is a great circle between them. By rotating
coordinates, we can assume that p and ¢ lie on the equator:

?+y*=1 and z=0.
We can parameterize the equator by
o(t) = (cost,sint,0).
Differentiating o twice yields
o"(t) = (—cost,—sint, 0).

We find ¢”(t) = —o(t). But o(t) is the radial vector! Hence o”(t) is orthog-
onal to the sphere S2. This is the desired definition for a geodesic.

Definition. Let M be a surface. Then a geodesic in M is a curve o(t) such
that ¢” is orthogonal to M. That is ¢”(t) L M for all ¢ in the domain of o.

Consider a plane M in R? and a straight line o(¢) = p+tN in the plane.
Since o”(t) = 0, we see that we trivially satisfy o”(¢) L M. The fact that
o”(t) = 0 shows that straight lines in Euclidean space have zero acceleration.
We seek a way to generalize this idea to geodesics. However let’s recognize
that demanding ¢” = 0 will not work because great circles on spheres have
nonzero acceleration but are geodesics!
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Covariant Acceleration.

Let M be a surface and consider a tangent vector X € T,R?® at a point
p € M. We can decompose X into the sum of two vectors

X=X"+Xx"

where X7 € T,M and X+ € T,R? is orthogonal to M. They are called the
tangential and perpendicular components of X, respectively.

We define the operation tan : T,R* — T, M by
tan(X) = X7°.

Now let o(t) be a curve in M. Note that o”(t) € T,»R*. The covariant
acceleration of o is a vector field along o, denoted by % (0’ (t)), and it’s given

by
D (do ; d*o
—|— | =tan| — | .
dt \ dt dt?
Hence the covariant acceleration of ¢ is just the tangential component of the

ordinary second derivative of o.

Proposition 6.1. Let M be a surface. o(t) is a geodesic if and only if its
covariant acceleration vanishes; i.e. if and only if %0’(2&) = 0.
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Proof. Suppose o is a geodesic. Then ¢”(t) L M for all t. Therefore o”(t) is
not tangent to M. Hence tan (¢”(t)) = 0. Hence 2 (o’(t)) = 0. Conversely,
if 2(o'(t)) =0, then tan (¢”(¢)) = 0 which implies o”(t) L M for all . O

Because of Proposition 6.1, we call %a’(t) = 0 the geodesic equation.
Solving this equation tells us how to find geodesics in a surface.

Geodesics have constant speeds.

Proposition 6.2. Let M be a surface and o(t) a geodesic in M. Then |o'(t)|
s constant for all t.

Proof. By definition |o'(t)| = /(0’(t),0’(t)). Hence it suffices to show
(,0'(t),0'(t)) is constant. By the product rule, we have

%@”(t), o'(t)) = (" (1), o' (1)) + (o'(t), 0" (1))
=2(c"(1),0'(1))
= 0.

The last fine follows because ¢”(t) L M and o'(t) is tangential to M. Thus
|0’ (t)| = ¢ for some constant c. O

Let o(t) be a geodesic in a surface M. By the previous proposition, we
know that |¢’(t)| = ¢ for some constant c¢. Either ¢ =0 or ¢ > 0.

(a) ¢=0. Then for all t we have |0'(t)| = 0 and so ¢’(t) = 0. Hence there
exists a p € M such that o(t) = p for all ¢. In this case we say that o
is a trivial geodesic.

(b) ¢ > 0. In this case ¢ is a regular curve. Therefore we can reparameterize
o in terms of its arc length s(t) = [|o’(¢)|dt = ct. We have

do  dods do
— = ——=c—.
dt ds dt ds
Since c¢ is a constant, we have
d’c  ,d%c

ar s

This gives us the following proposition.
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Proposition 6.3. A unit speed curve o(s) in M is a geodesic if and only if
the curuvature vector T = o”(s) L M for all s.

A way to find geodesics.

Proposition 6.4. Suppose Il is a plane that intersects a surface M orthog-
onally at every point of intersection. Let s — o(s) denote the curve of
intersection. Then o s a geodesic.

Proof. That the plane II meets M orthogonally at each point means that
the at each point of ¢ the unit normal n to M is tangent to II. Since o
lies in the plane II, the unit tangent T' = ¢’ is tangent to II. The curvature
vector T = ¢” is tangent to II, as well, as can be seen as follows. Let v be
a unit normal to II. Then v is a constant vector field because II is a plane.
Moreover, (v, 0’y = 0. Hence,
d / / / " "
0= %@,a) =, o)+ (v,0")y = (v,0").

which implies that 7" = ¢” is tangent to II. Since T” is tangent to II and
orthogonal to T, it must be proportional to n at each point of . It now
follows from Proposition 6.3 that ¢ os a geodesic. m

T

oc=MTANAM

Example. Planes that intersect a sphere through the origin produce great
circles. From the Proposition 6.4, we know that these great circles are
geodesics.
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Example. Let’s consider a curve y(z) in the y — z plane which is rotated
about the z-axis. This will generate a surface of revolution. A plane which
passes through the origin and is parallel to the z-axis will intersect the surface
orthogonally. Therefore the intersection will be a geodesic. These geodesics
are called meridians.

Geodesics and Curvature.

Our goal in this section is to understand the relationship between geodesics
and the curvature of curves we discussed in chapter 2.

Let o(s) be a regular curve on a surface M with a unit speed parame-
terization. Recall that the unit tangent to o is the vector field T'(s) along o
defined by

T(s)=0d'(s).

Let n be a unit normal to M. When n is restricted to o, we have a vector
field n(s) along 0. We define the vector field S(s) = T'(s) x n(s) along o.
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{S,T,n} is an orthonormal basis of vectors along o. Therefore given any
X € T,R3 for some p on the image of o, we can decompose X in terms of
the basis vectors:

X=XDTT+(X,5)S+ (X,n)n
Consider X = ¢”, then decomposing ¢” gives
o' = (", T)T + (¢",5)S + (" ,n)n
Then since (¢”,T) = 0 we have,
o' =(d",8)S + (¢", n)n

We define the geodesic curvature as k, = (¢”,.S) and recall that x,, = (¢”,n)
is the normal curvature of o. Thus, the curvature vector may be expressed
as,

0" = KgS + Kyn.

Proposition 6.5. Let o be a reqular curve in M. Then o is a geodesic if
and only if its geodesic curvature vanishes (i.e. kg =0).

Proof. Since o is a regular curve, we can write its second derivative as
0" = KkyS + kon. If 0 is a geodesic, then ¢”(s) L M for all s. That is
o is proportional to n, and so k, = 0. Conversely, if k, = 0, then ¢” is

proportional to n. O



CHAPTER 6. GEODESICS AND GAUSS-BONNET 141

Existence of Geodesics.

In this section we will establish the existence of geodesics in a surface.
This will be accomplished by the fundamental existence and uniqueness the-

orem of ordinary differential equations. In order to use this theorem, we

need to express the geodesic equation, 292 = 0, in a more tangible form

' dt dt
with coordinates.
Let o(t) be a curve in a surface M. Recall that the covariant acceleration

of o is given by
dt dt dt?

and Proposition 6.1 showed us that o is a geodesic if and only if D%J’ = 0.
Let x : U C R? = M C R? be a proper coordinate patch. The coordinates
for U will be u! and u?. In terms of these coordinates, we can write a curve

o(t) as
o(t) = x(u'(t), u?(t)).

Then in terms of these coordinates, we have

Zis
_ % <%x(ul(t),u2(t)))

_d (x| ox
Codt \oul dt ou? dt )

Recall that we use the notation x; = g;‘i for ¢ = 1, 2. Therefore

Po  d [~ du
@ (Z %Xi)

=1

Plugging in

b x| Oxde e
dt — oul dt | ou? dt 't dt 2t
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we get
d*c 2 [ 2y dul o~ du?
— = X Y X |
dt? Z(dt? dt “— dt "
i=1 j=1
Recall from the previous chapter that we derived the following expression for
Xij-

2
E k
k=1

where n is a unit normal to M. Therefore

d*o 2L [ &P dut o~ dud | & E
‘ﬁ:ZQ@&*JZEJZ%M“W
j=1 k=1

=1

)

Note in the above equation, the only part that is not tangent to M is L;;n.
Therefore the covariant acceleration of o is:

D do (d%) N > dul dud
tan =

aa M\ ) T LT 2w

By relabeling the index ‘4’ to a ‘k’ in the first term, we obtain

D do 2o 2 PuE S~ dud dud
Ddo (7)) Z du'du? ) o
dt dt an(dt?) ;(w +,,1dt dt ”)X’“

17]:

Thus the geodesic equation, %(OJ ) = 0, is equivalent to

d?u” 2 dut du?
ke
dt? Z Yodt dt

=0 foreach k=1,2.
ij=1
. . . « . . dul d’LL2 d2’lL1
This is a system of differential equations in the four unknowns %, %=, %,
and %. Since each Ffj is a smooth function on the coordinate patch, the
fundamental existence and uniqueness theorem of ordinary differential equa-
tions says that given initial conditions on u', u?, dd—f, and dd—“f, the unknowns
can be solved and the solution is unique for some maximal time interval.

Thus we have the following theorem.
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Theorem 6.6. Given any p € M and any X € T, M, there exists a geodesic
o(t) satisfying 0(0) = p and o'(0) = X. There is a maximal time interval
on which the geodesic is unique.

The vector X € T,M in the above theorem was arbitrary. By allowing
X to vary, we can consider geodesics emanating from p with various initial
velocities. Given a radius r > 0, we define C(p), called the geodesic circle
of radius r centered at p, to be the set of points ¢ € M such that there is a
geodesic o starting at p and ending at ¢ which has length r. The following
proposition is intuitively believable, but deceptively difficult to prove. It’s
normally proved in more advance differential geometry courses.

Proposition 6.7. Given any p € M there exists a (small) radius r > 0 such
that C,.(p) can be parameterized by a smooth closed curve.

Example. For a plane II in R3, geodesic circles are just usual circles.
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Example. Consider the sphere S? and a geodesic circle C,.(p) centered about
p € S%. By rotating coordinates, we can assume that p is at the north pole.
Then C..(p) corresponds to a circle of constant latitude.

Gauss-Bonnet Theorem.

The Gauss-Bonnet Theorem is a beautiful connection between the geom-
etry and topology of surfaces. The geometry part has to deal with curvature
which we have discussed in great detail already. So let’s acquaint ourselves
with the topology part. This field of study goes under the name algebraic
topology and is normally taught in graduate courses. For our purposes we
only want to understand the bare minimum, so we can quickly see how cur-
vature plays a role via the Gauss-Bonnet theorem. Therefore we will not
prove every theorem about topology stated in this section, but we will use
lots of examples to portray the theorems.

Topology of Surfaces

We will say two surfaces M and N are topologically equivalent or are of
the same topological type if M and N are diffeomorphic. We normally write
M =~ N to denote this. For example the surface of a sphere, potato, and
dumbell are all of the same topological type because they are all diffeomorphic
to each other. The surface of a doughnut is topologically equivalent to that of
a coffee cup. To see how these surfaces are diffeomorphic to each other, one
can imagine that each of these surfaces is made of play-doh. We can mold and
shift the play-doh of some surface to turn it into another surface. However
it’s impossible to mold the surface of a sphere into that of a torus without
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puncturing a hole in the surface. This ‘puncturing’ creates a discontinuity

in any type of mapping one can create from the sphere to the torus, and so
they cannot be diffeomorphic.

o=

Sp\nere §w ace o
Potalo

(=)~ | ¢

} ) Suﬂ('“’ coff ee
orus = olovjl\"“.l’ cwp

C e

Of course using play-doh to describe surfaces is not mathematically rigor-
ous, but these ideas can be made rigorous which is what courses on algebraic
topology set out to do.
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Euler Number

It’s an astonishing fact that to determine whether two surfaces are topo-
logically equivalent (diffeomorphic) comes down to computing exactly one
number of that surface. That number is called the Fuler characteristic. If
both surfaces have the same number, then they have the same topological
type. Before defining the Euler characteristic, we first have to talk about
how to triangulate surfaces.

Definition. A triangle T in M is a simple region in M bounded by 3 smooth
curve segments. (Here ‘simple’ means that T is topologically a disk.) The
curves which make up the triangle are called edges and the points where one
curve ends and another begins are called wvertices. The region bounded by
the edges is called the face. A geodesic triangle is a triangle T" whose edges
are geodesics. We will almost exclusively be working with geodesic triangles.

Definition. A triangulation of M is a decomposition of M into a finite
number of triangles T, T, ..., T, such that

(D) U Ti=M

(2) T, NT; #0, then T; N Ty is either a common edge or a vertex.

It’s a fact (we will not prove) that every compact surface can be triangu-
lated.
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Theorem 6.8. Fvery compact surface admits a triangulation. Moreover we
can assume the edges of the triangulation are geodesics.

Example. The figure below shows a triangulation of the sphere. Note that
the edges of the triangles are great circles and hence geodesics. The triangu-
lation has the same topology type as a tetrahedron. The number of faces is
F =4, the number of edges is F = 6, and the number of vertices is V = 4.

TQ{YV‘LPAVOV\

Definition. Let M be a compact surface and consider any triangulation of
M. Then the Fuler characteristic of M is

X(M)=V —-E+F
where

V' = number of vertices
E = number of edges

F = number of faces

The following fact (we will not prove) justifies the definition of x(M).

Theorem 6.9. The Euler characteristic x(M) does not depend on the par-
ticular triangulation of M.



CHAPTER 6. GEODESICS AND GAUSS-BONNET 148

It can be shown (in more advance courses) that x(M) is a topological
invariant. That is, it does not depend on the topological type of the surface.
This gives us the following theorem.

Theorem 6.10. Two surfaces M and N are topologically equivalent if and
only if x(M) = x(N). In other words
M~N <= x(M)=x(N).

Example. Find a triangulation of the torus 72 and convince yourself that
x(T?) = 0. Since the Euler characteristic of the sphere is x(S?) = 2, the
above theorem tells us that the torus and the sphere are not diffeomorphic
(which is what we expect).

Genus and classification of compact surfaces in R3.

There is an easy way to construct surfaces with different topology. The
idea is to ‘glue’ handles onto a sphere.

ND

Sphere with ome _ genus ome
hahlle a‘HacLeol §w'facc

B
S

S’F\\ere wiH« two - 9€W$ two
\\mltes A'HACL€A guhtacc
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Definition. When we construct a surface M in this way with ¢ handles,
then we say M is a surface of genus g.

There is a simple relationship between the genus and the Euler charac-
teristic.

Proposition 6.11. If M is a surface of genus g, then x(M) = 2(1 — g).

The proof follows from a formula involving the connected sum of two
surfaces: x(Mi#Ms) = x (M) + x(My) — 2.

Example. The sphere S? is a surface of genus zero. Therefore x(S?) = 2.
This agrees with our triangulation of the sphere. The torus 72 is a surface of
genus one. Therefore x(7?) = 0. Make sure this agrees with the triangulation
you found of T2 in the previous example.

One of the triumphs of elementary differential geometry is the following
classification theorem.

Theorem 6.12 (Classification of compact surfaces). Fvery compact surface
in R3 is diffeomorphic to a genus g surface.

Theorem 6.13 (Gauss-Bonnet Theorem). Let M be a compact surface in
R?® with Gaussian curvature K. Then

J[ raa=2mxon

Thus the Gauss-Bonnet theorem gives us a relationship between topology
and the average curvature of a surface. Here is an interesting consequence of
these two theorems.

Corollary 6.14. Suppose M has positive Gaussian curvature everywhere.
Then M is diffeomorphic to a sphere.

Proof. By assumption we have K > 0 on the sphere which implies x (M) > 0.
By Proposition 6.11, we know that y (M) = 2(1—g). Since g can only take on
the values ¢ = 0,1,2,..., we must have g = 0. By the classification theorem
of compact surfaces, it follows that M is topologically a sphere. O

Our main tool we will use to prove the Gauss-Bonnet theorem is the
Angle Excess theorem.
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Theorem 6.15 (Angle Excess Theorem). Let T be a geodesic triangle with
angles A, B, and C. Then

A+B+C:7T+//Kd5.
T

We will prove the angle excess theorem after we use it to prove the Gauss-
Bonnet theorem. For now we will illustrate the angle excess theorem with
some examples.

Example. Let M = R?. Then K = 0 and we have the usual theorem from
Euclidean geometry: A+ B + C = 7.

Example. Let M = S% be the sphere with radius R. Using great circles
(i.e. geodesics), we will draw three arcs which connect at 90 degree angles.
See figure

W

Then we should have A+ B+ C = %7?. Now let’s use the angle excess
theorem to confirm this. We have

1 1 1 [4nR2 T
KdS= || =dA=— [[ aa= = _T
//T 5 /TR2 Rz//T 32( 8) 2

Thus the angle excess theorem agrees with our picture.
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From the angle excess theorem, we see that if K > 0, then A+ B4+C >«
which gives us fat triangles. If K < 0, then A+ B 4+ C' < 7 which gives us
skinny triangles.

gk‘mn) Triw‘j le

/'4 viH\ K < 0

Proof of the Gauss-Bonnet Theorem. By Theorem 6.8, we can triangulate M
with geodesic edges. Let 11,75, ...,T,, be the triangles in the triangulation.
Then note that the number of faces is F' = n. For each i = 1,2,... n, let
A;, B;, and C; be the angles for each geodesic triangle 7;. Then the Angle
Excess Theorem gives us

// KdS = Z// KdS =Y (Ai+Bi+Ci—m) =Y (Ai+B;+C;)—nn.

M i=1 77T i=1 i=1

Notice that since the triangles must cover M entirely, the sum of all the

angles put together must equal 27 times the number of vertices V. See the
figure below. Therefore Y . ,(A4; + B; + C;) = 2V, and so we have

// KdS =27V —nnm =27V — o F
M

Now let’s count how many edges there have to be. We might expect that for
every face, there are three edges: E = 3F. However recognize that we are
double counting the edges, because each edge shares the face of two triangles.
See the figure below. Therefore the number of edges is really £ = %F . Thus

// KdS =271V —nF =27 <V—|—F—2F> =2n(V+F—FE)=2mx(M).
M

]
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Each vertex contributes
27 o the sum 4 all Ahgleg EaCL 9)76

s Shared

belweoen 1w
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Proof of the Angle Excess Theorem.

In this section we will prove the angle excess theorem. The techniques in-
volved in this proof also appear in graduate differential geometry courses,
so if you understand this proof, then you will be well prepared for the more
advanced stuff.

Geodesic Polar Coordinates

First we need to introduce a good choice of coordinates made out of geodesics.
Consider a point p in a surface M and its tangent space T,M. T,M is a two-
dimensional vector space based at p. Let {e1, ez} be an orthonormal basis for
T, M consider an angle ¢ traveling counterclock wise so that the right hand
rule points in the direction normal to the surface. See the figure below. For
e>01let U ={(r,0) |0 <r <¢0<60< 2} and define x : U. — M by
x(r,0) = point in M reached by traveling along the geodesic for a length of
r starting at p and in the direction 6.
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M

For reasons related to Lie group theory, x is known as the exponential
map. v and 6 are called geodesic polar coordinates. Similar to Proposition
6.7, we have the following

Proposition 6.16. For e sufficiently small, x : U. — M 1is a proper coordi-
nate patch.

We will always assume that ¢ > 0 is small enough so that x : U, — M is a
proper coordinate patch. In such a patch, the curves r — (7, ) for a constant
0y are called radial geodesics emanating from p. The curves 6 — (rg, 0) for a
constant ry are called geodesic circles based at p.

Consider the components of the induced metric in this coordinate patch.
Since are coordinates are r and #, our components will be g,,., g.9, and ggy.

: _ o
grr 18 easy to calculate. Recall x, = 3%, Then

Grr = (Xp, X;) = ‘XT|2 =1 (6.1)

The last equality follows from the fact that the coordinate r measures arc-
length. This is from the definition of the exponential map x. The following
explains the utility of geodesic polar coordinates.

Lemma 6.17 (Gauss Lemma). In geodesic polar coordinates, we always have
gr9g = 0, 1.e. they form an orthogonal coordinate system.
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Proof. Consider a point p € M and the exponential map x : U, — M based
at p. Let ¢ € U.. We want to show g¢,4(¢) = (x,,%Xg)(q¢) = 0. Let o(r)
be the unit speed geodesic from p to ¢q. By definition of the exponential
map X,, corresponds to ¢”. Smoothness of the exponential map implies
that x¢(p) = 0. Therefore (x,,x¢)(p) = 0. Thus it suffices to show that
(x,,%g)(c(r)) is independent of 7.

Since ¢’ L M by definition of geodesics, we have (x,,,xg) = 0. So by the
product rule, we obtain the following

0
_<XT7X9> = <XTT7X9> + <XT7X9T> = 0 + <XT7X0T>-

or
Combining this with

0 0
%‘XTP = %<X7”7XT> = <Xr9>xr> + <X7“7X7"9> = 2<X7~,Xr9>,
we have 9 1 8
2
A \Ars = -—|x,"=0.
g Xr o) = 5 5]
The last equality follows from Proposition 6.2. n

Gaussian Curvature in Geodesic Polar Coordinates

Consider a point p in a surface M and introduce geodesic polar coordi-
nates (r,6) around p via the exponential map x : U, — M. We want to
compute the Gaussian curvature K of M in terms of these coordinates. First
some notation.

ds? = Z gijdxidxj = gprdr® + 2g,9drdf + goedb*.

1,

The Gauss Lemma tells us that g,y = 0. Also, from Equation 6.1 we know
that g, = 1. Therefore, if we let f = |/ggg, then the metric in geodesic polar
coordinates is simply

ds® = dr* + f2d6*. (6.2)

Since geodesic polar coordinates are intrinsically defined (i.e. we did
not use the coordinates from R?® to define them), we should calculate the
Gaussian curvature via intrinsic quantities. Recall Gauss’ Theorem Egregium
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(Theorem 5.17) says that the Gaussian curvature can be computed in terms
of the g;;’s. In the proof of that theorem we found that

2
- =1 9 ‘

In geodesic polar coordinates, we know from equation (6.2) that the com-
ponents g;; are simply

Grr = 17 gro = 07 Goo = f2 . (64)

SInce this is an orthogonal coordinate system, one can apply Equation 5.26
to obtain (exercise!)

10°
K = _?8_7£ (6.5)

Finally we are able to prove:

Theorem 6.18 (Angle Excess Theorem). Let T be a geodesic triangle with
angles A, B, and C. Then

A+B+C:7T+//Kd5.
T

Proof. We will break the proof up into three steps.
Step 1: Set up

Let’s construct a geodesic triangle T" with vertex p in a surface S with
angles A, B, and C. We use geodesic polar coordinates (r, ) to parameterize
T. Let’s say the two edges of T" emanating from p correspond to values 6 = 6,
and 6 = 6;. The other edge we will call . That is, ¢ is the edge opposite
that of p. In the figure below, the green curve is a radial geodesic emanating
from p with angle 6 where 6y < 6 < 6;. ¢ is the angle between these radial
geodesics and o. Therefore ¢ is a function 6.
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do _ _9Of
do or

Step 2: Showing

We parameterize o with respect to arclength,

o(s) = x(r(s),0(s)). (6.6)
We use ' = % to denote differentiation with respect to arclength. Then

o’ =1'x, + 60'xy. So since the parameterization is with respect to arclength
and our metric is given by ds? = dr? + f2d6?, we have

1= (0,0") = (r'x, + 0%, 7%, + O0'x9) = (r')* + (0)f>. (6.7)
Since ¢’ and x, are unit vectors, we have (¢’,x,.) = cos ¢. Therefore
086 = ("%, + 05, %) = 7' (%0, %) + 0/ (x9,%,) =1 (68)

The last equality follows from the Gauss Lemma (Lemma 6.17). Plugging
equation (6.8) into equation (6.7) yields

1 =cos® ¢+ (0')*f? (6.9)
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Hence
sing =0'f. (6.10)

Therefore we have an expression for § = df/ds, so in order to find df/d¢ all
we need is an expression for ¢’ = d¢/ds. Differentiating cos ¢ = {0/, x,.), we
get

—¢'sing = C%<O",Xr> = (0", x,) + (o', x]) = (¢/,X]). (6.11)

The second equality follows because ¢ is a geodesic. An application of the
chain rule gives

—¢'sing = (o', %7 + x,90") = (07, %,00") = 0'(0", %,9). (6.12)

The second equality follows since x,,. = 0 because we’re using geodesic polar
coordinates. This gives us the following expression for df/d¢
dp ¢ (0/.xm9) (0, %9)

dd — 0 sing  Of (6.13)

We used equation (6.10) in the last equality. Now we want to simplify
(o', %x,9). We have

(0, %9) = (1'%, + 0'%g, Xpg) = 1" (Xp, Xp9) + 0 (Xp,X,). (6.14)

Let’s evaluate these two terms separately.

10 10
<X7«,Xr9> = §%<XT,X7«> = 5%(1) =0. (615)
10 10, , of
== = () =f= 1
<X€7Xr9> 20r <X07X9> 20r (f ) f@r (6 6)
Plugging these into equation (6.14), we get
of
"' X0) =0 f=. 6.17
(o %) =0 (6.17)
Finally, plugging this into equation (6.13), we obtain
do of
a _ _of 1
do or (6.18)

This completes step 2.
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Step 3: Evaluating [[. KdS

Let’s put all the pieces together. In the section before this, we calculated
the Gaussian curvature in geodesic polar coordinates K = —}gg The
area element in geodesic polar coordinates is dS = /gdrdf = fdrdf since
g = det[g;;] = f?. Therefore

// KdS = // <—%%> fdrdd = // 6r2d rdf. (6.19)

Putting bounds on our integral, we get

// KdS = /9:1 /T(Q) l S5 drdd = /90 (g—i — 1) do. (6.20)

Note that we used % ‘r:O = 1 (convince yourself why this is true). Rearrang-
ing and using do/df = —0f/0r gives

61 01 8f 01 dgb
//TKdS_/HO de—/eo de_’“/eo =5 db. (6.21)

From the figure we see that
#(01)
/ KdS:A+/ dp=A~+ ¢(01) — p(0y)) = A+ C — (r— B) (6.22)
T #(6o)

Thus
/ KdS=A+B+C —m. (6.23)
T

]
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Chapter 6 Exercises

1. Let s — o(s) be a unit speed curve which lies on a sphere of radius R.

(a) Show that the normal curvature k, of o (with respect to the out-
ward normal) is equal to —=. (Hint: Use the geometric interpre-
tation of the second fundamental form L.)

(b) Using the result of Exercise 2.7 on p. 32, show that if o has con-
stant geodesic curvature, x, = const., then o is a circle (or part
of a circle).

(c) Show that any geodesic on a sphere is a great circle (or part of a
great circle). Hint: Use part (b).

2. Let M be the surface of revolution obtained by rotating the curve
o(t) = (r(t),0, z(t)) about the z-axis, as decribed on pp 52-53. Assume
that o is a unit speed curve.

(a) Show that, with respect to the coordinates (,0), the metric com-

ponents are given by: g = 1, gip = 0, and ggp = 2.

(b) Consider the curve 7 — 7(7) expressed in terms of coordinates as,
v(r) = x(t(1),0(7)). Compute the Christoffel symbols T';, i.e.,
It, I, =T%,, etc. to obtain the geodesic equations,

" —ri(0')? =0 (6.24)

0" + 2;15’9’ —0, (6.25)

where ' = d/dr and - = d/dt.

(c) Suppose 7 is a unit speed geodesic. Show by differentiation, and
the second geodesic equation, that the quantity 726’ is constant
along 7. Show that this implies (7, xg) = const along . (Remark:
Using that 4/ is a unit vector, this, in turn, implies that r cos ¢ =
const along v, where ¢ is the angle between v and the latitudinal
circles. This is known as Clairaut’s relation).
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3. Let p be the north pole of the sphere of radius R, S%, and let C,.(p) be
the geodesic circle of radius r (r < R) centered at p.

(a) Show by elementary geometry (see the figure) that C,.(p) is the
circle of latitude at co-latitude ¢ = &. Show that the length of
C.(p) is given by,

L«LQﬂ):QﬂR$n<%).

(b) Using the Maclaurin series of the sine to expand sin (%) in powers
of =, show that,

1
L(C.(p)) = 2mr — gﬁ 73 + higher order terms in r

Thus, the Gaussian curvature of S%, K =
ation from the Euclidean length formula.

1

4z, measures the devi-

4. Let M be the torus of revolution discussed in Exercise 5.6, p. 124. Show
by direct computation that ffM K dS =0, i.e., the average Gaussian
curvature is zero. (This, of course, is required by the Gauss-Bonnet
theorem.)

5. For the surface M pictured below, what is the value of the integral
[f, KdsS ?
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