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Preface

Differential geometry began in 1827 with a paper of Gauss titled General Investigations of
Curved Surfaces. In the paper, Gauss recalled Euler’s definition of the curvature of such
a surface at a point p. Then he completely transformed the subject by asking a profound
question.

Here is Euler’s definition of curvature. Suppose p is a point on a surface S. We can translate
and rotate this surface without changing the curvature at p. Let us translate and rotate
until p lies at the origin in the zy-plane and its tangent plane is this zy-plane.

After this motion, we can imagine that the new surface is given by z = f(z,y). Expanding
in a Taylor series about the origin, we have

_ of  of 1L (f 5, 0%f *f o
z = f(0,0) + (8$x+ 8yy> +3 <8a:2x +28x8yxy+ 8y2y +...

where all partial derivatives are computed at the origin. But since the tangent plane at the
origin is the xy-plane, both partials % and % vanish and the Taylor expansion reduces

to
L (f 5 ) f *f 5
f(a:,y)—m<ax2:v +28$ayxy+ay2y>+...

vil
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It is convenient to call these three second partials A, B, and C' and thus write

1
f(z,y) = ol (Aa:2 —I—QBzy—l—Cgf) +...

We are still free to rotate the surface about the z-axis, since such rotation leaves the tangent
plane unchanged. A famous algebraic result asserts that we can eliminate the xy quadratic
term by rotating the function appropriately. Many people are familiar with this result in
a different context. The solution of the equation Ax? + 2Bxy + Cy?> = D is an ellipse in
general position. If we rotate this ellipse until it is parallel to the x and y axes, its equation
changes to the form ﬁ—; + ‘z—; =1.

Imagine that we have eliminated the zy term in our formula. The resulting numbers A
and C are then called x; and k2 in the literature, and the surface is given by the Taylor
expansion

K1

f(xay):7x2+@

2
5 SR AR

All of this was done by Euler. The numbers x; and ko describe the curvature of the
surface at p. Euler could compute these numbers directly from the formula z = F(z,y) of
the original surface without physically rotating and translating.

Notice that the numbers k1 and ko depend on p and thus become functions on the surface.
They are called the principal curvatures of the surface. The pictures below show the

surfaces p .

1 2
R1o2, K2 2
2 2

z =

for both x’s positive, for one positive and one negative, for one positive and one zero, and
for both zero.

Consider the special case of a torus, shown on the next page. Along the outside rim, we
will have k1 > 0 and k2 > 0 and the surface looks like a paraboloid, while along the inside
rim we have k1 > 0 and k2 < 0 and the surface looks like a saddle.



ix

We now come to Gauss’ profound question:

Can a two-dimensional person living on the surface determine k1 and Ko, if that person is
unable to see into the third dimension?

Let us provide our two-dimensional person with tools: an infinitesimal ruler and an in-
finitesimal protractor. Using the ruler, our worker can determine the lengths of curves on
the surface. Rigorously, this means that our worker can integrate to determine the length
of curves. Using the protractor, our worker can determine the angle between two curves.
Rigorously this means that our worker can compute the angle between the tangent vectors
to any two curves. Can k; and k2 be computed with this information?

" B o S 7
=V T 14

——

The surprising answer to Gauss’ question is no! To see this, consider the surfaces f(x,y) =
%1‘2 and g(z,y) = 0, shown on the next page. For the first we have k1 = 1 and kg = 0,
while for the second we have k1 = ko = 0. However, it is possible to bend the first surface
until it is flat without changing the lengths of curves in the surface or the angles of curves
at intersection points. So a two-dimensional worker could not tell the difference between
these surfaces.
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But Gauss did not give up. Before Gauss, mathematicians often wrote in an expansive
way. Numerical experiments were mixed with conjectures and half-proved theorems. Gauss
introduced a more austere style, which has been adopted by mathematicians ever since.
He calmly stated theorems and proofs, letting his results speak for themselves. But when
Gauss came to the main result in his paper on surfaces, he allowed himself to write “a
remarkable theorem.” And the theorem has been known as the theorema egregium ever

since:

Theorem Egregium A two-dimensional person can compute the product k1 - ka.

The number k = k1 - Ko is called the Gaussian curvature of the surface at p. Consider the
four surfaces below again. The Gaussian curvature is positive in the first case, negative in
the second case, and zero in the third and fourth cases. So a two-dimensional person can
distinguish between the first two surfaces, but not between the last two.

Gauss gave several proofs of the theorema egregium. The first is computational, but the
computation is very interesting. In ordinary Euclidean geometry, the distance ds between
two infinitesimally close points p = (p1,...,pn) and p + Ap = (p1 + dz1, ..., pp + dzy,) is
given by the Pythagorian theorem

ds? = da? + ... + dz?.
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Gauss introduced curved coordinates (z1,x2) on a surface. The Pythagorian theorem is no
longer true because the coordinates curve, but Gauss showed that for small dx; it can be
replaced by a formula

d52 = Zgijdﬂfidl‘j

The g;; are exactly the quantities which can be measured by our two-dimensional worker.
Thus our worker can determine geometrical quantities exactly when they can be expressed
in terms of the g;;. Gauss found formulas for several important quantities in terms of the g;;
and ultimately found a formula for « in terms of g;; and their first and second derivatives.
Thus a two-dimensional worker can compute k.

I’d like to give the flavor of these computations without giving details. Since a two-
dimensional worker can find the lengths of curves, the worker can determine the shortest
curves between two points. Such curves are called geodesics. If y(t) = (y1(t), ..., (t)) is
such a geodesic, Gauss proved that v solves a differential equation

d*y; ;A de
re, -2 —n
dt? +JZ,; Ik dt dt

where the I‘; i.» known as the Christoffel symbols, are given in terms of the g;;. Indeed,

i 1 1 (Ogqu.  Ogi;  Ogji
L Zl:g” <833j + oxy, oz

We will deduce these equations later in the course. These same equations occur in Einstein’s
general relativity theory, where now ~(t) is the curve traversed by a particle acted on by
gravitation, and g;; describes the gravitational field.

Gauss’ formula for x is a fairly simple expression involved Fék and their derivatives.

However, Gauss later found a more conceptional proof of the theorema egregium. Draw a
triangle on the surface whose sides are geodesics, as illustrated on the next page.
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<
=t

Let «, 8,7 be the three angles of this triangle. In Euclidean geometry we have a+ G+~ =
7. This result is no longer true for curved surfaces. For example, consider the triangle
illustrated above on the surface of a sphere. All three angles of this triangle equal 7.

The quantity a + 3 + v — m measures the discrepency between the angles of our curved
triangle and the expected sum. Gauss proved the following result, now known as the
theorem of Gauss-Bonnet:

Theorem of Gauss-Bonnet

a+ﬂ+77r:// K
triangle

Suppose we are two-dimensional people and wish to determine k. Lay out a triangle with
geodesic sides. The number k is a function, but assume the triangle is so small that x is
essentially constant on it. Then

a+fB+y—m
 area of triangle

Ezample: On the spherical triangle illustrated above, all three angles are 5 and the area

of the triangle is one eighth the area of a sphere, so %” = 7. Thus k = 33;; = 1. This is

correct because on a sphere of radius one we have k1 = ko = 1.

One of Gauss’ unusual jobs was to head a geodesic survey of Germany. During the survey,
he instructed workers to climb three mountains and measure the angles between them very
accurately. I’'m sorry to report that the sum was 7 to within experimental error.

In letters to his closest friends, Gauss admitted that he was interested in the three di-
mensional case of his theorem. Suppose we are three-dimensional people, living in a world
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which curves into the fourth dimension. Can we determine that the world is curved without
stepping into the fourth dimension? Gauss warned his friends not to reveal this thought,
for fear that he would be thought crazy.
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Chapter 1

Curves

1.1 Introduction

A parameterized curvein R? is a map 7(t) from an open interval I C R to R3. In coordinates
v(t) = (z(t),y(t), 2(t)). We sometimes talk of parameterized curves in R™ for arbitrary
n.

Definition 1 We say that (t) is a regular curve if the coordinate functions x(t),y(t), z(t)

are C* and if v'(t) = (fl—f, %, %) is mever zero.

Ezample 1: The straight line through p in the direction v can be written y(¢) = p+tv and
thus is a parameterized curve whenever v # 0. A picture of the line v(t) = (1+2t,1—t) =
(1,1) +¢(2,—1) is shown on the next page.

Ezample 2: The circle about the origin of radius r can be written v(¢) = (r cost, rsint).

Ezample 3: The helix at the top of the next page can be written v(t) = (r cost,rsint, at)
for constants r and a.
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-

Remark: Recall that a function f(t) is C* if it has derivatives of all orders. Most common
functions have this form. For instance, f(t) = 3 + 3t + 5 is C* and after a while all of

3
it would not be pleasant to write down formulas for higher derivatives. We require that
the coordinate functions be C'* because we intend to differentiate these functions many
times.

its derivatives are zero. The function f(t) = arctan /%%l is C* on its domain, although

Remark: Consider the curve v(t) = (t3,¢?), whose graph is shown below. This curve has
a kink at the origin even though its coordinate functions are C*°. However, 7'(0) = (0, 0).
We require that +/(t) be nonzero to eliminate this sort of example.

1.2 Arc Length

Definition 2 The length of v(t) on the interval a <t < b is defined to be

/abyw(t)u dt:/ab\/<dd”“’tl>2+...+ (%)2 dt
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Remark: 1In this definition, ||7/(¢)]| is the length of the derivative. It is easy to make the
definition plausible. Replacing the integral with a Riemann sum, we have that the length
is approximately

3 H”y(ti + AAti —(t:)

’ A=Y Ily(t + At (8]

which equals the length of a polyhedral approximation to the curve; in the limit we get the
length of the curve.

Remark: Sadly, it is usually difficult to compute curve lengths. The circle of radius R is
given by v(t) = (Rcost, Rsint) and so ||7/(t)|| = ||(—=Rsint, Rcost)|| = R. Thus we obtain
the satisfying result below for length:

27
R dt = 27R.

0
But the integral for the length of an ellipse is already beyond elementary calculation (yield-
ing an elliptic integral), and the length of the parabola y = x2 for 0 < 2 < b is just barely
computable:

b / 2
/ VIZ+ (22)2 do = % +1n (2b+ V1 +4b2>
0

1.3 Reparameterization

Undeterred by the practical impossible of computing arc length, we now insist that curves
be traversed at unit speed, so that the length of the curve for 0 <t < s is precisely s. We
do this because we are interested only in the geometry of our curves, and not in how they
are traversed in time.

Suppose (t) : I — R3 is a regular curve. Fix ¢y and define

s(t):/t I 0)|| dt

Thus s(t) is the length of the curve from t( to ¢ and is defined on the open interval I where
v is defined.

Theorem 1 The image s(I) is an open interval and s : I — s(I) is one-to-one and onto.
The map s is C* and its inverse map t = ¢(s) is also C*°.

Proof: By the fundamental theorem of calculus, % = ||/ (t)]|; since ~ is a regular curve,

7'(t) is not zero, so this derivative is positive. Hence s is a strictly increasing function and
thus one-to-one.
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Since s is continuous, the image s(I) is a connected subset of R and thus an interval
(possibly infinite). The interval is open, because if s; = s(¢1) is in the image, then we
can find a < ¢t; < b in the open interval I and so s(a) < s(t1) = s; < s(b) in the image
interval.

Finally we will prove that ¢(s) is differentiable. By definition, the derivative of ¢ at s;
is

L ls) — pls)
§—81 S — 81
Notice that we have abused the notation by letting the letter ‘s’ stand for the function s(t)
and also an arbitrary point in the image interval s(I). We will continue this abuse (!!) by
writing s = s(p(s)) and s; = s(¢(s1)) so the limit becomes
dy . 1

ds — sms1 se()=s(o(s1)
e(s)—p(s1)
However, ¢(s) is some number ¢ and ¢(s1) is a number ¢; and the denominator thus equals

lim,—, S50 = & = ||y/(11)]]. So

1 B 1
a YOIy T el

and in particular this derivative exists. (Here we have assumed the subtle point that s — s1
implies ¢ — t;1. We leave the verification to the reader.)

dy
ds

It follows rapidly that ¢(s) is C*°. Indeed ~(t) is C*° and we have just proved that ¢ is
differentiable, so m is differentiable. But this equals flj—f, so this function is differ-
entiable and ¢ is C2. We can continue to bootstrap in this manner and show that ¢ has
derivatives of all orders. QED.

Definition 3 Suppose y(t) is a regular curve. Fix ty and define s(t) and p(s) as above.
Then v(p(s)) is called the reparameterization of v by arc-length.

Remark: Notice that the new curve is defined on an interval which contains zero (because
s(top) = 0). The derivative vector of the new curve has length one because

d , do , 1

——p(s)) =7 pls)) 7 =7 P S)) 7

which is a vector of length one. It follows immediately that the length of the new curve
from s = 0 to s is exactly s.

We now introduce a final abuse of notation. Rather than writing v(¢(s)), we shall write
~(s) for the curve parameterized by arclength. We are committing a fairly serious sin,
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because we do not get from ~y(t) to v(s) by changing the letter ¢ to s, as is the convention
in all other mathematics. Instead, we compute s(t), find its inverse ¢(s), and substitute
©(s) for t in the original formula.

In the rest of the course, (t) denotes an arbitrary regular curve and 7(s) denotes a curve
parameterized by arclength.

Ezample: Consider the helix v(t) = (rcost,rsint,at). Then +'(t) = (—rsint,rcost,a)
and |7/ (t)|| = Vr? + a?. So s(t) = fg V12 +a? dt = tv/r? + a?. We obtain the inverse ¢(s)

by solving for ¢ in terms of s:
s

)= ara
So

rsin

s s as
s) = [ rcos , ,
) < Vr? 4+ a? V12 + a2 \/7“2+a2>

1.4 Curvature

If v(s) is a curve parameterized by arclength, we define T'(s) = 74/(s). Notice that T is a
unit vector. We call it the tangent vector.

Theorem 2 The derivative % is perpendicular to T(s).

Proof: Since T'(s)-T'(s) = 1, we have

L)1) = 2 1)+ 1) - T < 0

dr —
and so 4 - T = 0. QED.
Definition 4 If v(s) is parameterized by arclength, we define the curvature k(s) by

dr

H(s):‘ds

If this curvature is not zero, we define the normal vector and binormal vector by

dr
N(s) = —%
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The main point of this section is to convince you that x(s) is a reasonable measure of the
curvature of (s). It is easy to see that s is a rough measure of curvature: if our curve
always goes in the same direction, 7'(s) points constantly in this direction and its derivative
is zero. So when k(s) = H‘%H is not zero, the curve must be changing direction.

However, we will prove something more precise. Approximate v near s by a circle. Clas-
sically this circle was called the osculating circle or kissing circle. We will prove that s
equals one over the radius of this circle. If « is curving rapidly, then R is small and so k
is large, as we’d wish. If v is curving very slowly, then R is enormous and so & is small, as
we’d wish. If v is a straight line, then R = oo and so k = 0.

Theorem 3 The curve v(s) is a straight line if and only if k(s) is always zero.

Proof: If v(s) = p'+ s¥, then T'(s) = ¥, a constant vector, so % = 0. Conversely, if K =0
then ‘?TZ = 0 and thus 7' is a constant vector ¢. Since T' = 7/(s), we can integrate to get
v(s) = p'+ sv. QED.

Theorem 4 Let v(s) be a curve parameterized by arclength and fix a point so. There is a
unique circle C(s) in R® parameterized by arclength such that C and v agree at so up to
derivatives of order two, so C(sg) = v(s0),C"(s0) = 7' (50),C"(s0) = " (s0). If this circle
has radius R, then

1

K(sg) = ok

Proof: First we develop a formula for a parameterized circle in general position in R3.
Let p be the center of the circle. Let ¢; be a unit vector pointing from p to v(so) and let
U5 be a unit vector perpendicular to ¥;. Then ¢7 and ¥5 define a plane and the circle of
radius R in this plane can be parameterized by

C(t) = p+ (Rcost)t; + (Rsint)vs.

Let us replace t by >3 so C will be parameterized by arclength and be at the correct
location when s = sg. Then

S — S0 S —850.,

C(s) =p+ (Rcos )01 + (Rsin )Ua.
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We now try to match C'(s) and v(s). We have

C(So) = p+ Ry = ’}/(80)
C'(s0) = Uy = '(s0) = T(s0)
C"(s0) = —x01 = 7"(s0) = #r(s0)N(s0)

These equations have a unique solution. Therefore the osculating circle is completely

determined and in particular kK = %.

R
v = —N

Uy = T

P = v(s0)+iN

1.5 The Moving Frame

In this section we shall suppose that «(s) is parameterized by arc length and «(s) is never
zero. In this situation, we have attached three orthonormal vectors T'(s), N(s), B(s) to
each point of the curve. These three vectors form a basis of R?, which moves along the
curve. Geometers use the word frame instead of the word basis, so T, N, B is called the
moving frame.
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Imagine an isolated point traveling along the curve at constant speed. The moving frame
allows us to replace this single point with an airplane. The nose of the airplane should
point along T', the left wing along N, and the tail along B. As we travel along the curve,
the airplane pitches and rolls as T, N, and B move. At each point, the orientation of the
plane is completely determined by 7', N, and B.

As we’ll see, the introduction of T, N, and B is decisive in the theory.

1.6 The Frenet-Serret Formulas

We want to measure the change of the moving frame as we travel along the curve. So
we differentiate all three vectors. Since T, N, and B form a basis, we can write these
derivatives as linear combinations of 7', N, and B, and it turns it to be very important to
do this instead of expressing them as linear combinations of the standard basis.

Let us temporarily define X; =T, X9 = N, X3 = B. Then the expression of the derivatives
of the frame vectors as a linear combination of these vectors is given by coefficients a;;

such that iX
g5 = 2 aiXi
J

Theorem 5 The matriz A = (a;;) is skew symmetric, so aj; = —a;j. In particular, a; = 0.

Proof: Since the basis T, IV, B is orthonormal, we have X;- X; = d;;, where 0;; = 1ifi = j
and d;; = 0 otherwise. Differentiating with respect to s yields dX; - X —I—Xi'% = %&j =0.

ds
By the previous displayed formula, this can be written

(zk: aika> X+ X (Zk: aijk>
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and so
Zaika - X+ Zaiji - X, =0
k k

But X, - Xj is zero unless k = j, so this equation reduces to
aij + aj; = 0.

QED

Returning to the notation 7', N, B, the previous theorem allows us to write

% = anT + anpN + a3B
% = anT + axN + ax3B
4B = 43T + apN + apB

Applying the theorem, these equations simplify to

% = a12N + algB

% = —a12T + a23B

dB
ds = *(I13T *CLQgN

However, we already know that % = kNN, so the equations simply further to

ar  _
rr K}N

% = —rT + ao3B

aB
ds = —ag3N

Definition 5 The quantity ass is called the torsion of the curve and written 7(s). It is a
function of s.

We have proved the Frenet-Serret formulas, first discovered in 1851. We’ll soon see that
these formulas hold the key to the theory of curves:
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Theorem 6 (Frenet-Serret) Let(s) be a curve parameterized by arc length and suppose
the curve k(s) is never zero. Then

% = k(s) N

% = —kr(s) T + 7(s) B

s = —7(s) N
We end this section with a description of the geometrical meaning of torsion. Fix s and
recall that our curve is moving in the direction 7'(s) and is approximated by a circle
with center in the direction N(s). These two vectors define a plane in which the curve is
momentarily trapped. Classical geometers called this plane the osculating plane, which
means kissing plane. Since B(s) is perpendicular to this plane, it forms a handle for the
osculating plane exactly like the handle on the tool used by carpenters to smooth plaster
walls.

If the curve remains in this osculating plane forever, then B(s) should be constant and its
derivative —7(s)N(s) should be zero, so 7 = 0. Otherwise, 7 measures the curve’s attempt
to twist out of the plane in which it finds itself momentarily trapped.

Let us convert this informal discussion into a theorem:
Theorem 7 A curve y(s) lies in a plane if and only if 7(s) is identically zero.

Proof: Suppose 7 lies in a plane. Then

() = tim 1) =00

is parallel to the plane, and consequently

kN = lim T(s+h) = T(s)
h—0 h

is also parallel to the plane. It follows that B = T x N is perpendicular to the plane for
all s. Since B has unit length and varies continuously with s, it must be constant, so its
derivative —7(s) N is zero.

Conversely, suppose 7 = 0. Then B is constant. Fix sy and consider the plane
P={z|(x—"(s0)) -B=0}

We claim that 7 is in this plane. To see this, substitute «(s) for . The expression
(v(s) —v(s0)) - B is constant because its derivative is T'- B = 0. When s = s, this constant
is zero, so it is always zero and 7(s) always satisfies the equation of the plane. QED.
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Ezxample:  Finally, we will compute the curvature and torsion of a helix. We earlier
discovered that the equation of a helix parameterized by arc length is

s ) S as
s) = | rcos , T sin ,
) ( Vr2 +a? Vr? 4+ a? \/r2+a2>
For this helix,

1 . S
—— | —rsin ,
V2 4 a? < V2 4+a

T(s) =

T COS

s
,a
V12 4 a? >

and so
dT 1

s
— = —— | =7 oS ———,
ds r2+a? ( V12 + g2

The length of this derivative is the curvature, so

—rsin

s
7’0
V12 + a? )

’
r2 4+ a2

K(s)

The normal vector is the unit vector in the direction of %, SO

N(s) =

S S
— cos , — sin ,0
< V2 +a? Vrt+a? >

Then B(s) = T(s) x N(s) and this expression equals \/7"21—&—7<12 times

T COS

S S S S
—7Sin —————, ———,a | X | —cos , —sin ,0
( Vr?+a? Vr? 4+ a? > ( VT +a? V12 +a? )

or
1

. S S
——— | asin ——, —r
Ve 4 a? < V12 4+ a? Vr2 4+ a? >

It is supposed to be true that % = —7(s)N(s), and indeed

—a COoS

B(s) =

dB a

s s
O % (eos 2 sin—— 0
ds r2+a? <COS Tra Vittad >

so we have
a

r2 4+ a2’

7(s)
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1.7 The Goal of Curve Theory

Let’s step back and develop some goals. We want to understand the geometry of curves.
Around 1870, Felix Klein gave a famous lecture in Erlangen, Germany, defining geometry.
In the lecture, Klein called attention to the key role played in geometry by Euclidean
motions, that is, maps preserving distances and angles. Among these maps are translations,
rotations, and reflections. According to Klein, geometry is the study of properties of figures
which are invariant under Fuclidean motions. For example, suppose we have a line segment
from (1,1) to (4,5). Then the = coordinate of the starting point is not an interesting
quantity because it changes if we translate the picture. But the length of this segment,
V32 4+ 42 = 5, is interesting because it remains unchanged under translation and rotation
of the segment.

Let us apply this philosophy to curve theory. Unlike the physicists, we are not interested
in how the curve is traced in time, but only in the curve itself. And we are not interested in
properties which change when the curve is picked up and moved somewhere else, but only
in quantities which do not change under such motions. Clearly the curvature and torsion, x
and 7, are invariant under such motions and therefore genuine geometric quantities.

Astonishingly, they are the only geometric quantities. Every other interesting quantity can
be written as an expression in curvature and torsion. A better way to say this is that &
and 7 completely determine the curve up to Euclidean motions. If two curves have the
same curvature and torsion functions, then one can be rotated and translated until it lies
right on top of the other.

1.8 The Fundamental Theorem of Curve Theory

Theorem 8 (The Fundamental Theorem)

o Let v be a curve parameterized by arclength and suppose the curvature of v never
vanishes. Then the functions k(s) and 7(s) completely determine the curve up to
Euclidean motions. That is, if o(s) is a second curve with the same curvature and
torsion, then there is a Euclidean motion M such that o(s) = M o ~(s).

e Conversely, suppose k(s) and 7(s) are C* functions with k(s) > 0. Then there is a
curve y(s) parameterized by arclength with k and T as curvature and torsion.

Proof: Consider the system of differential equations below:
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dy _
o= T

i = k(s) N

W= k()T + 7(s) B

% = —7(s) N
We'll fill in details in a moment, but the essence of the proof is easy. These equations are
linear, so by the existence and uniqueness theorem for differential equations, they have a
unique solution once initial values are given. These initial values are (0), which is the
starting point of the curve, and 7'(0), N(0), B(0), which is the starting orientation. Thus
the differential equations completely determine the curve up to a Euclidean motion.

Let’s expand the argument. We’'ll first prove existence. Solve the equations with initial
values v(0) = (0,0,0),7(0) = (1,0,0), N(0) = (0,1,0), and B(0) = (0,0,1). We claim that
T(s),N(s), B(s) are orthonormal for all s. For a moment, assume this. But then % =Tis
always a unit vector, so y(s) is a curve parameterized by arc length. Moreover % = kN,
so k must be the curvature and N the vector normal to the curve. Since B has unit length,
is perpendicular to T" and N, and equals T x N when s = 0, it must equal T x N always

by continuity. Since ‘fi—f = —7N, 7 is the torsion.

Next we prove the missing orthonormality assertion. Define X1 =T, X9 = N, X3 = B as
in section 1.6. By the argument in that section,

d
%Xi . Xj = (Z aika> . Xj + X, (Z aijk>
k k

Temporarily let L;; = X; - X; and notice that we obtain a system of differential equations
for these functions:

d
£Lz‘j = Zk: aikLi; + %: ajkLik

From differential equation theory, the solution of this equation is unique once initial con-
ditions are given. From the initial choice of T'(0), N(0), B(0) we see that L;;(0) = d;;.
But if we define L;;(s) = §;; for all s, we obtain one solution of the differential equations
since then %(51-]- =0 and ), a;kdr; + >4 ajrkdi = aij + aji = 0 by the Frenet-Serret for-
mulas. So our solution X; - X; must equal this solution J;; and in particular the X; are
orthonormal.

Finally we prove uniqueness. This time, suppose that v is given in advance. Call the
curve obtained in the previous paragraph using special initial properties o(s). Translate ~y
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to make its starting point the origin instead of v(0). Then rotate 7 so the three vectors
T(0),N(0), B(0) associated with « rotate into the vectors (1,0, 0),(0,1,0),(0,0,1). This is
possible because both collections are right handed orthonormal coordinate systems. The
combination of the translation and rotation just used is a Fuclidean motion M. Clearly
Euclidean motions do not change curvature and torsion. So M o~ and o both satisfy
the differential equations and have the same initial conditions, and therefore are equal. It
follows that any ~ is just o up to a Euclidean motion. QED.

1.9 Computers and the Fundamental Theorem

In the previous section, we proved the fundamental theorem using fancy differential equa-
tion theory. But I prefer to think of the proof as a Kansas farmer would. Suppose we are
given functions (s) and 7(s). Pick a small interval As, say As = .01, and let s; =i As.
We will show how to compute v(s;) numerically using a computer. Start by choosing initial
conditions, say (0) = (0,0,0),7(0) = (1,0,0), N(0) = (0,1,0), and B(0) = (0,0, 1).

Consider the differential equation ?TZ = T'(s). Replace the derivative on the left side by a
difference quotient to obtain

v(s; + As) — (si)
As

=T(si)
and solve to obtain
v(s; + As) = y(si) + As T'(s;)

Do the same thing with each of the Frenet-Serret equations to obtain the following iterative
scheme:

(V(si+As) = 7(s) + As ( T(si) )
T(si+As) = T(si) + As ( k(si) N(si) )
N(si+As) = N(s;) + As ( —r(s;) T(sy) +7(s;) B(si) )
B(si+As) = B(si) + As ( —7(si) N(si) )

The initial conditions determine y(sg),T(so), N(s0), B(so) and these formulas then deter-
mine y(s1),7(s1), N(s1), B(s1). Applying the formulas again gives v(s2), T(s2), N(s2), B(s2).
Etec.
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This calculation is very easy on a computer. However, numerical errors lead to T', N, and B
which gradually have lengths not equal to one.. To improve accuracy, renormalize at each
stage to get unit vectors. To improve accuracy still more, use the Gram-Schmidt process
at each stage to insure that the frame remains orthonormal.

My favorite way to do this calculation is to allow the user to enter x and 7 in real time with
a mouse. Draw a two-dimensional coordinate plane at the bottom of the screen. Input k
by moving the mouse left or right. Input 7 by moving the mouse up or down. While the
mouse moves, let the computer draw the curve at the top of the screen.

Below is a picture of this program in action, together with a three dimensional picture of
a curve in red and green. Use red and green glasses to see the curve in 3D.

0 =—-"-—"\::——"FProgramWindow=—"——————H H

Fe
]

S

<] [T » |
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1.10 The Possibility that x =0

There is something strange about the proof of the fundamental theorem. It seems to work
fine even if k is sometimes zero or sometimes negative. What is going on?

Notice that the fundamental theorem is really a theorem about parameterized curves with
associated moving frames. We can capture this distinction with a formal definition:

Definition 6 A framed curve is a C* curve y(s) parameterized by arclength, together
with a moving frame T(s), N(s), B(s) of orthonormal vectors, such that ‘fl—z =T(s) and %
is a multiple of N(s).

According to the fundamental theorem, such framed curves are completely determined by
k(s) and 7(s) up to Euclidean motion, and every x and 7 can occur. Here « is allowed to
be positive, negative, or zero.

There is a natural question to ask. If v(s) is a curve, how many framed curves can be
constructed using v? If the answer were “exactly one,” then our theory would apply
without change to all v(s).

Example 1: We are going to show that some C curves v have no associated framed
curve at all. Start with the function

eV it g #0

f(z) =
0 if x =0.

This function is pictured below. It is easy to prove that f is C°° and all derivatives at the
origin are zero.

15 -1 -0.5 0.5 1 1.5

Let
(t, f(£),0) ift <0
y(t) =
(t,0, f(t)) ift>0

This curve is C*° because all derivatives of f vanish at the origin. Its derivative is never
zero, so it is a regular curve and can be reparameterized by arc length. A short calculation
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shows that the curvature is zero only at the origin. The curve lies in the xy-plane for ¢t < 0
and in the xz-plane for ¢t > 0.

When t = 0, the tangent vector is (1,0, 0). For ¢ just slightly smaller, the vector N must be
a unit vector perpendicular to (1,0,0) in the xy-plane and so £(0, 1,0). For ¢ just slightly
larger, the vector N must be a unit vector perpendicular to (1,0,0) in the zz-plane, and
so +£(0,0,1). Clearly there is no continuous extension of N to t = 0.

Example 2: Next we shall construct a C'™ curve with infinitely many different framed
extensions. We do this by gluing an interval of length one along the z-axis into the previous
example. Thus let

( (. f(1),0) ift <0
(¢,0,0) ifo<t<1

(t,0, f(t — 1)) if 1<t




18 CHAPTER 1. CURVES

0.1
0.2
0.3
0.4 O.g

In this example, the normal vector N is (0,1,0) at ¢ = 0 and (0,0, 1) at t = 2. Somehow,
it must rotate from one position to the other during the interval 0 < ¢ < 1. During this
time, "= (1,0,0) and B will be determined by N. It is easy to extend N (t) to the interval
0 < t < 1; we need only make N rotate in the yz-plane from one position to the other.
But we can do this infinitely many ways. We can rotate once, or do many loops, or rotate
positively and then negatively and then positively again.

Using the airplane example, our plane is moving straight ahead for 0 < ¢ < 1. During this
time, we can perform as many rolls as we wish.

What does this example say in terms of x and 77 Notice that during the crucial interval, Kk =
0. We perform rolls by changing 7. So the conclusion is that many different combinations
of k and 7 give the same curve 7.

Remark: On the other hand, during intervals when x # 0, we have only two choices for
frames. We can choose as in our previous theory making x > 0, or we can change the
signs of k, N, and B. Notice that 7 does not change sign because % = 7N, so changing
the signs of N and B leaves 7 unchanged. So there are two framed curves for each v and

exactly one of the two has positive curvature.

Remark: The examples above show that when « # 0, there are only two possible extensions
of v to a framed curve. But as soon as k = 0, there suddenly may be no extensions,
or infinitely many. However, there is an important case when these difficulties do not
occur. Recall that a function is analytic if it can be expanded in a power series. All
standard functions from calculus are analytic. If v(¢) is analytic, it is easy to show that
the renormalized curve v(s) is analytic.

Suppose that 7(s) is analytic. We are going to examine the theory near a particular sg; we
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may as well take s = 0. Expand in a series
~(s) =ao+ai1s+ass®+...

Of course 7 is a vector, so the coefficients a; are vectors as well.

Differentiating, we find that T'(s) = a1 +2ags+. ... Differentiating again gives an expression
2a9+3-2a35+4-3a45>+ . . ., which we would like to write as a product of two nice functions
k(s)N(s). There are two possibilities. It may happen that all a; for i« > 2 are zero. In
that case y(s) is a line and a little thought shows that lines can be extended to framed
curves in infinitely many ways, even if we require that the extension be analytic. The other
possibility is that some first a; is not zero. In that case, write

dr
—_— = bksk + bk+15k+1 +...
ds

where by, # 0.

But then ‘% = 5% (b 4+ bpy15 +...) = s* X (s) where X(s) is an analytic vector which does
not vanish near s = 0. So we can write
dr

— = (S1x@N)- m = (SMIX(3)I]) N(s) = K(5)N (s)

where N(s) is an analytic unit vector and k(s) is analytic.

Notice that x might change sign at s. Imagine that we started the theory for v by defining
K to be positive whenever it is not zero, and then choosing N(s) as we are forced to do.
The calculation we have just done proves that to extend x and N to points where k = 0,
we may have to change the signs of k and N on one side of the zero.

Theorem 9 Suppose (s) is analytic, and not a straight line. Then k(s) is zero only at
1solated spots. It is possible to define k, N, and B at all points of v including the isolated
points where k = 0 provided there is no restriction on the sign of k. In that case, there are
exactly two ways to frame v, and one of the two is singled out by picking the sign of k at
one single point where k # 0. It is possible to go from one framing to the other by changing
the signs of kK, N, and B.

There is a one-to-one correspondence between equivalence classes of analytic curves param-
eterized by arc length (up to equivalence by Euclidean motion), and equivalence classes of
pairs {k(s), 7(s)} (up to equivalence by changing the sign of k), except that all pairs of the
form {0, 7(s)} correspond to the same curve, namely a straight line.
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1.11 Formulas for (%)

There is an air of impracticality about our theory, because renormalization from ~(t) to
v(s) is usually impossible to compute explicitly, and yet we need this renormalization to
compute xk and 7. We are going to remove that impracticality by producting formulas for
x and 7 which do not depend on initial renormalization.

Theorem 10 Let v(t) be a regular curve. Then

/
t
T 'y/( )
1y (t)]]
v (t) x ~"(t)
B = / /!
|7/ (t) x ~"(t)]]
N = BxT
7 < ~"|]
ATV TER
Iedl
(’7/ > ’Y”) . ,}////
1y x|

Proof: The vector 7/(t) is tangent to the curve, so T'(t) is the normalized form H;Y:%

Recall that s(t) is the length of the curve to ¢ and % = ||/ (t)|| . Let T(s) denote the usual
tangent vector for the renormalized curve. Then

Y(t) .
e~ L)

Differentiate this formula with respect to ¢ using the fact that ||7/(¢)|| = \/7/(t) - 7/(t) to
obtain

roA 0

TN A e u
1041k Y B

/
e Il
It follows that x is the length of the vector
ot A
ek It

3
Il
The square of this length can be obtained by dotting the vector with itself, which gives
2 2
| e O s
6
1edl
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But the numerator of this fraction is ||/ x 7”||?, so we obtain the formula
_ <A
K= —3
Il

Dividing out this x from the previously displayed formula involving N gives

1l <” 7’<V 0)
N=——"=1(9"- -
o] o2 ImNIRd]

We get a simplier expression by crossing this expression with T" = I
But N xT =-T x N=-B.So

!

W’H since 7/ x v = 0.

Y

/ 7

YXY
B(t)=-L>7
1y > "]

Finally, write B(s(t)) ||y x v"|| =+ x 4”. Differentiate both sides to obtain

(" x2") - (" x4")

(=¥ 1) Iy x|+ 8OO

Dot both sides with N to obtain
=Y Y <A =N x4,

Apply the previous formula to N, noticing that 7/ - (7' x ") = 0, to obtain

/ / " _ ||7/H 7 / 7

I I % = e (x4
and 50 / " 7 / 1 "
__OIx") (X))
o T | [

1.12 Higher Dimensions

Finally, Id like to sketch the theory of curves in higher dimensions. Suppose v(s) is a curve
parameterized by arclength in R™. Consider the n-dimensional vectors X; = Z%,XQ =
d?~y

mn . . .
—, ..., X, = 4"7 " Just as we assumed that # 0 in the three-dimensional case, we now
ds?? ) ds )

assume that these vectors are always linearly independent.

Recall the Gram-Schmidt process, which replaces n-linearly independent vectors by n or-
thonormal vectors. Apply this process to X, Xo,..., X,, obtaining Y1, Ys,...,Y,. Recall
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that Y7 is X; normalized to have length one, Y5 is Xs rotated in the plane generated by X3
and X until it is perpendicular to Y; and then normalized to have length one, etc. Since
v(s) is parameterized by arclength, X is already normalized and so Y7 = Xj.

There is a geometric interpretation of the X; or Y;. Namely, the curve v is momentarily
trapped in the line spanned by Y7, momentarily trapped in the plane spanned by Y; and
Y5, momentarily trapped in the 3-dimensional space spanned by Y7, Ys, Y3, etc.

In the classical case, the curvature x measures how rapidly the curve twists out of the
line in which it finds itself momentarily trapped, and the torsion 7 measures how rapidly
the curve twists out of the osculating plane in which it finds itself momentarily trapped.
Exactly the same thing happens in higher dimensions. We define a curvature x; which
measures how rapidly the curve twists out of the line in which it finds itself momentarily
trapped. We define a higher curvature ks, which measures how rapidly the curve twists
out of the two-dimensional plane in which it finds itself momentarily trapped. There are
similar higher dimensional measurements ks, ..., Knp—1-

It is easy to define x; and simultaneously prove an analogue of the Frenet-Serret formu-
las. Since the Y; form a basis for R, we can write the derivative of each Y as a linear
combination of the Y;. Using the same notation as earlier, we have

dY;
ds Zaijyj'
J

Because the Y; are orthonormal, we conclude exactly as in section 1.6 that

aij = _aji-

In matrix notation, therefore, we have Frenet-Serret like formulas which look like

Yl 0 ai2 a1z ... Qip Y1
d Y2 —ai12 0 az3 ... Qop Yg
~Z 1 Y - —a13 —a23 0 ... asp Ys
ds .

Y, —Q1np —0a2pn —a3n 0 Y,

Now notice that the derivative of X; is just X; 41 because X; = %. Therefore the derivative
of X7 is X5 and thus a linear combination of Y7 and Y5. Since Y7 = X7, we conclude that
the derivative of Y7 is a linear combination of Y7 and Y3. But that means that the entire

top row of the above matrix equation is zero except for ajs. We define k1 to be ais.

In exactly the same way, we conclude that the derivative of Y; is a linear combination of
Y1,Ys, ..., Y 1. For example, the derivative of Y5 is a linear combination of Y7, Ys, and Y3.
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But then every entry on the second row of the above matrix is zero except —ajo = —K1
and ao3. We define k9 = ag3. Etc.

In this way we kill two birds with one stone. We define the x; and simultaneously deduce
that the Frenet-Serret formula becomes

Y 0 K1 0 0 0 Y:
Yé —K1 0 K2 0 0 Y2
d| Vs 0 —ro 0 kK3 0 Ys
sl Yo | T 0 0 —ry O 0 Y,
Y. 0 0 0 O 0 Y.

From here the theory proceeds exactly as before. We have ?TZ = Y7; this equation together
with the Frenet-Serret formulas completely determines the curve up to initial conditions,
and therefore the k; completely determine the curve.
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Chapter 2

Surfaces

2.1 Parameterized Surfaces

Suppose we have a surface S inside R3. Examples include the graph of y? — 22, the surface
of a sphere, the surface of a doughnut, and the Mobius band. A key feature of each of these
surfaces is that in small pieces it looks like a piece of the plane. Thus whenever p € S,
there is an open set I/ in the plane and a map s from U/ to the surface whose image is an
open neighborhood of p in the surface.

\ay = A7

(¥

There are two aspects to surface theory. In the local theory, we work with small pieces
of a surface without worrying about global topology. In the global theory, we glue the
information from the local theory together to get information about the entire surface.
This chapter is about the local theory, so we will not worry when our symbolism does not
describe every point on a surface.

25
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Definition 7 A parameterized surface is a C* map s(u,v) : U C R* — R? defined on an
open subset of the uv-plane such that

1. s 1s one-to-one on U

2. % and % are linearly independent at each point of U, or equivalently % X g—i #0

at each point of U.

Refer again to the picture on the previous page. This picture is very, very important for
the course. It describes the essential philosophy of differential geometry. Although we are
interested in the surface, we will almost always work in the local coordinate system u,v.
We’ll do that so often that you may loose track of the fact that we are getting results which
say something interesting about the surface.

Ezample 1: If f(z,y) is an arbitrary C'*° function, the graph of this function becomes a
parameterized surface by writing

s(u,v) = (u, v, f(u,v)).

The local coordinates of a point can be found by projecting the point down to the plane.
Notice that % = <1,0, %) and % = (O, 1, %) point in different directions. Below are

favorite examples generated by 2% + y? and y? — 2.

Ezample 2: Let s(r,0) = (rcosf,rsinf,r). Clearly the resulting surface is z = /22 + 32
and so the cone below. Notice that this cone has a sharp singularity at the origin and yet
the map s is C°°. The partial derivatives of s are

% 0s

5 = (cosf,sinf, 1) 5 = (—rsinf,rcosb,0)

and at the origin these vectors are (0,0,1) and (0,0,0) and thus not linearly independent.
This shows why we require that these two vectors be linearly independent.
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Ezample 3: Standard spherical coordinates make the sphere into a parameterized sur-
face.

s(p,0) = (sin ¢ cos 0, sin p sin 0, cos ¢)

Recall that ¢ is the angle from the north pole down to the point in question, and € is the
angle which the projection of this point to the xy-plane makes with the z-axis. This map
is not globally one-to-one on 0 < ¢ < 7,0 < 6§ < 27 but is one-to-one on the inside of this
rectangle. The inside maps to every point on the sphere except the north and south poles
and the Greenwich meridian. Except at the poles, we have g—; X % # 0. Since we are only

interested in local theory, we are happy to work with this coordinate map.

Ezxample 4: Consider the doughnut shown on the next page. Let the radius of the circle
through the center of the doughnut be R and let the radius of the smaller circle through a
piece of doughnut be r. If p is a point on the doughnut, project p to the xy-plane and let 0
be the angle made with the z-axis. Cut the doughnut alone the plane through the center
and p and let the angle made from the center of the smaller circle to p be ¢. It is easy to
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deduce the following parameterization:

s(0,0) = ((R+rcosy)cosh, (R+ rcosp)sind, rsiny)

Example 5: Consider the Mobius band shown below. Let the center of this band trace
out a circle (Rcosf, Rsin#,0). At each point of this circle, imagine a small arrow perpen-
dicular to the circle and let this arrow rotate half as fast as the circle, so that when we
go completely around the band, the arrow has twisted through 180 degrees. Clearly the
arrow is ((Rcos®)cos /2, (Rsin®)cosf/2,sinf/2). We can get a band by going along the
arrow a distance ¢, where —1 < ¢ < 1. This gives the parameterization below.

s(0,t) = (Rcosf +tRcosfcosf/2, Rsinf + tRsinf cosf/2,tsinf/2)

2.2 Tangent Vectors

Suppose we have a surface S and p € S. We want to describe the vectors in R? which
are tangent to the surface at p. An easy way to obtain such vectors is to draw a curve



2.2. TANGENT VECTORS 29

~v(t) = (u(t),v(t)) in local coordinates, move the curve to the surface by writing s(u(t), v(t)),
and then differentiate. By the chain rule we get

05 du n 08 dv

Oudt Ovdt’
Here we have written small arrows over s to indicate that g—i and g—f are three-dimensional
vectors, but we will usually omit these arrows.

/%Z‘
ST

Notice that the expression just written is a linear combination of the linearly independent
vectors g—i and % . This motivates the following definition:
Definition 8 Let S be a parameterized surface, p € S. A tangent vector at p is a vector
in R® of the form
0§ 0s

X=X 15, + X2%
where X1 and Xo are real numbers and the derivatives of s are evaluated at the point
(ug,vg) corresponding to p. The corresponding vector in local coordinates is the vector in
R? given by

X = (X1,X9).

[z

Ezample:  Consider the saddle z = y? — 22 and the point p = (1,2,3) on this saddle.
The saddle can be parameterized by s(u,v) = (u,v,v? — u?) and the point corresponds to
u=1,v =2. We have % = (1,0, —2u) and % = (0,1,2v) and at the point p these vectors
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are (1,0,—2) and (0,1,4). So a tangent vector is any linear combination of these vectors.
Such a vector has the form

X = (XlaXQa _2X1 + 4X2)
and corresponds to the local coordinate vector

X = (X1, X).

Remark: Recall that we are interested in surfaces, but usually work in local coordinates.
Consequently, when we think of a tangent vector X, we visualize a vector in 3-space
tangent to the surface. But when we write the vector symbolically, we usually just write
X = (X1,X2). At rare moments, we need to remember that the corresponding vector
tangent to the surface is X1g—§ + ng—f.

Tangent vectors usually appear in this course in one of two ways. We may have a curve
in the surface and want to compute the curve’s tangent vector, which will be tangent to
the surface. Or we may be given a tangent vector X and want to compute the directional
derivative X (f) of a function f on the surface in the direction X. Here are more details
about the first of these ideas.

Definition 9 By a curve on a parameterized surface S, we mean a curve a(t) in R which
has the form a(t) = s(v(t)) for a C* curve y(t) in the coordinate uv-plane. This coordinate
curve is often written v(t) = (u(t),v(t)) and the corresponding surface curve is written

Suppose we want the tangent vector to such a curve. We claim that we can perform the
obvious calculation in either coordinate space and get the same answer. Indeed, in R® we

will compute
= (2D
A TAT:

dr dy dz
/ f— E— —_— JR—
a@%_<ﬁ’ﬁ’ﬁ>'

But a(t) = s(y(t)), so by the chain rule we have o/ (t) = 9544 4 %%. Thus the derivative

and in R? we will compute

T Ou dt
; ] ig (du dv ivative in RS is @ 08 | dv 05 ;
in coordinate space is ( Tt dt) and the derivative in R® is % 57 + 7 52. These are different

descriptions of the same tangent vector because according to our earlier rule the vector
(X1, X2) in R? corresponds to the vector Xl% + Xg% in R3.

Example: Suppose we parameterize the surface z = z? + y? using polar coordinates.
Then s(r,6) = (rcosf,rsin®,r?). Consider the curve v(t) = (1,t) in local coordinates.
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Then «o(t) = s(y(t)) = (cost,sint,1). At the special time t = w/4, 4/ = (0,1) and o/ =
(—1/v/2,1/4/2,0). These vectors are equivalent because (0, 1) corresponds to 0- % 1- gz =

(=rsinf,rcos,0)|,,, = (—1/3/2,1/v/2,0).

2.3 Directional Derivatives

In vector calculus, the directional derivative Dx f of a function f in the direction X gives
the slope of f in that direction. Usually X is a unit vector and it is proved that Dx f =
X - gradf = }:_X;gi

In differential geometry, these directional derivatives are very important, so we adopt an
easier notation. We will always write X (f) rather than Dy f. Moreover, we do not insist
that X be a unit vector, defining X (f) =5, Xiz%i for any X. Of course this only gives a
slope when X is a unit vector.

Following our usual philosophy, we search for a way to compute this derivative in local
coordinates. If f(z,y, z) is a function on R3, then f o s(u,v) is the corresponding function
in v and v. We call this function g(u,v). Happily, in local coordinates we obtain the nicest
possible result:

Theorem 11 Suppose X = (X1, X3) is a two-dimensional vector in the uv-plane, corre-
sponding to a three dimensional vector X = Xl% + Xg% in R3. Then X (f), computed in
R3, is equal to the following expression computed in R? :

0g dg
X(g) = Xlaf‘f‘Xza

Proof: This is just the chain rule, since X (f) equals

of ds 9s:\ Of
ZX ZX =2.% <axjaui> EJ:< 8@2)6%

]

and the last expression is X (g). QED.

Recall that algebraists like to write vectors using basis vectors. Instead of X = (X, X»),
an algebraist would write X = X&) + Xo€5. Physicists also like this notation and write
X = Xji+ Xyj. Differential geometers also like basis vectors. But instead of writing e}
and €3, or ¢ and j, they write % and % and thus write tangent vectors in the wwv-plane
as

0 0
X—Xla—i—Xg%
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Here % has no independent meaning; it is just a formal symbol. But obviously the notation
has been chosen so
0 0 af af

X(f) = <X18u —I-sz) f= Xl% +X2%

2.4 Vector Fields

Many people teaching calculus for the first time think it is very easy and straightforward
and then get caught on tricky points. The first such point occurs very early in the term.
Students are carefully taught that the derivative is the slope of the curve and thus a
number. Then the lecturer must give an example. A typical first example is f(z) = 2 and
the derivative is 3z2. Wait. That’s a function.

The point is that mathematicians usually differentiate functions at many points simulta-
neously, producing the function %. Similarly in several variable calculate we differentiate

at many places, producing the functions % and %.

On a surface, there are no preferred directions. So the natural generalization of differenti-
ation at a point is X (f) for a fixed vector X. If we want to differentiate at many places at
once, we must replace the vector X by a vector field.

Definition 10 Let S be a surface. A vector field on S is an assignment to each point
p € S of a tangent vector X (p) at p, such that these vectors vary in a C° manner from
point to point.

Again, we usually work in local coordinates. Then a vector field has the form

0 0
X =Xi(u,v)— + Xo(u,v)—
i )au + Xa(u, )av
where X7 and X5 are C°° functions of u and v. Notice that we use the same notation for
vectors and vector fields. In practice this is not confusing. If X is a vector field and g is a
function, then X(g) is another function

of

X(g) = Xa(w0) 5 + Xo(w0) 3

ou

2.5 The Lie Bracket

The material in this section will not be used until the next chapter, so you may skip it and
come back later if you wish.



2.5. THE LIE BRACKET 33

In several variable calculus, it is very significant that mixed partial derivatives are equal,
2 2

SO aaugu = aiafu' On a surface there are no preferred directions, so we should work with

arbitrary vector fields X and Y. But X and Y need not commute as operators. That is,

X (Y (g)) need not equal Y (X (g)).

Non-commutative operations are one of mathematicians greatest discoveries. When oper-
ators do not commute, it is important to measure their noncommutativity. Rubic’s cube is
solved by operations of the form aba~'b~', which measure the noncommutativity of simple
twists @ and b. In physics, measurement of noncommutativity leads to the Heisenberg
uncertainty relations.

Also in this course, the deepest results will ultimately depend on measuring the noncom-
mutativity of various operators. We have come to the first of these situations. If X and Y
are vector fields, we define the Lie bracket (or Poisson bracket) of X and Y by the following
formula.

Definition 11
[X,Y]g=X(Y(9)) - Y(X(9))

Notice that [X,Y] makes no sense for vectors at a point; to define it, X and Y must be
vector fields. The equality of mixed partial derivatives survives in the following remarkable
theorem:

Theorem 12 The operator [X,Y] corresponds to a unique vector field.

Proof: This theorem is a surprise because we expect that second derivatives would be
involved. But they cancel out.

We have

B 0 0 dg dg
X( ) = (Xige + Yoy ) (g + 1237

Since the Y; are functions, we must use the product rule. We obtain

0Y; oY1\ o0 oY- Y2\ 0 0?
<X1 ~ 4 X; 1) 24 (X 2 4 X, 2) éTi + ZXZY‘ !
ij

ou 0 ou ou 0 J Ou;0u;

Now subtract the same result with X and Y interchanged. Since mixed partial derivatives
are equal, the last term cancels out and the final result is

B oY, oY1 0X1 0X1\ 9g

[(X,Y]g = <X1(9 —i—X28 -Y1—— 9 - Y 81})8u
8)/2 6Y 0X2 6X2 Qq

(Xla MRS Cr YQm)au

Thus [X, Y] is obtained by applying another vector field, whose coefficients are given inside
the large round brackets in the previous formula.
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2.6 The Metric Tensor

The exciting ideas begin here. Suppose that X and Y are vectors in R3. We can compute
the dot product and length of these vectors. From now on, we will use the notation (X,Y)
for dot product. Recall that || X||* = (X, X).

The basic philosophy of the course is to work in local coordinates. Suppose X and Y are
vectors in the uv-plane. Then they correspond to tangent vectors to the surface X and Y,
and we now define

Definition 12 Suppose X = (X1, X2) and Y = (Y1,Y2) are vectors in R?. Then (X,Y)
denotes the dot product of the corresponding vectors in R3, and || X|| = /(X, X) is the
length of the corresponding vector in R3.

fV . <

WARNING: These symbols do not mean ordinary dot product or length in two space.

Let us compute the formula for (X,Y). If X = (X3, X3), then X corresponds to the three
dimensional vector X 1% + Xg%. Similarly, Y corresponds to the vector }ﬁg—j + Yz% and
consequently, (X,Y) is the ordinary dot product of these vectors in R3, which equals

05 0s 05 05 05 05
(X11) 5o oo+ (XaYa + XoY1) o oo 4 (XoY2) oo oo
Definition 13
o) = 2. %
g11\u,v — au 8U
oy _ 0505
gi2\u,v) = ou 9v
oy 7O
g v) = Oov Ov

We also let go1 = g12 and then we have

Theorem 13
ij



2.6. THE METRIC TENSOR 35

1X[ = > 9 XiX;
\ 5

Because the g;; are so important, we’ll spend some time trying to get an intuitive feel for
their significance. Suppose we are in the flat plane at a point p = (u,v) and we make
infinitesimal changes du and dv in u and v. Let ds be the distance we moved, that is, the
hypotenuse. By Pythagoras,

ds® = du® + dv?
%dv

Now suppose that we are on a curved surface. We still draw coordinates u and v, but
these coordinates no longer preserve lengths and angles. So the Pythagorian theorem fails.
Gauss and Riemann’s great idea was to replace the Pythagorian theorem with

d82 = Z gijduiduj

)

Here and in the future, we use u; and ug rather than v and v when we want to sum over
various indices.

In the next section, we will use the g;; to compute the lengths of curves on the surface
in local coordinates. As we’ll see, the infinitesimals above are replaced by calculations
involving vectors.

Let’s try a concrete example. Consider the saddle z = y?—x2. Then s(u,v) = (u,v,v? —u?).
Local coordinates are obtained by projecting points on the saddle straight down to the
plane, but when arrows tangent to the saddle are projected down, their lengths change
and angles between vectors change. We are going to use the mathematics above to find
two vector fields X and Y in the plane which come from unit length perpendicular vector
fields X and Y on the saddle. See the picture below.
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Here are details. Since gz = (1,0, —2u) and % = (0,1,2v), we have g11 = 1 + 4u?, gio =
—4uv, gag = 1+ 4v?.. Consider the vector field X = (1,0). While these vectors have length
1 in FEuclidean space, their length on the surface is

/Z 9ij XiXj = /gn
]

Consequently, the new vector field

()

will represent a field of unit vectors on the saddle. These are the horizontal vectors in the
previous picture. Notice that their Euclidean lengths vary from point to point.

We now attempt to find a second perpendicular vector field Y = (a, b). The dot product of
Y with X = (1,0) is > g;; XsY; = g11a + g12b. We want this to vanish, so we must choose
a = —(g12/911) b. We conclude that the second vector field should be a multiple of

().
g11
The length of this vector squared is

2 2
g12 g12 911922 — g

g11 (-) + 2912 (—) + g22 = 712,
g11 g11 g11

so we should choose the second vector field to be

g1 <_g12 1>
g11922 — 9%2 911’
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Remark: At the start of this course, we talked about a two-dimensional worker on the
surface with an infinitesimal straightedge and compass, who could not see into the third
dimension. Notice that such a worker could construct vector fields exactly as we have done.
The worker would first draw coordinate lines on the surface. Experience would convince
the worker that it is hopeless to try to draw perpendicular coordinates, or to be fussy about
lengths, so the coordinates would look curved to us. Call the coordinate numbers u and v.
The worker could use the ruler to draw unit vectors at each point, and the protractor and
ruler to draw perpendicular unit vectors at each point.

A little thought shows that the worker could compute g;;. Conversely, any calculation
which the worker could perform with compass and ruler could be done by us if we knew
Gij-

So the g;; contain exactly the information which could be discovered by a two-
dimensional person who could not see into the third dimension.

There is one final remark to be made. We are assuming that there is a surface “out
there.” The g;; describe ordinary Euclidean geometry on this surface. Our worker lives in
coordinate space u,v and measures g;; rather than computing them from the surface. If
you wish to think this way, our worker lives in Plato’s cave and only imagines the actual
surface in the sunlight outside the cave.

But what if this surface didn’t exist? Could we imagine that we measure g;;, work in local
coordinates, and do the rest of the calculations in this chapter without ever referring to
the surface? Absolutely. That’s exactly what we're going to do. And then might we later
discover that there is no corresponding surface. Again, absolutely, this can happen. When
it happens, we will have discovered a new geometry rather than just mundanely studying
known surfaces.

Here is an example. Define

4 (dac2 + dy2)

(1— (a2 +y?))*

on the unit disk. The four is included for historical reasons. You can immediately deduce
the corresponding g;;. When we are at the center of the disk, this is just the ordinary
Pythagorean formula (except for the 2). But near the boundary, the denominator is almost
zero and distances are much later than they appear.

ds® =

It turns out that this example is exactly the non-Euclidean geometry discovered by Bolyai
and Lobachevsky. It also turns out that no surface in R® can give these gi; (this is a
theorem of Hilbert). So ds? determines a new geometry.

However, many people know this geometry, because it is the geometry behind Escher’s
picture of angels and devils. In the picture, each angel has the same non-Euclidean size,
although they shrink in the Euclidean world. See the next page.
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2.7 Geodesics and Curve Length

After these extensive preparations, we are ready to discuss a truly great result. Let y(t) =
(u(t),v(t)) be a curve from a point p to a point g, written in local coordinates. We call this
curve a geodesic if it is the shortest curve from p to ¢q. Of course we are really measuring
lengths on the surface, so geodesics will not be straight lines.

We are going to prove that each geodesic satisfies a differential equation. To make efficient
use of summation notation, we will call the coordinates u; and us rather than u and v. In
the special case when the surface is a flat plane, the differential equation will turn out to
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be

d?uy, B

a2
and geodesics will be straight lines. This is no surprise. The key question is how to
generalize the above simple equation; after much work, mathematicians in the nineteenth
century discovered that the appropriate generalization is

d?uy, e du; du?
— Iy, ———=0
dt? + %: Yodt dt
where I'¥.. the so-called Christoffel symbols, are given by the formula

’Lj’
1 _ 0gjk . Ogir.  0gij
L 1 j . J
Fij o 2 zk: (g )lk{ 6uz * 8uj 8uk

Notice in particular that the differential equation ultimately depends on g;;, so geodesics
can be determined by a two-dimensional worker.

Let us now begin the rigorous development of the theory. Suppose v(t) = (u(t),v(t)) is a
curve on the surface in local coordinates. We define the length of this curve from a to b to

be
b
= [l e

Recall that when we are in local coordinates, the expression ||v/(t)|| always means the
special inner product using g;;. Thus this definition when written out gives

We claim that this expression is equal to the actual Euclidean length of the curve a(t) =
s(7y(t)) on the surface. To see this, suppose that X = Xla% + X2a% and Y = Yla% + Yga%
are vectors in local coordinates. By definition, the dot product (X,Y) equals the ordinary
dot product of the corresponding vectors in three space given by X = X2 15, + Xg and
Y = Y1 -+ Y2 . Therefore, the local coordinate expression ||v/(t)|| = H‘f# 6‘9u ‘fig 8‘2} H is
the ordmary Euchdean length of Cé? :112 + f;t’ js, a vector which equals 2 s(u(t),v(t)) by the

chain rule. Since s(u(t),v(t)) = a(t), we have

b b
[ ol d= [l a

as desired. Notice that this is a deceptive formula. The length on the left is computed in
a fancy way using the g;;, while the length on the right side is computed in three space
using the Pythagorian theorem.
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2.8 Energy

There is an underlying problem with geodesics. If y(t) is a curve and we reparameterize
the curve by traveling along it at varying speed, the length remains the same and the new
curve is still a geodesic. So geodesics can be written with infinitely many different param-
eterizations, and it is not clear which parameterization is picked out by the differential
equation. We will soon see that the differential equation produces geodesics which travel
with constant speed.

The solution to the problem of infinitely many parameterizations is provided by the physi-
cists. Suppose a particle of mass m travels along our curve. The kinetic energy of this
particle is

1 .9
3 mass X velocity

Thus the expression below, called the total energy, represents the sum of the energies of
the particle during the moments of its journey from p to q.

lmass X /bH ’(t)H2 dt
2 .

Suppose that the particle is smart and wants to spend as little kinetic energy as possible
getting from p to ¢. It turns out that the particle should do this by going along a geodesic
at constant speed. If instead the particle travels along a longer curve, or travels along a
geodesic but goes fast part of the time and slow part of the time, then it will use up more
kinetic energy.

Since we are not physicists, constants do not matter to us.

Definition 14 Let v(t) be a curve in local coordinates for a < t < b. The energy of the
curve, £(7y), is defined to be

b
o) = [ Iholf

Theorem 14 We have )
(L) < (b—a) £6)
This inequality is an equality exactly when the speed of the curve is constant.

Proof: Recall that the dot product of two vectors in R™ equals the length of one times
the length of the other times the cosine of the angle between them. So we have

(X, Y) = [IX]| [[Y]] cost
Since cos 8 is between -1 and 1, the above formula implies the Schwarz inequality

(X, V) < |IX|1* )Y
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Moreover, this will be an equality exactly when cosf = +1 and so when X and Y point in
the same direction and one is a scalar multiple of the other.

We now work by analogy. Let V be the vector space of all continuous functions on the
interval [a, b]. Imagine that each f € V is a sort of infinite dimensional vector, with one
coordinate f(t) for each ¢t € [a, b]. Then it is reasonable to compute the dot product (f, g) by
multiplying coordinates f(t)g(t) and then summing up over all ¢. Since there are infinitely
many ¢, we get

b
<ﬁw=/fmmw@

The analogy leads to

Lemma 1 (Schwarz Inequality) If f(t) and g(t) are continuous functions on [a,b], then

< / st dt)Qg /ab 200 dt /ang(t) »

with equality if and only if g(t) is a constant multiple of f(t).

You may or may not find the analogy convincing, but this result can easily be proved from
scratch.

We apply the Schwarz inequality when f(¢) =1 and g(t) = ||7/(t)]|. It gives

</ab1'H7/(t)Hdt>2§/:12 i /abW(t)H i

and so L(7)? < (b—a) E(v). Moreover, this an equality exactly if ||y/()|| is a multiple of
1 so y(t) has constant speed. QED.

Remark: If we have a curve (t) defined for a <t < b, we can reparameterize the curve
so it has constant speed. The length will not change. By changing this constant speed, we
can assume that the curve is defined on the interval 0 <t < 1. From now on, we work only
with such curves.

Theorem 15 Consider curves in U defined for 0 <t < 1. Such a curve minimizes energy
if and only if it minimizes length and has constant speed.

Proof: Suppose that (¢) has constant speed and the smallest possible length. Since the
speed is constant, the previous theorem gives L(v)? = £(v) If 7(t) is another curve, then
we have

E(v) =L(y)* < L(1)* < &(1)

and so v has smallest energy.
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Conversely, suppose v has smallest energy. We have L(7)? < &(y) with equality exactly
when ~ has constant speed. Therefore if v does not have constant speed, we could repa-
rameterize to get a curve with the same length but constant speed and so smaller energy.
If there were a shorter curve 7, then we could reparameterize 7 to have constant speed,
and then

E() =L()* > L(1)> = &(7)

contradicting the assumption that + has smallest energy. QED.

2.9 The Geodesic Equation

We now have enough background to deduce the differential equation of a geodesic. The
calculation will be slightly messy, but after all we are deducing one of the great results in
mathematics!

To avoid getting bogged down, we’ll sketch the idea of the calculation first. Suppose we
have a curve (t) defined on 0 < ¢ < 1. Suppose the curve travels from p to ¢, so v(0) = p
and (1) = ¢. Finally, suppose v minimizes energy among such curves.

Imagine that we vary -~ through a family of similar curves from p to g as in the picture
below.

Call the family of curves 7(¢,s) where —e < s < €. For each fixed s we get a curve from p
to ¢; when s = 0 we get our original curve ~.

Let £(s) be the energy of the s curve. Then £ is a function of one variable which has a
minimum at s = 0. By ordinary calculus, the derivative of £ should be zero at s = 0. We
are going to calculate this derivative by differentiating the formula for £ with respect to s
under the integral sign. It will turn out that the derivative at s = 0 has the form

! d
/ { an expression in ¢ involving g;; and u; } 8—2 dt
0
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The expression %(t, 0) is the derivative of the variation, and thus a series of arrows along

the original curve explaining how to begin the variation. See the picture below.

U

However, % = 0 for all possible variations. Whenever we have a candidate g—q‘j(t, 0) for

a variation with the property that the arrows at zero at t = 0 and ¢ = 1 so the varied
curves still go from p to ¢, we can clearly find a variation v(¢,s) with the appropriate
derivative. So the integral must be zero for any function 22 (t,0) which vanishes at the

ou
endpoints.

It follows that the expression “{ an expression in ¢ involving g;; and u;}” inside the inte-
gral must be identically zero in t. Why? You might think that it could be nonzero but have
positive and negative parts which cancel when integrated from 0 to 1. But since we can
choose g—i(t, 0) arbitrarily, we could defeat this cancellation by choosing a function with a
small bump, as illustrated below.

o
-

o

e

Finally, the expression “{ an expression in ¢ involving g;; and w;}” will turn out to be our
differential equation.

Fine. Here are the details. The energy of the variation (¢, s) is given by
1 2 1
0 ouy; ou;
£(s) = /O Hat(t,s) dt = /0 %:gij(u(t,s),v(t, ) b ) St s) e
We are assuming that the curve when s = 0 has smallest energy, so by calculus we have
d%g (s) = 0 when s = 0. Let us compute this derivative by integrating with respect to s
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under the integral sign:
d& ! 0 8u ou,; 0%u; Ou,; Ou; 0%u,
oe = (gis ¢ ¢ 1 Uy ; 1 Uy ; i J
s /0 %:as (933 (ult, 5), o(t, 8))) 55, Zgﬂa at ot Zgﬂ at 9sot
The first term can be expanded via the chain rule, so the entire expression becomes

ds /0 %k: duy, ds Ot Ot +%:g”asatat +%:g”315858t

We now come to the decisive step. Notice that the first term in the previous integral is
indeed a complicated expression multiplied by %Lsk as promised. But the other two terms
don’t have this form. Instead they contain terms gig;. We are going to integrate the last
two terms by parts to convert to the required form. Recall that integration by parts is the
formula f f@)% = fa)g(x)]] - [ b 4 g(x). Here is the calculation for just these last two

terms: ;2 1 9 92
Ug | ot Uj =
/ Z{ Jij ot }ata dt+/(] izj{gw Ot } Otds dt
du; \ du; ! 0 Oui | duj
(boundary terms)—/o ;&t{ i } s dt—/o ;Gt{ i 5y } 98 dt

Let us stop to investigate the boundary teams. The boundary term for the first integral

is
Z o ou; O, ou;
Jij ot O0s

iJ 0

1

However, v(t,s) = (ui(t, s), ua(t, s)) is constantly p at ¢ = 0 because all of our curves begin
and end at p. So B“Z = 0 when t = 0. Similarly this expression equals zero when ¢t = 1. We
conclude that all of our boundary terms vanish.

We’ll now write the entire expression, factoring out %. To make this happen, we must
rename a few indices and use the fact that g;; = g;;. We get

d& . 1 agz‘j 8u,~ 8’LLJ‘ 0 8u] 0 8uz auk
s‘/ozk: %:8uk8t(‘)t_zf)t[wat} Zat[““at] s

At this point, we apply the second main idea of the proof. Since this expression must equal
zero for all choices of % which vanish at the endpoints, the integrand must be identically
zero. So for each fixed k we have

0gij Oui Ouj §~ 0 | Ouj 9, duil _
%: duy, Ot Ot Z at {gﬂ“ ot 2; ot |9 g | =0
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Expand out the derivative of the terms inside the square brackets, using the product rule
and the chain rule. We get

Z 9gij Ou; Ou; Z 9g,k Ou; Ou; Z ]ka U 9gik Ou; Ouj Z zk% —0.

— Ouy Ot Ot du; ot ot ot — Ou; Ot Ot ot2

Notice that the two terms with second derivatives are really the same. They just use
different indices. We write these terms together and use the fact that g;; = gx; to get

Z 9g9ij  Ogjk  Ogir | Ou; Ouj Z %, _
Oup,  Ou;  Ouj | Ot Ot Iki~ 52

j

Let g be the matrix

g11 912

g =

912 922
The determinant of this matrix is positive. Indeed consider the tangent vectors in three-
space defined by X = @ and Y = gs Recall also that ¢g1; = X - X,g12 = X - Y, and
g22 =Y - Y. So the determmant det(g) = (X - X) (Y -Y) — (X - Y)? and by the Schwarz
lemma this is nonnegative. Moreover, it is zero if and only if Y is a scalar multiple of X,
but % and g—j point in different directions by definition of a surface.

Consequently, we can compute the inverse matrix gfl. Multiply the previous equation by
—%(g_l)lk and sum over k:

- - 9gjk | Ogri  0gij | Ou; Ou,
n j _ 99 ouj
%:(g g 50 2 Z {8% T ou, " ou ot ot

Notice that >, (g7 )ikgri is one if I = i and zero otherwise. Consequently the above
expression simplifies to

ot ot

o2 -

Puy 1 1 Ogjk | Ogki  0gij | Owi Ou;
Z(g )lk{ ou; + Ouj  Ouy

Call the second expression Fﬁj. Also notice that we are interested only in the curve (¢, 0),
so we can convert partial derivatives to total derivatives. We obtain

d?uy  du; duj
haliell | i
dat? Z Yodt dt

We have proved the following theorem, where we change one index for convenience when
we apply the result:
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Theorem 16 Define

;1 1 Ogjk | Ogik  0gij

If v(t) = (u1(t), uz(t)) is a geodesic with constant speed, then

d?uy, i du; du;
— ry——2, =0.
dt? * %: Yodt dt

2.10 An Example Where We Already Know the Answer

When I learn something new, I first like to try an example where I already know the answer
to see if the new method really works.

Suppose we were to use polar coordinates in the plane rather than rectangular coordinates.
Would the geodesic equation give the correct geodesics? Let’s try.

We have a map s(r,0) = (rcos 6, rsiné,0), illustrated below. Then % = (cos#,sin 6, 0) and

0 : 0s . 0 9s . 0 0s . 0 2
95 = (—=rsinf,rcos0,0). Sogi1 = 3,5 =1, 912 = 5. 55 = 0and goo = 5555 = 7°.

Notice that
(1 0 © 1 (1 0
9=\ o 7= o %

We must compute I' Z Clearly Ffj =T*

Ji» 80 it suffices to compute the following expres-
sions

=
— N
—
I
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1
ry, = -
12 r
1—‘%2 — T
2, =0

Here’s a hint about how these calculations were done. We have

1 _ 991 09 09
Tt = = 1 J 995
] 9 ;(g )lk { 8'&@ + 8Uj 8Uk

In our particular case, g~! has no offdiagonal elements, so the formula becomes
ri_ 1991 9gn Iy o 1 [0gj2  Ogia  Oyi
K 2 8uz 8’U,j 8’11,1 8’11,1 8uj 8UQ
But the only g;; term with nonzero derivative is go2 and the derivative is nonzero only if
differentiated with respect to r, that is, to u;. The result above immediately follows.

0 92

Next we write the geodesic equation. We have d;tlél +> F%j d;ti % = 0, which immediately

Pro ()
dt2 dt )

and we have £4% + Sr2 du 25 — 0, which immediately translates to

dt? ij dt dt
®0 2drdd)
dt2 " rdtdt

translates to

Suppose for a moment that a geodesic has constant 6. Then the two equations reduce to

% = 0 and so r = at + b. This gives a radial line through the origin, clearly one kind of
geodesic.

Otherwise 6 varies and our geodesic can be given by an equation for r in terms of 6. We
have
dr dr df
dt de dt
d?r Pr (d9\®  drd*0
2 e <dt> a6 a2
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and when these equations are substituted into the two earlier geodesic equations, we ob-

tain
Pr (0N drdo (0N
do? \ dt do dt2 dt B
@ 2dr (d0NT
dt2 - rdf \ dt B
The second equation can be solved for % and this result can be inserted into the first
equation, yielding a single equation

Pro(dg\* 2 (dr\? ﬁQ_T@Q_O
dez \ dt r \ df dt dat )

and we can factor out a common term to give

2r 2 (dr\? 0
ST o2 (fY -
do? r \df
Incidentally, the reason our original two equations have become only a single equation is

that we have lost track of how the curve is traced in time, and only kept information about
the shape r(6).

This final differential equation can be solved by an ingenious trick which also comes up in

the theory of Newtonian orbits for the two body problem. Let r(0) = ﬁ. Then % = ;—213—19‘

2 2 2 . .
and L = 7723 (%) — #‘;Tg. So the previous equation becomes

2 [du\? 1 d%u “1du\? 1
Sy v o () g
ud \ df u? do? u? df U

and after miraculous cancellation the equation becomes

d*u
W‘FUZO.

The solutions of this equation are u(6) = Asin(6 4 §) and so

1
") = L@t 0)

Luckily, this is the polar form of a straight line which misses the origin. Consider the
pictures on the next page. The picture on the left shows that a horizontal line of distance
% from the origin has polar equation r(0) = m. The picture on the right shows that
every straight line which misses the origin can be obtained by rotating the picture on the
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left by —6. When a polar curve r(6) is rotated by —J, the new equation has the form
(6 +9).

Putting these results together, we find that the solutions of the geodesic equation in polar
coordinates are exactly the polar forms of straight lines in the plane. Whew.

2.11 Geodesics on a Sphere

We end this chapter with a description of geodesics on several important surfaces. The
geodesic equation is a nonlinear differential equation, and it can seldom be explicitly solved.
Moreover, solutions of the geodesic equation have constant speed, and we have discovered
that renormalizing a curve so it has constant speed is rarely possible explicitly. The equa-
tion can be solved numerically, however. It is not difficult to teach Mathematica how to
do so; Mathematica has built-in routines to solve differential equations.

There are also tricks which can be useful!

Trick 1: The geodesic equation is a second order equation. Consequently, solutions (t)
are uniquely by the boundary conditions v(0) and +/(0). If a geodesic is already known
with these boundary conditions, it must be the one solving the geodesic equations.

Trick 2: An isometry of a surface is a C*° map M : § — S which is one-to-one and
onto with C* inverse and preserves lengths. This final condition means that M o «(t) and
a(t) always have the same length for any curve . Such isometries automatically preserve
geodesics (why?).

These tricks can be used to dramatically simplify the determination of geodesics on a
sphere. One approach is to use spherical coordinates, write down the geodesic equation
as in the previous section, and then solve in the special case that ¢ is a constant. The
equations simplify dramatically and we discover that the solutions are circles which traverse
the equator at constant speed. We call these solutions great circles along the equator.
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Now suppose that we have a more general geodesic y(t) with boundary conditions v(0) = p
and 7/(0) = X. Rotate the sphere so the equator rotates to a great circle through p in the
direction X. By Trick 2, this new great circle must be a geodesic. By Trick 1, it must be
the geodesic y(t). This proves

Theorem 17 The geodesics on a sphere are exactly the great circles.

Remark: This result is known to the general public. You'll see it dramatically confirmed if
you fly to Europe and discover yourself over Greenland in the middle of the journey.

Remark: However, even the special calculation described above can be eliminated if we
notice that the sphere also has isometries which reflect across the equator: (z,y,z) —
(z,y,—z). Call this isometry M. Let y(t) be a geodesic which begins at the equator, so
~v(0) = p is on the equator, and initially moves tangent to the equator, so 7/(0) = X is
tangent to the equator. Then M o+ is again a geodesic. Clearly this geodesic starts at p
with initial velocity X. By Trick 1, it equals 7. But M o «(t) can equal y(t) only if ()
has zero z-component. So 7 is a great circle along the equator. QED.

Remark: 1t is very important to notice that the curve which follows the equator three
fourths of the way around the sphere is a geodesic. It is certainly not the shortest curve
connecting its endpoints, because it is shorter to go one fourth of the equator the other
way. We proved that shortest curves are geodesics, but did not prove the converse.

It turns out that geodesics locally minimize distance. Given t, there is an € > 0 such that
«y is the shortest curve to all y(u) satisfying |t — u| < e.

2.12 Geodesics on a Surface of Revolution

Consider the surface formed by rotating the graph of a function y = f(x) about the z-axis.
The resulting surface can be parameterized by

s(z,0) = (x, f(x) cos b, f(z)sinh)

Although we will not be able to solve the geodesic equation completely, we get a remarkably
complete and beautiful description of the geodesics on a surface of revolution by using a
combination of symbolic calculation and geometric interpretation.

When we draw pictures, we will draw x horizontally, thinking of y as going up and z as
coming out at us. See the pictures on the next page.
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PN W A OO

We now deduce the geodesic equation. Notice that

@
ox
@
00
gi1

gi12

(1, f'(x) cos B, f'(x) sin H)
(0, —f(z)sinb, f(z)cosh)

2

1+ (f'(2))

o1
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f/
rZ, = —
12 f
3, = 0

We conclude that geodesics satisfy the following equations

d2l‘+ f/fl/ dﬁ 2_ ff/ ﬁ 2_0
ez 14 (f")? \ dt 1+ ()2 \dt)
2o of drds
a2 f dtdt
Example 1: Suppose x is constant, so only 6 varies. We will call such a curve a meridian.

The equations reduce to
__IP ()
1+ (f)2 \dt)

2
0,
dt?
The solution of the second equation is §(t) = ct+d, so the geodesic goes around the surface
of revolution at constant angular velocity. If the geodesic is not constant, the first equation
implies that f’(x) = 0. So meridians are geodesics if and only if z is a local min, local max,
or other critical point of f.

It may seem strange that meridians for a local mazimum of f are geodesics. But recall
that geodesics minimize length only locally. The point is that we should move around the
rim to get to nearby points as fast as possible.

Example 2: Suppose that 0 is constant. I like to call such curves latitudes. The geodesic

equations reduce to
de N f/f// dﬁ 2 B
a2 14+ ()2 \dt )
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At first this seems difficult to solve. However, geodesics have constant speed. Our partic-

ular geodesic is (w(t), f(x(t)),0), possibly rotated around the surface by a fixed 6. So its

tangent vector is ( T (@ )Zf , 0) and the square of the length of this vector is

o (%)

This number will be a constant just in case its derivative is zero, so

dz\? dx d*x
<2f f”> <dt> +(1+(f)?) 25 =0

, d 42 1 e d 2
2(1+(f)2)£{6ﬁf+1f{f,)2 <df) }:0

Notice that the expression inside the curley brackets is exactly the geodesic equation.
So the geodesic equation merely states that the latitude must be traversed at constant
speed.

or

We have proved

Theorem 18 Meridians are geodesics exactly at critical points of f(x). All latitudes are
geodesics.

We must now find the remaining geodesics, which wind around the surface. We begin by
solving the second of the two geodesic equations:

a0 2f' dx df

az T f dtdt
Multiply this equation by f? and replace ZJ; ‘fif by & d f(2(t)). The equation becomes

, d%0 do

e +2f i) D =0

/ dt
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Equivalently, then

So the second equation just asserts that f 22—? is constant! Call this constant ¢;. Then

g
dt — f(x)?

o
dt — f(x)

or f(z)

Remark: Notice that % is always positive or always negative or always zero. So once a
curve starts winding around the surface of revolution clockwise, it always winds in that
direction. It cannot stop winding, or start winding in the other direction.

The number f(x) is the radius of the surface of revolution at z. If we watch our curve
over a small interval of time dt, it moves along this radius a distance f(x)df. It also
moves perpendicularly to the radius along the curve y = f(z) (or rather, along this curve
rotated by #). In the time dt, x will change by dx. But the curve y = f(x) has slope
f’, so the distance our geodesic travels perpendicular to the radius is not dz but rather

VI ()2 d.

Recall that our curve has constant speed. If it travels along the radius by f(z) df and
perpendicularly along the surface by /1 + (f')? dz, then the total distance it moves in
time dt is

VU@ wp + (VTP @)’

It is convenient to rewrite this
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Since the curve has constant speed, the expression inside the square root must be a constant
independent of ¢. Call this constant C%. Our conclusions up to this point can be summarized

in two equations:
do C1

it~ 7(x)

(1Y sav i (&) =4

Remark: We now claim that this second equation is equivalent to the remaining unex-
amined geodesic equation. To see this, multiply that unexamined geodesic equation by

2 (1+ (f)%) % to get

dr [ d?x 1 (dr\? do
2 (1 N == 4 —=_ = =0.
( +(f))dt{dt2+1+(f’)2<dt) 2115 <dt>
We know from example 2 that the first of these two terms is the derivative with respect

2
to t of (1 + (f’)z) (%)2. Replace % by ;2 in the second term to obtain —2f (f2) =

flx)—

2
d (%) . So the unexamined geodesic equation states that the derivative of

dt
(5) v wvern (5

is zero and thus this expression is constant.

Remark: From now on, we try to understand the significance of the two equations

d9 C1

(1Y sar i (&) =4

According to the second equation, the motion of the geodesic is split into a component in
the direction of the meridian circle through ~(¢) and a component in the direction of the
latitude curve through ~(t). As the radius decreases, the meridian component increases and
the latitude component decreases, so the geodesic becomes vertical, winding tightly around
the surface. As the radius increases, the meridian component decreases and the latitude
component increases, so the geodesic becomes horizontal, winding very slowly around the
surface.
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In addition, there is a minimal possible radius for the geodesic. Indeed,
2 2
C1 d0 2
- — - <
(7) - () =2

C1

and so

What happens when the geodesic approaches a spot on the surface of revolution where the
radius is too small? The answer depends on whether this critical radius corresponds to
a geodesic or not. In the picture below, the geodesic approaches a meridian at x where
f(xz) # 0. This meridian is not a geodesic. As the geodesic approaches the meridian, it
becomes more and more vertical. Finally the geodesic touches the meridian vertically and
then bounces back toward the left.

T

vio T
not’ aeoo‘es,l

%eoo?cr. c

On the other hand, suppose the meridian of critical radius is a geodesic. If our geodesic
approaching this critical radius were to touch the meridian, it would be vertical there.
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By uniqueness of boundary conditions, our geodesic would have to equal the meridian.
What happens instead is that our geodesic winds more and more vertically, approaching
the meridian infinitely closely without ever touching or bouncing back.

Let us suppose that our surface of revolution extends infinitely far along the z-axis. Our
analysis gives a complete picture of geodesics on the surface. These geodesics travels almost
horizontally when the radius is large, and then pinch together as the radius decreases. If
the radius does not decrease too much, the geodesic escapes through the narrow spot and
continues on. If it finds a spot which is too narrow, it bounces back and retreats toward
the left. And if it finds a spot which is just right, it approaches the spot infinitely closely.
Some geodesics bounce back and forth forever. Others continue on, almost managing to
squeeze through narrow spots.
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2.13 Geodesics on a Poincare Disk

Finally, we will sketch the theory of geodesics on the Poincare disk described at the end of
section 2.6. Since this geometry is exactly Lobachevsky’s non-Euclidean geometry, it plays
an important role in mathematics. We will not give complete details, but an interested
reader can easily complete the theory from our sketch.

Recall that
4 (dx2 + dy2)

(1— (a2 +y?))*
Notice first that reflection across a line through the origin preserves distance. Consequently

the tricks deduced earlier allow us to conclude that geodesics through the origin remain on
a radial line.

ds®> =

By rotational symmetry, it suffices to understand the curve ~(t) = (z(t),0). The same
analysis will then apply to r(¢) for any radial curve.

Since geodesics travel at constant speed, the length of the derivative of our curve must

remain constant. The resulting derivative is 7/(t) = (2/(¢),0), and its Poincare length
is
2 dx
1—a2dt’
This must be a constant ¢, so 127‘?2 = c dt and we discover by integration that = In Gf—i) =

ct + d. By starting time at a different moment we can eliminate d. Exponentiating both

: : 142\ _ _ct
sides gives (l—x) = e and so

et — 1 ect/2 _ efct/Q

ect 11 - ect/2 4 g—ct/2

x(t) = = tanh(ct/2).

Notice that as t — oo, z(t) — 1.

Theorem 19 Geodesics through the origin of the Poincare disk are radial lines which move
more and more slowly as they approach the boundary and never reach the boundary.

To find the remaining geodesics, we will show that there are a large number of isometries
of the Poincare disk, so that we can get any geodesic by applying an isometry to a radial
line.

For a moment, forget the Poincare disk and consider ordinary Euclidean geometry on
the plane. We can think of this plane as the set of all complex numbers. Consider the

function
az+b

f(z) = cz+d
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which maps complex numbers to complex numbers; here a, b, c, and d are fixed complex
numbers. Of course this map is not defined when cz + d = 0.

Lemma 2 This map preserves angles in the sense that if a(t) and B(t) are two curves in
the plane which meet at an angle o, then f(a(t)) and f(B(t)) meet at the same angle.

Proof: Thislemma can be proved by a brute force and also follows from general principles
of complex variable theory.

Lemma 3 The map f preserves straight lines and circles in the sense that the image of a
straight line under f is either a straight line or a circle, and the image of a circle is either
a straight line or a circle.

Proof: Again this can be proved by brute force.

We now claim that certain of these maps send the unit circle centered at the origin back
to itself, not necessarily fixing the circle pointwise. A brief calculation reveals that

Theorem 20 Suppose zy is a fixred complex number satisfying |zo| < 1, and 0 is an arbi-
trary real number. The map f(z) below sends the unit circle back to itself. Consequently
this map sends the interior of the unit circle to itself. Indeed, this map is a one-to-one
and onto map from the Poincare disk to itself, and its inverse has the same form for some
other choice of zy and 0.

T Z— 20
fz)=e 1—2z7z

Finally, we come to the most important point, which can again be proved by brute

force:

Theorem 21 The map
Z— 20

f(z)=¢"

from the Poincare disk to itself preserve Poincare length and so is an isometry of the disk.

1—220'

Turn back to Escher’s picture of the Poincare disk in section 2.6. These isometries are
clearly visible, mapping one angel to another and one devil to another.

Remark: We now have enough information to determine the geodesics of the Poincare
disk completely. On the next page, these geodesics can be seen in Escher’s working notes
used to construct the angel and devil picture.

Theorem 22 The geodesics on the Poincare disk are exactly radial lines through the origin
or circles which meet the boundary at ninety degrees.

Proof: Suppose a geodesic y(t) goes through the point zy. Apply the isometry f given
above. This isometry maps v to a geodesic through the origin, and consequently to a
radial line. This radial line meets the boundary of the disk at ninety degrees. Now apply
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the inverse of f, which is another such map. This map sends lines and circles to lines
and circles, so vy itself must be a straight line or a circle. Moreover, the inverse isometry
preserves Euclidean angles, and sends the boundary of the disk back to itself. So 7 (or
rather, its extension to a full line or full circle) must hit the boundary of the disk at ninety
degrees. If v is a line, then it must go through the origin because these are the only lines
which hit the boundary at ninety degrees. So 7 is a line through the origin or else a circle
hitting the boundary at ninety degrees.

Conversely, all such circles are geodesics. Indeed, let v be a circle through zy hitting the
boundary at ninety degrees. There must be a geodesic through zy starting in the same
direction as . This geodesic is a radial line or a circle hitting the boundary at ninety
degrees. But a little thought shows that there is only one such curve, so v itself is a
geodesic.




Chapter 3

Extrinsic Theory; Curvature and
the Second Fundamental Form

3.1 Differentiating the Normal Vector

The previous chapter was about intrinsic surface theory — the part of the theory that
could be understood by a two-dimensional worker living on the surface. We used the
surface parameterization s(u, v) to calculate g;;, but our worker would instead measure the
gij directly using a small ruler. All of the remaining mathematics depended only on the
gi; without further reference to the surface.

We are now going to study extrinsic surface theory — the part of the theory which requires
looking at the surface from the third dimension. Our main goal is to calculate the curvature
of the surface. Although we’ll continue to calculate in local coordinates, the quantities we
study will depend directly on s(u,v); indeed we know from an example in the preface that
curvature cannot be determined intrinsically by a two-dimensional worker.

In that preface, we sketched a method to determine the curvature of S at a point p.
Rotate the surface until its tangent plane at p is parallel to the xy-plane; find the equation
z = f(x,y) for this rotated surface near p, and expand f in a power series. In practice this
method is awkward and we’ll use a different technique. Let 7 be a unit normal vector field
on the surface. Since % and % are tangent the surface and linearly independent, their

cross product is perpendicular to & and we can take

L sy s
n—=-—m————

ou v
15 % 8211

61
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If the surface lies in a plane, this normal vector is constant. Consequently, curvature is
related to changes in n; we can study these changes by differentiation. When X is a tangent
vector at p, let X (n) be the derivative of n in the direction X. (This derivative will be
defined rigorously in the next section.) Since n has length one, n-n = 1 and the product
rule gives X(n)-n+n-X(n) =0 or X(n)-n = 0. Consequently, the derivative X (n) is
another vector tangent to the surface.

The picture of the saddle below shows how this works in practice. Pay attention to the
origin and move in the x direction. Notice that the change of the normal vectors is also in
the positive z-direction. If our saddle has standard form z = y? — 22, we will later calculate
that the derivative of n in the direction e; is 2e;.

Repeat this argument, but this time move in the y direction, as in the left picture on
the following page. (To avoid interference, the normal vectors have been drawn shorter
than they should be.) Notice that the change of the normal vectors is now in the negative
y-direction. For a standard saddle, we will later calculate that the derivative of n in the
direction eg is —2es.
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Finally, move in a diagonal direction X, as in the picture on the right. Notice that the
change of the normal vectors is no longer a multiple of X. We will later prove that the
derivative of n in the direction ey + eg is 2e1 — 2es.

These results are supposed to remind you of eigenvectors. The derivative of n in the
direction X is another tangent vector which we will denote B(X). This B is a linear trans-
formation from the tangent space at p to itself. In the example, e; and ey are eigenvectors
of B because B multiples each of these vectors by a scalar. In general, the eigenvalues of
B (up to a sign) will be the principal curvatures described in the preface.

3.2 Vector Fields in R?

Recall that a tangent vector at a point p looks like X = (X1, X2) in local coordinates. The
numbers X; and X, are not the coordinates of the vector in R3; these are found from the
expression

0s 0s

= Xy

X=X ou ov

We now want to discuss vector fields on a surface & which point in arbitrary directions in
R3, not just in tangent directions. The normal vector field below is such a field. We will
use the letters X, Y, Z to denote tangent vector fields, and the letters U, V, W to denote
vector fields in arbitrary directions.
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A typical vector field V' assigns a vector V(p) = (V1, Vo, V3) to each point p in the surface.
In local coordinates, p is given by a pair (u,v). Consequently we have

Definition 15 Let S be a surface in R3. A vector field on S is an assignment to each
point p € S of a three dimensional vector V(p) starting at p, such that the vectors vary
from point to point in a C°° manner. In local coordinates we have

V(u,v) = (Vi(u,v), Va(u,v), V3(u,v))

where the V; are C*° functions.

Notice carefully that when we give a tangent vector (X1, Xs), the X; are not the three-
dimensional coordinates of the vector. But when we give a vector (Vi,Va, V3), the V; are
just the three-dimensional coordinates of the vector.

Example 1: Consider the sphere, parameterized in the usual way via spherical coor-
dinates s(6,¢) = (sin¢cosf,sin psinf, cos¢). Let V be the vector field which assigns to
each point (z,y, z) the vector (0,y,0). This vector field is pictured on the next page. Since
y = sin ¢ sin @, this vector field equals

(VYI; V27 Vé) = (O,SiH¢SiH0, 0) .
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Example 2: Consider the surface z = 22 + 2. This surface can be parameterized via the
map s(u,v) = (u,v,u? +v?). Let V be the vector field which assigns to each point (z,y, 2)

the vector z(z,y,0). Then
V = (u(w® + %), v(u® +0%),0)

-

i

AW
=\

,’l

b

sSae
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3.3 Differentiating Vector Fields

We are about to define the derivative of the vector field V in a tangent direction X. The
object V must be a vector field, and not just a vector at a single point p, since differentiation
requires that we compare values of V' at nearby points. But X can be a single vector at
p, because it merely gives the direction we want to move. However, X must be a tangent
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vector, because if we move in a direction that is not tangent to the surface, we’ll leave the
surface and V' will not longer be defined.

We cannot define the derivative of V' in the direction X using the usual definition

Ly p+ )

a7

because the line p + hX also leaves the surface and so V is not defined at p + hX. But a

slight modification works. Let a(t) be a curve on the surface which goes through p at time
0 with direction «/(0) = X. Then we can compute

d
SV (a()

Let us deduce a formula for this derivative. Let v(t) = (u(t),v(t)) be a local coordinate
representation of a. Then V' at «a(t) is just

(Vi(u(t), v(t)), Va(u(t), v(t)), Va(u(t), v(t)))
and the desired derivative is
dV(a(t)) _ <8V1du Lo oVidv OVodu 0OVadv OVidu 0OV3 dv)
dt Oou dt Ov dt’ du dt = v dt’ du dt = v dt

But the local coordinate expression for X = o/(0) is (X, X2) = (%, %), so the above

expression is
dV(a(t)) oy oV; oVa Vs oVs oVs
_ X + X , X + X , X + X

dt You TP 00 T au T P a0 o T T au
which is just
oV ov

+ X

du o
Notice that this expression depends only on X and not on the particular curve a(t).
Consequently,

X1

Definition 16 Let X = (X, X3) = X1% + Xga% be a tangent vector to a surface S and
let V.= (V1,Va,V3) be a three-dimensional vector field. Then
oV oV
XV)=X1— + Xo—
V) Y ou A ov
Example: Let S be the surface z = 22 4 y? of the previous example and let V be the
vector field z(x,y,0) = (u(u? + v?),v(u?® + v?),0) pictured there. Suppose X = (2,3).
Then
oV oV

X(V) = 2% + 3% (6u? + 6uv + 202, 3u® 4 4uv + 9?).
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3.4 Basic Differentiation Facts

The rest of our course depends on the straightforward differentiation formula introduced
in the previous section. In this section we collect together all of the facts about this
differentiation used in the future. These facts are so simple that they are boring. But wait
until you see how they are used.

Theorem 23 Differentiation of a three-dimensional vector field V' in the tangent direction
X has the following properties

1. If ry and rq are real numbers, X (r\V 4+ roW) = r X(V) + ro X (W)
2. If f(u,v) is a function on the surface, X(f V) =X(f)V + fX(V)

3. If r1 and rq are real numbers, (11X +r2Y)(V) =rX (V) +rY (V)
4. XV, W) = (X (V), W) +(V, X(W))

5. If X and Y are tangent fields, X(Y) - Y (X) = [X,Y]

6. If X and Y are tangent fields, X (Y) — Y (X) is again a tangent field.

Proof: Most of these results can be left to the reader. Look back at the fourth result.
Since V and W are three-dimensional vectors, the inner product in question is the standard
dot product in R? rather than the sophisticated two-dimensional dot product defined by
the g;;. So this result is just the ordinary product rule

X(ViWh + VaWa + VasW3) = X (VI)W1 + ViX(Wh) + ... = (X(V), W) + (V, X (W))

The fifth result is our first use of the Lie bracket defined in an earlier section. Its most
important consequence is point six. If X and Y are tangent vectors, X (Y) need no longer
be tangent to the surface. For example, look at the tangent field shown in the picture below
on the sphere, and differentiate it in the direction of the equator; the derivative vectors
point inward toward the center of the sphere.
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But X(Y) — Y(X) will be tangent to the surface, since the Lie bracket of tangent vector
fields is again a tangent field.

Let us prove the fifth result. This time Y is a vector field rather than just an isolated
vector. In local coordinates Y = (Y7 (u,v), Y2(u,v)). But to differentiate, we must think of
this as the three-dimensional vector

0s Os
Y = Yl(”?”)% + YQ(U':/U)%
Consequently
ds 0?s 0%s s 0%s 0?s
X(¥)=XM)z-+N <Xl8 7 T Xog oo ) +X(Y2)g + 1 <X1a o +X2W>
Similarly

0s 9?%s 9%s s 0%s 9?%s
Y (X Y(Xi1)— + X1 (Y Y- Y(Xo)— +Xo(Y1I—— +Yo—
(X) = (1)a+ 1(182+ 23a>+ (2)6U+ 2<18w%+ 28U2>

Notice that when we subtract the second expression from the first, the terms involving
second partials of s cancel, and we obtain

O (X ()~ Y (X)) 2

X(Y)-Y(X)=(XM) -Y(X1))
This is a three dimensional tangent vector whose expression in local coordinates is

(X(1) =Y (X1), X(Y2) - V(Xy))

A brief final calculation shows that this is exactly the expression for [X, Y] obtained at the
end of section 2.5. QED
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3.5 The Normal Field

We apply this theory to the normal vector field 77 consisting of unit vectors perpendicular
to the surface. Since % and % are linearly independent tangent vectors, we have

Definition 17 Let S be a surface parameterized by s(u,v). The normal vector field is the

three-dimensional field

85 Js

— Xav
n =

As a matter of fact, there are two choices for this n, differing in sign. By definition, an
orientation of a surface is a choice of one or the other unit normal. Often this orientation
is given geometrically. For instance, closed objects like spheres and doughnuts are usually
oriented using outward pointing normals. Graphs like z = u? + v? are usually oriented
using upward pointing normals.

If an orientation is given geometrically, it is necessary to check that the previous formula
gives the correct choice. When it gives the incorrect orientation, switch v and v to obtain
the correct one, or just change of sign of n.

Theorem 24 If X is a tangent vector, then X (i) is again tangent to the surface.

Proof: The normal field has unit vectors, so (n,n) = 1. Since the derivative of a constant
is zero, rule four from section 3.3 gives

0= X (n,n) = (X(n),n) + (n, X(n)) = 2(X(n),n)

So X (n) is perpendicular to n, and thus tangent to the surface. QED

Example: Consider the surface z = 22 +y?. Let us parameterize using polar coordinates,
so s(r,0) = (r cos 6, rsin 9,1"2) . Then

ds Os

os os _ . o — (9,2 .2
o XE)Q (cos@,sinf,2r) x (—rsinb,rcosf,0) ( 2r° cosf, —2r smﬁ,r)

Since the length of this vector is rv/1 + 4r2,

7= # (—2r2 cos 0, —2r%sin 0, 7’)

V1t 4r?

Let us differentiate 77 in the 6 direction. We obtain

1

—— (2r?sinf, —2r% cosh,0
vl )
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According to the previous theorem, this vector is a tangent vector and thus a linear com-
bination of

0
8715" = (cosf,sin b, 2r)
and 9
S
0= (—sind,cos6,0)
In fact, it is \/1_-%72 times the second vector. We usually write tangent vectors in local

coordinates as (X1, X2). In this language, the derivative just computed equals
=)
VI 42

3.6 Decomposing Vectors

In the previous sections, we studied three-dimensional vector fields on a surface S. A
vector in this field points off in R? willy-nilly, probably at a strange angle to the surface.
It is natural to decompose this vector into two pieces, one tangent to the surface and one
normal to the surface. This decomposition will lead directly to the central ideas in Gauss’

paper.

2
R
R

y
"c"c"
J

R

Theorem 25 Fiz a point p € S and let V' be a vector at p. Write

V= {V-(v,n>ﬁ}+<v,n>ﬁ
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Then the first term in this expression is tangent to the surface and the second term is
normal to the surface.

Proof: The second term is a multiple of n, so it is certainly normal. To show that the
first term is tangent to the surface, it suffices to show that the dot product of this term
and n is zero. But a glance shows that this is true. QED

Apology: In these notes, I usually omit writing small vectors over V', n, and other ex-
pressions. Occasionally I write small vectors to emphasize a point. Thus in the previous
theorem, n sometimes has a vector and sometimes does not. It is always the same n.

Remark: It follows from the previous theorem that every three-dimensional vector field
V on the surface can be written in the form

V=Y+fin

where Y is tangent to the surface and f is a C* function. Suppose we differentiate this
vector field with respect to a tangent vector X. According to the rules in section 3.3, we
will obtain

XV)=XY)+X(f)n+ fX(n)

In this expression, X (f) is the directional derivative of the function f in the direction X,
which we already understand from the discussion in section 2.3. Consequently, we can
understand the derivatives of arbitrary three-dimensional vector fields by studying two
special cases:

e X(Y) where X and Y are tangent vector fields
e X(n)

3.7 The Fundamental Decomposition

If X and Y are tangent to the surface, the derivative X(Y) may no longer be tangent.
See the picture in section 3.4. But the vector X (Y') can be decomposed into a tangential
and a normal component. This tangential component is denoted VxY and the normal
component, which is a multiple of n, is denoted b(X, Y )n.

We have already proved that X (n) is tangent to the surface. The resulting tangent vector
is denoted B(X).

We have proved the following decomposition result, which is fundamental for everything
which follows:
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Theorem 26 If X is a tangent vector and Y is a tangent vector field, we have the following
decomposition of derivatives into tangential and normal components:

X(Y) = VxY + bX,Y)i
X(@) = B(X)

Remark: This chapter is about b(X,Y) and B(X). We will discover that these objects
contain exactly the curvature information about the surface, nothing less and nothing
more.

The next chapter is about V xY. According to the current definition, this object can only be
calculated by a three-dimensional worker able to differentiate and then separate the result-
ing vector into a tangential and normal component. However, we will discover that a two-
dimensional worker could compute VxY, using the Christoffel symbols and all that.

Finally, Gauss’ theorema egregium will arise because the quantities VxY and b(X,Y") are
not completely independent.

The object b(X,Y) is called the second fundamental form on the surface. And yes, the
first fundamental form is the metric tensor g;;. More about all that in a moment. Notice
carefully that b(X,Y) assigns a number to each pair of tangent vectors X and Y, while
B(X) assigns a tangent vector to each tangent vector. In the next section, we will prove that
knowing one of these objects automatically gives the other. We will also prove that

B : (tangent space) — (tangent space)

is a linear transformation of a special type — it is symmetric. The linear algebra people
have a wonderful theorem about such transformations. We’ll describe their theorem in
section 3.9 and use it in the rest of the chapter.
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3.8 The Crucial Results

Theorem 27 Let X and Y be tangent vector fields on a surface.

1. b(X,Y) and B(X) at a point p depend only on the vectors X and Y at p, and not on
their extensions to tangent fields on the surface

2. b(X,Y) is linear in X if Y is held fized, and linear in'Y if X is held fized
3. B(X) is linear in X

4. b(X,Y)=0b(Y,X)

5. b(X,Y) = — (B(X),Y)

6. (B(X),Y) = (X,B(Y))

Proof: The vector B(X) equals X (n), which depends only on X at a point p. The similar
result for b(X,Y) then follows once we prove point 5.

Linearity for b and B is a consequence of points one and three of the theorem in section
3.4.

Symmetry of b(X,Y) is proved as follows. From the fundamental decomposition we
have
X(Y)-Y(X)={VxY -VyX}+ (bX,Y)-bY,X))7

But X(Y) — Y(X) is tangent to the surface by the theorem in section 3.4, so the normal
component of this expression is zero and b(X,Y) = b(Y, X).

Since Y is tangent to the surface and n is normal to the surface, (n,Y) = 0. Differentiate
this expression with respect to X and apply the theorem in section 3.4 to obtain:

0=X(n,Y)=(X(n),Y)+ (n, X(YV))
Then apply the decomposition theorem to get
0=(B(X),Y)+ (n,VxY +b(X,Y)n) = (B(X),Y)+b(X,Y).

Here we have used the fact that n and VxY are perpendicular and n has length one. So
b(X,Y)=—(B(X),Y). QED.

3.9 The Principal Axis Theorem

I'd like to remind you of a little linear algebra. Suppose A = (a;;) is a matrix. A vector v
is an eigenvector of A if A just stretches v without rotation, so Av = Av. In that case v is
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an eigenvalue of A. There is a mechanical way to find the eigenvalues and eigenvectors of
A, summarized below.

5 —3
-3 5
Av = 2v. Notice that when w = (—1,1) we get Aw = 8w. So the geometry of A is very
simple. It stretches in the v direction by 2 and in the w direction by 8. The numbers 2
and 8 are secrets of the matrixz which the method of eigenvectors reveals. Neither number
is an entry of the matrix.

For example, consider the matrix A = < > . Notice that when v = (1,1) we get

The grand goal of linear algebra is to reveal the secrets of any matrix by choosing new
coordinates which make the matrix easy to understand. Sometimes eigenvalues suffice for
cosf) —sind

. tat
sin 0 cos ) rotates

this task, and sometimes they are useless. The matrix B = <

0 1
has only one eigenvector v = (1,0) up to scalar multiples, so its eigenvectors don’t span
2
0 3
v = (1,0) and w = (1,1) with Dv = 2v and Dw = 3w, but the eigenvectors are not
orthogonal.

everything by € and has no eigenvalues at all when 6 # 0, 7. The matrix C' = < L1 )

enough dimensions to tell all of its secrets. The matrix D = ( ) has two eigenvectors

There is a beautiful theorem in linear algebra stating a case when eigenvectors tell all of
the secrets of A. If our vector space is R™ with its standard dot product, the theorem
is

Theorem 28 (The Principal Axis Theorem) Let A be an n x n real matriz. Suppose
A is symmetric, so that A is unchanged when it is flipped over the diagonal. Then we can
find n orthonormal eigenvectors for A. Conversely, if A has n orthonormal eigenvectors,
then it is symmetric.

The symmetry condition is easily seen to be equivalent to the condition that for all v and
w we have Av - w = v - Aw. This later condition allows us to generalize to an arbitrary
vector space:

Theorem 29 (The Principal Axis Theorem) LetV be a finite dimensional real vector
space with an inner product ( , ) and let B : V. — V be a linear transformation. Suppose
(Bv,w) = (v, Bw) for allv and w. Then there is an orthonormal basis ey, e, ..., e, for V
consisting of eigenvectors of B, so

B(el) = K; €;.
We are about to use this theorem when the dimension of the vector space is two. For

completeness, we’ll recall how to calculate eigenvalues and eigenvectors in this case, and
prove the theorem.
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a

Suppose A = is a matrix. An eigenvector is a nonzero vector v = (v1,v2)

b
d
such that v is merely stretched by A, so Av = Av for some real number A. This A is the
corresponding eigenvalue of A.

If Av = A\v for a nonzero v, then A\l — A takes the nonzero vector v to zero and conversely.
It is easy to check that a 2 x 2 matrix takes some nonzero vector to zero exactly when its
determinant is zero. So the eigenvalues of A are precisely the solutions of

A—a —b
P(A)zdet(b\—A)zdet( . /\—d>:0'

For example, the eigenvalues of the matrix A = ( _g _g ) discussed earlier are the
roots of
A—5 3 2
P(X\) = det 3 \_5 =X —-10A+16=A—-2) (A—38)
and so A = 2,8.

Once we know A, the corresponding eigenvectors are solutions of Av = A\v, or equivalently
(M — A)v = 0. When written out, this will yield two equations, but the equations will
be redundant. Thus the solutions form a line through the origin. Any nonzero vector on
this line is an eigenvector. For example, in the previous example suppose A = 2. Then

(M — A)v becomes
2-5 3 w\ [0
3 2-5 ve )\ 0

which gives the two redundant equations —3wv; + 3ve and 3v; — 3vs. The solutions are
vectors with v; = va. One such solution is v = (1,1), as described earlier.

Finally, we prove the principal axis theorem in the two-dimensional case. The first step is

to show that B has at least one eigenvector. Choose an orthonormal basis fi, fo arbitrarily.
Write B(f1) = afi + cf2 and B(f2) = bf1 + df2 so that the matrix of B will be ( (cl Z

Since the f; are orthonormal, (Bfi, fo) = ¢ and (f1, Bf2) = b. By hypothesis these are
equal, so b = c.

The eigenvalue equation is thus

P(\) =det< Ao ) =\~ (a+ d)A+ (ad — 7) = 0.

The roots of this equation are

\— (a+d) £ /(a+ d)? — 4(ad — b?) _ (a+d) £ +/(a—d)?+ 4b?
2 2 '
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Since the expression under the square root sign is nonnegative, this equation has real roots.
So at least one eigenvector exists.

Let e1 be an eigenvector. We may multiply e; by a constant, so assume it has length one.
Choose a perpendicular vector ey of length one. Then by hypothesis (e, Bes) = (Bey, ea) =
(k1e1,e2) = 0. Hence Beg is perpendicular to e; and therefore must be a multiple of es. So
e9 is also an eigenvector of B. QED.

3.10 Principal Curvatures

We can now put everything together. Consider the linear transformation
B : (tangent space at p) — (tangent space at p).
This B is a symmetric map from the two-dimensional tangent space to itself. By the
principal axis theorem, it has an orthonormal basis of eigenvectors.
Definition 18 Let S be a surface with a fived orientation, p € S.

1. The eigenvalues of —B are denoted k1 and ko and called the principal curvatures of
the surface at p

2. The corresponding eigenvectors are called the principal directions at p. These direc-
tions are defined unless k1 = ko. When k1 = ks, all vectors are eigenvectors and the
principal directions are not well-defined.

3. The product k = K1 Ka s called the Gaussian curvature of the surface at p
4. The sum m = k1 + kg is called the mean curvature of the surface at p.

Remark: We choose the eigenvalues of —B rather than B to follow the historical con-
vention. In the rest of this chapter, we will explain how to compute b, B, k1, and k2. In
particular, we will justify these definitions by showing that they agree with the numbers
defined in the preface.

3.11 A Formula for b

We are going to find a formula for the second fundamental form b(X,Y’). Write X in
coordinates as X = (X1, X2) = X174 + Xof% = 3 X;z2-. Similarly ¥ = 3 YJ% Since b
is bilinear,

o 0
b(X,Y) = Zb <au auj> XiY; =Y by X.Y;
]

ij
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where b;; = b ({%, 8%1) . In language which used to be popular years ago, the b;; is a
tensor of rank two. When this formula is written out in detail, we get an expression similar
to our earlier formula for ds? in terms of the gij, namely

b(X,Y) =b11X1Y1 + b2 (X1Y2 + XoY1) + 022 XoYo.

It remains to compute b;; = b ( ) Recall that b(X,Y) is the normal component of

Ou;’ Ouj
the vector X (Y'). In our case, Y = 68 which corresponds to the three-dlmensmnal vector
au . The derivative of this vector with respect to X = a is then au a . This vector need
not be normal, but its normal component is

%3

bz" — .
J 8ui8uj "

We have proved
Theorem 30 The second fundamental form b(X,Y) is given by

b(X,Y)=0 ZX Z Jau = by XY
(]

where b = (b;j) is the matriz with entries

0’5
n
8ui8uj

bz‘j =

Remark: We can write this result more concretely if our surface has the form z = f(z,y)
so that s(z,y) = (x,y, f(x,y)). Then it is useful to write % = fu, etc., and we have

05 L 05 (1,0, 1) x (0,1, £,) = (—fos—fis 1)

or Oy
Moreover, g—:c‘;’ = (0,0, fzz), with similar results for other second partials. The dot product

g—ig - 11 is then f,, divided by the length of (—f;, —fy,1), and we ultimately obtain

Theorem 31 If a surface is given by the equation z = f(x,y), then b;; is the matriz

b= 1 (fx:]c f:cy)
Sir e\ fw
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3.12 A Formula for B

The map B is a linear transformation from the set of tangent vectors to itself. In coordi-

By B X
500 = s, = (gt b2 ) ()

where B;; are the entries of the matrix B. We easily deduce that
B (ai) = Zj:Bﬁgj.
Now apply the formula (B(X),Y) = —b(X,Y) to X = 8%1- and Y = a%k. We obtain
(o) ) = ) =

o 0
<Z Bjiafj, auk> = —bik.

J

nates

or

The expression on the left is ) | Bj;g;i, but it is better to recall that g;; = gj; and b, = by,
and write our equation in the form

Z Gk Bji = —bp.
J

We have proved

Theorem 32 The matriz B satisfies the equation

g B=-b
and consequently can be computed using the formula
B=—(g"")b
Remark: We obtain a more concrete formula when z = f(x,y). Then s(z,y) =

(2,9, f(2,y)) and so 25 = (1,0, f,) and & = (0,1, f,). Thercfore g1y = 1+ f2,g12 = fufy,
and goo =1+ ny The determinant of the matrix g is then
L+ 1) U+ f) = (fof)? =1+ f2+ 1]

and so

g—l 1 < 1+fy2 _fwfy >

S+ 2+ 2\ Sy 12
Consequently,
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Theorem 33 If z = f(x,y), the matriz B is given by the formula
1 1+f3 _fzfy fxa: fxy

AT\ pp 1472 ) \ foy fw

3.13 Justification of the Definition

Suppose S is a surface containing the point p and we wish to compute the principal curva-
tures at p. According to the definition, these curvatures are the negatives of the eigenvalues
of the matrix B defined by B(X) = X (n). Thus we can find linearly independent tangent
vectors e; and e at p which satisfy ej(n) = —kje1 and ex(n) = —koes.

Suppose we were to rotate the surface in three space. We claim that the principle curvatures
will not change. Indeed, n will rotate and the e; will rotate and the derivative contraption
will rotate, and after this rotation we will still have e;(n) = —k1e1 and ez2(n) = —kges at
the rotated image of p.

Clearly we can rotate the surface so p lies over the origin and its tangent plane is parallel
to the zy-plane. After this rotation, the surface will be given near p by

z = f(x,y) = £(0,0) + % (az? + 2bzy + cy?) + ...

Since the tangent plane at the origin is parallel to the xy-plane, we have f, = f, = 0 at
the origin, and f;, = a, fzy = b, fyy = c. Therefore the matrix B at the origin is

1 1 0 a b —a —b

3/2
(1+0+0)3/ 01 b e b

—C

The principal curvatures are the negatives of the eigenvalues of this B. So the principal
curvatures and principal directions are the eigenvalues and eigenvectors of

a b

In the special case when b = 0, these eigenvalues are a and ¢ and the principal directions
are along the x and y axes. Therefore we recover the description of curvature from the

preface:
K K
fz,y) = £(0,0) + ?1952 + ggf T
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In the general case when b may not be zero, write p = (x,y) and notice that

(B(p),p>=<<z i) (5),(z>>:ax2+2bxy+cy2

This is the quadratic term of the Taylor expansion, up to a factor of 1/2. Choose or-
thonormal eigenvectors e; and e3. Then p = (x,y) can be written in the form ue; 4 ves,
where v and v are new coordinates of p in the coordinate system defined by e; and ex. We
have

az® + 2bzy + cy? = (B(p), p) = (B(uey + vey), uey + ves) .

Since the e; are eigenvectors, this equals

<UI{161 + ’UK,QEZ, uey| + ’()62> = K;lu2 + I€2’U2.

Hence in the new coordinates, our surface has the equation

f(u,v) = f(0,0)+%u2+%v2+...

We have proved

Theorem 34 Let S be a surface containing a point p. Rotate the surface until p lies above
the origin, the tangent plane to the surface at p is parallel to the xy-plane, and the principal
directions at p point along the x and y azxes. Then the equation of the rotated surface has
the form

K1 K9
fz,y) = f(0,0) + 3552 + ?yQ +...
where k1 and ko are the principal curvatures.

Remark: It is best to think of this theorem pictorially. It states that up to second order
terms, our surface looks like one of the pictures below, provided we orient our surface along
the principal directions.

\\
O
=

N
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3.14 Gaussian Curvature and Mean Curvature

If k1 and ko are the principal curvatures, recall that we have defined the mean curvature
m = K1 + ko and the Gaussian curvature k = k1k9. Since the principal curvatures are the
negatives of the eigenvalues of B, we have

det(M — B) = (A + k1) (A + £2) = A2+ m) + k.

However, a brief calculation shows that for any matrix B,
det(M — B) = A\? — tr(B)\ + det(B)

where tr(B), the trace of B, is the sum of the diagonal elements of B, and det(B) is the
determinant of B. Consequently, we have proved

Theorem 35 The mean curvature and Gaussian curvature are given by

m = —tr(B) k = det(B).

In particular, we can apply our previous calculations to deduce

Theorem 36 If S is given by s(u,v), then

Q
»

Q
)

2
#on) (820n) - (3 )

2
BB G -G

r = det(g™1) det(b) = (if;(l;) = (

—

Os | Os
ou Ou
If S is given by z = f(x,y), then

o — fxxfyy — (fxy)2
- 2
L+ 12+ 13)

Remark: If B is an arbitrary linear transformation, the numbers tr(B) and det(B) are
invariants which do not depend on the choice of basis. It can be proved that they are the
only such invariants in the sense that any continuous invariant is just a function of tr(B)
and det(B). Therefore from an algebraic point of view, the Gaussian curvature and the
mean curvature are natural invariants of the operator B.

As explained in the preface, we will soon prove that the Gaussian curvature can be com-
puted intrinsically by a two-dimensional worker. It will interest us greatly. The mean
curvature is also interesting, although we do not have time to study it in this course. For
instance, if a wire is bent and dipped into a soap film, a surface forms supported by the
wire. The chosen surface has minimal area among all surfaces bounded by the wire, and
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it is then easy to prove that it has mean curvature zero using the variational techniques
introduced during the discussion of geodesics. So soap films bounding a wire are always
shaped like a saddle. The curvatures of this saddle vary from point to point, but they are
always of equal magnitude and opposite sign.

3.15 Examples

Consider a surface of revolution obtained by revolving y = f(x) around the z-axis. In
section 2.12; we parameterized such a surface by s(z,0) = (z, f(x)cos@, f(x)sinf) and
obtained

% = (1, f cos @, f'sinf)
% = (0, —fsin#, f cos )
gi1 =1+ (f'(x))? g12 =10 922 = (f())
A brief calculation gives
n= S (f'(:r),—cosﬂ,—sin&)

V1 (f(2))?

Notice that this normal points inward. Let us change the sign of the normal and use the
more standard outward-pointing normal.

We have

&s " "
ok (0, f" cos B, f"sin0)
2

68689 = (0, —f"sin 6, f' cos )
i
2

% = (0,—fcosf,—fsinf)

The matrix for b is obtained by dotting these terms with n; recall that we have changed

the sign of n.
i (5 4)
V2 N0

Consequently



3.15. EXAMPLES 83

and so
*f” 0
(1+(f1)2)3/2
1
O rare
This matrix is already diagonal, and the principal curvatures are the negatives of its di-
agonal entries. Therefore the principal directions are along the axis with varying z and
constant 0, giving curvature
fl/
(1 + ()27

and along the meridians with varying ¢ and constant x, giving curvature

R1 =

-1
Ky = — .
R CEAOERE
The Gaussian curvature is the product of these numbers,
_f//
k= 122
fA+()?)

Remark: A little thought shows that these results are reasonable. Consider the picture
below. Notice that when f is concave up so that f” > 0, the two curvatures have opposite
signs and the surface of revolution looks like a saddle. But when f is concave down so that
f"” < 0, the two curvatures have the same sign and the surface looks like a paraboloid.

PN W A g o
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Since we can obtain a doughnut by rotating a circle, these results imply that the doughnut
looks like a saddle along the inside half, and like a paraboloid along the outside half.

An interesting special case occurs when f”(x) = 0 so that f(z) = ax + b. In this case
k1 = 0 and the Gaussian curvature is zero. The corresponding surfaces look like cylinders
or cones.

Consider the case f(z) = va? — 22, which yields a sphere of radius a. A brief calculation
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shows that k1 = kg = —% and kK = aiz

2

Let us finally study the saddle y = % — % at arbitrary points rather than just at the
origin.

By theorem 33, the matrix B for this surface is

. 1+y?  ay -1 0
B (1+a2 +y2)3/2 Ty 1+ 22 0 1
This matrix equals
1 1+ 92 -y
= (1 + 22 + y2)3/2 vy 1
and so tr(B) = % and det(B) = % The characteristic polynomial for
—B is then A2 + tr(B)\ + det(B) = A2 + (1+z§;§j)3/2 A+ (;iggi;;”;, and the eigenvalues of

this polynomial are the principal curvatures

(22 —9?) £ /(22 — y2)2 + 4(1 + 22 + y2)
2(1 _1_1:2 +y2)3/2

KRy =

At the origin, these values are +1, confirming earlier results. Because the expression
1 + 22 + 9?2 inside the square root is always positive, one of these terms is positive and one
is negative. The two curvatures approach zero when = and y are large.
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3.16 Algebraic Postscript

The theory of b and B developed above can be formulated purely algebraically. From this
standpoint, differential geometry enters the picture only in the initial definition b(X,Y") =
X (Y)-n. In linear algebra courses, the theory is known as the theory of quadratic forms.

Here is a sketch. Let V' be a finite dimensional real vector space. A quadratic form on V'
is a symmetric bilinear map b(X,Y’) from pairs of vectors X and Y to the real numbers.
The associated quadratic map is the map b(X, X). In coordinates, this quadratic map has
the form

(riy...,rn) — Z bijrir;

Knowing b(X,Y) determines the quadratic map, but conversely the quadratic map de-
termines b because b(X,Y) =1 (b(X +Y, X +Y) — b(X, X) — b(Y,Y)). The fundamental
theorem of quadratic form theory states that we can always choose new coordinates so that
the quadratic map becomes

(81,...,8n) = *s7 4+ ... £ 5%

Moreover, the number of terms with a plus sign, the number with a minus sign, and the
number which do not appear at all, are invariants of b.

Now suppose that V' has an inner product. A deeper theory emerges if we pay attention
to this inner product. Then the fundamental theorem states that we can always choose a
new orthonormal basis so the quadratic map becomes

2 2
(S1y.+.,8n) — K18] + ... + KnSs

and the k; are invariants of b.

The first step of the proof is to construct a linear transformation B : V — V so b(X,Y) =
(B(X),Y). Once this has been done, the fundamental theorem follows from (and is equiv-
alent to) the principal axis theorem. In our course, the linear transformation B appears
naturally from the geometry. Notice that we used —B instead of B for historical rea-
sons.



Chapter 4

The Covariant Derivative

4.1 Introduction

Euclid’s geometry book has no introduction. Instead the book starts with the following
definitions:

1. A point is that which has no part.

2. A line is breadthless length.

3. The extremities of a line are points.

4. A straight line is a line that lies evenly with the points on itself.

5. A surface is that which has length and breadth only.

6. The extremities of a surface are lines.

7. A plane surface is a surface which lies evenly with the straight lines on itself.

This first page of Euclid is almost a summary of our course. Euclid’s lines are our curves.
His straight lines are our geodesics. His surfaces are our surfaces, and his plane surfaces
are our zero curvature surfaces.

Let us examine carefully the implications of the statement that a two-dimensional worker
will think that geodesics are straight lines.

Suppose a two-dimensional worker is living on a surface and examines a path v(t) starting
in the direction 7/(0). The worker can construct the geodesic g(t) which starts in the same
direction ¢’'(0) = ~/(0). To this worker, v will curve if it bends away from this geodesic.

87
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Curvature as defined by such a two-dimensional worker is called geodesic curvature and
denoted k.

In this chapter, we will learn how to compute the geodesic curvature. It turns out to be
easiest to develop the theory by first learning how to differentiate vector fields.

4.2 Review

If X and Y are tangent vector fields, the derivative X (Y) need not be tangent to the
surface. In the previous chapter, we decomposed X (Y) as

X(Y) = VxY +b(X,Y)i.

We want to obtain a formula for VxY. We will discover that VxY can be computed by
a two-dimensional worker.

Our final formula will be very beautiful. Suppose X = (1,0) = % Then we will prove

that
oYq

Vo (Y1,Y2) = <8 7

And yes, those are the Christoffel symbols from our study of geodesics. A similar result
holds for % and the general result is a linear combination of these two special results.

0Y-
2 Ju + T Y1+ I,Ys, 24 'Ly + F%2Y2>

You might suspect that the following easier formula should hold. But we’ll explain in the
next section why this formula couldn’t possibly be correct.

0

4.3 The Debauch of Indices

In the early part of this century, differential geometry was intimately connected to ten-
sor calculus, an unpleasant subject involving manipulation of complicated multi-indexed
symbols. In tensor analysis, we associate indexed symbols with the local coordinate ver-
sions of geometric objects on the surface. New objects are then created using various
algebraic combinations of derivatives of the original symbols. These new expressions can
be complicated, leading to what Spivak called “the debauch of indices.”

But there is a catch. If we are not careful, the new objects will depend on the coordinate
system chosen.
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I’d like to show you an example. Suppose X and Y are tangent vector fields. In local
coordinates X = (X1, X3) and Y = (¥1,Y2), so X and Y are tensors of a simple type.
Suppose we want to define the derivative of Y in the direction X. It is natural to mimic
the definition in section 3.3 and write

oY oY

XY)=X{— 4+ Xo—
(¥) 18u+ 2 v

This is exactly the formula we used to define X (V') except that V' was a three-dimensional
vector in our earlier work. But there is an extremely importance difference. We deduced
our earlier formula from an invariant expression

d
%V(a(t))

that makes direct sense on the surface. In the present case, we have written down an
expression algebraically without providing a corresponding surface calculation.

It turns out that the proposed definition of X (Y") is nonsense because X (Y') gives different
results in different local coordinate systems.

Here is an example. Consider the surface s(z,y) = (x,y,0). It is just the zy-plane. Let X
be the local coordinate vector (1,0) and let Y be the local coordinate vector (—y,z). Our
definition of X (Y') gives %(—y, x) = (0,1). In particular, this derivative is not zero.

However, watch what happens when we do the same calculation in polar coordinates
s(r,0) = (rcosf,rsinf,0). Then the local coordinate vector (0, 1) corresponds to the three-
dimensional vector % = (—rsinf,rcosh,0) = (—y,x,0). This is exactly the ¥ we used
earlier. But in polar coordinates X (Y') will be zero regardless of the coordinate expression

for X because Y = (0, 1) and the coefficients of Y are constant.

4.4 Fundamental Properties

In section 3.4, we proved some very straightforward properties of vector differentiation
X (V). These properties lead to a list of similar properties for VxY", which are given in the
next theorem. Surprisingly, these properties completely determine VxY, even though the
formula for VxY is considerably more complex than we might have imagined.
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Theorem 37 Let X be a tangent vector at p, and let Y be a tangent vector field. Then
vector differentiation VxY has the following properties:

1. Vx(mY +1rZ) =rVxY +rVxZ

2. If f is a C* function, VxfY = X(f) Y + f VxY

3. Vi x4ryZ =1VxZ +1roVyZ

4. XY, Z)=(VxY,Z)+(Y,VxZ)

5. If X and Y are tangent vector fields, VxY — Vy X = [X,Y]

Proof: By the theorem in section 3.4, vector differentiation is linear. So X (rmY +reZ) =
r1X(Y) + reX(Z). Take the tangential component of both sides of this equation. The
component on the left is Vx (r1Y +r2Z) and the component on the right is 1 Vx Y +r3V x Z.
Part three is proved the same way.

By the same theorem,
X(fY) = XY + fX(Y)

Decomposing this equation into components gives
Vx(fY) +b(X, fY)ii = {X()Y + fVxY} + fb(X,Y)il

and the third result follows by taking the tangential component of both sides.

According to the earlier theorem, X (Y, Z) equals
(X(Y),Z)+ (Y, X(2)) =(VxY +b(X,Y)1,2) +(Y,VxZ + b(X, Z)ii)

But Z and n are orthogonal since Z is a tangent vector. Similarly Y and n are orthogonal.
Therefore the above result becomes

X (Y, Z) = (VxY,Z) + (Y,VxZ)

Finally we prove the last result. According to the earlier theorem, X (V) -Y(X) = [X,Y].
Decomposing into tangential and normal components gives

VxY 4+ b(X,Y)ii — Vy X — b(Y, X)ii = [X,Y]

and the result follows by equating the tangential components of both sides.
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4.5 A Formula for VyY

Suppose X = ZXia%i is a vector and Y = Z}/}(u,v)a%j is a vector field. Applying the

0
v =2 (55}

ij

previous theorem,

By the second part of the theorem in section 4.3, we have
0 Y 0 0
Va(Y)z( >+Y(Va)
Bu; Ou; Ou; ) Ouj ou; Ouj

Y
VXY:ZXi{a 2 Vv, 0}
ij

So

Ou; Ou;j aul Ou;

Remark: We now need a formula for V 2 8 . This expression is another vector field, and

so a linear combination of the 8 ™ It turns out that the coefficients of this linear expression
are the Christoffel symbols. Let us forget for a moment that we have worked with these
symbols earlier and give

Definition 19 The Christoffel symbols I‘fj are defined by the formula

Bul auj Z ij 8Uk

Example: When ¢ = j = 1, this formula states

0 0 0
29, = N +F2

Rewriting the final expression slightly, we obtain

Theorem 38 (The Covariant Differentiation Formula) Suppose X = ZX%'B%Z- and
Yy=> Y;a%. Then

VXYZZXi aYk-i—ZF Y; 87%
ik
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Remark: In this expression, the outer sum gives the derivative as a linear combination of
the basis vectors. The above formula is more palatible if we look at the special case when
X = -2 According to the formula, the derivative of (¥1,Y3) in this direction is

0% Fy L0
{5

The first term inside the curley bracket is the naive term we wrote down in section 4.2.
The second term is a correction which yields a coordinate invariant derivative.

To finish the theory, we must find a formula for Ffj Luckily, the correct formula is the
formula we obtained in chapter three:

Theorem 39 The Ffj are given by the following formula. Consequently, they are exactly
equal to the Christoffel symbols which occurred earlier in our course.

1 1 Ogjk | Ogik  0gij
Fij N 2 Zk:(g )lk 8uz + 8uj 8Uk

Proof: By the fourth item in the theorem from section 4.3, we have
X (Y, 2) = (VxV, Z) + (Y, Vx 2)
Permutation of these letters cyclically yields
Y{(Z,X)=(VyZ,X)+(Z,VyX)
Z(X,)Y)=(VzX,YV)+ (X, VzY)
Add the first two equations and subtract the third to discover that the expression
XY, Zy+Y (Z,X)—-Z(X,Y)

equals
(VxY +Vy X, Z)+(VxZ -V X, Y)+ (VyZ - VY, X)

Apply the formula VxY —Vy X = [X, Y] and its counterparts using other letters. The last
two terms simplify immediately, while the left half of the first term becomes VxY +Vy X =
VxY+{VxY — [X,Y]}, or 2VxY —[X, Y]. Consequently, the previously displayed formula
becomes

2(VxY, Z) = (X, Y], Z2) + ([X, 2], Y) +([Y, 2], X)

Putting this altogether, we obtain the following important formula
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Important Formula:

2(VxY,Z) = X, Z) +4Y(X,Z) —Z(X,Y)

Continuation of proof: Apply this formula in the special case that X = %i and Y = %
and Z = %. Notice that the Lie bracket of any two such fields is zero. We obtain

ZI‘ O it g — 2 g
”8ul Ouk = ou; T guy IR Guy, T

Ogjk | Ogik  0gij
! j ik 99
Z itk = { Ju; * Ou;  Ouy
and the result clearly follows after multiplying both sides by ¢~
ately. QED.

or equivalently

1 and summing appropri-

We have now proved the following extremely important result:

Theorem 40 Let X andY be tangent vector fields. The expression VxY can be computed
intrinsically by a two-dimensional worker living on the surface.

4.6 Tangent Fields Along Curves

Suppose Y is a tangent field on a surface and «(t) is a curve. We want to compute the
derivative of Y in the direction of the curve. To do so, define X = +/(t). Then the derivative
of the three-dimensional vector field in the direction of the curve is X (Y') and the tangential
component of this derivative is VxY. It is convenient to call the first of these derivatives

dy DY
o and the second =

Let us deduce formulas for these derivatives. The formulas will reveal something interesting,
namely that the derivatives depend only on Y along the curve, and not on the extension
of Y to a global vector field.

We first compute X (Y). Write Y = (Y7,Y32) = Y1 + Y5 95 as a three dimensional vector
V(u,v). Write v/(t) = (Ccl;t‘, 4v)  Then X (V) = ‘f;t‘ %‘5 + ‘f;t’ %‘5 By the chain rule, this equals

LV (u(t),v(t)) = jtV( (t)). The answer depends only on V' along ~(t).

We next compute VY. According to our formula, it is

d’}/Z 8Yk
p i
ou; * Z Y 8uk
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By the chain rule, £Y;(y(t)) = %%> so the result can be rewritten as

rkZly L
D\ Y g
k i
This answer also depends only on the values of Y on the curve 7(¢) and not on the extension

of these values to the rest of the surface.

We use this observation to extend our theory to a slightly more general situation. Suppose
then that ~(¢) is a curve and Y (¢) is a function which assigns to each t a tangent vector
Y (t) starting at y(t). We call Y a tangent field along the curve. See the picture below.
In coordinates Y (t) = (Yi(t),Y2(t)). This tangent vector can be converted to a three-
dimensional vector (Vi(t), Va(t), Vs(t)).

Definition 20 The ordinary derivative of Y (t) is a three-dimensional field along the curve,
and is defined by

dt dt * dt’ dt
The covariant derivative of Y (t) is a tangent field along the curve, and is defined by

DY dY; . dyi 0
—_— = s reZ2ty. A
dt Zk: a T Z Gdt 7 Ouy

j

ay <dv1 dVa dvg)
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Theorem 41 Let y(t) be a curve on the surface and let Y (t) be a tangent field along .

1. The three-dimensional vector ‘g can be decomposed as follows into a tangential com-

ponent and a normal component:

oy DY )
pTERRrTS +0(y'(t), Y ()1

% (MY @) +rmZt)} =r 2X +ry DdtZ
3. g (Y(),2(t) = (5. Z) + <Y, 24
Proof: This follows immediately from the corresponding facts for vector fields. QED.

When ~(t) is a curve, the derivative ’y ( ) is a tangent field along the curve. The remaining
sections of this chapter are about 2Y for this special case Y = ~/(t).

4.7 Acceleration

Forget our course for a moment and consider the path of a particle moving in R3. The
position of the particle at time ¢ will be ~(¢) for some curve 5. The velocity of the particle
is then ~/(¢). We want to talk of the speed of the particle at time ¢, but we cannot call it
s(t) because s has a different meaning in this course. We will call the speed w(t¢). Then
v (t) = w(t)T'(t) where T'(t) is the unit tangent vector.

Differentiating again, we find that the acceleration is given by

" dw dr
t)y=—"T(t —
V() =Tl +w

It is convenient to find a more geometrical description of the second term. Write T'(t) =
T'(s(t)) as in chapter one, where T'(s) is the tangent vector along the curve parameterized

by arc length. Then
dlr  dT ds

At ds dt

Putting this together with the previous formula, we conclude that

= (kN)w(t).

Theorem 42 If a particle travels along a curve y(t) and has speed w(t) at time t, then its
acceleration is given by

dw
7' (t) = aT—Fw kN

where T is the unit tangent vector, N is the unit normal vector, and x is the curvature of
the curve.
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Remark: This theorem is well known to anyone who has driven a car. Passengers usually
sit calmly. But sometimes they are pressed into the seat or thrown forward in the direction
T. The force in this direction is independent of the speed of the car and depends only on
dw)

acceleration or deceleration (that is, on

Drivers are also thrown sidewise. The sidewise force is not caused by accelerating the car,
but instead depends on cornering. The magnitude of the sidewise force is proportional to «,
the curvature of the road as determined by the engineer who designed it, and proportional
to speed squared. So driving around a corner slowly is a piece of cake, but driving around
it fast is dangerous.

4.8 Surface Decomposition of Acceleration

We are going to refine the previous theorem when the car is driven on a surface. In that
case, the driver will feel a force in the direction T, caused as before by acceleration or
deceleration. The force perpendicular to T can be further decomposed into a component
in the direction n and a component in the direction n X T. The component in the direction
n presses the car down onto the surface. We will see that it is proportional to speed squared
and to the curvature of the surface in the direction 7. The component in the direction
n X T pushes the car back and forth across the surface. We will see that it is proportional
to the square of the speed and to a number kg called the geodesic curvature of the curve.
This geodesic curvature, which will be computed using the covariant derivative, measures
the curvature of the path ~(¢) from the point of view of a two-dimensional worker in the
surface. When the path follows a geodesic, this curvature is zero; otherwise it measures
the divergence of the path from a geodesic in the same direction.

Theorem 43 Let (t) be a C* curve on a surface. Suppose it has unit tangent vector
T(t) and speed w(t).

1. The decomposition

dw
1
t) = —

7" (t) 7

obtained earlier can be refined to a decomposition into three components: one along
T, one along i, and one along n X T as follows:

T+ w’kN

dw — .
F'(t) = dit”T + w2y (il x T) + w2b(T, T

This expression defines a real-valued quantity kg, called the geodesic curvature of 7.

2. We have the following decomposition of 7" into a component tangent to the surface
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and a component normal to the surface:

/

D
7' (t) = d: + w?b(T, T)n

3. We have the following decomposition of the surface tangential component of " into
a component tangent to the curve and a component normal to the curve:
Dy dw

T ET+ w?ky(n x T).

4. The curvature k of the curve is thus decomposed into the geodesic curvature kg of y
within the surface, and the curvature b(T,T) of the surface itself. Moreover,

K? =k +b(T,T)*
5. The normal to the curve N(t) is decomposed into a vector tangent to the surface and

a vector normal to the surface. Moreover:

b(T,T)

K

N:@(HXT)—I- n.
K

Proof: Let v(t) be an arbitrary C* curve on the surface. Then +/(¢) is a tangent field
along the curve. The expression %7’ (t) defined in section 4.6 is just the acceleration 7" (t).
According to results in that section, the tangential component of this acceleration vector
is

D~/ (t) _ Z d?vy(t) pdyidy (0

dt dt2 Gat dt | ou

]
and the normal component is

b(+'(t),~'(2))7

The tangential component Dd—zl can be decomposed into a component in the direction 7" and
a component in the direction n x T. To obtain this decomposition, begin by differentiating
both sides of the equation w? = (v/(t),7/(t)) with respect to t, to obtain

2l = 5607 0) = (57 0) + (v0. 5y =2 (5L )

or Qw% S 2<D7/ wT>, and so
dw D~
ov T
dt < dt >

dt
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Consequently, the tangential component of this decomposition is %”T . Comparing the two
decompositions in the first part of the theorem gives

kN = kg(n xT)+b(T,T)n

and the rest of the theorem easily follows. QED.

4.9 Geodesic Curvature

In the previous section, we defined an important quantity called geodesic curvature. It is
the curvature of «(¢) within the surface, as computed by a two-dimensional worker who
believes that geodesics are straight. The quantity x, can be positive or negative.

Geodesic curvature depends on an orientation of the surface, since it depends on the vector
n x T. If we are in the plane, we always suppose that n points upward in the positive z
direction. In this case, T and n x T form a right handed coordinate system in the sense that
we move counterclockwise to get from 1" to n x T. We will always adopt this convention.
We look down on the surface from the tip of the n vector and then 7" must be rotated
counterclockwise by ninety degrees to reach n x T'. The picture below shows T and n x T
and a curve with positive xg.

However, it is important to remember that 1" and n x T are perpendicular unit vectors on
the surface, and not necessarily in local coordinates, where the g;; distort distances and
angles.

Theorem 44 Let v(t) be a curve on the surface.

1. Geodesic curvature can be computed extrinsically using the formula
d?y dy
az (” x E)

&y, dy
dt dt

I{g:



4.10. EXAMPLE 99

2. Geodesic curvature can also be computed intrinsically. The expression

D~ D~
- (BT

(v,
equals kg(n x T'). If the displayed vector is obtained from T by rotating counterclock-

wise, then kg is the length of this vector. Otherwise, v4 is the negative of this length.

3. In the particular case when y(t) is parameterized proportional to arc length, the pre-
vious formula simplies to

/ A2y kdudyi| 8

%Z B Zk{ a2 U3 | g
AN T L dyi dyj
") > i Giiatda

4. In particular, a curve parameterized proportional to arc length has geodesic curvature
zero exactly when it is a geodesic.

Proof: This theorem immediately follows from earlier results in the chapter.

4.10 Example

Consider the sphere parameterized by spherical coordinates: s(6, ¢) = (sin ¢ cos 6, sin ¢ sin 0, cos ¢).
Then

% = (—sin¢siné,sin ¢ cos ), 0)
0s . .
90 = (cos ¢ cos 0, cos ¢ sin 6, — sin ¢)
g11 = sin® ¢ g12 =10 goo2 = 1.
Consequently,
gz X g; = —sin ¢(sin ¢ cos @, sin ¢ sin 6, cos @),

which points inward. We prefer to orient the sphere with outward pointing normal, so we
will change the sign of n. After normalizing we have

n = (sin ¢ cos @, sin ¢ sin 0, cos @).
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Consider the curves on the sphere of constant latitude, v(t) = (sin ¢ cost, sin ¢ sin t, cos ¢).
Let us compute the geodesic curvature of these curves extrinsically.

We have 7/ = (—sin ¢ sint, sin ¢ cost,0) and v’ = (—sin ¢ cost, —sin ¢sint,0). So v -+ =
sin? ¢. Along the curve, n = (sin ¢ cost,sin ¢ sin t, cos ¢) and so

n X v = (—sin ¢ cos ¢ cost, — sin ¢ cos g sin t, sin? ?).

We want to compute n x T along the curve, so we divide by the length of +/, that is,
sin ¢ :
nx T = (—cos¢cost,—cos¢sint,sin ¢)

Thus )
y dy
az <n>< dt) _ cos¢

dy dy ~ sing’
dt " dt sin ¢

Ii',g:
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The picture below shows that our formula x, = ‘;’%ﬁ is reasonable. According to the result,

kg = 0 on the equator when ¢ = 7/2 and cos ¢ = 0. We expect this because the equator
is a geodesic. On the other hand, the geodesic curvature becomes positive as we consider
latitude curves higher on the sphere, since these paths curve away in the positive direction
from the corresponding geodesic on the sphere. At the very top of the picture, the latitude
curve is a very small circle and curves away from the geodesic at an extremely rapid rate,

SO kg = S Z; approaches infinity.

TS

’/1.41\’\*\

Let us repeat this calculation intrinsically. All Ffj vanish except

L_coso e
= — = —sin ¢ cos
127 oo P 11 ¢ o

In local coordinates, our curve is v(t) = (¢,¢) and +/(t) = (1,0). The first component of
Dy g
dt

d*n 1 dydy 1(1) 2COS¢0 _

— 0.
sin ¢

dt2 250 dt  dt

/
The second component of %} is

d? dyi d d : -
D ) i gcos (1) = —sin oo

The expression (7/,7') equals
g111% = sin? ¢.
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Since v moves at constant speed, we must calculate

' Pk kdyidy | 0
Z?TZ _ Zk{ dt? +Zwrza de "di [ Dux (0, — sin ¢ cos ¢)

oA\ d~y; d i 2
) ngm Jtl th sin” ¢

COS
" sin¢
length of this vector squared is

This vector equals ( > Its length is thus the geodesic curvature up to a sign. The

cos® ¢ _ cos? ¢

sin?¢  sin¢

1-0+2g12 -0+ g22

and so the geodesic curvature is
cos ¢

sing’

H/g:

We must determine the correct sign. In the two-dimensional coordinate space (6, ¢), our
cos ¢

sin ¢
Hence we get to it by rotating clockwise. But we are supposed to get to n x T by rotating

counterclockwise, so we should choose the minus sign.

curve has tangent (1,0) and the vector computed above, <0 — ) , points downward.

But wait. At the start of this section, we oriented the sphere using outward pointing
normals, warning that the expression % @ X 35 ¢ points in the wrong direction. So the ori-
entation of our coordinate space is opp051te the orientation chosen on the sphere, and we

must compensate for this change. Consequently, we should choose the plus sign.



Chapter 5

The Theorema Egregium

5.1 Introduction

We have divided the theory of surfaces into two pieces. The intrinsic piece can be un-
derstood by a two-dimensional worker on the surface, and is determined by the first fun-
damental form g;;. Intrinsic theory is very rich, allowing two dimensional workers to find
geodesics, to compute derivatives of vector fields VxY', to determine acceleration Dd—zl, and
to compute geodesic curvature k.

The extrinsic piece of surface theory describes the curvature of the surface into the third
dimension. This curvature is determined by the second fundamental form b;;.

Let us compare this theory with the theory of curves in chapter one. Suppose a one-
dimensional worker lives on a curve. In one-dimension, there is only one possible geometry,
the geometry of the real line. So instead of constructing an elaborate intrinsic theory, we
parameterized the curve by arc length to directly reflect this geometry.

The numbers x and 7 are the curve theoretic analogues of the b;; in surface theory.

According to the fundamental theorem of curve theory, a curve is completely determined
by x and 7 up to Euclidean motion. This theorem was proved using the existence theorem
for ordinary differential equations.

There is an analogous theorem for surfaces, although we probably will not prove it. The
theorem asserts that the g;; and b;; completely determine the surface up to Euclidean
motion. This time, the theorem is proved using the existence theorem for partial differential
equations.

The theory of ordinary differential equations and the theory of partial differential equa-
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tions differ in an important respect. In ordinary theory, all reasonable equations have
solutions. But most partial differential equations do not have solutions unless they satisfy
an extra integrability condition. For example, the simplest partial differential equation is
the following system for an unknown f(z,y):

o)
87;3( = Ex(a:,y)
o)
675 = Ey(xay)

and this system has solutions exactly when

o8, _om,
or Oy

This chapter is about the integrability conditions in surface theory — conditions relating
the g;; and b;; which must hold before a surface exists with these fundamental forms. We
will determine all of these conditions (there are two). One of them will give us Gauss’s
theorema egregium.

5.2 The Fundamental Theorem

In ordinary calculus, the partials % and 8% were introduced. An extremely important

theorem asserts that these operators commute, so

0% f B 0% f
0xdy  Oyox’

On surfaces, there are no natural directions and we are forced to replace the two partials
with vector fields X and Y. These vector fields usually have non-constant coefficients, so the
operators X and Y do not commute. Instead, the non-commutativity X (Y (f))—Y (X (f)) is
measured by another vector field [X, Y]. We have seen this field appear several times:

X(Y(f)-Y(X(f) = XYI|f
X(Y)-Y(X) = [X,Y]

VxY -VyX = [X|Y]
You might expect one other formula:

VXVYZ - VYVXZ - V[X7y]Z
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However, this formula is not quite correct. The correct formula will lead us to Gauss’s
great theorem.

Theorem 45 Let X and Y be tangent vector fields on a surface, and let V' by an arbitrary
three-dimensional field on the surface. Then

XY (V) -Y(X(V)) =X, Y](V)

Proof: Write V = (V1, V3, V3). The definition of X (V) states that we should differentiate
each coordinate separately:

X(V)=(X(WN), X(V2), X(V3))

But then our theorem is just the assertion that for functions f we have X(Y(f)) —
Y(X(f)) = [X,Y]f. QED.

Remark: We reach the inner sanctum of surface theory by decomposing this equation
into normal and tangential components. The resulting equations are given next. You may
wish to deduce the equations yourself without looking.

Theorem 46 (Fundamental Equations of Surface Theory) Let X,Y,Z, and W be
tangent fields on a surface. The following relations hold between V,b, and B:

1. <vayz —VyVxZ —Vixy 2, W> - —{b(X, 2)(Y, W) — b(Y, Z)b(X, W)}
2. b(X,VyZ) + X(b(Y, Z)) — b(Y,VxZ) - Y(b(X, Z)) = b([X,Y], Z)
3. VxB(Y) — VyB(X) = B([X,Y))
Proof: We know that X (Y (Z)) — Y(X(Z)) = [X,Y]Z. Let us compute the tangential

component of this equation. We have

X(Y(2)) = X(VyZ +b(Y, Z)n).

But
X(VyZ) =VxVyZ + b(X, VyZ)n
and
X(bY,Z)n)=XbY,Z)n+bY,Z)X(n) = X(bY,Z))n+b(Y,Z)B(X).
So we have

X(Y(2)) = {VxVyZ +b(Y, 2)BX) | + {b(X, Vv 2) + X (b(Y, 2)) }n.
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Subtract the same expression with X and Y interchanged. The tangential component of
the result is

VxVyZ+b(Y,Z)B(X) - VyVxZ —b(X,Z)B(Y)

and must equal the tangential component of [X,Y]Z, which is V[yx y]Z. Therefore
VxVyZ - VyVxZ - Vixy1Z = b(X, Z)B(Y) - b(Y, Z) B(X).

Take the inner product of this equation with W to obtain the first part of the theorem.

The second part of the theorem follows similarly by equating normal components of
X(Y(2)) - Y(X(2)) - [X,Y]Z.

To obtain the third part of the theorem, decompose the equation X (Y (n)) — Y (X (n)) =
[X,Y](n) into tangential and normal components. Notice that

X(Y(n)) = X(B(Y)) = VxB(Y) + n(X, B(Y))n.
If we subtract the same equation with X and Y interchanged, we get
X(Y(n) =Y (X(n) = {VxBY) = Vy BX)} + {n(X, BY)) = n(¥, B(X)) }

and the result should equal [X,Y](n) = B([X,Y]). The normal component of this equation
is zero by the symmetry of the operator B, and the tangential component gives the third
result of the theorem. QED.

Remark: The above equations are formal and algebraic. It took genius to realize that
they hide important geometrical facts. We’ll reveal these facts in the next sections.

Incidentally, our convention that X,Y, and Z are tangent vectors and U,V, and W are
arbitrary three-dimensional vectors will not work in this section and the sections which
follow because we need four tangent vectors. From now on, W is a tangent vector!

5.3 Gaussian Curvature

In this section, we will study the right side of the first equation of the previous theorem
and try to disentangle the algebra. It will turn out that the information in the right side
is essentially the single number x1ks.

It is temporarily convenient to introduce the notation

b(X,Y, Z, W) = b(X, Z)b(Y, W) — b(Y, Z)b(X, W).
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Notice that the expression b(X,Y, Z, W) is linear in each variable separately if we hold the
others fixed. So if we define

by =b (2 9 9 9
ikl = 8ui’8Uj’8uk’8ul

then
b(X,Y,Z,W) = Z bijri XiY; ZKk W)
ijkl

Notice also that b(X,Y, Z, W) changes sign if we interchange X and Y, or if we interchange
Z and W. In particular, the expression is zero if X =Y or if Z = W. So the only nonzero
coefficients b;;y; are

bi212 = —ba112 = b2121 = —b1221

and

B(X.Y,Z,W) = bz (X2 ZiWa — XoY1 ZiWa + XaVi ZoWi — X1YaZoWi )
Therefore b(X,Y, Z, W) depends on a single number. It is convenient to get our hands on
this coefficient in a more invariant manner.
Theorem 47 Fiz a point p on the surface.

1. Let X and Y be orthonormal vectors at p. Then the number
b(X, X)b(Y,Y) — b(X,Y)?
is independent of the choice of orthonormal basis.

2. The number equals K1ks.

3. The coefficient bio19 introduced earlier equals

det(gij) R1KR9Q.

Proof: These facts follow from earlier results stating that det B = kjko and B = —g~'b.
We'll give a direct proof for completeness. Choose e; and ey principal directions. Then
B(ey) = k1e1 and B(eg) = kaea. So b(e1,e1) = (B(ey),e1) = k1 {e1,e1) = k1, etc. Write
X = ajie; + as1e2 and Y = ajoe; + agges. Then by linearity

b(X,X) = a%lb(el, e1) + 2ai1a21b(er, ea) + a%lb(eg, €9) = a%lm + a%lm.

Similarly b(X,Y) = aj1a12k1 + az1a2k2 and b(Y,Y) = a?yk1 + a2yko. A short calculation
then gives
b(X, X)b(Y,Y) — b(X,Y)? = (ar1a22 — a12a21)> k1Ko
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However,
(X, X) = afy {e1, e1) + 2a11091 (€1, €2) + a3y (e2, e2) = afy + a3y

Similarly (X,Y) = ajja12 + ag1aze and (Y,Y) = a?, + a3,, and another short calculation
gives
(X, X){(Y,Y) — (X,Y)? = (ar1a22 — ar2a21)”.
Consequently
b(X, X)b(Y,Y) — b(X,Y)?
(X, X) (Y,Y) — (X,V)?

R1k2 =

If X and Y are orthonormal, the denominator is one and we have
K1k = b(X, X)b(Y,Y) — b(X,Y)%

If X = 5% and Y = % then the denominator is (gnggz - g%z) and

o o0 0 0
b1212 =0b (8’[1/’ 01}’%’01}) - b(XaxXa Y)a

which equals
b(X, X)b(Y,Y) — b(X7Y)2 = (911922 - 9%2) K1k2.
The theorem follows. QED.

Theorem 48 (The Theorema Egregium) The number k1Ko can be computed intrinsi-
cally by a two-dimensional worker living on the surface.

Proof: Choose an orthonormal basis X, Y of tangent vectors at p. Extend X and Y to
vector fields on the surface. By the first equation of surface theory,

Kikg = —<VXVyX — VyVxX — Vixy X, Y>

QED.

5.4 The Curvature Tensor

It is useful to give a systematic treatment of the intrinsic approach to kiko. Everything
we say in this section works in higher dimensions, and in situations when the object is not
embedded in Euclidean space.
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Definition 21 Let X,Y,Z, W be tangent vectors at a point p on a surface. Extend these
vectors to vector fields on the surface. Define

R(X,Y,Z,W) = <vxvyz ~VyVxZ - Vixy 2, W>
Then the map R, which assigns a number to any combination of four tangent vectors, is
called the Riemann curvature tensor.

Theorem 49 Let X,Y,Z, and W be tangent vectors at p.

1. The number R(X,Y,Z,W) depends only on the values of X,Y,Z, and W at p, and
not on their extension to vector fields.

o

The map R(X,Y,Z, W) is linear in each variable separately if the others are held
fized.

3. There are numbers R;jx; so that

R(X,Y,2,W) =" RijuX,Y; ZxW,
ijkl

4. The Ryjp are given by

arjk arzsk m s mis
Rijrr = E , -5t E T, — E LieL5m ¢ st
— | Oui Oy —

m

5. The number R(X,Y,Z, W) changes sign if X and Y are interchanged, or if Z and
W are interchanged.

6. The only non-zero coefficients R;ji; are

Ri212 = —Ra112 = Ro121 = —R1201.

7. Thus R(X,Y,Z, W) contains only one piece of information. This information is

Ri919 = — det(gz-j) K1K2.

8. Let ey, ea be an orthonormal basis of tangent vectors at p. The number R(e1, ez, e1,€2)
does not depend on the choice of this basis.

9. R(el,eg,el,eg) = —K1Kk2.
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Proof: Let us start with vector fields X, Y, Z, and W. The expression R(X,Y, Z, W) is lin-
ear over the reals in each variable separately. We are going to prove that R(fX,Y,Z, W) =
fR(X,Y,Z, W) for any C* function f, and that a similar result holds if we multiple any
of Y, Z, or W by f. It immediately follows that

9 9 9 9
8ui’8uj’8uk’8ul

R(X,Y,Z,W)zZR(

ijkl

and consequently that R(X,Y, Z, W) at a point p depends only on the values of X, Y, Z, and
W at p, since no derivatives of the coefficient functions appear in the final expression.

As an initial step, notice that for any C'*° function g we have
[FX,Y](9) = fX(Y(9)) - Y (fX(9) = FX(Y(9)) —Y(f)X(g9) — fY(X(9))

This expression equals { fIX,Y]-Y(HX } g. Since the equation holds for all functions g,

we have

[fX,Y] = fIX,Y] =Y (f)X.

Now use the product rule for the covariant derivative, proved as point 2 of the first theorem
in section 4.4, to conclude that

VixVyZ —VyVixZ —Vixy 2

equals
IVXVyZ = Y(f)VNxZ — fVyVxZ = Vyxyi-y()xZ

which in turn equals
IVxVyZ =Y (f)VxZ — fVyVxZ — fVixy|Z +Y(f)VxZ.
This expression simplifies to
fA{VxVyZ - VyVxZ — V[X,Y]Z} .
So the f has factored out and R(fX,Y,Z, W)= f R(X,Y,Z, W).

Clearly R(X,Y,Z, W) = —R(Y, X, Z, W), so it follows that functions f also factor out
of the second position. It is immediately clear that functions factor out of the final po-
sition because W is only dotted at the very end and certainly never differentiated. To
show that f can be factored from the third position, we’ll prove that R(X,Y,Z, W) =
—R(X,)Y,W, Z).

Recall that Y (Z, W) = (Vy Z, W) + (Z,VyW). Differentiating again, we obtain

X(Y((Z,W))) =(VxVyZ,W)+ (VyZ,VxW)+ (VxZ,VyW) +(Z,VxVyW)
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Subtract the corresponding equation with X and Y interchanged to discover that
XY ({(z W) -Y(X({Z,W)))

is equal to

(VxVyZ = VyVxZ, W)+ (Z,VxVyW — VyVxW)
Add [X,Y](Z,W) to the pot to discover that
X(Y((Z,W)) =Y (X(Z2,W))) - [X,Y](Z,W)
is equal to
(VxVyZ —VyVxZ —Vixy|Z,W)+(Z,VxVyW = VyVxW — Vx y|W)

However, the top equation is zero because g = (Z,W) is a function and for any function
whatever, X (Y (g)) — Y(X(9)) — [X,Y](g) = 0. So the bottom equation, which equals
R(X,Y,Z, W)+ R(X,Y,W, Z), is zero.

The remaining parts of the theorem now follow easily. We’ll prove only the formula for

R;jii. Notice that the Lie bracket [ 0 } is zero. So

u’au

Vov, 2 v.v,- 2 _ v 0
Bui au ouy, 811,]- 2u; Oug [aui’a%j} Oouy,
equals

which equals
orsy,

j aPZS m1s mis 8
ZS:{ 9 —auf—i-%:rjkrim—;rik jm} Ouy’

The theorem follows by dotting this final result with a%l.

5.5 The Curvature of the Poincare Disk

The results of the previous sections allow us to compute the Gaussian curvature of the
Poincare disk. Recall that we defined g;; directly on this disk, without embedding the disk
as a surface in R®. So we cannot calculate k;k9 extrinsically.
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We parameterize the disk using polar coordinates s(r, ) = (r cos @, rsin #). Earlier we gave
the metric in rectangular coordinates. These convert to polar coordinates as follows:

4 (dz?® +dy*) 4 (dr* + (rdf)?)

ds? = 5 = 5
(1= (2% +9?)) (1-r?)

Consequently

4 0 o 4?

gi1 = m g12 = g22 = m

A brief calculation shows that the only nonzero Christoffel symbols are

2r 2r3 1 2r

1 _ 1 2 _
Fll_l—rz F22__7’_1—7’2 I‘12_;—’—1—7'2

We must compute Ri212 = ), {fancy expression with s} gso. The only term that matters
occurs when s = 2 and we obtain

Ripty = ors,  ary T I e B
6u1 au2 - 21+ 1m ~ 11+ 2m

In this expression, u1 = r and us = 6, so the expression simplifies to

R _ aF%Z FQ FQ _ 1—\1 I\Q
1212 =~ + 192179 111712 ¢ 922

The Gaussian curvature is then

2
Ri212 (1_7”2) or, 2 2 1 12
det(g3)) 1 or + 1iol9s 111 12

When written out, this becomes

1-r2)° (o L,o2r N, (1 2 N 1
4 or \r 1—1r2 r 1—r2 1—r2\r 1-—192

which equals

(1- 7‘2)2 { -1 2422 1 4 472 2 4r? }

TR PR TR R A g S T 1A g R T2
or
(1—r2)2 [ 2422 2
— 1 {(1_72)2 17-2}
or

1
-1 {2+2r° +2 27} = 1.
We have proved

Theorem 50 The Gaussian curvature of the Poincare disk is —1.
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5.6 The Codazzi-Mainardi Equations

This optional section will not be used in the future. We'd like to simplify the remaining
equations of surface theory. Recall that these equation are

(X, VyZ)+ X(b(Y,2)) —b(Y,VxZ) =Y (b(X,2)) =b([X,Y], Z)
VxB(Y)—-VyB(X)=B(X,Y))
Theorem 51 The second equation implies the first.
Proof: We have
X(W(Y, 2)) = —X (B(Y), Z) = — (VxB(Y), Z) — (B(Y),VxZ).
Rewriting the last term and moving it to the left gives
X(b(Y, Z)) = b(Y,VxZ) = (VxB(Y), 2)

The left side of the first surface equation contains this term and the negative of the term
with X and Y interchanged, so the first surface equation can be rewritten

(VxB(Y), Z> - <VYB(Y>7 Z> = b([X’ Y]? Z).
This is true for all Z exactly when
VxB(Y)—-VyB(X) =b([X,Y]).

QED.

Definition 22 Let X andY be vector fields. Then S(X,Y) is the new vector field defined

b
’ S(X,Y) =VxB(Y)—VyB(X) - b(X,Y))

Theorem 52 Let X and Y be tangent vectors at p. FExtend X and Y to tangent vector
fields.

1. The value of S(X,Y) at p depends only on X and Y at p, and not on their extension
to vector fields.

2. S(X,Y)=-5(Y,X).
3. There is a vector S19 = 8 (%, 8%) such that

S(X,Y) = S12(X1Ys — XoV7).
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0 0
512:V£B<av>_v£,3<au>

5. The second fundamental equation of surface theory is the equation Sis = 0.

4. We have

Proof: This entire theorem follows from our standard techniques once we prove that
S(fX,Y)=f S(X,Y)and S(X, fY) = f S(X,Y) for C* functions f. Since we clearly
have S(X,Y) = —S(Y, X), it suffices to prove the first of these assertions. But

S(fX,Y)=VxB(Y) - VyB(fX) - b([fX,Y]).
Using formulas established in the section on the curvature tensor, this becomes
fVxB(Y)=Y(f)B(X) - fVyB(X) = b(f[X,Y] = Y(f)X)
which simplifies to
fVxB(Y)=Y(f)B(X) - fVyB(X) - f b([X,Y]) + Y (f)B(X) = f S(X,Y).

QED.

Remark: We are interested in the equation S1o = 0. This equation can still be simplified
a little more.

Theorem 53 The vector Sio is zero if and only if the equation below is true for Z = 8%
and for Z = %:

0 0 0 0 0 0

Proof: We claim that these equations are equivalent to the statement (Si2,2) = 0 for
these two Z. To prove the assertion, notice that

0 0
But

£0(32) =3 (0(2) )=~ (r40(3) 2)-(o(2) =2

which can be rewritten

0 0 0 0
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7t (@7) - (7 v42) - (V22 () 2):

There is a similar formula obtained by interchanging u and v, and the result clearly follows.
QED

and so

Remark: From here, it is easy to get the classical equations. We have been writing the
second fundamental form as Z b;; X;Y;. Let us adopt the classical language.

Definition 23 Define

e = by J = b2 g = b
Then

WX, X)=e X7 +2fX1Xs+ gX3.

Theorem 54 The second and third fundamental surface equations are equivalent to the
two equations below, known as the equations of Codazzi-Mainards.

de  Of
9 Pu elly+ f (I, —T1) —gI'h
of g

9w ou = eDyy + f (T35 — T12) — gTiy

Proof: Let Z = % in the previous theorem. Then

ab(a Z)_af

ou ov’ ou

and 3 3 3
Also 5 5 5 5

b<av’v§uz> :b(a FH@ +F%18v> = fT1;, + 9T,
and 0 0 0 0

b<8av(§i}z>:b<a »Fma I‘128 >:€F%2+fF%2
50 o [0 9 9 [0 9
becomes

0 0
9 f— (frh +9F%1) = 9 e— (eriz‘f'fF%Q),

which is equivalent to the first equation in the theorem. The second equation can be
obtained by setting Z = 8 . QED.



116 CHAPTER 5. THE THEOREMA EGREGIUM

5.7 Where To Go From Here

There are two possible directions to proceed from the complicated surface equations of this
chapter. Mathematicians interested in embedding problems will study the possible choices
of b;; for a known geometry g;;. For example, suppose the geometry is Euclidean. We’ll
later prove that this happens exactly when x1x2 = 0. Then we can choose coordinates such
that g;; = d;; and the interesting question is how can this geometry be embedded in R3
or what are the surfaces in R® with Gaussian curvature zero or what are the possible bi;
satisfying the surface equations for g;; = 6;; ¢ By folding a piece of paper without tearing,
you’ll discover that there are surfaces with Gaussian curvature zero which are not planes,
cylinders, or cones.

We will not pursue these questions.

A second direction is to understand the role of Gaussian curvature in the intrinsic geometry
of two-dimensional objects. This is the direction Gauss recommended and the direction
we will pursue. The surface equations tell us that there is an additional deep geometric
invariant, the Gaussian curvature x, which can be measured by two-dimensional workers.
Gauss believed that geometers ignore this invariant at their peril. When the invariant is
taken into account, classical theorems going back to Euclid generalize and provide insight
into modern developments in mathematics.

Gauss wrote his paper at exactly the moment that Bolyai and Lobachevsky were inventing
non-Euclidean geometry. These mathematicians discovered a geometry unlike conventional
Euclidean geometry, and yet a geometry which might, for quite plausible reasons, be the
correct geometry of the universe. The new geometry had bizarre features:

1. the area of a triangle is completely determined by the three angles of the triangle

2. the area of the entire plane is infinite, but there is a finite bound B such that no
triangle has area greater than B

3. the length of a circle is not 27

4. the area of a circle is not mr?

5. perfect rectangles do not exist

6. if two figures are similar, they are congruent.

Much later, Poincare discovered that the Poincare disk is a model for the new geometry.
But even before that, Gauss had observed that the features of the new geometry become
completely natural once one calculates that its Gaussian curvature is —1. We'll study
Gauss’s arguments in the remaining chapters of the course.



Chapter 6

The Gauss-Bonnet Theorem

6.1 Introduction

Euclid divided The Elements into thirteen books. Each book is a collection of propositions
and proofs, with no intermediate explanations. But careful reading reveals a plot.

Book 1 has 48 propositions, divided into five major sections. The first contains preliminary
material, including various straightedge and compass constructions. The second, from
proposition 8 through proposition 26, is about congruent triangles.

The third section, from proposition 27 through proposition 32, introduces the parallel
postulate for the first time, uses this proposition to show that parallel lines cut by a
transversal produce equal alternate angles, and culminates in the proof from this result
that the sum of the angles of a triangle is 180 degrees.

In the fourth section, Euclid discusses area. He defines figures to be “equal” if they can
be decomposed into congruent pieces and uses this notion to prove results which effec-
tively compute the areas of triangles, rectangles, and parallelograms. The section includes
propositions from 33 through 43.

The last propositions, from 44 on, lead to the Pythagorian theorem (number 47) and its
converse (number 48).

Remark: The intrinsic geometry of surfaces starts with the metric tensor g;;. In some
sense, this metric tensor is the Pythagorian theorem in disguise, because we can always
choose an orthonormal basis and then the length of X = Xie; + Xoes is exactly

\ XE 4+ X3

117
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Intrinsic geometry provides an answer to the question if the Pythagorian theorem holds
infinitesimally, what are the consequences for geometry?

Remark: If we read Book 1 of the Elements backward starting with the Pythagorian
theorem, we come next to the notion of area. To find the area of a region R on a surface, we
divide the region into parallelograms of size du by dv, find the area of each parallelogram,
and add.

Theorem 55 The area of a region R on a surface is

// \/ 911922 — g1 dudv
R

Proof: It suffices to show the area of the parallelogram spanned by X = a% and Y = a%
s /911922 — g1,- But g11922 — g3, equals
2 2 2 2 2 2 2 .
XY = (Y2 = XY (1= cos?8) = || X|]° Y[ sin® 6
which is the square of the area because
area = base x altitude = || X || x (||Y|| sin )

QED.

More generally, we can integrate an arbitrary function f over R by dividing the region into
parallelograms, multiplying the value of f on each parallelogram by its area, and adding.

Theorem 56 The integral of f(u,v) over a region R on a surface is

// f(u,v) 911922—912 dudv

Proof: This follows from the previous theorem and the intuitive definition of the inte-
gral.

Remark: The two previous theorems can be taken as definitions if the reader de-
sires.

6.2 Polygons in the Plane

Continuing to read Fuclid’s book backward, we come next to the section on the sum of the
angles of a triangle. Euclid’s main result takes a spectacular form in differential geometry,
as we’ll show.
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According to Proposition 32 of Euclid, the sum of the angles of a triangle is m. We easily
generalize this to arbitrary rectilinear figures. If such a figure has n sides, the sum of the
angles is (n — 2)m, as can be seen by dividing the figure into triangles.

We get an equivalent, but easier to remember, theorem by replacing interior angles «;
with exterior angles 6;, as in the figure below. Then Y 0; = > (7 — ;) = nm — > «a; =
nm — (n —2)7 = 2m.

Theorem 57 The sum of the exterior angles of a rectilinear figure is 2.

It is easy to see that this result is reasonable. Travel along the curve counterclockwise. At
corners, turn to face the next portion of the curve. You’ll have turned completely around
by the end of the trip, so the total amount of turning will be 2.

iN
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When we measure exterior angles, we must keep track of orientation. In the above figure,
notice that most turns are counterclockwise, but one is clockwise. From now on, we
assume that the plane has been given the standard right-handed orientation in which angles
are measured counterclockwise. Later when we consider surfaces with a predetermined
orientation, we insist that local coordinates be chosen so the uwv-plane is oriented in this
standard manner.

Next imagine that our region has curved sides, as in the picture below. At each point on one
of these sides, choose a unit tangent vector 1" and a unit normal vector N. We insist that N
be obtained from T by rotating counterclockwise. Each boundary piece has curvature x(s);
this curvature can be positive or negative because we have chosen a particular direction for
N. We will later prove the following wonderful generalization of Euler’s theorem:

Theorem 58 Suppose R is a region in the plane whose boundary consists of one counter-
clockwise curve, possibly with curved sides and corners. Then

> 9i+2/ﬂ(s):2ﬂ'.

corners sides” "

Ezxample 1: Consider a circle of radius R. This circle has no corners and its curvature is
1
7+ S0

1
//1(8) = — (length of circle) = 27
~ R
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and so
(length of circle) = 27 R.

Remark: Consequently, the formula for the length of a circle and the theorem that the
sum of the angles of a triangle is 7 are really special cases of a common result!

Ezxample 2: Consider the semicircle of radius R pictured below. This semicircle has
two corners, each of angle m/2. The previous theorem then yields the following correct

result:
Z 0; + Z /VFJ(S) = (g—i-g) + <;(7TR)> = 2.

corners sides

Ezxample 3: Consider the figure below, whose sides are portions of circles of radius R.

The boundary of this figure contains three angles. The exterior angles at the sides are
/2. The exterior angle at the bottom is 7r; indeed if the angle at the bottom were slightly
less sharp then the exterior angle would clearly be measured counterclockwise and equal
slightly less than 7.
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The semicircle at the top has curvature %, but the two bottom pieces have curvature —%

because of our orientation convention. So

> 91-4-Z/n(s):(72T+72T+W>+<11%(7TR)—;7T2R—11%7Z2>

corners gides ” 7

Again, we get the answer 2.

6.3 The Gauss-Bonnet Theorem

The previous theorem is certainly false if we replace the plane with a curved surface and
replace the curvature of the sides with geodesic curvature. For example, the sides of the
region shown below on the sphere are geodesics with geodesic curvature zero, but the sum

of the three corner exterior angles is 37” rather than 27.

Gauss, and later Bonnet, discovered that we can correct the error by adding a single term to
the equation — a term containing the Gaussian curvature k1k9. Gauss proved this theorem
when the sides are geodesics, and Bonnet extended it to regions with curved sides. By any
measure, the resulting theorem is among the greatest results in mathematics:

Theorem 59 (Gauss-Bonnet) Let R be a simply-connected region on a surface, whose
boundary consists of a finite number of curves meeting at corners. Then

Z 6’,~+Z/img(s)+//7z/<am2:27r.

corners sides
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Ezxample:  Suppose the sphere in the previous example has radius R. The Gaussian

. . . 2
curvature is % . % and the area of the triangle is 4“5 SO

//Kﬁ_lélﬂRQ_w
T RTTR T2

and the sum of the exterior angles plus this extra term is

2Ty Tg) Ty T

Remark: The proof of the Gauss-Bonnet theorem is very beautiful. But contrary to
our usual custom, we will place it at the end of this chapter after discussing some of the
remarkable consequences of the theorem.

6.4 Initial Applications

We’ll discuss some results here whose proofs are immediate and can be left to the reader.

The Gauss-Bonnet theorem explains how two dimensional workers might discover that the
Gaussian curvature is nonzero, and compute its value. Namely:

Theorem 60 Let T be a small triangle on which k1Ko is essentially constant. Assume the
sides of this triangle are geodesics and the angles of the triangle are o, 3, and . Then

(a+B+y)—m
(area of the triangle)

V/\

In particular, the sphere of radius one has Gaussian curvature one, so we obtain
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Theorem 61 Let T be a triangle on the sphere of radius one whose sides are great circles.
Call the angles of the triangle o, B, and . Then

area of triangle = a + 4+ v — 7.

Remark: At the end of chapter four, we computed the geodesic curvature of a latitude
line on the sphere of radius one. The Gauss-Bonnet theorem gives us an alternate way to
do the calculation.

Apply the Gauss-Bonnet theorem to the cap at the top of the sphere. All exterior angles
are zero, so

kg (length of latitude) 4 k12 (area of cap) = 27

But the length of the latitude is 27 x radius = 27sin¢. Also k1k2 = 1, so we conclude
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that
271 — (area of cap)

Rg = :
g 27 sin ¢

In section 4.10 we discovered that g1 = sin? ¢,g12 = 0, and goo = 1. So v/g11g22 — 9%2
equals sin ¢ and the area of the cap is

2r ¢
/ / sin ¢ d¢df = 27 (1 — cos ¢).
o Jo

Therefore
27 —2mw(1l —cos¢)  cos¢
Kg = = .
g 27 sin ¢ sin ¢

6.5 Non-Euclidean Geometry

In the early part of the nineteenth century, Bolyai and Lobachevsky independently invented
non-Euclidean geometry. They replaced Euclid’s parallel postulate with a postulate which
asserts that more than one line can be drawn through a point parallel to a given line, and
investigated the consequences. Bolyai and Lobachevsky worked geometrically; their proofs
look very much like Euclidean proofs but their theorems are quite different.

It is unfortunate that the terminology “non Euclidean geometry” were chosen to describe
the new geometry, since these words imply that any geometry diverging from Euclid is non-
Euclidean. Actually, Bolyai and Lobachevsky discovered that there is only one geometric
object which satisfies their axiom and the remaining Euclidean axioms.

Gauss seems to have independently studied the geometry, and he rapidly realized that
the Gaussian curvature of such a surface would be —1. However, no surface studied in
the nineteenth century modeled the complete geometric object. Each candidate surface
described only a small piece of the non-Euclidean plane.

The situation changed dramatically when Poincare invented the Poincare disk at the end
of the century. This disk is not a surface, but it is a model for the complete non-Euclidean
plane, and permits us to study non-Euclidean geometry using analytic techniques instead
of geometric techniques.

Look back at sections 2.13 and 5.5. These sections sketch proofs of several important
non-Euclidean results which we will use here. We summarize them as follows

Theorem 62 The Poincare disk satisfies:

1. Geodesics in the disk are straight lines through the origin or circles which meet the
boundary at ninety degrees.
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2. The Gaussian curvature is —1.

3. All points of the disk look the same. If p and q are points, there is a one-to-one, onto
map from the disk to itself which preserves all distances, angles, and geodesics, and
maps p to q.

4. All directions on the disk look the same. If {e1,ea} and {f1, fa} are oriented bases of
tangent vectors at a point p, there is a one-to-one, onto map from the disk to itself
which preserves all distances, angles, and geodesics, and maps e1 to f1 and es to fo.

5. A non-FEuclidean circle looks like a Fuclidean circle in the model, except that its center
s at an unexpected place.
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Proof: The proofs for most of these results were sketched earlier. The last result can
be proved in the following way. Non-Euclidean circles centered at the origin are clearly
Euclidean circles (although the non-Euclidean radius is not the same as the Euclidean
radius). Suppose p is not the origin and we wish to study circles centered at p. There
is an isometry mapping the origin to p. This map preserves distances, and so maps non-
Euclidean circles to other non-Euclidean circles. Formulas for these isometries are given
in section 2.13. By Lemma 3 in that section, these isometries map Euclidean lines and
circles to Euclidean lines and circles. A non-Euclidean circle at the origin is a Euclidean
circle, so its image under the isometry, which is known to be a non-Euclidean circle, is also
a Euclidean circle. The result follows. QED.

Theorem 63 Suppose a worker stands at a point p in the non-FEuclidean plane. Near p the
geometry is almost Fuclidean; discrepencies arise only when the worker moves away from
p. The geodesic starting at p in the direction X continues forever and reaches distances
arbitrarily far away. Every point of the plane can be seen by looking out in exactly one
direction. The topology of the non-Fuclidean plane is exactly the same as the topology of
the Euclidean plane. In all of these respects, non-Euclidean geometry works exactly like
FEuclidean geometry, with no surprises.

Proof: The theorem follows from the philosophy of differential geometry, from the obvious
homeomorphism carrying the open unit disk to the plane, and from the fact proved earlier
that distances to the boundary along straight lines from the origin are infinite. QED.

We come next to the surprising results of the subject. Below are analytic proofs of some
of these amazing results, proved synthetically by Bolyai and Lobachevsky:
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Theorem 64 In non-Fuclidean geometry
1. The sum of the angles of a triangle is less than .

2. The area of a triangle with angles o, 3,7 s

T—(a+B+7)

3. The area of a triangle can never be larger than .
4. Triangles exist which have area arbitrarily close to pi.

Proof: This is an immediate consequence of Gauss-Bonnet together with xike = —1.
The last result is true because the following “triangle” has all three angles equal to zero.
In fact this triangle has sides of infinite length and so is illegal, but clearly we can shrink
it a little and get an honest triangle with o + 8 4+ v as small as we like. QED.

Theorem 65 In non-Fuclidean geometry
1. Squares with four right angles do not exist.
2. Rectangles with four right angles do not ezist.

3. If a quadrilaterial has angles a, 3,7, 0, then the area of the quadrilaterial is
21 — (a+ B+~ +9)
4. The area of a quadrilateral can never be larger than 2.

5. There are quadrilaterials which have area arbitrarily close to 2w.

Proof: Exactly as before. QED.
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Theorem 66 In non-Fuclidean geometry

1. The area of a figure with n sides and angles aq,. .., ay is

n=2)r—(aq+ ...+ an)

2. The area of a figure with n sides can never be larger than (n — 2)r.
3. There are figures with n sides which have area arbitrarily close to (n — 2)7.

Proof: As before. QED.

Theorem 67 In non-Fuclidean geometry
1. The area of the plane is infinite.
2. The area of a circle can be arbitrarily large.

3. Farmers in non-Euclidean geometry insisting on rectangular fields are restricted to
fields with area below a fixed bound. But farmers willing to use circular fields can
form fields of arbitrary area.

4. The circumference of a circle of radius R is

3 5
C =2rsinh R =27 <R+};+};+...>

This number is approxzimately 2n R for small R.

5. The area of a circle of radius R is
A=A4r sinhQ(R/Q) =27 (coshR—1) =27 ( 4+

This number is approzimately TR? for small R.
6. The geodesic curvature of a circle of radius R 1is

_coshR_l 14_}?724_
Hg_sinhR_R 6

This number is approximately % for small R.
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Proof: Recall that
4(dz?* + dy?)

(1= (22 +y2)*
It suffices to prove the last three results. Since any circle can be mapped to any other by an
isometry, it suffices to study circles about the origin. Such a circle looks like a Euclidean

circle of Euclidian radius r. We shall compute its non-Euclidean radius R. The curve
v(t) = (¢,0) for 0 < ¢t < r is a radial curve and its non-Euclidean length is

Todt [T 1 1 147
R=[ =% [ [(— 4+ —) at=1
/01—t2 /0<1—t+1—|—t> n<1—r>

Solving this equation for r gives

ds® =

R_1

TSR

Next we find the non-Euclidean circumference of this circle. The circle can be parameter-
ized as (r cost,rsint), so its length is

/27r 20 5
.
1—:1:2+y 1—7“2 12

Substitution of our previous formula for r in terms of R gives

R R 2 R_ R
et —1 et —1 et —e .

The non-Euclidean area of the disk equals:
// 2dzx N 2dy
@) T @)

It is convenient to integrate this using polar coordinates. (Polar coordinates introduce a
momentary clash between the meaning of r as a polar coordinate and the meaning of r as
a limit of integration, but we survive!)

In polar coordinates this integral becomes

LLass G t) oo (G h) -

This simplifies to

2r2

2m——.
T2
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Substitution of our formula for r in terms of R yields, after a brief simplification,

2
R/2 _ —R/2
area = 4m (626) = 47 sinh® R/2.

Recall that cosh R = cosh(R/2+ R/2) = cosh?(R/2)+sinh?(R/2). Since cosh? z —sinh? z =
1, we obtain cosh R = 1 + 2sinh?(R/2) and the formula for area follows.

To obtain the geodesic curvature of a circle of radius R, we apply the Gauss-Bonnet theorem
to this circle. The circle has no exterior angles, so the theorem states that

kg (length of circle) 4+ (—1)(area of circle) = 27

or
kg(2msinh R) — 27(cosh R — 1) = 2.
So
_ cosh R
" T Gnh R

Compare this result with the analogous result on the sphere. QED.
Remark: Finally let us study parallel lines.

In Euclidean geometry, we often apply the following construction: Given a line [ and a point
q € [, draw a perpendicular to [ at ¢ and extend it to a point p. Draw a perpendicular to
this line segment, obtaining a new line parallel to I See the left picture below.

This construction still works in non-Euclidean geometry. Since the Poincare disk has a large
number of isometries, it is enough to study the situation when ¢ is the origin and [ is the
z-axis. The right picture below shows the non-Euclidean version of the construction.
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But in non-Euclidean geometry there are infinitely many other lines through p parallel to
[. See the picture below, and notice that there are two particular lines that are just barely
parallel. Lobachevsky called these lines the limiting parallels.

At p, there is an angle ® such that all lines draw with angle 0 < # < ® meet [, and all
lines drawn with angle ® < 0 < 7 are parallel to I. The angle ® depends on the distance d
from p to g. If this distance is small, the angle ® is almost § and two-dimensional workers
may not even notice that more than one parallel can be drawn. But when the distance is
larger, the angle ® approaches zero and it becomes evident that there are many possible
parallel lines.

Theorem 68 The angle ® is given in terms of the non-Euclidean distance d from q to p
by
D —d
t — | = .
an < 2> e

™ 1 1 61
d=——dt+-d®— = &+ ——
2 475G 21 “ T 5010

For small d we have
d’+ ...

For distances smaller than 1/10, the divergence of ® from 5 is negligible, as shown by the
plot below. The divergence becomes significant for d close to 1, and the angle ® is so small
for 6 < d < oo that non-parallel lines are rare.

_

0.8 0.8
0.6 0.6
0.4 0. 4]
0.2 0.2
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Proof: The picture on the left below shows that the center of the circle which gives the
limiting parallel in the Poincare model has x-coordinate one (since it meets the boundary
of the model perpendicularly at (1,0)). Call the radius of this circle a.

Draw the two additional dotted lines indicated on the right, and notice that these lines
meet at an angle ® because each dotted line is perpendicular to a side of the original angle
®. The side opposite this new angle is the radius of the large circle minus the Euclidean
distance from g to p. If this Euclidean distance is called r, then

a—rT

sin® =
a

By the Pythagorian theorem applied to the triangle with dotted sides, we have (a—7)?+12 =

a? and so a = TQZ‘T*TI. Consequently
1—r?
sin® = T2
Then
cos2<I>:1—sin2<I>:(1+T2)2_(1_T2)2: v :< & >2
(1+17r2)2 (1+472)2 1472
and so

tn?* sin®  (1-r3)/14+r*) (1-r)(1+4r) 1-7r
. 2 l+cos® (1+2r/(1+72) (1+7)(1+7r) 147




134 CHAPTER 6. THE GAUSS-BONNET THEOREM

On page 151 we discovered that d = In (%) Therefore

" 1—7r —d
an — = =€ .
2 1+7r

QED.

6.6 Book I of Euclid

In the first section of this chapter, we compared differential geometry to Book I of Euclid.
There is one portion of Euclid which we did not discuss. That is the section on congruent
triangles, starting with proposition 8.

The first proposition in this section is the familiar side-angle-side congruence theorem.
Euclid proves this proposition by superposition. He tells us to move the first triangle until
the two sides and included angle of the moved triangle lie on top of the corresponding sides
and angle of the second triangle. Then, he says, the remaining side and angles clearly also
match.

It is easy to see that this proof fails for surfaces. For instance, draw a right angle on the
rim of a doughnut where the Gaussian curvature is positive. Extend each side of the angle
by a small distance d, forming a small triangle. Since the curvature is positive, the sum of
the remaining angles will be greater than 7. Draw the same right angle and sides on the
inside rim of the doughnut where the Gaussian curvature is negative. Then the sum of the
remaining angles will be smaller than 7. So side-angle-side fails on a doughnut.

The problem is that there is no isometry from a doughnut to itself carrying the outside
triangle to the inside one. So Euclid’s superposition proof does not work.

Curiously, Euclid doesn’t use superposition again, although many other congruence theo-
rems could be proved that way. Euclid probably was unhappy with his proof of Proposition
8, and later authors took Proposition 8 on side-angle-side to be another axiom. The mod-
ern approach is to replace this axiom with the principle of superposition itself. From this
point of view, propositions 8 through 26 of Euclid follow from requiring that the surface
has many isometries, where

Definition 24 We say a surface has sufficiently many isometries if

1. whenever p and q are points of the surface, there is an isometry of the surface which
carries p to q

2. whenever {e1,e2} and {f1, fa} are orthonormal bases of tangent vectors are p, there
is an isometry carrying e1 to f1 and es to fs.
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Remark: It is possible to prove that there are only four surfaces with sufficiently many
isometries, up to magnification:

1. the Euclidean plane

2. the sphere

3. the sphere with opposite points identified, usually called projective space
4. the non-Euclidean plane

Thus differential geometry is a completely natural complement to Euclid, and the results
we have proved recently are natural theorems in a completion of Euclid’s work.

6.7 Compact Surfaces

The topologists have proved a glorious theorem about the surfaces of doughnuts with g
holes. The theorem was first proved by Euler for surfaces which can be deformed to spheres,
and later extended by Poincare to the general case.

Theorem 69 (Euler-Poincare) Suppose S is a surface which can be deformed to a
doughnut with g holes. Cut this surface into faces. The sides of these faces are allowed to
be curved should be a mixture of triangles, quadrilaterals, 5-sided polygons, etc. Then

(number of vertices) — (number of edges) + (number of faces) = 2 — 2g.

Examples: Consider the objects below:

¢ 4 W
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Each of these objects looks like a sphere, so the Euler-Poincare number should equal two.
On a cube, there are 8 vertices, 12 edges, and 6 faces, and 8 — 1246 = 2. On a tetrahedron,
there are 4 vertices, 6 edges, and 4 faces, and 4 — 6 + 4 = 2. Etc.

Proof: Cut the doughnut across each hole, as illustrated on the next page. The cuts
should follow edges of the dissection, which is not shown in the pictures. Notice that
around the hole there are n vertices and n edges, and after the cut the number of such
vertices and such edges doubles. But these terms cancel and the Euler-Poincare number
does not change. When we are done, we have an object which looks like a sphere with 2g
disks removed.

Each hole in the sphere is surrounded by n edges. Fill in each of these holes with a disk
cut into n triangles as illustrated below. Notice that each such disk adds 1 vertex, n edges,
and n faces to the dissection of the surface, and thus increases the Euler-Poincare number
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by one. Since there are 2g holes to be filled in, the Euler-Poincare number will increase by
2g. Thus it was originally 2 — 2g if and only if it is 2 after filling in the holes.

The object now looks like a sphere. So it suffices to prove the theorem in the special case
when we have a sphere.

Without loss of generality, we can suppose that each of the faces is a triangle. For if a face
has n edges, subdivide it as illustrated below, and notice that the subdivision added n edges,
n — 1 new faces, and 1 new vertex, so the Euler-Poincare number did not change.

Remove one face and notice that the resulting object can be flattened down into the
plane, possibly by greatly distorting the shapes of the faces and edges. The original Euler-
Poincare number will have been 2 exactly if the new number is 1, so we want to prove that
the Euler-Poincare number of the resulting mass of triangles is one.
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==

Begin removing triangles one by one from the new object. There are three ways to do
this, as illustrated on the next page. Note that none of these methods changes the Euler-
Poincare number. In the end, we will have one triangle left, and the Euler-Poincare number
will be 3 — 3+ 1 =1, as desired. QED.

N

/N
X

S

q

Remark: There is a variant of the Gauss-Bonnet theorem for surfaces. The variant is a
consequence of the original Gauss-Bonnet theorem and the above result of Euler-Poincare,
as we shall see.

Theorem 70 (Gauss-Bonnet) Let S be a surface in the shape of a doughnut with g

holes. Then .
//5152:2—29.
271' S

Proof: Cut the surface into triangles using edges which are C*° curves, not necessarily
geodesics. Compute [ |, s K1k2 by summing this integral over triangles.

1 1
271_//85152—271_ Z ///111%2

triangles
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The Gauss-Bonnet theorem for triangles states that

(W—a)—i—(ﬂ—ﬁ)—i—(ﬂ—’y)—l—Z/Hg+//t bty = 2

sidos riangle
or equivalently
// /-;1/-;2:(044—64—7—%)—2/%9
triangle sides

Apply this theorem to obtain

1 1
277//8&1@:% 3 awﬂ_w_z/ﬁg

triangles sides

However, the geodesic curvature must be computed using normals which point into the
triangle. Each edge of the above decomposition appears twice, bounding two triangles. In
one appearance the normal points one way and in the other it points the other way, so the
integrals involving x, cancel.

2177//3’“’{2:2177 Z (a+ B+~ —m)

triangles

We are left with

The sum over triangle angles is supposed to be computed by summing the angles of each
triangle, and then summing these numbers over triangles. But it could also be computed
by summing the angles which meet in a particular vertex, and then summing over vertices.
When computed this way, the sum is 27 (number of vertices). The sum over triangles of 7
gives m(number of triangles). So the above number equals

1
(number of vertices) — —(number of triangles)
2

Each triangle has three edges, so the total number of edges is
3 (number of triangles).
But this counts each edge twice because an edge bounds two triangles. So
% (number of triangles) = (number of edges).
Hence

(number of triangles) = (number of edges) — (number of triangles).

DO =
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So 5= [ [ K1k2, which was earlier proved to equal

1
(number of vertices) — —(number of triangles),
2

also equals
(number of vertices) — (number of edges) + (number of triangles) = 2 — 2g.

QED.

Theorem 71 Every compact surface in R® contains points where the Gaussian curvature is
positive. Every compact surface in R® except the sphere contains points where the Gaussian
curvature is negative.

Proof: If a surface is compact, there is a point p on the surface whose distance from
the origin is a maximum. Consequently the entire surface is inside the sphere of radius
R = ||p||, and this sphere touches the surface at p. It follows that the principal curvatures
k1 and k9 at p must be at least }% and have the same sign. So the Gaussian curvature is
positive at p.

By the Gauss-Bonnet theorem, [ |, s K1k2 = 2 — 2g; this number is zero or negative unless
g = 0 and the surface is topologically a sphere. Since k1Ko is continuous and sometimes
positive, it must also be sometimes negative. QED.

6.8 Constant Curvature

We return to Euclid for a final time. Euclid built geometry on a small number of axioms.
Once we have the machinery of differential geometry, we can replace his axioms by a series
of equivalent but more precise axioms. For instance, Euclid assumes that we can draw
straight lines and can determine whether line segments are congruent and whether angles
are congruent. The analogous modern assumption is that a geometry is a two-dimensional
surface (not necessarily in R3) and a metric tensor g;; on this surface. Given this informa-
tion, we can measure lengths of curves and angles, and thus determine congruence for such
objects. We can draw geodesics, and thus speak of straight lines in Euclid’s sense.

A long section of Book 1 of Euclid is about congruent triangles. In section 6.6, we argued
that Euclid’s proof of the congruence theorems ultimately relies on a superposition argu-
ment whose modern equivalent is the existence of a large number of surface isometries. We
want to expand on that idea.

In some sense, the congruence theorems (and analogous axioms requiring a large number
of isometries) are at heart assertions that space is homogeneous — that geometry near one
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point p is the same as geometry near another point ¢q. This axiom is the opposite of the
ancient belief that the earth is the center of the universe, or that a sacred city (Rome,
Jerusalem, or Mecca) is the center of the world. According to the congruence-isometry
axiom, all points are on an equal footing.

We’d like to convert this philosophy into mathematics. We are going to ignore the un-
fortunate discovery that space is curved due to gravity by different amounts at different
locations and thus is not homogeneous.

According to the isometry axiom, whenever p and ¢ are points, there is a one-to-one and
onto map from the surface to itself preserving all distances, angles, and geodesics, and
carrying p to ¢q. This requirement is very restrictive and somewhat implausible as an
axiom. For instance, if we believe that geometry is the same near the earth and near
the star Alpha Centura, the axiom requires us to move the earth to Alpha Centura and
simultaneously move all of the stars in the universe to new positions!.

A better axiom would require local motion only, along the lines of the following defini-
tion:

Definition 25 We say that a surface is locally homogeneous if whenever p and ¢ are
points, there are open neighborhoods U and V of p and q and a one-to-one, onto C*° map
from U to V, with C* inverse, preserving the metric g;;.

Remark: In particular, all geometric notions are preserved by the local map, so the
Gaussian curvature will be the same at p and ¢. Since p and ¢ are arbitrary, the Gaussian
curvature will be constant on a locally homogeneous surface.
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In the final chapter of these notes, we will prove that conversely if the Gaussian curvature
is constant, then any pair of points p and ¢ have neighborhoods which are isometric. So a
useful replacement for Euclid’s congruence axiom is the requirement that the surface have
constant curvature.

So much for ”philosophy.” In the next section, we convert this philosophy into interesting
mathematics.

6.9 Surfaces of Constant Curvature

Suppose S is a surface with constant curvature and metric tensor g;;. Let us magnify
this surface by a factor m > 0. To do so, multiply all lengths by m and leave all angles
unchanged. It is easy to see that this can get done by multiplying g;; by m2.

Theorem 72 If all distances on a surface are multiplied by m, then the Gaussian curvature
1s multiplied by #

Proof: Turn back to the formula for Ffj on page 52. Notice that the terms of g~! are

multiplied by # and thus Ffj is unchanged.

Turn to the formula for the curvature tensor on page 126. Notice that this tensor is multi-
plied by m?2. Turn finally to the formula for Gaussian curvature in terms of the curvature
tensor on page 127. Notice that Rj912 is multiplied by m? and det(gij) is multiplied by m?
and consequently k1ko is multiplied by # QED.

Remark: It follows that if S is a surface of constant curvature, we can magnify the
surface appropriately so its curvature is -1, 0, or 1. In the future, we always assume that
this has been done.

Theorem 73 Suppose S is a compact oriented surface, and thus a doughnut with g holes.
We do not assume that this surface is embedded in R3.

1. If the surface has a metric of positive constant curvature, then g = 0 and the surface
is a sphere. If the surface is magnified to make its curvature 1, then its area is 4.

2. If the surface has a metric of zero constant curvature, then g = 1 and the surface is
a doughnut.

3. If the surface has a metric of constant negative curvature, then g > 2 and the surface
s a doughnut with at least two holes. If the surface is magnified to make its curvature
-1, then its area is 4w(g — 1).
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Proof: This follows immediately from the Gauss-Bonnet theorem. For instance, if the
curvature is 1, then

1 1
///illig = — (area of surface) = 2 — 2g,
27 27

so 2 —2¢g > 0 and thus g = 0. Then
(area of surface) = (27m) (2 — 2g) = 4.

The remaining cases are proved in a similar fashion. QED.
Remark: The amazing fact is that the converse is truel!
Theorem 74 Let S be a compact oriented surface with g holes.
1. If g =0, then S has a metric with constant curvature 1.
2. If g =1, then S has a metric with constant curvature 0.
3. If g > 2, then S has a metric with constant curvature -1.
Proof: The first result is clear since the unit sphere has curvature 1.

We give two arguments for the torus. Here is the first. Form a torus from a unit square by
glueing the top and bottom together to form a cylinder, and then glueing the left and right
together to form a doughnut. Give the square the standard flat Euclidean metric.

a

We must make sure that each point has a Euclidean neighborhood after the glueing is
complete. This is clear for interior points. It is clear for boundary points from the following
picture.
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N
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Finally, all four corners of the square glue to become a single point, and this point has a
Euclidean neighborhood because the four corner angles, each of size 7, glue together to

form a neighborhood with total angle 27 as illustrated below.

/ N
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Here is a second argument for the torus. The torus can be embedded in R? by the map
illustrated on page 30:

5(0,¢) = ((R+rcosp)cosb, (R +rcosp)sinb, rsing)

Here 0 < ¢ < 27 and 0 < 6 < 27. However, we can also embedded the torus in R*, and in
a considerably easier manner:

s(0, ) = (cosf,sin b, cos , sin ) .

Let g;; be the induced metric. Notice that

0s , ds .
90 (—sinf,cos6,0,0) % = (0,0, —sin p, cos )
and so
05 05, 05 0s _ _0s 05 _
g11 = 90 90 g12 = 90 dp g22 = 9o O =

Finally, here is an argument for surfaces with g > 2 holes. The topologists have proved that
every such surface can be constructed from a regular polygon with 4g sides by identifying
corresponding sides as illustrates below. The pictures on the next page show this process
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for a doughnut with ¢ = 2. In particular, all vertices of the polygon glue to the same point
in the surface.

Flatten this object so the remaining doughnut tube sticks out toward us:
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We will attempt to glue the sides of our polygon together so the resulting surface inher-
its a geometry with constant curvature. Let’s first try to do that using flat Euclidean
geometry.

After glueing, every point inside the polygon or on the sides has a Euclidean neighborhood
as in the earlier torus example. But there is a problem at the point obtained by glueing all
vertices of the polygon together because the sum of the interior angles of the polygon at
the vertices adds up to more than 27. To fix this problem, we will construct the polygon
in non-Euclidean geometry rather than in the plane. Consider the polygon at the center
of the picture on the next page. Each side of this polygon is a geodesic. We construct the
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polygon so these sides all have the same length. Then after gluing each point which comes
from the inside of the polygon and each point which comes from a boundary line has a
non-Euclidean neighborhood.

We must check that the vertex angles sum to 2w. We do this by adjusting the size of the
polygon. If the polygon is very small as on the left below, the sum of the angles of the
polygon will be close to the corresponding sum for Euclidean polygons, which is larger than
27. If the polygon touches the boundary as in the middle below, then all angles will be zero
and the angle sum is zero. Somewhere between these extremes, there is a non-Euclidean
polygon whose vertex angle sum is exactly 27. QED.
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6.10 Frames

This section and the remaining sections of the chapter yield a proof of the Gauss-Bonnet
theorem. Several interesting ideas arise along the way.

Definition 26 A framing of a coordinate system U is an assignment to each point p € U of
an orthonormal basis {e1(p), ea(p)} of tangent vectors at p. We require that the e; vary in a
C® manner. For fized p, the basis {e1,es} is called the frame at p. If the surface has a fized
orientation, we say the framing is oriented if es is obtained from ey by a counterclockwise
rotation.

Frames can easily be produced. Start with the basis 8% and %, and apply the Gram-

Schmidt process. This was done on page 40 for the surface z = y? — x2, producing the
following picture.

Frames on surfaces are the analogues of the moving frame on a curve. But in surface
theorem, frames are not unique, so some mathematicians avoid them. We will see that
frames are extremely useful.

On the surface of the earth, there is a natural frame at each point except the north and
south poles: e; points toward the rising run in the east, and ey points toward the axis
of rotation at the north pole. This frame yields infinitesimal orthonormal coordinates, so
inhabitants of the earth learn the Pythagorian theorem in school. But in the large, the
frame behaves in an unexpected way due to the curvature of the earth. If occupants follow
the e;’s, their journeys are longer than necessary because paths along the e;’s are not
geodesics. And if two occupants start one horizontal mile apart and follow es’s north, they
find themselves closer and closer together over time.
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Imagine that the south pole were inhabitable. There is no natural framing there, but
it would be inevitable that the government would establish a framing so farms could be
divided into rectangular plots and efficient roads could be established.

Remark: Fix a framing. Suppose that 7(s) is a path parameterized by arc length. At
each time s, 7/(s) is a unit vector and thus

7' (s) = cosf(s) e1 +sinf(s) es

for an angle 0(s) determined up to a multiple of 27. If we pick a starting angle, there is
clearly a unique way to extend 6(s) to the entire curve.

The pictures below show this process in action. The orthonormal basis {e1, e2} may not
look orthonormal to us, so we need the g;; to compute 6(s).
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Remark: Suppose that R is a region in our coordinate system bounded by a finite
number of curves meeting at corners. Without loss of generality, we can parameterize each
of these boundary curves by arclength, and translate the parameter interval so the first
boundary curve v1(s) is defined on [0, s1], the second ~2(s) is defined on [s1, s2], etc., and
the final boundary curve 7,(s) is defined on [s,_1, Sp]. Thus the entire curve is defined on
[0, s5,]. As in the Gauss-Bonnet theorem, we suppose that the boundary curves circle the
region counterclockwise, never touching except at the beginning and end.
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Choose angles 01 (s) along 7v1(s) so v{(s) = cosf; e; + sinf; es. At s1, 7] makes an angle
61(s1) with the frame and ~4 makes an angle 02(s1) with the frame. Call the exterior angle
at this point 6;. Clearly we can uniquely choose 62(s) so 02(s) — 61(s) equals the exterior
angle 6.

Continue this process completely around the boundary. The frames allow us to assign
tangent angles at each point along the boundary curves. This is a great aid in the proof
of the Gauss-Bonnet theorem.

Remark: Define Af;(s) = 0;(s;) —60;(s;—1). This number is the amount that the tangent
angle of the curve ~; increases from beginning to end. Notice that this increase is partly
due to the curvature of the curve 7; and partly due to turning of the frame {ej, es}.
Disentangling these two causes will occur us in the next few sections. The following theorem
shows that, modulo an analysis of A;(s), we are close to the Gauss-Bonnet theorem:
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Theorem 75 The angle changes AB;(s) and exterior angles 0; satisfy the equation
D 0+ Abi(s) = 2m
i i

Proof: The total change in 8 must be an integer multiple of 27 because the curve returns
to its starting point.

Gradually shrink the boundary curve to a circle. The total change in 6 will change contin-
uously under this deformation. Since the total change is always an integer multiple of 27,
it cannot change continuously unless it is constant. So the total change in # must equal the
total change for a small circle. But when we shrink small enough, the frame will become
essentially constant, and the theorem reduces to the assertion that the angle increases by
27 as we go around a classical Euclidean circle. QED.

6.11 Differential Forms

To complete the proof of the Gauss-Bonnet theorem, we must prove that

ZAHi(s):Z/iﬂng//Rﬁmg.

This will be proved using Green’s theorem. The trick is to find an appropriate vector
field so the integral of the field over the boundary gives f%_ kg and the integral over the
interior gives ) [ [, Kk12. This vector field (which we will call a one-form) will be defined
in future sections. First we’d like to review Green’s theorem and introduce the notation
we will be using.

Definition 27 A one-form w on a coordinate system is an expression
w = wi(u,v) du+ wa(u,v) dv
where each w; is a C* function on the coordinate domain.
Definition 28 A two-form 2 on a coordinate system is an expression
Q = Q2(u,v) du A dv
where Q12 is a C*° function on the coordinate domain.

Definition 29 Letw be a one-form and let y(t) = (u(t),v(t)) be a C* curve, fora <t <b.
The line integral of w over v is defined to be

/w—/bwdu+wdv dt
O e e T ae)
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More explicitly,

/7 o= | b ((rtuto)v(0) G +entuto) o) G ) o

Definition 30 Let () be a two-form and let R be a region in the plane. The surface integral
of Q over R is defined to be

//RQ://RQM(%U) dudv.

Definition 31 Let w be a one-form. The exterior derivative of w is the two-form defined

by

dw = d (w1 du+wy dv) = (%:—%) du A dv.

Theorem 76 (Green’s Theorem) If~ is a counterclockwise curve bounding a region R
and w is a one-form on an open set containing v and R, then

e

6.12 The Correct Interpretation

In advanced calculus, you probably computed line integrals of vector fields, and wrote
Green’s theorem using different notation. In that case, the notation and formulas of the
previous section may seem puzzling. This optional section explains the new point of view
and motivates definitions in the next section.

The line integral of a vector field E = (E,, Ey) is defined in vector calculus as

_» d’}/
dt.
JE G
Green’s theorem is then written

E. d” dt = // <8E l“) dady.
OR 8x

If these theorems were taken as a model, we would expect the one-form w above to just be

a vector field
w= (B By).
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But then the line integral should have been defined using the g;; inner product, which
would give a much more complicated formula

b »
|30 Bituv.vie) G
a ’Lj

The double integral in our version of Green’s theorem is also puzzling, since the integral of
a function over the surface always contains an extra factor \/g11g22 — g3, by theorem 56.
We would expect the double integral in Green’s theorem to have the form

oF, oF,
// <8a:y - dy > \/911922*9%2 dudv

Here is the explanation. Suppose we want to integrate an object w over curves, but we do
not yet know what kind of object w should be. To integrate, we divide our curve into small
pieces, compute w on each piece, add, and take a limit.

T
=

What is going on?

So w should be an object which gives a number when evaluated on a small piece of the
curve. If v(¢) is our curve, the small piece from ¢ to t + At is approximately 7/(¢) At. We
expect the world to linearize when we make very small approximations, so

w(/ () Ab) = w(x/(1) At.

We conclude that w should be an object which maps tangent vectors to real numbers. For
this reason, the coefficients of our w should be thought of as entries (wi,w2) in a matrix
defining a transformation from vectors to numbers, and the expression in our line integral
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is the matrix product
du
dt

(@ )
dv
dt

In particular, this expression has no g;;.

In the presence of an inner product (, ), each vector E defines a linear map by E : X —
(E,X). In ordinary calculus, the map w is always assumed to come from a vector F in
this way and the theory is written in terms of vector fields.

The same reasoning applies to the double integral in Green’s theorem. In this case, the rea-
soning is easier to understand if we examine the three dimensional version of the theorem,
which is called Stokes’ theorem.

/ E-‘hdt://cJﬂE-ﬁds.
as dt S

The expression on the right is a surface integral. Suppose we want to integrate an object €2
over a surface, but we do not yet know what kind of object €2 should be. To integrate, we
divide the surface into small pieces, compute €2 on each piece, add, and take a limit.

So 2 should be an object which gives a number when evaluated on a small piece of surface.
Small parallelograms on the surface are defined by pairs of vectors X and Y. We expect
the world to linearize when we make very small approximations, so 2 should be a real
valued function defined on pairs of vectors: Q(X,Y).

In this case, there is more to be said. Surface integrals depend on an orientation of the
surface; changing the orientation changes the sign of the integral. So we expect that
QY, X) = —-Q(X,Y). By definition, a two-form is an assignment to each point of space of
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a map Q(X,Y) defined on pairs of vectors, such that Q(Y, X) = —Q(X,Y). In the special
two-dimensional case of interest to us,

0 0 0 0 o 0
Q<X1a +X28 Yla +Y2(9 >_Q<8u’8v> (X1Ys — XoY7)

and so our w has only one coeflicient.

In classical three-dimensional calculus, such maps w also arise from vectors F using the
formula

QX,Y)=E-(X xY)

This explains the appearance of E'-n in the surface integral formula. However, in advanced
mathematics, {2 more often appears directly as a map on pairs of vectors, and associating
each such map with a vector E is more confusing than illuminating.

6.13 Forms Acting on Vectors

Definition 32 Let w be a one-form and let X be a tangent vector field. Then w(X) is the
function defined by

w(X) = (w1 du+ wy dv) (Xla + Xo 0

— | =wi X Xo.
ou 6v> w1 X1 + wa ko

Definition 33 Let Q0 be a two-form and let X and Y be tangent vector fields. Then
Q(X,Y) is the function defined by

0 0 0 0
— 4+ Xo—, Y1 — +Y25U> = 19 (X1Y2 — X2Y1)

Q(X,Y) = (ng du N dv) (Xl u 90’ ou

Remark: If you skipped section 6.9, then these definitions may seem mysterious. We
are interested in them for precisely one reason, given by the next theorem. This theorem
shows that the curl of w from classical calculus is closely related to the Lie bracket and
directional derivatives we have often used in this course.

Theorem 77 Let w be a one-form and suppose X and Y are tangent vector fields. Then

dw(X,Y) = Xw(Y) = Yw(X) —w([X,Y)).

Proof: Notice that dw(X,Y) is linear over functions in X and Y, so

. 0 0 o 0
dw(X1%+X28 Yla +Yo— > ZXde( auj)
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We will prove that the expression on the right also has this linearity property. Indeed
(fX)w(Y) =Yw(fX) —w([fX,Y]) = fXw(Y) = V(fw(X)) - w(f[X,Y] =Y (f)X)

where we have used the identity [fX,Y] = f[X,Y] — Y (f)X proved on page 127. Using
the product rule, the previous equation becomes

fXw(Y) =Y(flu(X) - fYw(X) — fu([X,Y]) + Y (fw(X)
which simplifies to
f(Xw(Y) ~Yw(X) — (X, Y))

as desired. The expression Xw(Y) — Yw(X) — w([X,Y) changes sign when X and Y are
interchanged, so it follows that it is also linear in the second variable.

Since both sides of the equation we wish to establish are linear over functions, we need
only check this equation on basis vectors. Both sides are skew symmetric, so it suffices to
check the equation when X = a% and Y = %. In this case

Ows  Owy
dw(X.Y)=Q9g = —= — ——
w(X,Y) 12 Ju 7o
and, using the fact that [X,Y] =0,
0 0
X(w(Y)) - Y(w(X)) —w([X,Y]) = o2~ How1.

QED.

6.14 The Moving Frame

In the rest of the proof we never need to refer to the coefficients of the one-forms or two-
forms we introduce. So we will call these one forms w and two forms 2. Unfortunately,
we need to consider several one-forms. These various one-forms will be called w;;. Notice
carefully that the indices determine which form we are using and have nothing to do with
the coefficients of these forms.

We have come to the decisive moment in the proof. We want to understand how our
frame turns as we travel from point to point. The change in the frame will depend on the
direction we move. So we want to study Vxe; and Vxes.

In chapter one, the Frenet-Serret formulas were obtained by expressing the derivatives of
the canonical frame as a linear combination of vectors in this frame. Similarly in surface
theory, it turns out that we should express the derivatives of the e; in terms of the basis

{e1, ea}.
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Definition 34 Write
Vxej == Zwij(X)ei.
i
The coefficients of these linear combinations define one-forms wjj;, called the connection

one-forms of the surface.

Remark: The following theorem is an analogue of the Frenet-Serret formulas, and
expresses the fact that the frame consists of orthonormal vectors.

Theorem 78 w;; = —wj;

Proof: Since the e; are orthonormal,

0=X(0i5) =X (e, ej) =(Vx(ei), ;) + (ei, Vx(ej))

Thus
= <ZW(X)ki€ka 6j> + <6i, Zw(X)kj€k>
k k
and so
0= Zw(X);ﬂ <6k, 6j> + Zwkj(X) <€i7 6k> = Wji(X) + wij(X)
k k
QED.
Remark: It follows that wi; = wey = 0 and we; = —wi2. Consequently, there is only one

interesting one-form, wis. Notice that
VXGQ = wlg(X)el.

A little thought shows that this equation should indeed be true. Since the e; remain
orthornomal, the change of es should be in the e; direction. Moveover, if we know how es
changes, we can determine how e; changed.

Remark: Let v(s) be a curve parameterized by arc length, and let 6(s) be the angle
which the tangent to this curve makes with the frame. Now that we understand how the
frame changes from point to poine, we can decompose the change in (s) into two pieces,
one describing the curvature of v(s) and one describing the turning of the frame.

Theorem 79 Suppose y(s) is a curve parameterized by arc length, and 0(s) is the angle
which the tangent to this curve makes with the frame. Let ky be the geodesic curvature of

this curve. Then
7d9 = kg + wi2(y)
ds o 1247 )-
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Proof: We have
7' (s) = cosf(s) e1 + sinO(s).

Hence

D~
ds

do dé
= —sin 03% e1 + cos 9(3)£ ez +cosf(s) Vyer +sinf(s) V.yes
The last two terms can be rewritten

cos 0(s) wo1 (') ez + sinf(s) wia(y') e1.

Since wy1 = —w12, we obtain

<d9 - wlg(’y')> (—sinf e; + cosf ez).

But —sinf e; + cosf es is the vector cosf ey + sinf es rotated ninety degrees counter-
clockwise, and thus points normal to the curve with the correct orientation. By definition

!
of geodesic curvature, %—Z is kg times this normal for curves parameterized by arc length.
So

and the theorem follows. QED.

6.15 The Structural Equation

This section contains only a single a single equation, known as Cartan’s structural equation.
It is obviously very important.

Theorem 80 The two-form dwio = Q has the following properties:

1. If ey, eq is any oriented basis,

Q(@l, 62) = K1K2.

2. If Q = Q9 du N dv, then

Q2 = \/ 911922 — g3, KiK.
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Proof: The definition of wqs is:
Vyes =wia(Y) e;.
Hence
VxVyes = X(wi2(Y)) e1 +wia(Y) Vx(er) = X(wi2(Y)) e1 + wia(Y) war(X) (e2)
Since w91 = —w1a, we conclude that
VxVy e2 = X(wi2(Y)) e1 — wia(Y)wi2(X) ea.

Subtract the same equation with X and Y interchanged, and subtract the equation for
Vix,y] €2, to obtain

(VXVY — VyVX — V[)Qy]) €9 = (X(wlz(Y) — Yw12(X) — w[Xy]) (&)

or

(vxvy ~VyVx — vpm) es = (dw2)(X,Y) e1 = Q(X,Y) e1.
Take the inner product of both sides with e; to obtain
R(X,Y,ez,e1) = Q(X,Y).
If X =e; and Y = ey, we have
kike = —R(ey1, e, e1,e2) = R(ey, ea,e2,e1) = Qe, e2).
If X = %:a61+562 and Y = %zvel—kéeg we have

0o 0

Qo = (ng du N dv) <8u’ %

) =Q(X,Y) = R(X,Y,ez,€1)

and this equals
(ad — B7y) Re1,ez,e2,61) = (ad — By) K1ka.

But \/g11922 — g%5 = (ad — (B7) because
911022 — g1 = (X, X) (Y, Y) — (X,Y)?

which equals
(02 +3%) (77 + %) — (ay + 8)* = (ad — 7).
QED.
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6.16 Proof of Gauss-Bonnet

In section 6.7, we proved that

exterior angles

o= [ 2= [ (i)

Since our curve is parameterized by arc length, f;’;l kg is just the integral of the function
kg over the curve. So we have

Notice that

Si

Z 0; + E /Hg + Z / wia(y) = 2w

. ; Si—
exterior angles boundary curves boundary curves "'~

w1 du + we dv and w(y') = wl% + WQ% and so

5 5 du dv
') ds = L) ds= [ w.
/SAlw('y) s /Sil (wlds—l—wgds) s Lw

> /Si wi2(7') zfanwm

Si—
boundary curves” !

We claim that fssl_i_l w(v') is the line integral of w over v. Indeed in coordinates w =
)

Consequently,

We can apply Green’s theorem to convert this to

//dwlgz//Q://Qudu/\d’U:// \/glngQ—Q%QIﬂfﬁ]Qdud’U
R R

The last integral is the integral of the function k1Ko over the interior of the region, so we

obtain
) DR S R L
Vi R

exterior angles boundary curves
QED.



Chapter 7

Riemann’s Counting Argument

7.1 Riemann’s Career

In Riemann’s day, a candidate for a university position in Germany had to surmount
three barriers. The candidate had to write a thesis. Then the candidate had to publish a
scholarly paper. Finally, the candidate had to give a probationary lecture for the general
public.

Riemann’s thesis was on complex variable theory. He introduced Riemann surfaces, proved
the Riemann mapping theorem, and proved the first half of the Riemann-Roch theorem.
Not bad.

Riemann’s scholarly paper was on Fourier series. In this paper, Riemann introduced the
Riemann integral and used it to investigate convergence of series. OK.

For the probationary lecture, the candidate was asked to provide three topics from which
the examining committee would pick one. It was customary for the candidate to list the
thesis and the scholarly paper as the first two topics, and customary for the examining
committee to pick one of these. Riemann listed his thesis and his scholarly paper, and
listed as a third topic the foundations of geometry. Riemann’s examing committee included
Gauss, who convinced the committee to abandon tradition and choose the third topic. “So
I am in a quandary,” Riemann wrote his father, “since I have to work out this one.”

The resulting lecture is one of the most famous mathematical talks in history. Riemann
had to proceed without elaborate equations because the lecture was for a general audience.
In the lecture, Riemann explained how to generalize Gauss’ theory of surfaces to higher
dimensions, and gave the following wonderful argument:

161
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7.2 The Counting Argument

In two dimensions, geometry is determined by the fundamental form
ds® = gn1 da” + 2912 dedy + gop dy”

Some choices of g;; give new geometries — non-Euclidean geometry, spherical geometry,
and geometry on a surface of revolution. Other choices give familiar geometries written in
unusual coordinates.

Riemann gave the following counting argument to determine the number of new geometries
which could be obtained. The form g;; is determined by three functions. On the other
hand, coordinate changes

ro= ¢(’LL, U)

s = Q/J(U, U)
are determined by two functions. Consequently, we expect the g;; to contain 3 —2 =1
pieces of purely geometric information, determined by one function. That function, claimed
Riemann, is the Gaussian curvature.
In higher dimensions, Riemann asserted that geometry is determined by a form

n

d82 = Z Gij dl‘ldﬂS‘]

ij=1
Since g;; is symmetric, there are n + (n — 1) + ... +1 = w functions involved. A
coordinate change
= Pi(z1,..., )
Yn = Un(x1,...,20)
is determined by n functions. Thus there should be w —n = @ pieces of purely

geometric information.

Riemann conjectured that these @ pieces of geometric information could be found as

follows. At each point in n-dimensional space, choose a two-dimensional subspace of the
tangent space by choosing two basis vectors e;,e; from the full basis eq,...,e,. Follow
geodesics out along the plane spanned by e; and e;. These geodesics will form a two-
dimensional surface in n-dimensions, and this surface will have a Gaussian curvature k.
Nowadays, we call this Gaussian curvature the sectional curvature of space in the direction
spanned by e1 and es.
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How many choices do we have for our two-dimensional plane? The vector e; can be chosen

in n ways, and then the vector e; can be chosen in n — 1 ways. But the plane spanned

by e; and e; does not depend on the order of these vectors, so in reality there are %
such choices. Riemann asserted that the sectional curvatures in these w
exactly the @ pieces of geometric information hidden in the g;;.

directions are

Traces of this argument can be found in the mathematics of this course. On page 127, we
proved that when R is the Riemann curvature tensor and e, es is an orthonormal basis,
the number R(ey, €2, e1, e2) is independent of the choice of this basis. In higher dimensions,
our proof works without change to prove that whenever e; and e; is an orthonormal basis,
the number

R(ei, €j,€i, ej)

depends only on the two-dimensional space spanned by e; and e;, and not on the basis
used to compute it. This number equals the sectional curvature up to a sign.

Moreover, it is possible to prove that two candidates for a curvature tensor, R(X,Y, Z, W)
and S(X,Y,Z, W), are the same if and only if they give the same sectional curvature for
each two-dimensional plane spanned by basis vectors e; and e;. So Riemann’s information
is exactly the information hidden in the curvature tensor.

7.3 The Main Theorems

The following theorems provide two cases in which Riemann’s insight is verified by formal
theorems.

Theorem 81 Let S be a surface whose Gaussian curvature is zero. Then it is possible to
define local coordinates s(u,v) near any point p so that in these local coordinates, the g;;
equal ;; and

ds? = du® 4+ dv?.

Theorem 82 Let S be a surface whose Gaussian curvature is constant. By magnifying
the surface, we may assume that the Gaussian curvature is -1, 0, or 1. Then each point
of the surface has a neighborhood isometric to an open set in the sphere, the plane, or
non-FEuclidean geometry, depending on the value of the curvature.

Step 1 of the Proof: Let p be a point in an arbitrary surface S. Choose any geodesic
v(v) through p parameterized by arc length and such that v(0) = p. Suppose this geodesic
is defined for —§ < v < 4.

At each point on the geodesic v, construct the unique geodesic 7(u) perpendicular to .
Let 7 be parameterized by arc length and suppose that 7(0) is the starting point on the
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curve . Choose € > 0 so all of these geodesics are defined for —e < u < e.

e TR

Use this construction to produce a coordinate system (u,v) near p. To get to an arbitrary
point (u,v), follow v from p to v(v), and then follow the particular 7 which starts at v(v)
from 7(0) to 7(u).

Below are pictures of this coordinate system in the plane, on the sphere, and on the Poincare
disk.
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Step 2: If we have two surfaces S and 7 containing points p and ¢, we can introduce the
above coordinate systems in both surfaces, and then map the point (u,v) in S to the point
(u,v) in 7. We are going to prove that this map preserves the metric if both surfaces have
the same constant curvature. From now on, we work with one surface and one coordinate
system. We will discover that we can completely determine the metric g;; in our special
coordinate system if the Gaussian curvature is constant. If so, the proof is complete.

Step 3: Let ej(u,v) = % and ez(u,v) = %. Then e; and e are vector fields in our
coordinate system. Since 7(u) is a geodesic parameterized by arc length, e; has length one
and l?if; = 0 are every point (u,v). Since 7(v) is a geodesic parameterized by arc length,
e2 has length one and % = 0 at points of the form (0,v). Since 7 is perpendicular to =,

(e1,e2) = 0 at points of the form (0, v).

8 . D€1 D€2
9 (e1,e2) = <du762> + <€17 du>

But % = 0, so this becomes

Step 4: We have

However, according to the fifth item in the main theorem of section 4.4 we have

0 0 o 0
Vege Vion [aua] =
and so
Dey _ D
du  dv’

Substituting in the second formula of this step, we obtain

g(e es) = (e Dery _ e Dey _li@ e1)
ou 1,62/, — 1, du - 1 dv _2d’U 1,¢€1

Since e is always a unit vector, this is zero and consequently (e, e2) is independent of w.
But (e1,e2) = 0 on (0,v). Consequently, (e, ez) is always zero.

Step 5: It follows that g;3 = 1 and g12 = 0. Let h(u,v) = ||ea||. Then goo = h2.

Notice that up to this point, we have made no assumptions about curvature. Therefore, on
any surface, we can introduce new coordinates so the coordinate curves are perpendicular
and g11 = 1, g12 = 0, ga2 = h*(u, ).
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Step 6: Lemma: We have
1. h(0,v) =1
2. 9(0,v) = 0.
Proof: Since the vector ez has length one on (0,v), h(0,v) = 1.

8 2 a _ D€2
%h = 87u <€2,€2> =2 <€2, du>

The Lie bracket argument of step 4 converts this into

0 De d De De
%hQ =2 <62, dvl> =2 {ez,e1) =2 <dz)2’61> = -2 <dz;2’61>

Since y(v) is a geodesic, %ff =0 on (0,v). We conclude that % =0on (0,v). QED.

Notice that

Step 7: Since g11 = 1,912 = 0, and goy = h?, the standard calculations of previous
sections rapidly give

oh 1 0Oh 1 Oh

1 ou 1271 du 271 v

By the theorem on the curvature tensor in section 5.4 we have
Rig12 = —h’K1ks.
We have
ori,  or?
Rig19 = ((9;2 - 87;1 + ZFTQF%m - erlnlrgm> h’
m m

and so

o (1 8h & (1 8h 1 0n\?
— . - 7 1—12 1—\2 h2 — o - - 2
iz <8u (h 8u> 12 12) <8u (h 8u> * <h 6u> ) h
This simplifies to

0?h

_ 32
92 h*k1Ks9.

Ri212="h

2 . . . .
We conclude that k1kg = _Tl % Since we still have made no assumptions about Gaussian
curvature, we have proved

Lemma Any surface can be given a coordinate system in which g11 = 1, gi12 = 0,920 =
h2(u,v) and in this coordinate system the Gaussian curvature is given by

—1 0%h

h ou?’
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We conclude that when the curvature is —1,0, or 1, we have

Ph_, o Ph_ Ph

ou? ou? ou? —h

Step 8:  These differential equations satisfy boundary conditions determined by the
lemma in step 6. We conclude that

Lemma: In all cases, we have g1 = 1 and g12 = 0.
1. If the Gaussian curvature is minus one, we have goo = cosh u.
2. If the Gaussian curvature is zero, we have goy = 1.
3. If the Gaussian curvature is one, we have goo = cosu.

Step 9: Consequently, the g;; are completely determined in our coordinate system by
the constant Gaussian curvature. QED.

Corollary 83 On a surface of constant Gaussian curvature

1. if p and q are two points, there is an isometry from a neighborhood of p to a neigh-
borhood of q taking p to q

2. if e1,eo and f1, fo are orthonormal bases of tangent vectors at a point p, there is an
isometry from a neighborhood of p to a second neighborhood of p, firing p and taking
e; to f;.
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7.4 Surfaces of Revolution with Constant Curvature

We end this course by determining those surfaces of revolution which have constant Gaus-
sian curvature.

If a surface is obtained by rotating the function y = f(x) about the z-axis, its Gaussian
curvature is
_f//
()22

by a calculation on page 96. This will be constant just in case f satisfies the differential

equation
>*f df
preiRAC )<1+<dx> )

In the special case k = 0, we have f(x) = ax + b and we obtain cones and cylinders.

Remark: Otherwise we simplify the equation when we parameterize the curve y = f(z)
by arc length. The graph of y = f(z) is given as a parameterized curve by v(x) = (z, f(x))

and its arc length is
d
/ J1 + f

This function can be solved for x in terms of s, giving © = ¢(s). Let ¢g(s) be the function

f written in terms of s instead of x, so that g(s) = f(z) = f( (s)). Notice that f(x) =
9(s(x)).
Theorem 84 We have

g __,

sz =

Consequently when k = 1 we have
g(s) = Asin(s + 0)

and when k = —1 we have

g(s) = Ae® + Be™®

Proof: By the chain rule, % = %j—; and so

2
o _dg [, (dr
dx ds dx
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Differentiating again and using the product and chain rules, we have

&f  dg df df \ 2 df d2f
de?  ds? (1 + (d:v) ) (1/2) ( (d:n) ) 2dm dx?

2
Replace % in the last term with % 1+ (ﬁ) to obtain

T

df _ dg df\*\ | (dg\* d*f
@ﬁ_%2o+<m)>+<@)dﬁ
d*f dg\*\ _ d% df\’
w(l‘@s))—dsz(”(dm)

Substitution of the differential equation for f at the start of this section gives

o 1 () (- 2)) -2 (- ()

and this can be rewritten as follows since f(x) = g(s):
2
af\* dg\*\ _ &g af
- 14+ (& 1-(Y) =99 (14 (2
r9(s) ( * <dw> ) ( <ds) a2 " T\

2 2
The equation % = dg 1+ (d—f> implies that 1+ (df> =1+ (%) <1 + (%) > and

or

T

2 2
SO (1 + (%) > (1 — (%) > = 1. So the previous equation simplifies to

d2
e g(s) = 55
QED.
Remark: This does not finish the problem. Our curve has the form ~v(s) = (z(s), g(s))
and is parameterized by arc length, so 1 = (d—x) + <d9> Therefore Z—”s” =4/1- <2—g>2
and

o= [y ()«
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Theorem 85 The surfaces of revolution with Gaussian curvature 1 are obtained by rotat-
ing v(s) = (x(s), Asin(s + d)) around the x-axis, where

z(s) = :l:/\/l — AZcos?(s +9) ds

The surfaces of revolution with Gaussian curvature -1 are obtained by rotating v(s) =
(z(s), Ae® + Be™®) around the x-axis, where

x(s) :i/\/l—(Aes—Be—S)Q

Remark: Some of these are elliptic integrals and must be calculated numerically.

Suppose the Gaussian curvature is one. Notice that A = 1 gives

x(s) = j:/ V1—cos?(s+0) = j:/sin(s+5) = +cos(s + 9)

and the surface is obtained by rotating

Y(s) = (cos(s), sin(s))
about the x-axis. The resulting surface of revolution is a sphere.

We easily program Mathematica to provide other surfaces of positive curvature. Samples
are pictured for a = 1/2,A = 1, and A = 2. Notice that the remaining surfaces have
singularities at the endpoints.

x[A_, sO_, s_] := NIntegrate[Sqrt[1l - A"2 Cos[t]"2], {t, sO, s}];

Graph[A_, sO_, bound_] := ParametricPlot[{x[A, sO, s], A Sin[s]},
{s, sO, bound}, AspectRatio->Automatic];

Surface[A_, sO_, bound_] := ParametricPlot3D[{x[A, sO, s],
A Sin[s] Cos[theta], A Sin[s] Sin[thetal},
{s, s0, bound}, {theta, 0, 2 Pi}];

[adadad udad
PRWAO
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0.8
0.6
0.4
0.2

0.2 0.4 0.6 0.8

Remark: We will let the reader use Mathematica to provide corresponding surfaces of
negative Gaussian curvature. We want to discuss one special case of historical interest.

Consider g(s) = €®. Then
x(s) ::t/ V1—e?s ds
0

The substitution e® = sin ¢ converts this integral to

/\/1—sin2¢ COS,¢ d¢ = ( .1 —sin¢) d¢p = —In(csc ¢ + ctng) + cos ¢
sin ¢ sin ¢

and thus to

<1+\/1—e25)
“In| ———— | +
e

1—625:S—ln(1+\/1—625)+\/1—623.
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Let e®* = y. Then our curve is
v(y) = <i {lny—ln{l—i-\/l—y?}—i- 1—y2}, y)

The result is a famous surface used often to model non-Euclidean geometry. This surface
has a singularity at * = 0 and has the wrong topology, so it is only a local model for
non-Euclidean geometry. But it was the standard model during most of the 19th century
before Poincare’s discovery of the disk model, so the surface is often found on the cover of
non-Euclidean geometry books. And here is more. And still more.
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