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Definition 1 (regular surface). A subset S C R? is a regular surface if, for each p € S, there
exists a neighborhood V C R? and a map x: U — VNS of an open set U C R? onto VN S C R?
such that

(i) x is (infinitely) differentiable.
(ii) x is a homeomorphism, i.e. x is a bijection, and both x and x~! are continuous.
(iii) For each ¢ € U, the differential dx, : R* — R is one-to-one (the regularity condition).

The mapping x is called a parametrization of the surface S or a system of local coordinates around
the point p. The neighborhood V' NS of p is called a coordinate neighborhood.

Definition 2 (regular and critical value). Given a differential map F' : U C R™ — R™ defined
on an open set U, we say that p € U is a critical value of F' is the differential dF}, : R — R™ is
not surjective. Otherwise, p is called a regular value of F.

Proposition 1. If f:U — R is a differentiable function in an open set U of R?, then the graph
of f, that is, the subset of R? given by (z,y, f(z,y)) for (x,y) € U, is a regular surface.

Proposition 2. If f: U C R? — R3 is a differentiable function and a € f(U) is a regular value
of f, then f~1(a) is a regular surface in R3.

Proposition 3. Let S C R3 be a regular surface and p € S. Then there exists a neighborhood
V of p in S such that V is the graph of a differentiable function which has one of the following
three forms: z = f(x,y), vy = g(z, 2), z = h(y, 2).

Proposition 4. Let p € S be a point of a regular surface S and let x : U C R? — R? be a map
with p € x(U) C S such that the conditions 1 and 3 of Def. 1 (for a regular surface) hold. Assume
that x is one-to-one. Then x~! is continuous.

Exercise 1. Show that the cylinder {(z,y,2) € R?, 2% + y* = 1} is a regular surface, and find
parametrizations whose coordinate neighborhoods cover it.

Solution 1.



Figure 2-1

Exercise 2. Is the set {(z,y,2) € R?, 2 = 0 and 22 + y? < 1} a regular surface? Is the set
{(z,y,2) € R3, z =0 and 2 + y*> < 1} a regular surface?

Solution 2.

Exercise 3. Show that the two-sheeted cone, with its vertex at the origin, that is, the set
{(z,y,2) € R?, 22 4+ y? — 22 = 0}, is not a regular surface.

Solution 3.

Exercise 4. Let f(z,y,z) = z2. Prove that 0 is not a regular value of f and yet that f~1(0) is
a regular surface.

Solution 4.

Exercise 5 (*). Let P = {(z,y,2) € R}, z =y} (a plane) and let z : U C R? — R3 be given by
z(u,v) = (u+v,u+v,w),

where U = {(u,v) € R?; u > v}. Clearly, 2(U) C P. Is z a parametrization of P?

Solution 5.

Exercise 6. Give another proof of Proposition 1 by applying Proposition 2 to h(x,y,z) =
f(.’lf, y) -z

Solution 6.

Exercise 7. Let f(z,y,2) = (x +y+2—1)%



a. Locate the critical points and critical values of f.
b. For what values of ¢ is the set f(z,y,2) = ¢ a regular surface?

c. Answer the questions of parts a and b for the function f(xz,y, z) = zyz>.
Solution 7.

Exercise 8. Let z(u,v) be as in Definition 1. Verify that dz, : R> — R? is one-to-one if and

only if
Jdxr Ox

Solution 8.

Exercise 9. Let V be an open set in the xy-plane. Show that the set
{(z,9,2) €R? z=0and (z,y) € V}

is a regular surface.
Solution 9.

Exercise 10. Let C be a figure “8” in the zy-plane and let S be the cylindrical surface over C
(Fig. 2-11); that is,
S ={(z.y,2) € R% (x,y) € C}.

Is the set S a regular surface?
Solution 10.

Exercise 11. Show that the set
S={(z,y,2) eR’; z =2 — ¢}
is a regular surface and check that parts (a) and (b) are parametrizations for S:
(a) x(u,v) = (u+v, u—v, 4uw), (u,v)€ R
(b) x(u,v) = (ucoshv, usinhv, u?), (u,v) € R? u#0.

Which parts of S do these parametrizations cover?

Solution 11.

Notice that z(z,y) = 2 — y? is a differentiable function from the open set U = R? to R, so
by Proposition 2.2.1 in Do Carmo, S is a regular surface. Recall that amap x: U — VNS if x is
differentiable, a homeomorphism, and dx,, is one-to-one for all p € U.

(a) The map x is a polyminial in u and v, so it is differentiable. By explicit calculation,

1 1
dx, = 1 -1
4v  4u



in the canonical basis, so |0(z,y)/d(u,v)] = 2 and dx is one-to-one. To show that x is a
homeomorphism, observe that for any (z,y,2) € S, we have z = 22 — 4%, s0 2 = (u +v)? —
(u —v)? = 4uv, and

T+y r—y

o2 T2
from the remaining equations. This determines a unique (u,v) for each (z,y,z) € S, and we
can conclude that the inverse map x~! exists and is continuous.

(b) The map x is a composition of polynomials and exponential functions, so it is differentiable.
By explicit calculation,
coshv wusinhv

dx, = | sinhv wucoshwv
2u 0
in the canonical basis, so |0(x,y)/0(u,v)| = u, and dx is one-to-one for v # 0. To show
that x is a homeomorphism, observe that for any (x,y,2) € S with 2 — % > 0, we have

2 2

z =12 —y?, so z = u?(cosh® v — sinh? v) = >

, and

u = d/22 — 92, v=tanh™1 ¥
T

from the remaining equations. This determines a unique (u,v) for each (z,y,z) € S with

22 —y? > 0, and we can conclude that the inverse map x ! exists and is continuous.

Parametrization (a) covers the whole surface S, while parametrization (b) only covers the parts of
S where |z| > |y|.

Remark. The graph of z = f(x,y) = 22 — y? is a hyperbolic paraboloid, also known as saddle.

Exercise 12. Show that = : U C R? — R? given by
z(u,v) = (asinucosv,bsinusinv, ccosu), a,b,c£0, 0<u<m, 0<v<2m,
is a parametrization for the ellipsoid

x2 y2 22

¥+b72+072:1'

Describe geometrically the curves u = const. on the ellipsoid.
Solution 12.

Exercise 13 (*). Find a parametrization for the hyperboloid of two sheets

{(z,y,2) eR® : —x? —y? + 22 =1}
Solution 13.

Exercise 14. A half-line [0, 00) is perpendicular to a line E and rotates about E from a given
initial position while its origin 0 moves along E. The movement is such that when [0,00) has
rotated through an angle 6, the origin is at a distance d = sin® (8/2) from its initial position on
E. Verify that by removing the line F from the image of the rotating line, we obtain a regular
surface. If the movement were such that d = sin(f/2), what else would need to be excluded to
have a regular surface?

Solution 14.



Exercise 15 (*). Let two points p(t) and ¢(¢) move with the same speed, p starting from (0, 0, 0)
and moving along the z-axis, and ¢ starting at (a,0,0), a # 0, and moving parallel to the y-axis.
Show that the line through p(t) and ¢(t) describes a set in R? given by

y(x —a) 4+ zx = 0.

Is this a regular surface?
Solution 15.

Exercise 16. One way to define a system of coordinates for the sphere S2, given by
2+t (z-1)7 =1,
is to consider the so-called stereographic projection
7: 8%\ {N} — R?

which carries a point p = (z,y,2) of the sphere S? minus the north pole N = (0,0,2) onto
the intersection of the zy-plane with the straight line which connects N to p (Fig. 2-12). Let
(u,v) = m(x,y,2), where (z,y,2) € S2\ {N} and (u,v) lies in the zy-plane.

a. Show that =1 : R? — S? is given by

4u 4v 2(u? + v?)

T+ 4 y:u2+v2+4’ z:u2+v2+4'

b. Show that it is possible, using stereographic projection, to cover the sphere with two coordi-
nate neighborhoods.

Solution 16.

a. Let’s construct the map 7 : S — R? explicitly. For a point p = (z,y,2) € S?\ {N}, the line
connecting N and p can be parametrized as

Lit)=N+tlp—N)=(0,0,2) + t(z,y,z — 2) = (tz, ty,2 + t(z — 2)) (1)

The intersection of this line with the xzy-plane occurs when z = 0, so t = 2/(2 — z). Substi-
tuting this back to equation gives

2z 2y)
2—2'2—2/"

(2,9) = (u(22— z)7 0(22— z)) '

w(p) = (w.0) =

Solving for (x,y) gives

From the equation for the sphere, we have

(u(2—z)>2+(v(2—z))2+(2_1)2:1 L 2(u? + v?)

2 2 u? 402 +4’
hence
4u 4v 2(u? + v?)
- @@ = Z = .
. w2 +v2+4’ Y w2 +v2+4’ uZ +v2 +4

b. Using the inverse stereographic projection 7~!, we can cover the whole sphere except the

north pole N. To cover the north pole, use another stereographic projection from the south
pole S = (0,0,0) to the xzy-plane, with the inverse map given by

4 4v 8

T+ 4 y:u2+v2+4’ Z:u2+vz+4'



Exercise 17. Define a regular curve in analogy with a regular surface. Prove that

a. The inverse image of a regular value of a differentiable function f : U C R? — R is a regular
plane curve. Give an example of such a curve which is not connected.

b. The inverse image of a regular value of a differentiable map F : U C R? — R? is a regular
curve in R3. Show the relationship between this proposition and the classical way of defining
a curve in R? as the intersection of two surfaces.

*c. The set C' = {(z,y) € R? : 2% = 33} is not a regular curve.
Solution 17.

Exercise 18 (*). Suppose that
f(z,y,z) = u = const., g(x,y,2) = v = const., h(z,y,z) = w = const.,
describe three families of regular surfaces and assume that at (xg, yo, z0) the Jacobian

0 h
(f,9.h) 20,
A(z,y,z)
Prove that in a neighborhood of (zg,yo,20) the three families will be described by a mapping
F(u,v,w) = (z,y, z) of an open set of R? into R3, where a local parametrization for the surface of
the family f(z,y,2) = u, for example, is obtained by setting u = const. in this mapping.

Determine F' for the case where the three families of surfaces are:

f(z,y,2) =2* +y*> + 2> =u = const.  (spheres with center (0,0,0));
9(z,y,2) = Y — y = const. (planes through the z-axis);
x
22 442
2

h(z,y,z) = . = w = const. (cones with vertex at (0,0,0)).

Solution 18.

Exercise 19 (*).
Let a : (—3,0) — R? be defined by (Fig. 2-13)

(07 7(t+2))7 te (73771)7
1
a(t) = { a regular parametrized curve joining p = (0,—1) to ¢ = (*, 0) , te(— ,—%),
Vs
(—t, sin 1), te(—=,0).

It is possible to define the curve joining p to ¢ so that all the derivatives of « are continuous
at the corresponding points and « has no self-intersections. Let C' be the trace of a.

a. Is C' a regular curve?

b. Let a normal line to the plane R? run through C' so that it describes a “cylinder” S. Is S a
regular surface?

Solution 19.



a. Let C be the trace of a, « is said to be regular if at every point p € C, C' is the graph of a C*
function y = f(x) or x = ¢g(y) in a neighborhood of p. Notice that the origin (0,0) belongs
to the trace of a since a(—2) = (0,0). Consider the sequence t, = —5—, which satisfies
t, € (—1,0) for all n € N. Therefore, in any neighborhood of (0,0), we can find some n € N
such that «(t,) € U, so C cannot be the graph of x = f(y) locally. Similarly, C' cannot be
the graph of y = g(z) on the line segment {0} x (—1,1) C R% Hence, C is not a regular
curve.

b. If the surface S were regular, then by Do Carmo Proposition 2.2.3, there exists a neighborhood
V of any p € S such that V is the graph of a differentiable function z = f(x,y) or = = g(y, 2)
or y = h(z,z). However, consider a point p € (—1,0,2) on the side boundary of S. In (a)
we concluded that locally around (0, 0, z), the curve (translated by some z along the z axis)
is not the graph of a C! function = = g(y, 2) or y = h(x, z), while z cannot be a function of
x, y. Therefore, S is not a regular surface.



1.3 Chapter 2.3

Definition 3 (differentiability on a surface). Let f : V' C S — R be a function defined on
an open set V of a regular surface S. Then f is said to be differentiable at p € V if, for some
parametrization x : U C R? — S with p € x(U) C V, the composition f o x is differentiable at
x~Y(p) € U. f is differentiable in V if it is differentiable at every point p € V.

Definition 4 (diffeomorphism). Two regular surfaces S; and Sy are said to be diffeomorphic if
there exists a differentiable map ¢ : S; — Sy with a differentiable inverse ¢! : Sy — S;. Such a
map ¢ is called a diffeomorphism from Sy to Sj.

Remark. The natural notion of equivalence associated with differentiability is the notion of dif-
feomorphism. From the point of view of differentiability, two diffeomorphic surfaces are indistin-
guishable.

Proposition 5 (change of parameters). Let p € S be a point of a regular surface, and let
x:UCR?2—= S, y:V CR? - S be two parametrizations with p € x(U) Ny(V) = W. Then the
change of coordinates map h =xtoy:y }(W) — x~}(W) is a diffeomorphism.

Exercise 20 (*). Let S? = {(z,y,2) € R® : 22 + 4%+ 22 = 1} be the unit sphere and let
A: 5% — S? be the (antipodal) map
A(LU’ Y, Z) = (—!L‘7 —-Y, _Z)'

Prove that A is a diffeomorphism.

Solution 20. To show that A is differentiable, we need to show that for an atlas (a collection of
charts that cover the surface) (¢q : Us — V), of S?, the maps

¢5' 0 Ao g ¢y (UaNUsNAT (U NUp)) — 65" (Ua N Uz N A(Us N Up))

are differentiable. Recall that S? has an atlas consisting of the stereographic projections from the
north and south poles:
{((]55 :Ug — Vs), (¢N :Un — VN)}.

Let the sphere be centered about (0,0, 0) with the north and south poles at (0,0,1) and (0,0, —1),
respectively. Then

oo = (e ). avtan = (12 1),

It is trivial to check that the maps
¢§1 ocAo ¢N(337y) = (_J;7 _y) = ¢;/'1 ocAo ¢S('T7 y)7

2 2
o3t o Aodn = (-~ V) = 05" 0 Ao bs(ay)

x2—|—y2’_a:2—|—y2

are differentiable for all (z,y,2) € R®\ {(0,0,0)}. Since A~! = A, the same analysis applies to
A1 and thus A is a diffeomorphism.

Exercise 21. Let S C R? be a regular surface and let 7 : S — R? be the map which takes each
p € S to its orthogonal projection onto

R? = {(z,y,2) € R® : 2 =0}.

Is 7 differentiable?



Solution 21. The map = is differentiable if for each p € S, there exists a parametrization
x: U CR? — S with p € x(U) such that the composition mox : U — R? is differentiable.

Given the standard basis {e;} of R3, we may assume that N(p) = ez, where N (p) is the normal
vector of S at p. There exists a neighborhood V' of p in S such that V is the graph of a differentiable
function of the form z = f(x,y). Thus, we can choose a parametrization x : U C R? — S defined
by x(u,v) = ue +vea + f(u,v)es. By applying translations in R® and U, we can ensure that p = 0
and x(0,0) = 0, and T,(S) = Rey + Rey. Then

mox:U — R, (u,v) — uey + ves

is differentiable for all p € R®. Also, note that dr is injective, since in this coordinate we have
10
dr = (0 1) .

Exercise 22. Show that the paraboloid z = x? + y? is diffeomorphic to a plane.

Solution 22. Consider the map ¢ : R? — S defined by ¢(u,v) = (u,v,u? + v?). It is easy to see
that ¢ is differentiable and one-to-one. The inverse map ¢! : S — R? is given by ¢~ !(z,y,2) =
(z,y), which is also differentiable. Thus, the paraboloid is diffeomorphic to the plane.

Exercise 23. Construct a diffeomorphism between the ellipsoid

2

A
a2

2 2
TEta
and the sphere
2 2 2 _
T4y +z27 =1

Solution 23. Let ¢ : R® — R3 be defined by
— (Y f)
¢(may7z)_<aab7c .
It is easy to see that ¢ is differentiable and one-to-one. The inverse map ¢! : R? — R3 is given
by
¢~ (z,y,2) = (az, by, c2),

which is also differentiable. Thus, the ellipsoid is diffeomorphic to the sphere.

Exercise 24 (*). *Let S C R? be a regular surface, and define d : S — R by

d(p) = |p — pol,

where p € S, po € R3, and pg ¢ S. That is, d is the distance from p to a fixed point py not in S.
Prove that d is differentiable.

Solution 24. By definition [3] it suffices to show that for any parametrization x : U C R? — §,
the composition d ox : U — R is differentiable. Since S is a regular surface, for any point p € S,
there exists a neighborhood V' C R3 of p such that V N S is the graph of a differentiable function
z(x,y) or x(y,z) or y(z,z). Assume that V' N S is the graph of a differentiable function z(x,y),
then define a parametrization

x(u,v) = (u,v, 2(u,v)), (u,v) €U C R,



where U is open in R?. The composition d o x : U — R is given by

(d o x)(u,v) = d(x(u,v)) = \/(x(u, v) — po, x(u,v) - po)
= \/(u —x0)?+ (v —190)? + (2(u,v) — 20)2.

Since

0
%(dox)(u, v)

)

_ (u — 2o + (2(u, v) — 20)2u(u, v))
W) V(W —x0)? + (v —y0)% + (2(u,v) — 20)?
_ (v —yo + (2(u,v) — 20)20(u, v))

@) V(U —20)2 4+ (v —y0)% + (2(u,v) — 20)?

and z(u,v) is differentiable, we conclude that d ox is differentiable except when (u,v) = (zg, y0) =
x~Y(po). Since the choice of p € S is arbitrary, we conclude that d is differentiable on S\{po}.

0
5o (@0 x)(u,)

)

Exercise 25. Prove that the definition of a differentiable map between surfaces does not depend
on the parametrizations chosen.

Solution 25.

Definition 5 (differentiable map between surfaces). A map ¢ : S; — S between two regular
surfaces is said to be differentiable at p € S; if for some parametrizations x; : U; C R? — S;
and x5 : Uy € R? — Sy with p € x1(U;) and ¢(p) € x2(Uz), the composition map x;l o¢doxy is
differentiable at x;*(p).

Suppose that ¢ : S; — Sy is differentiable at p € S; with respect to parametrizations
x1:U; CR? - 84 and x5 : Uy CR? — S5. Then xgl o ¢ o x; is differentiable at ¢ = Xfl(p). Let
y1: Vi CR? = S; and y3 : Vo € R? — S, be another pair of parametrizations with p € y1 (V1)
and ¢(p) € y2(V2). Then the map

y2_10¢oy1:(yz_lox2)o(x2_1ogboxl)o(xl_loyl)

is differentiable at ¢ since y5 1o x, and xl_1 oy, are change of coordinates maps, which are
diffeomorphisms by proposition [5| Conversely, suppose y5 Lo ¢ oy, is differentiable at ¢, then by
the same argument x;, Lo ¢ ox; is also differentiable at ¢. Thus, the definition of differentiability
of a map between surfaces does not depend on the choice of parametrizations.

Exercise 26. Prove that the relation “S; is diffeomorphic to Ss” is an equivalence relation in
the set of regular surfaces.

Solution 26. We verify the three properties of an equivalence relation. When S; is diffeomorphic
S27 we write Sl = SQ.

(i) Reflexivity: For any regular surface S, the identity map idg : S — S is a diffeomorphism
since it is differentiable and its inverse (itself) is also differentiable. Thus, S = S.

(ii) Symmetry: Suppose S; and Sy are regular surfaces such that S; = S5. Then there exists a
diffeomorphism ¢ : S; — Sy with differentiable inverse ¢~! : S5 — S;. Therefore, Sy =2 5.

~

(iii) Transitivity: Suppose S1, S, and Ss are regular surfaces such that S; & Sy and Sy &2 Ss.
Then S; 22 S5 since composition of differentiable maps are differentiable, and composition of
bijections are bijective.

Exercise 27 (*). Let S? = {(z,y,2) € R® : 22 +¢y?> +22 =1} and H = {(z,y,2) € R?
2?2 +y? — 22 = 1}. Denote by N = (0,0,1) and S = (0,0, —1) the north and south poles of S?,
respectively, and let F': §% — {N} U{S} — H be defined as follows:

10



Figure 2-20

Figure 1:

For each p € S? — {N} U {S}, let the perpendicular from p to the z-axis meet Oz at q.
Consider the half-line [ starting at ¢ and containing p. Then F(p) =1 N H (see Fig. 2-20).

Prove that F' is differentiable.

Solution 27. The map F is a projection of the sphere onto a one-sheeted hyperboloid along lines
parallel to the Ozy plane. Consider (1) the parametrization of the sphere

x(0, @) = (cos 8 sin ¢, sin 6 sin ¢, cos @)

for 0 € [0,27), ¢ € (0,7), and (2) the parametrization for the hyperboloid

y(u,v) = (/14 v2cosu, v/ 1+ v?sinu,v)

Then we have
(yloFox)0,¢)=y ! (\/1 + cos2 ¢ cosf, /1 + cos? ¢sinb, cos d)) = (u,v).

1o F ox is differentiable for the parametrization x, y, F is differentiable.

Since y~
Exercise 28.

a. Define the notion of differentiable function on a regular curve. What does one need to prove
for the definition to make sense? Do not prove it now. If you have not omitted the proofs in
this section, you will be asked to do it in Exercise 15.

b. Show that the map F : R — S = {(z,y) € R? : 22 + 4? = 1} given by
E(t) = (cost,sint), teR,

is differentiable (geometrically, E “wraps” R around S*).

Solution 28.

a. Suppose «a : I — R? is a regular curve with trace C C R2. We say that a function f : C — R
is differentiable along C' if the composition foa : I — R is differentiable. In other words,
we need to check that the derivative (f o a)'(¢) exists for all ¢ € I.

11



Exercise 29. Let C be a plane regular curve which lies on one side of a straight line r of the
plane and meets r at the points p, ¢ (see Fig. 2-21). What conditions should C satisfy to ensure
that the rotation of C' about r generates an extended (regular) surface of revolution?

Solution 29. We can analyze the point p € C locally. Assume that r is the z axis, and C is
the graph of a differentiable function y = f(x) in a neighborhood of p, since C' is a regular curve.
Since S is the surface of revolution generated by rotating C' about r, we claim that there is a local
chart at p € S given by

x:UCR* =S, (z,y)— (2,9, f(v/22 +y2)),

where U is an open set in R2. We will check each condition given in definition for S.

(i) x is differentiable. We can calculate its differential at some (z,y) € U as

1 0
0 1

) =
T V) el (VA

Since f is differentiable, the partial derivatives of x exist whenever (z,y) # (0,0). By
symmetry, f(w) = f(-w), so f/(w) = —f'(—w). When (z,) = (0,0), we have f/(0) = 0,
and

dX(l. (2)

z Y
\/a:2 ¥ yz’ \/a:2 + 42
are bounded, so dx, , exists at (0,0). To satisfy the symmetry condition, we require that

f' is odd, hence f is even, and all the odd-order derivatives of f vanish at 0. Similarly, the
odd-order derivatives of g such that y = g(z) in a neighborhood of ¢ must also vanish.

(ii) x is a homeomorphism, since the graph of a continuous function is homeomorphic to its
domain.

(iii) From equation , we have |0(x,y)/0(u,v)| = 1, so dx is one-to-one. Hence dx(,,) is
one-to-one for all (z,y) € U.

Exercise 30. Prove that the rotations of a surface of revolution S about its axis are diffeomor-
phisms of S.

Solution 30. Let S be a surface of revolution generated by rotating a regular curve C' around
an axis r C R3, without loss of generality let r be the z-axis and let C lie on the Ozz plane.
Since C is a regular curve, it can be parametrized as (f(¢),0,g(t)) for t € (a,b). Then S has a
parametrization x(u,v) = (f(v) cosu, f(v)sinu,v) for v € [0,27) and v € (0,00). A rotation of S
about its axis by an angle € is given by the map

Ry:S— S, (x,y,z)— (xcosh —ysinb,xsinb + ycosb, z).
Consider the composition (y ! o Ryox): U — U for parametrizatoins x, y of S. Then
(v~ 0 Ry ox) (u,0) =y~ ((£(v) cos(u+ 0), f(v) sin(u + ), v)) = (u+,v).

is differentiable since x, y, Ry is differentiable. Similarly, the inverse map R, L'— R 4 is also
differentiable. Thus, Ry is a diffeomorphism of S.

12



Exercise 31. Parametrized surfaces are often useful to describe sets 3 which are regular surfaces
except for a finite number of points and a finite number of lines. For instance, let C' be the trace of
a regular parametrized curvea : (a,b) — R? which does not pass through the origin O = (0,0, 0).
Let ¥ be the set generated by the displacement of a straight line [ passing through a moving point
p € C and the fixed point 0 (a cone with vertex 0; see Fig. 2-22).

a. Find a parametrized surface x whose trace is X.
b. Find the points where x is not regular.

c. What should be removed from X so that the remaining set is a regular surface?

Solution 31.

Exercise 32 (*). Show that the definition of differentiability of a function f: V C S — R given
in the text (Def. 1) is equivalent to the following: f is differentiable in p € V if it is the restriction
to V of a differentiable function defined in an open set of R3 containing p.

Solution 32.

Exercise 33. Let A C S be a subset of a regular surface S. Prove that A is itself a regular
surface if and only if A is open in S; that is,

A=UnNS,

where U is an open set in R3.

Solution 33. Suppose A C S is a regular surface. Then there are parametrizations x4 : Uy — A
and xg : Ug — S from open sets Uy and Ug in R%2. Then the map xgl oxy :Uyq — Ug is an open
map: for V open in Ua, (xg' 0x4)(V) is open in dom(xg) by the Inverse Function Theorem and
Xgs is a homeomorphism. Therefore, x4 (V) = xg o (xg1 ox4)(V) is open in S. Now let V = Uy
be the whole domain, then x4(U4) = A is open in S.

Conversely, suppose A is open in S. Let p € A, *

Exercise 34. Let C be a regular curve and let « : I C R — C, 8 : J C R — C be two
parametrizations of C' in a neighborhood of p € o(I) N B(J) = W. Let

h=a"toB:p Y (W)= a }(W)
be the change of parameters. Prove that
a. h is a diffeomorphism.

b. The absolute value of the arc length of C' in W does not depend on which parametrization
is chosen to define it, that is,

t
o' (t)] dt

to

, t=~h(r),tel, 1€

/ 8'()dr

Solution 34.

a. By the chain rule and inverse function rule,




Since o and 8 are parametrizations for a regular curve, ||, |8| # 0. Then b’ always exists and
h is differentiable on f~1(W). Similarly, we have h=! = 37! 0 , so by a similar calculation
we know h~! is differentiable on o~ (W). Therefore, h is a diffeomorphism.

b. Forte I, 7 € J, we have

/ dt /(1)

-| [ e r@ @i ooy

0

- / &
- /T:I,B’(T)Idr

Exercise 35 (*). Let R? = {(x,y,2) € R% 2z = —1} be identified with the complex plane C by
setting (z,y,—1) =a + iy = € C. Let P: C — C be the complex polynomial

P(C)ZaoC”+a1C"_1+~-~+an, ag#0,a, €C,i=0,...,n.

Denote by 7y the stereographic projection of S? = {(z,y,2) € R3;2% + y? + 22 = 1} from the
north pole N = (0,0,1) onto R?. Prove that the map F : S — S? given by

TN o Pony(p), ifpeS?—{N},

F =
() {N, ifp=N,

is differentiable.

Solution 35. Given a point p € S?\{N}, write it as p = (z,y,2). Since the composition of
differentiable functions is differentiable, we only need to show that 7, 775,1 and P are differentiable.
The stereographic projection my : S?\{N} — R? is given by

WN(x,y,z)z( z Y )

1—2"1—2

Since z # 1 for all p € S?\{N}, my is differentiable. Similarly, note that the inverse stereographic
projection my' : R? — S2\{N} is given by

2u 2v u2—|—v2—1>
w22+ w4024+ 1" w2+ 02 +1/

() =

Since u? +v% +1 > 0 for all (u,v) € R?, w&l is differentiable. Moreover, polynomials are differen-
tiable everywhere, so P is differentiable. Thus, F is differentiable on S?\{N}.
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1.4 Chapter 2.4

Exercise 36. Show that the equation of the tangent plane at (xq,yo,20) of a regular surface
given by f(z,y,z) = 0, where 0 is a regular value of f, is

fz(%0, Y0, 20)(x — 0) + fy(T0, Y0, 20) (Y — Yo) + f=(T0, Y0, 20)(2 — 20) = 0.

Solution 36. Suppose 0 is a regular value of f, then by definition we have a regular surface
defined implicitly by f(z,y, z) = 0. By proposition, a regular surface can be locally represented as
the graph of a differentiable function. Without loss of generality, write z = g(z,y) = f~%(0) in a
neighborhood of p = (x¢, o, 20). By the Inverse Function Theorem, we have

dg fz(x0,y0,20)  Og

s - 99 fy(0, 40, 20)
833(360’%)_ J=(x0,90,20)" Oy ' (3)

(xo,yo) - _fz(on, Yo, Zo)

Then the tangent at p is given by

z = g(xo,Y0) + gu(To, Yo)(x — o) + gy(0,Y0) (¥ — yo)

o <af/ax)p(x_mo>_ (af/ay>p<y_y0>7 (4)

of/0z of 0z
and
(x — x0) f2(20, Y0, 20) + (¥ — yo) fy (0, Yo, 20) + (2 — 20) f=(20, Y0, 20) = 0. (5)
Remark. We can express this more compactly with xg = (xo,¥0,20), X = (2,y,2) and Vf =

(fz, fys f2), then
(x —xq) - Vf(xg) =0. (6)

Exercise 37. Determine the tangent planes of 22 + y? — 22 = 1 at the points (z,y,0) and show
that they are all parallel to the z-axis.
Solution 37. Use the result of Exercise 2.4.1, we have

2x0(z — 20) + 2yo(y — Yo) — 220(2 — 20) = 0. (7)
At the point (zg, yo,0), we have

2zo(x — 20) + 2yo(y — yo) = 0. (8)

The normal vector of the tangent plane is (2z¢, 2yo, 0), which is perpendicular to the z-axis. Thus
the tangent planes are all parallel to the z-axis.
Exercise 38. Show that the equation of the tangent plane of a surface which is the graph of a

differentiable function z = f(x,y), at the point py = (xo,yo), is given by

z = f(x0,y0) + fe(®0,y0)(® — x0) + fy (0, %0) (¥ — ¥o)-

Recall the definition of the differential df of a function f : R?> — R and show that the tangent
plane is the graph of the differential df,.
Solution 38. Since zo = f(z0, o), the tangent plane at py = (xo,yo, 20) is given by

z = f(xo0,y0) + fa(x0,y0)(x — z0) + fy(xo,v0)(y — yo)- 9)
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Recall the definition of the differential of a function f : R? — R, we have
df (z0,y0) (s k) = fo(wo,y0)h + fy(zo,yo)k. (10)
Let h =2 — x9, k =y — yo, then
df (20,y0) (T — 20, Y — Y0) = fe(x0,%0)(x — x0) + fy(wo,y0)(y — yo)- (11)
Thus the tangent plane can be expressed as
z = f(x0,90) + df (zo,y0) (T — To, ¥ — Yo0), (12)
which is the graph of the differential df ,, y,)-

Exercise 39. Show that the tangent planes of a surface given by z = zf(y/x), « # 0, where f
is a differentiable function, all pass through the origin (0,0, 0).

Solution 39. Let g(z,y) = zf(y/z), then z = g(x,y) and
Y
9olz:y) = fly/x) =~ f' (/@) gy(x.9) = f'(y/w).
Since zg = x0f(yo/xo), the tangent plane at (g, yo, 20) is given by

z =0 f(yo/To) + 9= (0, Yo)(z — 20) + gy (%0, Y0) (¥ — Yo)
= S uo/0) + (wo/70) = L2 o/ 0)) (2 = 0) + 1 (oo 20) 4 = o).

We can check that (0,0,0) is a solution, hence the desired result.

Exercise 40. If a coordinate neighborhood of a regular surface can be parametrized in the form
X(ua U) = al(u) + OQ(”)?

where a7 and ao are regular parametrized curves, show that the tangent planes along a fixed
coordinate curve of this neighborhood are all parallel to a line.

Solution 40. Here a;(u),az(v) € R3. The tangent plane at (ug,vo) is spanned by the vectors

Xy (g, v0) = o (ug), Xy (ug,vg) = ah(vo).
Then the normal vector of the plane is given by

/ /
oy N\ Qg

I(uo,vo) = ﬁ(uoﬂ)o)

N(UO,’UQ): o A
1 2

Exercise 41. Let a : I — R3 be a regular parametrized curve with everywhere nonzero curvature.
Consider the tangent surface of a (Example 5 of Sec. 2-3)

x(t,v) = a(t) + va/(t), tel, v#£0.

Show that the tangent planes along the curve x(const.,v) are all equal.

Solution 41.
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Exercise 42. Let f:S — R be given by f(p) = |p — po|?, where p € S and py is a fixed point of
R3 (see Example 1 of Sec. 2-3). Show that

(df)p(w) =2w - (p — po), w € T,(5).
Solution 42.
Exercise 43. Prove that if L : R* — R? is a linear map and S C R? is a regular surface invariant

under L, i.e., L(S) C S, then the restriction L|g is a differentiable map and

dL,(w) = L(w), p €S, weT,S).
Solution 43.

Exercise 44. Show that the parametrized surface
x(u,v) = (vcosu, vsinu, au), a#0,

is regular. Compute its normal vector N(u,v) and show that along the coordinate line u = ug the
tangent plane of x rotates about this line in such a way that the tangent of its angle with the z
axis is proportional to the inverse of the distance v(= \/x? 4 y2) of the point x(ug,v) to the z
axis.

Solution 44.

Exercise 45 (Tubular Surfaces). Let a: I — R3 be a regular parametrized curve with nonzero
curvature everywhere and arc length as parameter. Let

x(s,v) = a(s) 4+ r(n(s) cosv + b(s) sinv), r =const. #0, s € I,

be a parametrized surface (the tube of radius r around «), where n is the normal vector and b is
the binormal vector of a. Show that, when x is regular, its unit normal vector is

N(s,v) = —(n(s) cosv + b(s)sinv).

Solution 45. Let x: U — R3 as defined in the problem statement be a regular Parametrization,
where U is an open set in R2. The unit normal vector at each point ¢ € x(U) is defined as

Xs N\ Xy

N(q) (q)-

- |xs A Xy
Let prime denote derivative with respect to s. Then we have
xs = a'(s) +r(n'(s) cosv + b'(s)sinv), x, =7(—n(s)sinv+ b(s)cosv),
and by the Frenet-Serret formulas,
o (s) =t(s), n(s)=—r(s)t(s) = 7(s)b(s), b'(s) =T(s)n(s),
where t is the unit tangent, x is the curvature, and 7 is the torsion of a. Thus,

x5 = t(s) + r((—r(s)t(s) — 7(s)b(s)) cosv + 7(s)n(s)sinv),

x, =7( —n(s)sinv + b(s) cosv).
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Now suppress s and compute the wedge product in the Frenet frame {t,n, b}:

Xs N Xy = (t—l—r( — Kt cosv —Tbcosv—l—Tnsinv)) /\T( —nsinv—i—bcosv)

2

= —r(t An)sinv +r(t Ab)cosv — r’msinvcosv(t An) — r2kcos® v(t Ab)

+r?rsinvcosv(b An) + rrsinvcosv(n A b)
= —r(1 — rkcosv) (cosvn + sinvb) .
Dividing by the norm and noting that n and b are unit length and orthogonal, we have

N(s,v) = —(n(s) cosv + b(s)sinv).

Exercise 46. Show that the normals to a parametrized surface given by

x(u,v) = (f(u) cosv, f(u)sinwv, g(u)), flu) #0, g'(u) #0,

all pass through the z axis.
Solution 46.

Exercise 47. Show that each of the equations (a,b, ¢ # 0)
P4y 4+t =ax, PP+ 4+ =by, Py =2

define a regular surface and that they all intersect orthogonally.

Solution 47. Recall the following proposition:

Proposition 6. A surface defined implicitly by f(z,y,z) = 0 is a regular surface if 0 is a regular
value of f, i.e., Vf # 0 on the surface.

Let fi(z,y,2) = 22+ 9y +2% —ax, fa(x,y,2) = 22 +y> + 22— by, f3(2,9,2) = 22 +9%+ 2% —c2.
Then we have

Vi =2z —a,2y,22), Vfy=(2x,2y—0,2z), Vfs=(2z,2y,2z—c). (13)

Since a, b, ¢ # 0, we have V f1 = 0 implies (x,y, 2z) = (a/2,0,0), which does not satisfy the equation
of the surface. Similarly, we can show that V fa # 0 and V f3 # 0 on the surfaces. Thus all three
surfaces are regular surfaces. Moreover, the normal vectors of the tangent planes at (x,y, z) are
given by V fi, V fa, and V f3, respectively. Then we have

Vf1 -V =4x® + 4y* + 422 — 2az — 2by = 0,

Vs Vs =4z + 49> + 42% — 2by — 2¢2 = 0, (14)

Vfi-Vfs =42 + 4y* + 42% — 2ax — 2cz = 0.

Hence they all intersect orthogonally.

Exercise 48. A critical point of a differentiable function f :.S — R defined on a regular surface
S is a point p € S such that df, = 0.

a. Let f: S — R be given by f(p) = |p—pol, p € S, po ¢ S (cf. Exercise 5, Sec. 2-3). Show
that p € S is a critical point of f if and only if the line joining p to py is normal to S at p.

b. Let h : S — R be given by h(p) = p- v, where v € R? is a unit vector (cf. Example 1, Sec.
2-3). Show that p € S is a critical point of f if and only if v is a normal vector of S at p.
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Solution 48.

Exercise 49. Let @ be the union of the three coordinate planes x = 0, y = 0, z = 0. Let
p=(z,y,2) ER* Q.
a. Show that the equation in ¢,

72 . y? . 52
a—t b—t c—t

f®) =1, a>b>c>0,

has three distinct real roots t1, to, t3.
b. Show that for each p € R? — @, the sets given by
f(t1) =1=0, f(t2)—1=0, f(t3)—1=0

are regular surfaces passing through p which are pairwise orthogonal.

Solution 49.

a. Consider the function F' which implicitly defines the surfaces:

It has three vertical asymptotes at t = a,b,c. Moreover, it is continuous and monotone
increasing in each of the open intervals ¢ € (—oo,c), (¢,b), (b,a), (a,00). Thus by the
Intermediate Value Theorem, there exist exactly three distinct real roots t; < ¢ <ty < b <
t3 < a.

b. Given F\(t;) and F(ty), their point of intersection p is

2 2 2 2 2 2
T y z T y z
(a—tj+b—tj+c—tj a—tk+b—tk+c—tk

o 22 y2 22
= (5~ ) (<a—tj><a—tk> To—t)0-t) <c—tj><c—tk>>'

Then, assuming ¢; # t, we have

T Y z T Y <
V(E()) - VF(H) =4 <(a_tj>’ 6—1,) <c—tj)) ‘ (<a—tk>’ (b—tn)’ <c—tk>)

< $2 N y2 N 22 )_0
(a—t;)a—tr)  (b—t;)(b—tr) (c—tj)c—tr)/)

Therefore, the surfaces intersect orthogonally for all p € R3, i.e. they are pairwise orthogonal.
Furthermore, we see VF|, = 0 if and only if p = 0 ¢ S, so by proposition @ they are regular
surfaces.

Remark. The surfaces described above are called confocal quadrics. Any point (x¢, yo, 20) € R*\{0}
lies on exactly one surface of each of the three types of confocal quadratics, and the three quadrics
intersect orthogonally at that point.

Exercise 50. Show that if all normals to a connected surface pass through a fixed point, the
surface is contained in a sphere.

Solution 50.
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Exercise 51. Let w be a tangent vector to a regular surface S at a point p € S and let x(u,v)
and x(4, ¥) be two parametrizations at p. Suppose that the expressions of w in the bases associated
to x(u,v) and x(@,v) are

W = A1Xy + 2Xy,

and
w = f1Xg + BoXp.

Show that the coordinates of w are related by

ou ou 0o 0o
*u+042* Bo=a1— +as—

hr=ag o’ B o’

where @ = @(u,v) and © = 9(u,v) are the expressions of the change of coordinates.
Solution 51.

Exercise 52 (*). Two regular surfaces S; and S intersect transversally if whenever p € S1 NSy
then T,(S1) # T,(S2). Prove that if S; intersects So transversally, then S; NSy is a regular curve.

Solution 52. Let 51,5, be two regular surfaces that intersect transversally, and let p € S N
Sy. Since Sp,55 are regular surfaces, there exists a differentiable function f : R? — R and a
neighborhood V; of p such that S; N V; = f~1(0) N Vi. Similarly, there exists a differentiable
function g : R®> — R and a neighborhood V5 of p such that Sy N Vo = ¢g=1(0) N Vo. Define
F:R® = R? by F(q) = (f(q),9(q)). Then

F~10,0) = £71((0,0)) N g~ 1((0,0)) 2 (ViNnV2) N (S1 N S).

Let V =Vi NV, In V, we have S; NSy = F~1(0,0). Since T,,(S1) # T(S2), we have N,, (0,0) A
N,,(0,0) # 0, where

N o= o By 2)0) (92,94, 9:)(P)

PN fy )OI (92 940 92) (0
Hence

dF(l'»yvz) = (52 gz gz) (l‘,y,Z) # Oa

and dF is surjective. Therefore, (0,0) is a regular point of F', and by [Do Carmo] Problem 2.2.17
(b) (The inverse image of a regular value of a differentiable map F : U C R?® — R? is a regular
curve in R?), S; NS, is a regular curve.

Exercise 53. Prove that if a regular surface S meets a plane P in a single point p, then this
plane coincides with the tangent plane of S at p.

Solution 53.

Exercise 54. Let S C R3 be a regular surface and P C R? be a plane. If all points of S are on
the same side of P, prove that P is tangent to S at all points of PN S.

Solution 54.
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Exercise 55 (*). Show that the perpendicular projections of the center (0,0,0) of the ellipsoid

£E2 y2 22

2 Eptae!

onto its tangent planes constitute a regular surface given by

{(z,y,2) € R?; (22 4 9% + 2%)? = a?2? + V%y* + 622’2} —{(0,0,0)}.
Solution 55.

Exercise 56 (*). Let f: S — R be a differentiable function on a connected regular surface S.
Assume that df, = 0 for all p € S. Prove that f is constant on S.

Solution 56. Let p,q € S be two arbitrary points. Since .S is connected, there exists a piecewise
regular curve « : [0, 1] — S such that a(0) = p, «(1) = ¢. Then we have

(f o) (t) = dfaw)(@/(t)) =0, tel0,1].
Thus f o « is constant on [0, 1], and in particular, we have
f(p) = f(a(0)) = f(a(1)) = f(q).

Since p, ¢ are arbitrary points in .S, we conclude that f is constant on S.

Exercise 57. Prove that if all normal lines to a connected regular surface S meet a fixed straight
line, then S is a piece of a surface of revolution.

Solution 57.

Exercise 58. Prove that the map F : S? — 52 defined in Exercise 16 of Sec. 2-3 has only a
finite number of critical points (see Exercise 13).

Solution 58. From Problem 2.3.16, F : S? — 52 is differentiable. Let p € S? be a critical point
of F', then dF,, = 0. Since F' = 7r;,1 o P omy, by the chain rule, we have

de = d(ﬂ';[l)p(ﬂ.N(p)) o) dPﬂ'N(p) o d(’/TN)p.

Note that d(7mn), and d(w&l)p(ﬂN(p)) are isomorphisms, so dF, = 0 if and only if dP; ) = 0.
Since P : C — C is a polynomial of degree n, dP is a polynomial of degree n — 1, and thus has
n — 1 roots by the Fundamental Theorem of Algebra. Therefore, the map F : $2 — S2 has only a
finite number of critical points.

Exercise 59 (Chain Rule). Show that if ¢ : S; — So and ¢ : Sy — S are differentiable maps
and p € S1, then

d(w o L)0)13 = dwcp(p) o d(pp'
Solution 59.

Exercise 60. Prove that if two regular curves C; and C5 of a regular surface S are tangent at a
point p € S, and if ¢ : S — S is a diffeomorphism, then p(Cy) and p(Cs) are regular curves which
are tangent at ¢(p).
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Solution 60.

Exercise 61. Show that if p is a point of a regular surface S, it is possible, by a convenient
choice of the (z,y, z) coordinates, to represent a neighborhood of p in S in the form z = f(x,y) so

that

f(0,0) =0, f.(0,0)=0, f,(0,0)=0.

(This is equivalent to taking the tangent plane to S at p as the zy plane.)

Solution 61.

Exercise 62 (Theory of Contact). Two regular surfaces, S and S, in R®, which have a point
p in common, are said to have contact of order > 1 at p if there exist parametrizations with the
same domain x(u,v), X(u,v) at p of S and S, respectively, such that x, = %X, and x,, = X, at p.
If, moreover, some of the second partial derivatives are different at p, the contact is said to be of
order exactly equal to 1. Prove that

a.

b.

The tangent plane T,(S) of a regular surface S at the point p has contact of order > 1 with
the surface at p.

If a plane has contact of order > 1 with a surface S at p, then this plane coincides with the
tangent plane to S at p.

Two regular surfaces have contact of order > 1 if and only if they have a common tangent
plane at p, i.e., they are tangent at p.

If two regular surfaces S and S of R? have contact of order > 1 at p and if F : R® — R?
is a diffeomorphism of R?, then the images F(S) and F(S) are regular surfaces which have
contact of order > 1 at F(p) (that is, the notion of contact of order > 1 is invariant under
diffeomorphisms).

d
If two surfaces have contact of order > 1 at p, then lir% — = 0, where d is the length of the
r—=07r

segment which is determined by the intersections with the surfaces of some parallel to the
common normal, at a distance r from this normal.

Solution 62.

Exercise 63 (Do Carmo 2.4.28).

a.

b.

Define regular value for a differentiable function f : S — R on a regular surface S.

Show that the inverse image of a regular value of a differentiable function on a regular surface
S is a regular curve on S.

Solution 63.

a.

b.

A regular value of a differentiable function f : S — R defined on a regular surface S is a value
¢ € R such that for every point p € f~!(c), the differential df, : T,(S) — R is surjective

(i.e., df, #0).

Let ¢ be a regular value of a differentiable function f : S — R and let p € f~!(c). Pick a local
parametrization x : U C R? — S such that x((0,0)) = p. Define g: U — R by g = f ox,
then ¢(0,0) = f(x(0,0)) = f(p) = c. Since df, # 0 and dx(q,¢) is surjective onto 7,5, we
have dg(g,0) # 0. By the Implicit Function Theorem, there exists a neighborhood V' C U of
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(0,0) such that g=*(c) NV is the graph of a C! function, say v = ¢(u). Then we can define
a local parametrization of the curve f~1(c) on S by

a(u) = x(u, p(u)), wel
where I is some neighborhood of u = 0. Suppose for some u*, we have o/ (u*) = 0, then
dx(u*,d)(u*)) (1, QS/(U,*)) = O

Since dx is one-to-one, we must have (1,¢'(u*)) = 0, contradiction. Thus, o’(u) # 0 for all
u € I, and in a neighborhood of each p € f~1(c), f~1(c) is the image of a regular curve « on
S. Patching the local parametrizations together, we conclude that f~1(c) is a regular curve
on S.
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1.5 Chapter 2.5

Definition 6 (first fundamental form). The quadratic form I, : T,,(S) — R defined by I,(w) =
(w,w), = |w|? is called the first fundamental form of the surface S at the point p € S.

Definition 7 (area). Let R C S be a bounded region of a regular surface S contained in the
coordinate neighborhood of a parametrization x : U C R?2 — S. The positive number

A(R) = jf dudv [x, A x| = jf dudv v EG — F? (15)

x~!(R) x~(R)

is called the area of the region R.

Exercise 64. Compute the first fundamental forms of the following parametrized surfaces where
they are regular:

a. x(u,v) = (asinucos v, bsinusinv, ccosu); ellipsoid.

b. x(u,v) = (aucosv, busin v, u?); elliptic paraboloid.
c. x(u,v) = (aucosh v, businh v, u?); hyperbolic paraboloid.
d. x(u,v) = (asinhucosv, bsinh usin v, ccoshu); hyperboloid of two sheets.

Solution 64.

Exercise 65. Let x(p,0) = (sinf cos ¢, sin 0 sin ¢, cos §) be a parametrization of the unit sphere
S2. Let P be the plane x = zcota, 0 < o < 7, and 3 be the acute angle which the curve P N S?
makes with the semimeridian ¢ = ¢g. Compute cos 3.

Solution 65.

Exercise 66. Obtain the first fundamental form of the sphere in the parametrization given by
stereographic projection (cf. Exercise 16, Sec. 2-2).

Solution 66. Refer to Exercise 2.2.16, let the sphere be S? = {(z,y,2) € R? : 22 +y? + (2 —1)? =
1}. The stereographic projection from the north pole N = (0,0,2) to the zy-plane is given by

(u,0) ( 4u 4v 2(u2+v2))
x(u,v) = )
’ w22 +47 w2402 +47 w202 +4

We have
4(—u? +v% +4) —8uw 16w
Hu = ( (u2 +02+4)2 7 (u? + 02 +4)%’ (u2+v2+4)2> ’
—8uw 4(u? —v% +4) 16v
Xo = ((u2 + 02 +4)27 (u2 + 02 4+ 4)2’ (u2—|—v2—|—4)2) '
Thus we have
B = (x0, %) = 16(—u? 4+ v% + 4)% + 64uv? + 256u> _ 16
Ru (uZ + 02 + 4)4 (U2 + 02 +4)2’
F = (x0,%,) = —32uv(—u? + v? + 4) — 32uv(u? — v? + 4) + 256uv ~0,
(u® + 02 + 4)°
G = (x, %)) = 64u?v? + 16(u? — v? + 4)% + 25602 _ 16 .
o (u? +v2 +4)4 (u? + 02 +4)2
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Therefore, the first fundamental form is
16

b= G e (7 0.

Exercise 67. Given the parametrized surface

. ™ ™
x(u,v) = (ucosv, usinv, logcosv + u), —5 <v<g,

show that the two curves x(u,v1), x(u,vs) determine segments of equal lengths on all curves
x(u, const.).

Solution 67.

Exercise 68. Show that the area A of a bounded region R of the surface z = f(x,y) is
A= ffﬂl—i—fﬁ—!—fﬁdmdy,
Q

where @ is the normal projection of R onto the xy plane.
Solution 68.

Exercise 69. Show that
x(u,v) = (usinacosv,usinasinv,ucosa), 0<u<oo, 0<wv<2mw, «=const.,

is a parametrization of the cone with 2« as the angle of the vertex. In the corresponding coordinate
neighborhood, prove that the curve

v sin « cot 3
;)

x(ce ¢ = const., 3 = const.,

intersects the generators of the cone (v = const.) under the constant angle 3.
Solution 69.

Exercise 70. The coordinate curves of a parametrization x(u,v) constitute a Tchebyshef net
if the lengths of the opposite sides of any quadrilateral formed by them are equal. Show that a
necessary and sufficient condition for this is

o8 _ 06 _
v Ou

Solution 70. The coordinate curves of a parametrization x(u,v) are the curves obtained by
fixing one of the parameters and varying the other. Suppose we have a quadrilateral formed
by the coordinate curves at points (u1,v1), (ug, v1), (uz,v2), (u1,v2). Let s(x(u1,v1),x(us,v2)) =
s((u1,v1), (uz2,v2)) denote the arc length between two points. Then the lengths of the opposite
sides are equal if and only if

s((u1,v1), (uz2,v1)) = s((ug,v2), (ug,v2)) = " du\/E(u,v1) = /uz du \/ E(u,vs),

uy

s((u1,v1), (u1,v2)) = s((uz,v1), (ug,v2)) = /ﬂ2 dv+/G(ug,v) = /y2 dv /G (ug,v).
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Since uq, ug, v1, v are arbitrary, we have

\/E(u, vy) = \/E(u,vg)7 \/G(ul,v) = \/G(ug,v).
Therefore, E' is independent of v and G is independent of u, giving the desired result:

o8 _, oG _
v Ou

0.

Exercise 71 (*). Prove that whenever the coordinate curves constitute a Tchebyshef net (see
Exercise 7) it is possible to reparametrize the coordinate neighborhood in such a way that the new
coefficients of the first fundamental form are

E=1, F=cosl, G=1,

where 6 is the angle of the coordinate curves.

Solution 71. Following the procedure in Exercise 2.5.7, since the coordinate curves constitute a
Tchebyshef net, we have %—f =0 and ‘3—5 = 0. Thus, F = E(u) and G = G(v). We can define an
arc length parametrization X(a,?) by

ﬂ:/\/mdu, T):/\/%dv,

B ox Ou Xy . ox Ov Xy

Then we have

= Guon B T oo o)

Thus, the coefficients of the first fundamental form in the new parametrization are

B (% %) — Xy Xy _ B(u)
F = <)_(ﬁ7)_(17> = < Zu ’ sl > = M = COSG)
VE() /G(v) VE(u)G(v)
G = (%, %) = < v el > NSO
’ VGW) /G[) G(v)

Exercise 72 (*). Show that a surface of revolution can always be parametrized so that

E=E({), F=0 G=1.

Solution 72.

Definition 8. The coordinate curves of a parametrization are orthogonal if and only if F'(u,v) = 0
for all (u,v). Such a parametrization is called an orthogonal parametrization.

Without loss of generality, let the axis of revolution be the z-axis. A surface of revolution
can be parametrized as

x(u,v) = (f(v) cosu, f(v)sinu,g(v)), ue(0,2n), vel,
where f(v) >0 for all v € I. Then
Xu (7]0(”) Sinua f(”U) COS U, 0)7

x, = (f'(v) cosu, f'(v) sinu, g’ (v)).
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The arc length parametrization of the v-curves is given by

ﬁ:/\/[f’(fu)]?Jr[g’(v)]de — %(u,7) = (f(7) cosu, £(T) sinu, g(7)) .
Then, abbreviating v(v) to v, we have

Xy = (—f(v) sinu, f(?) cosu,0),
_ o S o dv  (f(D) cosu, /(D) sinu, g’ (D))
x5 = (f'(9) cosw, f(0) sinu, g'(0)) Fri JIOET [g'(@)]g .

Then, the coefficients of the first fundamental form in the new parametrization are

E= <iuaiu> = f2(6)’ F= <)_CU7)_(17> =0, G= <)_(17>)_(17> =1

Note that if we force an arc length parametrization on the u curves instead, we would have E=1,
F =0, and G = G(u). However, it is not possible to do both and still have an orthogonal
parametrization.

Exercise 73. Let P = {(z,y,2) € R3z = 0} be the 2y plane and let x : U — P be a
parametrization of P given by
x(p,0) = (pcosb, psinb),

where
U=1{(p,0) €eR*p>0,0<6<2r}.

Compute the coefficients of the first fundamental form of P in this parametrization.

Solution 73. We have

X, = (cosf,sin6,0), (16)
xg = (—psinb, pcos6,0). (17)

Thus the coefficients of the first fundamental form are

E = (x,,X,) = cos? 0 +sin®0 = 1,
F = (x,,x9) = —pcosfsinf + psinfcos = 0,
G = (x9,%g) = p*sin® 0 4 p? cos? § = p*.

Exercise 74. Let S be a surface of revolution and C' its generating curve (cf. Example 4, Sec.
2-3). Let s be the arc length of C' and denote by p = p(s) the distance to the rotation axis of the
point of C corresponding to s.

a. (Pappus’ Theorem.) Show that the area of S is

l
271'/ p(s)ds,
0

where [ is the length of C.

b. Apply part (a) to compute the area of a torus of revolution.
Solution 74.

Exercise 75. Show that the area of a regular tube of radius r around a curve « (cf. Exercise 10,
Sec. 2-4) is 27r times the length of a.
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Solution 75. From Exercise 2.4.10, the parametrization of a tubular surface of radius r around
a curve « is given by

x(s,0) = a(s) + r (n(s)cosf + b(s)sinf), r#0,s€l.

Then
xs = a'(s) + 7 (n'(s) cos + b'(s) sin 6)
=t(s) +r (—k(s)t(s) cosO — 7(s)b(s) cos§ + 7(s)n(s) sin §)
= (1 —rkcos @)t + r7sinfn — r7 cos 6b,
xg =1 (—n(s)sind + b(s) cos9) ,
and

xs Axg = ((1 — rkcos0)t + r7sinfn — r7cos6b) A r (—n(s)sin + b(s) cos )
= —r(1 —rk(s) cos0)(cos @ n(s) + sin @ b(s)).

By definition [7] the area of the tube is given by

27 So
A:fjdﬁds |xs A xg| = dé dsr|l —rk(s)cosb)|.
0 S1

Since k(s)r <1 for all s € I, we have

2m EP) S2
A= / dé / dsr(l —rk(s)cosf) = 27rr/ ds = 27r ().
0 S1

S1

Remark. Let’s formalize the problem in the following way: Let a : [0,/] — R?® be a curve
parametrized by arc length with k(s) # 0. Suppose a has no self-intersections, a(0) = «(f)
and it induces a smooth map from S* to R? (i.e. « is a smooth simple closed curve). Let r > 0
and ¢ : [0,/] x [0,27] — R3 is given by:

o(s,v) = a(s) + r(n(s)) cosv + b(s) sinv

Then image T" = Im ¢ is called the tube of radius r around «. For r sufficiently small, 7" is a
surface. Prove that A(T) = 2xrd.

Exercise 76. (Generalized Helicoids.) A natural generalization of both surfaces of revolution
and helicoids is obtained as follows. Let a regular plane curve C, which does not meet an axis
FE in the plane, be displaced in a rigid screw motion about F, that is, so that each point of C
describes a helix (or circle) with E as axis. The set S generated by the displacement of C'is called
a generalized helicoid with axis F and generator C. If the screw motion is a pure rotation about
E, S is a surface of revolution; if C is a straight line perpendicular to E, S is (a piece of) the
standard helicoid (cf. Example 3).

Choose the coordinate axes so that E is the z axis and C' lies in the yz plane. Prove that

a. If (f(s),g(s)) is a parametrization of C' by arc length s, a < s < b, f(s) >0, thenx: U — S,
where
U={(s,u) eR*a<s<b0<u<?2r}

and
x(s,u) = (f(s)cosu, f(s)sinu,g(s) + cu), c¢= const.,

is a parametrization of S. Conclude that S is a regular surface.

b. The coordinate lines of the above parametrization are orthogonal (i.e., F' = 0) if and only if
x(U) is either a surface of revolution or (a piece of) the standard helicoid.
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Solution 76.

Exercise 77 (Gradient on Surfaces.). The gradient of a differentiable function f : S — R is a
differentiable map grad f : S — R? which assigns to each point p € S a vector grad f(p) € T,,(S) C
R3 such that

(grad f(p),v)p = dfp(v) for all v € T,(S).

Show that

a. If £, F,G are the coefficients of the first fundamental form in a parametrization x : U C
R2 — S, then grad f on x(U) is given by

qu*va +fvE7qu

grad f = 5o _ 2 Xy G _F? Xy

In particular, if $ = R? with coordinates z, y,

gradf = fzel + fye%

where {e1, e2} is the canonical basis of R? (thus, the definition agrees with the usual definition
of gradient in the plane).

b. If youlet p € S be fixed and v vary in the unit circle [v| = 1 in T,,(.S), then df,(v) is maximum
if and only if v = grad f/| grad f| (thus, grad f(p) gives the direction of maximum variation

of f at p).

c. If grad f # 0 at all points of the level curve C = {q € S; f(q) = const.}, then C is a regular
curve on S and grad f is normal to C at all points of C.

Solution 77.

a.

Exercise 78 (Orthogonal Families of Curves.).

a. Let E, F,G be the coefficients of the first fundamental form of a regular surface S in the
parametrization x : U C R? — S. Let o(u,v) = const. and 1(u,v) = const. be two families
of regular curves on x(U) C S (cf. Exercise 28, Sec. 2-4). Prove that these two families
are orthogonal (i.e., whenever two curves of distinct families meet, their tangent lines are
orthogonal) if and only if

E@uwu - F(Sou'(/}u + vazbv) + G‘pku =0.

b. Apply part (a) to show that on the coordinate neighborhood x(U) of the helicoid of Example
3, the two families of regular curves

veosu = const., v #0,

(v* 4+ a?®)sin®u = const., v #0, wu#m,

are orthogonal.

Solution 78.

a. Suppose p(u,v) = ¢; and 9(u,v) = ¢z are two families of regular curves on x(U) C S. The
curves satisfy

¢uul + (bvv/ =0, wuul + '(/}v'U/ =0.
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So we can choose the tangent vectors of the two families of curves to be

() = —0uXy + PuXy, W) = =YXy + PuXe.

The two families are orthogonal if and only if (¢(¢),t(y)) = 0, which is equivalent to

<t(¢)a t(¢)> = <_<vau + PuXup, _wvxu + wuxv>
= vawv <Xu7 Xu> - @ku<xu7 Xv> - Sﬂuwv <X'u> Xu> + Spuwu <Xv7xv>

. From Example 3, the helicoid is given by the parametrization x(u,v) = (v cosu, v sinu, au),
with the coefficients of the first fundamental form being

E(u,v) =v* +a? F(u,v) =0, G(u,v)=1.
Let ¢(u,v) = vcosu, 1(u,v) = (v + a?)sin? u. Then

¢y = —vsinu, ¢, = cosu,

Yy = 2(v? + a?) sinucos u, ¥, = 2usin® u.
Substituting these into equation (??) in part (a), we have
(v + a?) cosu(2usin® u) — 0 4 1(—vsinu)(2(v? + a*) sinu cosu) = 0.

Therefore, the two families of regular curves are orthogonal.
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