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Preface

These notes were developed as a supplement to a course on Differential Geometry at the advanced
undergraduate, first year graduate level, which the author has taught for several years. There are
many excellent texts in Differential Geometry but very few have an early introduction to differential
forms and their applications to Physics. It is the purpose of these notes to bridge some of these
gaps and thus help the student get a more profound understanding of the concepts involved. When
appropriate, the notes also correlate classical equations to the more elegant but less intuitive modern
formulation of the subject.

These notes should be accessible to students who have completed traditional training in Advanced
Calculus, Linear Algebra, and Differential Equations. Students who master the entirety of this
material will have gained enough background to begin a formal study of the General Theory of
Relativity.

Gabriel Lugo, Ph. D.

Mathematical Sciences and Statistics
UNCW

Wilmington, NC 28403
lugo@Quncw.edu
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Chapter 1

Vectors and Curves

1.1 Tangent Vectors

1.1 Definition Euclidean n-space R" is defined as the set of ordered n-tuples p = (p!,...,p"),
where p* € R, for each i =1,...,n.
Given any two n-tuples p = (p!,...,p"), 9 = (¢%,...,¢") and any real number ¢, we define two
operations:
p+ta = (' +4¢,....p"+4") (1.1)
cp = (ep...,cp")

With the sum and the scalar multiplication of ordered n-tuples defined this way, Euclidean space

acquires the structure of a vector space of n dimensions .

1.2 Definition Let 2 be the real valued functions in R" such that z‘(p) = p’ for any point
p = (p',...,p"). The functions z* are then called the natural coordinates of the the point p. When
the dimension of the space n = 3, we often write: 2! =z, 22 = y and 23 = 2.

1.3 Definition A real valued function in R" is of class C" if all the partial derivatives of the
function up to order r exist and are continuous. The space of infinitely differentiable (smooth)
functions will be denoted by C*(R™).

In advanced calculus, vectors are usually regarded as arrows characterized by a direction and a
length. Vectors as thus considered as independent of their location in space. Because of physical
and mathematical reasons, it is advantageous to introduce a notion of vectors that does depend on
location. For example, if the vector is to represent a force acting on a rigid body, then the resulting
equations of motion will obviously depend on the point at which the force is applied.

In a later chapter we will consider vectors on curved spaces. In these cases the positions of the
vectors are crucial. For instance, a unit vector pointing north at the earth’s equator is not at all the
same as a unit vector pointing north at the tropic of Capricorn. This example should help motivate
the following definition.

1.4 Definition A tangent vector X, in R", is an ordered pair (X, p). We may regard X as an
ordinary advanced calculus vector and p is the position vector of the foot the arrow.

n these notes we will use the following index conventions:
Indices such as i, j, k,l, m,n, run from 1 to n.

Indices such as pu, v, p, o, run from 0 to n.

Indices such as a, 3,7, d, run from 1 to 2.
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The collection of all tangent vectors at a point p € R" is called the tangent space at p and
will be denoted by T,,(R"). Given two tangent vectors X,, Y, and a constant ¢, we can define new
tangent vectors at p by (X +Y),=X, + Y, and (cX), = cX,. With this definition, it is easy to see
that for each point p, the corresponding tangent space T,,(R™) at that point has the structure of a
vector space. On the other hand, there is no natural way to add two tangent vectors at different
points.

Let U be a open subset of R™. The set T(U) consisting of the union of all tangent vectors at
all points in U is called the tangent bundle. This object is not a vector space, but as we will see
later it has much more structure than just a set.

1.5 Definition A vector field X in U € R™ is a smooth function from U to T'(U).

We may think of a vector field as a smooth assignment of a tangent vector X, to each point in
in U. Given any two vector fields X and Y and any smooth function f, we can define new vector
fields X +Y and fX by

(X+Y), = X,+Y, (1.2)
(fX)p = pr

Remark Since the space of smooth functions is not a field but only a ring, the operations
above give the space of vector fields the structure of a ring module. The subscript notation X, to
indicate the location of a tangent vector is sometimes cumbersome. At the risk of introducing some
confusion, we will drop the subscript to denote a tangent vector. Hopefully, it will be clear from the
context whether we are referring to a vector or to a vector field.

Vector fields are essential objects in physical applications. If we consider the flow of a fluid in
a region, the velocity vector field indicates the speed and direction of the flow of the fluid at that
point. Other examples of vector fields in classical physics are the electric, magnetic and gravitational
fields.

1.6 Definition Let X, be a tangent vector in an open neighborhood U of a point p € R™ and
let f be a C"° function in U. The directional derivative of f at the point p, in the direction of X,
is defined by

Vx(f)(p) = Vf(p) X(p), (1.3)
where V f(p) is the gradient of the function f at the point p. The notation

Xp(f) =Vx(f)(p)

is also often used in these notes. We may think of a tangent vector at a point as an operator on
the space of smooth functions in a neighborhood of the point. The operator assigns to a function
the directional derivative of the function in the direction of the vector. It is easy to generalize the
notion of directional derivatives to vector fields by defining X (f)(p) = X,(f).

1.7 Proposition If f,g € C*R", a,b € R, and X is a vector field, then

X(af+bg) = aX(f)+bX(9) (1.4)
X(fg) = [fX(9)+gX(f)

The proof of this proposition follows from fundamental properties of the gradient, and it is found in
any advanced calculus text.

Any quantity in Euclidean space which satisfies relations 1.4 is a called a linear derivation on
the space of smooth functions. The word linear here is used in the usual sense of a linear operator
in linear algebra, and the word derivation means that the operator satisfies Leibnitz’ rule.
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The proof of the following proposition is slightly beyond the scope of this course, but the propo-
sition is important because it characterizes vector fields in a coordinate-independent manner.

1.8 Proposition Any linear derivation on C*°(R") is a vector field.

This result allows us to identify vector fields with linear derivations. This step is a big departure
from the usual concept of a “calculus” vector. To a differential geometer, a vector is a linear operator
whose inputs are functions. At each point, the output of the operator is the directional derivative
of the function in the direction of X.

Let p € U be a point and let % be the coordinate functions in U. Suppose that X, = (X,p),

where the components of the Euclidean vector X are a',...,a™. Then, for any function f, the
tangent vector X, operates on f according to the formula
(N =Y (55 ). (15)
i=1

It is therefore natural to identify the tangent vector X, with the differential operator

X, = D a5 )P (1.6)
i=1
) n 0
Xp = al(@)p+~-~+a(a?>p-

Notation: We will be using Einstein’s convention to suppress the summation symbol whenever
an expression contains a repeated index. Thus, for example, the equation above could be simply
written

9]
) (L.7)
This equation implies that the action of the vector X, on the coordinate functions z* yields the com-
ponents a’ of the vector. In elementary treatments, vectors are often identified with the components
of the vector and this may cause some confusion.
The difference between a tangent vector and a vector field is that in the latter case, the coefficients
a’ are smooth functions of z*. The quantities

0 0
(%)p? tee (%)p

X, =d'(

form a basis for the tangent space T,(R™) at the point p, and any tangent vector can be written
as a linear combination of these basis vectors. The quantities a’ are called the contravariant
components of the tangent vector. Thus, for example, the Euclidean vector in R3

X =3i+4j—3k
located at a point p, would correspond to the tangent vector

1o} 1o} 0
Xp = 3(%)1) + 4(@)1) - 3(@)1)'

1.2 Curves in R?

1.9 Definition A curve a(t) in R? is a C* map from an open subset of R into R3. The curve
assigns to each value of a parameter ¢t € R, a point (z'(¢),2%(¢),2%(¢)) in R3
UeR — R’
t o a(t) = (' (t),2°(t), (1)
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One may think of the parameter ¢ as representing time, and the curve « as representing the
trajectory of a moving point particle.

1.10 Example Let
a(t) = (art 4 by, ast + by, ast + b).

This equation represents a straight line passing through the point p = (b1, b2, b3), in the direction
of the vector v = (a1, as, as).

1.11 Example Let
a(t) = (acoswt, asinwt, bt).

This curve is called a circular helix. Geometrically, we may view the curve as the path described by
the hypotenuse of a triangle with slope b, which is wrapped around a circular cylinder of radius a.
The projection of the helix onto the xy-plane is a circle and the curve rises at a constant rate in the
z-direction.

Occasionally, we will revert to the position vector notation

x(t) = (¢! (t),2%(t), 2°(t)) (1.8)

which is more prevalent in vector calculus and elementary physics textbooks. Of course, what this
notation really means is
2'(t) = (z' o ) (1), (1.9

where 2% are the coordinate slot functions in an open set in R> .

1.12 Definition The derivative o/(t) of the curve is called the velocity vector and the second

derivative o’ (¢) is called the acceleration. The length v = ||a/(¢)|| of the velocity vector is called
the speed of the curve. The components of the velocity vector are simply given by
dx dr' dx? da3
Vit)=—=|—,—/—,— 1.10
®) dt <dt’dt’dt>’ (1.10)

and the speed is

dzt\? dz2\? dz3\?
_ ar” 11
The differential dx of the classical position vector given by

dzt dz? dz’
_ 1
dx ( o )dt (1.12)

is called an infinitesimal tangent vector, and the norm ||dx|| of the infinitesimal tangent vector
is called the differential of arclength ds. Clearly, we have

ds = ||dx|| = vdt (1.13)

As we will see later in this text, the notion of infinitesimal objects needs to be treated in a more
rigorous mathematical setting. At the same time, we must not discard the great intuitive value of
this notion as envisioned by the masters who invented Calculus, even at the risk of some possible
confusion! Thus, whereas in the more strict sense of modern differential geometry, the velocity
vector is really a tangent vector and hence it should be viewed as a linear derivation on the space
of functions, it is helpful to regard dx as a traditional vector which, at the infinitesimal level, gives
a linear approximation to the curve.
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If f is any smooth function on R3 | we formally define o’(t) in local coordinates by the formula

o' () (f) lay= %(foa) i - (1.14)

The modern notation is more precise, since it takes into account that the velocity has a vector part
as well as point of application. Given a point on the curve, the velocity of the curve acting on a
function, yields the directional derivative of that function in the direction tangential to the curve at
the point in question.

The diagram below provides a more geometrical interpretation of the the velocity vector for-
mula (1.14). The map «(t) from R to R? induces a map a, from the tangent space of R to the

tangent space of R® . The image . (%) in TR? of the tangent vector 4 is what we call o/(t)
d /
(=) =/ (t).
o (= o

Since o/(t) is a tangent vector in R? | it acts on functions in R® . The action of o/(t) on a
function f on R? is the same as the action of % on the composition fo«. In particular, if we apply
a/(t) to the coordinate functions z*, we get the components of the the tangent vector, as illustrated

4 ¢ TR TR? 3 o (t)
l L
R~ R’ R

0! (1)(a) = (@0 0) |, (1.15)

The map a, on the tangent spaces induced by the curve « is called the push-forward. Many
authors use the notation da to denote the push-forward, but we prefer to avoid this notation because
most students fresh out of advanced calculus have not yet been introduced to the interpretation of
the differential as a linear map on tangent spaces.

1.13 Definition

If t = t(s) is a smooth, real valued function and «(t) is a curve in R? | we say that the curve
B(s) = a(t(s)) is a reparametrization of «.

A common reparametrization of curve is obtained by using the arclength as the parameter. Using
this reparametrization is quite natural, since we know from basic physics that the rate of change of
the arclength is what we call speed

v=—=|[ld(#)]. (1.16)

The arc length is obtained by integrating the above formula

dz\? dz?\ dz3\?
= ") dt = — — — ) dt 1.17
s= [l ) (2 (% (117
In practice it is typically difficult to actually find an explicit arclength parametrization of a
curve since not only does one have calculate the integral, but also one needs to be able to find the
inverse function ¢ in terms of s. On the other hand, from a theoretical point of view, arclength

parametrizations are ideal since any curve so parametrized has unit speed. The proof of this fact is
a simple application of the chain rule and the inverse function theorem.
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= (9
, 1

- a0
o/ (1(5))

lo’ (t(s))II"

and any vector divided by its length is a unit vector. Leibnitz notation makes this even more self
evident

dx dx dt %
ds  dids  ds
ds dtds ¢
dx
_ dt

[FAl

1.14 Example Let a(t) = (acoswt,asinwt,bt). Then

V(t) = (—aw sin wt, aw cos wt, b),

»
—~

~
~

t
/ V(—awsinwu)? + (aw cos wu)? + b2 du
0

t
/ VvV a2w? + b2 du

0
= ct, where, c¢= v a?w?+ b2.

The helix of unit speed is then given by

B(s) = (acos g,asing,bg).
c c’ e

Frenet Frames

Let B(s) be a curve parametrized by arc length and let T(s) be the vector
T(s) = fF'(s). (1.18)

The vector T'(s) is tangential to the curve and it has unit length. Hereafter, we will call T' the unit
unit tangent vector. Differentiating the relation

T-T=1, (1.19)

we get
2T -T' =0, (1.20)

so we conclude that the vector T” is orthogonal to T. Let N be a unit vector orthogonal to T, and
let k be the scalar such that
T'(s) = kN (s). (1.21)

We call N the unit normal to the curve, and « the curvature. Taking the length of both sides of
last equation, and recalling that N has unit length, we deduce that

k=T (s)] (1.22)
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It makes sense to call k the curvature since, if T is a unit vector, then 7”(s) is not zero only if the
direction of T' is changing. The rate of change of the direction of the tangent vector is precisely what
one would expect to measure how much a curve is curving. In particular, it 77 = 0 at a particular
point, we expect that at that point, the curve is locally well approximated by a straight line.
We now introduce a third vector
B=TxN, (1.23)

which we will call the binormal vector. The triplet of vectors (T, N, B) forms an orthonormal set;
that is,

T-T=N-N=B-B=1
T -N=T-B=N-B=0. (1.24)

If we differentiate the relation B - B = 1, we find that B - B’ = 0, hence B’ is orthogonal to B.
Furthermore, differentiating the equation 7'- B = 0, we get

B'-T+B-T =0.

rewriting the last equation
B'-T=-T-B=-kN-B=0,

we also conclude that B’ must also be orthogonal to T'. This can only happen if B’ is orthogonal to
the T'B-plane, so B’ must be proportional to N. In other words, we must have

B'(s) = —TN(s) (1.25)

for some quantity 7, which we will call the torsion. The torsion is similar to the curvature in the
sense that it measures the rate of change of the binormal. Since the binormal also has unit length,
the only way one can have a non-zero derivative is if B is changing directions. The quantity B’ then
measures the rate of change in the up and down direction of an observer moving with the curve
always facing forward in the direction of the tangent vector. The binormal B is something like the
flag in the back of sand dune buggy.

The set of basis vectors {T, N, B} is called the Frenet Frame or the repere mobile (moving
frame). The advantage of this basis over the fixed (i,j,k) basis is that the Frenet frame is naturally
adapted to the curve. It propagates along with the curve with the tangent vector always pointing
in the direction of motion, and the normal and binormal vectors pointing in the directions in which
the curve is tending to curve. In particular, a complete description of how the curve is curving can
be obtained by calculating the rate of change of the frame in terms of the frame itself.

1.15 Theorem Let ((s) be a unit speed curve with curvature x and torsion 7. Then

T = KN
N' = kT B . (1.26)
B = —7B

Proof: We need only establish the equation for N’. Differentiating the equation N - N = 1, we
get 2N - N’ =0, so N’ is orthogonal to N. Hence, N’ must be a linear combination of T" and B.

N’ =aT + bB.
Taking the dot product of last equation with 7" and B respectively, we see that

a=N'-T,and b= N'-B.
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On the other hand, differentiating the equations N -7 =0, and N - B = 0, we find that

N .T=-N-T'=—-N-(kN)=—x
N -B=-N.-B'=-N-(—7N)=r1.

We conclude that a = —k, b = 7, and thus
N' = —kT + 7B.

The Frenet frame equations (1.26) can also be written in matrix form as shown below.

!

T 0 k 0 T
N | =|-« 0 7 N |. (1.27)
B 0 —7 0 B

The group-theoretic significance of this matrix formulation is quite important and we will come
back to this later when we talk about general orthonormal frames. At this time, perhaps it suffices
to point out that the appearance of an antisymmetric matrix in the Frenet equations is not at all
coincidental.

The following theorem provides a computational method to calculate the curvature and torsion
directly from the equation of a given unit speed curve.

1.16 Proposition Let §(s) be a unit speed curve with curvature x > 0 and torsion 7. Then

ko= [18"(s)ll
B g/;//ﬂ ] (1.28)

Proof: If 3(s) is a unit speed curve, we have 3'(s) = T. Then

T = B"(s) = kN,
p"-B" = (kN) - (kN),

5// . 6/, _ l<.',2
K= 6"
3"(s) = Kk'N+&rN

— WN 4 k(—kT + rB)
k' N + —k?>T + kTB.

6/ . [611 % ﬁ/”] —_ T . [KZN X (H/N + —KIQT + IQ}TB)]
= T-[x’B+r*rT)
= I{QT
_ 818" x 5
T = RZ
5// . ﬁ//

1.17 Example Consider a circle of radius r whose equation is given by

a(t) = (rcost,rsint,0).
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Then,
o'(t) = (—rsint,rcost,0)
o/ = +/(=rsint)2 + (rcost)? + 02
= \/7”2 (sin®t + cos? t)
= r

Therefore, ds/dt = r and s = rt, which we recognize as the formula for the length of an arc of circle
of radius ¢, subtended by a central angle whose measure is ¢ radians. We conclude that

s s
= (—rsin = 20
B(s) (rsmr,rcosr,)

is a unit speed reparametrization. The curvature of the circle can now be easily computed

s s

T = f(s)=(—cos>,—sin>,0
B'(s)=( cosr7 smr )
1 1

T = (fsini—fcosf,O)
r ror r

ko= 1871 =T

1 1

= \/sin28+00528+02
r2 r  r2 r
1

_ 22 S 25
\/T2(s1n T—&—cos 7n)
1

r

This is a very simple but important example. The fact that for a circle of radius r the curvature
is kK = 1/r could not be more intuitive. A small circle has large curvature and a large circle has small
curvature. As the radius of the circle approaches infinity, the circle locally looks more and more like
a straight line, and the curvature approaches 0. If one were walking along a great circle on a very
large sphere (like the earth) one would be perceive the space to be locally flat.

1.18 Proposition Let «(t) be a curve of velocity V, acceleration A, speed v and curvature k,
then

V = T,
A = %T—FUQHN. (1.29)

Proof: Let s(t) be the arclength and let 5(s) be a unit speed reparametrization. Then «(t) =
0B(s(t)) and by the chain rule
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Equation 1.29 is important in physics. The equation states that a particle moving along a curve
in space feels a component of acceleration along the direction of motion whenever there is a change
of speed, and a centripetal acceleration in the direction of the normal whenever it changes direction.
The centripetal acceleration and any point is

1}2

r

CL:USHZ

where r is the radius of a circle which has maximal tangential contact with the curve at the point
in question. This tangential circle is called the osculating circle. The osculating circle can be
envisioned by a limiting process similar to that of the tangent to a curve in differential calculus.
Let p be point on the curve, and let q; and gz be two nearby points. The three points uniquely
determine a circle. This circle is a “secant” approximation to the tangent circle. As the points q;
and qg approach the point p, the “secant” circle approaches the osculating circle. The osculating
circle always lies in the the T'N-plane, which by analogy is called the osculating plane.

1.19 Example (Helix)

ws ., ws bs
B(s) = (acos?,asm?,?), where ¢ = v/a?w? + b2
aw . ws aw ws b
Fls) = (=psinTm "meos =)
2 2 2
aw w?s  aw® .| ws
g"(s) = (——C2 €08 ==, = =5~ sm?,o)
3 2 3
" B aw w?s  aw’ . ws
B"(s) = (——c?) CO8 ——=, —— bln?,O)
K2 — 6”'6”
2, 4
a*w
2
aw
KR = :lZCT
(5/5//6///)
T = NG
b| —af cosws _aw’gip ws ct
- c§ c 023 c — .
c U sin ©2 94 cos &2 a?wt
ba?w® ¢t

c c® a2wt

Simplifying the last expression and substituting the value of ¢, we get

_ bw
T 202 + b2
aw?
k a2w? + b2

Notice that if b = 0, the helix collapses to a circle in the zy-plane. In this case, the formulas above
reduce to kK = 1/a and 7 = 0. The ratio k/7 = aw/b is particularly simple. Any curve where
k/T = constant is called a helix, of which the circular helix is a special case.

1.20 Example (Plane curves) Let a(t) = (z(¢),y(¢),0). Then

/! / /

o = (2,9,0)
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O(H — (x//’ y//7 0)
a/// — (x///’ y///’ 0)
__ larxa”
la[|®
‘ x/y// _ ylx// |
(22 + y'2)3/2
T =0

11

1.21 Example (Cornu Spiral) Let 8(s) = (z(s),y(s),0), where

S t2
= —dt
x(s) /0 Co8 5

c

S t2
y(s) = /sin—dt.
0

2c?

Then, using the fundamental theorem of calculus, we have

52 2

B'(s) = (cos Q—CQ,Sin 2" 0),

(1.30)

Since ||3’ = v = 1||, the curve is of unit speed, and s is indeed the arc length. The curvature of the

Cornu spiral is given by

=
I

s . t? s t?
||—c—251n

c2

2c27 2 o8 2¢2’

| x/y// _ y/x// |: (ﬁl . ﬂ/)l/Q

of

The integrals (1.30) defining the coordinates of the Cornu spiral are the classical Frenel Integrals.
These functions, as well as the spiral itself, arise in the computation of the diffraction pattern of a

coherent beam of light by a straight edge.

In cases where the given curve «(t) is not of unit speed, the following proposition provides

formulas to compute the curvature and torsion in terms of a.

1.22 Proposition If a(t) is a regular curve in R? | then

2 o Lo/ xa”|?
[lo]|

o (o/a”o/“)

||O/ % O/'HQ’

where (o’’’ @) is the triple vector product [ x’ o] - &

Proof:

n

(1.31)

(1.32)

o = T
o = VT +v*kN
" = (W R)N'((s(t))s'(t) + ...
= kN +...

vkTB + ...
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The other terms are unimportant here because o’ x o’ is proportional to B.

o xa" = v*k(T x N)=v*kB
o/ x || = v*k
_ o x|
K = T
(O/ % a//) . a/// — U6I€2T
B (a/a//a///)
T V02

I/

_ (da”a)
||O/ X a//||2

1.3 Fundamental Theorem of Curves

Some geometrical insight into the significance of the curvature and torsion can be gained by consid-
ering the Taylor series expansion of an arbitrary unit speed curve 3(s) about s = 0.

B(s) = B(0) + 3'(0)s +... (1.33)

Since we are assuming that s is an arclength parameter,

p0) = T(0)=Ty
p7(0) = (kN)(0) = KoNo
B"(0) (=k*T 4+ &'N + k1 B)(0) = —k2Ty + K{,No + koT0Bo

Keeping only the lowest terms in the components of 7', N, and B, we get the first order Frenet
approximation to the curve

ﬁ(S) = ,6(0) + T()S + %IioNgSQ + élﬁngBoS?’. (134)

The first two terms represent the linear approximation to the curve. The first three terms
approximate the curve by a parabola which lies in the osculating plane (T'N-plane). If kg = 0, then
locally the curve looks like a straight line. If 7y = 0, then locally the curve is a plane curve contained
on the osculating plane. In this sense, the curvature measures the deviation of the curve from a
straight line and the torsion (also called the second curvature) measures the deviation of the curve
from a plane curve.

1.23 Theorem (Fundamental Theorem of Curves) Let x(s) and 7(s), (s > 0) be any two analytic
functions. Then there exists a unique curve (unique up to its position in R? ) for which s is the
arclength, x(s) the curvature and 7(s) the torsion.

Proof: Pick a point in R? . By an appropriate translation transformation, we may assume that
this point is the origin. Pick any orthogonal frame {T', N, B}. The curve is then determined uniquely
by its Taylor expansion in the Frenet frame as in equation (1.34).

1.24 Remark It is possible to prove the theorem by just assuming that x(s) and 7(s) are con-
tinuous. The proof, however, becomes much harder so we prefer the weaker version of the theorem
based on the simplicity of Taylor’s theorem.

1.25 Proposition A curve with x = 0 is part of a straight line.
We leave the proof as an exercise.
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1.26 Proposition A curve a(t) with 7 = 0 is a plane curve.

Proof: If 7 =0, then (o/a”a’") = 0. This means that the three vectors o/, o/, and o’ are linearly

dependent and hence there exist functions a;(s),a2(s) and as(s) such that
asa’”’ 4+ aza” + a10’ = 0.
This linear homogeneous equation will have a solution of the form
a = cija] + c2ap + €3, ¢; = constant vectors.

This curve lies in the plane

(x—c3)-n=0, where n=-c; X ¢y

13
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Chapter 2

Differential Forms

2.1 1-Forms

One of the most puzzling ideas in elementary calculus is that of the of the differential. In the usual
definition, the differential of a dependent variable y = f(x) is given in terms of the differential of
the independent variable by dy = f’(x)dz. The problem is with the quantity dz. What does ”dz*
mean? What is the difference between Az and dx? How much ”smaller“ than Az does dz have to
be? There is no trivial resolution to this question. Most introductory calculus texts evade the issue
by treating dz as an arbitrarily small quantity (lacking mathematical rigor) or by simply referring to
dz as an infinitesimal (a term introduced by Newton for an idea that could not otherwise be clearly
defined at the time.)

In this section we introduce linear algebraic tools that will allow us to interpret the differential
in terms of an linear operator.

2.1 Definition Let p € R", and let T,(R™) be the tangent space at p. A 1-form at p is a linear
map ¢ from T,(R"™) into R. We recall that such a map must satisfy the following properties:

a) #(X,) €R, VX, € R" (2.1)
b)  (aX, +bY,) = ap(X,) + bé(Y,), Va,beR, X,,Y, € T,(R")

A 1-form is a smooth choice of a linear map ¢ as above for each point in the space.

2.2 Definition Let f: R™ — R be a real-valued C*° function. We define the differential df of
the function as the 1-form such that

df (X) = X(f) (2.2)

for every vector field in X in R".
In other words, at any point p, the differential df of a function is an operator that assigns to a
tangent vector X, the directional derivative of the function in the direction of that vector.

df (X)(p) = Xp(f) = V f(p) - X(p) (2.3)

In particular, if we apply the differential of the coordinate functions z? to the basis vector fields,
we get
0 oz’ -
—)=—-— =20 (2.4)
oxI oxI J
The set of all linear functionals on a vector space is called the dual of the vector space. It is
a standard theorem in linear algebra that the dual of a vector space is also a vector space of the

da'(

15
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same dimension. Thus, the space TyR™ of all 1-forms at p is a vector space which is the dual of
the tangent space T,R"™. The space T;(R”) is called the cotangent space of R" at the point p.
Equation (2.4) indicates that the set of differential forms {(dz'),,...,(dz™),} constitutes the basis
of the cotangent space which is dual to the standard basis {(321)p, . .. (3% )p} of the tangent space.
The union of all the cotangent spaces as p ranges over all points in R” is called the cotangent
bundle T*(R"™).

2.3 Proposition Let f be any smooth function in R™ and let {z!,... 2"} be coordinate functions
in a neighborhood U of a point p. Then, the differential df is given locally by the expression

df = ggi da’ (2.5)
_of
T Oxt du

Proof: The differential df is by definition a 1-form, so, at each point, it must be expressible as a
linear combination of the basis elements {(dz'),, ..., (dz™),}. Therefore, to prove the proposition,
it suffices to show that the expression 2.5 applied to an arbitrary tangent vector coincides with
definition 2.2. To see this, consider a tangent vector X, = a’ (%)p and apply the expression above
as follows:

Ly (%) = (L)) 2.

9f .9
= WL 0)
of oz
@@)(p)

= 5w

= (L

= V/f(p)-X(p)
= df(X)(p)
The definition of differentials as linear functionals on the space of vector fields is much more

satisfactory than the notion of infinitesimals, since the new definition is based on the rigorous
machinery of linear algebra. If « is an arbitrary 1-form, then locally

—

a = ay(x)dzt+, ...+ ap(x)dz", (2.7)

where the coefficients a; are C° functions. A 1-form is also called a covariant tensor of rank
1, or simply a covector. The coefficients (ai,...,a,) are called the covariant components of the
covector. We will adopt the convention to always write the covariant components of a covector with
the indices down. Physicists often refer to the covariant components of a 1-form as a covariant vector
and this causes some confusion about the position of the indices. We emphasize that not all one
forms are obtained by taking the differential of a function. If there exists a function f, such that
« = df, then the one form « is called exact. In vector calculus and elementary physics, exact forms
are important in understanding the path independence of line integrals of conservative vector fields.

As we have already noted, the cotangent space T (R™) of 1-forms at a point p has a natural
vector space structure. We can easily extend the operations of addition and scalar multiplication to
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the space of all 1-forms by defining

(@+/)(X) = afX)+6(X) (2.8)
(fa)(X) = fa(X)

for all vector fields X and all smooth functions f.

2.2 Tensors and Forms of Higher Rank

As we mentioned at the beginning of this chapter, the notion of the differential dz is not made
precise in elementary treatments of calculus, so consequently, the differential of area dxdy in R?, as
well as the differential of surface area in R? also need to be revisited in a more rigorous setting. For
this purpose, we introduce a new type of multiplication between forms that not only captures the
essence of differentials of area and volume, but also provides a rich algebraic and geometric structure
generalizing cross products (which make sense only in R?) to Euclidean space of any dimension.

2.4 Definition A map ¢ : T(R") x T(R™) — R is called a bilinear map on the tangent space,
if it is linear on each slot. That is,

O X1+ PX2, Y1) = flo(X1, Y1) + fPo(X2, Y1)

O(X1, Y+ fY2) = [flo(Xi, )+ f26(X1,Y2), VX, YieT(R"), f'e C*R™

Tensor Products

2.5 Definition Let a and 3 be 1-forms. The tensor product of o and 3 is defined as the bilinear
map « ® [ such that
(a®B)(X,Y) = a(X)B(Y) (2.9)
for all vector fields X and Y.
Thus, for example, if o = a;dz* and 3 = b;dz”, then,
D) = Al
= (o) )by ()
! oxk N ox!
= a;0,b;0]

= akbl.

(a®B)(

A quantity of the form 7' = T;;dz"* ® da’ is called a covariant tensor of rank 2, and we may think
of the set {dz’ ® dz7} as a basis for all such tensors. We must caution the reader again that there is
possible confusion about the location of the indices, since physicists often refer to the components
T;; as a covariant tensor.

In a similar fashion, one can define the tensor product of vectors X and Y as the bilinear map
X ®Y such that

(X ®@Y)(f,9) = X(f)Y(9) (2.10)

for any pair of arbitrary functions f and g.
If X =a 2 and Y = b/ 52, then the components of X ® Y in the basis 52 ® 2 are simply
given by a'®’. Any bilinear map of the form

0 0
T - T’LJ% e 211
oxt ® oxJ ( )
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is called a contravariant tensor of rank 2 in R™ .

The notion of tensor products can easily be generalized to higher rank, and in fact one can have
tensors of mixed ranks. For example, a tensor of contravariant rank 2 and covariant rank 1 in R is
represented in local coordinates by an expression of the form

9 ®i®dmk.

T=T9 —
koxi © Qi

This object is also called a tensor of type T%!. Thus, we may think of a tensor of type 72! as map
with three input slots. The map expects two functions in the first two slots and a vector in the third
one. The action of the map is bilinear on the two functions and linear on the vector. The output is
a real number. An assignment of a tensor to each point in R™ is called a tensor field.

Inner Products

Let X = a’ 6‘; and Y = bj% be two vector fields and let

The quantity g(X,Y") is an example of a bilinear map that the reader will recognize as the usual dot
product.

2.6 Definition A bilinear map ¢g(X,Y") on the tangent space is called a vector inner product if
L g(X,Y) =g(Y,X),
2. 9(X,X) >0, VX,
3. 9(X, X)=0if X =0.

Since we assume ¢g(X,Y’) to be bilinear, an inner product is completely specified by its action on
ordered pairs of basis vectors. The components g;; of the inner product are thus given by

o 0

where g;; is a symmetric n x n matrix which we assume to be non-singular. By linearity, it is easy

to see that if X = a' 8213 and Y = b % are two arbitrary vectors, then

g(X, Y) = gijaibj.

In this sense, an inner product can be viewed as a generalization of the dot product. The standard
Euclidean inner product is obtained if we take g;; = d;;. In this case, the quantity g(X, X) =| X ||?
gives the square of the length of the vector. For this reason g;; is called a metric and g is called a
metric tensor.

Another interpretation of the dot product can be seen if instead one considers a vector X = a’ 82,3
and a 1-form a = b;dz’ . The action of the 1-form on the vector gives

o(X) = (byd')(a' )
0

= bjd'(da’)(55)
= bja's]

= (llbi.
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If we now define ‘
bi = gijbj, (214)
we see that the equation above can be rewritten as
aibj = gijaibj,
and we recover the expression for the inner product.

Equation (2.14) shows that the metric can be used as a mechanism to lower indices, thus trans-
forming the contravariant components of a vector to covariant ones. If we let g*/ be the inverse of
the matrix g;;, that is A .

9% gr; = 05, (2.15)

we can also raise covariant indices by the equation
b" = g*b;. (2.16)
We have mentioned that the tangent and cotangent spaces of Euclidean space at a particular point

are isomorphic. In view of the above discussion, we see that the metric accepts a dual interpretation;
one as a bilinear pairing of two vectors

g: TR xTR") — R
and another as a linear isomorphism
g:T*(R") — T(R")

that maps vectors to covectors and vice-versa.
In elementary treatments of calculus, authors often ignore the subtleties of differential 1-forms
and tensor products and define the differential of arclength as

ds® = gijdxidacj7
although what is really meant by such an expression is

ds? = g;jdr’ @ da? . (2.17)

2.7 Example In cylindrical coordinates, the differential of arclength is
ds® = dr® + r?df* + dz>. (2.18)

In this case, the metric tensor has components

1 0 0
0 0 1
2.8 Example In spherical coordinates,
x = psinfcoso
y = psinfsing
z = pcosb, (2.20)
and the differential of arclength is given by
ds? = dp® + p?df? + p? sin® Odo>. (2.21)
In this case the metric tensor has components
10 0
gij=10 p* 0 . (2.22)
0 0 p?sin6?
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Minkowski Space

An important object in mathematical physics is the so-called Minkowski space which is defined
as the pair (M 3, gn), where

Mg = {(t, 2" 2% 2°)| t,2' € R} (2.23)
and 7 is the bilinear map such that
(X, X)=—t*+ (2)* + (2?)* + ()% (2.24)
The matrix representing Minkowski’s metric 7 is given by
n = diag(—1,1,1,1),
in which case, the differential of arclength is given by

ds®> = N de! @ da”
—dt @ dt + dz' @ dz' + da? @ da? + da® @ da®
—dt* + (dz')? + (dz?)? + (dz®)?. (2.25)

Note: Technically speaking, Minkowski’s metric is not really a metric since n(X, X) = 0 does not
imply that X = 0. Non-zero vectors with zero length are called Light-like vectors and they are
associated with with particles that travel at the speed of light (which we have set equal to 1 in our
system of units.)

The Minkowski metric g,,, and its matrix inverse gt are also used to raise and lower indices in
the space in a manner completely analogous to R™ . Thus, for example, if A is a covariant vector

with components
AH = (p) A17 A27 AS)a

then the contravariant components of A are
AP = A,
= (_paA17A27A3)
Wedge Products and n-Forms

2.9 Definition A map ¢: T(R") x T(R"™) — R is called alternating if
(X,Y) = —o(Y, X).

The alternating property is reminiscent of determinants of square matrices that change sign if
any two column vectors are switched. In fact, the determinant function is a perfect example of an
alternating bilinear map on the space Msyo of two by two matrices. Of course, for the definition
above to apply, one has to view Msyo as the space of column vectors.

2.10 Definition A 2-form ¢ is a map ¢ : T(R") x T(R") — R which is alternating and
bilinear.

2.11 Definition Let o and § be 1-forms in R™ and let X and Y be any two vector fields. The
wedge product of the two 1-forms is the map a A G : T(R™) x T(R"™) — R, given by the equation

(@nB)(X,Y) = a(X)B(Y) - a(Y)B(X). (2.26)
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2.12 Theorem If o and 3 are 1-forms, then a A 3 is a 2-form.
Proof: We break up the proof into the following two lemmas:

2.13 Lemma The wedge product of two 1-forms is alternating.
Proof: Let o and § be 1-forms in R™ and let X and Y be any two vector fields. Then

(aAB)(X,Y) = a(X)B(Y)—a(Y)B(X)
= —(aY)B(X) —a(X)B(Y))
—(aAB)Y, X).

2.14 Lemma The wedge product of two 1-forms is bilinear.
Proof:  Consider 1-forms, «, 3, vector fields X, X5,Y and functions f', F2. Then, since the
1-forms are linear functionals, we get

(@AB) (1 X1+ f2X2Y) = alf' X1+ f2X2)B(Y) —a(Y)B(f' X1 + f°Xs)

= [fle(X1) + fPa(X2)1B(Y) — a(YV)[f'B(X1) + fPa(X2))]
Fra(X)BY) + fPa(X2)B(Y) + fla(Y)B(X1) + fPa(Y)B(Xa2)
fHa(X1)B(Y) + a(Y)B(X1)] + f2a(X2)B(Y) + a(Y)5(X2)]
fHanB) (X1, Y) + fA(anB)(X2,Y).

The proof of linearity on the second slot is quite similar and is left to the reader.
2.15 Corollary If « and § are 1-forms, then
alANfB=—-FAa. (2.27)

This last result tells us that wedge products have characteristics similar to cross products of
vectors in the sense that both of these products anti-commute. This means that we need to be
careful to introduce a minus sign every time we interchange the order of the operation. Thus, for
example, we have

da’ Ada? = —da? A dat

if 7 # j, whereas
de' Ndx' = —dz' Ndx' =0

since any quantity that equals the negative of itself must vanish. The similarity between wedge
products is even more striking in the next proposition but we emphasize again that wedge products
are much more powerful than cross products, because wedge products can be computed in any
dimension.

2.16 Proposition Let o = A;dz’ and 8 = B;dz’ be any two 1-forms in R™ . Then
a B =(A;Bj)dx’ Ada?. (2.28)
Proof: Let X and Y be arbitrary vector fields. Then

(anB)((X)Y) = (Aidzi)(Xl)(Bjdxf )Y) - (Aidxi)(Y)(Bdej )(X)
= (A4;B))[dz"(X)dx’ (V) — dz*(Y)da? (X)]
= (A;Bj)(dz" Ada?)(X,Y).
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Because of the antisymmetry of the wedge product, the last of the above equations can be written
as

i=1 j<i
In particular, if n = 3, then the coefficients of the wedge product are the components of the cross
product of A = Aji+ Asj+ Ask and B = Bqi + Bsj + Bsk.

2.17 Example Let a = 2?dz — y%*dy and 8 = dx + dy — 2zydz. Then

aAf = (2%dz —y3dy) A (dz + dy — 2zydz)
= 22dx Adx + 22dx A dy — 22%ydx A dz — yPdy A dx — yidy A dy + 2zyPdy A dz
= 2%da Ady — 223ydx A dz — yPdy A dx + 2xydy A dz
= (2% +y?)dx A dy — 203ydx A da + 2xy3dy A dz.

2.18 Example Let x = rcosf and y = rsinf. Then

de Ndy = (—rsinfdf + cos@dr) A (rcosdf + sin 0dr)
= —rsin?0df A dr + r cos® Odr A d
(rcos? O + rsin? 0)(dr A db)
r(dr A df). (2.29)

2.19 Remark
1. The result of the last example yields the familiar differential of area in polar coordinates.

2. The differential of area in polar coordinates is a special example of the change of coordinate
theorem for multiple integrals. It is easy to establish that if x = f!(u,v) and y = f?(u,v), then
dx ANdy = det|J|duAdv, where det|J| is the determinant of the Jacobian of the transformation.

3. Quantities such as dzdy and dydz which often appear in calculus, are not well defined. In
most cases, these entities are actually wedge products of 1-forms.

4. We state without proof that all 2-forms ¢ in R™ can be expressed as linear combinations of
wedge products of differentials such as

¢ = Fiydx' Ada?. (2.30)

In a more elementary (ie, sloppier) treatment of this subject one could simply define 2-forms to
be gadgets which look like the quantity in equation (2.30). With this motivation, we introduce
the next definition.

2.20 Definition A 3-form ¢ in R" is an object of the following type

¢ = Ajjpdz’ Ada? A dx® (2.31)

where we assume that the wedge product of three 1-forms is associative but alternating in the sense
that if one switches any two differentials, then the entire expression changes by a minus sign. We
challenge the reader to come up with a rigorous definition of three forms (or an n-form, for that
matter) in the spirit of multilinear maps. There is nothing really wrong with using definition (2.31).
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This definition however, is coordinate-dependent and differential geometers prefer coordinate-free
definitions, theorems and proofs.

Now for a little combinatorics. Let us count the number of linearly independent differential
forms in Euclidean space. More specifically, we want to find the vector space dimension of the space
of k-forms in R™ . We will think of 0-forms as being ordinary functions. Since functions are the
”scalars”, the space of O-forms as a vector space has dimension 1.

R? Forms Dim

0-forms 1

1-forms | fdx!,gdxz? | 2

2-forms | fdx' Adx? | 1
R3 Forms Dim
0-forms f 1
1-forms frdxt, fodx?, fada3 3
2-forms | fidz?® Adz3, fodx® Adx!, fadx' Adx? | 3
3-forms fidx' A dx? A da? 1

The binomial coefficient pattern should be evident to the reader.

2.3 Exterior Derivatives

In this section we introduce a differential operator that generalizes the classical gradient, curl and
divergence operators.
Denote by /\&(R") the space of m-forms at p € R"™. This vector space has dimension

. m ey n!
dim /\(p)(R )= m!(n —m)!
for m < mn and dimension 0 for m > n. We will identify /\?p) (R™) with the space of C* functions at
p- The union of all /\E’;)(R") as p ranges through all points in R" is called the bundle of m-forms
and will be denoted by A" (R™).
A section « of the bundle

A"RY) = AR,
p
is called an m-form and it can be written as:
a=A (z)dx™ A ...dx'". (2.32)

D1 yebm

2.21 Definition Let a be an m-form (given in coordinates as in equation (2.32)). The exterior
derivative of « is the (m+1-form) da given by

doo = dA;, i, N dz' Adz® ... dz'™
_ aAi1v~~i'rvL i i1 im
= W(az)dw Adx™ ... dx'm. (2.33)

In the special case where « is a O-form, that is, a function, we write

_of
78xidx'

df
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2.22 Proposition

a) d: N\ — A"
b) d>=dod=0
c) dlanpB)=daAp+(-1)PandB Vae A\, Be N\ (2.34)

Proof:
a) Obvious from equation (2.33).
b) First, we prove the proposition for a = f € /\0. We have

0
dda) = d(L)
= jglda:]/\da?
o2f 9%

|da? A dxt

or
|
2'0x3 0zt Ozt OxI
0.

Now, suppose that « is represented locally as in equation (2.32). It follows from equation 2.33
that

d(da) = d(dA;, i) Adx™ Ada™ .. dz'™ = 0.
c) Let « € A", 3 € A\?. Then, we can write
o = Ay (x)da"™ AL da'r
B = Bj, . j(x)dxt A dale
(2.35)
By definition, _ _ ‘ ‘
alB=Ay. i,Bj. j,(dx" Ao oNdx') A (da?t AL A da?).
Now, we take take the exterior derivative of the last equation, taking into account that d(fg) =
fdg + gdf for any functions f and g. We get
dlanB) = [d(Ai..i,)Bj..j, + (Ai. i, d(Bj,. i)](dz" A Adz') A (da? Ao A dade)
= [dAi, i, A(dz™ AL AdZ) A [By, j, A (da?t AL A daT)] +
= [Ai., A(dz™ A Ad2)] A (=1)P[dBy,. 5, A (d2?t AL A )]
= daANp+(-1)Pandp. (2.36)

The (—1)? factor comes into play since in order to pass the term dBj, .. ;, through p 1-forms of the
type dz’, one must perform p transpositions.

2.23 Example Let a = P(z,y)dz + Q(x,y)dS. Then,

_ (0P, 0P 0Q 1 09y,
da = (axdx-i-ay)/\dx-i-(a dx +a ) A dy
I oQ
= 8—dy/\dm+%dx/\dy
= (@fa—P)d A dy. (2.37)

or Oy
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This example is related to Green’s theorem in R2.

2.24 Example Let a = M(z,y)dz + N(z,y)dy, and suppose that dae = 0. Then, by the previous

example,

ON OM

Thus, da = 0 iff N, = M,,, which implies that N = f,, and M, for some function f(z,y). Hence,
a = fydx + f,df =df.

The reader should also be familiar with this example in the context of exact differential equations
of first order and conservative force fields.

2.25 Definition A differential form « is called exact if da = 0.

2.26 Definition A differential form « is called closed if there exists a form (3 such that o = df.
Since dod = 0, it is clear that an exact form is also closed. For the converse to be true, one must
require a topological condition that the space be contractible. A contractible space is one that can
be deformed continuously to an interior point.

2.27 Poincare’s Lemma In a contractible space (such as R™ ), if a differential is closed, then it
is exact.

The standard counterexample showing that the topological condition in Poincare’s Lemma is
needed is the form df where 6 is the polar coordinate angle in the plane. It is not hard to prove that

40 — —ydz + xdy
z? + y?

is closed, but not exact in the punctured plane {R?\ {0}}.

2.4 The Hodge- * Operator

An important lessons students learn in linear algebra is that all vector spaces of finite dimension n
are isomorphic to each other. Thus, for instance, the space Pj of all real polynomials in x of degree
3, and the space M5 of real 2 by 2 matrices are, in terms of their vector space properties, basically
no different from the Euclidean vector space R*. A good example of this is the tangent space T,R?
which has dimension 3. The process of replacing % by i, 8% by j and % by k is a linear, 1-1 and

o)

onto map that sends the ”vector“ part of a tangent vector a' B

vector (a',a?, a?).

We have also observed that the tangent space 7, R" is isomorphic to the cotangent space TyR" .

+a? 3% + a?’% to regular Eucildean

In this case, the vector space isomorphism maps the standard basis vectors { 821-} to their duals
{dx'}. This isomorphism then transforms a contravariant vector to a covariant vector. In terms if
components, the isomorphism is provided by the Euclidean metric that maps a the components of
a contravariant vector with indices up to a covariant vector with indices down.

Another interesting example is provided by the spaces /\;(R3) and /\2(R3), both of which have
dimension 3. It follows that these two spaces must be isomorphic. In this case the isomorphism is
given as follows:

der +— dyANdz
dy +—— —dxANdz
dz — dxANdy
(2.38)
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More generally, we have seen that the dimension of the space of m-forms in R™ is given by the

binomial coefficient (m). Since

it must be true that
Ay (R™) = AR, (2.39)
To describe the isomorphism between these two spaces, we will first need to introduce the totally
antisymmetric Levi-Civita permutation symbol defined as follows:

+1 if(é1,...,%y) is an even permutation of(1,...,m)
€y, =4 —1 if(i1,...,in) is an odd permutation of(1,...,m) (2.40)
0 otherwise

In dimension 3, there are only 3 (3!=6) nonvanishing components of ¢; ; 5 in
€123 = €231 = €312 = 1
€132 = €213 = €321 = —1 (2.41)
The permutation symbols are useful in the theory of determinants. In fact, if A = (a}) is a 3 x 3
matrix, then, using equation (2.41), the reader can easily verify that
detA = |A| = €410 aal. (2.42)

This formula for determinants extends in an obvious manner to n X n matrices. A more thorough
discussion of the Levi-Civita symbol will appear later in these notes.

In R™ | the Levi-Civita symbol with some or all the indices up is numerically equal to the
permutation symbol will all the indices down,

. R £ Py ey
€i1.iiyy, — € )

since the Euclidean metric used to raise and lower indices is the Kronecker 6;;.
On the other hand, in Minkowski space, raising an index with a value of 0 costs a minus sign,
because 799 = 17°® = —1. Thus, in M 3)

L. — _ to%1i213
610111213_ € )

since any permutation of {0,1, 2,3} must contain a 0.

2.28 Definition The Hodge-* operator is a linear map * : A*(R") — AJ'(R"™™) defined in
standard local coordinates by the equation,

w(dzt AL ANdEt) = ———€ttm, At LA dat (2.43)
(n _ m)[ m41---ln

Since the forms da? A...Adz" constitute a basis of the vector space /\;n(R") and the *-operator
is assumed to be a linear map, equation (2.43) completely specifies the map for all m-forms.

2.29 Example Consider the dimension n=3 case. then
wdrt = € jkdxj A dzF

1
= 5[61 93dx? A da® 4 € 5oda® A da?)
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1
= E[dﬁ Ada® — da® A da?]

1
= 5 [dz? A da® 4 d2® A da®]
= da® AdaP.

We leave it to the reader to complete the computation of the action of the x-operator on the other
basis forms. The results are

sdrt = +dz? A dz®
xdz® = —dz' A dx®

xdr® = +dat A da?, (2.44)
#(de? Ndx®) = dat
#(—dx® Nda') = da?
#(da' Ada?) = da?, (2.45)
and
w(dxt A dx? A da®) = 1. (2.46)
In particular, if f: R® — R is any 0-form (a function), then,
xf = f(dz' Adx? Ada®)
fav, (2.47)

where dV is the differential of volume, also called the volume form.

2.30 Example Let o = A1dx'Aoda® + Azdx®, and 8 = Bida'Bodx? + Bsdxz3. Then,
s(aNB) = (AyBs— A3By)* (da? A da®) + (A1 Bs — A3By) * (dot A da®) +
(A1 By — Ay By) * (da* A da?)
(AyBs — A3Bo)dx' + (A1 Bs — A3By)dz® 4+ (A1 By — Ay By )da?
= (A x B)da’ (2.48)
The previous examples provide some insight on the action of the A and * operators. If one

thinks of the quantities dz!, dz? and dz® as analogous to ;, _fand E, then it should be apparent that
equations (2.44) are the differential geometry versions of the well known relations

i = jxk
j = —ixk
k = ixj.

This is even more evident upon inspection of equation (2.48), which relates the A operator to the
Cartesian cross product.

2.31 Example In Minkowski space the collection of all 2-forms has dimension (%) = 6. The Hodge-
% operator in this case splits A*(M1,3) into two 3-dim subspaces /\Zi, such that * : /\2jE — /\i .
More specifically, /\i is spanned by the forms {dz® A dzt, dz® A dz?, dx® A d2?}, and /\27 is spanned

by the forms {dx? A dz3, —dx' A dz3,dzt A do?}. The action of * on /\i is
#(de® Nda') = 2Oy daf Ada! = —da? A do?
#(dz’ Ada®) = 29 dab Ndat = +dat A da?
#(dz’ Ada?) = 2%, dab Nda! = —da' Ada?,
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and on /\2_,
#(+da® Ada®) = 12 dak Nda! = da® Ada!
#(—da' Ndz®) = LB daf Adal = da® Ada®
#(+dz' Ada?) = L2 dak Adal = da® Ada?

In verifying the equations above, we recall that the Levi-Civita symbols that contain an index with
value 0 in the up position have an extra minus sign as a result of raising the index with n°. If
Fe /\2(/\/1), we will formally write F' = Fy + F_, where F1 € /\2i We would like to note that the
action of the dual operator on A?(M) is such that * A*(M) — A*(M), and 2 = —1. In a vector
space a map like * with the property %2 = —1 is a linear involution of the space. In the case in
question /\2i are the eigenspaces corresponding to the +1 and -1 eigenvalues of this involution.

It is also worthwhile to calculate the duals of 1-forms in M 3. The results are

xdt = —da' Ada® A da®
xdr! = +dz? AdtAda®
wdz® = +dt Adat Ada
xde® = +dr' Adt A da®. (2.49)

Gradient, Curl and Divergence

Classical differential operators that enter in Green’s and Stokes’ Theorems are better understood as
special manifestations of the exterior differential and the Hodge-* operators in R?. Here is precisely
how this works:

1. Let f: R® — R be a C* function. Then

df = %dxj =Vf dx (2.50)

2. Let o = A;dz’ be a 1-form in R3. Then

( ( I3 7
—2( v JCj)*(dac A dz?)

(V x A) - dx (2.51)

(xd)a =

3. Let o = Byda® A dx® + Baodz® A dx' + Bsdz! A dz? be a 2-form in R3. Then
0B; 0By 0Bj

1 2 3
da (8331 + 90z T a0 )dx* Adx* Adx
= (V-B)dV (2.52)
4. Let o = B;dx?, then
xdxa=V- B (2.53)

It is also possible to define and manipulate formulas of classical vector calculus using the per-
mutation symbols. For example, let a = (A1, Az, A3) and B = (By, B2, B3) be any two Euclidean
vectors. Then it is easy to see that

(A x B)y = €7 A, By,
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and

 OA;
(VXB)kZGJkaxj7

To derive many classical vector identities in this formalism, it is necessary to first establish the
following identity:

eijmekhn = 617;5? - 5;5% (254)
2.32 Example
[Ax(BxQC); = A, (BxC),
= " An(e'}, B;Cy)
= €% A, B;Cy)

= 6'n’Lnl€jlmA’47nBjcfk)

— (8105, — 8}81) A B,C,

= BlAmCm - ClAmbn7
Or, rewriting in vector form

Ax(BxC)=B(A-C)-C(A B). (2.55)

Maxwell Equations

The classical equations of Maxwell describing electromagnetic phenomena are

— — 9
V-E=drp VxB=4rJ+ %

V-B=0 VxE=-2 (2.56)

We would like to formulate these equations in the language of differential forms. Let a* =
(t,z', 22, 2%) be local coordinates in Minkowski’s space M 3. Define the Maxwell 2-form F by the
equation

1
F= §ijdm“ ANdz¥, (u,v=0,1,2,3), (2.57)
where

0 -E, —-E, —-E,
| By 0 B, -B,
F, = E, —-B. o B | (2.58)
E, B, —-B, 0
Written in complete detail, Maxwell’s 2-form is given by
F = —E,dtNdz' — E,dt Ada® — E,dt A\ da® +
B.dz' A dx? — Bydz! A da® + Byda® A da®. (2.59)
We also define the source current 1-form

J = J,da" = pdt + Jidx' + Jodx® + Jada®. (2.60)

2.33 Proposition Maxwell’s Equations (2.56) are equivalent to the equations

dF = 0,
dxF = 4rxJ. (2.61)
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Proof: The proof is by direct computation using the definitions of the exterior derivative and
the Hodge-* operator.

dF = OB, Adz? Adt Adxt — OE, Adx® Adt Adzt +
Ox? ox3
f%Adxl/\dt/\def%/\dzg’/\dt/\dszr
oxl Ox3
_9E; Adz' AdtAda® — OF, Adz? Adt A da® +
ozl Ox?
0B AdtAdxt A da? — OB Adz3 Ada' Adz? —
ot o3
B B )
%/\dt/\dzl/\d:z:Sf%/\dxz/\dml/\dszr

B, . B,
9 /\dt/\d:rz/\daidJra Adzt Adz? A dad.
ot ox!

Collecting terms and using the antisymmetry of the wedge operator, we get

0B, 0B, 0B,
( o + 83:;/ + 903 Ydazt A da® A dx® +
0E, O0E, 0B,

(836;{ ~ 5%~ 5 Yda® A dt A da® +
0E, O0E, 0B

(8331 ~ ods 8ty)dt/\dx1/\x3+
0E, 0E, 0B,

(8x2 Coxt ot

dF =

Ydzt A dt A da?.

Therefore, dF = 0 iff
0B, 0B, 0B,

ozl + 0z + or® 0,
which is the same as
V-B=0,
and
OE, _ OF, B 0B, _0
Ox3  Ox2 Ozt ’
OF, _ OFE, B 0B, _0
dxl  9x3  Hx2
OFE, B O0E, B 0B, _0
0x2 Ox! Oz3 ’
which means that OB
—-VxE—-—=0. 2.62
X T (2.62)

To verify the second set of Maxwell equations, we first compute the dual of the current density
1-form (2.60) using the results from example 2.4. We get

xJ = —pdz Ada® Adx® + Jidae® Adt A da® + Jadt A dat A da® + Jzdat A dt A da? (2.63)

We could now proceed to compute d*F', but perhaps it is more elegant to notice that F' € /\2(/\/1),
and so, according to example (2.4), F splits into F' = F + F_. In fact, we see from (2.58) that the
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components of F; are those of —E and the components of F_ constitute the magnetic field vector
B. Using the results of example (2.4), we can immediately write the components of *F":

*F = B,dt Adx' + Bydt A dz® + B,dt A dz® +
E.dz' A da* — Eyda' A da® + Epda® A da?, (2.64)

or equivalently,
0 B, By B,
—B, 0 E,
Fuw = -B, -E, 0 E;
—-B, E, —-E, 0

(2.65)

Since the effect of the dual operator amounts to exchanging

E — -B
B — +E,

we can infer from equations (2.62) and (2.63) that
V-E=4mp

and 9
VxB—-— =4nJ.
ot
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Chapter 3

Connections

Connections

3.1 Frames

As we have already noted in Chapter 1, the theory of curves in R? can be elegantly formulated by
introducing orthonormal triplets of vectors which we called Frenet frames. The Frenet vectors are
adapted to the curves in such a manner that the rate of change of the frame gives information about
the curvature of the curve. In this chapter we will study the properties of arbitrary frames and their
corresponding rates of change in the direction of the various vectors in the frame. These concepts
will then be applied later to special frames adapted to surfaces.

3.1 Definition A coordinate frame in R" is an n-tuple of vector fields {es,...,e,} which are
linearly independent at each point p in the space.
In local coordinates x!,..., 2", we can always express the frame vectors as linear combinations

of the standard basis vectors _
€; — GjAJi, (31)

where 9; = %. We assume the matrix A = (A%) to be nonsingular at each point. In linear
algebra, this concept is referred to as a change of basis, the difference being that in our case, the
transformation matrix A depends on the position. A frame field is called orthonormal if at each
point,
<ej, e >= 61‘]’- (32)
Throughout this chapter, we will assume that all frame fields are orthonormal. Whereas this
restriction is not necessary, it is convenient because it it results in considerable simplification in
computing the components of an arbitrary vector in the frame.

3.2 Proposition If {ej,...,e,} is an orthonormal frame, then the transformation matrix is
orthogonal (ie, AAT =1T) ‘
Proof: The proof is by direct computation. Let e; = 9;A4’,. Then

0ij = <ejej>
= <9 A%, 94 >
= ARAL <00 >
= ARA 5

33
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= ALA,
= AN(AT)

Hence

(AT A = 6y

(AT)jkAki = 5j‘
AT A

1

3
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Given a frame vectors e;, we can also introduce the corresponding dual coframe forms 6; by

requiring that

Since the dual coframe is a set of 1-forms, they can also be expressed in local coordinates as linear

combinations

0" = B dz".

It follows from equation( 3.3), that
0" (e))

5 =

J

Bij.da*(9,AY)
B;iAljdxk(al)

B AL
B} A%,

(3.3)

Therefore, we conclude that BA = I, so B = A~! = AT. In other words, when the frames are

orthonormal, we have

€i

ai

oA

Al dat.

(3.4)

3.3 Example Consider the transformation from Cartesian to cylindrical coordinates:

z

rcosf,
rsinf,

zZ.

Using the chain rule for partial derivatives, we have

9
or
0
20
0 0
0z 9z

ox

From these equations we easily verify that the quantities

€1

€2

€3

0
or
10
r 00
0
%7

0 .0
cos 9% + sin Ga—y

= —rsin@ﬁ + rcosﬁg

dy
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are a triplet of mutually orthogonal unit vectors and thus constitute an orthonormal frame.

3.4 Example For spherical coordinates( 2.20)

r = psinfcos¢
= psinfsing
z = pcosb,

the chain rule leads to

0 . g ., . 0 0
67,0 = bmﬁcowﬁ%+bln95m¢a—y+cos€$
0 0 .0 .0
% = pCObGCOMZ)%—|—pcos€sm¢a—y—|——psln9&
(%) = —psin@sin¢%+psin900s¢(%.
In this case, the vectors

L _

1 = o

e, = 19

S p 00

1 0
€3 = osin6 06 (3.5)

also constitute an orthonormal frame.

The fact that the chain rule in the two situations above leads to orthonormal frames is not
coincidental. The results are related to the orthogonality of the level surfaces z? = constant. Since
the level surfaces are orthogonal whenever they intersect, one expects the gradients of the surfaces
to also be orthogonal. Transformations of this type are called triply orthogonal systems.

3.2 Curvilinear Coordinates

Orthogonal transformations such as spherical and cylindrical coordinates appear ubiquitously in
mathematical physics because the geometry of a large number of problems in this area exhibit sym-
metry with respect to an axis or to the origin. In such situations, transformations to the appropriate
coordinate system often result in considerable simplification of the field equations involved in the
problem. It has been shown that the Laplace operator that appears in the the potential, heat, wave
equation, and Schrdinger field equations is separable in twelve orthogonal coordinate systems. A
simple and efficient method to calculate the Laplacian in orthogonal coordinates can be implemented
using differential forms.

3.5 Example In spherical coordinates the differential of arc length is given by (see equation 2.21)
the metric:
ds? = dp? + p?de* + p?sin? 0dp>.

Let
0t = dp
62 = pdb
6> = psinfde. (3.6)
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Note that these three 1-forms constitute the dual coframe to the orthonormal frame derived in
equation( 3.5). Consider a scalar field f = f(p,0,¢). We now calculate the Laplacian of f in
spherical coordinates using the methods of section 2.4. To do this, we first compute the differential
df and express the result in terms of the coframe.

_ O O OF

af = 3 dp + d9+ ¢d¢
_ 9, lﬁz 1 0f s
- Op o 899 +psin98¢0

The components df in the coframe represent the gradient in spherical coordinates. Continuing with
the scheme of section 2.4, we next apply the Hodge-x operator. Then, we rewrite the resulting
2-form in terms of wedge products of coordinate differentials so that we can apply the definition of
the exterior derivative.
Of o p3 10f 1 3 1 0f 1 o
xdf = 8,00 NG 890 ANO° + inH(’)qbe N
of 3f

= p sm@a doNdp — psmef%dp/\dgb—i—psinﬁ

af af
age N do+ 52dp N do

0 0 0 0 g ,0
ap(,a 51n98—f)dpAd9/\d¢ (bln@ag)dﬁ/\dp/\dqﬁ—i— 8¢(3£
of /

)+a¢2]dwd9Ad¢.

of

98¢d p A do

= p?sin Ga—fdﬁ A d¢p —sinf
dp

dxdf = )dé A dp A dO

Il
—
wn
.
=
>

0
8p(p 87p) + @(smﬁ

Finally, rewriting the differentials back in terms of the the coframe, we get

1 . 20f | O Of \ O] 1\ 2w g3
d*df_pQSiHG [Smeap(p Op )+39( n0%g )+8¢2}9 NN

So, the Laplacian of f is given by

o, 1 0 [ ,0f 1 : 8f 0% f

The derivation of the expression for the spherical Laplacian through the use of differential forms
is elegant and leads naturally to the operator in Sturm Liouville form.

The process above can be carried out for general orthogonal transformations. A change of
coordinates ' = x'(u*) leads to an orthogonal transformation if in the new coordinate system u*,

the line metric
ds® = g11(du')? + gao(du®)? + gas(du®)? (3.8)

only has diagonal entries. In this case, we choose the coframe

(91 = \/gndul = hldul
= \/gggd’LLQ = hgdu2
= \/gggdUB = hgdu3
The quantities {hq, ho, hs} are classically called the weights. Please note that, in the interest of

connecting to classical terminology, we have exchanged two indices for one and this will cause small
discrepancies with the index summation convention. We will revert to using a summation symbol
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when these discrepancies occur. To satisfy the duality condition 6(e;) = 5;, we must choose the
corresponding frame vectors e; as follows:

1 0 1 0
= 0wl oul

1 0 1 0
= ol 0w

1 0 1 0
€3 =

T Vg3 0ud s Oud
Gradient. Let f = f(z%) and 2 = 2%(u¥). Then
of . k
@dm
of ou’ ok
Out Oxk
of .,
dui
19f
— b Ju?
(2
= ez(f)ﬂz
As expected, the components of the gradient in the coframe 6* are the just the frame vectors.
109 1 0 1 0
v~ - “ - “ 3.9
<h1 oul’ hs 8u2’h38u3) (3.9)
Curl. Let F = (Fy, Fy, F3) be a classical vector field. Construct the corresponding 1-form F = F;6°
in the coframe. We calculate the curl using the dual of the exterior derivative.
F = F0'+ F0°+ F363
(thl)dul + (hQFQ)d’U? + (h3F3)du3
= (hF)du’, where (hF); = h;F;

af =

_L[OE)  OF)] i
dFF = 2 [ o B du® A du
1 [E) AMF)) i

[ 1 8hF)  B(hF),
— J _ J

Thus, the components of the curl are

(1 O(hsF3)  O(hoFa), 1 O(hsF3) O(hFy), 1 0(hF) 9(hol)

]] 0F = (V x F),0".

— | — . 3.10
hghg [ 8’&2 8”3 ], hlhg [ 8”1 8u3 ] hl h2 3u2 8u1 ] ) ( )
Divergence. As before, let F = F;0* and recall that V- F = xd * F. The computation yields

F = F60' 4+ R0* + F360°
xF = F0>N0°+ 208 NO' + F30" A 67
= (hohsFy)du? A du® 4 (hihs Fp)du® A du' 4 (hiho F3)du* A du®
O(hohsF1)  O(hihsFy)  O(hihoF3)

_ 1 2 3
dxdF = Pl + 92 + BE du A du® N du’.
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Therefore,
1 O(hohsFy)  O(hihsFy)  O(hihoF3)

F=xdx F =
v ax h1h2h3 8u1 8u2 8u3

(3.11)

3.3 Covariant Derivative

In this section we introduce a generalization of directional derivatives. The directional derivative
measures the rate of change of a function in the direction of a vector. What we want is a quantity
which measures the rate of change of a vector field in the direction of another.

3.6 Definition Let X be an arbitrary vector field in R® . A map Vx : T(R") — T(R") is
called a Koszul connection if it satisfies the following properties:

L Vix(Y) = fVxY,

2. Vix,4x)Y =Vx,Y +Vy,Y,
3. Vx (Y1 4+ Y2) = VxY; + VxYa,
4. VxfY = X(f)Y + fVxY,

for all vector fields X, X1, X5,Y,Y1,Ys € T(R™) and all smooth functions f. The definition states
that the map Vi is linear on X but behaves like a linear derivation on Y. For this reason, the
quantity VxY is called the covariant derivative of Y in the direction of X.

3.7 Proposition Let Y = f? aii be a vector field in R™ , and let X another C*° vector field.
Then the operator given by

0
oxt
defines a Koszul connection. The proof just requires verification that the four properties above are
satisfied, and it is left as an exercise. The operator defined in this proposition is called the standard
connection compatible with the standard Euclidean metric. The action of this connection on a
vector field Y yields a new vector field whose components are the directional derivatives of the
components of Y.

VxY = X(f9

(3.12)

3.8 Example Let

0 0 _ 23 22
X—xax—l—mzay,Y—x ax—i—xy ay
Then,
_ 0 0
_ 2y 9 2y 9
VxY = X(x)ax—i-X(xy)ay
R DL RN DTS DY

d
2x2% + (wy? + 22%y2) =—.

3.9 Definition A Koszul connection Vy is compatible with the metric g(Y, Z) =< Y, Z > if

Vx <Y, Z>=<VxY,Z>+<Y,VxZ>. (3.13)
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In Euclidean space, the components of the standard frame vectors are constant, and thus their
rates of change in any direction vanish. Let e; be arbitrary frame field with dual forms #°. The
covariant derivatives of the frame vectors in the directions of a vector X will in general yield new
vectors. The new vectors must be linear combinations of the the basis vectors as follows:

Vxer = wh(X)er +w?(X)es +w? (X)es
Vxes = wh(X)er +wih(X)es +w(X)es
Vxes = wi(X)er +wi(X)ex +w%(X)es (3.14)

The coefficients can be more succinctly expressed using the compact index notation,

Vxei = ejw’(X). (3.15)

%

It follows immediately that

W(X) =607 (Vxe). (3.16)

K3

Equivalently, one can take the inner product of both sides of equation (3.15) with ej to get

<Vxe, e > = < eij;(X),ek >
= Wi(X) <ejep >
= wji(X)gjk:
Hence, o
< Vxe;, e >= wki(X) (3.17)

The left hand side of the last equation is the inner product of two vectors, so the expression
represents an array of functions. Consequently, the right hand side also represents an array of
functions. In addition, both expressions are linear on X, since by definition Vx is linear on X. We
conclude that the right hand side can be interpreted as a matrix in which each entry is a 1-forms
acting on the vector X to yield a function. The matrix valued quantity wij is called the connection
form .

3.10 Definition Let Vx be a Koszul connection and let {e;} be a frame. The Christoffel
symbols associated with the connection in the given frame are the functions F’j-j given by

ﬁe,; €; = Fk

Z—jek (318)
The Christoffel symbols are the coefficients that give the representation of the rate of change of the
frame vectors in the direction of the frame vectors themselves. Many physicists therefore refer to
the Christoffel symbols as the connection once again giving rise to possible confusion. The precise
relation between the Christoffel symbols and the connection 1-forms is captured by the equations,
w(e;) =Tk (3.19)

ij0
or equivalently .
wh =T%.67. (3.20)

In a general frame in R™ there are n? entries in the connection 1-form and n® Christoffel symbols.
The number of independent components is reduced if one assumes that the frame is orthonormal.

3.11 Proposition Let and e; be an orthonormal frame and V x be a Koszul connection compatible
with the metric . Then
Wj; = —Wij (321)
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Proof: Since it is given that < e;,e; >= 4;;, we have
0 = ﬁx < e, e >

< ﬁxei,ej >+ < ei,vxe]‘ >
= < wfek,ej >+ < ei,wlj-ek >

= wlf<ek,ej>+w§<ei,ek>
k k
= Wigkj +W;gik

= Wji + wij .
thus proving that w is indeed antisymmetric.

3.12 Corollary The Christoffel symbols of a Koszul connection in an orthonormal frame are
antisymmetric on the lower indices; that is,

k k
R (3.22)

We conclude that in an orthonormal frame in R™ , the number of independent coefficients of the
connection 1-form is (1/2)n(n — 1) since by antisymmetry, the diagonal entries are zero, and one
only needs to count the number of entries in the upper triangular part of the n X n matrix w;;
Similarly, the number of independent Christoffel symbols gets reduced to (1/2)n?(n—1). In the case
of an orthonormal frame in R? , where gi; is diagonal, wij is also antisymmetric, so the connection
equations become

_ | & 0 whH(X)  wh(X) €1
Vx| e | = | —wh(X) 0 w%(X) es | . (3.23)
es —wh(X) —wi(X) 0 es

Comparing the Frenet frame equation( 1.27), we notice the obvious similarity to the general frame
equations above. Clearly, the Frenet frame is a special case in which the basis vectors have been
adapted to a curve resulting in a simpler connection in which some of the coefficients vanish. A
further simplification occurs in the Frenet frame since here the equations represent the rate of change
of the frame only along the direction of the curve rather than an arbitrary direction vector X.

3.4 Cartan Equations

Perhaps the most important contribution to the development of Differential Geometry is the work
of Cartan culminating into famous equations of structure discussed in this chapter.

First Structure Equation

3.13 Theorem Let {e;} be a frame with connection w;’ and dual coframe 6. Then
O =db’ +w'; NG =0 (3.24)

Proof: Let _
€, = 8jAJi.

be a frame, and let ° be the corresponding coframe. Since 6% (e;), we have

6 = (A1) da?
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Let X be an arbitrary vector field. Then

S

ﬁxei = ﬁ A])

ewi(X) = 9

(

9
IL

\/\_/s

(

—_

()
- <A Ed(A7)(X)
AX) = (ATHEAT)(X).

Hence,

or, in matrix notation,
w=A"tdA. (3.25)

On the other hand, taking the exterior derivative of 6?, we find that
. 1 ,
do* = d(A™")"; Nda’
d(A™Y A A%
dd = d(ATHANG.
However, since A~'A = I, we have d(A~')A = —A~'dA = —w, hence
do = —wANb. (3.26)

In other words 4 4 _
o' + W', A 6T = 0.
Second Structure Equation

Let 6% be a coframe in R™ with connection wij. Taking the exterior derivative of the first equation
of structure and recalling the properties (2.34), we get

d(d6") + d(w'; A6') =0
dw'’; N7 — W' N db’ = 0.
Substituting recursively from the first equation of structure, we get
i j i j k
dw'; N7 — W' A (=W, AOY) =0
dwi- AT 4wy /\wk- AT =0
(dw +wk/\w YAG =0
dwj+wk/\wj =0.

3.14 Definition The curvature €2 of a connection w is the matrix valued 2-form,
Q) = do’; + Wl AP (3.27)

3.15 Theorem Let 6 be a coframe with connection w in R™ . Then the curvature form vanishes:

Q=dw+wAw=0. (3.28)



42 CHAPTER 3. CONNECTIONS

Proof: Given that there is a non-singular matrix A such that § = A~ !dz and w = A~1dA, we
have

dw = d(A™") N dA.
On the other hand,

wAw = (A7'dA)A(A71dA)
—d(A"ANATNdA

= —d(A™H(AATH) A dA
—d(A™Y) A dA.

Therefore, dQ) = —w A w.

Change of Basis

We briefly explore the behavior of the quantities ©% and Qij under a change of basis.
Let e; be frame with dual forms 6%, and let €; be another frame related to the first frame by an
invertible transformation. '
e; = BjBJi, (3.29)
which we will write in matrix notation as € = eB. Referring back to the definition of connec-
tions (3.15), we introduce the covariant differential V by the formula

Ve, = e 0w
= ejwji
Ve = ew (3.30)

where, once again, we have simplified the equation by using matrix notation. This definition is
elegant because it does not explicitly show the dependence on X in the connection (3.15). The idea
of switching from derivatives to differentials is familiar from basic calculus, but we should point out
that in the present context, the situation is more subtle. The operator V here maps a vector field
to a matrix-valued tensor of rank 7%'. Another way to view the covariant differential is to think
of V as an operator such that if e is a frame, and X a vector field, then Ve(X) = Vxe. If f is a
function, then Vf(X) = Vx f = df (X), so that Vf = df. In other words, V behaves like a covariant
derivative on vectors, but like a differential on functions. We require V to behave like a derivation
on tensor products:

V(T @Te) =VTi @ Ty + T @ V. (3.31)

Taking the exterior differential of (3.29) and using (3.30) recursively, we get
Ve = Ve@B+e®VB
= (Ve)B + e(dB)
= ewB+e(dB)
= eB 'wB+eB 'dB
= ¢[B 'wB+ B 'dB]

w

|

provided that the connection @ in the new frame € is related to the connection w by the transfor-
mation law,
w=B"'wB+ B 'dB. (3.32)

It should be noted than if e is the standard frame e; = 0; in R™ , then Ve = 0, so that w = 0. In this
case, the formula above reduces to @ = B~'dB, showing that the transformation rule is consistent
with equation (3.25).



Chapter 4

Theory of Surfaces

Surfaces in R?

4.1 Manifolds

4.1 Definition A C* coordinate chart is a C* map z from an open subset of R? into R3 .

x:UeR? — R?
(u,0) == (x(u,v),y(u,v), 2(u,v)) (4.1)

We will always assume that the Jacobian of the map has maximal rank. In local coordinates, a
coordinate chart is represented by three equations in two variables:

' = fi(u®), where i =1,2,3, a=1,2. (4.2)

The local coordinate representation allows us to use the tensor index formalism introduced in earlier
chapters. The assumption that the Jacobian J = (9x%/0u®) be of maximal rank allows one to invoke
the Implicit Function Theorem. Thus, in principle, one can locally solve for one of the coordinates,
say x2, in terms of the other two, like so:

23 = f(a', 2?). (4.3)

The locus of points in R? satisfying the equations z° = f#(u®) can also be locally represented by an
expression of the form
F(z', 2%, 2%) =0 (4.4)

4.2 Definition Let x(u',u?): U — R3 and y(v',v?) : V. — R3 be two coordinate charts with
a non-empty intersection x(U) Ny (V) # 0. The two charts are said to be C*° equivalent if the map
¢ =y~ 'x and its inverse ¢! (see fig.( 4.1) )are infinitely differentiable.

The definition simply states that two equivalent charts x(u®) and y(v?) represent different
reparametrizations for the same set of points in R .

4.3 Definition A differentiably smooth surface in R? is a set of points M in R? satisfying the
following properties:

1. If p € M, then p belongs to some C'*° chart.

43
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(Figure not yet available)

Figure 4.1: Chart Equivalence

2. If p € M belongs to two different charts x and y, then the two charts are C*° equivalent.

Intuitively, we may think of a surface as consisting locally of number of patches ”sewn*“ to each other
so as to form a quilt from a global perspective.

The first condition in the definition states that each local patch looks like a piece of R?, whereas
the second differentiability condition indicates that the patches are joined together smoothly. An-
other way to state this idea is to say that a surface a space that is locally Euclidean and it has a
differentiable structure so that the notion of differentiation makes sense. If the Euclidean space is
of dimension n, then the ”surface“ is called an n-dimensional manifold.

4.4 Example Consider the local coordinate chart
x(u,v) = (sinu cos v, sin usin v, cosv).

The vector equation is equivalent to three scalar functions in two variables:

r = sinucosv,
= sinusinwv,
zZ = cosu. (4.5)

Clearly, the surface represented by this chart is part of the sphere 22 +%2 + 22 = 1. The chart cannot
possibly represent the whole sphere because, although a sphere is locally Euclidean, (the earth is
locally flat) there is certainly a topological difference between a sphere and a plane. Indeed, if one
analyzes the coordinate chart carefully, one will note that at the North pole (v = 0, z = 1, the
coordinates become singular. This happens because u = 0 implies that x = y = 0 regardless of the
value of v, so that the North pole has an infinite number of labels. The fact that it is required to
have two parameters to describe a patch on a surface in R3 is a manifestation of the 2-dimensional
nature of of the surfaces. If one holds one of the parameters constant while varying the other, then
the resulting l-parameter equations describe a curve on the surface. Thus, for example, letting
u = constant in equation (4.5), we get the equation of a meridian great circle.

4.5 Notation Given a parametrization of a surface in a local chart x(u,v) = x(u', u?) = x(u®),
we will denote the partial derivatives by any of the following notations:

ox 0%x

Xu:X1:%7 qulelzw

ox 9%x

Xv:Xu:%, Xvu:X22:w
ox 0%x

Xo = ou™ Xap = Oucovb

4.2 The First Fundamental Form

Let 2°(u®) be a local parametrization of a surface. Then, the Euclidean inner product in R? induces
an inner product in the space of tangent vectors at each point in the surface. This metric on the
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surface is obtained as follows:

. Ox?
de* = du®
T Ene U
ds®> = 5ijdxidxj
Ozt Ox?
_ I P g a8
= 0y o 8u/3du du”.

Thus,

ds® = gapdu®du®, (4.6)
where o Bad
' Ox?

We conclude that the surface, by virtue of being embedded in R? , inherits a natural metric (4.6)
which we will call the induced metric. A pair {M, g}, where M is a manifold and g = ga,gduo‘@duﬁ
is a metric is called a Riemannian manifold if considered as an entity in itself, and a Riemannian
submanifold of R™ if viewed as an object embedded in Euclidean space. An equivalent version of
the metric (4.6) can be obtained by using a more traditional calculus notation:

dx = x,du-+ x,dv
ds®> = dx-dx
= (xudu + x,dv) - (Xudu + x,dv)
= (%y - Xu)du? + 2(xy - X, )dudv + (X, - X, )dv?.

We can rewrite the last result as

ds* = Edu® + 2Fdudv + Gdv?, (4.8)
where
E = g11 = Xy - Xy,
F = g12 = Xy " Xy
= 0§21 = Xy "Xy
G = goo=Xy Xy
That is

JaB = Xa " Xg =< Xq,Xg > .

4.6 Definition The element of arclength,
ds® = gapdu® @ du®, (4.9)

is also called the first fundamental form. We must caution the reader that this quantity is not
a form in the sense of differential geometry since ds? involves the symmetric tensor product rather
than the wedge product.

The first fundamental form plays such a crucial role in the theory of surfaces that we will find
it convenient to introduce a third, more modern version. Following the same development as in the
theory of curves, consider a surface M defined locally by a function (u!,u?) — a(u',u?). We say
that a quantity X, is a tangent vector at a point p € M if X, is a linear derivation on the space of
C real-valued functions {f|f : M — R} on the surface. The set of all tangent vectors at a point

p € M is called the tangent space T, M. As before, a vector field X on the surface is a smooth



46 CHAPTER 4. THEORY OF SURFACES

choice of a tangent vector at each point on the surface and the union of all tangent spaces is called
the tangent bundle T'M.
The coordinate chart map
a:R*— MeR?

induces a push-forward map
o, : TR* — TM

defined by
(X*(V)(f) |o¢(u°‘): V(a © f) |u"¥ .

Just as in the case of curves, when we revert back to classical notation to describe a surface as
x*(u®), what we really mean is (z*oa)(u®), where z! are the coordinate functions in R? . Particular
examples of tangent vectors on M are given by the push-forward of the standard basis of TR2.
These tangent vectors which earlier we called x,, are defined by

19) 0
a*(%)(f) |a(u"‘): Juc (@o f) lue

In this formalism, the first fundamental form I is just the symmetric bilinear tensor defined by
the induced metric,
I(X,)Y)=9(X,)Y) =< XY >, (4.10)

where X and Y are any pair of vector fields in T'M.

Orthogonal Parametric Curves

Let V and W be vectors tangent to a surface M defined locally by a chart x(u®). Since the vectors
X, span the tangent space of M at each point, the vectors V and W can be written as linear
combinations,

V = V%,
W = W%,.

The functions V¢ and W< are called the curvilinear coordinates of the vectors. We can calculate
the length and the inner product of the vectors using the induced Riemannian metric as follows:

IVI? = <V, V>=<V%,, V%5 >=VV’ < x,,%x5 >
H‘/”2 = gaﬁvavﬂ
IWI? = gapWW?,
and
<V,W > = <Vo%,, Wik >=VW* <x,,x5 >
= GagVOWP.

The angle 6 subtended by the the vectors V and W is the given by the equation

<V, W >
VI - W]
I(V,W)
VIV, V)/I(W, W)
gaﬁvaW’B

= . 4.11
gagVaVﬁ . ga,@WO‘Wﬂ ( )

cosf) =
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Let u® = ¢“(t) and u® = *(t) be two curves on the surface. Then the total differentials

_doe e
Cdt dt

du® dt, and du® = ot
represent infinitesimal tangent vectors (1.12) to the curves. Thus, the angle between two infinitesimal

vectors tangent to two intersecting curves on the surface satisfies the equation:

Japdu®suP
VGapsdu®duP \/gosou®su’

In particular, if the two curves happen to be the parametric curves, u' = constant and u? =
constant, then along one curve we have du' = 0, with du? arbitrary, and along the second éu' is
arbitrary and dJu? = 0. In this case, the cosine of the angle subtended by the infinitesimal tangent
vectors reduces to:

(4.12)

cosf =

1

9125U1du2 _ g12 _ F (4 13)
V11 (0ul)2\/ga(du?)2 911922 VEG

I follows immediately from the equation above that:

cosf =

4.7 Proposition The parametric lines are orthogonal if F' = 0.

4.8 Examples

a) Sphere

x = (asinfcosg,asinfsing,acosh)
xp = (acosfcosd,acosbsing, —asinb)
Xy = (—asinfsing,asinbcosg,0)

E = xp-x9=ad°

F = x5-x4=0

G = x4 X4 =a’sin® 6
ds* = a?df? + a®sin’® 0dg?

b) Surface of Revolution

x = (rcosf,rsinb, f(r))
x, = (cosf,sin®, f'(r))
xg = (—rsind,rcosh,0)
E = x.-x. =1+ f?r)
F = x,-x9=0
G = xg-x9=r1>
ds* = [L+ f?(r)|dr* + r2d6?
c) Pseudosphere
X = (asinucosv,asinusinv,a(cosulntang))
E = d*cot’u
F = =0
G = a’sin’u

[

ds®> = a®cot® udu® + a? sin? udv?
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d) Torus
x = ((b+acosu)cosv,(b+ acosu)sinv,asinu)
E = a
F =0
G = (b+acosu)?
ds* a’du® + (b + acosu)’dv?

e) Helicoid

x = (ucosv,usinv,av)
E =1
F =0
G = u+ad®
ds* = du®+ (u® + a®)dv?
f) Catenoid
x = (ucosv,usinv,ccosh_lg)
c
2
u
E = w2 _ 2
F =0
G = u?
u?
ds* = 5 2duz—|—u2dv2
u? —c

4.3 The Second Fundamental Form

Let x = x(u®) be a coordinate patch on a surface M. Since x,, and x,, are tangential to the surface,
we can construct a unit normal n to the surface by taking
Xy X Xy

(4.14)

B llxu X Xy|

Now, consider a curve on the surface given by u®* = u®(s). Without loss of generality, we assume
that the curve is parametrized by arclength s so that the curve has unit speed. Using the chain rule,
we se that the unit tangent vector T to the curve is given by

dx dx du® du®
7= _ =X, — 4.15
ds  du® ds *als ( )
Since the curve lives on the surface and the the vector T is tangent to the curve, it is clear that
T is also tangent to the surface. On the other hand, the vector T’ = dT'/ds does not in general have
this property, so we decompose T” into its normal and tangential components (see fig. (4.2))

T = K,+K,
= K,n+ K, (4.16)
where k, = [|[K,|| =<T',n > .

The scalar quantity s, is called the normal curvature of the curve and K, is called the
geodesic curvature vector. The normal curvature measures the the curvature of x(u®(s)) resulting
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Figure not yet available.

Figure 4.2: Normal Curvature

from the constraint of the curve to lie on a surface. The geodesic curvature vector , measures the
“sideward” component of the curvature in the tangent plane to the surface. Thus, if one draws a
straight line on a flat piece of paper and then smoothly bends the paper into a surface, then the
straight line would now acquire some curvature. Since the line was originally straight, there is no
sideward component of curvature so K, = 0 in this case. This means that the entire contribution
to the curvature comes from the normal component, reflecting the fact that the only reason there is
curvature here is due to the bend in the surface itself.

Similarly, if one specifies a point p € M and a direction vector X, € T),/M, one can geometrically
envision the normal curvature by considering the equivalence class of all unit speed curves in M
that contain the point p and whose tangent vectors line up with the direction of X. Of course,
there are infinitely many such curves, but at an infinitesimal level, all these curves can be obtained
by intersecting the surface with a “vertical” plane containing the vector X and the normal to M.
All curves in this equivalence class have the same normal curvature and their geodesic curvatures
vanish. In this sense, the normal curvature is more of a property pertaining to a direction on the
surface at a point, whereas the geodesic curvature really depends on the curve itself. It might be
impossible for a hiker walking on the undulating hills of the Ozarks to find a straight line trail, since
the rolling hills of the terrain extend in all directions. It might be possible, however, for the hiker
to walk on a path with zero geodesic curvature as long the same compass direction is maintained.

To find an explicit formula for the normal curvature we first differentiate equation (4.15)

dT
T = —
ds

d du®

= g Xegy)

d e
T ods Y ds * ds2

_ (dﬁﬁ )dLa 1 x d*u®
T NduB ds ds * ds?
du® duP d2u®

Xab s Tds T ds?

Taking the inner product of the last equation with the normal and noticing that < x,,n >= 0, we
get

du® duf
kn = <T',n>=<x43,n> v au
ds ds
basdu®duP
- 7galgdu°‘du5’ (4.17)
where
bag =< Xqp,0 > (4.18)

4.9 Definition The expression
IT = bopdu® ® du® (4.19)
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is called the second fundamental form .

4.10 Proposition The second fundamental form is symmetric.

Proof: In the classical formulation of the second fundamental form, the proof is trivial. We have

bag = baa, since for a C* patch x(u*), we have Xog = Xgq, because the partial derivatives commute.
We will denote the coefficients of the second fundamental form as follows:

e = b =<Xyu,n >
= b12 =< Xyp, 1 >
= by =< Xy, >

g = baz =< Xyp, 11 >,
so that equation (4.19) can be written as
IT = edu? + 2fdudv + gdv?, (4.20)

and equation (4.17) as
11 edu? + 2fdudv + gdv?
Fopy = = = ) (4.21)
I Edu?+ 2Fdudv 4+ Gdv?

We would also like to point out that just as the first fundamental form can be represented as

I =< dx,dx >,
we can represent the second fundamental form as
1] = — <dx,dn >
To see this, it suffices to note that differentiation of the identity, < x,,n >= 0, implies that
< Xop, N >= — <Xq,N3 > .
Therefore,

<dx,dn > = < x,du®, nﬁduﬁ >
= < x,du®, ngdu® >
= < Xg,np > du®du’
= — < Xgp,n > du®du”
= —II

From a computational point a view, a more useful formula for the coefficients of the second
fundamental formula can be derived by first applying the classical vector identity

(4.22)

(AXB)‘(CXD)‘ A.C A-D‘

B-C B-D

to compute

(X X Xy) (X X Xy)

det Xy Xy Xy - Xy
Xy Xy Xy - Xy

[[xu x XvH2

EG — F?. (4.23)
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Consequently, the normal vector can be written as

Xy X Xy Xy X Xy

n=— =
[xu X x| VEG — F?

Thus, we can write the coefficients b, directly as triple products involving derivatives of (x). The
expressions for these coefficients are

(Xuxuxuu)
VEG — F?
(Xuxvxuv)
VEG — F?
(X0 XuXuw)
9= JEG-I® (4.24)
The first fundamental form on a surface measures the square of the distance between two in-
finitesimally separated points. There is a similar interpretation of the second fundamental form as
we show below. The second fundamental form measures the distance from a point on the surface
to the tangent plane at a second infinitesimally separated point. To see this simple geometrical
interpretation, consider a point xo = x(u§) € M and a nearby point x(u§ + du®). Expanding on a
Taylor series, we get

1
x(u§ + du®) = xo 4 (X0)adu® + i(xo)aﬁduaduﬁ ...
We recall that the distance formula from a point x to a plane which contains xq is just the scalar

projection of (x —x¢) onto the normal. Since the normal to the plane at xg is the same as the unit
normal to the surface and < x,,n >= 0, we find that the distance D is

D = <x—xp,n>
1
= 5 < (Xo)aﬁ,n > duadug
1
= =1
5 t1o

The first fundamental form (or, rather, its determinant) also appears in calculus in the context
of calculating the area of a parametrized surface. If one considers an infinitesimal parallelogram
subtended by the vectors x,du and x,dv, then the differential of surface area is given by the length
of the cross product of these two infinitesimal tangent vectors. That is,

dS = ||xu X Xyl dudv

S //\/EG—FQdudv

The second fundamental form contains information about the shape of the surface at a point.
For example, the discussion above indicates that if b = |bos| = eg — f? > 0 then all the neighboring
points lie on the same side of the tangent plane, and hence, the surface is concave in one direction.
If at a point on a surface b > 0, the point is called an elliptic point, if b < 0, the point is called
hyperbolic or a saddle point, and if b = 0, the point is called parabolic.

4.4 Curvature

The concept of Curvature and its related, constitute the central object of study in differential
geometry. One would like to be able to answer questions such as “what quantities remain invariant
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as one surface is smoothly changed into another?” There is certainly something intrinsically different
between a cone, which we can construct from a flat piece of paper, and a sphere, which we cannot.
What is it that makes these two surfaces so different? How does one calculate the shortest path
between two objects when the path is constrained to lie on a surface?

These and questions of similar type can be quantitatively answered through the study of curva-
ture. We cannot overstate the importance of this subject; perhaps it suffices to say that, without a
clear understanding of curvature, there would be no general theory of relativity, no concept of black
holes, and even more disastrous, no Star Trek.

Studying the curvature of a hypersurface in R™ (a surface of dimension n — 1) begins by trying
to understand the covariant derivative of the normal to the surface. If the normal to a surface
is constant, then the surface is a flat hyperplane. Variations in the normal are what indicates
the presence of curvature. For simplicity, we constrain our discussion to surfaces in R? , but the
formalism we use is applicable to any dimension. We will also introduce in the modern version of
the second fundamental form

4.11 Definition Let X be a vector field on a surface M in R3 | and let N be the normal vector.
The map L, given by
LX =-VxN (4.25)

is called the Weingarten map.

In this definition we will be careful to differentiate operators that live on the surface from oper-
ators that live in the ambient space. We will adopt the convention of overlining objects that live in
the ambient space, the operator V being an example of one such object. The Weingarten map is a
good place to start, since it represents the rate of change of the normal in an arbitrary direction we
wish to quantify.

4.12 Definition The Lie bracket [X,Y] of two vector fields X and Y on a surface M is defined
as the commutator,
[X,Y]=XY -YX, (4.26)

meaning that if f is a function on M, then [X,Y](f) = X (Y (f)) — Y (X(f)).
4.13 Proposition The Lie bracket of two vectors X,Y € T(M) is another vector in T'(M).

Proof: If suffices to prove that the bracket is a linear derivation on the space of C'*° functions.
Consider vectors X,Y € T(M) and smooth functions f, g in M. Then,

(X Y](f+9) = XY(f+9)-Y(X(f+9))
= X(Y(f)+Y(9) - Y(X(f)+X(9))
= X(Y(f) -Y(X(f)+X(Y(9) - Y(X(9))
= [X,Y}(f)—l—[X,Y}(g)’

and

(X, Y](f9) =

[
aialia
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4.14 Proposition The Weingarten map is a linear transformation on T'(M).

Proof: Linearity follows from the linearity of V, so it suffices to show that L : X — LX maps
X € T(M) to a vector LX € T(M). Since N is the unit normal to the surface, < N, N >= 1, so
any derivative of < N, N > is 0. Assuming that the connection is compatible with the metric,

Vx <N,N> = <VxN,>+<N,VxN >
= 2<VxN,N>
= 2<LX N>=0.
Therefore, LX is orthogonal to N; hence, it lies in T'(M).

In the previous section, we gave two equivalent definitions < dx,dx >, and < X,Y >) of the
first fundamental form. We will now do the same for the second fundamental form.

4.15 Definition The second fundamental form is the bilinear map

II(X,Y) =< LX,Y > . (4.27)

4.16 Remark It should be noted that the two definitions of the second fundamental form are
consistent. This is easy to see if one chooses X to have components x, and Y to have components
xg. With these choices, LX has components —n, and II(X,Y’) becomes bog = — < Xq,ng >.

We also note that there is a third fundamental form defined by

ITI(X,Y) =< LX,LY >=< L*’X,Y >. (4.28)

In classical notation, the third fundamental form would be denoted by < dn,dn >. As one would
expect, the third fundamental form contains third order Taylor series information about the surface.
We will not treat I7I(X,Y") in much detail in this work.

4.17 Definition The torsion of a connection V is the operator T such that VXY,
T(X,Y)=VxY -VyX - [X,Y]. (4.29)
A connection is called torsion-free if 7(X,Y) = 0. In this case,
VxY - VyX =[X,Y].

We will say more later about the torsion and the importance of torsion-free connections. For
the time being, it suffices to assume that for the rest of this section, all connections are torsion-free.
Using this assumption, it is possible to prove the following important theorem.

4.18 Theorem The Weingarten map is a self-adjoint operator on T M.
Proof: We have already shown that L : TM — T'M is a linear map. Recall that an operator L
on a linear space is self adjoint if < LX,Y >=< X, LY >, so the theorem is equivalent to proving
that the second fundamental form is symmetric (I1[X,Y] = II[Y, X]). Computing the difference of
these two quantities, we get
INX,Y)-IIY,X] = <LX,Y>-<LY,X >
= <VxN,Y>—-<VyN,X>.

Since < X, N >=< Y, N >= 0 and the connection is compatible with the metric, we know that

<va,Y> = —<N,ﬁxy>
<VyN,X> = —<N,VyX >,
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hence,

IIX,)Y]-1IY,X] = <N,VyX>—-<N,VxY >,
= <N, VyX -VxY >
= <N,[X,Y]>
= 0 (iff [X,Y] e T(M)).
The central theorem of linear algebra is the Spectral Theorem. In the case of self-adjoint opera-
tors, the Spectral Theorem states that given the eigenvalue equation for a symmetric operator on a

vector space with an inner product,
LX = kX, (4.30)

the eigenvalues are always real and eigenvectors corresponding to different eigenvalues are orthogonal.
Here, the vector spaces in question are the tangent spaces at each point of a surface in R? , so the
dimension is 2. Hence, we expect two eigenvalues and two eigenvectors:

LXl = Kle (431)
LX2 = I€1X2. (432)

4.19 Definition The eigenvalues k1 and ko of the Weingarten map L are called the principal
curvatures and the eigenvectors X; and X5 are called the principal directions.

Several possible situations may occur, depending on the classification of the eigenvalues at each
point p on a given surface:

1. If k1 # ko and both eigenvalues are positive, then p is called an elliptic point.
2. If k1ka < 0, then p is called a hyperbolic point.

3. If k1 = ko # 0, then p is called an umbilic point.

4. If k1Ko = 0, then p is called a parabolic point.

It is also known from linear algebra, that the the determinant and the trace of a self-adjoint
operator in a vector space of dimension two are the only invariants under a adjoint (similarity)
transformation. Clearly, these invariants are important in the case of the operator L, and they
deserve special names.

4.20 Definition The determinant K = det(L) is called the Gaussian curvature of M and
H = (1/2)Tr(L) is called the mean curvature.

Since any self-adjoint operator is diagonalizable and in a diagonal basis the matrix representing
L is diag(k1, k2), if follows immediately that

K = K1k2
1
H = 5(/%1 + Iﬂ?g). (433)

4.21 Proposition Let X and Y be any linearly independent vectors in 7'(M). Then

LXxLY = K(XxY)
(LX xY)+ (X xLY) = 2H(X xY) (4.34)

Proof: Since LX,LY € T (M), they can be expressed as linear combinations of the basis vectors
X and Y.
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LX
LY

CL1X + b1Y
GQX + b2Y

computing the cross product, we get

aq b1
az by

det(L)(X xY).

LX x LY X xY

Similarly

(LX xY)+ (X x LY) (a1 + b2)(X x Y)
Tr(L)(X x Y)

(2H)(X x Y).

4.22 Proposition

eg— f?
EG — F?
1Eg—2Ff + G

2 EG-F? (4.35)

Proof: Starting with equations (4.34), take the inner product of both sides with X x Y and use
the vector identity (4.22). We immediately get

<LX,X >
<LY, X >

<LX)Y >
<LX, X >

<X, X >
<Y, X >

<X, Y >
<YY >

<LX, X> <LX)Y > " <X, X> <X Y>
<Y, X > <YY > <LY, X > <LY)Y >

2H:‘
‘<XX> <XY>’

<Y, X> <YY>
The result follows by taking X = x, and Y = x,,

4.23 Theorem (Euler) Let X; and X5 be unit eigenvectors of L and let X = (cos 8) X7+ (sin 0) Xs.
Then

I1(X,X) = iy cos? 0 + kg sin® 6. (4.36)

Proof: Simply compute I1(X,X) =< LX, X >, using the fact the LX) = k1 X7 , LXs = Kk2Xo,
and noting that the eigenvectors are orthogonal. We get

<LX, X > < (cos0)k1X71 + (sinf)kaXo, (cos0) X1 + (sinh) Xy >
k1 cos? 0 < X1, X1 > +rosin? 0 < Xo, Xo >

k1 cos® 0 + ko sin? 6.



