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Solutions 5-6

5.1. (¥) A curve a : I — R3 is called a (generalized) heliz if its tangent lines make a constant angle
with a fixed direction in R3.

(a) Prove that the curve

a(s) = (Z/ sinf}(v)dv,(i/ cosz?(v)dv,%s),
S0 S0

with sp € I, 2 =a? +b% a#0, b+ 0 and 9'(s) > 0 is a (generalized) helix.

(b) Assume that a : I — R3 is a regular curve with 7(s) # 0 for all s € I. Prove that « is a
(generalized) helix if and only if /7 is constant.

Solution:

(a) We have

t=a(s) = <i sind(s), = cosv(s), i) :

so ||t]] = 1, that is « is parametrized by arc length.

One way to show that « is a (generalized) helix is to use (b). For this, we compute
/ ’ a a o . a o .
t'=a(s) = (ﬂ? (s) cosI(s), ——19'(s) 51n19(s),0> = —1¥'(s) (cos¥(s), —sin¥(s),0) .
c c c

We may assume without loss of generality that 2¢'(s) > 0 and take r(s) = 29'(s) and n = (cosJ(s), —sin¥(s),0) .
Then ; ;
b=txn= (c sin¥(s), Ecosﬂ(s), _a> ,

c

and

Y = (iﬂ’(s) cos 9(s), —isinﬂ(s),O) - gﬁ’(s)n.

Hence 7 = 20'(s) and /7 = ¢ is constant. It follows from part (b) that c is a generalized helix.

A much simpler way to solve the problem is to guess the vector v such that t - v is constant. Indeed, one

can see that z-coordinate of ¢ is equal to b/c, i.e. it is constant. Thus, t makes a constant angle with vector
(0,0,1), i.e. with z-axis.

(b) We may assume that « is parametrized by arc length. By definition, a is a (generalized) helix if and
only if there exists a constant vector v such that
t-v t-v

= —— = const
12l loll o]l

We may assume that v has unit length, so the equality above is equivalent to

t-v = const



5.2.

Equivalently, « is a (generalized) helix if and only if there exists a constant vector v such that
t - v=0<+= n-v=0 < v=ct+db.

Since v has unit length, we have ¢ + d? = 1. Then v makes a constant angle with ¢ if and only if ¢ = const

The vector v is a constant vector if and only if (¢t 4+ db)’ = 0, that is if and only if
dt+ct' +db+db =ckn+db+drn=db+ (ck +dr)n =0,

which holds if and only if
d =ck+dr =0,

if and only if k/7 = —d/c = const

Let a, 3 be regular curves in R3 such that, for each u, the principal normals nq(u) and ng(u) are
parallel. Prove that the angle between to(u) and tg(u) is independent of u. Prove also that if the
line through a(u) in direction nq(,) coincides with the line through B(u) in direction ng(,) then

B(u) = a(u) + rng(u)

for some real number r.

Solution:

We may assume that one of the curves (say, a) is parametrized by arc length. Let
f(u) = ta(u) - tp(u)
We want to show that f'(u) = 0.
f'(u) =t (u) - ta(u) + talu) - t(u) = va(u)na(u) - ta(u) + ta(u) - |8’ (w)|ks(w)ng(u) =
= na(u) - (ka(w)ta(u) + M) |8’ (u)l|lkpta(u)

for the function A(u) defined by ng(u) = A(u)na. Now, nq(u) - to(u) =0, and
na(u) - tg(u) = A7 (w)ng(u) - ta(u) = 0,
so f'(u) =0.
Now assume the lines {a(u) + pina(u) | p1 € R} and {B(u) + pang(u) | pe € R} coincide, i.e.
a(u) = Bu) = p(u)na(u)
for some p(u) € R. We want to show that p(u) is constant. We can write
(u) = na(u) - (a(u) = B(w)),

therefore
1 (u) =ng(u) - (e(u) = Bu)) + nalu) - (ta(u) —ta(u))

The first summand vanishes since a(u) — B(u) = p(u)n(u) is parallel to ne(u), and nl,(u) - ng(u) = 0.
The second summand vanishes since nq(u) is parallel to ng(u).



5.3.

5.4.

(%) Let a be the curve in R? given by
a(u) = e"(cosu,sinu, 1), u € R

If 0 < Ao < Ay, find the length of the segment of & which lies between the planes z = A\g and
z = A1. Show also that the curvature and torsion of ax are both inversely proportional to e“.

Solution:

We have

a'(u) = e*(cosu,sinu, 1) + €"(— sinu, cosu, 0) = (e* cosu — e* sinu, e* sinu + €" cosu, e"),

o’ (u)|| = e“/(cosu — sinu)? + (sinu + cosu)2 + 1 = e"V/3.

We first need to find the parameter values when « intersects the planes z = A\ and z = ;. The z-component
of a(u) is e¥, so e* = X implies u = In A. Then the arc length ¢ between where the curve intersects the
planes z = A\g and z = Ay with 0 < Mg < )\; is given by integrating ||a’(u)|| between the corresponding
parameter values, namely ug = In \g and u; = In\;. So

L= /“1 e (w)|| du = /’“ V3edu = V3[e"] ! =3(e" — ") = V3(A — o).

Uuo

To compute the curvature we use the formula

_ e’ x a7

le'[l?

As a result, we obtain

which has the desired form )
const - —.
eu

Now one can note that « is a generalized helix: indeed, the cosine of the angle formed by a’(u) with vector
(0,0,1) is
(e*cosu — e*sinu, € sinu + e* cosu, ") - (0,0, 1) 1

V3ev V3
which is constant. Thus, by Exercise 5.1, the torsion is also proportional to 1/e*.

Alternatively, one can compute the torsion explicitly to see that

which is also of required form.

Let a be a curve parametrized by arc length with nowhere vanishing curvature x and torsion 7.
Show that if the trace of « lies on a sphere then

T < K >/
K T2/

Is the converse true?
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Solution: Suppose that « lies on the sphere with centre ¢ and radius . Then
(@a—¢)-(a—c)=r" (%)

Differentiating (*) once we get
t-(ax—c)=0.

This means that there exist x,y € R such that
oa—c=zxn+yb.
Differentiating the equality above we obtain
t=a2'n+an +y'b+yb =a'n+x(—kt—71b) +yb+yrn=—xrt+ (' +yr)n+ (-7 + )b

In particular, this implies that
—x7+y =0

Let us find = and y. Differentiating (x) twice we get
kn-(ac—c)+1=0 (%)

Thus,
1
kr+1=0 << x=——.
K

Differentiating () we get
Kn-(a—c¢)+k(—kt—7b) (a—¢)+rn-t=0

Since n - t = 0, this implies
, 1 1
Kn- (f;n + yb) + k(—kt — 7b) - (fgn +yb) =0,

which gives
/

—— — k1Y = 0.
K

Hence,

K}/

Yy=——75-
K21

Now the equality —z7 + 3’ = 0 obtained above becomes

T ( K )’
K TK2/)

The converse is also true (see e.g. the solution of Exercise 5.5.(b))

Let a be a regular curve parametrized by arc length with x > 0 and 7 # 0. Denote by n and b
the principal normal and the binormal of .

(a) If a lies on a sphere with center ¢ € R3 and radius » > 0, show that
a—c=—pn —pob,

where p = 1/k and 0 = —1/7. Deduce that r2 = p? + (p'0)?.



(b) Conversely, if p?> + (p'o)? has constant value 72 and p’ # 0, show that « lies on a sphere of
radius 7.

Hint: Show that the curve a + pn + p'ob is constant.

Solution:

(a) Suppose that a lies on the sphere with center ¢ and radius r. From the solution of Exercise 5.4 we know
that
a —c=zxn+ yb,

where
K//
r=—— = ——
K’ y K2T
We have thus
1 K’ ,
a—c=——n-— b=—pn —pob,

where p = 1/k and 0 = —1/7. Now,

r?=(a-c) (a—c)=(-pn—pob)-(—pn —p'ob) = p* + (o).

(b) Suppose that p? + (p'c)? = r2. Differentiating we get
p'(p+(p'o)o)=0.
As p' £ 0, it follows that
p+(po)o=0
or equivalently,

—pT+(p'0) =0

The curve a + pn + p’ob is constant (i.e, is a point) if and only if (a + pn + p'ob)’ = 0. We have,

(a+pn+pab) = t+pn+pn' +(p'0)b+ (Po)b

t+p'n+ p(—kt —7b) + (p'o)'b+ (p'o)tn
(L—pr)t+(p' +por)n+ (—mp+ (p'o))b
= 0t+0n+0b

= 0.

We conclude that a + pn + p'ob = ¢, for some point ¢. Then
a—c=—pn—pob

and as p? + (p'0)? has constant value 72, (a — ¢) - (a — ¢) = r2. This means that the curve « lies on the
sphere with center ¢ and radius 7.



6.1.

6.2.

Let U C R? be an open set. Show that the set
{(z,y,2) €ER®| 2 =0 and (z,y) € U}

is a regular surface.

Solution:
Take V = R3 and z(u,v) = (u,v,0). Then all the assumtions of the definition of a surface hold immediately.

One could also note that this set is a regular surface as a graph of the zero function.

Stereographic projection

Let S2(1) = {(z,9,2) € R®|2%2 + y? + 22 = 1} be a 2-dimensional unit sphere. For (u,v) € R?
let «(u,v) be the point of intersection of the line in R3 through (u,v,0) and (0,0, 1) with S?(1)
(different from (0,0, 1)).

(a) Find an explicit formula for x(u,v).

(b) Let P be the plane given by {2z = 1}, and for (z,y,2) € R3\ P, let F(z,y,2) € R? be such
that (F(x,v,2),0) € R3 is the intersection with the (z,y)-plane of the line through (0,0,1) and

(x,y,z). Show that
1

1—=2

F(z,y,2) = (z,y)-

(c) Show that Fox = id : R?> — R? and deduce that x is a local parametrization of S2(1)\{(0,0,1)}.

Solution:
(a) We are looking for the intersection of the line L through (0,0,1) and (u,v,0), (u,v) € R?, with S?(1).
This line can be parametrized by
L(t) :=(0,0,1) + t((u,v,0) — (0,0,1)) = (tu,tv,1—t), teR.
Now find ¢ € R such that L(t) € S?(1), i.e., that
(tu)® + (tv)® + (1 —t)* = 1.
This equation is equivalent to
t(t(u* +0v* +1)—2) =0,

hence

F=0 o b= 2
N w2421
The former solution gives L(0) = (0,0,1), and we reject this point. We are looking for the other solution
on the sphere, namely

2u 2v 2 1
Lt:( , 11— ): 2u, 2v, u? + v — 1).
®) w24+ 02+ 1" u2 402 +1 u? 02 +1 u2+v2+1(“ vu )

Therefore,  : U = R? — S = S%(1) is given by

1

m(2u,2v,u2 —+ 'U2 — 1)

x(u,v) =



(b) Let I be the line through (0,0,1) and (z,y,2) where (z,y,2) € R3\ P, ie., z # 1. Then I can be
parametrized by

I(t) == (0,0,1) + t((z,y,2) — (0,0,1)) = (tx, ty,t(z — 1) + 1), teR.

Its intersection with the zy-plane yields the condition

t(z—1)+1=0, ie, t=

1—=2

on the parameter ¢ (note that z # 1). Hence the point in the zy-plane is

M1/ = 2)) = 70— (3,0,

x oy
Fz.9,2) = (1727172)

In particular, F' has the form

given by the first two coordinates of I(1/(1 — z)).
(¢) We have

(Fox)(u,v) = F(x(u,v))

_ F( 2u 2v 1 2 )
N2+ U024+ w2241
| ——
= (u,v)
since 1/(1 — 2) = (u? +v? +1)/2, hence F o z is the identity map on U = R?.
We conclude now as follows:

(i) @ is a smooth map on U = R?, since its components are rational functions and the denominator never
vanishes. Moreover,
z:U=R*—a(U)=5%1)\{(0,0,1)}, (%)

hence we may choose V = R? \ P in the definition of a regular surface (or any other open set containing
S2(1)\ {(0,0,1)} like V = R? x (—o00,1))

(ii) From F oz = idy we conclude that x is bijective. The map F is clearly continuous on R? \ {z = 1},
therefore « is a homeomorphism.

(iii) The linear independence of 9, x(u,v) and dyx(u,v) for all (u,v) € U is equivalent to

Oux(u,v) X Oyx(u,v) #0 forall (u,v) €U

We have
Oux(u,v) = #(1— 2 1 v?, —2uw, 2u)
wx(u,v) = (052 £ 002 u” 4+ v°, —2uw, 2u),
2
Ozx(u,v) = —2uw, 14 u? —v?,2v),

v +op!

which implies
4

2 2
—<1+u2+v2)3(—2u,—2v,1—u —v°)#£0

Ou(u,v) X Oyx(u,v) =

Alternatively, we have a quite simple (and abstract) argument for the linear independence of d,x(u,v) and
Oy (u,v) for all (u,v) € U,



6.3.

6.4.

We have F' o x = idy, hence, by the chain rule,

dF o dx = idg2, or pointwise (dm(uw)F(d(w,)w(w))) =w
for all w € R? and (u,v) € U. This shows that dz is injective: d(yvyz(w) = 0 implies by the above
equation that 0 = (dg(u,) F(dw,mz(w))) = w.

Now, the image d,,.)® R?) of an injective linear map has the same dimension as the preimage, i.e., is
two-dimensional. Hence, 9, x(u,v) and 9,2 (u,v) are linearly independent for all (u,v) € U.

Show that each of the following is a surface:
(a) a cylinder {(z,y,2) € R[22+ y? = 1}
(b) a two-sheet hyperboloid given by {(z,y,2) € R?|2? +4? — 22 = —1}.

In each case find a covering of the surface by coordinate neighborhoods and give a sketch of the
surface indicating the coordinate neighbourhoods you have used.

Solution:

(a) Let U = {(u,v) € R?||v| < 1}. Let us consider four charts:
Vlz{y>0}a :Bl(u7’l)):(’l), \/1—’U2,U)

Vo = {y < 0}, xa(u,v) = (v, —V1 —v2 u)
Vs = {z > 0}, z3(u,v) = (V1 —0v2 0,u)
Vi = {z < 0}, x4(u,v) = (=1 — 02,0, u)

Clearly, all these maps are smooth, they are homeomorphisms onto their images (check this!), and the images
cover the entire cylinder. Linear independence of partial derivatives can be verified by direct computation.

Alternatively, we could deal with two charts only. Namely, let U = {(u,v) € R?||v| < 7}, and consider two
charts
Vi ={z > -1}, 1 (u,v) = (cosv,sinv, u)

Vo = {z <1}, 2 (u,v) = (— cosv, —sinv, u)
One can easily check that all the requirements of the definition of regular surface are satisfied.

(b) Let U = R%. We parametrize separately the upper half and the lower half of the hyperboloid. For the

upper one, we have
z(u,v) = (u,v, /a2 +y>+1
x(u,v) = (u,v,—v/ax2 +y2 +1

Thus, every half of the hyperboloid is a graph of a smooth function, so it is a regular surface.

_Z’Z y2
Z—g*bj .

Show that S is a surface and show that at each point p € S there are two straight lines passing
through p and lying in S (i. e. S is a doubly ruled surface).

For the lower one

For a,b > 0, let
si= {5 e®

Solution:



S is a regular surface as a graph of a smooth function g(x,y) = 22 /a® — y?/b%.

Let us find the two lines in S through every point p € S. Let 3 : R — R3 be a line through p = (z,y,2) € S
given by B(s) = p + sv, where v = (u,v,w). Then

B(s) = (z + su,y + sv, z + sw)
and B(s) € S for every s € R if and only if

(z+su)®  (y+sv)°
a? B b2 ’

B z2 g2 2cu 2yv u? 02 9
tow=lg )" e )" \e w)’

Since the equality above must hold for every s € R, the coefficients of the polynomials in the left and right
parts of the equality must coincide. Thus, we get

Z2 4+ sw =

which is equivalent to

Y _ 2zu 2yv

= —= — = - — _

w _
a? b2’ a? b2’ a? b2

The first equality holds since p € S. Solving the other two with respect to u, v, w we obtain two vectors (up

to scaling)
b 2z 2y b 2x 2y
, 2,22 2 -2
( “a’ a? ab) and < " oa’a? ab)

giving rise to equations of two lines.

In fact, there is an easier method to find these two lines. We can write the definition of S as

DG

Now, for given p = (¢, y0, 20) € S denote

Then the intersection of the planes

Gg-d o Goi-3)

is a line through p lying in S. Similarly, we can denote

=040
a+b’

and then the intersection of the planes

G213 m e

is also a line through p lying in S. One can easily check that these two lines are distinct.
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6.6.

(¥) Let S be the surface in R3 defined by z = 22 — y2. Show that
x(u,v) = (u+ cosh v, u + sinhv, 1 + 2u(cosh v — sinhv)), u,v € R,

is a local parametrization of S. Does & parametrizes the whole surface S?

Solution:

The equality
1 + 2u(coshv — sinhv) = (u + coshv)® — (u + sinhv)?

can be verified directly, so x is a (clearly, smooth) map from U = R? to S. Note that
x —y =coshv —sinhv =¢7" > 0,

so x parametrizes only the part {z > y} of the surface.

To show that z is a homeomorphism between R? and S N {x > y} let us first check that z is injective: if it
is not, then there exist two different pairs of numbers (u1,v1) and (ug,v2) such that

u1 + cosh vy = ug + cosh vs,
uy + sinh vy = us + sinh vy,
1+ 2uy(cosh vy — sinhwvy) = 1 + 2ug(cosh vy — sinh vg).

Substracting the second equation from the first, we see that coshwv; — sinhv; = coshvy — sinhwvs. As
coshv # sinhw, this (together with the third equation) imples that w; = wg, and hence, by the first
equation, v = vg, which contradicts to the assumption that (uy,v1) # (ug2,v2). Hence, @ is injective.

Now, we compute u and v in terms of (z,vy,2) (this will give us both existence of x~1 and its continuity).
We already know that
v=—1In(z —y)

Now we can compute

1 1 1 1
u=x—coshv=z——-(z—y+ =—l|lx+y—
2 r—y 2 T —y

which is defined (and continuous) for every point of S with 2 > y. Therefore, (u, v) can be defined for every
point (z,y,z) € SN {z > y} uniquely, the map is continuous, so x is a homeomorphism.

Linear independence of partial derivatives can be verified by a simple computation. Indeed,

Ouzx(u,v) = (1,1,coshv —sinhv),

Oyx(u,v) = (sinhv,coshv,u(sinhv — coshv))
which are linearly independent since sinh v is never equal to cosh v.
Show that

(a) the cone {z2 + y? — 22 = 0} is not a regular surface;

(b) the one-sheet cone {x2 +y? — 22 =0, z > 0} is not a regular surface.
Solution:

(a) Suppose that there exists a homeomorphism & : U — S NV between an open set U € R? and a
neighborhood of the origin in the cone (we may assume that both U and V' are homeomorphic to a ball).

10



Let ¢ € U such that «(q) = (0,0,0). Then « : U\{q} — (S\{(0,0,0)} NV should also be a homeomorphism.
However, U \ {¢} is just a punctured disc, and S\ {(0,0,0)} NV is a disjoint union of two punctured discs.
Now one can prove that there is no homeomorphism between U \ {¢} and (S \ {(0,0,0)} NV.

(b) The proof immediately follows from the following (easy) fact: if S C R3 is a regular surface, p € S,
then there is a neighborhood V of p in R? such that S NV is the graph of a smooth function of the form
z = f(x,y) or y = g(x,z) or &z = h(y,z) (this follows directly from the Implicit Function Theorem, see
Proposition 3 in Section 2-2 of Do Carmo’s book).
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