DIFFERENTIAL GEOMETRY HW 1

CLAY SHONKWILER

2.

Let o : I — R3 be parametrized by arc length. Thus, the tangent vector
a/(s) has unit length. Show that the norm | (s)| of the second derivative
measures the rate of change of the angle which neighboring tangents make
with the tangent at s.

Proof. Suppose the tangent o/(s) at s is (1,0,0) and the normal vector
a'(s) points in the direction (0,1,0) (rotate if necessary). Then, if ds is an
infinitesimal,

o (s+ds) = d/(s) + " (s)ds = (1, ] (s)|ds, 0).

Now, if we let 8(h) be the angle between o/(s) and o'(s + h), then df is the
angle between o/(s) and o/(s + ds), which is given by

2
df = tan™? <M> = tan"!(|o(s)|ds),

which, since ds is infinitesimal, is essentially | (s)|ds, so % = a"(s). O

4.

Show that the unit vector N(s) is normal to the curve, in the sense that
N(s)-T(s) =0, where T(s) is the unit tangent vector to the curve.

Proof. Basically, we play around a bit with the definition of the unit tangent
vector, noting that T'(s) = &/(s), so
1=|T(s)| = |d/(s)| = \/(0/1(8))2 + (03(5))* + (a5(s))>.
where a(s) = (a1(s), az(s), as(s)). Hence,
1= a)(s) + ay(s) + as(s).
Differentiating both sides with respect to s, we see that
0 = 20 (s)a] (s) + 2a4 () (s) + 2a5(s)af(s).
Now, note that the right side is simply 2a/(s) - a’(s), so we see that
O al(s) = | (8)| N (5) - T(s)
| (s)] ’
so we conclude that N(s) - T(s) = 0, meaning that N(s) is normal to the

curve. 0
1

0=a’(s) - /(s) = |a(s)|
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5.
Show that B’(s) is parallel to N(s).

Proof. We show this by a straightforward computation. Note that, since
B(s) =T(s) x N(s),

B'(s) =T'(s) x N(s) +T(s) x N'(s).
Now, T(s) = /(s), 50 T(s) = o/(5) = o ()N (), 5
B'(s) = (la"(s)|N(s)) x N(s) +T(s) x N'(s) = T(s) x N'(s).

Now, to show that B’(s) is parallel to N(s), we want to show that B’(s) x
N(s) = 0. Using the above identity for B’(s), we see that

B'(s)xN(s) = (T(s)xN'(s)) xN(s) = (T(s)-N(s))N'(s)—=(N'(5)-N(s))T(s) =

Hence, the problem reduces to showing that N'(s) - N(s) = 0. Now, if
a(s) = (a(s), az(s), as(s)), then a”(s) = (af(s), a5 (s), a5(s)), so

(6 = (a5 + o7 + o1
| 2ol o) o)
2/l (5] + a5 (a)7 + (o)
B a//(s) a///(s)

" (s)]

Therefore,

o)
Hence,
. o a(s) B a’(s)-a"(s) o(s) ) - M
N'(s) - N(s) (]a”(8)| o (s)] ( )) | ()]
_a"(s)-a"(s) a"(s)-0"(s) ue .y m,
= ‘O/’(S)P ‘a//(3>‘4 ( ) ( )
_ a(s)-a(s)  a"(s)-a"(s)
PP P

Therefore, we can conclude that B’(s) is parallel to N(s). O

—(N'(5)-N(s)T(s).
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6.
Find the curvature and torsion of the helix
a(t) = (acost,asint, bt).

Answer: We know how to compute curvature and torsion given a curve
parametrized by arc length, so we want to re-parametrize this curve by arc
length and then use the definition of curvature and torsion. Let a(t) =
(a1(t), aa(t), as(t)). Now, arc length is given by

t
:/O |o/(t)|dt:/ NCAGE 2 4 ol (¢)dt

:/ \/a2(sin2t+cos2t)+b2dt
0
t

:/ Va? + b2dt
0

= Va2 + b2t

Hence, t(s) =

S

o

S
Va2+b2’
S S bs
B(s) = a(t(s :<acosi,asin , >
( ) (( )) \/m \/a2+b2 \/@2—1—62
is a reparametrization of the curve by arc length. Differentiating, we see
that

o) = [T S vEmE b
Va2 +02 T Va2 + 02 Va2

Therefore,

o' (s) = 0008 “Smmo
a2+02 0 a2+

and so the curvature of the helix is given by

a? cos? (Vﬁﬁ) a2 sin? (\/a?SW) a2 lal
k(s) = [a’(s)| = (aZ + b2)2 (a? + b2)2 “Vaere 21

Now, B'(s) = —7(s)N(s), so we need to compute B’(s) and N(s). To that
end, if a > 0,

a//(s)
N6 =10
_ a2+ p2 [ —acos 7%%2 asin ———s 0
|a| a?+b 7 a2+
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Now, we showed in problem 5 above that B'(s) = T'(s) x N'(s) = o/(s) x
N'(s). Now,

: S S

S S
, , sin ,—cos ———,0 ) .
va?+bv2 o Va2 +b Va? + b2 ( Va? +b Va? +b >

Therefore,

1 s s
B'(s) =d'(s) x N'(s) = ——— [ bcos ,bsin ,00.
(8) = o) X V(o) = G \Peos e V0 Vo
Hence, we see that B'(s) = —ﬁN(s), soT(s) = ﬁ when a > 0. When
a < 0, we introduce a sign change to N(s) and nowhere else, so 7(s) = ﬁ.
Of course, when a = 0, 7(s) = 0, since a(s) is a straight line in this case.

&
7.

Let o : I — R3 be parametrized by arc length and have nowhere vanishing
curvature £(s). Show that

T'(s) = K(s)N(s)
N'(s) = —k(s)T(s) +7(s)B(s)
B'(s) = —7(s)N(s)

Proof. We know that B'(s) = —7(s)N(s) by definition of 7. Furthermore,
since T'(s) = o/(s),
a//(s)

T'(s) = o'(s) = o (8) o gy = (N s).

Finally, to compute N’(s), we use an identity to re-express N(s), then
compute the derivative using the above identities. First, since B(s) =
T(s) x N(s) by definition,

B(s)xT(s) = (T(s)xN(s))xT(s) = (T(s)-T(s))N (s)=(N (s)T(s))T(s) = N(s),

since T' is a unit vector and 7" and N are orthogonal. Hence, since the
derivative of the cross product satisfies the Leibniz identity,

N'(s) = B'(s) x T(s) + B(s) x N'(s)
Using the identities we just proved,
N'(s) = —7(s)N(s) x T(s) + B(s) x (k(s)N(s)).
Using the equality B(s) = T'(s) x N(s), this reduces to
N'(s) = 7(s)B(s) + 5(s)(T(s) x N(s)) x N(s)

= 7(s)B(s) + r(s) [(T(s) - N(s))N(s) = (N(s) - N(5))T(s)]

= 7(s)B(s) — £(s)T(s),
as desired. O

+ K
+ K
— K

S
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8.

The curvature of a smooth curve in the plane can be given a well-defined
sign, just like the torsion of a curve in 3-space. Explain why this is so.

Answer: Intuitively, the idea is that a curve in the plane is always either
going in a straight line or bending to the left of the tangent line or bending
to the right of the tangent line. We can call bending “to the left” positive
curvature (to accord with our notion of counter-clockwise rotation being
positive) and bending “to the right” negative curvature. More rigorously,
when the curve is bending to the left, the normal is to the left of the tangent,
so the binormal B points up. When the curve is bending to the right, the
normal is the the right of the tangent, so the binormal B points down. Since
the binormal is a unit vector, it is always either +(0,0,1). Hence, we can
define the sign on curvature to be the sign on the binormal B as a multiple
of (0,0,1). In other words, if k denotes curvature in 3-space and & signed
curvature in the plane, we define

k:=|k| ((B,(0,0,1))).

9.

Given a smooth function k(s) defined for all s in the interval I, show that
the arc length parametrized plane curve having k(s) as curvature is given

by
als) = ( / cos 0(s)ds + a, / in 0(s)ds + b)

0(s) = /ﬁ(s)ds + 6.

Show that this solution is unique up to translation by (a, b) and rotation by
0o.

where

Proof. First, we need to show that a(s) is parametrized by arc length. To
show this, it suffices to show that |a/(s)| =1 for all s. Now,

o/ (s) = (cos(s),sind(s)),
S0
o/ ()| = cos? O(s) +sin?O(s) = 1,
so « is indeed parametrized by arc length.
Now, since %(0(3)) = Kk(s),

a’(s) = (—sin0(s)k(s),cosO(s)k(s)) = k(s)(—sinf(s),cosd(s)).

Therefore, the absolute value of the curvature of « is given by

|’ (s)| = ]ﬂ(s)|\/sin2 0(s) 4 cos? 0(s) = |k(s)].
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Furthermore, the binormal

a’(s) 1

B =d/(s) x (5] 1o (s (a'(s) x a"(s))

= ] (0 0:(s) (cos 0+ sin” 0))
_ (s
k()]

so (B,(0,0,1)) = & E §| has the same sign of k(s). Since we defined the sign

of the curvature to be (B, (0,0,1)) in problem 8, we see that the signed
curvature is given by x(s).
Now, since 7(s) = 0 for all s € I, the Frenet equations reduce to

T'(s) = K(s)N(s)

N'(s) = —k(s)T(s).
Since «(s) has tangent and normal vectors satisfying this linear first-order
system of ODEs, the uniqueness of solutions of linear first-order systems

of ODEs guarantees that «a(s) is the unique curve (up to choice of initial
conditions a, b, fp) with curvature x(s). O

(0,0,1),

10.

Prove that if we start off with an orthonormal frame T'(sg), N(so), B(so),
then the solution will be an orthonormal frame for all s € I.

Proof.
fi(s) =(T'(s),T(s)).f2(s) = (N(s), N(s)),  [f3(s) = (B(s), B(s))
fa(s) = (T'(s), N(s)) fs(s) = (T'(s), B(s)) fo(s) = (N(s), B(s))
When s = sg, the above give fi(so) = fa(so) = f3(so) = 1 and fa(sg) =

f5(s0) = fe(s0) = 0.
These 6 also satisfy a system of 1st order linear ODEs:

fi(s) = 2(T"(s), T(s)) = 26(s)(T(5), N(s)) = 26(s) fa(s)

(s) = 2(N'(s), N(5)) = 2[=r(s)(T(s), N(s)) + 7(s)(B(s), N(s))] = 2[=r(s) fa(s) + 7(s) f6(s)]
f3(s) = 2(B'(s), B(s)) = —=27(s)(N(s), B(s)) = —27(s) fos(s)

fa(s) =({T"(s), N(s)) + (T(s), N'(s))

(N(s), N(s)) = 5(s)(T(s), T(s)) + 7(s)(T(s), B(s))

= r(s)f2(s) — r(s)f1(s) + 7(s)f5(s)
f3(s) =(T"(s), B(s)) + (T(s), B'(s)) = r(s)(N(s), B(s)) = 7(s)(T(5), N(s)) = r(s) fo(s) — 7(s) fa(s
fo(s) = (N'(s), B(s)) + (N(s), B'(s))

= —r(s)(T(s), B(s)) + 7(s)(B(s), B(s)) = 7(s)(N(s), N(s))

= —r(8)f5(s) + 7(s)f3(s) = 7(s) fa(s)



(using the Frenet equations). Note that the constant functions f; = fo =
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fs =1, fa = f5 = fg = 0 are solutions to this system of linear first order
ODEs and satisfy the initial conditions. Therefore, by the uniqueness of
solutions of linear systems of ODEs, the constant functions are the only
solutions to this system and that, therefore, T, N, B are orthonormal for all
sel. (I

11.

Let r = r(0), a < 6 < b, describe a plane curve in polar coordinates.

(a): Show that the arc length of this curve is given by
b
/ 7 + ()% ap.

Proof. Let a(f) = (a1(0),a2(f)) be the equation of the curve in
rectangular coordinates. Then The length of the curve is given by

/ab 1/ (0)|d6 = /ab ok (0 + ah(6)2d.

Now, a1(0) = r(6) cos @ and as(0) = r(0)sin b, so

o) =1 cosf —rsinf
oy =71"sinf + rcosf.
In turn, this implies that
(ah)? = (") cos? § — 211’ sin O cos 6 + 2 sin® 6
(ah)? = (r")?sin® O + 211’ sin O cos O + 12 cos® 6,

so (a))?4(ah)? = (7")2(sin? §+-cos? 0)+12(sin? f+cos? §) = (/)2 +r2.
Hence, the arc length is given by

[ Ve

(b): Show that the curvature is given by
k() = [2(r’)2 —rr’ 4+ 1"2] / [(r')Q + r2}3/2 )
Proof. Note that we showed in part (a) above that |o/| = \/(1)? + 72,
so o2 = [(r)* + 7‘2]3/2. Now, as we show in 12(a) below,
’a/Xa//‘ ‘a/Xa//’
(o)) = 122 -
|| [(r)2 + 7]
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Therefore, up to sign, it suffices to show that |o’ x o] = 2(r')? —
rr’ + 2. Now,
o (0) = (), ab) = (r' cos§ — rsinf,r’ sin + r cos )

a"(0) = (o, o) = (7" cos§ — 20" sinf — r cos O, 7" sin§ + 2r’ cos @ — rsin ),

SO

o xa’ = (0,0,(r' cos® —rsin@)(r"” sin @ + 2r’ cos§ — rsin6)

—(r'sin @ + rcos 0)(r" cos§ — 2r' sin — r cos 6))
= (0,0,7'r" sinf cos § — rr' sin? @ + 2(r")? cos? @ — 2rr’ sin 6 cos @ — 1’ sin O cos 6 + 72 sin’
—r'1" sin 6§ cos @ — 1’ cos? 0 + 2(r')? sin? O + 271 sin @ cos O + 1’ sin f cos O + 12 cos? 6)

= (0,0,2(+")* —rr" +12).
Therefore,

1(0,0,2(r')? —rr" +7%)| _ [2(")? — 1" + 17|
S N (DR

Finally, let 3(s) be the arc-length parametrization of a. Then B =

3 x |g—x‘ is the binormal vector. Since the pair (o, @") has a positive

orientation with respect to the pair (8, 3”), o/ x o is in the same
direction as B, so 2(r')2 —rr” + 12 has the same sign as (B, (0,0,1)),
which we defined in problem 8 as the sign on . Hence,

K(0)] =

2(r")2 — pr" 12
[(r’)2 —1—7’2]3/2

k(0) =

12.

Let a : I — R3 be a regular curve, not necessarily parametrized by arc
length.

(a): Show that the curvature of « is given by
k(t) = o x a"|/|)3.

Proof. Let o/ denote ‘fi—?. Then

,  dads
C T s dt
g~ Cadsds  dad’s _ dPa <d5>2 do d*s
ds?2 dt dt = ds dt?  ds? \ dt ds dt?’
On the other hand, % is the unit tangent vector, namely Z—i‘, S0,
using the equality in the first line, we see that |o/| = %. Hence,
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o/ = 92|¢/| and o = ] 12 4 de 3}5 Therefore,

do o, o  dad’s
Oé,XOd”: (—‘O&|> X <@’Oél| +£W>
“ ’3 da A2
ds d82
= [0/ Pr(t)(T(t) x N(t)),

where the second equality is due to the fact that ‘fg X d—‘;‘ =0 and
the fourth equality is by the definition of N and k. Therefore,

o x o] = || Pr(t)(T(8) x N(t))| = |o'Pr(t)
since T x N = B is a unit vector. Therefore, since o’ # 0,

! X 1
k(t) = L o]

|o|?
O

(b): If the curvature is nonzero, so that the torsion is well-defined,
show that the torsion is given by

T(t) _ ((O/ % CV"),O/”>
o/ x o’
Proof. Using the same notation as in part (a), note that

w_ da (ds\' | dadsds | dod's
ds? dt dt?2 = ds dt3’

T ds3 \dt
S0
da  d*a)\ da 23 do d3s
! NN . 3 22) 228
<(axo‘)’0‘>_<‘ |<dsxd52>’d3| ’+3 FlE g dt3>
da d*a d*a
113
= |l <ds ds2’d3’ ‘>
siznce (‘fl—afl;—a ds) Oand(d—o‘d—o‘ da) — 0. Thus, since % = T and
‘57‘3—/4; e have

(o x o), ") = |a|0 <T x KN, di(mv)>

dk ds dN
wlol (UL x N, 2N+ w0)
= kla'|%(B, kN'(s))
= k?|/|%(B, —KkT + 7B)
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since (T' x N, N) = 0. Therefore,
o/ x «

"\ 2
sy = (2 8) e o)
= |o/ x ||
Thus,
<(a/ X a//)’a///>

T= |O/ Xa”‘Q

13.

(a): Show that the total curvature of a regular closed curve in the
plane is 2nm for some integer n.

Proof. Let o : [0,b] — R? be a regular closed curve in the plane.
Then o/ (b) = &/(a). On the other hand, if x(s) is the curvature of the
curve, then, by our work in problem 9, a(s) = ([ cos6(s)ds + a, [ sin6(s)ds + b)
where 0(s) = [ k(s)ds+6p for some a, b, 6. Hence, o/(s) = (cosf(s),sinb(s))
for all s. In particular,
(cos O(b),sinO(b)) = o/ (b) = o/(a) = (cosB(a),sinb(a)).

Therefore, (b) —0(a) = 2n for some integer n. By the fundamental
theorem of calculus,

b
2nm = 0(b) — O(a) = / k(s)ds,

since 0(s) = [ k(s)ds + 6p. Thus, the total curvature of the curve is
2n. ]
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