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Chapter 1

Planecurves

§1.1. Curves

A curve is a function y : (a, b) - R? defined on a non-empty open interval of R. We say such a
curve is smooth if it is a function of type C2. Unless we say otherwise, we will assume throughout
in all that follows that all the curves with which we deal are smooth.

It is important to keep in mind that a curve y : (a, b) - R? is a function. Its image

{y(1) :te(a,b);

is, on the other hand, a subset of the plane — we call it the trace of y. There is more information in
the function y than in it its trace, but we usually depict graphically a curve by drawing its trace.
For example, the curve

teRw— (cost,sint) e R? (1.1)

has as trace the unit circle

{eq:ex-circle}



The trace of a curve does not determine it. For example, the curve t € R — (cos £2, sin t2) € R?
has the same trace as that in (1.1).

Ify: (a,b) - R?is a curve, then for each t € (a, b) the point y(t) € R? can be written in
the form (x(t), y(t)) for a well-determined pair of real numbers x(¢) and y(t), and in this way
we obtain two real-valued functions x, y : (a,b) — R, which we call the components of y. If y is
smooth, then the two functions x and y are themselves smooth. Conversely, if x, y : (a,b) - R
are two functions defined on a non-empty open interval of R, then the function

te(ab) e (x(t),y(1) eR?

is a curve in R? that has as components the functions x and y, and this curve is smooth if both
functions x and y are. Using this we can easily construct curves, of course. For example, the

functions
t € R~ (2cos3t,3sin2t) € R?, a Lissajous curve
teR (f,12) e R?, a parabola
teRe (2-1,t(* -1)) e R?, a nodal cubic
teRw— ((1+2cost)sint, (1+2cost)sint) € R?, a limagon
t € (0,+00) > (tcost, tsint) € R? a circular spiral
teR e (£,1%) e R? a cuspidal cubic
teR > (cost+2v/2cost/2,sint) € R?, a fish curve
1 1 5
teR t,—— — -] R, a sigmoid
” ( I+e 2) &

are all smooth curves. We have drawn their traces in Figure 1.1 on page 3.

Example 1.1.1. If f : (a,b) — R is a real-valued function, then we can construct a curve
yite(ab) = (1 f(1) €R,

and this curve is smooth exactly when the function f is smooth. The trace of this curve is the set
C={(tf(£): te (a b)),

which is precisely the graph of the function f. Because of this, we will call the curve y the standard
parametrization of the graph of f.
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Figure 1.1. Some parametrized curves.
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§1.2. Implicit curves

Often we want to study subsets of the plane that are given implicitly by equations and not as the
trace of curves parametrizating them, but that nontheless deserve to be called curves. For example,
the set C of points (x, y) of R? that satisfy the equation

x2+y2=1

is well-known to be a circle of radius 1, centered at the origin,

In this case, it is easy to find a curve whose trace is the set C, namely the function
y:teRw (cost,sint) € R,

We call a curve whose trace is C a parametrization of the implicit curve C. As we observed, there
are in fact many curves that parametrize this implicit curve.
Similarly, the set D of those points (x, y) of R? that satisfy the equation

2x3—x2y+xy2—y3—x+y:0

can be drawn as in the following picture

L/
P — j% 2

In this example it is much less obvious how to find a parametrization. Indeed, this is an example
of what is called an elliptic curve and it can be shown that such curves cannot be parametrized

using elementary functions.



It should be noted that not every equation determines a subset of the plane that deserves to
be called a curve. For example, the equation x? + y* = 0 determines a subset of R? consisting of
exactly one point, the origin (0,0), and we probably do not want to call this a curve. Similarly,
the set determined by the equation sin? x + y* = 0 determines in R? the subset {(7k,0) : k € Z},
which is countable and discrete — again, not something that we usually call a curve. It can also
happen that an equation has no solutions at all, as it happens with the equation x> + y? + 1= 0, so
that the subset of R? determined by it is empty. These examples show that some care is needed
when studying implicitly defined curves to ensure that what we have is actually something that we
want to call a curve. Similarly, we should care about ensuring some form of smoothness.

For us, the following result will be enough to deal with implicitly defined curves. It gives
sufficient conditions on an equation in the plane that guarantee that the set it defines can be
parametrized by a smooth curve — at least locally. Let us recall that the gradient of a function
f: U - R defined on an open subset U of R? at a point p of U is the vector

v = (Lo L),

Proposition 1.2.1. Let k be a positive integer, let U be an open subset of R* and let F: U - R be a
function that has k continuous derivatives at each point of its domain. If pg is a point of U such that
F(po) = 0 and VF(po) # 0, then there exists an open set V of R* and a function y : (-1,1) > V
such that

e poeVcU,

o y has k continuous derivatives,

o y'(t) #0and F(y(t)) =0 forall t € (-1,1), and

o the trace of y is exactly the set V.n {p e R? : F(p) = 0}. O

We will not prove this proposition here. It is essentially the so called Implicit Function Theo-
rem from calculus. We refer the reader to the book [Mung1] where Munkres proves this as his
Theorem 9.1. The following schematic drawing describes the situation of the proposition.

It should be noted that there is no uniqueness claim in the proposition. It is the case, in fact, that

{prop:implicit}



once we find an open set V and a function y : (-1,1) — V satisfying the conditions listed there we
can change both V and y in many ways while preserving those conditions.

In practice, when we have a curve defined implicitly and the conditions of the proposition are
satisfied, so that we know that in principle we can find parametrizations for it, doing so is often
impracticable. This notwithstanding, we can generally do almost everything we want with such
a curve. In particular, for our purposes — we are doing differential geometry, after all! — it is
important that we obtain information about the derivatives of the curve, and this can be done.

The following are simple examples of curves given implicitly:

x* +y® = 3xy, Descartes’ folium
x4 y2/3 =1, astroid

(2% + y* = 2x)% = 4(x* + y%), cardioid

x* = (22 - y%), eight curve

x84+ 8 = %%, butterfly curve

(x*+ y*)? = x* - 7, Bernoulli’s lemniscate
Ly+ly=x, serpentine curve

We have drawn them in Figure 1.2 on page 7.

Sometimes the following different version of Proposition 1.2.1, which is actually closer to the
Implicit Function Theorem, is more useful:

Proposition 1.2.2. Let k be a positive integer, let U be an open subset of R? and let F: U - R be a
function that has k continuous derivatives at each point of its domain. If pg is a point of U such that
F(po) = 0 and g—i(p) # 0, then there exist

o open non-empty intervals (a,b) and (c,d) and

e a function f : (a,b) > (¢, d)
such that

e po€(a,b)x(c,d)cU,

o f has k continuous derivatives,
F(t,f(t))=0forallte (a,b),
the graph of f is exactly the set {q € (a,b) x (¢c,d) : F(q) = 0}, and

o the derivative g—i does not vanish on (a,b) x (¢, d). O]

Here what we find is a function f : (a,b) — (¢, d) such that the standard parametrization
of its graph, y : t € (a,b) = (t, f(t)) € R?, is a parametrization of a piece of the implicit curve
determined by the equation F(x, y) = 0. Notice that in the situation of the proposition there is an

{prop:implicit:graph}
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Figure 1.2. Some implicit curves.
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element ¢y in (a, b) such that p = (to, f(t9)). The situation is now as follows:

An advantage of this proposition over the previous one is that it is easier to obtain information
about the derivatives of the parametrization y, since they all depend in a simple way on the
derivatives of f.

§1.3. Regular curves and their tangent lines

Let y : (a,b) - R be a smooth curve in the plane, and let x, y : (a,b) - R be its component
functions. We say that y is regular at a point t, of its domain (a, b) if y’(t) # 0, and in that case
the tangent vector to y at t; is the unit vector

_ y'(to)
) = 15l

If the curve is regular at each point of its domain we say that it is regular and call the function
t:te(a,b) e~ t(t) e R
the tangent vector field of y. Notice that in this situation the function t is of class C'.

It is important to keep in mind that regularity is a property of smooth curves that is not
determined by their traces. For example, the two curves

teRw~ (£,0)€eR, teRw (£,0) eR

have the same trace — namely, the horizontal axis of the plane — but the first one is regular while
the second one is not, as its derivative at 0 vanishes.



Example 1.3.1. If f : (a,b) - R is a smooth function, then the standard parametrization

yite(ab)m (£ f(1) € R?

of the graph of f has derivative y'(¢) = (1, f'(¢)) for all ¢ € (a, b) and is therefore regular at each
point of its domain. The corresponding tangent vector field t : (a, b) — R? has

N £
QS (\/1+f’(t)2’ \/1+f’(t)2)

ateach t € (a,b).

Example 1.3.2. In the situation of Proposition 1.2.1 the curve y : (=1,1) - V ¢ R? whose existence
is asserted there is regular — indeed, this is part of the claim of the proposition. We thus see that
every implicit curve F(x, y) = 0 determined by a smooth function F can be parametrized by a
regular curve near a point p where VF(p) # 0.

Some subsets of the plane that look like curves cannot be parametrized by regular curves. Let
us look at two examples of this.

Example 1.3.3. Let us consider the set
C={(x,y)eR*: (x20Ay=0)Vv(x=0nx 20},

which is the union of the positive semi-axes.

This set is the trace of smooth curves. For example, the function y : R — R? such that

(0,—te™ V™) if t < 05
y(t) =1(0,0) ift = 0;
(teV/7,0)  ift>0
for all ¢ € R can be shown to be smooth, and its trace is clearly C. We claim that, on the other
hand, there is no regular smooth curve y : (a, b) - R? whose trace is contained in C and contains

the origin. To verify this let us suppose that, on the contrary, such a curve does exist, and let ¢, be
a point in its domain (a, b) such that y(ty) = (0,0).



Letx, y: (a,b) - R be the components of y. If u and v are two positive numbers, then the
function h: t € (a,b) —» ux(t) + vy(t) € R is differentiable and, since y(t) € C forall t € (a, b)
and y(#) = (0,0), has g(t) > 0 forall t € (a,b) and g(t9) = 0. This tells us that g has a local
minimum at fy, and therefore that 0 = ¢’(#) = ux'(ty) + vy'(ty). In particular, we have that
x'(to) +2y'(to) = 0 and that 2x'(#o) + y'(#o) = 0, and it follows from these two equalities that in
fact x"(to) = y'(to) = 0, that is, that y’(#) = 0. This is absurd.

Example 1.3.4. Let C be the set of points (x, y) in the plane such that
K=y
which we called above a cuspidal cubic and which looks as follows:

1+

. ;
The function
yiteRe (£,12) e R?

is a smooth parametrization of C. Indeed, it is immediate that for every ¢ € R the point (£, £?) is
in C, as (£)? = (¢*)*. On the other hand, if p = (x, y) is a point in C, then y* = x? > 0, so that
y > 0 and there is a unique non-negative real number s such that y = s*>. Now x* = y* = 5%, so
that x is either s> or —s%, and therefore p is either y(s) or y(—s). We thus see that the trace of y is
precisely the cuspidal cubic C.

Let us show that there is no regular smooth parametrization of C. Let o : (a,b) — R? be
a smooth curve whose trace is C, let ty be a point in (a, b) such that a(#y) = (0,0), and let
x, ¥ : (a,b) - R be the components of o. The function y has a local minimum at f, since
y(to) =0and y(t) >0 forall f € (a,b), and is smooth, so we have y'(ty) = 0.

Let us suppose that x"(y) # 0. There exists then a positive number € such that x(¢) # 0 for
all t belonging to the set T = (tg — €, to + €) — {to}. For all t € T we have that x(¢)? = y(t), so
that 2x(t)x’(t) = 3y(t)*y'(t). Squaring we deduce that also 4x(t)%x’(t)* = 9y(¢)*y'(t)? and,
since x(t) # 0 because ¢ is in T, that

¥(0 = 2 (0= 0y o).

10



It follows from this that
9
x'(to)?* = lim x'(£)% = lim = y(t)y'(t) = 0,
t—ty t—ty 4

because y is smooth and y’(ty) = 0. Of course, this contradicts our hypothesis that x’(ty) # 0.
We can therefore conclude that no smooth parametrization of C is regular.

These two examples suggest that in general a curve given implicitly does not have a regular
parametrization near a point at which it has «a kink», and that is indeed the case. We will not
enter into details about this.

The reason for which we are particularly interested in curves that are regular is that for them
we can easily’ define tangent lines. Let y : (a,b) — R? be a smooth parametrized curve, and
let ¢y be an element of (a, b) at which y is regular. The tangent line to y at t, is the line L that
passes through y(to) with direction given by the tangent vector t(t), namely the set

t(to)
L= {y(to) +u-t(to) : u e R}. y(to) L
y

We should notice that this set is indeed a line because the tangent vector t(#y) is non-zero.
As the tangent vector t(f) is a non-zero scalar multiple of the derivative y’(t,), we can also
describe the line L using the latter: we have that

L={y(to) +u-y'(ty) :ueR}.

If x, y : (a,b) - R are the coordinates of y, then we have that y(t) = (x(to), y(to)) and
Y (to) = (x'(t0), ¥"(»0)), and therefore we can write even more explicitly

L ={(x(to) +ux'(ty), y(to) + uy'(to)) : u € R}.
We can read off this equality a parametrization of the tangent line: it is the trace of the curve
ueR e (x(to) + ux'(to), y(to) + uy'(ty)) € R%.

On the other hand, it is easy to check that a point p = (x, y) belongs to this tangent line L exactly
when its components are such that

=y'(to) - (x = x(t0)) + x"(t0) - (¥ = y(t0)) = 0,

so that this is an implicit equation for that line.

'One can define tangent lines in more general situations, but we will not do this here.

11



Example 1.3.5. Let f : (a,b) — R be a smooth function and let y : t € (a, b) ~ (¢, f(t)) € R? be
the standard parametrization of its graph. If ¢, is a point in (a, b), then y' (o) = (1, f' (o)), and
therefore the line tangent to y at f; is

L={(x(to) +u, y(to) +uf'(tp)) :ueR

and

~f'(to) - (x = to) + (y = f(t0)) = 0

is an implicit equation for it. Notice that we can rewrite this equation in the form

y=f'(to) - (x—to) + f(t0),

which is the familiar equation to the tangent line to the graph of f.

Example 1.3.6. Let U be an open subset of R2, let F : U —» R be a smooth function, and let
p = (x0, ¥o) € U be a point such that F(p) = 0 and VF(p) # 0. We know from Proposition 1.2.1
that there exists a regular smooth parametrized curve y : (-1,1) - U such that y(0) = p and
F(y(t)) =0forallt € (-1,1). Ifx, y : (-1,1) — R are the components of y, then this last equation
means that F(x(t), y(t)) =0 for all t € (-1,1) and therefore differentiating with respect to ¢ and
taking t = 0 we see that

Fe(p)-x'(0) + Fy(p) - y'(0) = 0.
On the other hand, a point (x, y) of R? belongs to the tangent line to the curve y at 0 exactly when
¥'(0) - (x = x0) = %"(0) - (y = yo) = 0.

It follows from this that the point (x, ) is in the tangent line exactly when the system of equations

{ Fe(p)- X+ Fy(p)-Y=0
—-(y=y0) X+ (x-x0)-Y=0

is compatible, and therefore the determinant of its matrix of coeflicients is zero,

E(p)  B®) |,

Fo(p)-(x—x0) + Fy(p)- (y—yo) = —(y-y0) (x-x0)

We can therefore conclude that the tangent line to the parametrized curve y at 0 has equation

Ex(p) - (x = x0) + Fy(p) - (¥ = y0) = 0. (12)

12
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If we let g be the point (x, y) then we can rewrite this equation in the form

(VE(p),q-p) =0,

with (—, ) the usual inner product of R?: this tells us that a point q is in the tangent line to y at 0
exactly when the difference q — p is orthogonal to VF(p).

Notice that the equation (1.3.6) does not depend on knowledge about the curve y, but only
on the function F that defines it implicitly. This is important because, as we observed above, in
general we cannot determine y explicitly.

8§1.4. Reparametrizations

A function u : (¢,d) — (a, b) from a non-empty open interval of the line R to another is a change
of parameter if it is bijective and smooth, and its inverse function is also smooth. When that is the
case the inverse function u™' : (a,b) — (¢, d) is also a change of parameter.

Example 1.4.1. Let (¢, d) and (a, b) be two non-empty open intervals of finite length. The function

b_a(s—c)+ae(a,b)
d-c

u:se(c,d)

is a change of parameter.

Example 1.4.2. The functionu:seR — s eRis bijective and smooth, but its inverse function,
t e R~ /3 € R, is not smooth: the function u is therefore not a change of parameter.

Ifu:(c,d) - (a,b) is a change of parameter and v : (a,b) — (¢,d) is its inverse function,
we have that v(u(s)) = s for all s € (¢, d), and differentiating we see that also v'(u(s)) - u'(t) =1
for all s € (¢, d): this implies that u’(s) # 0 for all s € (¢, d) and, since u’ is a continuous function,
we see that 1’ is either strictly positive or strictly negative on the whole interval (¢, d). In the first
case we say that u preserves the orientation and in the second case that it reverses the orientation
— it should be observed that in the first case the inverse function v also preserves the orientation
while in the second one it reverses it.

As we see, having a nowhere-zero derivative is a necessary condition for a smooth bijective
map to be a change of parameter. In fact, it is also sufficient:

13



Lemma 1.4.3. A smooth bijective function u : (¢,d) — (a, b) is a change of parameter if and only if
its derivative u’ is nowhere zero on (c,d).

This is a special case of the Inverse Function Theorem. We will prove it, as the general theorem
found in calculus textbooks is considerably more complicated to obtain, even though this is really
just a result of calculus.

Proof. We have already noted that the condition of the lemma is necessary for u to be a change of
parameter, so we will only show here that it is also sufficient.

Letu: (¢c,d) — (a,b) be a smooth bijective function with nowhere-zero derivative, and let
v: (a,b) — (¢, d) be its inverse function. As u’ is nowhere-zero and continuous, it is either
everywhere positive or everywhere negative. We will suppose that it is everywhere positive, leaving
the consideration of the other possibility to the responsibility of the reader.

As u'(s) > 0 for all s € (¢, d), the function u is strictly increasing, and this implies that
its inverse v is also strictly increasing. Indeed, let #; and f, are two elements of (a, b) such
that t; < t,: if we had that v(#;) > v(f;), then the fact that u is increasing would tell us that
t1=u(v(t1)) > u(v(t2)) = t2, and this is absurd.

Our first objective is to prove that

the function v is continuous.

Let ty be an element of (a, b), and let us consider the set L := {v(¢) : t € (a,t9)}. This set is
obviously not empty, and since the function v is increasing the number v(#() is a upper bound
for L: this implies that we can consider the number / := sup L and that I < v(¢;). In fact, we have
that I = v(#p). To do this, let us suppose that, on the contrary, I < v(#y) and that therefore we can
choose a number s such that ¢ < I <s < v(ty) < d. As the function v is surjective, there is then an
element #; of (a, b) such that v(#;) = s and, since v is strictly increasing, we have that a < #; < fo:

this is absurd, since in that case sup L = | < s = v(#;) € L. This proves that [ = v(tp), as we wanted.

We claim now that the limit

thﬂngo v(t) (13)

exists and is equal to v(g). To see this, let € be a positive number. As v(tp) is the supremum of the
set L, there exists an element in L strictly greater than v(#() — € and therefore there is an element t,
in (a, to) such that v(ty) — € < v(t2). Let & be the number #, — t,, which is positive and such that
(to—0,t0) = (t2,to) S (a,b). If t is any element of (o — &, tp), then £, = tp — § < t < fp and, as v
is strictly increasing, also v(t9) — € < v(t2) < v(t) < v(tp): it follows from this that

—e<v(t)—v(ty) <0<e,

so that [v(t) — v(t9)| < €. This shows that the limit (1.4) exists and is equal to I, as we claimed.

14
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In a similar way we can show that the limit

lim v(t

t\to ( )

exists and that its value is v(ty), so that the function v is continuous at ty. As this is true for
all elements ty of the domain (a, b) of v, we can conclude, as we wanted, that the function v is

continuous.

Next, we will show that the inverse function v is smooth, so that u is a change of parameter.
Let to be an element of (a, b), let us put s¢ = v(#9), and let € be a positive number. The function u
is differentiable at sy, so the limit

lim u(so+k)—u(so)
k—0 k

exists and its value is u’(sg). As this is a non-zero number, this implies that also

lim k - !
k>0 u(sg + k) —u(so) u'(s0)’

In particular, there is a positive number # such that whenever k is a number such that |k| < # and
so + k € (¢, d) we have

k 1
u(so+k)—u(so) u'(sp)

The function v is continuous at ty, so there is also a positive number § such that for all h € (-6, )
we have to + h € (a,b) and |[v(to + h) —v(to)| < 7.

Let now h be any element of (-6, §) and let us put k := v(to + h) — v(t). The way we chose §
implies that |k| < 7, and the way we chose #, in turn, that

<E.

k 1
u(so+k)—u(so) u'(so)

<E. (1.4)

u(so+k)—u(so) = u(so +v(to+h) - v(to)) —u(so) = (to + h) — to,

we have that
k _ v(t0+h)—v(t0)
u(so+ k) —u(so) h ’

and therefore the inequality (1.4) tells us that

V(t0+h)—V(t0) 1
5 e <e.

15
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All this shows that the limit

lim V(to P h) = V(to)
h—0 h

exists and has value 1/u'(s¢), which is equal to 1/u’(v(ty)).
The conclusion of this is that the function v is differentiable on (a, b), and that for all ¢ € (a, b)
it has derivative

p 1

vi(t) = m (1.5)
We claim that, in fact, the function v is smooth. As u is smooth, the derivative u’ is continuous,
and we already saw that v is continuous, so the equality (1.4) tells us that v’ is continuous and
therefore that v is of class C'. Suppose now that [ is a positive integer and that we know that v
is of class C': as u is smooth, it follows from the equality (1.4) that v/ is of class C I and this that
v is of class C'*1. The smoothness of v thus follows by induction, and the proof of the lemma is
complete. 0l

This lemma gives us an extremely convenient way to check whether a smooth bijection is a
change of parameter or not.

Example 1.4.4. The functions s € (0,1) + s? € (0,1) and s € (~1,0) + s* € (0,1) are changes of
parameter: the two functions are bijective and have nowhere-zero derivatives. The first of them
preserves the orientation while the second reverses it.

Ify:(a,b) > R*isacurveand u : (¢,d) — (b,d) then the composition
B=youtse(cd) - p(u(s)) ¢ B2

is also a curve, and we say that 7 is obtained from y by reparametrization using the change of
parameter u. Since the composition of smooth functions is smooth, it is clear that the curve 7 is
smooth if the curve y is smooth. On the other hand, if so € (¢, d) we have that

7'(s0) =y'(u(s0)) - u'(s0)-

It follows from this that if y is regular at u(so) then 7" is regular at s, because the number 1/ (s ) is
not zero, and in turn this implies that the curve # is regular when y is regular. Putting everything
together, we have proved the following:

Lemma 1.4.5. A reparametrization of a regular smooth curve is a regular smooth curve. O]

Ify: (a,b) - R?is a curve in the plane and u : (c,d) — (a, b) is a change of parameter,
then the trace of the reparametrization # := y o 51 : (¢, d) — R? coincides with that of y: this is
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a consequence of the bijectivity of the function u. Indeed, if p is a point in the trace of y, then
there exists an element ¢ of (a, b) such that p = y(t), and since the function u is surjective there is
also an element s in (¢, d) such that u(s) = ¢: we then have that p = y(t) = y(u(s)) = #(s) and
therefore that p belongs to the trace of 7. Conversely, if g is a point in the trace of # there is an

element s of (¢, d) such that g = (s), and then q = 5(s) = y(u(s)) is clearly also in the trace of y.

Exercise 1.4.6. Let us say that that two curves y : (a,b) - R" and 7 : (¢, d) — R" are equivalent
if there is a change of parameter u : (¢,d) — (a, b) such that # = y o u and in that case let us write
y A 5. In this we obtain a relation <& on the set of all curves in R". Show that it is an equivalence
relation on that set.

§1.5. Unit speed curves

We say that a smooth curve y : (a,b) - R? has unit speed if |y’ (t)|| = 1for all t € (a,b). As
we will see later, working with unit-speed curves is much more convenient than working with
arbitrary curves. Of course, not all curves have unit speed, but it is very useful to know that every
regular curve has a reparametrization which is unit speed.

Lemma 1.5.1. Let y : (a,b) — R? be a smooth curve in the plane that is regular. There is a change
of parameter u : (c,d) — (a, b) such that the reparametrization  := y o u : (¢,d) - R? has unit
speed.

Proof. Let us fix an element t; in (a, b). The function
te(a,b) [y ()] eR

is continuous and, in fact, actually smooth, since y is smooth and y’(¢) # 0 for all ¢t € (a,b)
because we are supposing that y is regular. In particular, we can consider the function

oite(@b) > [ly(@©1E

as the integral makes sense for all ¢t in (a, b). This function o is, according to the Fundamental
Theorem of Calculus, continuous and differentiable, and its derivative is

o'(t) = Iy' (1)l

at all points ¢ of (a,b). Since the curve y is regular, this tells us that the derivative ¢’ is strictly
positive on (a, b) and therefore that the function o is strictly increasing on that interval.
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We want to check now that the image of o, the set

I:={o(t):te(a,b)},

is a (possibly infinite) interval of R. Since the set I is clearly non-empty, we can put ¢ = inf ]
and d := sup I, keeping in mind that c is either a real number or —oo, and that d is a real number
or +oo. It is clear that ¢ < d and, since the function ¢ is not constant, in fact ¢ < d. We will show
that the image of o is precisely the interval (c, d).

o Let ¢ be an element of (a,b). There are then elements #; and t; in (a,b) such that
a <t <t <t <b,and the fact that o is strictly increasing implies that

c=infI<o(t)) <o(t)<o(ty) <supl=d.

We thus see that () € (¢, d), and therefore that the image of ¢ is contained in (¢, d).

o Let now s be an element of (¢, d). Since s > ¢ = inf I, there exists an element x of I such that
x < s, and this means that there is an element ; of (a, b) such that 6(#;) = x < s. Similarly,
since s < d = sup, there exists a y € I such that s < y, and thus there is an t; in (a, b)
such that s < y = o(#;). Now, since s € [o(t1), 0(t2)] and the function ¢ is continuous,
the Intermediate Value Theorem tells us that there is a t € [y, t,] such that o(¢) = s and,
therefore, that s belongs to the image of s.

Now we know that the image of the function ¢ is the interval (c, d), so we can view o as a
function (a, b) — (¢, d). We know it is injective, because it is strictly increasing, and with its new
codomain it is surjective, so it is bijective. Finally, since the derivative of ¢ is non-zero at all points
of (a,b) our Lemma 1.4.3 tells us that o : (a,b) — (¢, d) is a change of parameter. Moreover, if
weletu : (c,d) — (a,b) be the inverse function of g, then u is also a change of parameter. As
o(u(s)) =sforallse (c,d), we have that o' (u(s)) - u'(s) =1 for all such s, so that

1 1

YO 5w T W) 00

Let us now consider the curve 7 := y o u : (c,d) — R?, which is a reparametrization of y. As

we observed above, 7 is smooth and regular, because y is. Additionally, if s is an element of (¢, d)
we have that

7' (s)| = H)/ (u(s)) - u (S)H S ACION R AGI B FACION E ” V' (u ( NI =1

because of the equality (1.5), and thus 7 is a unit speed curve. This proves the lemma. O

Let us give a couple of examples in which we can carry out the procedure that we used to prove
this lemma.

18
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Example 1.5.2. Let p = (xo, yo) be a point in R? and let v = (a, ) be a non-zero vector in R?.
The line through p with direction v can be parametrized with the curve

y:teRe p+tveR?

It has speed |y’ ()| = |v| for all t € R: we thus see that y is a unit-speed curve exactly when the
vector v is a unit vector. Let us follow the procedure we used in the proof of the lemma to find a
unit-speed reparametrization in the general case. Let us choose ¢y = 0. The function 0 : R - R is
given in this situation by

o) = [y@ldr= [ vdar=tiv]

for all ¢ € R. Its image is the whole line R and its inverse functionis u : s € R = s/|v|| € R. The
unit-speed reparametrization constructed in the proof of the lemma for the curve y is therefore

q:seRHp+s-L R2.
vl

Example 1.5.3. Let R be a positive number. The function
y:teRw (Rcost,Rsint) € R?

is a parametrization of the circle centered at the origin of radius R. For each t € R we have
that y'(t) = (~Rsint,Rcost) and ||y’(¢)| = VR%sin®t + R2cos?t = R, so it is a unit-speed
curve exactly when R = 1. In the general case the function o that we constructed in the proof of

Lemma 1.5.1, taking ¢y = 0, has

O(t):A)ty’(T)”dT:/OthT:Rt

forall t € R. The function inverse to o isthus 7 : t € R — ¢/R € R and the unit-speed reparametriza-
tion that we obtain is the curve

n:seRw— (Rcosi,Rsini) e R%.
R R

Very often, though, it is not possible to write down explicitly unit-speed reparametrizations of
curves, as the following example shows.

Example 1.5.4. Let a and b be two positive numbers such that b > a. The function
y:teR~ (acost,bsint) e R?

is a parametrization of the ellipse centered at the origin of semi-axes a and b. When the two
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semi-axes are equal this curve is a circle and in general we use the number

/ 612
k5: l_ﬁ’

called the eccentricity of the ellipse, to measure how far the curve is from being a circle; clearly
we always have 0 < k < 1, and k is 0 exactly when the curve is a circle. For each t € R we
have y/(t) = (~asint, bcost) and |y’(t)|| = Va2 sin? t + b? cos? t. In particular, |y’ ()| is not a
constant function if a # b, so y is certainly not a unit-speed curve in that case. The function ¢ that

we constructed in the proof of Lemma 1.5.1, when we take ¢, = 0, has
t /
o) = [ Iy(@ldr

t t

= / Va2 sin? 7+ b2 cos? 7 dt = f \/a2 sin? 7+ b2(1-sin? 7) dr

0 0

t t

= _[0 \/b2 — (b2 -a?)sin*rdr=10 f V1-k%sin? rdr.

0

This last integral is called a incomplete elliptic integral of the second kind and cannot be expressed

in terms of elementary functions. The function inverse to ¢ is also of the same nature, so in practice
we are not able to work with the unit-speed reparametrization of this curve.

The Lemma 1.5.1 tells us that we can reparametrize any regular curve so that the result is a
unit-speed curve, and we can always do this in many ways. Indeed, if y : (a,b) - R?is a curve
and u : (c,d) — (a, b) is a change of parameter such that the curve y o u is a unit-speed curve,
then for every real number z the function v : s € (c +z,d +z) » u(s—z) € (a,b) isalso a
change of parameter such that the curve y o v has unit speed, as the reader can immediately check.
The following lemma shows that, in fact, all unit-speed reparametrizations of y that preserve the
orientation can be obtained from u in this way.

Lemma 1.5.5. Let y : (a,b) — R? be a regular smooth curve in the plane. If uy : (c1,dy) — (a,b)
and uy : (¢c2,d2) — (a,b) are changes of parameter that preserve orientations such that the curves
m=you :(cr,di) = R*and ny = youy: (cady) — R? both have unit speed, then there exist a
number 6 € R such that

c=c+0, dy=d;+9, ui(s) = up(s+9) foralls € (c1,dy). (17)

If ¢; = —oo we have to interpret the first equality in (1.5.6) as saying that also ¢, = —co and, similarly,
if d; = +oo then the second equality there means that also d, = +o0.
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Proof. Letuy: (c1,dy) — (a,b) and u; : (cz,d2) — (a, b) be changes of parameter that preserve
the orientation and such that the curves 5y == youy : (¢1,d1) - R?and 173 == youy : (cz,da) — R?
both have unit speed. The function v := u;" o u; : (¢1,d;) — (c2, uz) is also a change of parameter
and we have that 11; = 72 o v. If s € (¢, d;), then

L= ()] = ln5(v(s)) - v/($)] = [ (v())]- W' ()] = V' ()] (1.8)

because both 7; and 7, are unit-speed curves. Since the functions u; and u; are strictly increasing,
so is v, and therefore its derivative is non-negative: we can then conclude from (1.5) that v/(s) = 1
for all s € (c1, dy). We see that there is a number § such that v(s) = s + & forall s € (¢1,d;). Since v
is a bijection (c1, d;) = (c2,d2), clearly we have that ¢; + § = ¢, and that d; + § = d,. Moreover,
since u;'(u1(s)) = v(s) = s+ 8 forall s € (c1,dy), also uy (s) = uy(s + &) for all such s. This proves
the lemma. O

Lemma 1.5.5 describes the relationship there is between any two unit-speed reparametrizations
of a curve when the two preserve orientations. The following exercise describes what happens in
the more general situation in which this last condition is not satisfied.

Exercise 1.5.6. Lety : (a,b) — R? be a smooth parametrized curve in the plane that is regular.
Ifuy: (c1,d1) » (a,b) and uy : (c2,d2) — (a,b) are changes of parameter such that the curves
m=you:(ca,d) — R? and n2=youy:(ca,dz) —> R? both have unit speed, then there exist
numbers & € R and € € {1, -1} such that

¢ =c+06, dr=dy + 96, u1(s) = up(es+ 9) forall s € (¢1,dy), (1.9)

and |d; — ¢1| and |d; — ¢, both coincide with the length of y.

§1.6. The length of curves

Lety : (a,b) — R? be a regular smooth curve in the plane and let ¢y be an element of (a, b).
During the proof of Lemma 1.5.1 we showed that there is a smooth function ¢ : (a,b) — R that
on each t € (a, b) takes the value

o) = [ Iy @l
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We call o the arc-length function of y. If t; and t, are two elements of (a, b) such that #; < t,, then
we have that

[P @ldr=o(e) - o(n).

The value of this integral is the length of the segment of y determined by the interval [#, ¢,]. In
particular, if the curve y is a unit-speed curve, then |y’(¢)| = 1 for all ¢ € (a,b), and then the
length of the segment of y determined by the interval [#, £, ] is simply

) , 5]
[ ldr= [Tar=n-n.
t 51

A key fact is that the length of segments of a curve is invariant under reparametrizations of
the curve, in the following precise sense:

Lemma 1.6.1. Let y : (a,b) — R? be a regular smooth curve, and let t; and t, be two elements
of (a,b) such that t; < ty. Ifu : (¢c,d) — (a,b) is a change of parameter that preserves the
orientation, =y o u : (c,d) — R? is the reparametrization of y corresponding to u, and s, and s,
are the elements of (¢, d) such that u(s)) = t; and u(sz) = t,, then

[ry@ia= [T @l

In words, this tells us that the length of the segment of y determined by the interval [#, ;]
coincides with the length of the segment of 7 determined by the interval [sy, 53 ].

Proof. Letu: (c,d) — (a, b) be a change of parameter that preserves the orientation, let 7 := you,
and let s; and s, be the elements of (c,d) such that u(s;) = #; and u(s;) = t;. We have that
n'(s) =y (u(s))-u'(s) foralls € (c,d), so that | (s)| = [y’ (u(s))|-u'(s), since the function u’
is positive on (¢, d). Changing variables in the integral, then, we see that

[T @1ae= [Ty weEnl-w'@d- [y @l

and this is the claim of the lemma. O

A useful consequence of Lemma 1.5.5 is the following:

Corollary 1.6.2. Let y : (a,b) — R? be a regular curve in the plane. There is an element L of
the set (0, +oo] such that whenever u : (c,d) — (a,b) is a change of parameter that preserves
orientation such that the curve y o u : (¢,d) — R? has unit speed we have d — ¢ = L.

We call L the length of the parametrized curve y. When computing the difference d — ¢ that
appears in this statement we follow the usual conventions for dealing with infinities: if d is + oo or
¢ is —oo, then the value of the difference is +co.
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Proof. Ifuy: (¢1,d1) — (a,b) and u; : (c2,d2) — (a, b) are changes of parameter that preserve
orientations such that the curves #; := y o uy : (¢1,dy) — R* and 175 := y o uz : (3, dz) = R? both
have unit speed, the lemma tells us that there is a number § such that ¢; = ¢; + § and d;, = dj + 6,
and therefore d; — ¢; = d, — ¢,. The claim of the corollary follows immediately from this. O

The reader should notice the difference between the definition of the length of a segment
of a curve y : (a,b) - R? and the length of the whole curve. This is due to the fact that under
our current definitions we insist that curves be defined on open intervals. The two notions are
connected, though — this is the point of the following exercise.

Exercise 1.6.3. Let y : (a,b) — R? be a regular curve. Show that the length of y coincides with the
value of the possibly improper integral

b
[ ol

This integral can be improper because either the interval (a, b) is not bounded or because the
function t € (a,b) ~ ||y’(7)| € R is not bounded — in any case, the integral always converges,
because its integrand is a positive function.

§1.7. The curvature of plane curves

Let y : (a,b) — R? be a unit-speed curve in the plane. At each t € (a,b) the vector y'(t)
determines the direction of tangent line to y at the point y(t), and therefore the vector y”' () gives
us information about how the direction of that line changes as we move along the curve. We will
define an invariant of the curve, its curvature, that measures this in a very concrete way.

Let x, y : (a,b) — R be the components of y, so that y(t) = (x(t), y(t)) forall t € (a, b). Of
course, then y'(t) = (x'(t), y'(t)) forall t € (a,b) and, since the curve has unit speed, this is a
vector of norm 1. For each t € (a, b) we consider the vector

n(t) = (=y'(1), x'(1))
that is obtained from y’( ) by rotating it 90° in the positive direction.

y'(t)
y(t)

n(1)
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The function n : (a, b) — R? that we obtain in this way is the normal field of y.

The vectors y'(t) and n(t) are mutually orthogonal, so that (y'(¢),n(t)) is a positive* ortho-
normal basis of R? and, in particular, n(t) spans the subspace of R? orthogonal to y’(t). For all
t € (a, b) we have that

1= (y'(1),y'(1))

because y is a unit-speed curve, and therefore we have that

0= SO0, (1) =20 (), ().

This tells us that the vector y”(t) is also orthogonal to y’(t): there exists, therefore, a unique scalar
x(t) € R such that

y"(£) = x(t) -n(t).

We obtain in this way a function « : (a,b) — R, uniquely determined by y, which we call the
signed curvature of y. Since n(t) is a unit vector, for all t € (a, b) we have that

(" (1),n()) = (x(t) -n(),n(1)) = x(t) - (n(t), n(t)) = x(1).

As both y" and n are smooth functions, this implies that the signed curvature « is also a smooth
function on the interval (a, b). Let us record the above formula for the curvature as a lemma.

Lemma 1.7.1. Let y : (a,b) — R? be a unit-speed plane curve and let n : (a,b) — R? be the
corresponding normal field. For each t € (a, b) the curvature of y at t is

k(t) = (y"(t),n(t)). O

The intention of the definition of the signed curvature of a curve is that it gives us information
about how the curve curves. Let us see a couple of examples of this.

Example 1.7.2. Let p = (xo, yo) € R? be a point, let v = (&, 8) € R? be a unit vector, and consider
the curve

y:tERHp+tv€R2,

which is a unit-speed parametrization of the line through p that has direction v. Of course, we
have that y(t) = (x¢ + ta, yo + tf8) forall t € R, so

Y1) =(a.8),  n(t) =(-B,a)

*An orthonormal basis (v, w) of R? is positive if the 2 x 2 matrix that has v and w as columns, in that order, has
positive determinant.
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for all ¢ € R. Since y”(t) = 0 for all ¢ € R we have that

k(1) = (y"(£),n(t)) = (0,n(¢)) = 0.

We thus see that the curvature of our line is identically zero. This does make sense, as a line clearly
does not curve at all.

Example 1.7.3. Let now r be a positive real number and let us consider the curve
t ot )
y:te R~ [Rcos—,Rsin— | e R%,
R R

which is a unit-speed parametrization of the circle of radius R centered at the origin. For all £ € R
we have that

t t t t
,t :(_' Y _)7 t :(_ _)_. _))
y'(t) sin . €08 - n(t) €08 > =sin o
and
1 t 1 t
"t :(__ LA _))
y'(t) RS R
so that

1 t 1 t 1
k(t) = (" (t),n(t)) = = cos® — + —sin® — = —.
(1) = (Y"(). (1)) =  cos® &+ zesin® = = 2
The curvature of the circle is therefore constant — this makes sense, since the circle looks exactly
the same at all its points — and takes the value 1/R. If the circle has a small radius, then the
curvature is large, and conversely: this is consistent with the idea that the curvature measures how

fast the curve changes direction.

The signed curvature of a curve is, by its very definition, a real number that can be positive, zero
or negative. We will now describe a simple interpretation of its sign. Suppose that y : (a,b) - R?
is a unit-speed plane curve, let x, y : (a,b) — R be its components, let n : (a,b) — R? be the
corresponding normal field, and let us fix a point ¢y in (a, b). As we know, the tangent line L(#)
to y at t( has equation

=y (to) - (x = x(t0)) + ¥'(t0) - (y = y(t0)) = 0.

This line determines two closed half-planes: the left closed half-plane H. (t,), which is the one
that contains the point y(#y) + n(ty), and the right closed half-plane H_(t), which is the other
one. We have

H.(to) = {(x, ) € R?: =/ (t0) - (x = x(t0)) + x'(t0) - (y = y(t0)) > 0}
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and
H_(to) = {(x, ) € R?: =)/ (t0) - (x = x(t0)) + x'(t0) - (¥ - y(to)) < 0}.
We also consider the corresponding open half-planes,

HY(to) = {(x,y) € R*: =y'(t0) - (x = x(t0)) + x'(t0) - (y = y(t0)) > 0}
and

H2(to) = {(x, ) € R?: =)/ (t0) - (x = x(t0)) + x'(t0) - (¥ = y(t0)) < 0}.

The following picture hopefully helps in visualizing these two half-planes.

L(to)
y'(to)
n(to)
H.(to)
H_(to)

The sign of the signed curvature tells us the position of the curve with respect to these half-planes,
at least when it is non-zero:

Proposition 1.7.4. Let y : (a,b) — R? be a unit-speed curve in the plane and let to be a point
in (a,b).
(i) If k(to) > O, then there exists a positive number € such that (to — €,ty +€) € (a,b) and
y(t) € HY(to) forall t € (to — e, to +€) ~ {to}.
(ii) If instead x(ty) < O, then there exists a positive number € such that (to — €, to +€) € (a,b)
and y(t) € H (to) forall t € (to — e, to +€) ~ {to}.

This proposition tells us that if the curvature of y at a point ty is positive, then a little segment
of the curve around ¢ is completely contained in the left open half-plane H. (fy), for example.
We have illustrated the claim of this proposition in Figure 1.3 on page 28.

Proof. Letx, y: (a,b) — R be the components of y and let n : (a, b) — R? be the normal field
of y. We consider the function

h:peR* = (n(ty), p~y(to)) € R,

which is such that H, (o) = {p € R* : h(p) > 0} and H_(ty) = {p € R* : h(p) < 0}. The
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derivative of the composition hoy: (a,b) - Ris

(o) (£) = < (n(t0), 7 () - y(0)) = (n(i0).¥/(5)
and, in particular, we have that

(hoy)'(to) = (n(t),y'(t0)) = 0.

On the other hand, the second derivative of that composition is

(hoy)'(t) = %(n(to), y(t) = y(t)) = (n(t),y" (1))
and its value at tg is thus

(hoy)"(to) = (n(to),y"(t0)) = x(to).

Suppose now that y has positive curvature at y, that is, that x(#p) > 0. In that case we have that
hoyhas (hoy)'(ty) =0and (hoy)”(t) > 0, and we know from calculus that it follows from
this that 4 o y has a strict local minimum at ;. This means that there exists a positive number e
such that (fo — ¢, to + €) is contained in (a, b) and

h(y(t)) = (hoy)(t)>(hoy)(tr) =0 forallt e (tp—€,to+€) N {to},

and this tells us that y(¢) is in the left open half-plane H (¢,) for all such ¢.

Suppose next that the curve y has negative curvature at ty. The composition 4 o y then has
(hoy) (to) =0and (hoy)”(ty) <0, and this tells us that & o y has a strict local maximum at ty:
there exists a positive number € such that (fy — ¢, ty + €) is contained in (a, b) and

h(y(t)) =(hoy)(t) <(hoy)(ty) =0 forall t € (to—€,tg+€) N {to},

so that y(¢) is in the right open half-plane H? (t,) for all such . This proves the proposition. []

At a point where the curvature vanishes it can happen that the conclusion of either of the two
parts of the proposition holds, or that neither of them holds, so we cannot say anything useful in
this respect.

Example 1.7.5. Let us consider the curve
y:teRw (t,£7) e R?

at the point 0. The tangent line L there is clearly the horizontal axis, and there is no open interval
in R containing 0 that is mapped by y into one of the two half-planes into which L divides the
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y y'(t) y'(to) Y

n(to) y(to) n(t) y(to)

x(to) >0 x(tg) <0

Figure 1.3. A geometric interpretation for the sign of the curvature of a plane curve.

plane. According to the proposition we have just proved, the curvature of y at 0 must therefore be 0
— notice that this is not a unit-speed curve, so to compute its curvature we need Proposition 1.7.6
below that we are now going to prove.

Our definition of signed curvature applies to unit-speed curves. In principle, if we have any
regular curve we can find one of its unit speed reparametrizations and use that to compute its
curvature, but this is not really useful in practice: finding that reparametrization can be unfeasible.
Having a way to compute curvatures for arbitrary curves is therefore be useful, and that is what
the following proposition provides.

Proposition 1.7.6. Lety: (a,b) — R? be a regular curve in the plane, and let x, y : (a,b) - R* be
its components. For all t € (a,b), the signed curvature of y at t is

x'(t) x"()

y'(t) y'(t)
ly' ()P

k(t) =

The precise meaning of this statement is the following: if u : (¢,d) — (a,b) is a change of
parameter such that # := y o u is a unit speed curve and s € (¢, d) is the point such that u(s) = ¢,
then the curvature of # at the point s is given by the formula appearing on the right of the equality
in the proposition.

Proof. Letu : (c,d) — (a,b) be an increasing change of parameter such that the composition
n:=you:(c,d) - R?*isaunit-speed curve, let ty be a point in (a, b) and let sy be the unique
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point in (¢, d) such that u(sy) = to. We have

n'(s0) = y'(u(s0)) - u'(s0) = y'(to) - u'(50)s
1" (s0) = y"(u(s0)) - u'(50)* + ' (u(s0)) - u" (s0) = y"(t0) - ' (s0)> +¥'(t0) - u”' (50)

and the unit normal vector to # at s¢ is thus
n(so) = (=y'(to)u' (s0), x(to)u' (50))-
The curvature of 7 at u is

(1" (s0)>m(s0)) = (y" (t0) - ' (50)* +y'(t0) - u" (s0),n(s0))
= (y"(t0) - ' (t0)* m(u0))

because the vector n(sg) is orthogonal to y’(y), and this is

= —x"(to)y'(to)u' (t0)> + y" (t0)x (to)u' (t0)’

= (1)’ - x'(to) x"(to)

. (1.10) {eq:icnu}
Y (t0) y"(to) ’

Finally, since 7 is a unit-speed curve, we have that

L= " (o) = [y"(r(u0)) - #'(uo) | = [y (o) | - |4 (uo)|

Since the function u is increasing, we have that u’(sp) > 0 and this equality tells us that
u'(so) = |y’ (to)| . Using this in (1.7) gives us the formula that appears in the proposition. [

Using this proposition we can, for example, compute the curvature of an ellipse.

Example 1.7.7. Let a and b be two positive real numbers. The curve
y:teRw (acost,bsint) e R?
traces an ellipse centered at the origin whose semi-axes are a and b. For all t € R we have that

Y’ (t) = (—asint, bcost)

so that ||y’ (¢)| = vV a?sin® t + b2 cos? t. We thus see that this is not a unit-speed curve in general.
We also have that

y'(t) = (—acost,—bsint)
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so according to the proposition the signed curvature function of y is

—asint —-acost

bcost -—bsint ab

(a%sin® t + b2 cos? )32 (a2sin®t + b cos? t)3/2°

k(t) =

For example, if we take a = 2 and b = 1, then the trace of our curve and the graph of its curvature

are as follows:

o an
4 - n — 2m
2 2

An important observation that we can make about the formula for the curvature of a not
necessarily unit-speed curve provided by Proposition 1.7.6 is that it shows that curvature is a
geometric invariant of curves in the precise sense that it does not depend on the way the curve is
parametrizes. The following exercise makes this precise.

Exercise 1.7.8. Let y : (a,b) - R? be a regular curve in the plane, let x, y : (a,b) - R? be its
components. Let us consider a change of parameter u : (¢,d) — (a,b), and write X = x o u,
y:=you:(c,d) - R for the components of the reparametrization # = pou : (c,d) - R? of .
Show that if s is an element of (¢, d) and ¢ := u(s), then we have that

x'() x"(D)] |%(s) x(s)

Y@ Y"1 _1y'(6s) 3"(s)
ly' (0P 7' ()P

§1.8. Angle functions and the curvature

There is a useful interpretation of the signed curvature of a curve in terms of angles that we
will now describe. Let us suppose that y : (a,b) — R? is a regular curve. If ¢ is a point
in (a,b), then the tangent vector t(¢) is a unit vector and there exists a real number 0(¢) such
that t(¢) = (cos 6(t),sin 0(t)). In fact, there are many choices for that number, since for all k € Z
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we have that
(cosO(t),sin(t)) = (cos(0(t) + 2km),sin(60(¢t) + 2km))

In any case, we see that there exist functions 0 : (a,b) — R such that t(¢) = (cos 8(t),sin 8(t))
for all t € (a,b), and that, in fact, there exist many such functions. The following proposition
asserts that we can even find such a function that is smooth.

{prop:angle-function}
Proposition 1.8.1. Let y : (a,b) — R? be a regular curve in the plane.

(i) There is a smooth function 0 : (a,b) — R such that
t(t) = (cosO(t),sinO(t)) (L11) {eq:itheta}

forallte(a,b).
(ii) If6, 0 : (a,b) — R are two continuous functions such that t(t) = (cos 0(t),sin 6(t)) and
t(t) = (cos O(t),sin O(t)) for all t € (a,b), then there is an integer k € Z such that

0(t) - 0(t) = 2kn

forallte (a,b).

We call a function 6 as in the part (i) of this proposition an angle function for the curve y.

Proof. (i) Let us suppose first that y is a unit-speed curve, let ty be an arbitrary point in (a, b),
and let O, € R be such that

y'(to) = (cos By, sin 6y). (112) {eq:theta:a}

Notice that there is such a 6y because y(t) is a unit vector. Let x, y : (a,b) — R be the
components of y. Since y is a unit-speed curve, we have that x'(t)% + y/(¢t)* = 1 forall t € (a, b),
and therefore that

x(t) %" () + () -y (t) = %%(x'(t)z + y'(t)z) =0 (113) {eq:theta:o}

for all such t. We will use this relation later.
Let us now consider the function 6 : (a,b) — R that on each t € (a, b) takes the value

00)=60+ [ (@) (D) -x"(0) ¥ () dr.

to
This makes sense: the integrand
re(a,b) /(1) -y (1) = x(7) - y/(7) € R

is a smooth function because x and y are smooth functions on (a, b), so the integral exists for
each t € (a,b).
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According to the Fundamental Theorem of Calculus, the function 6 is differentiable and its
derivative at each t € (a, b) is

0'(t) =x"(t) - y"(t) - x"(t) - y'(t). (1.14) {eq:theta:}
In particular, this shows that the function 6 is smooth, since x and y are smooth. On the other
hand, it is clear that 6(#) = 8. We want to check next that the equality ((i)) holds.
Let us consider the two functions X, Y : (a,b) — R that for all ¢ € (a, b) have
X(t)=x"(t) -cosB(t) +y'(t)-sin6(t),
Y(t)=x"(t)-sin0(t) - y'(t) - cos 0(t).
We have that
X'(1)
=x"(t)-cosO(t) —x'(t)-0'(t) -sin O(¢t) + y"'(¢t) -sin O(¢t) + y'(t) - 0'(t) - cos O(t)
= (x"(£) + y'(£) - 0'(t)) -cos O(t) + (y"(t) = x'(t) - 6 (1)) - sin 6(¢)

~

and that
Y'(t)
=x"(t)-sin0(t) + x'(t) - 6'(t) - cos O(t) — y"'(t) - cos O(¢t) + y'(t) - 0'(¢) sin O(¢)
=—("(t) - x'(t)-0'(t)) -cos O(t) + (x"(t) + y'(t) - 0'(t)) -sin O(¢t).

The expressions we marked with braces vanish. Indeed, let ¢ be an element of (a, b). Using the
expression (1.8) for 0'(t) we see that

X(8) +y/ (1) 0'(1) = x"(8) + ¥/ (1) - («(£) -y (1) = 2" (1) - /(1))
=x"(6)- 1=y (") + (1) -y (1) - " (2)
and, since x'(t)% + y'(t)? = 1, this is
=x"(t) - x'(6) + (1) -y (1) - " (1)
= ()K" + 5 (1) -y (1) - % (8)
=0, {eq:theta:2:1}
because of the equation (1.8). Similarly, using the expression (1.8) and later (1.8) again we see that
y'(8) =& (1) 0'(1) = (1) = x' () - (¥ (1) - " (1) = " (1) - ¥/ (1))
=y"(0) - (1=x'(1)) +y' (1) - 2'(1) - x" (1)
=y"() -y (1) +y (1) -2 (1) - x" (1)
(Y(1)-y'(5) +2'(1) - x"(1)) - y' (1)

0. {eq:theta:2:2}
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It follows from this that X’(¢) = 0 and Y'(¢) = 0 for all ¢ € (a, b), so that the functions X and Y
are constant. Moreover, (1.8) implies that

X(to) = x"(to) - cosO(to) + ¥’ (to) -sinO(ty) = x'(to) - x'(to) + ¥’ (to) - ¥ (to) =1
and that
Y(to) = x'(to) -sinO(ty) — y'(to) - cos O(ty) = x'(to) - sin Oy — y'(ty) - cos O = 0,
so that functions X and Y have values 0 and 1, respectively. For all t € (a, b) we then have that
x'(t) - cos O(t) + y'(t) -sin(t) =1, x'(t)-sinO(t) — y'(t) - cos O(t) = 0,
and these two equalities imply that for all such t we also have
x'(t) = cos O(t), y'(t) = sin 6(t).

This proves that 6 is a smooth angle function for the curve y, as we wanted.

All this we did assuming that the curve y : (a, b) — R?isa unit-speed curve. Let us now remove
that extra hypothesis. As we know, there is, in any case, a change of parameters u : (¢,d) — (a,b)
such that 7 := pou: (c,d) - R? is a unit-speed parametrized curve and u'(t) = 1/|y’(t)| for all
t € (a,b). What we have already done implies that there is a smooth angle function 8,, : (¢,d) - R
for the curve 7, so that

Y (u(s) _
ly'(u(s))]

foralls € (¢,d). If o : (a,b) — (c,d) is the function inverse to u, then it follows immediately
from this that for all ¢ € (a, b) we have

y'(u(s)) - u'(s) = 1'(s) = (cos By (s),sin 6(s))

_ 0 .
t(t) = O] (cos0,(a(t)),sinb(a(t))),

and thus that the function 6 o ¢ : (a,b) — R is a smooth angle function for y.

(ii) Let 0, 0 : (a,b) — R be two continuous functions such that y’(t) = (cos 6(t), sin 8(t))
and y'(t) = (cos 8(t),sinO(t)) for all t € (a,b). If t is an element of (a, b), we thus have that
cos O(t) = cos O(t) and sin O(t) = sin O(t), and this implies, as we know, that there is an integer
k(t) € Z such that

0(t) - 0(t) = 27k(t). (1.15)

We obtain in this way a function k : R — Z, and since 6 and 6 are continuous functions, the
equality (1.8) implies that the function k is itself continuous. As k only takes integer values, it is in
fact constant. The claim (i7) of the proposition follows from this at once. O
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Once that we have angle functions at hand it is very easy to establish their connection with
curvature:

Proposition 1.8.2. Let y : (a,b) — R? be a unit-speed plane curve, let 0 : (a,b) — R be an angle
function for y, and let x : (a,b) — R be the signed curvature function of y. For all t € (a,b) we
have that

k(t) = 0'(¢t).

In the proof of Proposition 1.8.1 we explicitly constructed an angle function for a unit-speed
curve and showed that its derivative is given by the formula in (1.8): in view of Proposition 1.7.6
we see that this proposition is true for that angle function, and then using the second part of
Proposition 1.8.1 it is easy to conclude that in fact the proposition is true for all angle functions.
We will prove Proposition 1.8.2 directly, without involving an angle function constructed in any
specific way.

Proof. Since 0 is an angle function for y, we have
n(t) = (—-sin6(t),cos0(t)), y"'(t) = (-0'(t) -sin (), 0'(t) - cos O(t))

forall t € (a,b), and therefore x(t) = (y"(¢),n(t)) = 0'(¢). O

Using angle functions we can construct an important invariant of closed curves.

Proposition 1.8.3. Lety : [a, b] - R? be a closed curve, and let j : R — R? be the periodic extension
of y of period d = b— a. There is an integer i(y) such that for every smooth angle function 0 : R — R
for y and every real number t, we have

_0(to+d) - 0(to)
- 2 ’

i(y)

We call the integer i(y) described here the rotation index of the curve y.

Proof. Let to be a real number, and lett: R — R and 0 : R — R be the tangent vector field and
a smooth angle function for j, so that £(¢) = (cos 6(t),sin0(¢)) for all ¢ € R. As j is a periodic
function of period d, we have that t(¢, + d) = t(tp), and therefore we have

cosO(tg+d) = cosH(ty), sinO(ty +d) =sinO(ty),
and this implies that 6(fo + d) and 6(#(0) are numbers that differ by an integer multiple of 27

and therefore that the quotient

0(to +d) - 0(to)

e (1.16)
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is an integer. We want to show that this integer depends only on the curve y and not on the way
the number f( and the smooth angle function 6 were chosen.

Let 0, : R — R be another smooth angle function for the parametrized curve j. According to
the second part of Proposition 1.8.1, there is an integer k € Z such that 6;(t) — 0(t) = 2k for all
t € R, and it follows immediately from this that

Gl(to + d) — 91(t0) B e(to + d) — Q(to)
2m - 2m '

This allows us to conclude that the integer (1.8) does not really depend on the way the smooth
angle function 6 is chosen.
Finally, what we have done implies that the function

0(t+d)-0(t) R
T

teR

>

which is smooth, takes integer values: as the set Z is discrete, we can therefore conclude that this
function is actually constant, and this means precisely that the value of the quotient (1.8) does not
really depend on the way the number f; is chosen. This proves the proposition. O

Using the relation between angle functions and curvature that we found earlier, we can prove
the following nice result:

Proposition 1.8.4. Let y : [a, b] — R? be a closed curve, and let  : [a, b] — R be the corresponding
curvature function. The rotation index of y is

i) = i fab;c(r) o

The integral that appears in the right hand side of this equality is usually called the total
curvature of the curve y.

Proof. Let us suppose first that the curve y is a unit-speed curve. We know that 6'(t) = x(t) for
all t € [a, b], so that according to the Fundamental Theorem of Calculus we have that

fab x(7)dz = 8(b) - 0(a) = 27 - i(y),

and the equality in the proposition follows immediately from this. O

Let now y : [a, b] — R? be a closed parametrized curve which is not necessarily unit-speed.
As we know, if L is the length of y, there is then a change of parameters u : [0, L] - [a, b] such
that the curve # = y o u is a unit-speed parametrized curve.
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§1.9. Euclidean motions

A function R” — R" is called an Euclidean motion or an isometry if it preserves distances, that is,
if whenever p and g are two points in R” we have that

d(f(p) f(q)) =d(p.q)-

The simplest Euclidean motions in the plane R? are those described in the following three examples.

{ex:e2:trans}
Example 1.9.1. Let p = (x, yo) be point in R2. The function

7p: (x,y) eR* > (x +x0, y + yo) € R?

is an Euclidean motion that we call the translation by p. Indeed, if (x, y) and (u, v) are two points
in R? we have that

d(‘rp(x,y),Tp(u,v))2 = d((x + X0, ¥ + o), (U + x0,V + )/0))2

= ((x+x0) = (u+x0))" +((y+y0) = (v + 3))°
= (x-u)?+ (y-v)?
= d((x,9), ()"

{ex:e2:rot}
Example 1.9.2. Let 0 be a real number. The function

po: (x,y) eR* > (xcos @ — ysin 6, xsin O + ycos ) € R?

is an Euclidean motion that we call the rotation of angle 6 centered at the origin. If (x, y) and
(u,v) are two points in R?, then

d(Pe(x’}’)’Pe(%V))z
= d((xcos@—ysin@,xsin@+ycos€),(ucos@—vsin@,usin9+vcos9))2
= ((xcos@ - ysinf) — (ucos@—vsin@))2
+ ((xsin9+yc050) - (usin0+vc038))2

= ((x—u)cosf - (y—v)sin9)2+ ((x—u)sin6 + (y—v)cos@)2
= (x—u)?cos®0 - 2(x —u)(y—v)cosOsin @ + (y —v)*sin* 0

(x —u)?sin®0 + 2(x —u)(y —v)sinHcos @ + (y — v)* cos* 6
=(x-u)’+(y-v)’
= d((x»), (7)),

and this is what we are claiming.
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Example 1.9.3. Finally, the function
0:(x,9) eR* > (x,-y) e R?

is an Euclidean motion that we call the reflection with respect to the x axis. Indeed, if (x, y) and
(u,v) are two points in R?, then

d(o(x,y),a(u,v))2 = d((x, -y), (u, —v))2
= (x=u)?+((-) - (-v))?
=(x-u)?+(y-v)?
= d((x 7). (7).

We will provide below a concrete and useful description of all Euclidean motions. To do that,
we need to recall some facts from linear algebra. A matrix A in M, (R) is orthogonal if it satisfies
the following equivalent conditions:

o (Ax,Ay) = (x, y) forall x, y e R".

o |Ax| = |x| for all x € R".

o AA" = A'A =1, so that A and its transpose A’ are mutually inverse.

o The columns of A form an orthonormal basis for R".

o The transposed® rows of A form an orthonormal basis for R".

We write O, (R) for the set of all orthonormal matrices in M, (R) and call it the orthogonal group.
A few key properties of this set are the following:

o The identity matrix I belongs to O, (R).

o If A and B are elements of O, (R), then the product AB is also an element of O, (R).

o If A is an element of O, (RR), then A is invertible, its inverse is also an element of O, (R)

and, in fact, A™! = A%,
In fact, it is because of these properties that we call the set O, (R) a group.

If A is an orthogonal matrix, then 1 = det I = det AA" = det A-det A" = (det A)?, and therefore
the determinant of A is either 1 or —1. If the determinant of A is 1 we say that the matrix A is special
orthogonal. We write SO, (IR) for the set of all special orthogonal matrices in M, (R) and call it
the special orthogonal group. This set has properties similar to those of O, (R):

o The identity matrix I belongs to SO, (R).

o If A and B are elements of SO, (R), then the product AB is also an element of SO, (R).

o If Ais an element of SO, (R), then A is invertible, its inverse is also an element of O, (R)

and, in fact, A™! = A",

*Remember that the elements of R" are column vectors, so we have to transpose the rows of A to obtain elements
of that vector space.

37

{ex:e2:refl}



The following two examples describe the orthogonal matrices in dimensions 2 and 3. Similar
analyses can be carried out in all dimensions, in fact.

Example 1.9.4. Suppose that A is an element of O, (IR). The first column of A is a unit vector in R?,
so we know that there exists a number 6 € R such that column is equal to ( cos 6 ) The second

column of the matrix is orthogonal to the first column, so is a scalar multiple of ( ey ) and has

norm 1, so it is either this vector or its opposite. We thus see that A is one of the two matrices
cos@ —sinf cos sin6
sinf  cos6 )’ sin@ —cosf)

The first one has determinant 1 while the second one has determinant —1. In this way we obtain an
enumeration of all the element so O,(RR) and of SO, (R).

Example 1.9.5. Let now A be an element of SO3(R). We have that
det(A—1) =detA'-det(A-1I) =detA"(A-1) = det(A'A-A") = det(I-A") = —det(A-1),

and this implies that det(A — I) = 0, so that 1 is an eigenvalue of A and there exists a unit vector u
in R such that Au = u. Let (v, w) be an ordered orthonormal basis for the orthogonal complement
of the subspace span(u). Let C be the matrix that has as columns the three vectors u, v and w:
since these three vectors are orthonormal, we have that C*C = I5. and therefore the matrix C is
orthogonal and its inverse is its transpose C'.

We have that

(Av,u) = (Av, Au) = (v,u) =0

and similarly (Aw, u) = 0, to that the vectors Av and Aw are orthogonal to u and therefore the two
belong to the subspace span(v, w). This implies that there are four numbers g, b, ¢ and d such that

1 0 O
c'AC=|0 a b
0 ¢ d
If we let B be the matrix ( a Z ), we can write this in the form
1 0
C'AC = (o B). (117)

From this it follows that

1 0
C'A'C = (cfAc)f( t)
0 B
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and thus, since CC! = AA" = I3, that

1 0\(1 0O 1 0
I;=C'C=C'A"AC = C'A'C- C'AC = . - B
o B'J\o B 0 B'B

It follows from this that B'B = I, so that the matrix B is orthogonal. From (1.9.5) we see immedi-
ately that det B = 1, so that in fact B is special orthogonal and we know that there is a number 60
such that B = ( CEs(E] —Eii ) The conclusion of all this is that

sinf cos6

if Ais an element of SO3(R), then there exists an orthogonal matrix C of determinant 1
and a real number 0 such that

1 0 0
C'AC=|0 cosf -sinf
0 sinf cos@

If u, v and w are the elements of R® given by the columns of the matrix C, then the
function x € R® = Ax € R3 is then a rotation of angle 0 around the line of direction u
through the origin.

Itis very easy to see that, conversely, for every orthogonal matrix C of determinant 1 and every 6 € R
the matrix

1 0 0
Clo cos® -sinf|C!
0 sinf cos@

is an element of SO3(RR), so this provides a precise description of the elements of that group.

Exercise 1.9.6. Obtain a similar description for the elements of O3(R) of determinant —1.

The following simple lemma that allows us to compare elements of SO, (R) will be useful later.

{lemma:so2:unique}
Lemma 1.9.7. Let A and B be two elements of SO2(R), and let v be a non-zero element of R2.

IfA-v =B-v, thenin fact A = B. O

Exercise 1.9.8. Prove the lemma.

With the information we have about orthogonal matrices at hand we can now state and prove
the following result that completely describes Euclidean motions.

39



Proposition 1.9.9.
(i) If A € O, (R) is an orthogonal matrix and b € R" is a vector, then the function

fixeR—»Ax+beR"

is an Euclidean motion.
(i) Let f : R™ — R" be an Euclidean motion. There exist an orthogonal matrix A € O,(R) and a
vector v € R", both uniquely determined by f, such that f(x) = Ax + b for all x € R".

Proof. (i) Let A € O,(R) be an orthogonal matrix, let b € R” be a vector, and let us consider the
function f : x € R” = Ax + b ¢ R". If x and y are any two elements of R”, then we have that

d(f(x), f(¥)) = (%) = fW)] = [(Ax +b) = (Ay +b)| = [A(x = y)[ = |x = y[ = d(x, y),

and this tells us that the function f is an Euclidean motion.

(ii) Let us consider the function f : R” — R” such that f(x) = f(x) - f(0) for all x € R".

If x and y are two elements of R", then

o = yI* = x]* = 2(x, ) + 91,

and of course also

1£Ce= I = 1F GNP = 20£ (), F ) + I F I

We can use this and the fact that f preserves distances to see that

2(f () F) = IF @ + 1 F D17 = 1 (x = »)I?
= 1f () = FOI* + 1 £(») = FO)* = 1 f(x) = F)I?
= d(f(x), £(0))* +d(f (1), £(0))* = d(f(x). f())*
=d(x,0)* +d(y,0)* - d(x, y)*

= Ixl® + Iyl* = Ix - 51
=2(x, y).

This tells us that the function f preserves inner products:

for all x, y € R we have (f(x), f()) = (x, y).

Let now (ey, ..., e,) be a orthonormal basis for R”, so that for all i, j € {1,..., n} be have that

1 ifi=j;
(ei>ej>:{

0 in any other case.
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Since the function f preserves inner products, we also have that (f(e;), ..., f(e,)) is an ortho-
normal basis for R”, since (f(e;), f(e;)) = (e, ej) forall i, j € {1,...,n}. As a consequence of
this, we have that when x is an element of R",

if (x, f(e;)) =0 forallie{l,...,n}, then x = 0.

Let x and y be two elements of R”. If i € {1,...,n}, then

(f(x) +f(y) = f(x+), fe))

= (f(x), f(e)) + (F(0), fei)) = (f(x +p), f(ei))
x,ei) +(y,ei) = (x +y,ei)
=(x+y-(x-y)e)
0,

and we can therefore conclude that f(x) + f(y) — f(x + y) = 0, so that f(x + y) = f(x) + f(y).
Similarly, if x is an element of R” and A one of R, we have that for each i € {1,...,n}

(f(Ax) = Af(x), f(e))

= (f(ax), f(en)) = Mf(x). f(ei))
= (Ax, e;) — A{x, ;)
(Ax — Ax, e;)
0

>

s0 again we see that f(Ax) — Af(x), so that in fact f(Ax) = Af(x). Putting everything together,
we have proved that the function f : R” — R" is linear. It follows from this, as usual, that there is a
matrix A € M,,(R) such that f(x) = Ax for all x € R". The columns of A are precisely the vectors
f(e1), ... ,f(en), and these form an orthonormal basis for R”, so the matrix A is orthogonal. If we
put b = f(O), then f(x) = f(x) + f(0) = Ax + b for all x € R", and we see that the existence
statement of the proposition is true. Let us prove the uniqueness statement next.
Suppose that A; and b; are an orthogonal matrix in O(n) and a vector in R” such that
f(x) = A1x + by for all x € R". We then have that b = f(0) = by, and for all x € R” that

0=f(x)-f(x)=(Ax+b) - (A1x + by) = (A- A))x.

This clearly implies that the matrix A — A is zero, so that also A = A}, and this completes the proof
of the proposition. O

Suppose that f : R” — R" is an Euclidean motion, so that, according to the proposition, there
exist an orthogonal matrix A € O,(R) and a vector b € R”, both uniquely determined by f, such
that f(x) = Ax + b for all x € R". We say that the Euclidean motion f is proper, direct or positive
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if the determinant of A is 1, and that it is improper, inverse or negative it that determinant is —1. We
write E(n) for the set of all Euclidean motions R” — R”, and SE(#) for the set of those Euclidean
motions that are proper. The set E(n) is the Euclidean group, while SE(n) is the special Euclidean

group.

Exercise 1.9.10. Let G be one of the sets E(n) or SE(n).
« The identity function idg» : R"” — R" belongs to G.
o If f and g are elements of G, then the composition f o g is also an element of G.

o If f is an element of G, then f is a bijective and its inverse is also an element of G.

Using the description that we gave in Example 1.9.4 of the orthogonal matrices in M,(R) and
Proposition 1.9.9 we can enumerate all Euclidean motions in the plane.

e If6cRand (a,b) ¢ R2, then the function f: R2 - R2? such that
f(x,y)=(xcosf —ysinfO+a,xsinf + ycos +b)

for all (x, y) € R? is a proper Euclidean motion, and every direct Euclidean motion is
obtained in this way.
o Similarly, if 6 € R and (a, b) € R?, then the function f : R* - R? such that

f(x,y)=(xcos@+ ysin@ +a,xsinf — ycos6 +b)

for all (x, y) € R? is a improper Euclidean motion, and every improper Euclidean motion is
obtained in this way.

In particular, it is immediate to check that the translations of Example 1.9.1, the rotations of
Example 1.9.2 and the reflection of Example 1.9.3 are all accounted for in this enumeration.

Exercise 1.9.11. Show that if f : R> — R? is a proper Euclidean motion, then there exist a
translation 7 : R* — R? and a rotation p : R? - R? such that f = 70 p. Are 7 and p uniquely
determined by f? Similarly, show that f : R? - R? is an improper Euclidean motion, then there
exist a translation 7 : R? - R? and a rotation p : R* - R? such that f = 70 ¢ o p, with o the
reflection of Example 1.9.3.

Exercise 1.9.12. A reflection in the plane is an isometry r : R? — R? that is not the identity and
that leaves all the points in a line L fixed — in that case, the line L is completely determined by r
and is the axis of the reflection. For example, the map S from Example 1.9.3 is a reflection, as it
leaves every point of the horizontal axis fixed, so that axis is the axis of the reflection.
(1) Show that the composition of two reflections with parallel axes is a translation, and that
every translation is the composition of two reflections.
(2) Similarly, show that that the composition of two reflections with non-parallel axes is a
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rotation with center at the point of intersection of the two axes, and that every rotation is a
composition of two reflections.
One of the reasons for which reflections are important is that they are simultaneously very simple
and enough to generate all Euclidean motions efficiently, in the sense that the following result
holds:
(3) Show that every Euclidean motion of the plane is the composition of at most three reflections,
and that every positive Euclidean motion is the composition of at most two reflections.

§1.10. The fundamental theorem of plane curves

Ify:(a,b)— R? is a unit speed curve and x, y : (a,b) — R are its components, the normal field
n:(a,b) »>R?>of phasn(t) = (-y'(t),x'(t)) forall t € (a, b). We will use below several times
the fact that we have the equality

n(t) = Ryppy'(1),

with R/, = (§ ), the orthogonal matrix that corresponds to the rotation of angle 77/2 described
in Example 1.9.2. We will also use below the following property of the matrix R /5.

Lemma 1.10.1. If A € O5(R) be an orthogonal matrix and d = detA is its determinant, then
Rﬂ/zA = d . ARn/z.

Proof. The determinant of A is either +1 or —1. In the first case, there is a real number 6 such that

_ ( cos@ —sinf : : _ ( cos@ sinf
A= ( s 8 ooy ), and in the second case there is a real number 0 such that A = ( R ) In

each of these two cases we can compute directly that the equality R;/,A =d - AR, holds. [

The following proposition describes what happens to the curvature of a curve when we «move»
the curve using an Euclidean motion: it almost does not change.

Proposition 1.10.2. Let y : (a,b) — R? be a unit speed plane curve and let f : R> — R? be an
Euclidean motion. The composition 1 := f oy : (a,b) — R? is also a unit speed plane curve and if
Ky, Ky : (a,b) = R are the signed curvature functions of y and of n, respectively, then i, = i, if f is
proper, and k, = —x, if f is improper.

Proof. We know from Proposition 1.9.9 that there are an orthogonal matrix A € O(R) and a
vector b € R? such that f(x) = Ax + b for all x € R?. We then have that #(t) = Ay(t) + b for all
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t € (a,b), and therefore we see immediately that # is a smooth curve and that
n'(t) = Ay'(t)

forall f € (a, b). In particular,for any such ¢ we have
I7' (O = 14y (Ol = Iy (D)l =1,

since A is orthogonal and y is a unit speed curve, and this tells us that # is a unit speed curve. As
7" (t) = Ay"(t) for all t € (a, b), the signed curvature of 7 is

kg (1) = (1" (£),my (1)) = (Ay" (1), Rapan (1)) = (A" (1), RappAy'(1)).

If f is a proper Euclidean motion, then the matrix A is special orthogonal and, as we noted above,
Ry/2A = ARy . It follows from this that

iy (1) = (Ay"(£), ARy 2y (1)) = (p" (£) Ruyay' (1)) = (" (1), my (1)) = 1, ().

If instead the map f is an improper Euclidean motion, then the orthogonal matrix A has determi-
nant -1 and we know that R ;A = ~AR;;,, so what we have is that

() = (Ay" (1), =ARzpy (1)) = =(y" (1), Rupay' (1)) = = (" (1), m) (1)) = =1, (1).

This proves the proposition. 0l

The second important observation that we have to make is that two curves that have the same
curvature functions are in fact related by an Euclidean motion:

Proposition 1.10.3. Let y, 17 : (a,b) — R? be two unit-speed curves defined on the same interval.
If the corresponding curvature functions «,, ky : (a,b) — R are equal, then there exists a unique
proper Euclidean motion f : R? — R? such that = f o y.

Proof. Let us suppose that «, (t) = «,(t) forall t € (a, b), let to be any element of (a, b), and let
0y, 0, : (a,b) - R be smooth angle functions for y and 0, respectively. For each t € (a,b) we
then have that

0, (1) = Ky (1) = k) (2) = 0,,(1),

so that there exists a real number « such that 8,,(t) = 6,(t) + a for all ¢ € (a, b). This implies that

n'(t) = (cos 0,(t),sin 0, (t)) = (cos(6y(t) + a),sin(0,(t) + a))
= Ry - (cos 0,(1),sin 0, (1)) = Re - y' (1)
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forall t € (a,b). Let us now put b = 5(to) — Ry - y(to) and consider the proper Euclidean motion
fixeR*>Ry-x+beR>

The function h := - foy : (a, b) — R? is differentiable and has h(to) = 7(to)—(Ra-y(to) +b) = 0
and h'(t) = n'(t) — Ry - y'(t) = 0 for each t € (a, b), so that in fact it is constant of value 0. We
can therefore conclude that # = f o y, and this proves the existence claim of the proposition.

To prove the uniqueness claim, let us suppose that g : R? — R? is another proper Euclidean
motion such that # = g o y, and let A and c be the special orthogonal matrix and the element
of R? such that g(x) = A - x + ¢ for all x € R%. We then have that (¢)) = A-y’(ty), and we can
conclude from this and Lemma 1.9.7 that A = R,, because we also have that 1'(ty) = Ry - y'(0)-
As also n(to) = g(y(to)) = Ry - (o) + ¢, we have that ¢ = #(t9) — Ry - y(o) = b, and therefore
g = f. This completes the proof of the proposition. O

We say that two units-speed parametrized curves y, 17 : (a,b) — R? are equivalent under
proper Euclidean motions if there is a proper Euclidean motion f : R? - R? such that 7 = f o y.

Exercise 1.10.4. Let (a, b) be an open interval. Show that the relation of equivalence under proper
Euclidean motions is an equivalence relation on the set of all unit-speed parametrized curves
defined on (a, b).

The combination of the last two propositions allows us to obtain the following key property of
the curvature:

Corollary 1.10.5. Two unit-speed parametrized curves defined on the same open interval are equiva-
lent under proper Euclidean motions if and only if they have the same curvature function.

In other words, an equivalence class of unit-speed parametrized curves under proper Euclidean
motions is completely determined by the curvature function of any one of its elements.

In view of this, it is interesting ask what possible curvature functions can a unit-speed
parametrized curve have. Our following proposition answers this question.

Proposition 1.10.6. If« : (a,b) — R is a continuous function defined on an open interval, then
there exists a unit-speed parametrized curve y : (a,b) — R? whose curvature function is precisely x.

Proof. Letk : (a,b) - R be a continuous function, and let ¢y be an element of (a, b). Since « is
continuous, we can define a function 6 : (a,b) — R putting

H(t):_/totk(‘r)dr,

and it follows from the Fundamental Theorem of Calculus that 0 is a differentiable function such
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whose derivative is 6 = «; in particular, 0 is actually of class C'.
Let us consider the function T : (a, b) — R? such that

T(t) = (cosO(t),sinO(t))

for all t € (a, b). This is also a function of class C!, and this allows us to define a final function
y: (a,b) - R? that on each t € (a, b) takes the value

ym:AHuwa

As before, the Fundamental Theorem of Calculus tells us that y is a differentiable function whose
derivative is y’ = T, so that in fact y is of class C2. Moreover, using we see that

[y =T =1,

so that y is a unit-speed parametrized curve in R2. As y'(t) = T(t) = (cos 0(t),sin 6(t)) for all
t € (a, b) and the function 0 is continuous, we see that 6 is an angle function for y, and therefore
the curvature function «, : (a,b) — R of y is such that «,, (¢) = 8'(t) = x(t) forall t € (a, b). We
have thus proved the proposition. O

The proof that we have given for this proposition is of a constructive nature: given a func-
tion x : (a,b) - R we can explicitly construct, following the steps of the proof, a unit-speed
parametrized curve y : (a,b) — R? whose curvature function is x.

Example 1.10.7. Let R be a positive number, and let ¥ : R — R be the constant function of

value 1/R. Following the proof of the proposition, we define 6 : R — R putting, for each ¢ € R,
t tdr t
o) = [ x(mar= [ T-=.
(t) =) x(n)dr= | —=-
We then consider the function T : R — R? with

T(t) = (cosB(t),sin6(t)) = (cosé,sin%),

and its integral y : £ € R > [ T(7)dr. As

t T ot 5 T t
f cos —d7 = Rsin —, / sin —dr = —-Rcos —,
0 R R 0 R R
we see that
(t) @'t R ﬂ
=|Rsin —,-Rcos — |.
Y R R

Clearly y is the standard unit-speed parametrization if the circle of radius R centered at the origin,
with initial point y(0) equal to (0, -R).
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Example 1.10.8. Let us now take x : R — R be the function such that

1
1+ ¢2

k(t) =

for all t € R. Following the steps of the proof, we find that

6(t) = arctant
and, since

[Ot cosarctan Tdt = arcsinh ¢, [Ot sinarctan 7dr = m,
that

y() = (arcsin t, V1 + £2)

for all t € R. The following two graphs show the function x and the trace of the parametrized
curve y.

In most situations, if we start with a curvature function we cannot actually compute analytically
the curve whose existence is claimed in the proposition, but in that case we can use numerical
methods to obtain approximations. In Figure 1.4 on page 48 we show the result of doing this in
some examples.
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Figure 1.4. Some examples of curves determined by their curvatures.
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§81.11. Exercises

Exercise 1.11.1. Determine conditions on a function r : (a,b) — R that ensure that the
parametrized curve y : (a, b) — R? with

y(0) = (r(6) cos0,r(0)sinO)

for all 6 € (a, b) is a unit-speed curve.

Solution. As
y'(0) = (r'(6) cos @ —r(0)sin 0,7 (0) sin 0 + r(0) cos ),

we have that |y’(0)| = /7' (8)? + r(0)2. The curve will have unit-speed, then, exactly when
r(0)*+r(0)* =1 O

exer:logarithmic-spiral
Exercise 1.11.2. Find all curves with the property that the angle formed by the segment from the { J piral

origin to one of its points and the tangent line at that point does not depend on the point. We call
this curves logarithmic spirals — in Figure 1.5 the reader can find a drawing of one.

Solution. Let y(8) = (r(6) cos 0, r(60) sin 0) be a parametrized curve with that property, deter-
mined by a positive function r. The angle a formed by the segment from the origin to y(6) and
the tangent line there is such that

((6),y'(0)) = [y(®)] - [y'(8)] - cosa
As [|y(8)] = (),
V' (8) = (+'(8) cos 8 — r(8) sin 6, '(8) sin 6 + r(6) cos )
and thus |y’ ()| = \/r'(8)? + r(6)2, this tells us that
oo r(6)r'(6) _ re
r(0)\/r'(0)2+r(0)>  \/r'(0)?+r(6)>

The function r therefore is a solution to the differential equation

(r'(0)* + r(0)?) cos’ a = 7' (9)?,

which we can rewrite in the form

d ~ r'(6) ~ 1
@logr(e)— o)

secza —1
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Figure 1.5. The logarithmic spiral with polar equation r = ¢’ from Exercise 1.11.2.

We can immediately solve this: if 6 is an element of the domain of 7 and r¢ = r(6y), then

r(0) = roexp 9_290 .
secca —1

Conversely, using this formula we can clearly define a smooth positive function f : R — R that
gives rise to a parametrized curve with the property we want. O]

Exercise 1.11.3. Find all regular curves all of whose normal lines pass through the origin.

Solution. Let y : (a,b) — R? be a unit-speed parametrized curve all of whose normal lines pass
through the origin. If ¢ is an element of (a, b), then a point p of R? is on the normal line to y at ¢
exactly when (p —y(t),y(¢)) = 0. It follows from this that if the curve has the property described
in the statement of the exercise then (y(t),y’(t)) =0 forall t € (a,b).

It follows from this that y(t) is orthogonal to y’(t), so it is a multiple of the normal vector:
there exists a function A : (a,b) — R such that y(t) = A(t) - n(t), and this function is smooth
because A(t) = (y(t),n(t)) forall ¢ € (a,b). Since

A(t) = %()’(f)) n(t)) = (y' (1), n(1)) + {y(£), n' (1)) = (y(£), x(¢) - y'(£)) = 0,

the function A is actually constant. This tells us that for all t € (a,b) the point y(t) has
ly(t)| = |A-n(t)| =|A|, so that the trace of y is contained in the circle of radius |1| centered at
the origin. Let us notice that

0= %(Y(t),y'(t)) = (y(6):,y" () + (y(),y" (1)) =1+ (X n(2), x(t) - n(1))
=1+A1-x(1),

so k(t) = —1/A is constant, as it should be. O
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Figure 1.6. The curve of Exercise 1.11.4, the involute of the unit circle.

E . {exer:involute-circle}
xercise 1.11.4.
(1) Show that the parametrized curve y : (0, +00) — R? with

y(0) = (cos 6 + Osin6,sin 6 — O cos 0)

for all 0 € (0, +00) has the property that all of its normal lines are at distance 1 from the
origin. We have drawn this curve and its normal lines in Figure 1.6.

(2) Let £ be a positive number. Show that if y : (a, b) — R? us a unit-speed curve all of whose
normal lines are at distance ¢ from the origin, then there are numbers , § € Rand € € {+1}

such that the curvature function of y has

K(t) = ———

vat+p

forallt e (a,b).
(3) Find all curves with that property.

Solution. Let us suppose that y : (a, b) — R? is a unit-speed parametrized curve with the property
described in the statement of the exercise. The line normal to the curve at y(¢) can be parametrized

by the function

a:seR-y(t)+s-n(t) eR.
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In particular, the square of the distance from «(s) to the origin is

lac()I = [p(2) +s- n()* = [y()]* + 25 {p(1), (1)) + s*

and the critical points of this occur at values of s such that

S a()I? = 20y(1),n(e)) + 2520

There is therefore a unique critical point at so = —(y(t), n(t)), and it has to be a minimum, for
geometric reasons. The square of the distance from the line to the origin is therefore

& =[a(so)? = ly()|* = (y(1), n(1))>. (118) {eq:qq}

This is true for all ¢ € (a, b), so differentiating we see that

0 =2(y(1),y"(£)) = 2(y(£), n())({y' (1), n(£)) + (y(£), n'(1)}).
Asy'(t) L n(t),y"(t) = x(t)n(t), and n'(t) = —x(t)y’(t), this tells us that

0= (y(1),y' (1)) - (1+{y(1),y"(1)))- (119) {eq:qq:2}

Let us suppose for a moment that there is an element ¢ of (a, b) such that (y(ty),y" (o)) # 1.
Since y is smooth, there is then a positive number € such that (ty — €,y + €) S (a,b) and
(p(1),y"(t)) = -1forall t € (ty — €, to + €). It follows then from (1.11), that

(r(0),y'(1)) =0
for all t € (to — €, to + €), and this implies that the normal line to y at y(t) passes through the

origin. As the number ¢ is positive, this is absurd.
We thus see that

k(t) - (y(), n(1)) = (y(),y" (1)) = -1
for all f € (a, b). Going back to (1.11) we see that for such ¢ we have
1
k(t)>

On the other hand, for such t we also have

YO =25 (75, (1) =20/ (0¥ (D) + 24, (1)) =22 =0,

so there are numbers « and v such that

&= y(1)]*+ (1.20) {eq:qqq}

[y(D]? = ~at+v

forall t € (a, b). Using this and (1.11), and putting f3 := £ — v we can therefore conclude that

1
k(t)% = pra; forallt e (a,b).
The claim of the exercise follows immediately from this. O]
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Exercise 1.11.5. Let y : R — R? be a closed unit-speed curve. If the image of y is contained in a
circle of radius r, then there exists a point ty in R such that the curvature of y at ¢, is x(#) > 1/r.

This tells us that if a closed curve is contained in a small circle then it must have a point where
its curvature is large, a fact that should be intuitively clear.

Solution. Let y : R - R? be a closed unit-speed curve whose image is contained in the circle
centered at a point p € R? with radius 7, so that the smooth function f : R - R such that
f(t) = (y(t) — p,y(t) — p) is bounded by 2. Since the curve is closed, the function f is periodic,
and since it is continuous it attains its maximum: there is a point o in R such that f(¢) < f(#o)
for all t € R. As f is smooth and has a maximum at ¢, we have that

0= f'(to) = 2(t(t0) y(to) - p),
and this implies that there is a number p such that y(fp) — p = p - n(#o), and since
> f(to) = (y(to) = p>y(to) = p)

we see that |p| < r. Moreover, the fact that f has a maximum at ¢y implies that

0> 351" (t0) = (t'(t0), y(to) = p) + (t(to), t(to)) = x(to) - (n(t0), y(to) — p) +1
=p-x(ty) +1.

We thus see that |p| - |k(to)| > 1, so |(to)| > 1/|p| > 1/r. O

Exercise 1.11.6. Let y : [0, L] - R? be a closed unit-speed curve in the plane with strictly positive
curvature, let n : [0, L] - R? be its normal field, and let 7 be a positive number.
We consider the curve 6 : [0, L] - R? such that

5(t) = y(t) = r-n(z)

for each t € R. We call it a parallel curve of y. Make pictures of these curves in some easy examples
to see why it is called like that.
(1) Prove that the length of § is

len(8) =len(y) + 27r.

(2) Prove that the signed curvature x4 of § is given by in terms of that of x by the formula

Ky

Ks = 0
1+T-Ky
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Solution. We have that

8 (t) =y (t)—r-n'(t) =t(t) —r-n'(t) =t(t) + re(t) - t(t) = (1 +rx(t)) - t(t),

so that the length of § is

1en(<s):f0L”a'(t)udt:fOL(Hm(t))dt:fOLdt+rf0LK(t)dt.

Of course, fOL dt = L =len(y). On the other hand, if 6 : [0, L] — R is a smooth angle function for

the curve y, so that t(¢) = (cos 6(t),sin 6(¢)) forall ¢ € [0, L], then we know that 6 (t) = x(t) for

all t € [0, L], so that fOL k(t)dt = (L) — 6(0). This difference is 27 times the rotation index i(y)

of the curve y: since y has strictly positive curvature, it is a simple convex closed curve, and we

know that its rotation index is +1 or —1, and since the curvature is positive, it is in fact +1. Putting

everything together, we see that len(8) = len(y) + 27r. This proves the first part of the exercise.
As we noted above, 8’ = (1+ rx) - t, so that |8'| = (1+7-«), and

8" =(1+rk) t+(Q+rk)-t'=Q+rk) - t+(1+rk)k-n,
so that

det(8',8") =det((1+rx) - t,(1+ k) -t+ (1+rx)x-n) = (1+rx)’k.
The possibly non-unit-speed curve § has therefore signed curvature given by

. _det(8,8")  (Q+re)’k ok
TR T (U +rk)?  l+rk

as the second part of the exercise claims. O
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