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I. CURVES

§1: local normal forms

A plane curve in the Euclidean plane, E2, may be described in the following ways:
e as a geomelric locus: a ‘certain’ subset, © C E2, of the plane
e implicitly: as a level set (pre-image), f~*(a), of a map f:E? - R
e via a parametrization: the image, c(R), of a map ¢ : R — E2.

One passes from synthetic geometry to analytic geometry by taking coordinates on the plane, E? = R?,
so that plane curves are described —implicitly or parametrically— by equations. Note that only ‘certain’
subsets of the plane earn the name plane curves, a more rigorous definition of a plane curve will require ad-
ditional conditions. For example we will —unless otherwise mentioned— always assume sufficient smoothness
or non-degeneracy conditions (eg non-zero differentials) on the function ¢ (resp. f) involved in the curves’
parametric (resp. implicit) description. Curves defined by such functions are called regular curves and we
say ¢ (resp. f) is a regular parametrization (resp. the curve is a regular level set of f).

Cc £

Figure 1. A curve € in the Euclidean plane. The Euclidean plane may be identified with R? by taking coordinates: choosing an origin

and (orthonormal) axes.

A fundamental question in the geometry of plane curves is their equivalence problem: given two plane
curves, when does there exist an isometry of the plane taking one to the other?
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Figure 2. The curvature of a plane curve may be defined ‘geometrically’ in terms of its osculating circle or ‘dynamically’ in terms of

the changes of a moving frame attached to the curve.

We first consider the ‘curvature’ of a plane curve. This is a local property of the curve: for each point
p € C on the curve, the curvature at p is a number representing ‘how curved’ the curve is at p, which only
depends on the points of C ‘infinitesimally close’ to p. Straight lines have (constant) curvature values of
zero, while ‘tighter turning curves’ values further from zero. Moreover, the curvature is an invariant under



isometries: if two curves may be taken to eachother by an isometry, their corresponding points will have the
same curvature values.

Geometrically, this curvature may be defined as follows. Recall the ‘direction of the curve’ at p € C is given
via its best approximation by a line or tangent line, £,, at p: the limit of the lines connecting a,p € C as
a — p. Likewise, the ‘turning of the curve’ at p is given via its best approximation by a circle or osculating
circle, cp, at p: the limit of the circleﬂ passing through a,b,p € C as a,b — p. We call the radius, r(p), of
¢p the radius of curvature at p and its inverse, k(p) := 1/r(p), the (unsigned) curvature at p.

Dynamically, one may introduce the curvature of a curve by studying how an ‘adapted frame’ to the
curve changes, i.e. a measure of change in the tangent direction to the curve. Orienting the curve, we have
T,N :C — S (unit circle), sending a point p to a unit vector along the tangent (7},), normal (N,) line.

Upon fixing a reference frame, say 5, = {T},,, N, }, we have ¥, = R,%, for C — SOq,p — R, a ‘curve of
rotations’. Thenf]

d¥ =dR%,=dRR'F,

cosf —sinf

or writing R = (Sin 0 cosd

), for 8 : C — R we have in components:

dT = Ndf, dN = —Tdf.

Evaluating these differentials at T, i.e. measuring the changes when moving with unit speed, we arrive at
the planar Frenet-Serret equations:

T :=dT(T) = kN, N' =—xkT

where k : C — R,p — dO(T) is called the signed curvature of C. Note that the sign of x depends on the
choice of direction for the normal and orientation of the curve. Customarily N is chosen as a counterclock-
wise rotation of 7.

Figure 3. The length of a (oriented) curve between two points is a limit of lengths of its polygonal approximations. A curve
is rectifiable when the length between any two points on it is finite. Any Ct curve (admitting parametrizations by continuously

differentiable functions) is rectifiable. Rectifiable curves may be parametrized by arc-length.

The arc-length of a curve between two points p,q € C is another fundamental geometric property. It is
defined as a limit of the lengths of inscribed segments: orient the curve segment from p to ¢ and set

n—1
[(Cpq) = sup Z [pipit1].
p=p1<p2<...<pn-1<pn=q¢€C 7

Especially convenient for deriving formulas are parametrizations by arc-length: from an orientation of C
and basepoint p, € C, we let s — ¢(s) € C be the point of the curve with signed arc-length s to p,.

11t is possible these circles limit to or contain lines which we consider as ‘circles of infinite radius’.
2See the remarks §5, for some explanation of this ‘d’ (differentials) notation.



Let us present some equations for the computation of the above quantities. Consider a parametric,
c:R — E2, or implicit, f : E? — R, description of a curve. Then:

the arc-length between p = c¢(a) and ¢ = ¢(b), with a < b, is given by:

b
(Coa) = [ L0 d.

In particular to pass from a general parametrization ¢ — ¢(t) to an arc-length parametrization, one
solves ds = |¢(t)| dt. Parametrizations by arc-length, s — ¢(s) are characterized by |c/(s)| = 1.

the tangent line at p = c(t) € f~!(a) is given by:

Ly ={c(t)+ Xé(t) : AeR}y={z:2p -V, f =0},

the signed curvature at p = c(t) € f~!(a) is given by:

det(é(n).(t) dEf(T.T)
e O A AT

the osculating circle at p = ¢(t) has center

b
R(1)]é(t))]

P+

(=5(), 2(t))-

Now we consider spatial curves, certain subsets of Euclidean three space given say by intersecting level sets
of functions or as the image of some regular parametrization. As before, we may define an osculating circle
at each point of the curve yielding a radius of curvature and unsigned curvature. When this radius is finite,
the osculating circle is contained in a plane, called the osculating plane at the point.

If the osculating plane is constant, then the ‘spatial’ curve is contained in this plane — we are just dealing
with a plane curve. Change of the osculating plane may be considered as a measure of how much the curve
is ‘twisting’ around in space, i.e. its failure to be contained in a fixed plane.

CcE

o %\\N

a)‘)—é?

(¥
¥

8‘, :T;XN?

3?\1\(’\; JN?\ = oS¢, P(‘\"e—

Figure 4. A spatial curve may be studied by the changes in a moving frame attached to the curve, T, is tangent to the curve, N,

directed towards the center of its osculating circle at p and B, = T}, X N, normal to the osculating plane at p.

We may derive equations to capture the twisting of the curve in space by the same dynamic approach taken
with plane curves. Orienting the curve, we have T, N, B : C — S? (unit sphere) where 7T is along the tangent
line, N is in the osculating plane directed towards the center of the osculating circle and B = T x N is
normal to the osculating plane. Upon fixing a reference frame, say &, = {T},,, Np,, By, }, we have &, = R, 5,
for € — S0O3,p — R, a ‘curve of rotations’. Then:

)

d¥ = dR%, = dRR™'F,



or letting dRR™! : TC — s03 be represented by an infinitesimal axis of rotation, dw : TC — R?, we have in
components: dI' = dw X T, dN =dwx N, dB = dw x B. Evaluating these differentials at T, i.e. measuring
the changes when moving with unit speed, we arrive at:

T'=0xT, N=dxN, B=idxB

where & : C — R3? p — dw(T) is called the Darbouz vector along C. By the definition of N, we have
T’ = kN, where x > 0 is the curvature. It follows that «d = kB + 7T, for some 7 : € — R the torsion of the
curve. The torsion is signed as the normal B was chosen by ‘right hand rule’ from 7" and N. Substituting
this expression for & yields the spatial Frenet-Serret equations:

T'=kN, N =—kT+7B, B =-1N,
so that the torsion measures changes in the osculating plane (B is normal to the osculating plane).

We may establish the following equations for computing the curvature and torsion of spatial curves. Given
a (regular) parametrization ¢ : R — E3:

e the curvature at p = ¢(a) is given by:

e the torsion at p = c(a) is given by:

_det(¢(a),é(a), ¢ (a))
T e @R

By Taylor expansion, we arrive at the following local normal forms for planar or spatial curves around a
point, in terms of the curvature and torsion of the curve. Counsider a curve parametrized by arc-length, c(s),
with ¢(0) = p and let r, = £(c(0)),k, = “|or(c(s)), 7o = 7(c(0)). Then there are Cartesian coordinates

o
centered at p with:
2

c(s) = (s, %/{o) +o0(s*)  (planar curve)

53, s? 3, s -
c(s) = (58 — =K2, = ko + —K,, —KoT,) +0(s*)  (spatial curve).
6 2 6 6
Local refers to these expansions depending only on the values of x, 7 near the point p. In fact, if one continued
computing more terms of the Taylor expansion all terms would depend only on the curvature, torsion and

their derivatives at p (this is a consequence of the Frenet-Serret equations).

Figure 5. The curvature and torsion at the point p determine the local (near p) form of the curve. Here for a spatial curve with

k(p) # 0, 7(p) > 0 we draw its projections onto coordinate planes determined by its Frenet-frame at p.



EXERCISES:

1. Show c¢), is the limit of circles tangent to ¢, at p and passing through a,p € C as a — p.

2. Show the radius, r, of a circle circumscribed around a triangle A with side lengths a, b, cisr = WI’Z(A).

3. Determine the curvature function of a parabola y = z? (using the ‘geometric’ definition of curvature,
and say exercises # 1 or # 2).
4. Show |k| = k (justifying the terminology of signed/unsigned curvature).
2
5. Establish the formul p = LD
P
sign depends on whether the normal (a counterclockwise rotation of T') is chosen as proportional to

Vfor—-Vf.

for an implicitly defined plane curve p € f~!(cst.), where the

6. For a parametrization ¢t — c¢(¢) of a plane curve, show the center of the osculating circle at ¢(t) is given
by: () + wyiey (—9(), £(1)).

7. For a spatial curve, with regular parametrization t — ¢(t), show:

(a) the curvature at p = ¢(t) is given by: x(p) = %,

(b) the torsion at p = ¢(t) is given by: 7(p) = W

8. Show the Frenet-Serret equations, % = (%R_l) F, do not depend on the choice of initial reference
frame, %, (with F(s) = R(s)%).

1The Hessian, d?,f, of f is the quadratic form defined by dgf(v, v) = ;Té\z:of(p + tv) = %\td)vp_‘_wf - v.



§2 some global results

We consider some classical global results on curves. First, an ‘integrated’ version of the local normal form
result above:

Equivalence theorem for curves: Two curves C1,Cy may be taken to one another by an isometry iff they
have the same curvature and torsion functions, ie there exists arclength parametrizations: s — c¢;(s) € C;
with k1(s) = ka(s), 71(s) = T2(s).

proof: Let J; be the Frenet-Serret frames along the curves, with 9}’ = R;Rj_lg’j = Q;%; the Frenet-
Serret equations with say reference configuration F;(0). Let s — Ry be the curve of rotations defined by
Fa(s) = RsF1(s). We will show that R is constant. The assumption that the curvatures and torsions are
equal implies that the matrix representations of Q2; in the F; bases are the same, ie:

ROy = QsR.
On the other hand, Ry = RR;, with R; = (); R; so that
QR =R, =R R+ RR) =R R+ RO R = R'R; + Q2Rs = R = 0.

Hence R; = R, is a constant rotation. In particular integrating ¢4 (s) = Roc}(s) yields ca(s) = Roc1(s) + ao
for a constant vector a, € R3, so that the isometry p — R,p + a, takes C; to Cs. O]

Now we consider planar curves, starting by relating curvature to ‘turning number’. Let s — ¢(s) be an
arc-length parametrized planar curve and write s — ¢/(s) € ST as ¢/(s) = (cos0(s),sin6(s)). Then:

k(s) =6'(s).

So that f: k(s) ds = 6(s1) — 6(s,), called the turning angle of the curve from c(s,) to ¢(s1).

Figure 6. The turning angle over a segment of the curve may be expressed as a ‘total curvature’ over the segment. For piecewise

smooth curves, one has outer angles o; at the vertices. Note that 6;11(aj11) — 6;(bj) =25 o, or 0;(b;) — 041(aj41) + aj =2 0.

A curve is closed if it admits a parametrization ¢ : [0,T] - C = im(c) with %(O) = %(T)7 k=0,
For any smooth closed curve:

T
% K ds= / k(t)|e(t)] dt = 2mne,
e 0

where ne € Z is the turning number of the curve. Likewise, for piecewise closed curves: C = Uim(c;) with
c¢j:laj,bj] = R?,j =1,...,n having ¢;(b;) = ¢j+1(aj;+1) (indeces mod n), we have:

%nderZajZ(/ Kj ds+aj) = 2mne
e . ci
j=1

j=1 J

IWe assume this condition does not hold for any T’ € (0,T).



where a; = Z(¢5(b;), ¢j41(aj41)) € [0, 7] are the outer angles and ne € Z is the turning numberﬂ Next, a
closed curve is simple if it admits a parametrization ¢ : [0,7] — C that is injective on [0,7"). Then:

Turning theorem: The turning number of a simple closed curve is £1.

proof: We consider the case of a smooth simple closed curve (the proof may be modified to treat piecewise
simple closed curves). Choose an arc-length parametrization, s — ¢(s), s € [0,¢], with the curve con-
tained entirely on one side of its tangent line at c(0). Since the curve is simple, f : T — S, (s1,52) —
% s2 7# s1,(s1,82) # (0,0)
d(s) S1=82=35 for T = {0 < s1 < s9 < ¢} C R? is continuous, and may be written
0 s=0m =1
as f(s1,82) = (cosf(sy,$2),sin60(s1,s2)) for some continuous 6 : T — R (and any two such 0’s differ by a
constant integer multiple of 27, so that differences are well defined). Now

2n, — /ﬁ ds = 0(0,0) — 0(0,0) = 0(¢, £) — 0(0, ¢) + 6(0, £) — (0, 0)
and we will show that the two terms 6(¢,£)—6(0,£), 6(0,¢)—0(0,0) take the same value +, so that n, = £1.
Consider 0(s, £) — 6(0,¢) for s € (0,¢). It is the angle between f(s,f) = % and f(0,¢) = —/(0). Ob-
serve that because ¢ is contained in one of the half planes divided by ¢/(0), we have f(s,¢) is contained in a
semi-circle, divided by f(0,¢). Hence |0(s,¢) — 6(0,¢)] < 7 and so (¢, ¢) — 0(0,¢) = £(c'(0),—c'(0)) = %
Likewise 6(0,¢) — 0(0,0) = lims_,, 6(0,s) — 6(0,0) = £m. O

) 17%)

< -3

(,\9') = ¢ L(»)
A e (22
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)

Figure 7. Proof of turning number theorem: the turning number of a simple closed curve is 41.

Simple curves also have:

4-vertex theorem: The curvature function of a smooth simple closed curve has at least 4 critical points.

proof: Write ¢/(s) = (cosf(s),sinf(s)), and think of p(s) = ﬁ = 25 as a mass density over the circle.
When the circle has this mass distribution, its center of mass: [ pc’ df = [¢/(s) ds = 0 is at the origin.
Suppose that p has only 2-critical points, a maximum and minimum (so x as well has only 2 critical points).
Taking axes through the origin with one parallel to the line joining these maximim and minimum points, we
see that the circle cannot be balanced, contradiction. O

The vertices of a curve are points where the curvature has a critical point. They are related to optical
properties of light emitted from the curve as well as balancing properties of the curve. We have as well:

IThe equality between the two sides of these formulas is a rather remarkable relation illustrating a common ‘local to global’
theme: on the one hand we have a ‘total’ of locally determined quantities while on the other a quantity depending on the global
form of the curve. Moreover, the global side is invariant under differentiable deformations of the curve, which in general change
individual values of the local quantities (but not their total!).
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Figure 8. A ‘mechanical’ proof (due to W. Blaschke) of the 4-vertex theorem (for strictly convex, & > 0, curves).

Tait-Kneser theorem: The osculating circles on any vertex free segment of a curve are nested.

c(s1
=1
p(so)

). The centers of the osculating circles are
/k(s) is the (signed) radius of the osculating
| = le(s1) — e(so)]- O

proof: Consider a vertex free segment from c(s,) to
parametrized by e(s) = ¢(s) + p(s)N(s), where p(s)
circle at ¢(s). Then l(es, s,) = [ |e'(s)| ds = |p(s1) —
Another famous classical result on plane curves is:
Isoperimetric inequality: The area, A, enclosed by a simple plane curve of length ¢ satisfies:
A A < 02
with equality iff the curve is a circle (of radius ¢/27).

As for spatial curves there are:

Fenchel’s theorem: The total curvature, 55@ k ds, of a closed spatial curve is bounded below by 27 with
equality occuring only when C is simple, planar and convex.

A convez plane curve being one which always lies on one side of its tangent line at every point.
Fairy-Milnor theorem: If a simple closed spatial curve is ‘knotted’ then f@ K ds > 4.

the proofs of which we refer to the exercises and references.



EXERCISES:

1. If two oriented curves may be taken to eachother by an (orientation preserving) isometry, show they
have the same curvature and torsion values.

-

b) For @,b : [te, 1] — R3, show that ft: at)-b(t) dt < f:: |@(t)]|b(t)| dt with equality iff @ = Ab, some

2. (a) For a,b > 0 show that vab < %"b with equality only when a = b.
( ¢

A [to,tll — R+.

(c) Let C be closed simple planar curve of length ¢ with arc-length parametrization c(s) = (z(s),y(s)), s €
[0,4]. Sandwich the curve between two lines parallel to a y-axis, and let ¢(s) = (x(s), £+/r? — z(s)?)
parametrize the inscribed circle between the the two lines (2r is the distance between the two lines).

For A = fe xdy the area enclosed by €, show that A + 7r? < rf where 7r? = fé —ydz. Deduce the
isoperimetric inequality:
A A < 02

3. With the set-up of # 2, show that there is equality in the isoperimetric inequality iff C is a circle of
radius /2.

Figure 9. The isoperimetric inequality (left for # 2, right for # 3).

¢

c(® X
’ ~

Figure 10. A convex curve and a choice of coordinates which may be used to prove a 4-vertex theorem for convex simple curves.

4. A simple plane curve is convex when at each point it is contained on one side of its tangent line at that
point. Show a simple closed curve is convex iff k has fixed sign (ie depending on the curves orientation
we have always k > 0 or k < 0).

5. Give an example of a closed curve with x > 0 at all points which is not convex.

6. Consider a convex simple plane curve and suppose by way of contradiction that it has only two vertices
(a maximum and minimum of k). Let s — ¢(s) be an arc-length parametrization of the curve, with
the two vertices at s = 0,s = s, € (0, ().

10



(a) Show there is an appropriate system of coordinates, ¢(s) = (z(s),y(s)) with y(s) = 0 only for
s =0,s5 = s,.

(b) Show that 0 # fol k' (s)y(s) ds.
(c) Integrating by parts, show that foe K (8)y(s) ds = foz x(s) ds = 0, a contradiction of part b.

7. The index or winding number (with respect to the origin) of a closed curve y(t) € R?\{(0,0)} is
i f,y df. Identifying the plane with the complex numbers, show this index is given by % f,y %.

8. For a closed curve parametrized by arc-length, s — c(s),s € [0,4], let s — (s) = ¢/(s) € S? be its
tangent indicatrirz. Show that for any ¢ € R? that ﬁy - 7(s) ds = 0. Conclude that 7 intersects every
great circle on the sphere in at least two points.

9. Show Crofton’s fmmulaﬂ for a closed curve with tangent indicatrix v C 52, one has:

() =5 - #(yNET)dA;.

10. There is a planar formuleﬂ similar to the previous exercise (also called Crofton’s formula). Let v be
a planar curve. Coordinatize the lines in the plane by (p,¢) € R, x S* corresponding to the line
lpo C R? at distance p from the origin whose normal through the origin makes angle ¢. Then:

1
y) = 5/ #(y N Lpe) dpdep.
]R+ XSl

1This formula may be used to prove Fenschel’s theorem and the Fairy-Milnor theorem. See eg Shifrin’s notes, in particular
ex. 12 pg. 35.
2See for example doCarmo, pgs. 41-46.
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83 calculus of variations

The most fundamental curves in Euclidean geometry —lines— are often described by the following variational
characterization: for any two points p, g on a line, the arc-length of the line segment is minimal among curves
from p to gq.

Figure 11. For two points on a line, the segment of the line between the two points minimizes arc-length of curves between the points.

We may prove that lines are in fact the unique curves in Euclidean space satisfying the above variational
property as an application of the calculus of variations. The general sort of problem considered by such
variational methods (as applied to curves) may be phrased as follows. One considers a functional:

A:T—R

where I is a certain ‘class’ of curves, and the functional A assigns a number to each curve in the class. The
goal is to describe ‘critical points’ or extremal curves of the functional. For example a curve, v, € I', which
minimizes A, that is: A(y.) < A(y), VyeT.

The specific definition of I' and A is determined based on the problem under consideration. For example,
the variational property characterizing a line (segment) may be set-up by taking

I':={v:[0,1] = E" : y(0) = p,v(1) = q and v smooth},

Aq) = [ Bl

Our claim about lines being characterized by their variational property amounts to the assertion that the
functional A takes its minimum value only when ~, € I" parametrizes a line segment from p to q.

One may progress on variational problems provided the class of curves and functional satisfy certain
‘smoothness’ properties. Namely, let us call a variation of a parametrized curve, [a,b] 5 t — ~(t) € R", a
family of curves [a,b] 3 ¢t — 7 (t) with ¢ € (=0, ) satisfying vo(t) = v(¢). The variation is smooth when the
application (—4,4) X [a,b] = R™, (e,t) — ~-(¢) is smooth (continuous partial derivatives). All the types
of variational problems we will consider satisfy: for any smooth variation 7. € T' of v € T, the function
R > e +— A(7:) € R is differentiable. Moreover, the functionals A we consider will all admit an expression in
the following ‘integral’ form: A(y) = f; L(y(t),5(t),t) dt where L : R™ x R™ x R — R is some (differentiable)
function (a Lagrangian of the variational problem).

élow(c 0 =Sy e

Figure 12. A variation, 7e, of a curve 7.
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Now, an eztremal curve of such a ‘smooth’ variational problem is defined as a curve 7, € I' such that for
any (smooth) variation v, € I' of 7, it holds that:

d

21 A() =o.
R (7)) =0

e=0

When A is given by a Lagrangian, then for a variation, [a,b] 3 ¢t — 7.(t), of v« : [a,b] = R™, we compute:

d

de

b
Alye) = / (87L - jtaﬁL) SOy dt + 051 - 0n°

e=0

where dv(t) = d%| =07 (t) is a vector field along .. In our examples the class of curves will typically consist
of: fized time and fized endpoints, meaning all curves in I' are parametrized on a fixed interval and begin
and end at the same endpoints. For such variational problems, we have:

Euler-Lagrange equations: Consider a variational problem given by a Lagrangian defined over smooth
curves with fixed time and fixed endpoints. Then -, is an extremal iff over v, it holds that:

d
Oy = 2 (O5L).

proof: T' consists of smooth curves parametrized on a fixed interval [a,b] with v(a),~(b) fixed. By our com-

putation above, we have that v, is an extremal iff 0 = fj(&yL — %&-YL) - 07y dt for any vector field 6+ along
v, which vanishes at the endpoints. Using a bump function, it can be shown that this condition only holds
when 0,L — %&yL = 0 over .. O

It is important not to forget that extremals (eg curves satisfying Euler-Lagrange equations) do not need to
be minima of the functional, merely are analogous to critical points. If one seeks minima of the functional,
they must be found among the extremals, but further work is needed to assert that the extremals one has
found are indeed minima.

EXAMPLE:

e Let I' consist of all smooth curves v : [0,1] — R™ with v(0) = p,v(1) = ¢ fixed and L = [§|. Then
0yL = 0,04L = ﬁ The condition to be an extremal is, by the Euler-Lagrange equations, that
\%I = cst. In this case, A(y) does not depend on the parametrization of -y, so we may assume wlog that

the extremals are parametrized by constant speed, and hence lines, v(t) = tq + (1 — t)p.

e There is a convenient ‘trick’ (getting rid of square roots in the Lagrangian) to convert the variational
characterization of lines as length minimizers to ‘energy minimizers’ . Namely, let A(y) = [ || dt and
E(v) = [ |¥]? dt considered over the class of all smooth curves v(a) = p,v(b) = ¢ with fixed endpoints
and time. By Cauchy-Schwarz, A(y) < (b — a)E(y) with equality iff |¥| = ¢st. From this inequality, it
follows that:

v« minimizes E <= |J.| = cst. and 7, minimizes A.

In particular to find the minimizers of length (minimizers of A), it suffices to determine the minimizers
of E. The Euler-Lagrange equations for the extremals of E are (with Lagrangian L = |¥|?), 0 = 9, L =
%&-{L =4, so extremals of E are straight lines (with constant velocity).

As for determining whether given extremals are minimizers, one somewhat general method is the following;:
suppose that g, € R" is fixed and for each ¢ € R" one has determined a ‘candidate’ curve, 7,, for a
minimizer going from ¢, to ¢ (these candidate curves would in practice by determined by solving the Euler-
Lagrange equations to determine an extremal curve connecting g, to ¢). Define the function S : R* — R
by S(q) := A(v4). Now, if S(¢o) = 0 and it holds that L > ®, where ®(v,¥) = d,5(%) then the candidate
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curves are in fact minimizers. The proof amounts to that for any curve, +, joining g, to g, we have A(y) =
J,Ldt> [ @ dt=S(q)— S(p) = Sla) = Al,).

This method may be applied to check that line segments minimize lengths (as we would hope!). Indeed,
let say g, be the origin and our candidate extremal from g, to ¢ be the curve tq, ¢t € [0,1]. Then S(q) = |¢],
and dS(§) = ﬁ The Cauchy-Schwarz inequality, |- 4| < |y||§| implies that indeed dS(¥) < |4| = L(¥), so
that line segments realize distances (shortest lengths) between two fixed points.

Many interesting curves arise from variational descriptions. For example, some ‘classics’ are:

e The brachistochrone curve: consider two fixed points in the plane (with a uniform gravitational force
field). Let the value of the functional on a smooth curve connecting p to ¢ be the time it takes a bead
of fixed mass to fall along the curve (think of say a wire) from p to ¢ when subject to this uniform
gravitation. The brachistochrone curve is the curve from p to ¢ which minimizes this time of descent.
It is given by an arc of a cycloid passing through p and q.

e The catenary curve: consider two fixed points, p, ¢, in the plane (with a uniform gravitational field)
and a ‘chain’ of fixed length ¢ > |pq| of homogeneous mass. The chain will be at rest when its potential
energy has a critical point. Thus the shape of the ‘hanging chain’ or catenary curve is determined by
extremizing the functional sending a curve of length ¢ connecting p to ¢ to its gravitational potential
energy. In appropriate coordinates, it is given by a section of the graph y = %cosh cx.

e an eclastica curve: consider two fixed points, p, g, with two fixed directions, u, v, at these points and
curves (elastic ‘wires’) of fixed length ¢ > |pg| from p to ¢ with initial and final tangents along u,v.
The bending energy of the wire bent into the shape of a given curve is f k2 ds, and equilibrium
configurations of the wire are extremals of this functional. They are characterized by the condition
that the curvature at a point on the curve is proportional to the distance of this point to some fixed
line in the plane.

Some other useful properties of variational problems are:

Energy constant: Suppose a fixed time and fixed endpoint variational problem is given by a time inde-
pendent Lagrangian, L(v,7). Then E := % -0;L — L is constant along extremals.

Lagrange multipliers v1: Let I" be smooth fixed time and endpoint curves and I', C T" a ‘subclass’ of
curves defined by a condition of the form B = cst. for B : ' — R. Consider a functional A : T" — R.
If v, € T, is an extremal of A + AB : ' — R for some A € R then 7, € T', is an extremal of A|p, : T, — R.

Lagrange multipliers v2: Let I' be smooth fixed time and endpoint curves and I', C IT' defined by a
condition of the form b(~y(t),~(t),t) = cst. where b: R™ x R™ x R — R. Consider a functional A : T" — R.
If v, € T, is an extremal of I' 3 v — A(y) + fdom('y) A()b(y,7,t) dt for some A : R — R then v, € T', is an

extremal of Alp, : T, — R.
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§4 examples
We present some ‘classic’ curves obtained through various constructions or physical properties.

String constructions: Given a plane curve, C, one may associate to it a family of curves called involutes
of C:

Figure 13. To construct an involute, one fixes an end of a tightly stretched ‘string’ of fixed length to a point of C and traces the other

end of the string as it is ‘wrapped along’ C. Involutes arise in the study of certain pendulums.

When c¢(s) is an arc-length parametrization of C, an involute determined by a string of length ¢ with an end
fixed to ¢(0) is then parametrized by:

v(s) = e(s) + (£ = 5)d(s).

The circle may be thought of as a degenerating case of an involute when an end of a string is fixed to a point
in the plane. The conic sections also may be characterized (defined) by string constructions.

o d od =% =ue.
on A S
_—

Figure 14. Conic sections are planar curves obtained by intersecting a cone with a plane. They come in three types: ellipses, parabolas,
hyperbolas, depending on the relative angle of the plane with the cone. By the ‘method of Dandelin spheres’ one may show that conic
sections may equivalently be defined by certain ‘string constructions’ (see for example this video)), eg an ellipse is the set of points
whose sum of distances to two fixed points (foci) is constant. One observes conic sections for instance in the profile of a circle (eg the

rim of ones mug) seen from an angle, or in the boundary curve cast by a flashlight on the ground.

Conic sections may be used to define a system of coordinates, elliptic coordinates, useful in various physical
problems and whose generalization to 3-dimensions are useful in the study of quadratic surfaces.

Figure 15. Elliptic coordinates on the plane are determined by fixing two points, fi, f2, in the plane and considering the set of

2
confocal conics: having foci at f1, fa. Such conics may be parametrized by a single number, p, as azz, + b2y—p =1, witha >b>0
fixed and z,y appropriate Cartesian coordinates. To the parameters (u,r) € (—oo,b?) x (b2, a?) one assigns the points in the plane

given by intersection of the conics p = p and p = v.
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https://www.youtube.com/watch?v=mldZ_7QwLvs

Explicitely, these elliptic coordinates, (u,v), coordinatize quadrants of the plane, related to Cartesian

coordinates through:
2o @-pe—v) o, (- -t

a2 — b2 ’ a2 — b2

They have the important property of being an orthogonal coordinate system, meaning (z,,y,) - (., y,) = 0,
or geometrically that confocal ellipses and hyperbolas intersect orthogonally.

Rod constructions: When a rod of fixed length is ‘dragged’ along a given curve (free to pivot about its
point of attachment to the curve) its end traces out another curve. Such curves are called bicycling curveslﬂ
since the point of attachment along the given curve may be thought of as the front wheel of a bicycle, and
the dragged and as the track traced by the bicycle’s rear wheel.

Figure 16. As a rod of fixed length £ is ‘dragged’ along a fixed curve €, its other end traces out another curve. One may think of

driving the front wheel of a bicycle of fixed frame length ¢ along C, and the resulting curve traced by the rear wheel.

Let ¢(s) be an arclength parametrization of the given ‘front wheel’ curve C, for a ‘rod’ or bicycle of fixed
frame length ¢. Then the bicycling curves ‘rear wheel tracks’ are parametrized as:

V(s) = c(s) + £(cos(8(s) + a(s)),sin(0(s) + a(s)))
where ¢/(s) = (cosd(s),sinf(s)) and the angle, a(s), between the rod and the tangent to C solves:

! .
o' =-sina—k
14

for k the curvature of C.
A tractriz is the resulting ‘rear track curve’ when C is a straight line. Parametrizing the line as ¢(s) = (s, 0)
we parametrize a tractrix by y(s) = (s,0) + {(cos a,sin ), with o/(s) = £ sina(s). This ode has solutions:
da  _ % = es/f

sin a

|tan S| = |tan §|. Eliminating s we find the relation:

C+02 -y 17
Y

z = Llog — 2

giving the tractrix explicitely as a graph (z(y),y) for y € (0,£). Moreover, using e*/* = cosh § + sinh 7, we
obtain the explicit parametrization:

x(s) = s — L tanh %, y(s) = ¢

<
cosh 7

Bicycling curves are special cases of pursuit curves: a point moves along a given curve C, as given by the
parametrization ¢ — ¢(t) while a ‘pursuing point’ moves at each time in a direction towards c¢(t) with speed
v(t). The trajectory of the pursuing point is determined by its initial position v(0) and satisfying the ode:

ft) —¥(t)
le(t) = ()]

see for example: G. Bor, M. Levi, R. Perline, S. Tabachnikov, Tire tracks and integrable curve evolution. International
Mathematics Research Notices, (9), 2698-2768 (2020).

Y(t) = v(t)

1
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In this generality, it is typically only possible to find (or plot) pursuit curves by computer integration of the
ode’s. When say ¢ moves with unit speed, then letting a = Z(¢/,y — ¢) and d = |¢ — 7|, we find the system
of ode’s:

1.
d = —v —cosa, a’:gsma—/@

(k the curvature of C) to determine pursuit curves v(s) = c(s) + d(s)e*®)¢/(s). Still in this case, one
may typically only precede numerically (although one may still determine certain properties of such pursuit
curves, eg when v > 1 that d’ < 0 so distance is ‘closing in’).

A slight variant on pursuit curves, which may be solved explicitely, is the following situation: a point moves
on a curve c(s) with constant (say unit) velocity |¢/(s)| = 1, so that its tangent makes a fixed angle o wrt
the line of sight to a fixed point. In symbols: Z(¢/(s),c(s)) = a = est. (taking the fixed point as the origin).
The solutions are logarithmic spirals:

r=ae

in polar coordinates for some constants a, b.

Some more curves (useful in design of mechanical devices) can be produced by a linkage system of rods.
These curves are sometimes called coupler curves: consider a system of rods connecting two fixed points and
take the curve traced by a point on one of the rod’s segments during the motion of the system.

P
: "\
NG —
<3 A R

A

Figure 17. A linkage system of rods may be used to draw curves (the trace of the red point fixed to a rod). The system on the right
g

(usually with » = 7, p = £/2) generates what are called Watt curves, due to their study by J. Watt in his work on steam engines. In
principle they may be found by determining 6(6) through |1+7e*® —rei?| = £ and the Watt curve by v(0) = re*® + %(1+F619(9> —ret?).

Rolling curves: One may generate curves through ‘rolling processes’. Rolling a given plane curve C over
the (fixed) plane curve C, may in general be described by giving a (smooth) curve of isometries ¢; : E? — E?,
with the property that for each t € R, ¢;(C) =: C; is tangent to C at some point p; € C.

Figure 18. A general ‘rolling’ of C over Cis given by a ‘curve of isometries’ ¢; (wlog one may consider ¢, = id and that initially C is

tangent to C at some point).

Observe that rolling is a symmetric process: if ¢, determines a rolling of C over C, then so does @y = ()7t
determine a rolling of C over C.

The above description of rolling is more general than what we typically have in mind, namely, rolling
without slipping, which may be defined by either of the following two (equivalent) additional conditions:

e For p; ::Ngat_l(‘ﬁt) € C, the arc-length from p, to p; along C is the same as the arc-length from p, to
P along C.

17



e The point of contact has zero velocity, meaning for each ¢ we have: %|T:t¢7 (pt) = 0.

Colee)

A

Figure 19. Two characterizations of rolling without slipping (what we will usually just call rolling).

A rolling without slipping of C over C determines a 1-parameter family of isometries ¢4, s € R. The traces
of a given point in the plane: v(s) = ¢s(¢) under this family are curves called roulettes.

Figure 20. Some rolling curves: trace the red point fixed to a circle as it rolls. A circle along a line gives a cycloid, rolling an exterior
circle along a circle gives an epicycloid (whose form will depend on the ratio of the radii of the two circles, here we have drawn what

is called a nephroid), rolling an interior circle along a circle gives a hypocycloid (we have drawn here what is called a deltoid).

One may generate in this way various examples of curves. For example: a cycloid is obtained by tracing a
point fixed to a circle as the circle rolls along a line, an epicycloid is obtained by tracing a point attached to
an (exterior) circle rolling along another circle, a hypocycloid is obtained by tracing a point attached to an
(interior) circle rolling along another circle.

The Delaunay roulettes result from tracing a focus of a conic section rolled along a line. Later we see that
the surfaces of revolution obtained from these curves have a remarkable property: they (along with a sphere)
are exactly the surfaces of revolution with constant mean curvatureﬂ They come in three types: catenary,
undulary, or nodary curves by rolling parabolas, ellipses, or hyperbolas (resp.) along the line.

One may derive some equations/properties of these Delaunay roulettes, making use of the geometric
properties of conics and rolling depicted in the following figures (21-23):

G ¢

3

Figure 21. A roulette, ¢; = ©:(q), has the property that its tangent at g, is perpendicular to the line joining ¢; to the point of
contact, f. One may see this from: 0= 2L |- (q = pe) - (q = pt) = g=|r=e(ar — - (pe)) - (@ — o (Pe)) = 24t - (q¢ — Pr) (using the no
slip condition %F—:tt,ﬂr(pt) =0).

1See for instance J. Eells’ article: The surfaces of Delaunay.

18



Figure 23. The pedal equation of a curve (with respect to an origin 0) is a relation between the distance, p, from o to the tangent line
to the curve at ¢, and the radial distance, » = |qo|, from o to g. The pedal equations of conic sections may be computed explicitely,
from which some useful pedal properties of conic sections follow, eg the product of distances from the foci to a tangent line of the ellipse

is the semi-minor axis of the ellipse squared.

From these properties, we find that the catenary, undulary and nodary curves arc length parametrizations
(z(s),y(s)) (with the rolling line as z-axis), satisfy the equations:

2

c
() =1- —, c¢=, (catenary, A = semi-latus rectum of parabola),
Y

y* — 2ayx’ + > =0 (undulary, a,b semi-major/minor axes),

y* — 2ayx’ — > =0 (nodary, a,b semi-major/minor axes),

In particular, from 2/ = —ky/, it follows that the undulary and nodary’s curvatures satisfy the equation:
1
k=—— =
Yy a

which will be useful later.

Note that a rolling without slipping of C along e may be given explicitely in terms of arc-length parametriza-
tions, c(s),&(s), of the curves (with ¢(0) = &(0) the initial point of contact). Writing ¢/(s) = () ¢(s) =
() (with 0(0) = 6(0)) we have p4(p) = e/@)=0)(p — ¢(s)) 4 &(s), so in particular, Roulettes are the
curves v(s) = @4(p) for some fixed p in the plane.

Lastly, we mention that there is a connection between rolling a closed convex curve along a line and vertices
of the curve. If the curve is given a uniform (constant density) mass distribution and subject to constant
vertical acceleration than the number of vertices of the curve is the same as the number of balance configu-
rations of the curvell]

Optical curves: classical or geometric optics models light in a homogeneous medium as (1) steady streams
of particles moving along rays (Fermat’s principle of least time), or (2) wave fronts consisting of the points
reached after a given time by light emitted from a source (Hyugen’s principle). Some interesting curve
constructions may be generated through such optical models.

1See, eg appendix B of P.L. Varkonyi and G. Domokos’ article: Static equilibria of rigid bodies: dice, pebbles, and the
Poincaré-Hopf theorem.
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Figure 24. A point light source emits light rays, along which one imagines a stream of light particles moving with constant speed.
The wave fronts (circles centered at the point source) are the points reached by particles emitted from the source after a fixed time.
Each point of a curve may be viewed as a light source. The wave front consists of a curve tangent to all the wave fronts after a fixed

time (circles of some fixed radius) from the individual points of the curve.

When a (plane) curve, ¢(t), is considered as a light source, its wave fronts are the families of curves, ®,,
parametrized as:
t = ou(t) = c(t) + uN(t)

for each u € R and N(t) the unit normal to the curve at ¢(t). Equivalently, the wave-fronts are (at least for
‘small’ u-values) curves at distance |u| from c. Observe that the family of wave fronts are in a sense ‘dual’
to the set of normal lines to the curve, parametrized by

u > () = c(t) + ulN(t).

The curve c as the light source, has, in particular, a constant ‘intensity’ of light emitted along it. In general,
one imagines the intensity of light along each wave front to vary, being represented by a ‘density of normal
lines’ or some ‘collapse rate’ of the wave front.

J‘(g\a la\wﬁa

guw m{'MS&‘a_

Figure 25. The strength or intensity of the light emitted from a curve € will in general vary along a given wave front. It may be

thought of as a ‘density of normal lines’ along the wave front.

The caustic curve to a given curve, C, may be defined as the set of points obtained as ‘intersections of
infinitesimally close normal lines to C’, that is: p(¢t) = lim._,o n(t) Nn(t + ) where n(¢) is the normal line to
C at c¢(t).

To compute this intersection, we have c(t) + u1 N(t) = ¢(t + €) + uaN(t + €) = 0 = (1 — w(t)uz)é(t) +
(ug —u1)N(t) + O(e?) = uz = u1 + O(?),uz = ﬁ +O(¢). Sending ¢ — 0, we find the caustic of the curve
{c(t)} is parametrized as:

1
t—c(t) + %N(t)

ie the centers of the osculating circles to ¢ (also called the evolute of ¢). Observe that the vertices of a curve
correspond to ‘cusps’ (zero velocity points) of its caustic, since velocity along the caustic is: —X5 N.
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Figure 26. The points on the caustic of a curve are given as a limit of intersections of normal lines to the curve. The caustic of a

given curve is tangent to normal lines of the curve at their points of contact.

Caustic curves are special cases of envelopes. A 1-parameter family of curves is a collection C, of curves,
u € R. The envelope of the family may then defined as: the set of points p(u) = lim,_, Cp N Cy,.
Hence the caustic is the envelope of normal lines to a curve. In formulas, we find:

o If the family of curves is defined implicitly, f(x,y,u) = 0, then its envelope is the set of points satisfying
f(@,y,u) =0,0,f(2,y,u) = 0.

e If the family of curves is defined parametrically, ¢ — ¢, (t), then its envelope is determined as ¢, (t.)
where (u.,t.) is a critical point of (u,t) — ¢, (t) (ie det(y(cu(t)), Ot (cu(t))) = 0).

Figure 27. The caustic of a parabola may be computed explicitely. From the parametrization c(t) = (t, t2), we find c(t) + ﬁN(t) =
f(1)|2

c(t) + %(72& 1) = (—4t3, z+ 3t?). Eliminating ¢, we obtain the implicit equation 16(y — %)3 = 2722 for the parabola’s caustic.

Caustics of other optical systems may be found by determining envelopes of certain families of lines. For example, the envelope of the

family of lines obtained by reflecting a parallel family of lines off a (unit) circle is a Nephroid curve. Also interesting is a ‘fireworks’

property. The family of vertical parabolas emanating from a point with fixed energy (in constant gravitational field, so with constant

speed) envelope another vertical parabola, the profile one sees in a fireworks explosion.

The Bezier curves, are related to envelopes. First recall a line segment between two points may be
parametrized by (1 — t)p, + tp1, t € [0,1] (line segments are ‘degree 1 Bezier curves’). Given three points,
Do, D1, P2 We consider the 1-parameter family of line segments joining (1 —u)p, +upy to (1 —u)p1 +ups. The
envelope of this 1-parameter family of line segments is a degree 2 Bezier curve.

Explicitely, the family of line segments are parametrized by ¢, (t) = (1—t) ((1 — w)po + up1 )+t ((1 — u)p1 + ups),
and their envelope is determined by 0 = det (0y¢y(t), Orcy(t)) = (((1 — u) — u(l —t)) det (p1 — Po, P2 — P1) =
u = t, and so:

b(t) = (1 —t)%*p, + 2t(1 — t)p1 + t*pa, t€[0,1]

parametrizes the degree 2 Bezier curve generated by the three points p,, p1, po.
Similarly, degree k Bezier curves may be generated by k + 1 points, p,, ..., Dk, as:

k
b(t) = Z br,j(t)ps, t€0,1]
=0
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Figure 28. Bezier curves are generated by a given set of points. They were used by the car company Renault (P. Bezier was an
engineer for the company) in the designs of the exteriors of their cars. They are commonly used in computer graphics to generate

curves interpolating certain points.

where by, ;(t) = (’;) (1—t)*=7tJ are the Bernstein polynomials. They may iteratively be defined as envelopes of
1-parameter families of line segments: consider the k line segments joining the sequence of points p; 1 (u) :=
(1 —w)p; + upj1, the k — 1 line segments joining the points p;o(u) = (1 — u)p; 1(u) + upji1,1(w),...until
one has a 1-parameter family of line segments joining the points p, x—1(uw) and p;1 x—1(uw). The envelope of
this family of segments is then parametrized by u as (1 — w)po k—1(w) + up1 g—1(u).

Variational curves: We consider some examples mentioned in §1.3.

e The brachistochrone curve: let (0,0), (x,, yo) be two points in the plane (with y, < 0). For planar curves
connecting these two points assign the time it takes a ‘bead’ to fall along the curve from point to point

2
(subject to constant vertical acceleration (0, —g)). Then % + gy = cst. by energy conservation, so
that for the bead falling along the curve, we have: |[v|?> = —2gy (recall y, < 0). When the curve is

given by a graph, (z,y(z)), we have then:

4 To 1\2
y(m)H/ﬁz/ W),
o |l 0 —2gy

is our variational problem. One could at this point write out the Euler-Lagrange equations (a 2nd-order
ode for y(x)), however it is simpler to use the energy integral (a 1lst-order ode for y(z), depending on
a constant parameter). Namely, we have:

cst. =y 0y L—L
over extremals, which may be re-arranged as:

_k2+y

(y)?* = , k=cst.
Y
This may be integrated explicitely, through the following substitutions: k;—fydy = —dz Y
Y=sin® ¢
2ody =& = 2 %(1 —cosf) df = dx = x = k—;(@ —sinf),y = —%2(1 — cosf). So the

extremals are cycloids!

e The catenary curve: let (,,Y,), (1, 1) two points in the plane (with z, < 21 and y; > 0) and consider
the form of a hanging chain between these two points. For chains given by graphs (z, y(z)), the length
of the chain is fixed, £ = f;l /14 (y')?dz and the potential energy of the chain is given (upto constant

multiples) by f;l yy/1+ (y')?dx. By Lagrange multipliers, we seek extremals of:

vy [ Sy WIT W da
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over y : [z,,21] = R with y(z;) = y; fixed, and A € R some constant. By energy conservation, such
extremals satisfy cst. = y'0,y L — L which may be rewritten as:

G

for some constant k € R. The substitution y — A = k cosh u leads to the equation: y = k cosh LZ“ + A
for the extremals (a, k, A constants).

We consider a model for a ‘loaded chain’ or ‘suspension bridge’ as a slight variation of the catenary
problem.

Assume that a load along the z-axis is suspended by a chain of fixed length, ¢, hanging between two
fixed points (o, ¥o), (z1,y1) and moreover the load is much more massive than the chain, so that we
only consider the mass distribution along the chain due to the load. That is, for (z(s),y(s)) an arc-
length parametrization of the loaded chain, the mass from ((0), y(0)) to (z(s.), y(s.)) is [;" p(s) ds =
x(s«) — x(0) where p(s) gives the mass density along the chain. Observe that

p(s) = a'(s).

As with the catenary, the potential energy of the loaded chain arc-length parametrized by ~(s) =
(x(s),y(s)) is now:

with the constraint of arc-length parametrization (z')? + (y')? = 1. The problem may be treated with
Lagrange multipliers as seeking extremals of:

¢ S
v [ o) + A P+ W) ds

for some A : [0,¢] — R and over curves v : [0, ] — R? with ~(0),~(¢) fixed.

The Euler-Lagrange equations read:
(Az') =0, (W) =p=2a
Hence Az’ = ¢ # 0 is constant (assuming z, # x1) and Ay’ = x + b for b some constant. Now:

_dy . ,dy  dy _(x—|—b)2
x+b_/\ds_/\xdx_cd;v:>y_ e +a

for a,b, c some constants (chosen to satisfy boundary conditions and fixed length condition).

The elastica curveﬁﬂ arise from the following physical situation: a (thin) beam of fixed length is
represented by a plane curve with fixed length ¢. Given two points in the plane and two lines through
these points, what shape will the beam bend into when its ends are held fixed to the given points and
tangent to the given lines?

The curves may be characterized variationally: they are extremals of

¢
~(s) »—>/0 r(s)? ds

1For more details on the physical principles involved in deriving elastica properties, see §38 of R. Feynman, R. Leighton,
M. Sands. The Feynman lectures on physics, vol. II. American Journal of Physics 33.9 (1965). On the history of these curves,
see R. Levien, The elastica: a mathematical history. Electrical Engineering and Computer Sciences University of California at
Berkeley (2008). One can find variational derivations and generalizations in the lecture notes of D. Singer, Lectures on elastic
curves and rods. AIP Conference Proceedings. Vol. 1002. No. 1. American Institute of Physics, 2008.
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Figure 29. An elastica curve is determined by fixing two points and two lines through these points. The variational characterization
may be derived by considering a thin rectangular beam. When the beam is bent its extremities are stretched and compressed. By
Hooke’s law, forces act on the edges of the beam proportional to the stretching/compressing distance and leading in the limit to an
infinitesimal torque, 7(s) = Ak(s), proportional to the curvature acting at each point of the curve. The work (potential energy) done
by a torque in twisting an element from the flat straight line configuration to a bent configuration is 7(s)df, where 6(s) is the angle of
the tangent. So the total energy of a bent configuration is f(f 7(5)0'(s) ds = X foz k(s)? ds with A a constant (depending on the material

properties of the beam).

over arc-length parametrized curves with length ¢ with fixed endpoints and tangent directions at the
endpoints. Let 7/(s) = €?(*). The function (s) determines the curve v upto translations. Hence we

may rewrite the variational problem in terms of 6(s) as seeking extremals of: 6 — foz (0'(s))? ds over
0 :10,¢] — R with 6(0),6(¢) and foe () ds all fixed. By Lagrange multipliers, we seek extremals of:

14
9+—>/ (0")2 4+ A1 cosf + Ay sinf ds
0

over 6 : [0, 4] — R with 6(0), 6(¢) fixed and A; € R some fixed multipliers. Applying the Euler-Lagrange
equations, we arrive at: 6" = @ -+’ for some fixed vector d. An integration yields:

k(s)=da-~v(s)+b

for some fixed vectors @, b (chosen to satisfy the boundary conditions). Alternately, the elastica curves
are characterized by the curvature at a given point being proportional to the distance of this point to
some fixed line in the plane.
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EXERCISES:

1.
2.

10.

11.

Derive equations for the (signed) curvature of a plane curve in polar coordinates.

Show that a spatial curve is a helixEI iff it has constant torsion and constant curvature.

. Show that a spatial curve is a generalized helixEI iff its curvature and torsion satisfy 7 = Ak for some

constant \ € R.

. Show that a spatial curve (with non-zero curvature) is contained in some sphere iff its curvature and

torsion satisfy: = + (1(1)’ )/ =0 (here, as usual,’ = 4 denotes derivatives wrt arc-length).

. (a) Find the arc length of one ‘arc’ of a cycloid (the curve traced after the circle completes one

revolution).

(b) Determine the involute of a cycloid when a string with half the length of an ‘arc’ of the cycloid is
attached at one of the cycloids ‘cusps’ (point of contact with the line upon which the circle rolls).

a?—p
(b) For p € (—o0,b?),v € (b*a?), show that the points (z,y) given by intersecting the ellipsoid
2

. (a) Let a > b > 0. Show the conics A % = 1 are confocal (for p € (—o0,a?)).
)

% + % = 1 and hyperboloid az””—iu — %45 = 1 are given by:
22 = (a® — p)(a® —v) 2 _ (0* — p)(v =)
- a2 — b2 ’ - a2 — b2 :

(c) Show that elliptic coordinates are an orthogonal system of coordinates (you may want to try using
the ‘optical properties’ of conics depicted in fig. 22).

For a parametrized curve t — c(t) with Z(c(t),¢(t)) = o = cst., show that ¢(t) parametrizes a
logarithmic spiral (r = ae®® in polar coordinates, with a,b constants).

Consider three points in the plane located at the vertices of an equilateral triangle (say 71(0) =
1,72(0) = 627”/3,73(0) = e*/3 as complex numbers) and subject to the pursuit rule that at each
instant they move with unit speed in the direction of their counterclockwise neighbor.

(a) Show the resulting pursuit curves, vi1(s),v2(s), v3(s), remain vertices of an equilateral triangle for
all time: o(s) = e2™/3~,(s) = e*™/3~3(s) (suggestion: apply uniqueness of solutions to ode’s with
given initial conditions)

(b) Show the resulting pursuit curves follow logarithmic spirals (£(v;(s),7j(s)) = cst.).
Show the optical properties of the conic sections (illustrated in fig. 22).

(a) For the parameters, r,p involved in the pedal equation of a parametrized plane curve, ¢t — ¢&(t),
_ ldet(@®).&)]

verify that at ¢(¢t), we have: r = |é(t)|,p ED]

(b) Show the pedal equation of a parabola from its focus is p? = %r, where A is the semi-latus rectum

of the parabola.

¢) Show the pedal equation of an ellipse from a focus is b—z = 2¢ _ 1 and the pedal equation of an
p T

. 2 . . . .
hyperbola from a focus is 1% = 2% 41 (here a,b are the semi-major, semi-minor axes).

(for these exercises, you may want to use the polar equation for a conic from its focus: r = ﬁ)
€ COoS

(a) Show that for an ellipse or hyperbola that the distances, p1, ps from the foci to a tangent line satisfy
p1p2 = b? (for b the semi-minor axis).

(b) Show that for a general tangent line to a parabola, the perpendicular dropped from the focus of
the parabola to this tangent line lies on the tangent line to the parabola at its vertex (see figure 23).

IHelices are curves admitting parametrizations of the form t + (a cost,asint, bt) for some constants a,b € R.
2A generalized helix is a curve for which there exists some fixed unit vector ¥ such that T - © = cst..
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12.

13.
14.

15.

16.

17.

18.

Describe (via a parametrization or implicit equation) the roulette curves obtained by tracing a point
attached to a circle of radius r as it rolls along:

(a) the outside of a circle of radius r (a cardioid)

(b) the inside of a circle of radius 4r (an astroid).

Show the two definitions of rolling without slipping (fig. 19) are equivalent.

Let v be an involute of €. Show that the evolute of v is C.

(a) Consider a family of curves given in implicit form: C, = {f(x,y,u) = 0}. Show that points of the
envelope satisfy the system of equations f(z,y,u) = 0,0, f(x,y,u) = 0.

(b) Consider a family of curves given in parametric form: C, is parametrized by ¢ — c¢(¢,u). Show

that points of the envelope are given by c(t, u) s.t. 0 = det(d;c, 9y¢).

Suppose the family of curves C, envelope the curve . Show that ~ is tangent to each curve of the
family which it intersects.

(a) Consider a family of parallel lines reflected once off a circle. Show the envelope of this reflected
family is a nephroid curve (obtained by rolling a circle of radius r along the outside of a circle of radius
2r).

(b) Consider the family of vertical parabolas which are trajectories in a uniform gravitational field:
Z = 0,9y = —g. Determine the envelope of the 1-parameter family of such parabolas passing through a
point and with fixed initial speed.

For curves, t — (z(t),0,2(t)), in the zz-plane with fixed length and connecting two fixed points
(%o, %0), (x1,21) (With 2; > 0) determine extremals of the functional sending such a curve to the area
of the surface of revolution generated by revolving around the z-axis.
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85 remarks
In this section we remark on some ‘odds and ends’ that have been omitted or glossed over in the notes above.

Differentials: Consider a function f : © — M defined on a curve € C E? and taking values in some ‘smooth
Spaceﬂ M C R"™, eg M = R" for concreteness.

Intuitively, the differential df of f measures ‘infinitesimal changes’ in the values of f as follows: fix p € C
and let ¢ = p+dp € C be close to p, ie |dp| = |g — p| is small. Then f(p+ dp) — f(p) is the resulting change
in f, and df will provide a measure of this resulting change as dp — 0 becomes ‘infinitesimal’.

To begin making this more precise, we assume that C is a smooth plane curve, so that intuitively as ¢ — p,
dp — 0 approaches the direction of a tangent vector to C at p. If ¢(¢) is a parametrization of C with say
¢(0) = p, c(e) = q then dp = £¢(0) + o(e), where the ‘correction’ or ‘remainder’ term o(e) satisfies

lim @

e—=0 ¢

=0

and ¢(0) € T,C = ¢, is a tangent vector to C at p. We capture dp — 0 becoming infinitesimal by considering:
dp=ev+o(e), R3e—0, ©eT,C.

The resulting infinitesimal change in f we may now write as: f(p +e¥ + o(¢)) — f(p) as € — 0. When:

flp+ev+o(e)) — f(p) = edp f(V) + o(e)

for some vector d, f(¥) € T,M C R™, then this is the ‘infinitesimal change’ in f at p in the direction ¢. Now,
we give a definition. The differential of f (at p) is the map:

d
df = dpf : T,C = Ty M, &(0) = —li=of(c(t)

where ¢(0) € T,C, for ¢(t) some parametrization of C with ¢(0) = p. The function f is differentiable when
its differential is well-defined (for every p € C, ¥ € T,,C).

Isometries: The Euclidean plane (or space), E*, n = 2 (or n = 3) is a Euclidean vector space, E", ‘upto
choice of origin’, what is usually called an (Euclidean) affine space That is, for any p € E", ¥ € E™ there is a
unique point p+v € E™. Moreover, every point of E™ may be obtained in this way, and (p+9)+4 = p+(7+1).
Now, E™ is a metric space: for any two points p,q € E” there is a unique ¢ — p := v € E" with g=p+7.
The distance between p and ¢ is then dist(p, q) := ||U]] = VU - U.
The isometries of E" are transformations f : E® — E™ preserving distance between points. They may all
be written in the form:

f(p) = A(p - po) + f(po)

with A : E» — E™ an orthogonal transformation (reflection/rotation) and p, € E™ a fixed point.

The orthogonal transformations, denoted by O,,, are linear transformations of E" characterized by AAT =
td. Those with determinant one (preserving orientation) are called rotations or special orthogonal transfor-
mations and denoted by SO,,.

e Planar rotations, SO9, may be identified with angles. They are determined by their action on an
orthonormal basis: e; — cosfe; + sinfey, e5 — —sinfe; + cosfey, 6 € St = R/27Z. In matrix form:

(COSH —Slnﬁ) € SO,

sinf cos6

'What we have in mind are called manifolds (embedded in R™), whose precise definition we will not worry about. The
surfaces in space we consider in the following section are examples of 2-dimensional manifolds. Intuitively M C R™ is a k-
dimensional manifold if it may be locally parametrized smoothly by k-parameters. In particular it follows that there is a well
defined tangent space to M at each point, Ty, M C R™, a k-dimensional affine subspace of R™ directed by all possible velocity
vectors of curves in M passing through m € M.

2A Euclidean vector space is a vector space with an inner product (dot product). In different language, a Euclidean affine
space is a set (of points) upon which a Euclidean vector space acts freely and transitively.
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e Spatial rotations, SO3, may be visualized with axes of rotation and angles. Any element A € SOj3
admits an axis of rotation: Ada = a for @ € S? a unit vector and consequently preserves the plane a=*
on which it acts as a planar rotation by some angle # € S'. Note however that (a,6) € S? x St is not a
global parametrization of SOg, since for instance *+a, 8 =, 7 represent the same transformation, and
@,0 =9, 0 for any @ € S? all represent the identity transformation. The situation is similar to using
spherical coordinates to parametrize the sphere (where one has problems of 1-1'ness at the poles).

b d

Figure 30. A spatial rotation may be described by an axis of rotation, a € S? and an angle § € S'. The angle 6 is oriented according
to the direction of @ by ‘right hand rule’. The points (a, 6), (—a, é) € 8% x S' with 6 =, 0 represent the same transformation.

An infinitesimal rotation is a transformation Q := R(0) : E* — E" where ¢ — R(t) € SO3, R(0) = id is a
‘smooth curve of rotations’. Infinitesimal rotations are skew-symmetric linear maps Q7 = —Q, and denoted
by so03. Every infinitesimal rotation (n = 3) may be represented by an infinitesimal azis of rotation, & € R3
defined through the relation: Q(?) = & x ¥, V& € R3.

The set of isometries of E™ form a group, called the Fuclidean group and denoted E,. Upon fixing a
basepoint, p, € E", they are identified with translations and reflections/rotations (orthogonal transforma-
tions): f € E, < (4,b) € O, x E" through f(p) = A(p — po) + f(po); A € On,b= f(po) — po € E". The
group structure (composition of transformations) becomes that of a semi-direct product: E,, 2 O,, x E" with
(AQ, 62) . (Al, 51) = (A2A1, Aggl + 52)

The group structure and its action is often represented by considering Er < R & (11}) and

E, 2 0, x E" < GL,1(R), (A,b)— (8‘ ID for which:

A B (T _ (AT+D

0 1)\1) 1 ’
Az B2 (A1 b1\ _ (A2Ar Asby + b
0 1)\0 1 0 1 '

Order of contact: the definition of osculating circle may be given in the language of ‘order of contact’.
We will consider the case of plane curves (the definitions may be generalized to ‘order of contact’ between
embedded manifolds in an ambient space).

One may approach order of contact ‘iteratively’. Two plane curves, C;,Cy C E? are said to have 0’th-order
contact at a point p when they intersect at p, and 1’st-order contact at p when they intersect at p and are
tangent at p. So 1’st-order contact curves at p are a subset of 0’th-order contact curves at p.

A concrete analytic way to define higher order contact in the plane is: consider two curves with first order
contact at p, take Cartesian coordinates with p as the origin and z-axis as their common tangent. Then the
two curves are given locally as graphs: y = fi(z),y = f2(x) (with f;(0) = f}(0) = 0) in these coordinates.
Since the curves are smooth, the functions f;(x) may be Taylor expanded around z = 0:

fi(z) = agx® +azax® + ..., fo(x) = box® 4 bga® + ...
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Figure 31. Plane curves with 0-order contact at p (intersecting) and lst-order contact at p (tangent).

The curves are said to have k’th-order contact at p when a; = b; for j =2, ..., k.

An equivalent definition to osculating circles to the one we have given above is that the osculating circle
to a curve at a point p is the circle with 2nd-order contact to the curve at p.

There is yet another more ‘high brow’ way in which to phrase order of contact which generalizes more
easily to situations other than plane curves. Let us call a contact element in the plane a ‘pointed line’ in the
plane, ie a pair p € E2 and line ¢ C E2? with p € .

’\

Figure 32. A planar contact element. One may coordinatize contact elements by (z,y,6) € R? x St.

The set of planar contact elements is 3-dimensional, since we may coordinates it with (z,y,6) € R? x S*
where (z,y) are coordinates of a point on the plane, and 6 is the angle from the z-axis of a line passing
through (x,y). We will denote the set of contact elements by J!(E?).

Now we may rephrase the definition of first order contact in a way that will generalize naturally to k’th-
order contact. First, observe that any (smooth) plane curve, C C E? lifts to a smooth curve, C1 C J(E?),
consisting of the pairs p € C and ¢ the tangent line to C at p. Two plane curves intersecting at a point p
then have 1’st-order contact at p iff their lifts to J!(IE?) have 0th order contact (intersect) in J*(E?) over p.

The iterative process to define higher order contact proceeds as follows: a contact element in J!(E?) is
a ‘pointed line{l| in J'(E2). The set of all contact elements in J!(E?) is denoted J2(E?). Every (smooth)
curve in J(E?) may be lifted to a curve in J2(IE?). Hence given a plane curve C, we may lift it to a curve
Cl ¢ JY(E?) and lift this to a curve C? C J2(E?). Two curves in E? are then said to have 2nd-order contact
at a point, when their lifts to J!(IE?) have first order contact at a point over p, ie, their lifts to J2(E?) have
0O-order contact (intersect) at a point over p.

All this may be summarized in the following ‘tower’:

o = J(E?) — JA(E?) — JY(E?) — E?

with each J¥*1(IE?) being the set of contact elements of J*(E?). A smooth plane curve, ¢ C E2, may be
lifted to a curve C* C J¥(IE?), and two plane curves have k’th-order contact at p when their lifts to J*(E?)
intersect at a point over p.

IMore precisely, a point & € J'(E?) and a line in the tangent space to J*(E2) at .
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EXERCISES:

1.

Let f : E® — E™ be an isometry and p, € E". Show that we have f(p) = A(p — po) + f(po) for
A :E"™ — E" a transformation preserving norms: ||Ad| = ||¥||, V7 € E™.

Show that the transformation A defined in the previous problem is linear and preserves dot products
(A4 - Av =14 -7, Yu,veE").

Suppose A : E" — E" is a linear transformation preserving dot products. Show that AAT = AT A = id.
Deduce that det(A) = +1.

. Let t — R(t) € SO3 be a smooth curve of rotations (this just means that when expressed in a basis, the

matrix entries are smooth functions). Show that for each ¢, the matrices R(t) ' R(t) and R(t)R(t)!
are skew-symmetric.

Let & € R3. Show that the transformation ¥ — & x ¥ is linear and skew-symmetric. Moreover, show
that every infinitesimal rotation may be represented uniquely by such an infinitesimal rotation axis.

(a) Let R € SO3. Show that there exists a € E3 such that R(a) = @ (an axis of rotation for R).
(b) For t — R(t) a smooth curve of rotations with R(0) = id and axes of rotation a(t), show that

R(0)a(0) = 0. When R(0) # 0, deduce that the infinitesimal axis representing R(0) is parallel to a(0).

For t € R, let R(t) be rotation about the k = (0,0, 1) axis by angle wt (where w € R is a fixed ‘angular
speed’). Show that the skew-symmetric matrices R(t)"'R(t), R(t)R(t)~! are equal and represented
by the infinitesimal rotation axis wk.
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II. SURFACES

§6 charts
A (smooth) surface in Euclidean space, is a subset ¥ C E? described (locally) through either

e a parametrization or coordinate patch: the image, o(U) =V NX, of o : U opcen R2 — E3

e implicitly, as a level set f~!(a), of a map f:E* - R

Figure 33. A coordinate chart o of a surface & C E3. The 1:1 mapping o : U C R?> — E? is differentiable and non-degenerate
(80, Dyo span a plane) with im(c) = V NS for some open subset V C E3.

For example:
e The graph, T'(f), of a function f : R? — R. Is globally parametrized by (z,y) — (x,v, f(x,¥)), or
implicitly as z = f(x,y) (the level set F(z,y, z) := z — f(z,y) = 0).

e The spheres, S?(r), with center ¢ € E? are the set of points at distance r from ¢. Given implicitly (in
Cartesian coordinates centered at c¢) by 22 + y? + 22 = 72, or parametrized (away from the poles) in
spherical coordinates: (¢, ) — (sin g cosd,sin psin 6, cos ), for (p,0) € (0,7) x [0, 27).

e The surfaces of revolution, are generated by revolving a plane curve about an axis (line) contained in
its planeﬂ Taking the axis as a z-axis, and parametrizing the generating curve as ¢t — (z(t), 0, z(¢)),
the surface of revolution is parametrized by (t,0) — (z(t) cos,y(t) sin 6, z(t)).

Smooth surfaces determine a tangent plane or best linear approximation to the surface at each point of the
surface: the limit of planes passing through p,a,b € ¥ as a,b — p. For p € 3, we write T, for the tangent
plane to ¥ at p. In coordinates, we have:

T,X={p+7 : V,f -U=0} =p+ span{0y,0(u,v), dyo(u,v)}

when ¥ is defined around p implicitly by f or parametrized by p = o(u,v).
The area of a smooth surface may be defined analogous to lengths of curves. Let p; ; be a discrete ‘mesh’
or grid of points on ¥, and set:

AE) =sup > |1,y = pig) X (Pije1 — pig)l-
i

The area of a parametrized patch, im(a), o : [u,, u1] X [vo, v1] — E? may be computed by the double integral:

/ / |Ouo X Oyo| dudv.

1To generate a smooth surface of revolution, one should have at least that any intersections of the curve with the axis are
perpendicular.
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Figure 34. Surface area may be defined as a limit of sums of areas of parallelograms determined by a discrete grid of points along
the surface as the distance between the points of the grid goes to zero. Surfaces may be oriented via the choice of a directed normal,
v, along the surface (so that ordered bases e1, e2 for the tangent spaces are oriented according to the ordered basis e1, es, v giving the

standard —right hand rule— orientation of space).

Surfaces may also often be equipped with an orientation: a class of ordered basis for each tangent space.
One typically represents an orientation by choice of directed normal to the surface. One may always orient a
surface locally through say a coordinate patch: o(u,v) determines the orientation 9,0,0,0,v = 0,0 X 0,0
over im(co) or when given implicitly by the normal v := V f.
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§7 curves on surfaces

We introduce two fundamental forms associated to a surface embedded in space, which serve to measure
curvatures of the surface.

Observe that ¥ C E3 inherits an ‘intrinsic’ geometry from the ambient space: given two curves C;,Cy C X
in the surface, intersecting at p € ¥, we may define the angle between the two curves as the angle (measured
with E®’s standard ‘dot product’) between their tangents:

V1 - U2
Z,(C1,Cq) := arccos | ——— | € [0,
) (o) €10

where v; # 0 span the tangent lines to the curves at p. As well the length of a curve C C X parametrized by

= / (1) dt.

t— c(t) € ¥ is just its usual Euclidean length:

Figure 35. The surface inherits a geometry (angles, lengths) from the ambient space. The measurement of lengths and angles are said
to be part of the surfaces intrinsic geometry, meaning they could be determined by a being living only on the surface and unaware of

the ambient structure.

That is, angle and length are determined by the structure on ¥ consisting of inner products on each
tangent space to the surface obtained by restriction of the standard dot product of E3. This collection of
inner products on the tangent spaces to the surface is called the first fundamental form of the surface. We
write, forpe X and p+u,p+ v € T,X C E3:

L(@,7) =@ - 7

for this first fundamental form, I, of X.

) 5

fﬂl}ﬂqﬁ @ﬁ 7 ’

= T)(R)7Y
) £4% ()= VR)

Figure 36. The first fundamental form may be expressed in coordinates and used to compute lengths of curves represented in

coordinates: o (1, V) = 5.
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In a parametrization o(u,v) of a patch on the surface, we may represent I as inner products on U C R?
with coefficients depending on w,v through:

-

(0 T) (1,0 (@, B) = Ly () (0, D)
with @,b € R? and 0. (@) = do (4,0 (@) := S]i=00((u,v) + t@) € T,¥ and p = o(u,v) € ¥, or for short,
c*I =do - do.
In the standard basis (1,0), (0,1) of R?, the coordinate representationﬂ o*I, of I is written:
(¥)  Edu® + 2Fdudv + Gdv?

with E(u,v) = 040 - Oyo, F(u,v) := 040 - 0yo, G(u,v) = 0yo - yo. The meaning of the coordinate
expression (%) is for instance that to find the length of a curve on the surface, t — y(t) € X, represented in
coordinates as a curve t — o~ 1(y(t)) = (u(t),v(t)) € U C R?, one integrates:

/\/Eu2+2F1’u}+Gi12 dt:/m dt.

To introduce the second fundamental form of a surface, we consider the following scheme to measure how
the surface is curved in space: at a given point p € 3, let n be the normal line to the surface at p and
consider a slice of the surface by a plane, 7, containing n. This plane curve m N X has an osculating circle
whose center lies on n. As one rotates the slicing plane 7 around n one thus sweeps out a locus of points on
the normal line.

Figure 37. By intersecting the surface with planes containing the normal line, one obtains plane curves in the surface whose osculating
circles may be defined. The locus of centers of these osculating circles as the plane is rotated around the normal line sweeps out some

intervals on the normal line.

To derive a formula for the curvatures of such ‘vertical plane slices’ of the surface, we consider the function:
[1,(0) := 1,(0)

where 0 € T,X is a unit vector and k,(0) is the curvature of the (plane) curve obtained by intersecting ¥
with the plane through p containing the normal line and 9. The curvature x,(0) may be given a sign by
locally orienting the surface around p by choice of a unit normal v to the surface around p. Then:

I1,(8) = v(p) - ¢"(0)

'In coordinate computations, the (Einstein) sum convention is often used: the coordinates are written with superscripts,
(ul,u?) in place of (u,v), and any expression with the same index appearing in a subscript and superscript is to be summed
over. For example, one would write o*I = g;jdu’du/ = g11(dul)? + 2g12duldu? + goa(du?)?, with g11 = E,g12 = F, g2 = G
in place of our expression here. Provided one takes care from the context to distinguish between superscripts and powers, the
convention is extremely efficient (particularly in higher dimensions).
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where s + c(s) is an arc-length parametrization of the curve X N span(v(p),v) with ¢(0) = p,c'(0) = .
We may in fact rewrite 11 to depend only on tangent vectors (and not accelerations) by observing that
0 =wv(c(s)) - c(s) so that 0 = dv,(0) - 0 + v(p) - ¢"(0), ie:

IT,(0) = —duv,(0) - 0.

The second fundamental form of a (oriented) surface with unit normal v : ¥ — S? is the structure on the
surface consisting of bilinear forms on each tangent space defined by:

11, (i, 7) == —dv,(@i) - ©

where @, 7 € T,% and dv, (@) = |i—ov(c(t)) for ¢(t) a curve in ¥ with ¢(0) = p, ¢(0) = @.

In coordinates, o (u,v), we consider the unit normal n(u,v) = v(o(u,v)) := 2u2Xu

= 0o xo o] corresponding to the

induced orientation on the patch. Then:
o*1I = Ldu® + 2Mdudv + Ndv*

where L(u,v) :== —0yn - 0,0 =n-020, M(u,v) := —0un - 0yo = n-0y0y0, N(u,v):=—0,n-0,0 =n-020.
In particular, IT is a symmetric bilinear form ([1(#, ) = I1(7,)).

Every bilinear form on an inner product space has a representation as a linear operator (matrix). For IT
this representation is called the shape operator or Weingarten map, Sy, : T,X — T,%. It is defined through
I1,(i1, ) = I,(Spi, ¥), so that{T]

Sp = —dup,.

Now we are in position to define certain functions along the surface which measure its curvature. Recall from
the geometric contruction leading to I1 that the centers of curvature of vertical plane slices of the surface
sweep out a locus on the normal line (some intervals on this line). The signed curvatures corresponding to
the extremal radii of curvature correspond to eigenvalues of the shape operator.

The eigenvalues k1(p), k2(p) of S, are called the principal curvatures of the surface. The Gaussian curvature
of ¥ is K(p) := k1(p)k2(p) = det S, and the mean curvature of ¥ is H(p) := M = 1tr(Sp).

Much of our efforts in surface theory will be directed towards geometric interpretations and effects of the
Gaussian and mean curvature values. For now, let us derive the following formulas for their computation in
coordinates:

LN — M? _ LG—-2MF+ NE

K=%Fa—r "= 3ma—m

derivation (curvature formulas): For any i, 7 € R?, we compute:
) )

(So.1) - 0.0 = II(0.1,0,7) = (6*11) (i, V),
(So,00) - 0.0 = I(So,ii,0.7) = (0*1) (0, 1 So.ii, D).

Now, in coordinates the bilinear forms o*I, o* I have matrix representations in the standard basis (1, 0), (0, 1)

of R? given by
_ (B F\, _(L M
I9=\r c)'" =\ N

Equating our two expressions for (So,) - 0.¥, we obtain: (hii) - ¥ = (gsii) - ¥, where s := oS0, is the
coordinate representation for the shape operator. Since i, were arbitrary, we have: s = g~ 1'h, and so

K =detS =dets= gzzz, H = }tr(S) = Ltr(g~'h), yielding the stated equations. O

We now define some fundamental clases of curves on a surface.

The geodesics, of 3 may be defined variationally as the extremals of the surfaces length functional. Namely,
let p,¢q € ¥ be two points and call the curve v, C ¥ a geodesic if it is an extremal of v — [ |¥| dt among
curves v C X connecting p to ¢. One computes that a curve v, is a geodesic iff it admits a parametrization
with v/ € (T,, %)%, ie its acceleration is normal to the surface.

LObserve that dvp : TpZ — TpS? = v(p)L = Tp=.
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The principal curvatures (eigenvalues of S) have as well associated eigenspaces which — away from the
umbillic points (where k1 = k2) — give perpendicular line fields on X\{p € ¥ : k1(p) = k2(p)}. These
line fields are called the principal directions of the surface, and their integral curves the lines of curvature
of the surface. Similarly, the null directions of II, ¥ € T, M s.t. IL,(¥,¥) = 0, determine line fields on
S\{p : K(p) > 0} called the asymptotic directions of the surface with integral curves called the asymptotic
lines of the surface.

The above curves may be used to define special coordinate systems (local normal forms of the next section),
in which geometric properties of the surface may be more easily described. They may also be characterized via
certain ‘surface curvature’ properties, generalizing our Frenet-frame derivations for spatial curves. Namely,
let © C ¥ be an oriented curve on the (oriented) surface with unit normal v, and consider the frame

T, N=vxT, v

along the curve — called the curves’ Darbouz frame adapted to X — where T is the unit tangent to the curve.
Then we have the surfaces structural equations:

T'=wxT, NN=wxN, VV=wxv

where w = TyeoT — KporlN + KgeoV defines the geodesic torsion, Tgeo, the normal curvature, Knor, and the
geodesic curvature, kgeo of the curve C C X.
Observe that when the curve in the surface is parametrized by arc-length, s — c(s), we have:

1
¢’ = KgeolN + EnorV.
In particular, a curve in 3 is a geodesic iff its geodesic curvature vanishes: kge, = 0. Likewise, we have:

S(') = =V = TgeoN + EnorT

so that a curve in ¥ is a line of curvature iff its geodesic torsion vanishes and is an asymptotic line iff its
normal curvature vanishes.

Finally, note that the fundamental forms and their derived notions here are all invariants under isometries

of E3. That is, if two surfaces 31, Xy C E3 may be taken to eachother by an isometry of E? then, for instance,
the corresponding points must have the same principal curvature values.
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EXERCISES:

1.

10.

11.

Show that the ‘area element’, dA := |0,0 X Oyo| dudv, of a surface ¥ in the coordinate patch
(u,v) — o(u,v) may be written as dA = VEG — F? dudv, where E,F,G are the coefficients of
the first fundamental form of ¥ in the (u, v)-coordinatesﬂ

Consider the coordinates on the unit sphere, 2 + y? + 22 = 1, through stereographic projection: a
point p # (0,0, 1) of the sphere corresponds to the point in the xy-plane where the line through p and
(0,0, 1) intersects the zy-plane.

(2z,2y,r>—1)

T where

(a) Show that the stereographic projection is given in coordinates by (z,y,0) +—
r? =gz + y2.
(b) In these (z,y) coordinates of stereographic projection, show the first fundamental form of the
sphereEI is given by:

4

(1+ 22 +¢?)? (d" + ")

Consider ‘Lambert’s cylindrical projection’ of the unit sphere, 22 + y? + 22 = 1, onto the cylinder
2?2+ 9% = 1: a point p = (x,y,2) # (0,0,%1) of the sphere corresponds to the intersection of the
cylinder with the ray from (0,0, z) to p. Show that areas are preserved by Lambert’s projection.

Determine the geodesics on a sphere.

Consider a ‘gnomic’ or ‘central projection’ between a sphere and a plane 7 not passing through the
center of the sphere: a point p of the sphere corresponds to the point on the plane m where the line
through p and the center of the sphere intersects w. Show that geodesics of the sphere correspond to
straight lines in the plane 7.

Determine the geodesic curvature of a latitude on the unit sphere.

Suppose a curve in a surface, C C ¥ C E3, is both a geodesic and an asymptotic line. Show that C is
a straight line in E3.

Consider a ‘torus of revolution’: the surface of revolution obtained by revolving a circle of radius r
in the zz-plane with center z = 0,2 = R around the z-axis (here R > r). Determine an implicit
representation of this torus of revolution.

Calculate the Gaussian and mean curvature functions of the torus of revolution from the preceding
exercise.

Let the surface ¥ C E? be defined implicitly by f(z,y,2) = 0. For p € ¥, define the Hessian of f at p
as the operator v — %'tzovartgf =: df)f(ﬁ). Show that the Gaussian curvature of ¥ is given b

2
(@)
B VfI*

Consider the quadratic surface ¥ defined implicitly by: % + % + % = 1, with a,b, ¢ # 0 constants.
Show its Gaussian curvature at (z,y,z) € X is given by:

1

K= 5
2
abe (% + 1 + %)

1Suggestion: the vector identity |@ x b|2 4 (@ - b)2 = |@|2|b|? is useful.

2This expression shows that the stereographic projection between the sphere and the plane is a conformal (angle preserving)
mapping.

3Suggestion: the determinant of a matrix is independent of the basis in which the matrix is expressed. Consider the 4 x 4
matrix given here in a basis (e1,0), (e2,0), (v,0),(0,1) € R3 x R, where e1, ea, v are an orthonormal basis for space (so e1,ea

are a basis for Tp,X = v1). One can similarly show that the mean curvature is given by:

H = G|V tr(d?])
- 2V i3

, when

oriented with normal v = V f/|V f|. Note that ¢tr(d?f) = Af is the Laplacian of f.
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88 local normal forms

We consider some particular coordinate expressions and expansions in order to understand the relations of
curvature values to local geometry of the surface. Unless mentioned otherwise, consider that an orientation
of the surface has been chosen.

Graph expansion: Let p € ¥ with principal curvature values x1(p), k2(p). Then there exists Cartesian
coordinates, (x,y, z), centered at p in which ¥ is given in some neighborhood of p as a graph of the form:

1

2=3 (k1(p)2® + K2(p)y?) + Os(x,y).

7z \(P<0
A .‘Eiﬁiifééi

Figure 38. Surfaces may be locally seen as graphs over their tangent plane. When K, > 0 the surface is locally convex (contained on

one side of its tangent plane near p), while when K, < 0 the surface is locally ‘saddle shaped’ around p.

proof: Take Cartesian coordinates centered at p with the xy-plane as T},%. Then ¥ is given around p as some
graph (z,y) > (x,y, f(z,y)). Since p = (0,0,0) in these coordinates, we have f(0,0) = 0 and since T,% is
the zy-plane we have as well thatﬂ f2(0,0) = f,(0,0) = 0. We compute:

o*l = (1+ f2) da® + 2fo fy dady + (1 + f7) dy?

1

i+ B+
h h . : . : h ¢ 1) : 1 — — (_fam_fyvl) 2 H h
when the orientation is given by the ‘upward’ unit normal n = o, X gy 7@ ence, at p, the

shape operator is given in these coordinates by:

52007000 =0 = (700 f100)

Now, the symmetric matrix d? f(0,0) may be diagonalized in an orthonormal basis with diagonal entries the
eigenvalues. Hence an appropriate rotation of the xy-coordinates gives (wlog) that fy,(0,0) = k1(p), fyy(0,0) =
k2(p), fz4(0,0) = 0, and the Taylor expansion of z = f(z,y) around (0,0) yields the stated formula. O

To consider other expansions, we will need to develope some ‘natural’ coordinate systems. First we derive
explicit equations for the geodesics in coordinates.

Geodesic equations: Let o(u,v) be local coordinates on X. Then geodesics of ¥ are represented by the
plane curves (u(s), v(s)) satisfying:

' T ()2 2T /v +TY (V)2 =0, o +T%, (W) + 2T u'v' + T2, (v)* =0

1We will use often subscripts for partial derivatives, eg 9y f = fu.

S we (A+F2)—2fuy fo fyt fyy 1+F2)
2For a general graph, one finds the expressions K = Featyy—Tay JH = Jaw (I ]y Ty rY Yy Z- for the Gaussian and
1+f2+f2 2\/1+f§+f§
2
mean curvatures. Given a function, K(z,y), solutions, f(z,y), of the pde K(z,y) = % yield graphs z = f(z,y) with such

prescribed Gaussian curvature. Such pde’s are examples of Monge-Ampere equations.
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where .
re, 20y, Tw\ _(E F iE, E, F,-1iG,
re, o2re, TY, F G F,—iE, G, iG,
are the Christoffel symbols in the coordinates o(u,v).

proof: From the above, an unparametrized geodesic is an extremal of the length functional among fixed
endpoint curves on the surface and when parametrized with constant speed they are exactly the curves
whose acceleration is entirely normal to the surface (kgeo = O)E| First, set:

(x)  oyu=T4,0u+To,00+Ln, oy =Ty0,+T,00+Nn
Ouy = yyou +1Thpon + Mn

where n = ZeX%. Then 7(s) = o(u(s), v(s)) parametrizes a geodesic iff v/ ~ n is normal to 3, ie:

T Jouxou|”

ot 4 00" 4 0uu (W) 4 2000V + 0y (V)2 ~ 0
= (u" + Ty, (0)? 4 203, u'v" + Ty, (v')?) o + (V" + T, (u)? + 200 u'v' +T7,(v')) o, = 0

Since o, 0, are independent, we have the stated equations provided we derive the explicit expressions for the
Christoffel symbols. These may be obtained by some algebra and taking inner products of (x) with oy, 0y,

to obtain, eg %Eu = Oyy 0y = ETY +FT?,, (the first entry above upon applying (F G> to both sides). O

In general the Christoffel symbols are cumbersome and not very practical for computations. However the
mere fact that the geodesics are given as solutions to a 2nd order ode allows us to observe for instance that:
from a given point, p € ¥ with an initial velocity v € T},% there exists a unique geodesic through p with
initial velocity v. Moreover, note that if y(s) € ¥ parametrizes a geodesic then so does y(As) for any A # 0.

Continuing on with our coordinate computations, we obtain:

Gauss’ theorema egregium: The Gaussian curvature is an intrinsic quantity, that is it can be computed
from only the first fundamental form. Explicitely, with A := det g = EG — F%, we have:

AN’K = E (E,G, — 2F,G, + G.) + F (E,G, — E,G, — 2E,F, + 4F,F, — 2F,G.,)

+G (BEyGy — 2E,F, + E2) — 2A (Eyy — 2F 0 + Guu) -

proof: Continuing from (x), the 3rd derivatives of o(u,v) are:

Oabec = ng,cou + ng7cav + hab,cn + FZbo-uc + ngo-vc + habnw

for a,b,c € {u,v} (here we write eg 0.1y, = 'y, . and h = (M N) = <hw ho.

definition (*) of the Christoffel symbols for the oy, oye terms and that n. = nlo, + nlo, with? n¥ =

C
Fhye=Ghye v — Fhye=Fhue (1010

>) Substituting the

EG—F2 "¢ = TEG-F?
abe = (Tape + Taplic + Tanle + havnt) o+ (Tape + TapTie + Taplie + havnc) ow

+ (hap,ec + Tgphuc + Tophye) 0.

Thus we find relations between the coefficients of the first and second fundamental forms upon equating
mixed partials of o(u,v) taken in different orders: oup. = 0gcr =

1One may at this point apply the Euler-Lagrange equations to the energy functional, v — f |'y|2 dt, to obtain the coordinate
expression stated above. However we will proceed here with an alternate method.
2Called the Weingarten equations.
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Codazzi-equations: (equating normal components)
L, - M, = FZUL + (F;UL'U - FZu)M - FZuN7

N,—-M,=T, N+ Ty, —-Tv, )M —-T% L.

Gauss-equations: (equating tangential components)

EK — Fi) _ FU + Fu F’U + Fv FU _ Fu Fi) _ (FZU)Q

uu,v uv,u uu— uv uu— vv uvT U

FK=T, u—Toue+To Tuw— ol

uv,u uu,v uv—- uv uu™ Vv

GK =TY ,—T¢ +Ture +08 e T8 1Y — (T4,)?

VU, U uv,v VUV UU VUV Uv

Now observe that in the Gauss equations, one has the Gaussian curvature expressed in terms of the coeffi-
cients, E, F,G, of o*I and its derivatives (using the expressions for the Christoffel symbols in terms of the
first fundamental form). O

As a first application of these equations, we have the ‘fundamental theorem of surfaces’:

Equivalence theorem: Two (oriented) surfaces, 31, ¥o C E3, may be taken to one another by an isometry
iff their fundamental forms agree in some parametrization.

Moreover, given any two fundamental forms in coordinates with components satisfying the Codazzi-Gauss
equations, there exists a unique —upto isometries— surface in space with the given fundamental forms.

proof: If two surfaces may be taken to eachother by an isometry then their fundamental forms will agree
at the corresponding points. More interesting is the converse direction. Let the functions (F,F,G) =
(911,912, 922), (L, M, N) = (hy1, h1a, has) of (u',u?) be given, and suppose they satisfy the Codazzi-Gauss
equations. We aim to show that there exists a unique —up to isometries— surface in space with the given
functions as coefficients of its fundamental forms in some parametrization, o (u*, u?).

The existence of the surface is shown by two ‘integrations’ of pde’s, using a ‘Frobenius conditionﬂ to guarantee

solutions. We consider first the pde’s that would need to be satisfied by o1,09,n := \iiiii Set F =

(01 02 n) (a 3 x 3 matrix). Our sought surface would then need to yield an F (u!, u?) satisfying the system
of pde’s:

(x) F=FA F=0B

Iy, iy nf I, Ty ny nl g g L
with A= (I}, T}, n3|,B=|I% I3, n3| and < ;) = < H 12) < ”) given. Now, the
L M 0 M N 0 n; 912 22 haj

Gauss-Codazzi equations”| are exactly the conditions on the coefficients of the fundamental forms so that
3’'rd order partials of o commute, ie F12 = 51, this ‘Frobenius condition’ guarantees that given initial
conditions there exists a unique solution, F(u',u?), of (x). Consider a solution of (*) with initial con-
dition ¢1(0), 02(0),n(0) satistying o;(0) - 0;(0) = g:;(0),0;(0) - n(0) = 0,n(0) - n(0) = 1. By satisfying
(%), we have 0;; = 0j;, so the ‘Frobenius condition’ again guarantees the existense of o(u',u?) having
these first partial derivativesﬂ and one may verify that indeed this surface has the desired fundamental
forms: o0; - 0; = g;5,n - 055 = h;;. Finally, note that any other solution satisfying the initial conditions,
5i(0) - 6,(0) = ¢;;(0),5,(0) - n(0) = 0,7(0) - n(0) = 1 is given from o¢;(0),n(0) by applying a fixed rotation,
R, ie all solutions of (x) satisfying the initial conditions are given by F = RY for a fixed rotation R, hence
all surfaces realizing the given fundamental forms are given by (u',u?) — R (U(Ul, ug)) + Do. O

Essentially, this theorem says that all the geometry of a surface may be derived from its two fundamental
forms. Let us now examine some properties of this geometry in ‘special’ coordinate systems.

IFor example: (A(z,y), B(z,y)) has Ay = By for (z,y) € R? iff there exists a function f(z,y) with f, = A, fy = B.
2They may be written more compactly than how we gave them above in matrix form: As — By = AB — BA.

(u,v)

3Defined uniquely upto initial value by, eg, o(u,v) = f(o 0) 71 du' + o9 du? (a path independent integral).
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Fermi coordinates: Let ¢ — v(t) € ¥ be a unit speed geodesic, and for each ¢, let s — o(s,t) € &
parametrize the unit speed geodesic with initial condition ~(¢) and initial velocity perpendicular to (t).
Then o(s,t) parametrizes ¥ around p := v(0) and for K, the Gaussian curvature of ¥ at p:

ol =ds® + (1 — s°K, + Os(s,t)) dt*.

Figure 39. The Fermi coordinates are based off (unit speed) geodesics in the surface perpendicular to a given geodesic.

proof: For each fixed ¢ value, s — o(s,t) parametrizes a unit speed geodesic, so that £ = 050 - 950 = 1.
Also, the curves s — (s,t) are geodesics in coordinates, in particular satisfy the geodesic equations so that:

rs, =T, =0.

By coordinate expression of the Christoffel symbols: 0 = ATS, = 1GE, — F(F, — £E;) = —1FF,, since
E =1. Hence FF; =0, so that F = o, - 0 is a function only of ¢t. However, when s = 0, we have F' = 0
since 0(t,0) is perpendicular to 4(t) = 04(t,0). Hence F = 0.

Since v(t) = o(0,t) parametrizes a (unit speed) geodesic, we have as well, G(0,t) = 0 - 0¢(9,+) = 1. Similar
to before, that ¢ — (0,t) is a geodesic implies T'},|(o sy = I'f;|(0,) = 0, which when written in terms of the
coefficients of o*I read as G¢(0,t) = G5(0,t) = 0. Finally, note that I't, = Gé, so that:

Gss G? 1
KO0 = Tyl = - (55 = ) o = ~5Ger0.0

Expansion of G now gives: G(s,t) = G(0,t) 4+ sG4(0,t) + %Gss((), t)+0(s%t) =1-52K(0,t)+O(s%t). O

This expansion of the metric allows us to describe the Gaussian curvature geometrically. For example:
52
d(s,t) = |t| <1 - 5K+ 0(53;t)>

where d(s,t) is the distance between the points 1 (s),y2(s) of two unit speed geodesics emanating perpen-
dicularly from a geodesic y(t) with v(0) = 71(0) = p and 72(0) = ~(¢). Observe as well that it follows
from our Fermi coordinates that a sufficiently short — enough to be contained in the image of the Fermi
parametrization— geodesic indeed minimizes length between its endpoints:

o= [ VErcRdrz [ ds=s-s,—t)

where ¢(7) is any curve in the surface from o(s,,0) to o(s1,0) and 7, is the geodesic o(s,0), s € [so, $1]-
Similarly, one has:
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Figure 40. When the Gaussian curvature is positive, distances between nearby geodesics are shorter in comparison with Euclidean

distance, while when negative greater.

Geodesic (normal) coordinates: Let p € ¥ and for each ¥ € T,X let v5(t) be the geodesic in ¥ with
initial conditions v5(0) = p, ¥7(0) = ¥. Then for an orthonormal basis eq, ez € T,X,

exp

(z,y) =" (1), U=wer +yes

parametrizes > near p. Moreover, with K, the Gaussian curvature of ¥ at p, the first fundamental form in
these coordinates is:

1
dz? + dy? — ng (x dy—y dx)2 + Os(x,y).

Figure 41. A system of normal coordinates around p € ¥ is defined by sending ¥ € Tp% to v5(1) where v5(t) is a geodesic through p
with initial velocity ¢. In these coordinates, one has the Gauss Lemma, which states that inner products with radial vectors — v = (z, y)

at the point (x,y)— are preserved.

proof: First we note that for 7 € 7,2 and fixed ¢t € R, the curve ¥(7) := z(7t) is a geodesic through p
with initial velocity ¢v. Hence exp,(t7) = (1) = vz(t). Let us write o(z,y) = exp,(x,y) for the local
parametrization. First note that at p = 0(0,0), we have:

d(o,o)g(ﬁ) ’ d(o,o)U(”lE) = ;717(0) ~"yu7(0) =

Hence E(0,0) =e1 -1 = 1,G(0,0) = e3-ea = 1, F(0,0) = e - e2 = 0. Similarly, in ‘radial’ directions, we
have dzo (%) - dzo(T) = 45(1) - 45(1) = |¥]? since geodesics have constant speed. We now compute the general
inner products with a radial vector at a point in the domain of 0. Namely let 7,4 € T,X. We aim to find
dyo (V) - dyo (). Consider the coordinates on R? by (t,0) + ti, with @ := Tcosf + wWsinf. In X we set
a(t,0) := o(tp). Then:

ng’(ﬁ) . dﬁd(w) = 8ta(1, 0) ' 890[(1, 0)

First, we compute, at general (¢, )
dea(t, 0) = 9 (o (ttg)) = Or (75, (£)) = Yo, (£)-
Next, using that vz, (t) is a geodesic, we have:

Oy (Opex - par) = Az, (1) - Dpr(t, 6) + s, (¢) - DBp(t, 0) = A, (£) - D (Y, (1))
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1, . . 1, .. 1
= 500 (3 (1) -3, (1) = S00lol? = 5

In particular, along 6 = 0, we have: d;a - 9pa|(¢,0)y = (U - W), so that:

(l@)? — |52) sin 20 + (7 - @) cos 26.

(%) dgo(0) - dgo (W) = 0:x(1,0) - Gpex(1,0) = T - 0.

Now, we return to computing the expansion of ¢*I around x = y = 0. We have already observed the
‘Oth order terms’ are E(0,0) = G(0,0) = 1, F(0,0) = 0. The Gauss Lemma, (x), is a useful tool for this
expansion. First, since F(z,y) = d( yy0(e1) - d(z,,)0(e2), we have by the Gauss Lemma:

F(z,0)=e€1-e2=0, F(0,y) =0= F,(0,0) = F,,(0,0) = F,(0,0) = Fy,(0,0) = 0.
Next, since z — (,0),y — (0,y) represent geodesics we have E(x,0) = G(0,y) = 1, so that:
E4(0,0) = Ey0(0,0) = G, (0,0) = Gy (0,0) = 0.
The remaining terms may be found by writing the Gauss Lemma in coordinate form:
E(z,y)x+ F(z,y)y =, F(z,y)r+G(z,y)y =y

Differentiating the first with respect to y, we obtain E,(z,0)zr = 0 = E,(x,0) = 0 for z # 0 and so by
continuity of F, we concludeﬂ E,(0,0) = 0. Similarly, one finds:

G;(0,0) = E.,(0,0) = G.,(0,0) =0,
EUU(O) = _2F1y(0)7 G2(0) = _2Fwy(0)~
Now by either the Gauss equations or theorema egregium, we obtain:

1 3

Ky, = ny(O) D) (Eyy(o) + G22(0)) = _iEyy(O)

and Taylor expansion of E(x,y) dx? + 2F(x,y) dxdy + G(x,y) dy? around x = y = 0 yields:

E,, (0
dz? + dy* + %() (y2 de? — 2xy dedy + 22 dyz) + O3(z,y)

1
=dz? + dy? — ng (xdy—y dac)2 + Os(z,y).

O
Similarly, there are geodesic polar coordinates, related to normal coordinates by rcosf = z,rsinf = y.
Then the first fundamental form is given by:

2
dr? + 12 (1 - %Kp + 0(7‘3)) 9>,
From this expansion we obtain the following geometric descriptions of Gaussian curvature:
K,
d(s,a) =2s sin% - sz?p sina + O(s?)

2mr — U5(C, 2 Ax(D
K, = lim 3W72(7’) — lim 12W—M

r—0 7'['7"3 r—0 71"]"4
where d(s, @) is the distance between the points 71 (s),v2(s) of two unit speed geodesics emanating from p
with initial angle a between their initial velocities. By ¢x(C)) we mean the length measured in the surface
of a circle of radius r in X centered at p: C,. = {q € X : dist(q,p) = r}, and by Ax(D,) the area measured

in ¥ of a disk of radius r in ¥ centered at p: D, = {q € ¥ : dist(q,p) < r}.

IThe vanishing of all first partials of E, F,G at (0,0) is equivalent to the vanishing of all Christoffel symbols at (0,0),
Ffj (0,0) = 0. This can be obtained as well by considering that t + (tz,ty) are geodesics in coordinates so that T'®_(0,0)x2 +

21"?%,(07 0)zy + F’;y (0,0)y% = 0 for any (z,y).
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Figure 42. When the Gaussian curvature is positive, the distance in ¥ between two geodesic rays emanating from p with angle «

grows slower than the Euclidean distance (distguyci(s, o) = 2ssin %) for small s, while for negative curvature the growth is faster.

Now we describe a fundamental structure on surfaces: the Levi-Cevita connection. Geometrically, it is
defined via the concepts of parallel transport and covariant derivative.

Parallel transport is a process to ‘transport’ tangent vectors along curves in the surface: given ~(t) € ¥
and X, € T, )X tangent to the surface, the parallel transport of X, is a family of tangent vectors X (t) €
Ty1E, X(0) = X, to the surface. When + is a geodesic of ¥, we take X (t) as the tangent vector to ¥ with
the same length as X, and making the same angle with the tangent to the geodesic as X,. Observe that
since the parallel transport X (t) of X, along a geodesic is a fixed rotation of 4(t), we have that X € TS+
is normal to the surface (as is ¥).

The parallel transport of X, along a general curve might be imagined as a ‘limit’ of its transport along
piecewise geodesics approximating the given curve. It may also be defined through a ‘rolling without slipping
or twisting’ along the given curve.

Figure 43. Parallel transport of vectors along geodesics may be defined by requiring that the length of the transported vector and its
angle with the tangent to the geodesic remain constant. A parallel transport may also be defined through a rolling process: a rolling
of the surface & over the surface 3 is a collection of isometries @t E? — E® such that @+ () is tangent to S at some contact point
£3p = @t(pt). The curves, ¢ = {p:} C s, 6= {p:} C X, are called developements of one another. If X is a vector field along e
then one has a corresponding vector field X along the developement, C, of C in . In this way, taking & as a plane, one may transfer
the usual notion of parallel transport in the plane to the surface. To determine the transport uniquely, the rolling must be without

slipping: %|S=tcps (p+) = 0 and without twisting: the rotational axis of ¢; is contained in the tangent plane: Tﬁti = piTp, 2.

Either of these ‘parallel transport schemes’ lead to the following differential characterization of parallel
transport along a given curve in the surface: X (t) € T ;)X is the parallel transport of X, = X(0) € T, )X

when X (t) is normal to the surface. One writes:

DX .
7 ViX = prrsX

for the covariant derivative of the vectors X (t) € T, ;)X along a given curve y(t) € ¥. Then X () is parallel
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along 7 iff V4 X = 0. In coordinates, X (t) = X! (t)o, + X2(t)0y, ¥ = 10y, + 90, we have:

Vi X = (X1 Xy, + (X9 + X2, + X%ng) au+(X2 F XYY, + (X0 + X200, + X%rgv) .
Therefore the covariant derivative (projection of usual derivative to tangent space), determines the notion
of parallel transport along curves as the (unique) solution X (¢) to the ode’s V4 X = 0 with initial condition

X (0) = X,. Conversely, a well-defined ‘parallel transport scheme’ leads to a covariant derivative defined by
V5X(0) := 4|,_,X; where X, € T, ()X is the parallel transport of X (t) € T.,;)% along v to (0).

Ky E/\-f{')£ Xwe Teoft

X

Figure 44. Parallel transport determines a covariant derivative: given a vector field X (t) € T, ()T along a curve, one may take
V45X € Ty(0)X as the derivative of the vectors X; € T, (o)X where X; is the parallel transport to v(0) along v of X (t). Conversely a

covariant derivative determines a parallel transport by declaring the parallel vector fields to be those with derivative zero.

The structure allowing to differentiate vectors along curves leads to concise expressions for our formulas
above and allows one to extend many operations from multivariable calculus to intrinsic operations on the
surface (see remarks section).

We finish with a geometric characterization of Gaussian curvature in terms of ‘holonomy of parallel trans-
port’. First (see remarks section on the notation of differential forms):

Cartan’s structural equations: Let e, eq,e3 be a (local) orthonormal frame adapted to the surface— so

e1, ez are tangent to the surface and es is a unit normal to the surface. For w!,w?, w?® the dual basis of e;,

the connection 1-forms, w;-“, j,k € {1,2,3}, satisfy and are determined by the equations:

3 2
wf:—wi, dw;-“: E wf/\wé“, 0= E W AW,
=1 b=1

2
dw® = Zwb ANwy, a€{l,2}.
b=1

proof: Consider e; : £ — 52, and de;(v) := 2|,—oe;j(c(t)) where v = ¢(0) € TS. We write
de; = w}el + w?eg + w?eg
defining the connection 1-forms w;‘? : TY — R. Since {e;} are orthonormal, e; - e, = d;, = cst., so that
0 =de; - e +e;-deg :>o.);-C = —wi.

Next, note that in a fixed basis %757 I%, writing e; = ajg + bj} + clef we have de; = daj% + dbjj' + dcjl%, so that
d?e; = 0. In the {e;} basis, this reads:

3
k € n ok k €Ak
0=d%; = E (dwi — E wj Awy)eg = dwj = E w; Awy.

k ¢ =1
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For the last equations, note that in a parametrization o(u,v), we have do = o*(wle; + w?ey), so that
d(w'e; +w?es) =0, or

0=

2
a=

2
(dweq — w®* Adey) = Z ((dwa - Zwb A wg)ea> — (W AW F WP Awd)es
b=1

1 a=1

O

The computational apparatus of differential forms, in which Cartan’s structural equations are given, leads
to some efficient and concise formulations of our above coordinate computations. For example:

Kw' Aw? = dwj

is the statement of Gauss’ teorema egregium. As well, for a curve y(t) € ¥, t €[0,T] and X, € T %:

A0 = 0(T) — 6(0) = /w;

Y

where 0(t) is the angle between the tangent to v(t) and the parallel transport X (¢) of X, along v. In
particular, for a closed loop, v = 9D, the general Stoke’s theorem implies:

/KdA:AG
D

where A@ is the holonomy of parallel transport around +, ie the angle between X, and X’ where X’ is the
parallel transport of X, around ~.

Y =D

Figure 45. The Gaussian curvature is related to holonomy of parallel transport around loops. For v = 8D the boundary of a region D,
a vector X parallel transported around v will in general return to a vector X’ differing from X by some angle Af. Then fD K dA = A6

(taking care with orientations!).
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EXERCISES:

1.

For a surface of revolution: o(s,0) = (z(s) cos 8, x(s)sinb, z(s)) with s — (z(s),0, z(s)) an arc-length
parametrization of the generator (z(s) > 0), derive the expressions for the Gaussian and mean curva-

tures:
1 /

x z
K=-" o= x+2
x T

where k = 2’2" — 2"’2’ is the curvature of the generator.

Describe the surfaces of revolution with constant Gaussian curvature.

Ty X0y
EA

Let o(u,v) be local coordinates on X, with unit normal n = . Derive the Weingarten equations:

(FM ~GL)oy + (FL—EM)o, _ (FN = GM)o, + (FM — EN)o,

T = EG — F? e = EG — F?

. In local coordinates, o(u,v), show that the asymptotic lines are given as integral curvesﬂ of:

L du® + 2M dudv + N dv? = 0.

In local coordinates, o(u,v), show that the lines of curvature are given as integral curves of:

(EM — FL) du® + (EN — GL) dudv + (FN — GM) dv* = 0.
Let t — v(t) € ¥ be a curve in the surface ¥. Show that if 5(¢) € T, ;)X is normal to the surface
then 7(t) has constant speed (|%(¢)| = cst.).

Suppose the surface ¥ C E? is compact and has no boundary. Show there exists a point p € ¥ at
which K, > 0.

Let X(t),Y(t) be the parallel transports of X,,Y, € T, ()X along the curve v(t) € ¥. Show that
I(X(t),Y(t) = I(X,,Y,), ie parallel transport preserves the first fundamental form.

Determine the holonomy of parallel transport along a latitude of the (unit) sphere.

IMeaning, eg, graphs (u,v(u)) with v(u) satisfying: L + 2M§—Z + N(Z—Z)2 =0.
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89 some global results
We state a few ‘famous’ global results on surfaces.

Umbillic points: Suppose every point of the connected surface ¥ is an umbillic point: k1(p) = ka2(p), Vp €
Y. Then ¥ is a subset of a fixed plane or sphere.

proof: Let o(u,v) be a parametrization with unit normal n(u,v). Then ~by assumption—the shape operator
is diagonal with diagonal entries k1 (u,v) = k2(u,v) =: k(u,v). That is:

Oun = Kk Oyo, Oyn = K Oy0.
Differentiating and setting 9,0,n = 0,0,n yields:
KpOuO = KyOp0 = Ky = Ky = 0

since 0,0, 0,0 are independent vectors. Hence the principal curvatures are constant. Now, if k = 0, then
n(u,v) = n, is constant, so that dyo -n, = 9,0 - n, = 0 = o(u,v) - n, = cst. and o parametrizes some
piece of a plane. Since X is connected, by covering ¥ with charts, we have that X is contained in a fixed
plane. Likewise, if x # 0, then d,(n — ko) = 9,(n — ko) = 0 so that n = ko — p, for some fixed p,. Hence
lo(u,v) — Bo| = ﬁ = cst. and o(u,v) parametrizes some piece of a sphere (center 22 and radius ﬁ) The
same covering argument and connectivity of 3 shows that ¥ is contained in a fixed sphere.

Now we consider a classic local to global result, which may be thought of as generalizing our ‘turning
number’ formulas for plane curves (pg. 7) to surfaces. First:

S Kdh = v @ Y-T |
T

Figure 46. The local Gauss-Bonnet formula generalizes turning number formulas for plane curves. Applied to geodesic triangles (sides

are geodesics), one obtains for example that triangles on positively curved surfaces have interior angle sums exceeding 7.

Local Gauss-Bonnet: Let 9D be a piecewise smooth curve in ¥ bounding the simply connected region D
with exterior angles «; at its vertices. Then:

KdA+/ Kgeo dS + a; = 2.
Jy Rt [ oo dst S

proof: We will present a derivation using this same notation of differential forms and Cartan’s structural
equationsﬂ Let c;(s) be an arc-length parametrization of side j of 9D, and write ¢; = cosf;e; + sinf;ez.

: ‘o ) R ) Ry 0. . ok
The geodesic curvature is then: kge, = ¢ - Jcj, where Jc) := —sinf;e; + cosfjes. Then (using de; = wiex)

f = (0 — wi(c))) Jcj + (cos B wi(ch) + sinb; w3 (c)))v

= Fgeo = 0 — w%(c;)

1One may proceed without this formalism, using coordinate expressions. See eg, ch. 3 of Shifrin, or §6.3 of Klingenberg,
or §4.5 of doCarmo. A good starting point is to take eg Fermi or geodesic polar coordinates: (u,v) +— o(u,v) with o*I =

_ Oyo
=76 for an orthonormal frame.

du? + G(u,v)dvz. Then one may use e := 9,0, €3 :
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From des = dv = whey, we have K = detdv = w3 Awi(er,e0) = Kw' Aw? = wi Awl = dwl. Henceﬂ
KdA+/ fieods:/ Kgeo + wy(c:) ds = 0T — 67

:01’_792_+0;_70§+...+9:791_:*Oélfagf...*an_1+2ﬂ'*0£n.

O

This formula may be applied to a geodesic polygon: when 0D consists of geodesic arcs. Then Kgeo = 0
over 0D and the boundary term drops out. When the curvature, K = K, is constant (eg on a sphere), one
obtains interesting relations for example on geodesic triangles, for «, 3,7 are interior angles of the geodesic
triangle T":

K, Area(T) =a+ B+~ —.

Gauss-Bonnet theorem:ﬂ Let > be a compact oriented surface with boundary 0%. Then:

/ K dA+/ Kgeo ds = 2mx(X)
b 0%

where x(X) is the Fuler characteristic of X.

proof: Triangulate ¥ = LT; and apply the local Gauss-Bonnet formula to each face:

KdA+/ Kgeo dS = B; —
/Tj oT; ! Z ’

where (3; are the interior angles of the face 7;. Summing over the triangulation gives:

/KdA+/ ngodSZﬂ'(Z’UO—F’Ua—f)
b B>

where v° are the number of interior vertices, v? the number of boundary vertices and f the number of faces.
For the boundary term, we have used that the triangles are oriented to agree with the orientation of X, and
so the integrals over the edges of 9T} pairwise cancel except for those edges contained in the boundary 9.
Note that every face contains 3 edges, and each interior edge is contained in two faces, while each boundary
edge in one face so that 3f = 2e° +e?, where €° are the number of interior edges and e? the number of edges
along the boundary. Also, we have v? = ¢? = f9 where €? are the number of edges along 9% and f? the
number of faces with an edge along 0%, so that:

20° 409 — f=20—07 — f4+3f—3f =20+2f —2e° —e® —0? =2+ 2f — 2

where e = e° + ¢ are the total number of edges, v = v° + v? the total number of vertices. The number
X(X) :==v — e+ f is called the Euler characteristic of the surface (it follows from this theorem that it does
not depend on the triangulation chosen). O

For the next results, we will consider some properties related to the distance function on the surface. For
p,q € X, we take:
d(p, q) := inf length(v)

over curves v C X from p to g. For surfaces without boundary —as we have considered for the most part—
we have locally around any point p a normal coordinate system, in which we see that the distance from p
to sufficiently close points g to p is realized by geodesics from p to ¢. If 3 is not connected, then for p, ¢ in
different connected components one has d(p, q) = inf ) = co. We will focus on connected components of the
surface —in fact it follows they are path connected— where the distance function is finite.

LOne uses here the general Stoke’s theorem: [, K dA = [, dw} = [, wi.
2For an interesting proof of this theorem, see the article of M. Levi here.
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Figure 47. The Gauss-Bonnet theorem may be obtained from its local version applied to a triangulation of the surface — orienting the
triangles to agree with that of the surface, the integrals over the interior edges pairwise cancel. Since the angles at each interior vertex
sum to 27 and at each boundary vertex sum to m one has that 2wv°® + 7v° is the total sum of all interior angles to the triangulation.

The compact surfaces without boundary, the genus g surfaces, have Euler characteristics 2 — 2g.

It follows that with this distance function, ¥ may be considered as a metric space, and it is in this sense
that we may say the surface is completr—ﬂ Moreoverﬂ the topology induced by this distance function agrees
with the standard subspace topology on the surface as a subset of E?, and it is in this sense that one speaks
of the surface being compact, connected, etc..

0 , SG) %
) = *
- 1'/,—}\'1, %00 T .
/ r/ N 1
)
N F/eaT)=8=Ak)
e~ g Mgt T(ny) = 8

X
= C(;: Y(A*+E> i

Figure 48. Normal coordinates may be used to show that on a complete surface, there exists a distance realizing geodesic joining any
two given points p, ¢ in the surface. One first takes normal coordinates around p and expp(rv) = ¢’ € C, in a circle aorund p with
d(q’,q) = mingec, d(z,q). When C, is in a normal coordinate chart (r sufficiently small) then d(p,q’) = r. To show the geodesic
¥ := v, goes from p to ¢ and realizes the distance § = d(p, q), one shows that s + d(v(s),q) = § is an open and closed condition for
s € [0, 4] so that d(v(d),q) = 0. Namely, for s, + d(vy(s«),q) = 8, one takes normal coordinates around ~(s.) containing a circle of
radius € > 0 and ¢}, € Cc(y(s+)) with d(q., q) = mingec, (v(s4)) Az, q). Then d(v(s.),q) =€+ d(q,,q) = § — s. implies with triangle
inequality that d(p,q.) = s« + € is the length of the concactenated curve from p — v(s4),v(sx) — ¢.. Since distance realizing curves

are smooth geodesics, one has g/, = y(s« + €), and so s, + € + d(v(s« + €),q) = 4.

Hopf-Rinow theorem: Let X be a complete connected surface (without boundary). Then X is geodesically
complete, meaning that any geodesic of ¥ is defined for all time. Moreover, any two points of ¥ may be
joined by (at least one) distance realizing geodesic.

proof: See for example, §5.3 of doCarmo, for more details. The main tool is the normal (geodesic) coordinates
we defined in the previous section. For example, to show geodesics are defined for all time, let v(¢), ¢ € [a, b]

1That is, every Cauchy sequence converges: a sequence of points p, € ¥ s.t. for any € > 0, d(pn,pm) < € for n,m > N has
d(pn,p) — 0 for some p € 3.

2This is essentially according to our definition of surfaces ~what are called embedded surfaces. Namely each point p € 3 has
some local parametrization o : U — im(c) = VN X 3 p for U C R2,V C R? some open sets. It follows that the local topology
of R? induced on ¥ through charts agrees with the subspace topology on ¥ C E? induced from the standard topology of E3.
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be some geodesic, with say b < co and take normal coordinates around ~y(b) to see that v may be extended
to a geodesic defined for ¢ € [a,b + ] some € > 0. Hence geodesics may always be extended and are defined
for all time. Note that in particular this implies that the exponential map exp,, : T, — X is defined over
all of T,X. Similarly, normal coordinates allow one to show that d(p,q) =0 <= p=g¢.

To see any two points p,q € ¥ may be joined by a distance realizing geodesic —ie the exponential map is
onto— consider a circle C,. around p with r sufficiently small so that exp,, is a (smooth) parametrization of
the disk D, C X. Since C, is compact, we may take ¢’ € C, realizing d(q’,q) = mingec, d(z,q). Since, by
assumption,  was chosen small enough so that the exponential map parametrizes D,., we have:

qd = exp, (1v)

for some unit vector v € T,X. Now we claim the unit speed geodesic, ,(s), realizes the distance from p to
g. Namely, let § := d(p, q) so that we want to show 7,(J) = ¢. Set J(s) = d(7,(s), q), then:

d<r+4(r)
be triangle inequality. For any curve - from p to ¢, let x € C. be a point of intersection of « with C,.. Then:
length(y) > r+d(z,q) > r+(r)

so that 0 = inflength(y) > r + d(r) and so § = r + §(r). The same argument shows § = s + d(s) for
s € [0,r]. Since the distance function is continuous, the interval I := {s € [0,d] : § = s+ d(s)} is closed (and
non-empty, I D [0,7]). Let s, € [0,6) N I. Taking normal coordinates around ~,(s.), one obtains

d=si+e+d(ssi+e)= s.teecl
for some € > 0. In particular, one has § € I = 0 = §(8) = d(7,(0),q) = ¢ = 7,(0) as desired. O

Bonnet-Meyers theorem: Let ¥ be a complete connected surface having Gaussian curvature bounded
below by a positive constant: K > K, > 0. Then ¥ is compact.

proof: See for example, §5.4 of doCarmo, for more details. The main idea is that the signs of the ‘second
variation’ or ‘Hessian’ along geodesics (see next section) determines whether the geodesics are minimizing
(distance realizing). The signs of this second variation are related to the signs of the curvature, in particular
one shows that when K > K, > 0 then the second variation along any geodesic becomes negative —and
so the geodesic is not distance realizing— when the length of the geodesic is greater than \/71%, Hence the

T _

diameter of ¥, 0 := sup,, ,ex d(p,q) < T < 0 is bounded. By the Hopf-Rinow theorem the exponential
map exp,, : 17,2 — ¥ is onto, and now the exponential map restricted to a compact disk, exp, : D, — X,
in the tangent space is also onto. Since the exponential map is continuous, one obtains that X is compact. [

Cartan-Hadamard theorem: Let ¥ be a complete connected surface (without boundary) having non-
positive Gaussian curvature, K < 0. Then for any p € 3, the exponential map:

exp: T2 = X
is a covering map, in particular the universal cover of ¥ is R2.

proof: See for example, §5.6 of doCarmo, for more details. By Hopf-Rinow, the exponential map is onto,
and one computes when K < 0 that the exponential map is locally invertible around any point, so that it is
a local diffeomorphism and covering map. O
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8§10 calculus of variations

With surfaces, there are several interesting variational problems one may consider — either by varying the
surface and considering functionals over surfaces, or by keeping the surface fixed and considering variational
problems, eg for curves, contained in the surface.

First, we consider some variational properties of geodesics on a surface. We have already remarked
that unparametrized geodesics may be characterized as extremals of the length functional on the surface.
Analytically, these are curves admitting parametrizations with accelerations normal to the surface: 7" €
T, ¥+, Variationally, it is easier to work with the energy functional than the length functional:

- / 512 dt = (7).

Extremals of the energy functional among curves in the surface connecting two given fixed points in a given
time are exactly the geodesics parametrized by constant speed:

Energy extremals: Given p,q € ¥ and t, < t; € R, the extremals of v — f:l %|"y|2 dt among curves in X
with v(¢,) = p,v(t1) = q are constant speed geodesics from p to q. Moreover any extremal is smooth.

proof: Let ~. be a variation of a smooth extremal v, with n = d%|€:07€ € T',¥ a vector field along ~.. Then

integrating by parts:
t1 tl
0:/ w'/*-ﬁdt:/ Ay - m dt
t t

Since n € T, X is arbitrary, we have ¥, € TWEJ-. If an extremal is not smooth, eg piecewise smooth, in the
integration by parts one obtains boundary terms (¥}t — ;) - n summed over the non-smooth points. If one
of these is non-zero, we may make the derivative of energy non-zero, eg taking n = 4 — 4, . O

In particular, it follows that any curve realizing the distance between two points is a minimum of the energy
functional, and so in particular an extremal and thus a smooth parametrized geodesic between the points. We
already know —from Fermi or normal coordinates— that sufficiently short geodesics realize distances between
points. As for testing in general whether a given geodesic realizes distance between two points, one has
analogues of the second derivative tests.

Namely, the second variation of the energy functional along a geodesic v from p to ¢ is defined by:

d? 9
0 o5 E0e) = G EMm)
where n = d¥'l5|€:0fy5 is the variational vector field along v by curves . from p to q. In particular, if the
geodesic 7 realizes distance, it minimizes F and so the second variation along v must be non-negative. Thus
if one can show the second variation is negative for some 7 along the geodesic (vanishing at the endpoints),

then the geodesic does not realize distance]l]

Second variation of energy: Let v(s) be a unit speed geodesic from p = 7(0) to ¢ = y(¢) and 7. a
variation of v with the same fixed endpoints. Set n = %|5:0%. Then:

d? 1
BB = 5l0B0) = [ [Vymf = K)o ds
where K(s) is the Gaussian curvature at y(s) and -+ :=n — (n-7') 7.

proof: One may consider (s,e) — 7.(s) =: o(s,£) as a local parametrization. Let n. = 0.0 = d—dg'yg be the
variational vector fields, and . = dyo. Then:

d ‘ / ! ¢ !
d*E(%)Z/ Ve Me ds:/ Ve - Ve ds,
€ 0 0

1A nice reference is Milnor’s book Morse theory. See as well §5.4 of doCarmo.
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d2

de?
Using that the Gauss equations may be written 7' - (V,V,n — V,V.n) = [nt]?K, or v - V,V,n =
v -V Vyn — [n*|? K. We have, since v is a geodesic:

L
E(v.) = / |v7;77€|2 +'V; V. Ve ds.
0

d
%(7/ : vnn) = ’Y/ : V'y’vnn

so that integrating by parts gives:

¢
BB = [ [Vynf = K(*F ds+ (- V)l
Since the variation is by fixed endpoints, we have n(0) = n(¢) = 0, and so the boundary term vanishes. [

One may make a further integration by parts of the first term using that £ (V.,m-n) = V., Vo n+|V.n|?
to write the second variation as:

14
SE(n) = */0 (Vo Vo + K(s)n™) - ds + Vo - nlg

and again, with the fixed endpoints, the boundary term vanishes. In this form, the ode V.., V., n+K (s)nt =0
for n is called the Jacobi-equation, vector fields along the geodesic v satisfying it being called Jacobi fields.
One may further show that Jacobi fields are exactly the vector fields along v obtained by taking d%| e=07e of
a variation through geodesics, ie when each . is a geodesicﬂ The points p and ¢ along a given geodesic
are said to be conjugate points if there exists a (not identically zero) Jacobi field along v which is zero at p
and g. Geometrically, one interprets such points as joined by a family of geodesics (collecting to ‘first order’)
—similarly to antipodal points on a sphere.

Conjugate points: Let v(s) be a unit speed geodesic with v(0) and y(¢) conjugate points. Then ~ does
not realize distance from v(0) to v(¢ + €) for any € > 0.

proof: The principal observation is that any vector field along v which is an extremal of the second variation
is smooth. One sees this via the usual integration by parts trick. Suppose 7, is a vector field along - that is an
extremal of 7 — (EE (n). If n. is say piecewise smooth than boundary terms (1 — 7~ ) - dn will appear which
must be zero for an extremal. In particular, if v(0) and (¢) are conjugate, we consider the piecewise smooth
vector field n(s) = v(s),s € [0,4],n(s) = 0,s € [¢,¢ + ¢] with v(s) the Jacobi-field vanishing at v(0),v(¢).
Then we have 53E(77) = 0, but 7 is not smooth, in particular cannot be a minimizer of 5,3E (any minimizer
is an extremal so is smooth). Hence there must exist 7 along  vanishing at v(0), y(¢+¢) with 62 E(77) < 0. O

In other words, geodesics fail to realize distance —minimize— after their first conjugate point. The equation
for Jacobi fields along a given geodesic is often written not in vector form, but rather in tangential and
perpendicular components. Namely, write the vector field n along the unit speed geodesic v as:

n(s) =7(s)7'(s) +y(s)N(s)

where N(s) is a unit tangent vector perpendicular to 7/(s). Then 4" and N are parallel along v, so that the
Jacobi equation reads:
=0, y' =-K(s)y.

The second —normal component-— is called a Hill equation, and the problem of determining conjugate points
is an example of a Sturm-Liouville problem.

1The Bonnet-Meyers theorem follows from this formula by considering 7(s) = sin(Fs)N with N and 7' an orthonormal
basis at each point. Then, when K > K, > 0, 62E(n) < ((%)? — K,) [if sin® =2 ds < 0 for £ > o
2To show such variations satisfy the Jacobi equation, one computes Vo Vyne = Vo VeVt = —Knt + V. V,Y;’yé and

uses that the curves are geodesics: V. yL=0.
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Now, we consider some variational problems of surfaces as a way to see some more geometric meaning of
the mean curvature. Namely we will consider the area functional, sending a surface to its total area,

Y Area(X) = / dA.
by

One may ask given a certain class of surfaces, what are those which are extremals —critical points— of this
functional, or minimize the total area in the given class.

Figure 49. A graph T'y over a planar region D is a critical point of the area functional among surfaces with the same fixed boundary
iff its mean curvature is zero. In fact one can show that such graphs minimize the area among surfaces with the given fixed boundary
o'y = {z = flap}. Since every surface is locally a graph, one has that a minimal surface — one with mean curvature zero— locally
minimizes area, ie for any point on a minimal surface there is a neighborhood U of that point s.t. any surface U’ with boundary
dU’ = 9U has: Area(U’) > Area(U).

Consider first a surface which is a graph, 'y := {z = f(z,y)} for (z,y) € D C R? a simply connected
compact region (eg a closed disk). We will consider the class of surfaces given by graphs over D and with
fixed boundary conditions. Over this class of surfaces, let us determine conditions for f to be a critical point
of the area functional.

A 1l-parameter family of such graphs is given by f. : D — R with f, = f and f:|op = f|sp. Then:

Vf-V
Area(Ty,) ff V14|V f|? dedy = 0 \E oArea(T'y,) jf \/1f—|—|—V7]7”|2

where n : D = R, (z,y) — d%|5=0f5(x,y). Note that nlop = 0 by the fixed boundary condition. Setting

X = \/ﬁ, we have: div(nX) = X - Vi + ndiv(X) so that

d
£|€:0Area(Ff€) = ij -Vn dzdy = fj —n div(X) + div(nX) dxdy.
D D

Applying divergence theorem to the last term gives HD div(nX) dedy = faD 1 X-f ds = 0 since n]|gp = 0. We
have derived before a formula for the mean curvature, H, of a graph and one can check that: 2H = div(X).
Hence, in summary, for the variation of areaﬂ

|E oArea(T'y,) f 2nH dxdy

where H is the mean curvature of f (oriented with ‘upward’ normal ~ (—fz, —fy, 1)).

'In slightly more generality, let 1 : ¥ — R be a function on an (oriented with unit normal v) surface vamshmg outside the
compact set D C X. For any extension of the vector field nv with flow ¢ one has: - |6 oArea(pe (X fz L (fyWyol) =
fz n div(V) tpwyer = — fE 2nH dA, where i,wy o =: dA is the area form on X, and div(v) = tr(dv) = 72H
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The mean curvature may thus be interpreted as a density for ‘rate of area change’ of a surface when it
is varied. In particular surfaces with zero mean curvature are called minimal surfaces. As every surface is
locally a graph, sharpening our above computation yields:

Local minimizers: Let ¥ be a minimal surface (so H = 0). Then ¥ locally minimizes area.

proof: Every surface is locally a graph, so consider U = I'; for some open subset U C X and f : D C R? = R,

with D simply connected and compact. Let U’ be some other surface with the same boundary: U’ = 9U.
(_fma_fyal)

VIHIV 2

that div(v) = —tr(S) = —2H = 0. Now, the regions U and U’ are the boundary of some region €2, so that

by divergence theorem:
oz/dw(y) dV:/ dA—/ v-dS.
Q U ’

In words, because the divergence of v is zero, the flux of v across U is the same as that across U’. Moreover
the flux of v across U is the area of U, so that, with ¢/ unit normal to U’ and dA’ area element of U’:

Consider the unit normal v = to U as a z-independent vector field defined over all of R3. Note

Area(U) = / v-dS < / lv-V'| dA" < / dA" = Area(U")
! U/ !’
as v,V are unit vectors. O

Surfaces of constant mean curvature may also be characterized variationally and are physically interesting as
models of equilibrium configurations of ‘membranes’ or ‘soap films’ subject to a constant pressure difference.

x+§x

Figure 50. Closed surfaces with constant mean curvature may be described variationally as the extrema of total area among surfaces
bounding regions of fixed total volume. Viewing the surface as an elastic membrane or soap film in equilibrium, the pressure at a given

point is proportional to the mean curvature (see for example ch. 4 of J. Oprea’s Differential geometry and its applications).

Variationally, one considers the following problem: over compact surfaces bounding a region of fixed
volume[T| one seeks the extremals of the area functional, or the minimizers of the area functional,

Y= Area(X), for X s.t. X=08Q, vol(Q2) = cst.

The extremals are characterized by the conditimﬂ that

O:/HndA7 Vn: X — Rs.t. /ndAzO
b b

LSuch surfaces are often called closed surfaces, meaning compact and with empty boundary.

2Let X be a vector field on R3 with X|g = nv for some 1 : ¥ — R and v unit normal to ¥. For o, the flow of X, we
have d%\azoArea(gog(E)) = — [ 2nH dA, while the condition that ¢¢ () contain a fixed volume imposes 0 = [, div(X) dV =
fz n dA, by divergence theorem and ¥ = 9.
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which is equivalent to the mean curvature, H = H, = cst., being constant. To see this, take ¢ := {fri(d;)‘ as

the average value of H over 3. Then:

O:/EH—ché/E(H—CF dA:/EH(H—c)dA:O

since by assumption [, Hn dA = 0 for any [,n dA = 0, in particular with n = H — ¢. Now since
Js(H —¢)* dA =0, we must have H — ¢ =0, ie H = ¢ is constant.

We mention as well another well studied functional on surfaces, the Willmore functional:
PO / H? dA =: W(X)
b

which may be thought of as an analogue of the elastic energy functional v — f k2 ds on plane curves.
There are a number of interesting global results on these surfaces. For example:

Bernstein’s theorem: If a global graph z = f(z,9), (z,y) € R? is a minimal surface, then it is a plane
(f(z,y) = ax + by + ¢).

Alexandrov’s theorem: If a compact embedded surface (without boundary) has constant mean curvature
then it is a sphere.

Wente’s torus: There exist immersed tori in E3 with constant mean curvature.

Catalan’s theorem: If a minimal surface is ruled —every point contains a line— then it is part of a plane or
helicoid?l

Willmore estimatesﬂ For ¥ a compact immersed surface (without boundary), one has ¥ (X) > 4r with
equality iff  is a sphere. If ¥ is an immersed torus, then (X)) > 272

We mention as well that by our computations on surfaces of revolution (ex. # 1 pg. 47) and description of
Delaunay roulettes we have that the only surfaces of revolution with constant mean curvature are obtained
by revolving Delaunay roulettes (called the catenoid, unduloid, or nodoid by revolving the trace of a focus
of a parabola, ellipse, or hyperbola resp.) as well as the limiting cases of cylinders, planes or spheres.

Finally the Plateau problem considers the existence of area minimizing surfaces spanning a given boundary
curve and has led to important and interesting developements in analysis.

11n this course we have considered what are called embedded surfaces. Immersed surfaces admit local parametrizations but,
for example, globally may admit self intersections.

2A helicoid surface may be parametrized by (ucos av, usin av,v), (u,v) € R?, with a constant.

3The estimate on tori (proposed in 1965 as the Willmore conjecture) was proved recently: F. Marques, A. Neves. Min-maz
theory and the Willmore conjecture. Annals of mathematics (2014): 683-782.
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8§11 examples
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8§12 remarks
Here we expand on some concepts used above.

Differentials: The differential or Jacobian of a diﬁerentiableﬂ function f : R™ — R™ at a point z, € R" is
the linear transformation:

d
dzof :R" — Rm, V= %‘t:of(c(t))

where ¢(t) is a curve in R™ with ¢(0) = z,, ¢(0) = v.

s "2 Nww) e
B o Q —((‘07 folxb( (3) :/{_{\ ‘CCOH—))
%o _ _/ ’

Figure 51. The differential, dz, f, of a function f : R™ — R™ at a point xz, may be defined by acting on velocity vectors of curves
through z,.

In the standard bases, e; = (1,0,...,0),....,e, = (0,...,0,1) and E; = (1,0,...,0),..., E, = (0,...,0,1) of
R™ and R™ respectively, the Jacobian of f(z1,...,2,) = (f1(x), ..., fm(x)) at z, € R™ is represented by the

m X n matrix:
azlfl aZEQfl aﬂ?nfl
Oz, fo Onyfo oo On,fm

since d,, f(e;) = %|t=0f($ +tej) = 6xjf|;co = (ax]‘f17 ---»a:cjfm)|:co = Zk 3xjfk‘onk'

For parametrized surfaces, we consider differentiable maps o : R? — R3 parametrizing patches of the
surface. Writing o(u,v) = (o1(u,v), o2(u, v), o3(u,v)) we have the matrix representation:

8u0'1 6110'1
8u0'2 avO'Q
8u03 8v03 (u,v)
for dy, o : R? — R3. Or, in vector notation, that ¥ = (vy,ve) € R? is sent to v;0,0 + v20,0. For shorter
notation — provided there is no risk of confusion about the base point where the differential is taken— one
often uses the notation o, = d(y,)0-

A fundamental property of differentials is their behaviour under composition, expressed via the chain rule,
for g : R = R™, f : R™ — R" we have:

dro(fog) = dg(xo)f drog'

We also make use at times aboveEI —mostly without mention— of the inverse function theorem and some of
its variants. These theorems relate properties of the linear map d,_f : R” — R to local properties of the
differentiable function f : R™ — R™ near z,.

The inverse function theorem states that for a differentiable f : R* — R"”, if d, f : R® — R" is an
invertible linear map, then there exist open sets U, V' C R™ containing x, and f(x,) respectively such that
flU : U — V is invertible, and moreover the inverse f~!:V — U is differentiable.

flzottv)—f(wo)—dao f(v) _
[v] -
2For example to justify that Fermi coordinates or normal coordinates really give rise to local parametrizations of a surface.

1The definition of differentiable guarantees the existence of this linear function: lim|y| 50
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Figure 52. Locally, differentiable functions share certain properties with their differentials.

It follows from the inverse function several useful variants. For example, for a differentiable f : R® — R™*¥,
if d,, f : R” — R"*¥ is an injective linear map, then there exists a neighborhood U C R™ of x, such that f|U
is injective. Moreover there is on open set of V C R"** containing f(x,) and coordinates— ¢ : V — R™ x R¥
bijective and differentiable— such that p o f(x) = (x,0). In particular it follows that for a differentiable map
R? — R3, (u,v) — o(u,v) with 9,0, 0,0 independent, one always has that o is locally 1-1 and im (o) may
be locally realized as a graph over its tangent plane at each point.

We also mention that for a differentiable f : R"** — R™ with d,_ f an onto linear map then there ex-
ists neighborhoods U > z, and V > f(z,) and coordinates ¢ : U — R™ x R¥ ¢ : V — R* such that

bofopTl(zy) =y.
Bilinear forms: Let V be an n-dimensional (real) vector space. A bilinear form on V' is a map:
B:VxV =R

such that for any fixed v € V, the maps V — V by w — B(w,v) or w — (v, w) are linear. A bilinear form
is symmetric if f(v,w) = B(w,v) for all w,v € V.

A bilinear form may be represented in a basis as an n X n matrix. Let vq, ...,v, be a basis for V. Then for
T =x1V1 + oo + TpUn,y = Y101 + ... + Ynv, we have:

n
Blx,y) = > Bywiyj, Bij = Blvi,vj)
i,j=1

or in matrix form:
i1 - Bin Y1
Blay) = (er o ) [ 1 :
Br1 o Bun Yn

Bilinear forms are also often expressed using the notation of tensors. Note that the space of bilinear forms
on V is itself a vector space (of dimension n?), since for bilinear forms 1,32 on V and A € R, the map
(v,w) = B1(v,w) + AB2(v,w) is again a bilinear form. Given a basis vy, ..., v, for V, a basis for the space of

bilinear forms is given by the bilinear forms (z,y) — z;y; where © = z1v1 + ... + TV, Y = Y101 + ... + Yn Un.
We write these basis elements for the space of bilinear forms on V' as:

VvV xV R, (@, y) = zy;.
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Then the matrix expression for 8 in the basis vy, .., v, may be written as:

B = Zﬂijvi@)vj-

ij=1
The space of bilinear forms on V' may also be called the ‘tensor product of the dual space of V'’ and written
V* ® V*. Recall that the dual space to V is the n-dimensional vector space consisting of linear maps:

v*:V = R.

Two such linear maps v*, u* may be added and multiplied by scalars ‘pointwise’: v* 4+ Au* is the linear map
V = R, v+ v*(v) + Au*(v). Given a basis vy, ..., v, of V there is an associated dual basis, v*,...,v™ of V*
defined by:

v (2101 + .o+ Tpvp) = xj.
Our basis for bilinear forms, v’ ® v/, induced by the basis v1,...,v, of V is then just given by ‘pointwise
multiplication’ of the induced dual basis of V*:
vt @0 (2,y) = v ()0 (y) = ziy;.

On the plane R? with standard basis (1,0), (0, 1), the associated dual basis is often written as dx, dy,
meaning eg dz : R? — R, (z,y) — x. A general bilinear form on R? may then be written in tensor notation
as:

B = Br1dr @ dx + B1adx @ dy + Ba1dy @ dx + Boody @ dy.

When § is symmetric, we have 812 = f21, and one writes dxdy := w = dydz,dz? = dx@dx, dy* =
dy ® dy so that:
B =B da® + 2B12 dudy + oz dy*.

Similarly, an anti-symmetric or skew symmetric bilinear form on R?, B(v,w) = —f(w,v), may be written
in tensor notation as:

B =12 dx ANdy

where dz A dy := dx @ dy — dy @ dx (and dx A dz = dy A dy = 0).
Finally a bilinear form, (3, induces linear maps 51,82 : V — V*:

B1(v):V =R, wr Bv,w) Ba(v): V=R, w— B(w,v).

When g is symmetric then 81 = (5.
An inner product on V is a symmetric bilinear form:

VxV =R, (v,w)— (v,w)
such that (v,v) > 0 whenever v # 0. An inner product induces an isomorphism (the ‘musical isomorphism’):
v Vo (w) == (v,w)

since V' and V* are both of dimension n and ker(b) = {0}. The inverse is written V* 5.

Given an inner product on V, bilinear forms 5 on V may be identified with linear maps By, By : V — V,
as Bj := f o f; determined by: (v,w) = (Byv,w) = (v, Bow) for all v,w € V. When f is symmetric, then
one just has an associated B =B; = By : V — V by

B(v,w) = (Bv,w).
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Integrals: A multiple integral, eg HD f(x,y) dzdy of a function f : R? — R over a planar region D C R?
geometrically represents the volume under the graph of f over D or a ‘mass’ of the region D with density f.
One meets in multi-variable calculus a variety of similar integrals, eg ‘line integrals’, ‘surface or flux integrals’
etc.. Here we recall these integrals and describe the notation of differential formsﬂ

TS
\ ) ) volumuy UNMT g”’f"
R s YN
B +
A=

Figure 53. A multiple integral of f over a region D may be thought of as representing the mass of D with density f, or geometrically as
a volume under the graph of f over D. Rigorously, this Riemann integral or Darbouz integral is defined first over rectangular domains,
R = [0, 21] X [Yo, y1]. Let [[ f dady := sup{3° m;r (41 —&;) (Nr+1—mnk)} taken over all partitions £, = 2, < &1 < ... < @1 =E&n, No =
Yo <M < oo <y1 = nn with myp = infa yyele; 6,41 )x g mppq] £ (@ y), and Jpf dedy == inf{3" Mz (€41 — &) (g1 — nx)} with
My = SUP (4, ) € (65,6 411X o Tep1] f(z,y). The function is said to be Riemann integrable over R when ﬂif dxdy = mf dxdy =:
HR f dxdy. Every continuous function is Riemann integrable, and certain integrals may be evaluated by Fubini’s theorem via finding
anti-derivatives. Integrals over general domains may be defined via approximations by integrals over rectangular domains (the analytic
aparatus behind the Riemann integral over general domains is that of Jordan content of planar regions). One obtains a more powerful

and general integration theory by basing integration on the analytical apparatus of Lebesgue measure.

First, line integrals or ‘work integrals’, are certain integrals taken over curves. Namely, let v : R? — R3,p —
(v1(p), v2(p), v3(p)) be a vector field on R? and v C R3 an (oriented) curve. Then:

t1
/’U1 dx + vo dy + v3 dy:/v~d§'::/ v(y(t)) - A(t) dt
v v t

o

where t — ~(t), t € [t,,t1] is a parametrization of 4. The value of the integral does not depend on the
parametrizatiorEI, provided the parametrization agrees with the orientation of the curve.

Next, surface integrals or ‘flux integrals’, are certain integrals taken over (oriented) surfaces. Namely, let
v:R® = R3 pr (v1(p),v2(p),v3(p)) be a vector field on R? and ¥ C R? an (oriented) surface. Then:

/v1 dy Ndz +ve dz Ndx + vg dm/\dy:/vodS_"::fjv(a(u,v)y(auxav) dudv
b by f

where D 3 (u,v) — o(u,v) is a parametrization of ¥ agreeing with the orientation.
The expressions we have written above in the ‘integrands’ are examples of differential forms, eg a ‘1-form’
on R? is the expression:
w:=wv, dr + vy dy +v3 dz

with v; : R3 — R. The notation may be related to our discussion of bilinear forms above. Recall that for
the standard basis, (1,0,0), (0,1,0),(0,0,1) of R3, it is customary to denote the resulting dual basis of R®*

1See for example ch. 4 §18 and ch. 7 of Arnold’s book Mathematical methods of classical mechanics, or Bachman’s A
geometric approach to differential forms. Also, see these notes.
2This follows from the change of variables formula. In dimension 1 (line integrals): for s — t(s) the change of variable,

fttol(ﬁjj)) f@) dt = f;ol f(t(s)) t'(s) ds, while in general dimensions: for y — ¢(y) = z the change of variable, pr(D) f(z) de =

Jp f(e(y) det(dyp) dy.
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as dx,dy,dz, eg dz : R® — R, (x,y,2) — x. Then, the 1-form w may be interpreted for each fived p € R? as
an element of R3*:

wp = v1(p) dz + va(p) dy + vs(p) dy

Hence, line integrals are given in this notation by:

/7 o= [ oy (4(1)) .

Similarly, the ‘2-form’, w = vy dy A dz + vo dz A dz + v3 dx A dy may be interpreted for each fized p € R?
as the skew-symmetric bilinear form:

- -

wp R3x R =R, (@,b) — v(p)-(a@xb)

-

written in the basis dyAdz, dz Adx, dz Ady for skew-symmetric bilinear forms, eg dzAdy(d,b) = a1by —agby =

k- (@ x b). Surface integrals in this notation are then given by:

/ w = fj W (u,0) (Ous 0v) dudv.
= D

Similarly, a ‘3-form’, w = p dz A dy A dz with p : R3 — R may be interpreted for each fized p € R? as the
skew-symmetric map:

-,

wy :R® X R® xR® = R, (@,b,&) — p(p) & (@ x b) = p(p) det(a, b, &).

Triple integrals or ‘oriented mass integrals’ in this notation are then given by:

/Qw = jff W (u,0,w) (Pus Pos Puw) dudvdw
>

where ¢ : ® C R? —  C R? parametrizes the 3-dimensional region  C R3.
In the integral calculus, there are number of integral formulas generalizing the fundamental theorem of
calculus (eg Stoke’s theorem, divergence theorem, etc.). In the classical notation these may be written:

/ Vf-di= f(4(t) — F(v(t,))

/3211.(15’:/E(va).dgz/z(va).ndA

/ v~d§:/V-vdV
o0 Q

where dA = |0y, X 0| dudv is called the area element of the surface (sometimes denoted dS) and n = ;:igzl
the unit normal to the surface and dV = dxdydz is called the volume element of R3. The operators
Vf=grad(f), Vxv=curl(v), and V - v = div(v) are called the gradient of the function f, and the curl
and divergence of the vector field v.

In the notation of differential forms, these formulas all may be considered as special cases of the generalized

Stoke’s theorem:
/ w= / dw
1% v

where the exterior derivative, w — dw, takes a k-form to a (k 4 1)-form. It may be defined by:

.~ Jopw
dw(vyy .oy Vpy1) 1= g1_1>r(1) €ki1
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where P; is the parallelogram with sides vy, ..., v 1. In coordinates, one has for 1-forms:
d(vy dx +vs dy +v3 dz) = dvy Adx + dvs A dy + dvs A dz
where dv; = 0,v; dx + Oyv; dy + 0,v; dz. And for 2-forms:
d(vidy A dz 4+ vedz A dx 4+ vsdx A dy) = dvi Ady Adz + dve Adz A dz + dvs A dx A dy.
Under the correspondence of vector fields and differential forms:

wl(@) :=v-a@ w(a@b):=v-(@xb)

we have wlvf =df, dw})=wi,,, dw?=(V-v)drAdyAdzand may write the integral formulas above

as:
1
/wVf = floy
.

1 _ 2
/ Wy = / Wy xv
)3 b))

/ wg:/(V%}) dx ANdy A dz.
X9) Q

Tensors, sum convention: We will restate some of our fundamental formulas for surfaces in the more
efficient language of tensors and give coordinate expressions using the sum conventionﬂ

We have already met several types of ‘tensor fields’ along a surface ¥ C E3. First, a vector field, X, along
>} is a collection of tangent vectors X,, € T,% for each p € 3. Similarly a 1-form, «, is a collection of dual
vectors a1 TpX — R, «a; € TyX for each p € X. For example a function f: ¥ — R leads to a 1-form df
by dpf : T,5 = R, v &|,_of(c(t)) with ¢(0) = p,¢(0) = v.

The fundamental forms of X are also examples of tensor fields: for each p € ¥ we have bilinear (symmetric)
maps T, x T,2 — R. As well the shape operator is for each p € ¥ a linear transformation T,X — T,X.

In general, a tensor field on ¥ of type (7, s) is a collection of multilinear mapsﬂ

r—times s—times

TyXx .. x TN XTYN X . x TN — R

for each p € X. For example, the fundamental forms are (symmetric) tensors of type (0,2). A 1-form
is a tensor field of type (0,1) and a vector field may be viewed as a tensor field of type (1,0): we take
Xp : TyY = R, ap+— ap(Xy). The shape operator, S, : 1,3 — T),3, may be viewed as a type (1,1) tensor,
by TiE X Tp% = R, (ap, X,) — a,(SX,).

We denote the set of (r, s) tensor fields over 3 by T7. The vector fields are commonly denoted by X(X) := Tj,
and the k-forms —anti-symmetric (0, %) tensors—are commonly denotedﬁ Q(X) € L. It is also natural to
regard type (0,0) tensor fields as functions on X, written by F(X) = C®(X) := T.

Now, let us outline some fundamental types of ‘derivatives’ and operations that may be applied to tensors.
We have seen in the previous section the exterior derivative which acts on differential forms:

d: Qk(E) — Qk+1(2).

Vector fields and 1-forms are at each point dual to eachother, and so have a natural pairing to produce
functions, denoted (ixa)(p) := o, (X,). This pairing may be generalized to give the interior product, acting
on differential forms:

ix 1 Q(8) = Q1 (D), (ixw)(Xis oy Xp—1) = w(X, X, ooy Xpm1).

1A nice concise reference for this apparatus is ch. 2 of O’Neill’s Semi-Riemannian geometry.
2In the same way we treated bilinear forms above, such multilinear maps of type (r,s) form a vector space denoted
r—times s—times

T2®.0TX@T,L®...Q Ty X. In a basis v; for T, X with dual basis v/ of T X, the elements vj, ® ... Qv;, vl @ ... Qv's
form a basis for these multilinear maps.

3For surfaces, one has Q(Z) = {0} when k > 2. For k = 1, there is no sense in anti-symmetric, and Q1 (X) = 9, while for
k = 0 one takes Qo(2) = F(X2).
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The interior derivative generalizes as the contraction operation:
C! T T, (CIn)(ah, . a™ X, X)) = tr(T| e x,,)

. 1 j'thslot 1 i’thslot )
where 7|41 x, is the (1,1) tensor (o, X) = 7(a',....," a ,..,a" ", X1,..., X ,..,X_1) (as we saw with

the shape operator, (1,1) tensors may be viewed as linear maps T,X — T, X, so their trace has sense). There
is also the fundamental tensor product operation:

T XTI - ‘I;I;:, (r, 7)) 17
given by 7@7(al, ..., o X1, .o, Xopo) i=7(al, oy a”, Xq, o X) T (@t ot X4, ., Xow). Then
for instance, ixa = C1 (X ® ).

The Lie derivative leads to a way to differentiate tensors along vector fields. First note that a vector field
X on X has an associated flow, ¢; : ¥ — X, by taking t — ¢;(p) to be an integral curve of X with initial
condition p at ¢ = 0. The Lie derivative of a function f along X is a function measuring the ‘change of f
along the flow of X’:

L) = oo (0p)) = dpf(X,).

Likewise, the Lie derivative of another vector field Y along X is a vector field measuring the ‘change of Y
along the flow of X’:

d
(ZxY)p = £|t:0@—t,*y<pt(p)'
It is customary to denote the Lie derivatives of vector fields with brackets:

[X,Y] = ZxY.

In general, the Lie derivative along a given vector field X operates on tensors by measuring ‘change along
the flow of X
Lx T — T,

by (Zx1)p(al, .., a”, X1, ..., X)) = %h:o@,t(p)(al O Pty ey O O Vp sy Pt x X1y ey cp,t,*XS)

The final type of derivative operation on tensors we will consider is the covariant derivative. Given some
well-defined parallel transport on the surface, we may define a derivation of tensors analogous to Lie derivative
measuring change of tensors under parallel transport. Namely, let X be a vector field on the surface with
flow ¢4, and 7, : 1,3 — T, ;)X the parallel transport along the curve ¢;(p). Then we have:

Vx: 3 -

(Vx1)plal,..,a", X1, ..., Xs) := %|t:07'%(p) (atomy,...,a” omy, m X1, ..., 77th) The parallel transports and
associated covariant derivatives of interest allow one to differentiate vector fields along curves. Namely, for a
given v € T,,% and vector field X, we have a well-defined vector V, X, € T,,% determined by 4 |,_om, 1Xc(t)
where ¢(t) is any curve with ¢(0) = p, ¢(0) = v. This is summarized in the general definition of an (affine)

connection as a map:
X(X)x XX = X(2), (X,Y)—VxY

satisfying:

(1) fo+yZ = fVXZ + VYZ7
(i) Vx(fY + Z2) =df(X) Y + fVxY + Vx Z

1One may show that: (Zx7)(al,...,a”, X1,..., Xs) = Lx(t(al,...,a", X1,..., X)) =S 7(at, ..., Lxad, ...,a”, X1, ..., Xs) —
Sr(at,..,a", X1, ., Lx Xk, ..., Xs). In particular, for a 1-form one has: (Lxa)(Y) = Zx (iya) — a(LxY).

20ne may show that: (Vx7)(al,...,a”, X1,...., Xs) = Vx(1(al,..,a”, X1, ..., Xs)) =S 7(at, ..., Vxad, ...,a", X1,..., Xs) —
Sr(al, .., a", X1, ..., Vx Xp, .., Xs). Where for a 1-form «, one has: (Vxa)(Y) = Vx(iya) —a(VxY) and for functions one

has Vx f = Zx f = df(X).
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for any X,Y,Z € X(¥) and f € F(X). Given such an affine connection, the associated parallel transport
along curves is defined by requiring V. X = 0.

Now given a parallel transport with associated affine connection we have for each X € X(X) the derivatives
Vx. In fact —unlike for Lie derivatives— we may obtain here by property (i), a further derivation of tensors:

VT, =%,

by Vr(al,...,a", X1,..., Xs11) i= (Vx,7)(al, ;0" Xo, o, Xoi1).

For surfaces, the Levi-Cevita connection is determined by the first fundamental form, I, of the surface
(through for example a rolling without slipping or twisting). In addition to the general properties (i), (ii)
above, it satisfies:

metric compatibility: VI = 0,
torsion free: VxY —Vy X = [X,Y].

In fact, the properties (i), (ii) along with the additional conditions of metric compatibility and torsion free
determine the Levi-Cevita connection V, uniquely. The terminology of ‘torsion’ is that it is equivalent to the
no twisting condition of the rolling, while the metric compatibility is equivalent to the no slipping condition.
Torsion free’ness of a connection may also be seen to be equivalent to requiring that the induced Hessians
of functions (see below) are symmetric bilinear forms.

Finally, the first fundamental form on a surface induces musical isomorphisms as we saw in the section on
bilinear forms. Namely, we have:

b X(D) = Qu(B), X(V):=1I(X,Y)

with inverse f : () — X(X). The musical isomorphisms may be extended to general tensor fields —the
‘raising’ or ‘lowering’ of indeces

IR T AR A

by eg ’(al,...,a" 1, X1, ..., Xop1) i= (e, .., 0" X2 Xy, . Xy 1) and likewise 78 (o, ..., ot X, L, X ) o=
T(at, ..o, (™ X, X ).

These operators are the fundamental ‘players’ in developing a coordinate free way to write —and derive—
equations describing the geometric structure on the surface. To work with these somewhat abstract defini-
tions, one develops relations between them and coordinate expressions for their computation (for example
in a course on manifolds or Riemannian geometry).

To finish and illustrate this notation, we will rewrite our main formulas derived above along with some
new ones. We will write the corresponding coordinate expressions with the sum conventiorﬂ

LAs with the contraction operation, there are in general a number of choices for the musical isomorphims depending on
which ‘slot’ is raised or lowered.

2This convention is that an index appearing as a superscript and a subscript is to be summed over (for surfaces from 1
to 2). It is most effective when one takes the coordinates as (u',u?) + o(ul,u?). There is always danger of confusion with
superscripts and exponents, however from context it is usually clear (for this reason some authors prefer to write (*u, 2u) for
the coordinates, although this is not standard). One also writes for short 9; = 9,0, so that a vector field in coordinates is
written as X = X79;. Another convention commonly used is to denote partial derivatives of functions by commas, eg 9, f = f ;,
as well a matrix with components g;; has the components of its inverse denoted by g,
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FUNDAMENTAL FORMS, SHAPE OPERATOR:

I gijduiduj, II +— hijduiduj, gij ‘= 1(81-, 6]‘), th = II(@I,BJ)
I(Su,v) = I1(u,v) +— ngkj = hij, Sf = ¢"*hip
CURVATURES:
det(S — /ijid) =0 <+— (h11 — /ijgu)(hgz — nggg) = (hlg — I{jglg)2

hithay — hi, I— g11h2e — 2g12h12 + ga2hia
911922 — 9%2 ’ 2(g11922 — 9%2)
LEVI-CEVITA CONNECTION, PARALLEL TRANSPORT:

1
K :=det(S), H:= 51&1‘(5’) «— K=

1
VI=0, VxY -VyX =[X,Y] «— V0, =T};0, I} = 59“ (gjei + geij — Gije)

ViX =0 +— X"+ X'WIT =0
GEODESICS:
Vidy =0 +— " +a'a'Tf =0
CODAZZI EQUATIONS ]
VS(X,Y)=VS(Y,X) «— hjni—Diphje = hirj — Tfhae

(GAUSS EQUATIONS:

Rm(X,Y)Z :=VxVyZ - VyVxZ—Vixy)Z €T3 | +— Rm(9;,0;)0r = R.;,.0,
Rfjk = Fﬁk,i - Fflm‘ + F?ferfm - Fﬁrﬁm

I(Rm(X,Y)Z,W) =1I(Y,Z)II(X,W) = II(X, Z)II(Y,W) <— Rl gme = hjrhie — hihje

DIFFERENTIAL OPERATORS:E

grad(f) =V f:=(df)* = Vf=(g"0;f)ox
Hess(f) = V(df) € T) [l«— Hess(f)(0:,0;) = 0:0,f — T;04 f
Hess(f)* = V(grad(f)) € T} «— 0; — ¢*(0:0;f — T';00f) 0%
VX €%l «— 80 (0, X7 4+ X*1Y)9;
div(X) =tr(VX) =CHVX) +— 0;X'+ X",
Af =tr(Hess(f)f) = div(V[) = ¢7(0:0;f = T};0uf)

1This coordinate expression for S contains the Weingarten equations: ojn = —S5(0;) = 75';?6;@ = fgkzhgj Ok. Note as well

that we may rewrite the definition of S by S” = IT or S = II*.
2These may also be written Vx (SY) — Vy (SX) = S([X,Y]), or as VII(X,Y, Z) = VII(Y, X, Z).

3This is the Riemann curvature tensor. It may be motivated geometrically by considering holonomy of parallel transport

of Z around a parallelogram loop with sides spanned by X,eY and taking a limit as € — 0.

4These differential operators have similar geometric interpretations on X as they do in multivariable calculus. For example,
with ¢+ the flow of X: %\tzo f%(D) Warea = fD div(X) warea. Which follows from the identity d(ixwarea) = div(X)warea,
for warea the 2-form on X defined by taking the value 1 on I orthonormal pairs (in coordinates warea = \/det(g)du1 A du2).

. . 1. . 2
5Geometrically, this bilinear form may be defined using the parallel transport by Hess(f)p(u,v) = ﬁh:szof('yt(s)),
where (t) is a curve through p with initial velocity u and s — 7¢(s) is a curve through ~(¢) with initial velocity the parallel

transport of v along v from p to v(t). It has the expression Hess(f)(X,Y) = x L f — Loy f.
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EXERCISES:

1. Let V be an n-dimensional (real) vector space with inner product (-,-), and 8 a symmetric bilinear
form on V with B : V — V defined by (Bv,w) = B(v,w), Yv,w € V.

(a) show that the critical Value of the function V\0 - R, v~ 'Bé)”;;) are the eigenvalues of B.

(b) show the eigenvalues of B are real.

(c) show the eigenvectors of B are orthogonal with respect to the inner product (-, ).

LA critical value of a function, f, is its value, f(v,), at a critical point v,. The critical points being those points, v,, in the
domain of the function at which d,, f = 0.
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