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introduction and motivations for these notes

I know this course cannot take priority to other courses since this is an extra course for most people
who are considering it. There will be just one in-class test ( and the final). The homeworks and
take-home tests will have as relaxed a schedule as possible which I hope allows some of you to fit
in the course at your convenience. The homeworks are due at 5 different times in the semester, 1
hope the timing allows you suffificent time to think through the problems. Some of the homeworks
will not go well unless you try them a number of times. You need time to think about them, ask
questions, work together and then write it up. The idea of doing well on the final as a substitute
for missing large chunks of the homework doesn’t make any sense what-so-ever in this course so
don’t take this course unless you plan to attempt a large portion of the homework.

We will cover portions of the following sources:

” Advanced Calculus of Several Variables” by C.H. Edwards

”Methods of Applied Mathematics” by Hildebrand

these notes

The text by Edwards is excellent for proofs of theorems, however it is a little sparse as far as
examples are concerned. My plan for this course is to prove a few of the theorems but leave the
rest for Edwards’ text. I do plan to prove the inverse and implicit function theorems and if there
is time I might prove a couple others. But, generally I intend the pattern of lecture will be to
state a theorem, tell you where the proof can be found or maybe sketch the proof, then illustrate
the theorem with examples. In practice a large portion of our time will be spent on clarifying and
expanding definitions and notation. My goal is that after you take this course you can decipher
the proofs in Edwards or similar advanced undergraduate/beginning graduate texts. In contrast to
some courses I teach, these notes will supplement the text in this course, they are not meant to be
self-contained. [

T also intend to discuss of some basic topics in elementary differential geometry. Some of these topics
are in Edwards but I will likely add material in this direction. Also this is certainly a topic where
Mathematica can help us calculate and illustrate through graphing. I have included a chapter on
Fuclidean structures and Newton’s Laws. That chapter goes deeper into the physical signifance of
rotations and translations in classical mechanics. It also gives you a very nice explicit idea of what
I mean when I say ”physics is a model”. If you can understand that even Newtonian mechanics is
abstract then you come a long way closer to freeing yourself from the conflation of physical law,
mathematical stucture and physical reality.

Lthis comment mostly applies to a few proofs I skip



I also intend to assign a few problems from Chapter 2 of Hildebrand’s text. There are about 100
pages concerning variational calculus but we’ll only use a subset of those and even then I intend to
provide my own notes on the subject. I'll try to define the variational problem in a fairly narrow
context for this course. I hope to give a reasonably precise definition of the variational derivative
as well. My approach will be two-fold. To begin I'll give the classic somewhat hand-wavey physics
definition for the variation and we’ll speed on to solve a few standard problems of variational calcu-
lus. This will happen towards the middle of the course, I hope you find it fairly easy to grasp. The
hardest part is solving the Euler-Lagrange equations. It would be very nice if we could animate
some solutions to variational calculus problems via mathematica as well. Then at the very end of
the course we’ll return to the calculus of variations and try to grasp their formulation in Banach
space. Edwards is careful to prove things in such a way that when possible the proof generalizes
without much writing to the infinite-dimensional case. I hope to convince you that the variational
derivative is just an derivative in an infinite dimensional function space. Its the best linear approx-
imation in the same way that the usual derivative functions in the case of a function with a finite
dimensional domain. You should understand we are only scratching the surface in this course.

We will use a fair amount of linear algebra in portions of this course, however if you have not had
math 321 you should still be able to follow along. I don’t want to redo Math 321 too much in this
course so I may at times refer to something as ”known linear algebra”. If you have not had linear
algebra then you might need to read a few pages to see what I'm talking about.

Approximate Weekly Lecture List:

e Euclidean spaces and continuity [pl-p48, Edwards]

e Major topological theorems in R™, curves and TNB-frame [p49-p61, Edwards]

e Frenet-Serret eqns, geometry of curves, derivative and chain-rules [p63-p88, Edwards]

e constrained chain rules, two-variable Langrange multiplier problems [p76-p99, Edwards]
e manifolds, and Lagrange multipliers, quadratic forms [p101-p117, Edwards + my notes|
e single and multivariate Taylor’s Theorem, more on quadratic forms [p117-p140, Edwards]
e further max/min problems, naive variational calculus [p142-p157, Edwards]

e Euler-Langrange equations, geodesics, classical mechanics

e contraction mappings, multivariate mean-value theorems proofs [p160-p180, Edwards]

e inverse and implicit function theorem proofs [p181-p194, Edwards]



multilinear algebra and the exterior algebra of forms

differential forms and vector fields

generalized Stoke’s theorem, Maxwell’s eqns.

normed linear spaces and variational calculus. [p402-p444, Edwards]

Before we begin, I should warn you that I assume quite a few things from the reader. These notes
are intended for someone who has already grappled with the problem of constructing proofs. 1
assume you know the difference between = and <. I assume the phrase ”iff” is known to you.
I assume you are ready and willing to do a proof by induction, strong or weak. I assume you
know what R, C, Q, N and Z denote. I assume you know what a subset of a set is. I assume you
know how to prove two sets are equal. I assume you are familar with basic set operations such
as union and intersection (although we don’t use those much). More importantly, I assume you
have started to appreciate that mathematics is more than just calculations. Calculations without
context, without theory, are doomed to failure. At a minimum theory and proper mathematics
allows you to communicate analytical concepts to other like-educated individuals.

Some of the most seemingly basic objects in mathematics are insidiously complex. We’ve been
taught they’re simple since our childhood, but as adults, mathematical adults, we find the actual
definitions of such objects as R or C are rather involved. I will not attempt to provide foundational
arguments to build numbers from basic set theory. I believe it is possible, I think it’s well-thought-
out mathematics, but we take the existence of the real numbers as an axiom for these notes. We
assume that R exists and that the real numbers possess all their usual properties. In fact, I assume
R, C, Q, N and Z all exist complete with their standard properties. In short, I assume we have
numbers to work with. We leave the rigorization of numbers to a different course.

Note on the empty exercises: we will be filling those in lecture. If you ever need another
example of a particular definition then please ask. One resource you should keep in mind is my
calculus IIT notes, I have hundreds of pgs. of calculations posted. I will not try to reteach those
basics in this course for the most part, however there are a few sections in my calculus III notes
that I didn’t get a chance to cover when I taught math 231 last year. Most of those sections we
will likely be covering in this course. For example, the Frenet-Serret equations, curvature, torsion,
Kepler’s laws, constrained partial differentiation.

Finally, please be warned these notes are a work in progress. I look forward to your
input on how they can be improved, corrected and supplemented.

James Cook, January 25, 2010.

version 0.2
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Chapter 1

introduction

What is advanced calculus? If you survey the books on the subject you’ll find there is quite some
variety in the concept of what this course contains. Basically there are two routes which are followed:

e emphasis of analytical concepts and proofs in calculus
e emphasis of calculations not learned in the main calculus sequence

Usually both routes emphasize that calculus can be done in n-dimensions rather than just the
n =1,2,3 of calculus I,IT and III.

Because we have a rigorous analysis course at LU I have chosen to steer more towards option 2.
However, I will actually prove some rather analytical results this semester. Your responsibilities as
a student will tend more towards the calculational.

This course should challenge your understanding of basic concepts such as functions and sets. I also
want you to understand the geometry of calculus IIT thouroughly. If you understand the implicit
and inverse mapping theorems then you’ll leave this course with a much better understanding of
when and how you can expect to solve equations.

Traditional undergraduate mathematics texts stay away from mentioning graduate topics. These
notes are not so traditional. I attempt to weave introductions to advanced topics whenever the
opportunity presents itself. I've also woven a fair amount of classical mechanics into these notes. I
believe these strengthen the intution of many students because we naturally ask the question ”but
what is this for?”. If that question does not appeal to you at all then you might just be a pure
mathematician. Pure mathematicians are these stannge creatures who find joy in studying math
for math’s sake alone.
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Chapter 2

analytic geometry

In this chapter I will describe n-dimensional Euclidean space and its essential properties. Much of
this is not much removed from the discussion of vectors in calculus III. However, we will state as
many things as possible for arbitrarily many finite dimensions. Also, we will make use of matrices
and linear algebra where it is helpful. For those of you who have not yet taken linear algebra, I
have included a few exercises in the Problem sets to help elucidate matrix concepts. If you do those
exercises it should help. If you need more examples just ask.

2.1 Euclidean space and vectors

Rene Descartes put forth the idea of what we now call Cartesian coordinates for the plane several
hundred years ago. The Euclidean concept of geometry predating Descartes seems abstract in
comparison. Try graphing without coordinates. In any event, the definition of Cartesian coordinates
and R" are intertwined in these notes. If we talk about R™ then we have a preferred coordinate
system because the zero point is at the 0riginE|

Definition 2.1.1.

We define R" = { (x1,22,...,2,) | z; € R foreach i =1,2,...,n}. If P = (a1,a9,...,a,)
is a point in R" then the j-th Cartesian coordinate of the point P is a;.

Notice thatﬂ in terms of sets we can write R> = R x R and R? = R x R x R. Since points in
R™ are in 1-1 correspondance with vectors in R™ we can add vectors and rescale them by scalar
multiplication. If T wish to emphasize that we are working with vectors I may use the notation
< a,b,c >€ V3 etc... However, we will think of R” as both a set of points and a set of vectors,
which takes precendence depends on the context.

'some other authors might use R™ is refer to abstract Euclidean space where no origin is given apriori by the
mathematics. Given Euclidean space £ and a choice of an origin O, one can always set-up a 1-1 correspondance with
R™ by mapping the origin to zero in R".

2Technically these are ambiguous since the Cartesian product of sets is nonassociative but in these notes we
identify R x (R x R) and (R x R) X R as the same object. Btw, my Math 200 notes have more on basics of Cartesian
products.

11
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Definition 2.1.2.

We define V" = {< vy,va,...,v, > | v; €R for each i = 1,2,...,n}.
If v =< wv1,v2,...,v, > is a vector in R" then the j-th component of the vector v is v;.
Let v,w € V" with v =< v; >, w =< w; > and ¢ € R then we define:

V+w=<v]+wy,v+wW,...,0 + Wy > cv =< CV1,CV2,...,CUp > .

I will refer to V™ as the set of n-dimensional real vectors. The dot-product is used to define angles
and lengths of vectors in V™.

Definition 2.1.3.

If v =< vi,v9,...,0, > and w =< wi,ws,...,w, > are vectors in V" then the dot-
product of v and w is a real number defined by:

VW =W +01wy + -0 F VW

The length (or norm) of a vector v =< vy, vs,...,v, > is denoted ||v|| and is the real
number defined by:

loll = Vo = /oF + 03 + -+ 02

Ifv=<w,v,...,0p ># 0 and w =< wy,ws,...,w, ># 0 are vectors in V" then the
angle 0 between v and w is defined by:

Gzcos_l( v )
|[]] {|wl|

The vectors v, w are said to be orthogonal iff v - w = 0.

Example 2.1.4. . .



2.1. EUCLIDEAN SPACE AND VECTORS 13

The dot-product has many well-known properties:

Proposition 2.1.5.

Suppose z,v,z € R ™! and ¢ € R then
l.z-y=y-2
2.x-(y+z2)=z-y+z-z
3. c(z-y)=(cz) y=2x-(cy)

4. z-x>0andz-z2=0iff x =0

Notice that the formula cos™! [m} needs to be justified since the domain of inverse cosine does
not contain all real numbers. The inequality that we need for it to be reasonable is ‘W‘ <1,

otherwise we would not have a number in the dom(cos™!) = range(cos) = [~1,1]. An equivalent
inequality is |z - y| < ||z||||y|| which is known as the Cauchy-Schwarz inequality.

Proposition 2.1.6.

If 2,y € R ™! then |z - y| < |lz]|[lyl]

These properties are easy to justify for the norm we defined in this section.

Proposition 2.1.7.

Let z,y € R ™! and suppose ¢ € R then
L |lez|| = |e] [|=|

2. |z +yll < Izl + Iyl

Every nonzero vector can be written as a unit vector scalar multiplied by its magnitude.

v € V" such that v #0 = v = ||v||0 where 0 = le.

[lv

You should recall that we can write any vector in V3 as
v=<a,bc>=a<1,0,0>+b<0,1,0 > +c <0,0,1 >=ai + bj + ck

where we defined the 1 =< 1,0,0 >, j =< 0,1,0 >, k=< 0,0,1 >. You can easily verify that
distinct Cartesian unit-vectors are orthogonal. Sometimes we need to produce a vector which is
orthogonal to a given pair of vectors, it turns out the cross-product is one of two ways to do that
in V3. We will see much later that this is special to three dimensions.
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Definition 2.1.8.

If A=< Ay, Ay, A3 > and B =< By, By, B3 > are vectors in V3 then the cross-product
of A and B is a vector A x B which is defined by:

fY X E =< AyB3 — A3B2./A331 = AlBg,AlBQ — AsBy > .

The magnitude of A x B can be shown to satisfy ||A x B|| = ||A]|| || B||sin(f) and the direction can
be deduced by right-hand-rule. The right hand rule for the unit vectors yields:

2><5:/A€, l%x :j’, }x%:

If T wish to discuss both the point and the vector to which it corresponds we may use the notation

—

P = (ay,a9,...,a,) «— P=<ay,ag,...,an >

With this notation we can easily define directed line-segments as the vector which points from one
point to another, also the distance bewtween points is simply the length of the vector which points
from one point to the other:

Definition 2.1.9.

Let P,QQ € R™. The directed line segment from P to @ is ]@ = @ — P. This vector is
drawn from tail ) to the tip P where we denote the direction by drawing an arrowhead.
The distance between P and Q is d(P,Q) = || ]@ IE

2.1.1 compact notations for vector arithmetic

I prefer the following notations over the hat-notation of the preceding section because this notation
generalizes nicely to n-dimensions.

e1=<1,0,0>  e3=<0,1,0>  e3=<0,0,1>.

Likewise the Kronecker delta and the Levi-Civita symbol are at times very convenient for abstract
calculation:

1 . . ]- (ihj? k) € {(17273)7(37172)7(27371)}

1=

e {o Ll =l (0D € {(3.2.1).2,1,9).(13.2))
J 0 if any index repeats

An equivalent definition for the Levi-civita symbol is simply that €123 = 1 and it is antisymmetric
with respect to the interchange of any pair of indices;

€ijk = €jki = €kij = —€kji = —€jik = —€ikj-
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Now let us restate some earlier results in terms of the Einstein repeated index conventionsﬂ, let
A,B € V™ and c € R then

A= Agpeg standard basis expansion
e - €ej = 0;j orthonormal basis

(ff + E), = A, +B; vector addition

(/T — E)Z = A; — B; vector subtraction

(cff ;= cA; scalar multiplication
A-B= ApBy dot product

(/T X é)k = €1 AiB; cross product.

All but the last of the above are readily generalized to dimensions other than three by simply
increasing the number of components. However, the cross product is special to three dimensions.
I can’t emphasize enough that the formulas given above for the dot and cross products can be
utilized to yield great efficiency in abstract calculations.

Example 2.1.10. . .

3there are more details to be seen in the Appendix if you're curious
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2.2 matrices

An m X n matrix is an array of numbers with m-rows and n-columns. We define R ™*" to be the
set of all m x n matrices. The set of all n-dimensional column vectors is R "*!. The set of all
n-dimensional row vectors is R1*™. A given matrix A € R ™*" has mn-components 4;;. Notice
that the components are numbers; A;; € R for all ¢,j such that 1 <¢ <mand 1 < j <n. We
should not write A = A;; because it is nonesense, however A = [A4;;] is quite fine.

Suppose A € R ™*" mnote for 1 < j < n we have col;(A) € R™*! whereas for 1 < i < m we
find row;(A) € R, In other words, an m x n matrix has n columns of length m and n rows of
length m.

Definition 2.2.1.

Two matrices A and B are equal iff A;; = B;; for all i,j. Given matrices A, B with
components A;;, B;; and constant ¢ € R we define

(A + B)ij = Aij + Bij (CA)ij = CAZ']' s for all Z,]

The zero matrix in R "*" is denoted 0 and defined by 0;; = 0 for all 7,j. The additive
inverse of A € R "™*™ is the matrix —A such that A + (—A) = 0. The components of the
additive inverse matrix are given by (—A);; = —A;; for all 4, j. Likewise, if A € R ™*™ and
B € R "*P then the product AB € R ™*P is defined by:

(AB)ij =) _ AyBy;
k=1

foreach 1 <i<mand 1 < j < p. In the case m = p = 1 the indices i, j are omitted in the
equation since the matrix product is simply a number which needs no index. The identity
matrix in R "*™ is the n X n square matrix I whose components are the Kronecker delta;

1 i=j

Li; =6y = { - ‘] The notation I,, is sometimes used if the size of the identity matrix
17

needs emphasis, otherwise the size of the matrix [ is to be understood from the context.

1 00
12:[(1)?] Is=10 1 0
0 0 1

Let A € R ™*™, 1If there exists B € R "*" such that AB = I and BA = I then we say that
A is invertible and A~! = B. Invertible matrices are also called nonsingular. If a matrix
has no inverse then it is called a noninvertible or singular matrix. Let A € R ™*" then
AT € R ™™ ig called the transpose of A and is defined by (AT);; = A;j forall 1 <i <m
and 1 < j < n. Note dot-product of v,w € V" is given by v - w = vTw.




2.2. MATRICES

Remark 2.2.2.

We will use the convention that points in R™ are column vectors. However, we will use the
somewhat subtle notation (x1,z2,...2,) = [r1,22,...2,]T. This helps me write R” rather
than R ™! and I don’t have to pepper transposes all over the place. If you've read my
linear algebra notes you’ll appreciate the wisdom of our convention. Likewise, for the sake
of matrix multiplication, we adopt the subtle convention < z1, 2, ...x, >= [z1, T2, .. .$n]T
for vectors in V™. Worse yet I will later in the course fail to distinguish between V" and
R™. Most texts adopt the view that points and vectors can be identified so there is no
distinction made between these sets. We also follow that view, however I reserve the right
to use V™ if I wish to emphasize that [ am using vectors.

Definition 2.2.3.

Let e; € R™ be defined by (e;); = d;5. The size of the vector e; is determined by context.
We call e; the i-th standard basis vector.

Example 2.2.4. . .

Definition 2.2.5.

The ij-th standard basis matrix for R ™*" is denoted E;; for 1 <i<mand 1 <j <n.
The matrix E;; is zero in all entries except for the (7, j)-th slot where it has a 1. In other
words, we define (E;;)p = 6i10;i-

Theorem 2.2.6.

Assume A € R ™*" and v € R "*! and define (Eij)r = ;105 and (e;); = d;; as before then,

m n

n
v = Zvnen A= Z Z A”El]
=il =il =1
[e:T A] = row;(A) [Ae;] = col;(A) Aij = (e;)T Ae;

T T
EijEkl = jkEil Eij = 62'6]' €; ej = €; - ej = dij

17
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You can look in my linear algebra notes for the details of the theorem. I'll just expand one point

here: Let A € R ™*™ then

A A
Az Ago

Aln

A2n

Amn
0 01 0 0 0 - 0
0 0 0 0 0 0 - 0

+ A12 + -+ Amn . .

0 Do 0 o 0
0 0 0 0 0 0 1

=AnEn+ApEn+ -+ ApnEnn.

The calculation above follows from repeated mmn-applications of the definition of matrix addition
and another mn-applications of the definition of scalar multiplication of a matrix.

Example 2.2.7. . .
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2.3 linear transformations

We should recall the precise definition of a linear combination: A linear combination of objects
A, Ag, .. Apisasum c1 Al + A+ -+ A = Z,’f:l c;A; where ¢; € R for each i. Essentially,
a vector space is simply a set of objects called ”vectors” for which any linear combination of the
vectors is again in the set. In other words, vectors in a vector space can be added by ”vector
addition” or rescaled by a so-called ”scalar multiplication”. A linear transformation is a mapping
from one vector space to another which preserves linear combinations.

Definition 2.3.1.

Let V, W be vector spaces. If a mapping L : V' — W satisfies
1. L(z +y) = L(x) + L(y) for all z,y € V,

2. L(cx) =cL(z) forallz € V and c € R

then we say L is a linear transformation.

Example 2.3.2. . .

Example 2.3.3. . .

Example 2.3.4. . .
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Definition 2.3.5.

Let L : R™1 — R™X! be a linear transformation, the matrix 4 € R ™*" such that
L(z) = Az for all x € R ™! is called the standard matrix of L. We denote this by

[L] = A or more compactly, [La] = A, we say that L4 is the linear transformation induced
by A.

Example 2.3.6. . .

Example 2.3.7. . .
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Proposition 2.3.8.

Let Vi, V5, V3 be vector spaces and suppose L1 : V3 — V5 and Lo : Vo — V3 are linear
transformations then Lo Ly : V3 — V3 is a linear transformation and if Vi, V5 are column
spaces then [Lgo Lq] = [Lo][L1].

Example 2.3.9. . .

Example 2.3.10. . .

21
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2.4 orthogonal transformations

Orthogonal transformations play a central role in the study of geometry.
Definition 2.4.1.

If 7 : R™! — R™! is a linear transformation such that T(z) - T(y) = x -y for all
xz,y € R™! then we say that T is an orthogonal transformation. The matrix R of
an orthogonal transformation is called an orthogonal matrix and it satisfies RTR = I.
The set of orthogonal matrices is O(n) and the subset of rotation matrices is denoted

SO(n) = {R € O(n)|det(R) = 1}.

The definition above is made so that an orthogonal transformation preserves the lengths of vectors
and the angle between pairs of vectors. Since both of those quantities are defined in terms of the
dot-product it follows that lengths and angles are invariant under a linear transformation since the
dot-product is unchanged. In particular,

IT@)|]> = T(@) - T(x) =x -z =lal* = [[|T()] =]l

Likewise, defining 0 to be the angle between z,y and 67 the angle between T'(x), T(y):

T(z)-T(y) =x-y = ||[T@)||[|T(y)|[cosbr = ||z]|||y|cos @ = cosfr = cosf =

2.5 orthogonal bases

Definition 2.5.1.

A set S of vectors in R "*! is orthogonal iff every pair of vectors in the set is orthogonal.
If S is orthogonal and all vectors in .S have length one then we say S is orthonormal.

It is easy to see that an orthogonal transformation maps an orthonormal set to another orthonormal
set. Observe that the standard basis {eq,e2,...,e,} is an orthonormal set of vectors since e; - e; =
0i;. When I say the set is a basis for R" this simply means that it is a set of vectors which spans
R"™ by finite linear combinations and is also linearly independent. In case you haven’t had linear,

Definition 2.5.2.

1. S = {v1,vy...,v;} is linearly independent iff Zle c;v; = 0 implies ¢; = 0 for
i=1,2,.. .k

2. S={v1,ve...,u;} is spans W iff for each w € W there exist constants wy, wa, . .., wy
k
such that w =7 | w;v;.

3. (B is a basis for a vector space V iff it is a linearly independent set which spans V.
Moreover, if there are n vectors in 5 then we say dim(V) = n.
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In fact, since the dimension of R” is known to be n either spanning or linear independence of a set
of n vectors is a sufficient condition to insure a given set of vectors is a basis for R". In any event,
we can prove that an orthonormal set of vectors is linearly independent. So, to summarize, if we
have a linear transformation 7" we can construct a new orthonormal basis from the standard basis:

T({e1,...,en}) ={T(e1),...T(en)}

Example 2.5.3. In calculus III you hopefully observed (perhaps not in this langauge, but the
patterns were there just waiting to be noticed):

1. a line through the origin is spanned by its direction vector.
2. a plane through the origin is spanned by any two non-paralell vectors that lie in that plane.

3. three dimensional space is spanned by three non-coplanar vectors. For example, 1,7,k span
R3.

2.6 coordinate systems

Definition 2.6.1.

A coordinate system of R" is a set of n functions z; : R — R for ¢ = 1,2,...,n such
that we can invert the equations

a ::Z'i(xl,xg,...,xn) to obtain aBg :l‘i(i‘hi’g,...,xn)

on most of R” In other words, we can group the functions into a coordinate map ® =
T = (Z1,%2,...,%y) and T is a 1-1 correspondance on most of R". We call Z; the j-th
coordinate of the  coordinate system. For a particular coordinate system we also define
the j-th coordinate axis to be the set of points such that all the other coordinates are zero.
If the coordinate axis is a line for each coordinate then the coordinate system is said to be
rectilinear. If the coordinate axis is not a line for all the coordinates then the coordinate
system is said to be curvelinear. If the coordinate axes have orthgonal unit vectors then
the coordinate system is said to be an orthogonal coordinate system. Likewise, if the
coordinate curves of a curvelinear coordinate system have orthogonal tangent vectors at all
points then the curvelinear coordinate system is said to give an orthogonal coordinate
system.

Example 2.6.2. .
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The case of Cartesian coordinates has ® = Id. Conceptually we think of the codomain as a different
space than the domain in general. For example, in the case of polar coordinates on the plane we
have a mapping ® : R? — R? where a circle in the domain becomes a line in the range. The line in
rf space is a representation of the circle in the view of polar coordinates. Students often confuse
themselves by implicitly insisting that the domain and range of the coordinate map are the same
copy of R™ but this is the wrong concept. Let me illustrate with a few mapping pictures:

Example 2.6.3. .

Generally I admit that I'm being a bit vague here because the common useage of the term coordinate
system is a bit vague. Later I'll define a patched manifold and that structure will give a refinement
of the coordinate concept which is unambiguous. That said, common coordinate systems such
as polar, spherical coordinates fail to give coordinates for manifolds unless we add restrictions on
the domain of the coordinate which are not typically imposed in applications. Let me give a few
coordinate systems commonly used in applications so we can constrast those against the coordinate
systems given from orthonormal bases of R".

Example 2.6.4. .
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Example 2.6.5. Consider R? with the usual x,y coordinates, polar coordinates r,0 are given
by the polar radius r = /22 + y? and polar angle § = tan~!(y/z). These are inverted to give
x = rcos(f) and y = rsin(f). Notice that 0 is not well defined along x = 0 if we take the given
formula as the definition. Even so the angle at the origin is not well-defined no matter how you
massage the equations. Polar coordinates are curvelinear coordinates, setting 8 = 0 yields a ray
along the postive z-axis whereas setting r = 0 just yields the origin.

Example 2.6.6. Consider R® with the usual x,y,z coordinates, spherical coordinates p, 0, ¢
are given by spherical radius p = \/22 + y2 + 22, polar angle § = tan~!(y/x) and azimuthial
angle ¢ = cos (z/\/22+y%+ 22). These are inverted to give x = pcos(d)sin(¢) and y =
psin(0)sin(¢) and z = pcos(¢). Even so the angles can’t be well-defined everywhere. The function
of inverse tangent can never return a polar angle in quadrants II or III because range(tan=1) =
(=m/2,7/2). In order to find angles in the quadrants with x < 0 we have to adjust the equations by
hand as we are taught in trigonmetry. Spherical coordinates are also curvelinear, there is no coor-

dinate azis for the spherical radius and the angles have rays rather than lines for their coordinate
azxes.
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Example 2.6.7. Consider R™ with the usual Cartesian coordinates x = (x1,%2,...,zy). If p € R™
then we can write

p=x1€1 + xoeg + -+ - + xpe, = [e1]ea] - - \en][xl,mg,...,:cn]T

Let T be an orthogonal transformation and define a rotated basis f; by [fi|---|fn] = [€1] - |en] R =
R where R € SO(n). Since R'R = I it follows that R™' = RT and so [e1|---|en) = [f1] - - - | fu] RT .
Note that p = [fi|---|fa]RTp. However, the y-coordinates will satisfy p = [fi|--|fnly where
y=[y1,y2,...,yn]". We deduce,

y=RTz.

We find that if we set up a rotated coordinate system where the new basis is formed by rotating the
standard basis by R then the new coordinates relate to the old coordinates by the inverse rotation
RT = R

Let me break down the example in the n = 2 case.
Example 2.6.8. Let {e1,ea} be the standard basis for R?. In invite the reader to check that
R(0) = |:COS€ —sinf

Gind  cosd € SO(2). If our calculation is correct in the previous example the new

coordinate azxes should be obtained from the standard basis by the inverse transformation.
' | | cosf sinb z | | zcosf+ysind
y | | —sinf cosé y | | —xsinf+ycos
The inverse transformations to give x,y in terms of ',y are similar
x| [ cos® —sinf | | 2'cosf —y'sind
y | | sin@ cosé y | | 2’sin@ + 5y cosf
Let’s find the equations of the primed coordinate azes.

1. The y' azis has equation ' = 0 hence © = —y'sin(0) and y = y' cos(0) which yields y =
—cot(f)x fory #0

2. Likewise, the =’ axis has equation y' = 0 hence x = 2/ cos(0) and y = 2’ sin(f) which yields
y = tan(@)z for 2/ # 0.

Therefore the new primed axes are perpendicular to one another and are apparently rotated by angle
0 in the clockwise direction as illustrated below.
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2.7 orthogonal complements

Perhaps you’ve seen part of this Theorem before:

Proposition 2.7.1. Pythagorean Theorem in n-dimensions

If 2,y € R ™! are orthogonal vectors then ||z||*+]||y||* = ||z+y]||*>. Moreover, if 1, x2, ...z}
are orthogonal then

el + llzal? + - + |2kl ? = oy + 22+ - + 2]

The notation W < V' is meant to read ”W is a subspace of V”. A subspace is a subset of a vector
space which is again a vector space with respect to the operations of V'

Proposition 2.7.2. Existence of Orthonormal Basis

If W < R ™! then there exists an orthonormal basis of W

The proof of the proposition above relies on an algorthim called Gram-Schmidt orthogonaliza-
tion. That algorithm allows you to take any set of linearly indepedent vectors and replace it with
a new set of vectors which are pairwise orthogonal.

Example 2.7.3. For the record, the standard basis of R "< is an orthonormal basis and
v=(v-e1)e; + (v-ez)ea+ -+ (v-en)en

for any vector v in R ™1,

Definition 2.7.4.

Suppose Wi, Wy C R ™ ! then we say W, is orthogonal to Wy iff wy - wy = 0 for all
wy, € Wy and we € Wy, We denote orthogonality by writing Wy 1L Wo.

Definition 2.7.5.

Let V be a vector space and Wy, Wo < V. If every v € V can be written as v = wy +w- for a
unique pair of w1 € W1 and wyo € Wy then we say that V' is the direct sum of W; and Ws.
Moreover, we denote the statement ”V is a direct sum of W7 and W5” by V = Wy & Ws.

Proposition 2.7.6.

Let W < R ™*! then
LR™ =WoW.
2. dim(W) + dim(W+) = n,
3. (WhHt=w,
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Basically the cross-product is used in V? to select the perpendicular to a plane formed by two
vectors. The theorem above tells us that if we wished to choose a perpendicular direction for a
2-dimensional plane inside V® then we would have a 5 — 2 = 3-dimensional orthogonal complement
to choose a "normal” for the plane. In other words, the concept of a normal vector to a plane is
not so simple in higher dimensions. We could have a particular plane with two different "normal”

vectors which were orthogonal!

Example 2.7.7. . .

Example 2.7.8. . .

Example 2.7.9. . .



Chapter 3
topology and mappings

We begin this chapter by briefly examining all the major concepts of the metric topology for R".
Then we discuss limits for functions and mappings from using the rigorous € — § formulation. For
this chapter and course a ”function” has range which is a subset of R. In contrast, a mapping has
a range which is in some subset of R for n > 2 if we want to make it interestingﬂ Continuity
is defined and a number of basic theorems are either proved by me or you. Finally I quote a few
important (and less trivial) theorems about topology and mappings in R"™.

3.1 functions and mappings

In this section we disucss basic vocabulary for functions and mappings.

Definition 3.1.1.

Let U CR"™ and V C R then we say that f: U — V is a function iff f(z) assigns a single
value in V for each input x € U. We say a function is single-valued from domain U to
codomain V. We denote dom(f) = U. The range or image of the function is defined by:

range(f) = f(D) ={y € R | 3z € U such that f(z) =y}

We can also say that ” f is a real-valued function of U”.

Example 3.1.2. . .

T generally prefer the term function for a more abstract concept: I would like to say f : A — B is an B-valued
function of A and I don’t make any restriction except that A, B must be sets. Anyhow, I'll try to respect the custom
of calculus for this course because it saves us a lot of talking. I will use the term ”abstract function” if I don’t wish
to presuppose the codmain contains only real numbers.

29
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A mapping is an abstract function with codmain in R"

Definition 3.1.3.

Let U C R™ and V' C R™ then we say that f : U — V is a mapping iff f(z) assigns a
single value in V for each input x € U. We say a f is a single-value mapping from domain
U to codomain V. We mean for dom(f) = U to be read that the domain of f is U. The
range or image of the mapping is the set of all possible outputs: we denote

range(f) = f(D) ={y € R™ | 3z € U such that f(x) =y}

Suppose that * =€ dom(f) and f(x) = (fi(z), fa(x),..., fm(x)) then we say that
fi, fay. .., fm are the component functions of f and f = (f;) = (f1, f2, .- fm)-

In the case m = 1 we find that the concept of a mapping reduces to a plain-old-function.

Example 3.1.4. . .

Definition 3.1.5.

A mapping f: U CR" — V C R™ is said to be injective or 1-1 on S C U iff f(z) = f(y)
implies © = y for all z,y € S. If a mapping is 1-1 on its domain then it is said to be 1-1
or injective. The mapping f is said to be surjective or onto 7' C V iff for each v € T
there exists u € U such that f(u) = v; in set notation we can express: f is onto 7" iff
f(U) =T. A mapping is said to be surjective or onto iff it is onto its codomain. A mapping
is a bijection or 1-1 correspondance of U and V iff f is injective and surjective.

Example 3.1.6. . .
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We can also adjust the domain of a given mapping by restriction and extension.
Definition 3.1.7.

Let f: U CR" — V CR™ be a mapping. If R C U then we define the restriction of f
to R to be the mapping f|gr : R — V where f|r(z) = f(x) for all x € R. If U C S and
V' C T then we say a mapping g : S — T is an extension of f iff g|om ) = f

When I say g¢| dom(f) = J this means that these functions have matching domains and they agree at
each point in that domain; g|gem(s)(z) = f(z) for all z € dom(f). Once a particular subset is chosen
the restriction to that subset is a unique function. Of course there are usually many susbets of
dom(f) so you can imagine many different restictions of a given function. The concept of extension
is more vague, once you pick the enlarged domain and codomain it is not even necessarily the case
that another extension to that same pair of sets will be the same mapping. To obtain uniqueness
for extensions one needs to add more stucture. This is one reason that complex variables are
interesting, there are cases where the structure of the complex theory forces the extension of a
complex-valued function of a complex variable to be unique. This is very surprising.

Example 3.1.8. . .

Definition 3.1.9.

Let my : R™ — U C R™ be a mapping such that 7y(z) = z for all x € U. We say that piy
is a projection onto U. The identity mapping on U C R" is defined by Idy : U — U
with Idy(z) = z for all x € U. We may also denote Idgrn = Id,, = Id where convenient.
The j-th projection function is 7; : R” — R defined by 7j(z1,z2,...,2y) = z;

Notice that every identity map is a projection however not every projection is an identity.

Example 3.1.10. . .
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Definition 3.1.11.

Let f: V CR* > W CR"and g : U C R" - V C R™ are mappings such that
g(U) C dom(f) then fog : U — W is a mapping defined by (f°g)(x) = f(g(z)) for all
x € U. We say f is the outside function and g is the inside function.

Notice that the definition of the composite assumes that the range of the inside function fits nicely
in the domain of the outside function. If domains are not explicitly given then it is customary
to choose the domain of the composite of two functions to be as large as possible. Indeed, the
typical pattern in calculus is that the domain is implicitly indicated by some formula. For example,
g(x) = e i—j has implied domain dom(g) = (—00,4) U (4,00) however if we simply the formula
to give g(x) = e® then the implied domain of R is not correct. Of course we can not make that
simplification unless = # 4. In short, when we do algebra for variables we should be careful to
consider the values which the variables may assume. Often one needs to break a calculation into

cases to avoid division by zero.

Example 3.1.12. . .

Definition 3.1.13.

Let f: U CR"™ — V C R™ be a mapping, if there exists a mapping g : f(U) — U such that
fog=1Idyy) and go f = Idy then g is the inverse mapping of f and we denote g = L.

If a mapping is injective then it can be shown that the inverse mapping is well defined. We define
f~1(y) = x iff f(x) =y and the value x must be a single value if the function is one-one. When a
function is not one-one then there may be more than one point which maps to a particular point
in the range.

Example 3.1.14. . .
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Definition 3.1.15.

Let f:U CR"™ — V C R™ be a mapping. We define a fiber of f over y € range(f) as

FHy={z e Ulf(z) =y}

Notice that the inverse image of a set is well-defined even if there is no inverse mapping. Moreover,
it can be shown that the fibers of a mapping are disjoint and their union covers the domain of the

mapping:
f) #fz) = fHynf =0 U 'y} =dom(f).

y € range(f)

This means that the fibers of a mapping partition the domain.

Example 3.1.16. . .

Definition 3.1.17.

Let f: U CR"” - V C R™ be a mapping. Furthermore, suppose that s : U — U is a
mapping which is constant on each fiber of f. In other words, for each fiber f~!{y} C U
we have some constant u € U such that s(f~'{y}) = u. The subset s~}(U) C U is called a
cross section of the fiber partition of f.

How do we construct a cross section for a particular mapping? For particular examples the details
of the formula for the mapping usually suggests some obvious choice. However, in general if you
accept the axiom of choice then you can be comforted in the existence of a cross section even in
the case that there are infinitely many fibers for the mapping.

Example 3.1.18. . .
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Proposition 3.1.19.

Let f: U CR" - V C R™ be a mapping. The restriction of f to a cross section S
of U is an injective function. The mapping f : U — f(U) is a surjection. The mapping
fls : S — f(U) is a bijection.

The proposition above tells us that we can take any mapping and cut down the domain and/or
codomain to reduce the function to an injection, surjection or bijection. If you look for it you’ll see
this result behind the scenes in other courses. For example, in linear algebra if we throw out the
kernel of a linear mapping then we get an injection. The idea of a local inverse is also important
to the study of calculus.

Example 3.1.20. . .

Definition 3.1.21.

Let f: U CR"™ =V C R™ be a mapping then we say a mapping ¢ is a local inverse of f
iff there exits S C U such that g = (f|g)~!.

Usually we can find local inverses for functions in calculus. For example, f(z) = sin(x) is not 1-1

therefore it is not invertible. However, it does have a local inverse g(y) = sin~!(y). If we were

more pedantic we wouldn’t write sin~'(y). Instead we would write g(y) = (sin |[_77r E])_l(y) since
202

the inverse sine is actually just a local inverse. To construct a local inverse for some mapping we

must locate some subset of the domain upon which the mapping is injective. Then relative to that

subset we can reverse the mapping. The inverse mapping theorem (which we’ll study mid-course)
will tell us more about the existence of local inverses for a given mapping.

Definition 3.1.22.

Let f: U CR" - V3 CRPand g : U; C R"™ — V5, C RY be a mappings then (f,g) is a
mapping from U; to V4 x V5 defined by (f, g)(x) = (f(x), g(z)) for all x € U;.

There’s more than meets the eye in the definition above. Let me expand it a bit here:

(f,g)(x) = (fl(x)?fQ(x)v S 7fp($)7gl($)792($),- o ,gq(:v)) where x = (.%'1,.2172, cee >$n)

You might notice that Edwards uses 7 for the identity mapping whereas I use Id. His notation is
quite reasonable given that the identity is the cartesian product of all the projection maps:

T = (71,72, ..., )

I’ve had courses where we simply used the coordinate notation itself for projections, in that nota-
tion have formulas such as z(a,b,c) = a, z;(a) = a; and x;(e;) = 0j;.
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Example 3.1.23. . .

The constructions thus far in this section have not relied on the particular properties of real
vectors. If you look at the definitions they really only depend on an understanding of sets, points
and subsets. In contrast, the definition given below defines the sum of two mappings, the scalar
product of a mapping and a constant or a function, and the dot-product of two mappings.

Definition 3.1.24.

Let f,g: U CR"™ — R™ be a mappings and ¢ € R and h : U — R a function. We define:
1. f+ g is a mapping from U to R™ where (f + g)(x) = f(z) + g(z) for all x € U.
2. hf is a mapping from U to R™ where (hf)(z) = h(x)f(z) for all z € U.
3. c¢f is a mapping from U to R™ where (cf)(z) = cf(x) for all z € U.

4. f-gis a function of U where (f - g)(z) = f(z) - g(x) for all x € U.

We cannot hope to define the product and quotient of mappings to be another new mapping
because we do not know how to define the product or quotient of vectors for arbitrary dimensions.
In contrast, we can define the product of matrix-valued maps or of complex-valued maps because
we have a way to multiply matrices and complex numbers. If the range of a function allows for
some type of product it generally makes sense to define a corresponding operation on functions
which map into that range.
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Definition 3.1.25.

Let f,g: U CR"™ — C be complex-valued functions. We define:
1. fg is a complex-valued function defined by (fg)(z) = f(z)g(x) for all z € U.

2. If 0 ¢ g(U) then f/g is a complex-valued function defined by (f/g)(z) = f(x)/g(x)
forall z € U.

Example 3.1.26. . .

Definition 3.1.27.

Let AB:UCR—>R™"and X : U CR — R™P be matrix-valued functions and
f:UCR — R. We define:

1. A+ B is a matrix-valued function defined by (A+ B)(z) = A(x)+ B(z) for all x € U.
2. AX is a matrix-valued function defined by (AX)(z) = A(z)B(x) for all x € U.

3. fAis a matrix-valued function defined by (fA)(x) = f(z)A(x) for all z € U.

The calculus of matrices is important to physics and differential equations.

Example 3.1.28. . .
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3.2 elementary topology and limits

In this section we describe the metric topology for R™. In the study of functions of one real variable
we often need to refer to open or closed intervals. The definition that follows generalizes those
concepts to n-dimensions. I have included a short discussion of general topology in the Appendix
if you’d like to learn more about the term.

Definition 3.2.1.

An open ball of radius € centered at a € R™ is the subset all points in R™ which are less
than € units from a, we denote this open ball by

Be(a) ={z e R" | ||z — a|| < €}
The closed ball of radius € centered at a € R™ is likewise defined

Be(a) ={z €R" | ]z —a|| < ¢}

Notice that in the n = 1 case we observe an open ball is an open interval: let a € R,
Ba)={zeR||lz—a||<e}={zeR||z—a| <e}=(a—¢€a+¢)

In the n = 2 case we observe that an open ball is an open disk: let (a,b) € R2,

Be((a,b)) = {(z,y) € R? | || (x,y) — (a,0) || < €} = {(z,9) €R* | V/(z —a)? + (y —b)? < ¢}

For n = 3 an open-ball is a sphere without the outer shell. In contrast, a closed ball in n = 3 is a
solid sphere which includes the outer shell of the sphere.

Definition 3.2.2.

Let D C R™. We say y € D is an interior point of D iff there exists some open ball
centered at y which is completely contained in D. We say y € R" is a limit point of D iff
every open ball centered at y contains points in D — {y}. We say y € R" is a boundary
point of D iff every open ball centered at y contains points not in D and other points which
are in D — {y}. We say y € D is an isolated point of D if there exist open balls about
y which do not contain other points in D. The set of all interior points of D is called the
interior of D. Likewise the set of all boundary points for D is denoted dD. The closure
of D is defined to be D = DU {y € R" | y a limit point}

If you’re like me the paragraph above doesn’t help much until I see the picture below. All the terms
are aptly named. The term ”limit point” is given because those points are the ones for which it is
natural to define a limit.

Example 3.2.3. . .
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Definition 3.2.4.

Let A C R" is an open set iff for each x € A there exists € > 0 such that x € B.(x) and
Bc(z) C A. Let B C R" is an closed set iff its complement R" — B={zx ¢ R" | x ¢ B}
is an open set.

Notice that R — [a,b] = (00, a) U (b, 00). It is not hard to prove that open intervals are open hence
we find that a closed interval is a closed set. Likewise it is not hard to prove that open balls are
open sets and closed balls are closed sets. I may ask you to prove the following proposition in the
homework.

Proposition 3.2.5.

A closed set contains all its limit points, that is A C R” is closed iff A = A.

Example 3.2.6. . .

In calculus I the limit of a function is defined in terms of deleted open intervals centered about the
limit point. We can define the limit of a mapping in terms of deleted open balls centered at the
limit point.

Definition 3.2.7.

Let f: U CR"™ -V C R™ be a mapping. We say that f has limit b € R™ at limit point a
of U iff for each € > 0 there exists a § > 0 such that x € R"™ with 0 < ||z — a|| < § implies
||f(z) —b|| < e. Insuch a case we can denote the above by stating that

lim f(z) =b.

T—a

In calculus I the limit of a function is defined in terms of deleted open intervals centered about the
limit point. We just defined the limit of a mapping in terms of deleted open balls centered at the
limit point. The term "deleted” refers to the fact that we assume 0 < ||z — a|| which means we
do not consider z = a in the limiting process. In other words, the limit of a mapping considers
values close to the limit point but not necessarily the limit point itself. The case that the function
is defined at the limit point is special, when the limit and the mapping agree then we say the
mapping is continuous at that point.

Example 3.2.8. . .
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Definition 3.2.9.

Let f: U CR" - V CR™ be a mapping. If a € U is a limit point of f then we say that f
is continuous at a iff

lim f(z) = f(a)

r—a
If a € U is an isolated point then we also say that f is continous at a. The mapping f is

continous on S iff it is continous at each point in S. The mapping f is continuous iff
it is continuous on its domain.

Notice that in the m = n = 1 case we recover the definition of continuous functions from calc. I.

Proposition 3.2.10.

Let f: U CR® — V C R™ be a mapping with component functions f1, fo,..., f;n hence
f=(f1,fe,---, fm).- If a € U is a limit point of f then

lim f(z) =05 & lim fj(x) = b; for each j =1,2,...,m.

T—a r—a

We can analyze the limit of a mapping by analyzing the limits of the component functions:

Example 3.2.11. . .

The following follows immediately from the preceding proposition.

Proposition 3.2.12.

Suppose that f: U CR™ — V C R™ is a mapping with component functions f1, fo, ..., fin-
Let a € U be a limit point of f then f is continous at a iff f; is continuous at a for
Jj =12,...,m. Moreover, f is continuous on S iff all the component functions of f are
continuous on S. Finally, a mapping f is continous iff all of its component functions are

continuous. .

The proof of the proposition is in Edwards, it’s his Theorem 7.2. It’s about time I proved something.
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Proposition 3.2.13.

‘The projection functions are continuous. The identity mapping is continuous.

Proof: Let ¢ > 0 and choose § = €. If z € R™ such that 0 < ||z — a|| < ¢ then it follows that
||z — al|| < e.. Therefore, lim,_,, z = a which means that lim,_,, Id(x) = Id(a) for all a € R".
Hence Id is continuous on R"™ which means Id is continuous. Since the projection functions are
component functions of the identity mapping it follows that the projection functions are also con-
tinuous (using the previous proposition). [J

Definition 3.2.14.

The sum and product are functions from R? to R defined by

s(ry)=z+y  plz,y) ==y

Proposition 3.2.15.

‘The sum and product functions are continuous.

Preparing for the proof: Let the limit point be (a,b). Consider what we wish to show: given a
point (z,y) such that 0 < ||(z,y) — (a,b)|| < 6 we wish to show that

|s(z,y) — (a+b)] <e  or for the product Ip(z,y) — (ab)| < €
follow for appropriate choices of §. Think about the sum for a moment,
sz, y) = (a+b)[=|z+y—a—-b<|z—a|+|y—b

I just used the triangle inequality for the absolute value of real numbers. We see that if we could
somehow get control of |x — a| and |y — b| then we’d be getting closer to the prize. We have control
of 0 < ||(z,y) — (a,b)|| < & notice this reduces to

(z—a,y—b)l<é = Ve—a)2+@y—b2<s

it is clear that (z — a)? < &2 since if it was otherwise the inequality above would be violated as
adding a nonegative quantity (y —b)? only increases the radicand resulting in the squareroot to be

larger than 6. Hence we may assume (z—a)? < 62 and since § > 0 it follows . Likewise,
ly — bl < d| Thus

Is(z,y) —(a+b)|=|lr+y—a—-0b|<|z—al+|y—b <2§

We see for the sum proof we can choose § = €¢/2 and it will work out nicely.
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Proof: Let ¢ > 0 and let (a,b) € R% Choose § = ¢/2 and suppose (z,y) € R? such that
l|(z,y) — (a,b)|| < d. Observe that

1ey) = @Dl <6 = [z —ay—bIP < = |x—af +ly— b2 < &
It follows |z — a|] < ¢ and |y — b| < §. Thus
5(2,9) — (@ + D) = |e -y —a—b < |z —al+]y—bl <F+5=2=c

Therefore, lim(, ) (ap) $(7,y) = a + b. and it follows that the sum function if continuous at (a, b).
But, (a,b) is an arbitrary point thus s is continuous on R? hence the sum function is continuous. [J.

Preparing for the proof of continuity of the product function: I'll continue to use the same
notation as above. We need to study [p(x,y) — (ab)| = |y — ab| < e. Consider that

|zy — ab| = |zy — ya + ya — ab| = [y(z — a) + a(y — b)| < |y[|z — a| + |al|ly — b]

We know that |x—a| < § and |y—b| < §. There is one less obvious factor to bound in the expression.
What should we do about |y|?. I leave it to the reader to show that:

ly—bl<d = |yl <[o|+7]

Now put it all together and hopefully we’ll be able to ”solve” for e.
|y — ab| =< |yllz — a| +|ally — b < (|b] +6)d + [al6 = 6* + 5(la| + |b]) * =" ¢

I put solve in quotes because we have considerably more freedom in our quest for finding §. We
could just as well find & which makes the ” =” become an <. That said let’s pursue equality,

8 +o(lal+ ) —e—0 o= Al lEV(al+ D7 + e
2

Since e, |al, [b] > 0 it follows that \/(|a] + |b])2 + 4e < \/(|a| + [b])2 = |a|+|b] hence the (+) solution
to the quadratic equation yields a positive § namely:

5 — —lal = 1ol + /(a] + b)* + 4e
2

Yowsers, I almost made this a homework. There may be an easier route. You might notice we have
run across a few little lemmas (I've boxed the punch lines for the lemmas) which are doubtless
useful in other ¢ — § proofs. We should collect those once we're finished with this proof.

Proof: Let € > 0 and let (a,b) € R%. By the calculations that prepared for the proof we know that
the following quantity is positive, hence choose

5 —lal— b+ “;“‘ TR
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Note thatEI7

|y — ab| = |xy — ya + ya — ab| ly(x —a) +a(y — b)| algebra

< |y||z — a| + |al]ly — b triangle inequality
< (|b| +6)d + |ald by the boxed lemmas
= 62+ 6(|a| + |b]) algebra

€

where we know that last step follows due to the steps leading to the boxed equation in the proof
preparation. Therefore, lim(, ), (q ) P(7,y) = ab. and it follows that the product function if con-
tinuous at (a,b). But, (a,b) is an arbitrary point thus p is continuous on R? hence the product
function is continuous. [.

Lemma 3.2.16.

Assume 6 > 0.
1. Ifa,zx € Rthen [z —a| <d§ = |z|<la|+9.

2. If z,a € R" then ||z —al| <6 = |z;—aj]<dforj=1,2,...n.

The proof of the proposition above is mostly contained in the remarks of the preceding two pages.

Example 3.2.17. . .

Zmy notation is that when we stack inequalities the inequality in a particular line refers only to the immediate
vertical successor.
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Proposition 3.2.18.

Let f:V CRP - R™ and g: U CR" — RP be mappings. Suppose that
lim,_,, g(z) = b and suppose that f is continuous at b then

lim (f - g)(z) = f(lim g(x)).

T—a

The proof is in Edwards, see pages 46-47. Notice that the proposition above immediately gives us
the important result below:

Proposition 3.2.19.

Let f and g be mappings such that feg is well-defined. The composite function feog is
continuous for points a € dom(f - g) such that the following two conditions hold:

1. g is continuous at a

2. f is continuous at g(a).

I make use of the earlier proposition that a mapping is continuous iff its component functions are
continuous throughout the examples that follow. For example, I know (Id, Id) is continuous since
Id was previously proved continuous.

Example 3.2.20. Note that if f = pe(Id,Id) then f(z) = (pe(Id,1d))(z) = p((Id,Id)(z)) =
p(z,x) = 2. Therefore, the quadratic function f(x) = 2% is continuous on R as it is the composite

of continuous functions.

Example 3.2.21. Note that if f = po(peo(Id,Id),Id) then f(x) = p(x?,x) = 23. Therefore, the

cubic function f(x) = x> is continuous on R as it is the composite of continuous functions.

Example 3.2.22. The power function is inductively defined by x' = x and ™ = xz" ! for all
n € N. We can prove f(x) = z™ is continous by induction on n. We proved the n = 1 case
previously. Assume inductively that f(z) = 2" is continuous. Notice that

2" = 2" = af(2) = p(a, f(x)) = (pe (Id, ) ().

Therefore, using the induction hypothesis, we see that g(x) = x™ is the composite of continuous
functions thus it is continuous. We conclude that f(x) = x™ is continuous for all n € N.

We can play similar games with the sum function to prove that sums of power functions are
continuous. In your homework you will prove constant functions are continuous. Putting all of
these things together gives us the well-known result that polynomials are continuous on R.
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Proposition 3.2.23.

Let a be a limit point of mappings f,g : U C R® — V C R and suppose ¢ € R. If
lim,_,, f(z) = b1 € R and lim, 4 g(z) = b2 € R then

1. limg o (f(x) + g(z)) = limg_q f(x) + limg—q g(2).
2. limy—q(f(2)9(2)) = (limgma f(2)) (limg—q g(2)).
3. limy o (cf(x)) = climy_yq f(z).

Moreover, if f, g are continuous then f + g, fg and cf are continuous.

Proof: Edwards proves (1.) carefully on pg. 48. I'll do (2.) here: we are given that If lim,_,, f(z) =
b1 € R and lim,_, g(x) = by € R thus by Proposition [3.2.10] we find lim,_o(f, g)(x) = (b1, b2).
Consider then,

limg—q(f(z)g(x)) = lima_a(p(f,9)) defn. of product function
= p(limm_m( 7, g)) since p is continuous
= p(b1,b2) by Proposition [3.2.10]
= biby definition of product function

= (limy g f(2)) (lim,q g(2)).

In your homework you proved that lim,_,, ¢ = ¢ thus item (3.) follows from (2.). [I.

The proposition that follows does follow immediately from the proposition above, however I give a
proof that again illustrates the idea we used in the examples. Reinterpreting a given function as a
composite of more basic functions is a useful theoretical and calculational technique.

Proposition 3.2.24.

Assume f,g: U CR"™ — V C R are continuous functions at a € U and suppose ¢ € R.
1. f 4+ g is continuous at a.
2. fg is continuous at a

3. cf is continuous at a.

Moreover, if f, g are continuous then f + g, fg and cf are continuous.

Proof: Observe that (f + g)(z) = (s°(f,9))(z) and (fg)(x) = (p°(f,g9))(x). We're given that
f, g are continuous at a and we know s, p are continuous on all of R? thus the composite functions
so(f,g) and pe(f,g) are continuous at a and the proof of items (1.) and (2.) is complete. To
prove (3.) I refer the reader to their homework where it was shown that h(z) = cforallz € U is a
continuous function. We then find (3.) follows from (2.) by setting g = h (function multiplication
commutes for real-valued functions). O.
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We can use induction arguments to extend these results to arbitrarily many products and sums of
power functions.To prove continuity of algebraic functions we’d need to do some more work with
quotient and root functions. I’ll stop here for the moment, perhaps I’ll ask you to prove a few more
fundamentals from calculus I. T haven’t delved into the definition of exponential or log functions
not to mention sine or cosine. We will assume that the basic functions of calculus are continuous
on the interior of their respective domains. Basically if the formula for a function can be evaluated
at the limit point then the function is continuous.

It’s not hard to see that the comments above extend to functions of several variables and map-
pings. If the formula for a mapping is comprised of finite sums and products of power func-
tions then we can prove such a mapping is continuous using the techniques developed in this
section. If we have a mapping with a more complicated formula built from elementary func-
tions then that mapping will be continuous provided its component functions have formulas which
are sensibly calculated at the limit point. In other words, if you are willing to believe me that
sin(x), cos(x), €*,In(z), cosh(zx), sinh(x), /=, x%, ... are continuous on the interior of their domains
then it’s not hard to prove:

1
flz,y,2) = <sin(:c) + e 4 y/cosh(x?) + \/y + €, cosh(zyz), we +yz)>

is a continuous mapping at points where the radicands of the square root functions are nonnegative.
It wouldn’t be very fun to write explicitly but it is clear that this mapping is the Cartesian product
of functions which are the sum, product and composite of continuous functions.

Definition 3.2.25.

A polynomial in n-variables has the form:

o0

— .. . 1,92 ik
flx1,22,...,20) = E B, oy T T8 €0 < %

11,82,...,5=0

where only finitely many coefficients ¢;, ;, # 0. We denote the set of multinomials in

n-variables as R(z1,xa, ..., zp).

yeensin

Polynomials are R(z). Polynomials in two variables are R(z,y), for example,

f(z,y) =azx+by deg(f) = 1, linear function
flz,y) =ax+by+c deg(f) =1, affine function
f(z,y) = azx?+bxy + cy? deg(f)=2, quadratic form
f(z,y) =azx? +bry+cy’> +do+ey+g deg(f)=2

If all the terms in the polynomial have the same number of variables then it is said to be ho-
mogeneous. In the list above only the linear function and the quadratic form were homoge-
neous. Returning to the topic of the previous chapter for a moment we should note that a linear
transformation has component functions which are homogeneous linear polynomials: suppose that
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L : R™ — R™ is a linear transformation with matrix A € R ™*™ then in the notation of this chapter
we have L = (L1, Lo, ..., Ly,,) where

Lj(x) = (Ax) cej = Aj1331 + Ajgxg + -+ Ajnl‘n

It is clear that such functions are continuous since they are the sum of products of continuous func-
tions. Therefore, linear transformations are continuous with respect to the usual metric topology
on R".

Remark 3.2.26.

There are other topologies possible for R™. For example, one can prove that
o]l = |v1] + |va| + - -+ + |vn]

gives a norm on R™ and the theorems we proved transfer over almost without change by
just trading || - || for || - [|1. The unit ”ball” becomes a diamond for the 1-norm. There are
many other norms which can be constructed, infinitely many it turns out. However, it has
been shown that the topology of all these different norms is equivalent. This means that
open sets generated from different norms will be the same class of sets. For example, if
you can fit an open disk around every point in a set then it’s clear you can just as well fit
an open diamond and vice-versa. One of the things that makes infinite dimensional linear
algebra more fun is the fact that the topology generated by distinct norms need not be
equivalent for infinite dimensions. There is a difference between the open sets generated by
the Euclidean norm verses those generated by the 1-norm. Incidentally, my thesis work is
mostly built over the 1-norm. It makes the supernumbers happy.

3.3 compact sets and continuous images

It should be noted that the sets R™ and the empty set () are both open and closed (these are the
only such sets in the metric topology, other sets are either open, closed or neither open nor closed).

Theorem 3.3.1.

The mapping f : dom(f) C R® — R™ is continuous iff f~1(U) is open in dom(f) for all
open sets U C R™. Additionally, f is continuous iff f~(U) is closed for each closed set U
in R™.

Notice this theorem makes no explicit reference to the norm. It turns out this theorem is used as
the very definition of continuity in more abstract topological settings.

I leave the proof of the closed case to the reader. I tackel the open case here:

Proof: (=) Suppose f is continuous and U is open in R™ then for each z € U there exists an open
ball B.(z) C U. If z € f~1(U) then there exists y € U such that f(z) =y and hence there exists an
open ball about B,(y) C U. I propose that f~!(B.(y)) is an open subset of f~1(U) which contains
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x. Note that y € Bc(y) thus f(z) = y implies # € f~}(Bc(y)) as according to the definition of
inverse image. We seek to show f~1(Bc(y)) € f~1(U). Suppose v € f~1(Bc(y)). It follows that
there exists w € B¢(y) such that f(w) = v. Note that B(y) C U therefore w € B(y) implies
w € U and sov € f~H(U) as w € U has f(w) = v. We have shown that an arbitrary element in

F~H(Be(y)) is also in f~H(U) hence f~(Be(y)) € f~H(V).

(=) Assume that f~1(U) is open in dom(f) for each open set U C R™. Let a € dom(f). Assume
€ > 0 and note that B.(f(a)) is an open set in R™ therefore f~1(B.(f(a))) is open in dom(f).
Note a € f~Y(B.(f(a))) since f(a) € Bc(f(a)). Thus a is a point in the open set f~(B.(f(a)))
so there exists a § > 0 such that Bs(a) C f~Y(Bc(f(a))) C dom(f). Suppose that z € Bs(a) note
that Bs(a) C f~1(B(f(a))) hence x € f~1(B.(f(a))). It follows that there exists y € B.(f(a))
such that f(x) =y thus ||f(z) — f(a)|| < e. Thus, lim;_,, f(x) = f(a) for each a € dom(f) and we
conclude that f is continuous. []

Definition 3.3.2.

A mapping S from N to R" is called a sequence and we usually denote S(n) = S, for all
n € N. If {a,}5° , is a sequence then we say lim,_,o a, = L iff for each ¢ > 0 there exists
N € N such that for all n > N we have ||a, — L|| < e.

A sequence of vectors is not so different than a sequence of numbers. A sequence in R” is just a list
of vectors instead of a list of numbers and our concept of distance is provided by the norm rather
than the absolute value function.

Example 3.3.3. . .

Definition 3.3.4.

A set C' C R™ is said to be compact iff every sequence of points in C' contains a convergent
subseqgence in C' which converges to a point in C'

The Bolzano-Weierstrauss theorem says that every closed interval is compact. It’s not hard to
see that every closed ball in R™ is compact. I now collect the interesting results from pg. 52 of
Edwards’ text: note that to say a set is bounded simply means that it is possible to surround the
whole set with some sufficiently large open ball.
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Proposition 3.3.5.

—_

. Compact subsets of R" are closed and bounded.
2. Closed subsets of a compact set are compact.
3. The cartesian product of compact sets gives a compact set.

4. A subset of R™ is compact iff it is closed and bounded.

The proof in Edwards is very understandable and the idea of a compact set is really encapsulated
by item (4.).

Proposition 3.3.6.

Let C' be a compact subset of R™ and f : dom(f) — R™ a continuous mapping with
C C dom(f), it follows that f(C') is a compact subset of R™.

The proposition above simply says that the continuous image of compact sets is compact. We
finally come to the real reason I am mentioning these topological theorems in this course.

Proposition 3.3.7.

If D is a compact set in R” and f : D — R is a continuous function then f attains a minimum

and maximum value on D. In other words, there exist at least two points a,b € D such
that f(a) < f(z) < f(b) for all z € D.

Since a closed ball is bounded we have that it is compact and the theorem above tells us that if
we take any continuous function then the image of a closed ball under the continuous function
will have absolute extreme values relative to the closed ball. This result is important to our later
efforts to locate min/max values for functions of several variables. The idea will be that we can
approximate the function locally by a quadratic form and the local extreme values will be found
by evaluating the quadratic form over the unit-n-sphere.

Definition 3.3.8.

Let f: U CR"™ — R™ be a mapping. We say f is uniformly continuous iff for each € > 0
there exists a § > 0 such that x,y € U with ||z — y|| < § we find ||f(z) — f(v)|| <e.

Proposition 3.3.9.

‘If f: C — R is a continuous mapping and C' is compact then f is uniformly continuous.

The Heine-Borel theorem gives a topological refinement of the definition of compactness we gave
earlier in this section. Our definition is equivalent to the following: a compact set is a set for
which every open cover has a finite subcover. An open cover of a set is simply a family
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of open sets whose unions cover the given set. Theorem 8.10 in Edwards states that if we have a
sequence of nested subset in R™ which contains a compact set:

VicVoCcViC... where CCUVn
n=1

then if we go far enough out in the sequence we’ll be able to find V such that C' C V. In other
words, we can find a finite cover for C. The finite-cover definition is prefered in the abstract setting
because it makes no reference to the norm or distance function. In graduate topology you’ll learn
how to think about open sets and continuity without reference to a norm or distance function. Of
course it’s better to use the norm and distance function in this course because not using it would
just result in a silly needless abstraction which made all the geometry opaque. We have an idea of
distance and we’re going to use it in this course.

3.4 continuous surfaces

We are often interested in a subset of R”. A particular subset may be a set of points, a curve, a
two-dimensional surface, or generally a p-dimensional surface for p < m. There are more patho-
logical subsets in general, you might have a subset which is one-dimensional in one sector and
two-dimensional in another; for example, S = ({0} x R) U B1(0) C R%. What dimensionality would
you ascribe to S7 I give the following defintion to help refine our idea of a p-dimensional continuous
surface inside R™.

Definition 3.4.1.

Let S C R™. We say S is continuous surface of dimension p iff there exists a finite
covering of S say Ule V; = S such that V; = ®,;(U;) for a continuous bijection ®; : U; — V;
with continuous inverse and U; homeomorphic to RP for all ©+ = 1,2,...,k. We define
homeomorphic to RP to mean that there exists a continuous bijection with continuous
inverse from U; to RP. In addition, we insist that on the intersections V; NV}, # 0 the
mappings ®;, @, are continuously compatible. If V; NV} # ) then the mappings ®;,
are said to be continuously compatible iff @;1 o®;. is continuous when restricted to
@;1(‘/]- N Vi). Finally we say two subsets V' C R™ and W C R™ are homeomorphic iff
there exists a continuous bijection from V to W and we write V &~ W in this case.

You might expect we could just use bijectivity to define dimension of a subset but there are
some very strange constructions that forbid such simple thinking. For example, Cantor showed
that there is one-one mapping of R onto [0, 1] x [0, 1]-the unit square. The existence of such a
mapping prompts us to state that R and R? share the same cardnality. The concept of cardnality
ignores dimensionality, it purely focuses on the more basic set-theoretic nature of a given set.
Cardnalityﬂ ignores the difference between R and R™. Later Netto showed that such mappings
were not continuous. So, you might be tempted to say that a p-dimensional surface is a continuous

31 have an introductory chapter on this topic in my math 200 notes
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image of RP. However, in 1890 Peano was able to construct a (!!!) continuous mapping of the unit-
interval [0, 1] onto the unit square [0, 1] x [0, 1]. Peano’s construction was not a one-one mapping.
You can gather from these results that we need both bijectivity and continuity to capture our usual
idea of dimensionality. The curves that Cantor and Peano constructed are called space filling
curves. You might look in Han Sagan’s text Space Filling Curves if you’d like to see more on this
topic.

Example 3.4.2. Lines are one-dimensional surfaces. A line in R™ with direction v # 0 € R™
passing through a € R™ has the form L, = {a+tv | t € R}. Note F(t) = a + tv is a continuous
mapping from R into R™. In this silly case we have Uy = R and ®; = Id so clearly @1 is a
continuous bijection and the image F(R) = L, is a continuous one-dimensional surface.

Example 3.4.3. A plane Pin R™ with point a € R™ containing linearly independent vectors
i@, v € R™ has the form P = {a + st +1v | (s,t) € R2}. Notice that F(s,t) = a + sii + tv provides
a continuous bijection from R? to P hence P is a two-dimensional continuous surface in R™.

Example 3.4.4. Suppose that L : R™ — R™ is a linear transformation. I claim that range(L) <
R™ is a continuous surface of dimension rank(L). If the matriz of L is A then the dimension of
the surface L(R) is precisely the number of linearly independent column vectors.

All the examples thus far were examples of flat surfaces. Usually curved surfaces require more
attention.

Example 3.4.5. The open ball of radius one in R™ centered at the origin is homeomorphic to
R™. To prove this assertion we need to provide a continuous bijection with continuous inverse from
B1(0) to R™. A moments thought suggests

x |
&(z) = { [T tan ~5—  x € B1(0) such that x # 0

might work. The idea is that the point x € B1(0) maps to the point which lies along the same

ray eminating from the origin but a distance tan% along the ray. Note that as ||z|| — 1 we

find tan% — o0. This map takes the unit-ball and stretches it to cover R™. It is clear that
® is continuous since each component function of ® is the product and composite of continuous
functions. It is clear that ®(x) = 0 iff x = 0. Thus, to prove 1 — 1 suppose that ®(x) = ®(y) for
x,y € B1(0) such that x,y # 0. It follows that ||®(x)|| = ||®(y)||. Hence,

mllyll

oo mllall _
an = tan
2 2

But z,y € Bi1(0) thus ||z||,||ly|| < 1 so we find 0 < ””;H,ﬂgy" < . Tangent is one-one on

the open interval (0,7/2) hence % = % therefore ||z|| = ||y||. Consider the vector equation

O(x) = D(y), replace ||y|| with ||z|| since we proved they’re equal,
x mllzl] _ oy

tan = tan 7TH:EH
||| 2 ||| 2
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multiply both sides by the nonzero quantity ||z||/ tan % to find v =y. We have shown that ® is
injective. The inverse mapping is given by

<I>_1(v) — Qtan_l(HvH) v

Q [lo]]

for v € R™ such that v # 0 and ®~1(0) = 0. This map takes the vector v and compresses it into the
unit-ball. Notice that the vector length approaches infinitity the inverse maps closer and closer to
the boundary of the ball as the inverse tangent tends to m/2 as its input tends to infinity. I invite
the reader to verify that this is indeed the inverse of ®, you need to show that ®(®~1(v) = v for all
v €R" and ®~1(®(x)) = z for all x € B1(0).

Remark 3.4.6.

The example above gives us license to use open balls as the domains for the mappings
which define a continuous surface. You could call the ®; continuous patches if you wish.
A smooth surface will be defined in terms of smooth patches or perhaps in terms of the
inverse maps (I);lZWhiCh are called coordinate maps. We need to define a few ideas about
differentiability before we can give the definition for a smooth surface. In fact the concept
of a surface and the definition of the derivative in some sense are inseparable. For this
reason I have begun the discussion of surfaces in this chapter.

I assume that the closed unit-ball B;(0) is homeomorphic to R? in the example below. I leave it to
the reader supply proof of that claim.

Example 3.4.7. I claim that the unit-two-sphere S? is a two-dimensional continuous surface in
R3. We define
52 =0B1(0) = {(z,y,2) e R® | 22 +¢y* + 22 =1}

We can write S? = ST U S~ where we define the upper hemisphere ST and the lower hemisphere
S~ in the usual manner:

St ={(z,y,2) € S* | 2 > 0} S~ ={(z,y,2) € S* | 2 <0}
The equator is at the intersection,
E=8"NS" ={(x,y,2) € S}z =0} = S' x {0}
Define mappings 4 : m C R? — S* as follows:
Oy(z,y)=(z, y, £V/1—22—y?)
where (x,y) € R? such that 22 + y? < 1. I claim the inverse mappings are

@il(x,y’z) = ( z, Yy )
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for all (z,y,2) € ST. Let’s check to see if my claim is correct in the (+) case. Let (z,y,z) € ST,
@4.(@_7_1(.’1,',?], Z)) = ®+<$7y) = ( T, Y, 1 —a?— y2 ) - (377.%2’)

since (r,y,z) € ST implies z = /1 —22—y%2. The (-) case is similar. Likewise let (z,y) €
B1(0) C R? and calculate

q):l(q)*(xay)) = ¢:1( T, Y, —V 1—az?— y2 ) = (.’E,y)

It follows that ®4 are bijections and it is clear from their formulas that they are continuous map-
pings. We should check if these are compatible patches. Consider the mapping <I>jr1 o®_. A typical
point in the ® 1 (E) should have the form (z,y) € S* which means x> + y*> = 1, consider then

((I)jrlo(l)f)(x’y):q)jrl(x’y,_ 1—:L‘2—y2):(a:,y)

thus @11 o ®_ s the identity mapping which is continuous. We find that the two-sphere is a con-
tinuous two-dimensional surface.

Example 3.4.8. Let U be homeomorphic to RP. The image of a continuous mapping F' : U — R™
s a p-dimensional continuous surface in R™. In this case compatibility is trivially satisfied.

Remark 3.4.9.

A p-dimensional surface is locally modeled by RP. You can imagine pasting p-space over the
surface. Bijectivity and continuity insure that the pasting is not pathological as in Cantors’
bijective mapping of [0, 1] onto R™ or Peano’s continuous mapping of [0, 1] onto [0, 1] x [0, 1].
In a later chapter we’ll add the criteria of differentiability of the mapping. This will make
the pasting keep from getting crinkled up at a point. For example, a cone is a continuous
surface however it is not a smooth surface due to the point of the cone




Chapter 4

geometry of curves

If the curve is assigned a sense of direction then we call it an oriented curve. A particular curve
can be parametrized by many different paths. You can think of a parametrization of a curve as a
process of pasting a flexible numberline onto the curve.

Definition 4.0.10.

Let C C R"™ be an oriented curve which starts at P and ends at Q. We say that v : [a, b] —
R™ is a smooth non-stop parametrization of C if vy([a,b]) = C, v(a) = P, v(b) = Q,
and v is smooth with +/(¢) # 0 for all ¢ € [a,b]. We will typically call v a path from P to
Q@ which covers the curve C.

I have limited the definition to curves with endpoints however the definition for curves which go
on without end is very similar. You can just drop one or both of the endpoint conditions.

4.1 arclength

Let’s begin by analyzing the tangent vector to a path in three dimensional space. Denote v =
(z,y, z) where x,y, z € C*([a, b],R) and calculate that

/ _dy _ _ dx dy dz

Multiplying by dt yields
V(t)dt = Dt =< & W dz s gy,

The arclength ds subtended from time ¢ to time ¢ + dt is simply the length of the vector ~'(t)dt
which yields,

2 duy 2 2
ds = ||y (t)dt]| = \/fjl—t + T+
You can think of this as the length of a tiny bit of string that is laid out along the curve from
the point 7(t) to the point (¢t 4 dt). Of course this infinitesimal notation is just shorthand for an

explicit limiting processes. If we sum together all the little bits of arclength we will arrive at the
total arclength of the curve. In fact, this is how we define the arclength of a curve. The preceding

93
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discussion was in 3 dimensions but the formulas stated in terms of the norm generalizes naturally
to R™.

Definition 4.1.1.

Let 7 : [a,b] — R™ be a smooth, non-stop path which covers the oriented curve C. The
arclength function of v is a function s, : [a,b] — R where

t
5y = / 17w du

for each t € [a,b]. If 4 is a smooth non-stop path such that ||5/(¢)|| = 1 then we say that ¥
is a unit-speed curve. Moreover, we say 7 is parametrized with respect to arclength.

The arclength function has many special properties. Notice that item (1.) below is actually just
the statement that the speed is the magnitude of the velocity vector.

Proposition 4.1.2.

Let 7 : [a,b] — R™ be a smooth, non-stop path which covers the oriented curve C. The
arclength function of v denoted by s, : [a,b] — R has the following properties:

1. 4 (sy(w)) = 1Y (w)]| %,

2. % 5 0 for all t € (a,b),
3. sy is a 1-1 function,

4. s, has inverse s;l : 5y([a, b]) = [a, b].

Proof: We begin with (1.). We apply the fundamental theorem of calculus:

) = 5 [ I llde= /)%

for all w € (a,b). For (2.), set w = ¢ and recall that ||7/(¢)|| = 0 iff 7/(¢) = 0 however we were
given that ~ is non-stop so 7/(t) # 0. We find ddit” > 0 for all ¢t € (a,b) and consequently the
arclength function is an increasing function on (a,b). For (3.), suppose (towards a contradiction)
that s (z) = s,(y) where a < < y < b. Note that v smooth implies s, is differentiable with
continuous derivative on (a,b) therefore the mean value theorem applies and we can deduce that
there is some point on ¢ € (,y) such that s’ (c) = 0, which is impossible, therefore (3.) follows. If
a function is 1-1 then we can construct the inverse pointwise by simply going backwards for each
point mapped to in the range; s Yx) =y iff s+(y) = x. The fact that s, is single-valued follows
from (3.). O
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If we are given a curve C covered by a path ~ (which is smooth and non-stop but may not be
unit-speed) then we can reparametrize the curve C' with a unit-speed path 7 as follows:

where s Iis the inverse of the arclength function.

Proposition 4.1.3.

If v is a smooth non-stop path then the path 4 defined by 7(s) = ’y(s;l(s)) is unit-speed.

Proof: Differentiate §(t) with respect to ¢, we use the chain-rule,
F(t) = GOv(s5 (1) = (551 (1) (551 (1)

Hence 7/'(t) = +/(s5 l(t))%(s,; L(t)). Recall that if a function is increasing on an interval then its

inverse is likewise increasing hence, by (2.) of the previous proposition, we can pull the positive
constant %(sil(t)) out of the norm. We find, using item (1.) in the previous proposition,

15/ O = [ (53 @)1 (57 (1) = G (sy(s57 (1) = & (1) = 1.

Therefore, the curve 7 is unit-speed. We have ds/dt = 1 when ¢t = s (this last sentence is simply a
summary of the careful argument we just concluded). OJ

Remark 4.1.4.

While there are many paths which cover a particular oriented curve the unit-speed path is
unique and we’ll see that formulas for unit-speed curves are particularly simple.

Example 4.1.5. .
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4.2 vector fields along a path

Definition 4.2.1.

Let C' C R? be an oriented curve which starts at P and ends at ). A vector field along
the curve C is a function from C' — V3. You can visualize this as attaching a vector to
each point on C.

The tangent (T), normal(N) and binormal (B) vector fields defined below will allow us to identify
when two oriented curves have the same shape.

Example 4.2.2. .

Definition 4.2.3.

Let 7 : [a,b] — R3 be a path from P to @ in R3. The tangent vector field of v is a
mapping T : [a,b] — V3 defined by

for each t € [a,b]. Likewise, if T"(t) # 0 for all ¢ € [a, b] then the normal vector field of
7 is a mapping N : [a,b] — V3 defined by

NG = [T O

for each ¢ € [a,b]. Finally, if T'(¢t) # 0 for all ¢ € [a, b] then the binormal vector field of
7 is defined by B(t) = T'(t) x N(t) for all ¢ € [a, ]

Example 4.2.4. Let R > 0 and suppose y(t) = (Rcos(t), Rsin(t),0) for 0 < t < 27. We can
calculate
7' (t) =< —Rsin(t), Rcos(t),0 > = |7/ (t)|| = R.

Hence T(t) =< —sin(t),cos(t),0 > and we can calculate,

T'(t) =< —cos(t), —sin(t),0 > = ||T'(t)]| = 1.
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Thus N(t) =< —cos(t), —sin(t),0 >. Finally we calculate the binormal vector field,

B(t) =T(t) x N(t) = [—sin(t)e; + cos(t)ea] x [— cos(t)e; — sin(t)es]
= [sin?(t)e; x eg — cos?(t)ea X e;
= [sin?(¢) + cos?(t)]e1 x ez

3 =< 0,0,1 >

Notice that T-N = N -B =T -B = 0. For a particular value of t the vectors {T(t), N(t), B(t)}
give an orthogonal set of unit vectors, they provide a comoving frame for ~. It can be shown that
the tangent and normal vectors span the plane in which the path travels for times infintesimally
close to t. This plane is called the osculating plane. The binormal vector gives the normal to the
osculating plane. The curve considered in this example has a rather boring osculating plane since
B s constant. This curve is just a circle in the xy-plane which is traversed at constant speed.

Example 4.2.5. Notice that s,(t) = Rt in the preceding example. It follows that
7(s) = (Rcos(s/R), Rsin(s/R),0) for 0 < s < 27R is the unit-speed path for curve.
We can calculate

7' (s) =< —sin(s/R),cos(s/R),0 > = |7/ (s)]| = 1.

Hence T(s) =< —sin(s/R), cos(s/R),0 > and we can also calculate,
T'(s) = % < —cos(s/R), —sin(s/R),0> = ||T"(t)|| = 1/R.
Thus N(s) =< — cos(s/R), —sin(s/R),0 >. Note B=T x N =< 0,0,1 > as before.

Example 4.2.6. Let m, R > 0 and suppose y(t) = (Rcos(t), Rsin(t), mt) for 0 <t <2mx. We can
calculate

7' (t) =< —Rsin(t), Rcos(t),m > = ||/ (t)|| = V RZ + m2.

Hence T(t) = ﬁ < —Rsin(t), Rcos(t),m > and we can calculate,

T'(t) = \/ﬁ < —Rcos(t), —Rsin(t),0 > = ||T'(t)|| = ﬁ.

Thus N(t) =< —cos(t), —sin(t),0 >. Finally we calculate the binormal vector field,

B(t)=T(t) x N(t) = ﬁ[—Rsin(t)el + Rcos(t)ea + mes] x [— cos(t)e; — sin(t)es]

= ﬁ < msin(t), —mcos(t), R >
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We again observe that T-N = N-B =T - B = 0. The osculating plane is moving for this curve,
note the t-dependence. This curve does not stay in a single plane, it is not a planar curve. In fact
this is a circular heliz with radius R and slope m. .

Example 4.2.7. Lets reparametrize the heliz as a unit-speed path. Notice that s,(t) =tV R? + m?
thus we should replace t with s/v/R? +m? to obtain (s). Let a = 1/vV R?* +m? and
7(s) = (Rcos(as), Rsin(as),ams) for 0 < s < 27V R? +m?. We can calculate

7' (s) =< —Rasin(as), Racos(as),am > = ||¥(s)|]| = av R2+m2 = 1.
Hence T(s) = a < —Rsin(as), Rcos(as),m > and we can calculate,

T’(s) = Ra® < —cos(as), —sin(as),0 > = |\f’(s)|| = Ra® = ﬁ.

Thus N(s) =< — cos(as), —sin(as),0 >. Next, calculate the binormal vector field,

B(s) =T(s) x N(s) =a < —Rsin(as), Rcos(as),m > x < —cos(as), — sin(as),0 >

m < msin(as), —mcos(as), R >

Hopefully you can start to see that the unit-speed path shares the same T, N, B frame at arclength
s as the previous example with t = s/v/ R? + m?.

4.3 Frenet Serret equations

We now prepare to prove the Frenet Serret formulas for the T, N, B frame fields. It turns out that
for nonlinear curves the T, N, B vector fields always provide an orthonormal frame. Moreover, for
nonlinear curves, we’ll see that the torsion and curvature capture the geometry of the curve.
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Proposition 4.3.1.

If v is a path with tangent, normal and binormal vector fields T, N and B then
{T(t),N(t), B(t)} is an orthonormal set of vectors for each ¢t € dom(v).

Proof: It is clear from B(t) = T'(t) x N(t) that T'(t) - B(t) = N(t) - B(t) = 0. Furthermore, it is
also clear that these vectors have length one due to their construction as unit vectors. In particular
this means that 7'(t) - T'(t) = 1. We can differentiate this to obtain ( by the product rule for
dot-products)

T@#)-Tt)+T(t)-T'(t)=0 = 2T@)-T'(t)=0

(t
Divide by ||T"(t)|| to obtain T'(t) - N(t) = 0. O

We omit the explicit t-dependence for the dicussion to follow here, also you should assume the
vector fields are all derived from a particular path . Since T, N, B are nonzero and point in three
mutually distinct directions it follows that any other vector can be written as a linear combination
of TN, B. This meansﬂ if v € V3 then there exist ¢1,co,c3 such that v = ;T + o N + ¢3B.
The orthonormality is very nice because it tells us we can calculate the coefficients in terms of
dot-products with T, N and B:

"U:(flT“l‘CQN"_CgB = cg=v-T,ca=v-N,cg=v-B

We will make much use of the observations above in the calculations that follow. Suppose that

T' = 1T + c12N + ¢13B
N' = 1T + cooN + c93B
B = c31T + c3aN + c33B.

We observed previously that 77 - T = 0 thus ¢;; = 0. It is easy to show N'- N =0and B'- B=0
thus c99 = 0 and c33. Furthermore, we defined N = ﬁT' hence ¢13 = 0. Note that

T = c1oN = HCYIVQHT/ = Cl12 = ||T/||

To summarize what we’ve learned so far:

T/ = 012N
N' = 1T + c23B
B = 031T + C32N.

We’d like to find some condition on the remaining coefficients. Consider that:

B=TxN = B =T xN+TxN' a product rule
= B =[c1aN]| x N+ T X [e1T + ¢23B] using previous eqn.
= B' =cx3T xB noted Nx N=TxT =0
= B' = —cy3N you can show N = B x T.
= 3117 4+ c39N = —co3N refer to previous eqn.
= c¢31 = 0 and c39 = —co3. using LI of {T, N}

You might recognize [v]s = [c1, 2, c3]T as the coordinate vector with respect to the basis 8 = {T, N, B}
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We have reduced the initial set of equations to the following;:

T’ = 012N
N' = CQlT + CQSB
B = —623N.

The equations above encourage us to define the curvature and torsion as follows:

Definition 4.3.2.

Let C be a curve which is covered by the unit-speed path ¥ then we define the curvature x
and torsion 7 as follows:

dT dB ~
= —_— = N 9
9=|%| ©=--% 7
One of your homework questions is to show that co; = —c12. Given the result you will prove in the

homework we find the famous Frenet-Serret equations:

dT _ .~ dN _ & ~ dB _ 77
E—HN rr /iT"‘TB ds = TN.

We had to use the arclength parameterization to insure that the formulas above unambiguously
define the curvature and the torsion. In fact, if we take a particular (unoriented) curve then there
are two choices for orienting the curve. You can show that that the torsion and curvature are
independent of the choice of orientation. Naturally the total arclength is also independent of the
orientation of a given curve.

Curvature, torsion can also be calculated in terms of a path which is not unit speed. We simply
replace s with the arclength function s,(t) and make use of the chain rule. Notice that dF/dt =
(ds/dt)(dF /ds) hence,

dl _ dsdT dN _ dsdN dB _ dsdB

dt — dtds® dt — dt ds® dt dt ds

Or if you prefer, use the dot-notation ds/dt = $ to write:

1dI' _ dI 1dN _ dN 1dB _ dB
sdt — ds’ sdt T ds’ sdt T ds

Substituting these into the unit-speed Frenet Serret formulas yield:

dT _ dN _ . : dB _ _ ¢
G skIN o= skT + sTB = STN.

where f(sw(t)) =T(t), N(sv(t)) N( ) and B(sv( )) = B(t). Likewise deduc that

1/dB
—=|— N
H 5 ( dt ®)
*I'm using the somewhat ambiguous notation x(t) = s(s~(t)) and 7(t) = 7(s,(t)). We do this often in applications
of calculus. Ask me if you'd like further clarification on this point.
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4.4 curvature, torsion and the osculating plane

In the preceding section we saw how the calculus and linear algebra suggest we define curvature
and torsion. We now stop to analyze the geometric meaning of those definitions.

4.4.1 curvature

Let use begin with the curvature. Assume ~ is a non-stop smooth path,

drl

k= —<||—

5 || dt
Infinitesimally this equation gives ||dT|| = ksdt = m%dt = kds. But this is a strange equation
since ||T|| = 1. So what does this mean? Perhaps we should add some more detail to resolve this

puzzle; let dT' = T'(t + dt) — T'(t).

Notice that
[dT||? = [T(t+dt)—T@)]-[T(t+dt) —T(t)
=T(t+dt)- T(t+dt)+T() T(
=T(t+dt)-T(t +dt) + T(t) - T(t
— 2(1 — cos(9))
where we define ¢ to be the angle between T'(t) and T'(¢t + dt). This angle measures the change

in direction of the tangent vector at ¢t goes to t 4+ dt. Since this is a small change in time it is
reasonable to expect the angle ¢ is small thus cos(¢) ~ 1 — %d)Q and we find that

1471 = V/2(1 = cos(¢) = \/2(1 = 1+ 5¢?) = V/¢? = ||

d
Therefore, ||dT'|| = kds = |¢| and we find |k = + 25

d¢

Remark 4.4.1.

The curvature measures the infinitesimal change in the direction of the unit-tangent vector
to the curve. We say the the reciprocal of the curvature is the radius of curvature r = %
This makes sense as ds = |1/k|d¢ suggests that a circle of radius 1/k fits snuggly against
the path at time t. We form the osculating circle at each point along the path by
placing a circle of radius 1/k tangent to the unit-tangent vector in the plane

with normal B(t). We probably should draw a picture of this.
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4.4.2 osculating plane and circle

It was claimed that the ”infinitesimal” motion of the path resides in a plane with normal B. Suppose
that at some time ¢, the path reaches the point v(t,) = P,. Infinitesimally the tangent line matches
the path and we can write the parametric equation for the tangent line as follows:

1(t) = ~(to) + t7(to) = P, + tv,T,

where we used that /(t) = §T'(t) and we evaluated at t = t, to define 5(¢,) = v, and T'(t,) = T,.
The normal line through P, has parametric equations (using N, = N(t,)):

n(\) = P, + AN,

We learned in the last section that the path bends away from the tangent line along a circle whose
radius is 1/k,. We find the infinitesimal motion resides in the plane spanned by T, and N, which
has normal T}, X N, = B(t,). The tangent line and the normal line are perpendicular and could be
thought of as a xy-coordinate axes in the osculating plane. The osculating circle is found with its
center on the normal line a distance of 1/k, from P,. Thus the center of the circle is at:

QO:PO_%ONO

I’ll think of constructing z,y, z coordinates based at P, with respect to the T,, N,, B, frame. We
suppose 7 be a point on the osculating circle and z,y, z to be the coefficients in ¥ = P, + xT, +
yN, + zB,. Since the circle is in the plane based at P, with normal B, we should set z = 0 for our
circle thus ¥ = 2T 4+ yN.

F=QolP =% = |oTo+ @+ NP =%

Therefore, by the pythagorean theorem for orthogonal vectors, the x,y, z equations for the oscu-
lating circle are simplyﬂ :

2+ (y+ )’ =g 2=0.

30f course if we already use x,y, z in a different context then we should use other symbols for the equation of the
osculating circle.
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Finally, notice that if the torsion is zero then the Frenet Serret formulas simplify to:

ar _ . dN _ _ ¢ dB _
%—SI{N = skT T =0.

we see that B is a constant vector field and motion will remain in the osculating plane. The change
in the normal vector causes a change in the tangent vector and vice-versa however the binormal
vector is not coupled to T or N.

Remark 4.4.2.

The torsion measures the infinitesimal change in the direction of the binormal vector relative
to the normal vector of the curve. Because the normal vector is in the plane of infinitesimal
motion and the binormal is perpendicular to that plane we can say that the torsion measures
how the path lifts or twists up off the plane of infinitesimal motion. Furthermore, we can
expect path which is trapped in a particular plane (these are called planar curves) will
have torsion which is identically zero. We should also expect that the torsion for something
like a helix will be nonzero everywhere since the motion is always twisting up off the plane
of infinitesimal motion. It is probable you will examine these questions in your homework.

4.5 acceleration and velocity

Let’s see how the preceding section is useful in the analysis of the motion of physical objects. In the
study of dynamics or the physics of motion the critical objects of interest are the position, velocity
and acceleration vectors. Once a force is supplied we can in principle solve Newton’s Second Law
F = mA and find the equation of motion 7 = 7(t). Moreover, since the map ¢ — 7(t) is a path
we can analyze the velocity and acceleration in terms of the Frenet Frame {7, N, B}. To keep it
interesting we’ll assume the motion is non-stop and smooth so that the analysis of the last section
applies.

(for now the next two pages are stolen from a course I took from Dr. R.O. Fulp some years
back)
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Chapter 5

Euclidean structures and physics

Although much was known about the physical world prior to Newton that knowledge was highly
unorganized and formulated in such a way that is was difficult to use and understandm The advent
of Newton changed all that. In 1665-1666 Newton transformed the way people thought about
the physical world, years later he published his many ideas in ” Principia mathematica philosphiae
naturalia” (1686). His contribution was to formulate three basic laws or principles which along
with his universal law of gravitation would prove sufficient to derive and explain all mechanical
systems both on earth and in the heavens known at the time. These basic laws may be stated as
follows:

1. Newton’s First Law: Every particle persists in its state of rest or of uniform
motion in a straight line unless it is compelled to change that state by impressed forces.

2. Newton’s Second Law: The rate of change of motion is proportional to the
motive force impressed; and is made in the direction of the straight line in which that
force is impressed.

3. Newton’s Third Law: To every action there is an equal reaction; or the mu-
tual actions of two bodies upon each other are always equal but oppositely directed.

Until the early part of the last century Newton’s laws proved adequate. We now know, however
that they are only accurate within prescribed limits. They do not apply for things that are very
small like an atom or for things that are very fast like cosmic rays or light itself. Nevertheless
Newton’s laws are valid for the majority of our common macroscopic experiences in everyday life.

"What follows is borrowed from Chapter 6 of my Mathematical Models in Physics notes which is turn borrowed
from my advisor Dr. R.O. Fulp’s notes for Math 430 at NCSU. I probably will not cover all of this in lecture but I
thought it might be interesting to those of you who are more physically minded. I have repeated some mathematical
definitions in this chapter in the interest of making this chapter more readable. This chapter gives you an example
of the practice of Mathematical Physics. One common idea in Mathematical Physics is to take known physics and
reformulate it in a proper mathematical context. Physicists don’t tend to care about domains or existence so if we
are to understand their calculations then we need to do some work in most cases.
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It is implicitly presumed in the formulation of Newton’s laws that we have a concept of a straight
line, of uniform motion, of force and the like. Newton realized that Euclidean geometry was a
necessity in his model of the physical world. In a more critical formulation of Newtonian mechanics
one must address the issues implicit in the above formulation of Newton’s laws. This is what
we attempt in this chapter, we seek to craft a mathematically rigorous systematic statement of
Newtonian mechanics.

5.1 Euclidean geometry

Note: we abandon the more careful notation of the previous chapters in what follows.
In a nutshell we are setting R? = V3, this is usually done in physics. We can identify
a given point with a vector that eminates from the origin to the point in question. It
will be clear from the context if a point or a vector is intended.

Nowadays Euclidean geometry is imposed on a vector space via an inner product structure. Let
x1, %2, 3, Y1, Y2, Y3, ¢ € R. As we discussed R? is the set of 3-tuples and it is a vector space with
respect to the operations,

(w1, 22, 23) + (Y1, Y2, ¥3) = (1 + Y1, 22 + Y2, 23 + ¥3)

c(xq, 2, x3) = (cx1, cx2, CT3)

where x1, x2, T3, Y1, Y2, y3, ¢ € R. Also we have the dot-product,

(1,22, 23) - (Y1,Y2,Y3) = T1y1 + T2y + T3Y3

from which the length of a vector x = (1,2, 73) € R3 can be calculated,
lz| = Vo -z =\/2? + 2% + 23
meaning |z|? = x - 2. Also if 2,y € R3 are nonzero vectors then the angle between them is defined

by the formula,
9:cos_1(x'y>
|z ly]

In particular nonzero vectors x and y are perpendicular or orthogonal iff 8 = 90° which is so iff
cos(f) = 0 which is turn true iff x - y = 0.

Definition 5.1.1.

A function L : R?> — R3 is said to be a linear transformation if and only if there is a
3 x 3 matrix A such that L(z) = Az for all x € R3. Here Az indicates multiplication by
the matrix A on the column vector x
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Definition 5.1.2.

An orthogonal transformation is a linear transformation L : R? — R? which satisfies
L) Liy) =2y

for all 2,y € R3. Such a transformation is also called an linear isometry of the Euclidean
metric.

The term isometry means the same measure, you can see why that’s appropriate from the following,
L(@)* = L(z) - L(z) =z - & = |z

for all z € R3. Taking the square root of both sides yields | L(z)| = |x|; an orthogonal transformation
preserves the lengths of vectors in R3. Using what we just learned its easy to show orthogonal
transformations preserve angles as well,

_ L@=@)-Lly) _x-y

[L(@)[|L(y)]  |=llyl
Hence taking the inverse cosine of each side reveals that the angle 67 between L(z) and L(y) is
equal to the angle 6 between x and y; 07 = 0. Orthogonal transformations preserve angles.

Definition 5.1.3.

cos(fr)

= cos(0)

We say [ C R3 is a line if there exist a,v € R3 such that

I={zeR™" |z=a+tv, teR}.

Proposition 5.1.4.

If L is an orthonormal transformation then L(l) is also a line in R3.

To prove this we simply need to find new a’ and v’ in R? to demonstrate that L(l) is a line. Take
a point on the line, x € [

L(z)

L(a+ tv)
L(a) +tL(v)
thus L(z) is on a line described by x = L(a) 4+ tL(v), so we can choose ¢’ = L(a) and v/ = L(v) it
turns out; L(l) = {z € R | z = o/ + tv'}.

(5.1)

If one has a coordinate system with unit vectors %, 3, k along three mutually orthogonal axes then an
orthogonal transformation will create three new mutually orthogonal unit vectors L(i) = ¢/, L(j) =
7, L(l%) = k' upon which one could lay out new coordinate axes. In this way orthogonal transfor-
mations give us a way of constructing new "rotated” coordinate systems from a given coordinate
system. Moreover, it turns out that Newton’s laws are preserved ( have the same form ) under
orthogonal transformations. Transformations which are not orthogonal can greatly distort the form
of Newton’s laws.
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Remark 5.1.5.

If we view vectors in R? as column vectors then the dot-product of = with y can be written

as x -y = xly for all z,y € R3. Recall that z” is the transpose of z, it changes the column

vector  to the corresponding row vector z” .

Let us consider an orthogonal transformation L : R® — R? where L(z) = Az. What condition on
the matrix A follows from the the L being an orthogonal transformation ?

L) Lly) =x-y <= (Az)T(Ay) =aTy
= z1(ATA)y = 2Ty
— 2T (AT Ay = 271y
— z1(ATA-T)y=0.

(5.2)

But 27 (ATA —I)y =0 for all z,y € R3 iff ATA—T=0o0r ATA=1. Thus L is orthogonal iff its
matrix A satisfies AT A = I. This is in turn equivalent to A having an inverse and A=t = AT,

Proposition 5.1.6.

The set of orthogonal transformations on R? is denoted O(3). The operation of function
composition on O(3) makes it a group. Likewise we also denote the set of all orthogonal
matrices by O(3),

0(B)={AcR¥>3 | ATA=1T}

it is also a group under matrix multiplication.

Usually we will mean the matrix version, it should be clear from the context, it’s really just a
question of notation since we know that L and A contain the same information thanks to linear
algebra. Recall that every linear transformation L on a finite dimensional vector space can be
represented by matrix multiplication of some matrix A.

Proposition 5.1.7.

The set of special orthogonal matrices on R? is denoted SO(3),
SO(3) = {A cR¥3 | ATA =T and det(A) = 1}

it is also a group under matrix multiplication and thus it is a subgroup of O(3). It is shown
in standard linear algebra course that every special orthogonal matrix rotates R? about
some line. Thus, we will often refer to SO(3) as the group of rotations.

There are other transformations that do not change the geometry of R?,

Definition 5.1.8.

A translation is a function 7' : R? — R3 defined by T'(x) = x + v where v is some fixed
vector in R? and x is allowed to vary over R3.
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Clearly translations do not change the distance between two points z,y € R3,
|T(x) —T(y)| = |z +v—(y—v)| =|r—y| = distance between z and y.

Also if x,y, z are points in R? and 6 is the angle between y — z and z — z then 6 is also the angle
between T'(y) — T'(x) and T(z) — T'(z). Geometrically this is trivial, if we shift all points by the
same vector then the difference vectors between points are unchanged thus the lengths and angles
between vectors connecting points in R3 are unchanged.

Definition 5.1.9.

A function ¢ : R? — R3 is called a rigid motion if there exists a vector » € R? and a
rotation matrix A € SO(3) such that ¢(x) = Az + r.

A rigid motion is the composite of a translation and a rotation therefore it will clearly preserve
lengths and angles in R3. So rigid motions are precisely those transformations which preserve
Euclidean geometry and consequently they are the transformations which will preserve Newton’s
laws. If Newton’s laws hold in one coordinate system then we will find Newton’s laws are also valid
in a new coordinate system iff it is related to the original coordinate system by a rigid motion. We
now proceed to provide a careful exposition of the ingredients needed to give a rigorous formulation
of Newton’s laws.

Definition 5.1.10.

We say that £ is an Euclidean structure on a set S iff £ is a family of bijections from S
onto R3 such that,

(1.) X,Y € & then X o Y~ ! is a rigid motion.

(2.) if X € £ and ¢ is a rigid motion then po X € &.

Also a Newtonian space is an ordered pair (S,€) where S is a set and £ is an Euclidean
structure on S.

Notice that if X, € & then there exists an A € SO(3) and a vector r € R? so that we have
X(p) = AY(p) + r for every p € S. Explicitly in cartesian coordinates on R? this means,

[X1(p), Xa(p), Xa(p)]" = AV1(p), Ya(p), Vs(p)]" + [r1,72,73]" .

Newtonian space is the mathematical model of space which is needed in order to properly formulate
Newtonian mechanics. The first of Newton’s laws states that an object which is subject to no forces
must move along a straight line. This means that some observer should be able to show that the
object moves along a line in space. We take this to mean that the observer chooses an inertial
frame and makes measurements to decide wether or not the object executes straight line motion
in the coordinates defined by that frame. If the observations are to be frame independent then the
notion of a straight line in space should be independent of which inertial coordinate system is used
to make the measurements. We intend to identify inertial coordinate systems as precisely those
elements of £. Thus we need to show that if [ is a line as measured by X € £ then [ is also a line
as measured by Y € £.
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Definition 5.1.11.

Let (S,&) be a Newtonian space. A subset [ of S is said to be a line in S iff X(/) is a line
in R? for some choice of X € &.

The theorem below shows us that the choice made in the definition above is not special. In fact our
definition of a line in S is coordinate independent. Mathematicians almost always work towards
formulating geometry in a way which is independent of the coordinates employed, this is known as
the coordinate free approach. Physicists in contrast almost always work in coordinates.

Theorem 5.1.12.

If [ is a line in a Newtonian space (S, &) then )(I) is a line in R3 for every ) € &.

Proof: Because [ is a line in the S we know there exists X € £ and X/(I) is a line in R3. Let Y € £
observe that,

V(1) = (YoXoX)(l) = (Vo x™)(X(1)).

Now since X,) € £ we have that Yo X~ lis a rigid motion on R3. Thus if we can show that rigid
motions take lines to lines in R? the proof will be complete. We know that there exist A € SO(3)
and r € R3 such that (Yo X 1)(z) = Az +7r. Let 2 € X(I) = {z e R® |z =p+1tq t €
R and p,q are fixed vectors in R3}, consider

(YoXH(z) =Ax+r
=A(p+tq) +r
= (Ap+r) +tAq
=p +tq letting p’ = Ap + r and ¢’ = Ag.

(5.3)

The above hold for all x € X(1), clearly we can see the line has mapped to a new line Y(I) = {z €
R? | 2 = p' +t¢ ,t € R}. Thus we find what we had hoped for, lines are independent of the frame
chosen from & in the sense that a line is always a line no matter which element of £ describes it.

Definition 5.1.13.

An observer is a function from an interval I C R into £. We think of such a function
X : I — & as being a time-varying coordinate system on S. For each ¢t € I we denote X (t)
by X; ; thus &; : S — R3 for each t € I and X;(p) = [Xy1(p), Xia(p), Xiz(p)] for all p € S.

Assume that a material particle or more generally a ”point particle” moves in space S in such a
way that at time ¢ the particle is centered at the point v(¢). Then the mapping v : I — S will be
called the trajectory of the particle.
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Definition 5.1.14.

Let us consider a particle with trajectory v : I — S. Further assume we have an observer
X : I — & with t — A} then:

(1.) Xi(v(t)) is the position vector of the particle at time ¢ € I relative to the observer X.

(2.) %[Xt('y(t))]\t:to is called the velocity of the particle at time t, € I relative
to the observer X, it is denoted vy (t,).

(3.) %[Xt(y(t))]\t:to is called the acceleration of the particle at time t, € I
relative to the observer X, it is denoted ax(t,).

Notice that position, velocity and acceleration are only defined with respect to an observer. We
now will calculate how position, velocity and acceleration of a particle with trajectory v : 1 — S
relative to observer Y : I — £ compare to those of another observer X : I — £. To begin we note
that each particular ¢ € I we have X}, ), € € thus there exists a rotation matrix A(t) € SO(3) and
a vector v(t) € R? such that,

Vi(p) = A(t)Xi(p) +r(t)

for all p € S. As we let t vary we will in general find that A(¢) and r(t) vary, in other words we
have A a matrix-valued function of time given by ¢ — A(t) and r a vector-valued function of time
given by ¢ — r(t). Also note that the origin of the coordinate coordinate system X (p) = 0 moves
to Y(p) = r(t), this shows that the correct interpretation of r(t) is that it is the position of the old
coordinate’s origin in the new coordinate system. Consider then p = ~(t),

(V(0(#) = A X (v(1) + (1) ] (5.4)

this equation shows how the position of the particle in X coordinates transforms to the new position
in Y coordinates. We should not think that the particle has moved under this transformation,
rather we have just changed our viewpoint of where the particle resides. Now move on to the
transformation of velocity, (we assume the reader is familiar with differentiating matrix valued
functions of a real variable, in short we just differentiate component-wise)

[Y(r(1))]
= [AD]X (v (1) + AW GIX (Y ()] + & r(2)]
= A(t)X(v(1) + A)ox () + /(1)

Recalling the dot notation for time derivatives and introducing vy = & o7,

oy(t) = %
i

vy = Ayy 4+ Avy + 7. (5.6)

We observe that the velocity according to various observes depends not only on the trajectory itself,
but also the time evolution of the observer itself. The case A = I is more familiar, since A = 0 we
have,

vyZIU)(—i-T":U)(—i-T". (5.7)
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The velocity according to the observer ) moving with velocity 7 relative to A is the sum of the
velocity according to X and the velocity of the observer ). Obviously when A # I the story is
more complicated, but the case A = I should be familiar from freshman mechanics.

Now calculate how the accelerations are connected,

ay(t) = ‘ff [V (@)

= 3 [A' ()40 (1) + A(t)ox (t) + /(1) (5.8)
= A"()X(y(1) + A1) § [ (v ()] + A (v (t) + A()  [va (8)] + 7" (1)
= A"() X (v(t) +24°(¢ ) x(t) + +A()ax(t) + (1)

Therefore we relate acceleration in X to the acceleration in ) as follows,

ay = Aay + 7 + Ayy + 24vy. (5.9)

The equation above explains many things, if you take the junior level classical mechanics course
you’ll see what those things are. This equation does not look like the one used in mechanics for
noninertial frames, it is nevertheless the same and if you're interested I’ll show you.

Example 5.1.15.

Example 5.1.16.
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Definition 5.1.17.

If v : I — S is the trajectory of a particle then we say the particle and X : [ — &
is an observer. We say the particle is in a state of rest relative to the observer X iff
vy = L[X,(y(t))] = 0. We say the particle experiences uniform rectilinear motion
relative to the observer X iff ¢t — X;((t)) is a straight line in R? with velocity vector some
nonzero constant vector.

We now give a rigorous definition for the existence of force, a little later we’ll say how to calculate
it.

Definition 5.1.18.

A particle experiences a force relative to an observer X iff the particle is neither in a
state of rest nor is it in uniform rectilinear motion relative to X'. Otherwise we say the
particle experiences no force relative to X.

Definition 5.1.19.

An observer X : I — £ is said to be an inertial observer iff there exists X, € £, A € SO(3),
v,w € R? such that X; = AX, +tv+w for all t € I. A particle is called a free particle iff
it experiences no acceleration relative to an inertial observer.

Observe that a constant mapping into £ is an inertial observer and that general inertial observers
are observers which are in motion relative to a ”stationary observer” but the motion is ”constant
velocity” motion. We will refer to a constant mapping X : I — £ as a stationary observer.

Theorem 5.1.20.

IfX:1— Eand): I — & are inertial observers then there exists A € SO(3) , v,w € R3
such that )y = AX; +tv+w for all t € I. Moreover if a particle experiences no acceleration
relative to X then it experiences no acceleration relative to ).

Proof: Since X and ) are inertial we have that there exist X, and ), in £& and fixed vectors
Vg, Wy, Uy, wyy € R? and particular rotation matrices A,, 4, € SO(3) such that

Xy = A X, + tug +wy Vi = AyY, + tvy + wy.

Further note that since X,, ), € £ there exists fixed Q € SO(3) and u € R3 such that J, = QX,+u.
Thus, noting that X, = A (X, — tv, — w,) for the fourth line,

W = Ayyo + tvy + wy
= Ay (QX, + u) + tvy, + wy
= A,QX, + Ayu + tvy + wy (5.10)
= A QAT X — tvg — wy) + toy + Ayu + wy
= A QAT X, + tuy, — AyQAT v — AyQAT ' w, + Ayu+ wy

Thus define A = 4,QA; € SO(3), v = v, — AyQA; vy, and w = —A,QA; 'w, + Ayu + wy,.
Clearly v, w € R? and it is a short calculation to show that A € SO(3), we've left it as an exercise
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to the reader but it follows immediately if we already know that SO(3) is a group under matrix
multiplication ( we have not proved this yet ). Collecting our thoughts we have established the first
half of the theorem, there exist A € SO(3) and v, w € R? such that,

Vi=AX; +tv+w

Now to complete the theorem consider a particle with trajectory v : I — .S such that ay = 0. Then
by eqn.[5.9] we find, using our construction of A, v, w above,

ay = Aayx + 7+ Ayy +24Avy
= A0+ 0+ Oyx +2(0)vy (5.11)
=0.

Therefore if the acceleration is zero relative to a particular inertial frame then it is zero for all
inertial frames.

Consider that if a particle is either in a state of rest or uniform rectilinear motion then we can
express it’s trajectory v relative to an observer X : [ — S by

X,(v(t)) = to + w

for all t € I and fixed v,w € R3. In fact if v = 0 the particle is in a state of rest, whereas if v # 0
the particle is in a state of uniform rectilinear motion. Moreover,

() =tv+w <= vy =v < ayxy =0.

Therefore we have shown that according to any inertial frame a particle that has zero acceleration
necessarily travels in rectilinear motion or stays at rest.

Let us again ponder Newton’s laws.

1. Newton’s First Law Every particle persists in its state of rest or of uniform
motion in a straight line unless it is compelled to change that state by impressed forces.

2. Newton’s Second Law The rate of change of motion is proportional to the
motive force impressed; and is made in the direction of the straight line in which that
force is impressed.

3. Newton’s Third Law To every action there is an equal reaction; or the mu-
tual actions of two bodies upon each other are always equal but oppositely directed.

It is easy to see that if the first law holds relative to one observer then it does not hold relative
to another observer which is rotating relative to the first observer. So a more precise formulation
of the first law would be that it holds relative to some observer, or some class of observers, but
not relative to all observers. We have just shown that if X is an inertial observer then a particle is
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either in a state of rest or uniform rectilinear motion relative to X iff its acceleration is zero. If 7 is
the trajectory of the particle the second law says that the force F acting on the body is proportional
to m(dvy/dt) = may. Thus the second law says that a body has zero acceleration iff the force
acting on the body is zero ( assuming m # 0 ). It seems to follow that the first law is a conse-
quence of the second law. What then does the first law say that is not contained in the second law ?

The answer is that the first law is not a mathematical axiom but a physical principle. It says
it should be possible to physically construct, at least in principle, a set of coordinate systems at
each instant of time which may be modeled by the mathematical construct we have been calling
an inertial observer. Thus the first law can be reformulated to read:

There exists an inertial observer

The second law is also subject to criticism. When one speaks of the force on a body what is
it that one is describing? Intuitively we think of a force as something which pushes or pulls the
particle off its natural course.

The truth is that a course which seems natural to one observer may not appear natural to
another. One usually models forces as vectors. These vectors provide the push or pull. The
components of a vector in this context are observer dependent. The second law could almost be
relegated to a definition. The force on a particle at time t would be defined to be max(t) relative
to the observer X. Generally physicists require that the second law hold only for inertial observers.
One reason for this is that if Fy is the force on a particle according to an inertial observer X and
Fy is the force on the same particle measured relative to the inertial observer ) then we claim
Fy = AFx where X and ) are related by

Vi=AX, +tv+w

for v,w € R and A € SO(3) and for all t. Consider a particle traveling the trajectory v we find
it’s accelerations as measured by X and ) are related by,

ay = Aay

where we have used eqn. for the special case that A is a fixed rotation matrix and r = tv + w.
Multiply by the mass to obtain that may = A(may) thus Fyy = AFy. Thus the form of Newton’s
law is maintained under admissible transformations of observer.

Remark 5.1.21.

The invariance of the form of Newton’s laws in any inertial frame is known as the Galilean
relativity principle. It states that no inertial frame is preferred in the sense that the physical
laws are the same no matter which inertial frame you take observations from. This claim
is limited to mechanical or electrostatic forces. The force between to moving charges due
to a magnetic field does not act along the straight line connecting those charges. This
exception was important to Einstein conceptually. Notice that if no frame is preferred then
we can never, taking observations solely within an inertial frame, deduce the velocity of
that frame. Rather we only can deduce relative velocities by comparing observations from
different frames.
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In contrast, if one defines the force relative to one observer Z which is rotating relative to X' by
Fz = maz then one obtains a much more complex relation between Fly and Fz which involves the
force on the particle due to rotation. Such forces are called fictitious forces as they arise from the
choice of noninertial coordinates, not a genuine force.

Example 5.1.22. ..

5.2 noninertial frames, a case study of circular motion

Some argue that any force proportional to mass may be viewed as a fictitious force, for example
Hooke’s law is F=kx, so you can see that the spring force is genuine. On the other hand gravity
looks like F' = mg near the surface of the earth so some would argue that it is fictitious, however the
conclusion of that thought takes us outside the realm of classical mechanics and the mathematics
of this course. Anyway, if you are in a noninertial frame then for all intents and purposes fictitious
forces are very real. The most familiar of these is probably the centrifugal force. Most introductory
physics texts cast aspersion on the concept of centrifugal force (radially outward directed) because
it is not a force observed from an inertial frame, rather it is a force due to noninertial motion.
They say the centripetal (center seeking) force is really what maintains the motion and that there
is no such thing as centrifugal force. I doubt most people are convinced by such arguments because
it really feels like there is a force that wants to throw you out of a car when you take a hard
turn. If there is no force then how can we feel it ? The desire of some to declare this force to be
"fictional” stems from there belief that everything should be understood from the perspective of an
inertial frame. Mathematically that is a convenient belief, but it certainly doesn’t fit with everday
experience. Ok, enough semantics. Lets examine circular motion in some depth.

For notational simplicity let us take R? to be physical space and the identity mapping X = id
to give us a stationary coordinate system on R3. Consider then the motion of a particle moving
in a circle of radius R about the origin at a constant angular velocity of w in the counterclockwise
direction in the zy-plane. We will drop the third dimension for the most part throughout since it
does not enter the calculations. If we assume that the particle begins at (R, 0) at time zero then it
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follows that we can parametrize its path via the equations,

(5.12)

this parametrization is geometric in nature and follows from the picture below, remember we took
w constant so that 6 = wt
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Now it is convenient to write 7(t) = (x(¢),y(t)). Let us derive what the acceleration is for the
particle, differentiate twice to obtain

() = (@"1),y"(t)
= (—Rw?cos(wt), —Rw?sin(wt))
= —W¥(t)

Now for pure circular motion the tangential velocity v is related to the angular velocity w by
v = wR. In other words w = v/R, radians per second is given by the length per second divided by
the length of a radius. Substituting that into the last equation yields that,

at)=7"(t) = —ﬁr(t) (5.13)

The picture below summarizes our findings thus far.



86

CHAPTER 5. EUCLIDEAN STRUCTURES AND PHYSICS

ve'nn[?‘.ﬁ o rn
acselendion of m
T Y ?ure.‘laﬁ

"Tnﬂ%—zﬂF-w.ﬂ, Siroy W

IT Canwinet.
2 ;
g -

Hae minug T:'%n
rhEans: '1'.-_-....-1-..'5: Hap

Ty TeT,

Now define a second coordinate system that has its origin based at the rotating particle. We’ll call
this new frame ) whereas we have labeled the standard frame X. Let p € R? be an arbitrary point
then the following picture reveals how the descriptions of X and ) are related.
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Clearly we find,
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X(p) =Y(p) +7() (5.14)

note that the frames X and ); are not related by an rigid motion since 7 is not a constant function.
Suppose that « is the trajectory of a particle in R3, lets compare the acceleration of v in frame X

to that of it in Y.

X(4(1)) = V(v (1)) + ()
— ax(t) =7"(t) = ay,(t) + 7' (t) (5.15)

If we consider the special case of (t) = r(t) we find the curious but trivial result that Y, (r(¢)) =0
and consequently ay,(t) = 0. Perhaps a picture is helpful,
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We have radically different pictures of the motion of the rotating particle, in the X picture the
particle is accelerated and using our earlier calculation,

on the other hand in the ), frame the mass just sits at the origin with ay.q: = 0. Since F' = ma
we would conclude (ignoring our restriction to inertial frames for a moment) that the particle has
an external force on it in the X frame but not in the ) frame. This clearly throws a wrench in
the universality of the force concept, it is for this reason that we must restrict to inertial frames if
we are to make nice broad sweeping statements as we have been able to in earlier sections. If we
allowed noninertial frames in the basic set-up then it would be difficult to ever figure out what if
any forces were in fact genuine. Dwelling on these matters actually led Einstein to his theory of
general relativity where noninertial frames play a central role in the theory.

Anyway, lets think more about the circle. The relation we found in the X frame does not tell
us how the particle is remaining in circular motion, rather only that if it is then it must have an
acceleration which points towards the center of the circle with precisely the magnitude mv?/R. I
believe we have all worked problems based on this basic relation. An obvious question remains,
which force makes the particle go in a circle? Well, we have not said enough about the particle
yet to give a definitive answer to that question. In fact many forces could accomplish the task.
You might imagine the particle is tethered by a string to the central point, or perhaps it is stuck
in a circular contraption and the contact forces with the walls of the contraption are providing the
force. A more interesting possibility for us is that the particle carries a charge and it is subject to
a magnetic field in the z-direction. Further let us assume that the initial position of the charge ¢
is (mv/q¢B,0,0) and the initial velocity of the charged particle is v in the negative y-direction. I'll
work this one out one paper because I can.
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It is curious that magnetic forces cannot be included in the Galilean relativity. For if the velocity
of a charge is zero in one frame but not zero in another then does that mean that the particle has a
non-zero force or no force? In the rest frame of the constant velocity charge apparently there is no
magnetic force, yet in another inertially related frame where the charge is in motion there would
be a magnetic force. How can this be? The problem with our thinking is we have not asked how
the magnetic field transforms for one thing, but more fundamentally we will find that you cannot
separate the magnetic force from the electric force. Later we’ll come to a better understanding of
this, there is no nice way of addressing it in Newtonian mechanics that I know of. It is an inherently

relativistic problem, and Einstein attributes it as one of his motivating factors in dreaming up his
special relativity.
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”What led me more or less directly to the special theory of relativity was the conviction
that the electromotive force acting on a body in motion in a magnetic field was nothing
else but an electric field”

Albert Einstein, 1952.



Chapter 6

differentiation

In this chapter we define differentiation of mappings. I follow Edwards fairly closely, his approach
is efficient and his langauge clarifies concepts which are easily confused. Susan Colley’s text Vector
Calculus is another good introductory text which describes much of the mathematics in this chapter.
When I teach calculus III T do touch on the main thrust of this chapter but I shy away from proofs
and real use of linear algebra. That is not the case here.

6.1 derivatives and differentials

In this section we motivate the general definition of the derivative for mappings from R" to R™.
Naturally this definition must somehow encompass the differentiation concepts we’ve already dis-
cussed in the calculus sequence: let’s recall a few examples to set the stage,

1. derivatives of functions of R, for example f(x) = 22 has f'(z) = 2z
2. derivatives of mappings of R, for example f(t) = (¢,t2,t3) has f'(t) =< 1, 2t,3t% >.

3. f:dom(f) CR? — R has directional derivative (D, f)(p) = (Vf)(p) - u
where Vf = grad(f) =< %, g—;

_ 0X

4. X :U CRZ, = R} parametrizes a surface X (U) and N(u,v) = G X %—f gives the normal

vector field to the surface.

We'd like to understand how these derivatives may be connected in some larger context. If we could
find such a setting then that gives us a way to state theorems about derivatives in an efficient and
general manner. We also should hope to gain a deeper insight into the geometry of differentiation.
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6.1.1 derivatives of functions of a real variable

Let’s revisit the start of Calculus I. We begin by defining the change in a function f between the
point a and a + h:

Af = fla+h)— f(a).
We can approximate this change for small values of h by replacing the function with a line. Recall
that the line closest to the function at that point is the tangent line which has slope f’(a) which
we define below.

Definition 6.1.1.
Suppose f : U C R — R then we say that f has derivative f’(a) defined by the limit below

(if the limit exists, otherwise we say f is not differentiable at a)

F@) — tim L0 0 = F(@)

h—0 h

If f has a derivative at a then it also has a differential df, : R — R at a which is a function
defined by df,(h) = hf’(a). Finally, if f has derivative f’(a) at a then the tangent line to
the curve has equation y = f(a) + f/'(a)(z — a).

Notice that the derivative at a point is a number whereas the differential at a point is a linear
maﬂ Also, the tangent line is a ” paralell translate” of the line through the origin with slope f/(a).

Example 6.1.2. . .

Definition 6.1.3.

Suppose f : U C R — R and suppose f’(v) exists for each v € V. C U. We say that f has
derivative ' : V C R — R defined by

"(z) = 1i
fie) = lim

flz+h) - f(x)
h

for each z € V.

In words, the derivative function is defined pointwise by the derivative at a point.

"'We will maintain a similar distinction in the higher dimensional cases so I want to draw your attention to the
distinction in terminology from the outset.
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Proposition 6.1.4.

Suppose a € dom(f) where f : dom(f) C R — R and a € dom(f’) then df, is a linear
transformation from R to R.

Proof: Let ¢, h,k € R and a € dom(f’) which simply means f'(a) is well-defined. Note that:
dfu(ch + k) = (ch+ k) f'(a) = chf'(a) + kf'(a) = cdf,(h) + df.(k)

for all ¢, h, k thus df, is linear transformation. [

The differential is likewise defined to be the differential form df : dom(f) — L(R,R) = R*

where df (a) = df, and df, is a linear function from R to R. We'll study differential forms in more

depth in a later section.

6.1.2 derivatives of vector-valued functions of a real variable

A vector-valued function of a real variable is a mapping from a subset of R to some subset R".
In this section we discuss how to differentiate such functions as well as a few interesting theorems
which are known for the various vector products.

We can revisit the start of Calculus III. We begin by defining the change in a vector-valued function
f between the inputs a and a + h:

Af = fla+h)—f(a).

This is a vector. We can approximate this change for small values of h by replacing the space curve
a — f(a) with a line t — f(a) + ¢f’(a) in R™. The direction vector of the tangent line is f'(a)
which we define below.

Definition 6.1.5.

Suppose f : U C R — R then we say that f has derivative f’(a) defined by the limit below
(if the limit exists, otherwise we say f is not differentiable at a)

F@) — tim L0 0 = I (@)

h—0 h

We define f’ to be the function defined pointwise by the limit above for all such values as
the limit converges. If f has a derivative at a then it also has a differential df, : R — R"
at a which is a mapping defined by df,(h) = hf’(a). The vector-valued-differential form df
is defined pointwise by df (a) = df, for all a € dom(f").

The tangent line is a ” paralell translate” of the line through the origin with direction-vector f’(a).
In particular, if f has a derivative of f’(a) at a then the tangent line to the curve has parametric
equation 7(t) = f(a) + tf'(a).
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Proposition 6.1.6.

Suppose a € dom(f) where f : dom(f) C R — R™ and a € dom(f’) then the differential df,
is a linear transformation from R to R™.

The proof is almost identical to the proof for real-valued functions of a real variable. Note:
dfu(ch + k) = (ch+ k) f'(a) = chf'(a) + kf'(a) = cdfs(h) + dfa(k)

for all h, k,c € R hence df, is a linear transformation.

6.1.3 directional derivatives

Let m > n, the image of a injective continuous mapping F : dom(F) C R" — R™ gives an n-
dimensional continuous surface in R™ provided the mapping F' satisfy the topological requirement
dom(F') ~ R"™. This topological fine print is just a way to avoid certain pathological cases like space
filling curves. We proved in Example that the unit-sphere is a continuous surface. The proof
that the sphere of radius 2 is a continuous surface is similar. In the example that follows we’ll see
how curves on the surface provide a definition for the tangent plane.

Example 6.1.7. The sphere of radius 2 centered at the origin has equation x> + y?> + 2> = 4. We
can view the top-half of the sphere as the image of the mapping F : R? — R? where

F({L‘,y):(l‘, Y, 47$27y2)'

The tangent plane to the sphere at some point on the sphere can be defined as the set of all tangent
vectors to curves on the sphere which pass through the point: let S be the sphere and p € S then
the tangent space to p is intuitively defines as follows:

7,5 ={7'(0) | v: R = S, a smooth curve with ~(0) = p}

A line in the direction of < a,b > through (1,1) in R? has parametric representation 7(t) =
(14 at, 1+ bt). We can construct curves on the sphere that pass through F(1,1) = (1,1,+/2) by
simply mapping the lines in the plane to curves on the sphere; vy(t) = F(7(t)) which gives

y(t) = < 1+at, 1+ bt \/4—(1—|—at)2—(1—|—bt)2>

Now, not all curves through p have the same form as ~v(t) above but it is fairly clear that if we
allow (a,b) to trace out all possible directions in R? then we should cover T,S. A short calculation
reveals that

7' (0) =< a, b, \_/—%(a +0b) >
These are vectors we should envision as attached to the point (1,1,/2). A generic point in the
tangent plane to the point should have the form p+~'(0). This gives equations:

r=1+a, y=1+0b, z:\/ﬁ—%(ajtb)
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we can find the Cartesian equation for the plane by eliminating a,b

a=1x—1, b=y—1 = z:\@—%(aﬂ—y—Z) = z+y+V2z=4
We find the tangent plane to the sphere x% 4+ y? + 22 = 4 has normal < 1,1,v/2 > at the point

(1,1,v/2).

Of course there are easier ways to calculate the equation for a tangent plane. The directional
derivative of a mapping F' at a point a € dom(F') along v is defined to be the derivative of the
curve v(t) = F(a + tv). In other words, the directional derivative gives you the instantaneous
vector-rate of change in the mapping F' at the point a along v. In the case that m = 1 then
F :dom(F) C R" — R and the directional derivative gives the instantaneous rate of change of the
function F' at the point a along v. You probably insisted that ||[v|| = 1 in calculus III but we make
no such demand here. We define the directional derivative for mappings and vectors of non-unit
length.

Definition 6.1.8.

Let F : dom(F) C R" — R™ and suppose the limit below exists for a € dom(F') and v € R”
then we define the directional derivative of F' at a along v to be D, F(a) € R™ where

Dy F(a) = lim F(QHMI;) — Fla)
ﬁ
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The directional derivative D, F'(a) is homogenous in v.

Proposition 6.1.9.

Let F : dom(F) C R™ — R™ then if D,F(a) exists in R™ then D, F(a) = ¢D,F(a) ‘

See Edwards pg. 66 the proof is not hard. Let F' : U — R™ define a continuous surface S with
dimension n. The tangent space of S at p € S should be the paralell translate of a n-dimensional
subspace of R™. Moreover, we would like for the tangent space at a point p € S to be very close
to the surface near that point. The change of F' near p = F'(a) along the curve v(t) = F(a + tv) is
given by

AF = F(a+ hv) — F(a).

It follows that F'(a + hv) = F(a) + hD,F(a) for h = 0. We’d like for the the set of all directional
derivatives at p to form a subspace of R™. Recall(or learn) that in linear algebra we learn that
every subspaces of R™ is the range of some linear operat01E| This means that if D,F(a) was a
linear operator with respect to v then we would know the set of all directional derivatives formed
a subspace of R™. Note that directional derivative almost gives us linearity since its homogeneous
but we also need the condition of additivity:

’ DyiwF(a) = DyF(a) + Dy F(a) additivity of directional derivative‘

This condition is familar. Recall that Propositions and showed the differential df, was
linear for f : dom(f) C R — R™. In fact the differential is the directional derivative in these special
cases if we let v = 1; D1F(a) = dF,(1) for F : dom(F) C R — R™ where a € dom(F’). So we
have already proved the directional derivative is linear in those special cases. Fortunately it’s not
so simple for a general mapping. We have to make an additional assumption if we wish for the
tangent space to be well-defined.

Definition 6.1.10.

Suppose that U is open and F : U C R" — R™ is a mapping the we say that F' is
differentiable at a € U iff there exists a linear mapping L : R" — R™ such that

lim F(a+h) — F(a) — L(h)

=0.
h—0 |||

In such a case we call the linear mapping L the differential at ¢ and we denote L = dF,.
The matrix of the differential is called the derivative of F' at a and we denote [dF,] =
F'(a) € R ™*™ which means that dF,(v) = F'(a)v for all v € R™.

2don’t believe it? Let W < R™ and choose a basis 8 = {fi,...,fn} for W. You can verify that L(v) =
[filfz] < [fnlfn] - - |fn]v defines a linear transformation with range(L) = Col[8] = W.
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The preceding definition goes hand in hand with the definition of the tangent space given below.

Definition 6.1.11.

Suppose that U ~ R" is open and F' : U C R" — R™ is a mapping which is differentiable on
U. If rank(F’'(a)) = n at each a € U then we say that F'(U) is a differentiable surface of
dimension n. Also, a map such as I’ is said to be regular. Moreover, we define the tangent
space to S = F(U) at p € S to be the paralell translate of the subspace Col(F’(a)) < R™.
A typical point in the tangent space at p € S has the form p + F'(a)v for some v € R™.

The condition that rank(F’(a)) = n is the higher-dimensional analogue of the condition that the
direction vector of a line must be nonzero for a line. If we want a genuine n-dimensional surface
then there must be n-linearly independent vectors in the columns in the derivative matrix. If there
were two columns which were linearly dependent then the subspace W = {F'(a)v | v € R"} would
not be n-dimensional.

Remark 6.1.12.

If this all seems a little abstract, relax, the examples are in the next section. I want to wrap
up the mostly theoretical aspects in this section then turn to more calculational ideas such
as partial derivatives and the Jacobian matrix in the next section. We’ll see that partial
differentiation gives us an easy straight-forward method to calculate all the theoretical
constructs of this section. Edwards has the calculations mixed with the theory, I've ripped
them apart for better or worse. Also, we will discuss surfaces and manifolds independently
in the next chapter. I wouldn’t expect you to entirely understand them from the discussion

in this chapter.

Example 6.1.13. Let F': R™ — R™ be defined by F(v) = p+ Av for all v € R"™ where the matrix
A € R ™™ such that rank(A) = n and p € R™. We can calculate that [dF,] = A. Observe that

for x € R",

Aa:-l—Ah—Ax—Ah_O

lim F(x+h)— F(x) — A(h) ~ lim
h—0 [|A]| h—0 [|A]|

Therefore, dF,(h) = Ah for each x € R™ and we find F(R™) is an differentiable surface of dimen-
sional n. Moreover, we find that F(R™) is its own tangent space, the tangent space is the paralell
translate of Col(A) to the point p € R™. This is the higher dimensional analogue of finding the
tangent line to a line, it’s just the line again.
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The directional derivative helped us connect the definition of the derivative of mapping with the
derivative of a function of R. We now turn it around. If we’re given the derivative of a mapping then
the directional derivative exists. The converse is not true, see Example 4 on page 69 of Edwards.

Proposition 6.1.14.

If F:U CR" — R™ is differentiable at a € U then the directional derivative D, F'(a) exists
for each v € R" and D, F(a) = dF,(v).

Proof: Suppose a € U such that dFy is well-defined then we are given that

lim F(a+h) — F(a) — dFy(h)

=0.
h—0 || h]|

This is a limit in R™, when it exists it follows that the limits that approach the origin along
particular paths also exist and are zero. In particular we can consider the path ¢ — tv for v #£ 0
and t > 0, we find

F(a+ tv) — F(a) — dFy(tv) 1 r F(a+ tv) — F(a) — tdF,(v) 0
= —— 1m — U.

im
tv—0, t>0 [|tv]] ||v]| t=0+ |t]

Hence, as |t| =t for t > 0 we find

lim F(a+tv) — F(a)
t—0+ t t—0 t

Likewise we can consider the path ¢+ tv for v # 0 and ¢t < 0

lim F(a+tv) — F(a) — dFy(tv) _ b lim F(a+tv) — F(a) — tdF,(v) 0
tv—0, t<0 ||tv]| ||| t—0- |t]
Note |t| = —t thus the limit above yields
F - F F F - F
lim (a+t) (a) = lim tdFa(v) = lim (a+t) (a) = dFy(v).
t—0— —t t—0—  —t t—0~ t
Therefore,
F tv) — F
lim (a+tv) (a) = dF,(v)
t—0 t

and we conclude that D,F(a) = dF,(v) for all v € R™ since the v = 0 case follows trivially. [J



6.2. PARTIAL DERIVATIVES AND THE EXISTENCE OF THE DERIVATIVE 99

6.2 partial derivatives and the existence of the derivative

Definition 6.2.1.

Suppose that F': U C R® — R™ is a mapping the we say that F' is has partial derivative

%(a) at a € U iff the directional derivative in the e; direction exists at a. In this case we
denote,
oF
a) = D¢, F(a).
5@ = De Flo)

Also we may use the notation D.,F(a) = D;F(a) or O;F = g—; when convenient. We also
construct the partial derivative mapping 0;F : V C R"™ — R" as the mapping defined
pointwise for each v € V' where 0;F(v) exists.

Let’s expand this definition a bit. Note that if F' = (Fy, Fs,..., F,,) then

. Fla+ he) — F(a . Fia+ he;) — F;i(a

for each j = 1,2,...m. But then the limit of the component function F} is precisely the directional
derivative at a along e; hence we find the result
OF OF;
= e =
al‘i J 6:@

in other words,

O;F = (0;F1,0:Fy,...,0;Fp,). ‘

Proposition 6.2.2.

If F:U CR"™— R™ is differentiable at a € U then the directional derivative D, F(a) can
be expressed as a sum of partial derivative maps for each v =< vy, v9,...,v, >€ R™:

DvF(a) = Z vjajF(a)
j=1

Proof: since F is differentiable at a the differential dF, exists and D, F'(a) = dF,(v) for all v € R".
Use linearity of the differential to calculate that

D,F(a) = dFy(vier + -+ 4+ vpep) = vidF,(e1) + - - - + v dF,(ey).
Note dFy(ej) = De, F'(a) = 0;F(a) and the prop. follows. [J

Proposition 6.2.3.

If F:U CR" — R™ is differentiable at a € U then the differential dF, has derivative
matrix F’(a) and it has components which are expressed in terms of partial derivatives of
the component functions:

forl<i<mand 1< j<n.
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Perhaps it is helpful to expand the derivative matrix explicitly for future reference:

81F1 (a) 82F1(a) s 8nF1(a)
, Q) — 81F2(a) 82F2(a) tee 8nF2(a)
D1 (@) DoFm(a) - OnFm(a)

Let’s write the operation of the differential for a differentiable mapping at some point a € R in
terms of the explicit matrix multiplication by F’(a). Let v = (v1,va,...v,) € R™,

OnFi(a) OFi(a) -+ OpFi(a) vy
IF.(0) = F'{a)o = 31F'2(a) 821[7.2(60 anF.Q(a) vz
01 (@) DoFm(a) - OnEm(a) | | v
You may recall the notation from calculus III at this point, omitting the a-dependence,
VE; = grad(Fy) = [ 01Fj, Fj, -, 0,F; "

So if the derivative exists we can write it in terms of a stack of gradient vectors of the component

functions: (I used a transpose to write the stack side-ways),
F = [VR|VE|--|VE,]"
Finally, just to collect everything together,

OFn OoF - O,f1 (VF)T
OFy OoFy - OpF (V)T

F' = = [01F | OoF |-++| O,F | =

81Fm aQFm e anFm (VFm)T

Example 6.2.4. Suppose f :R? — R then Vf = [0.f,0,f,0.f]1 and we can write the directional
derivative in terms of
Dyf = [0:f,0yf,0.f]"v =V -v

if we insist that ||v|| = 1 then we recover the standard directional derivative we discuss in calculus
III. Naturally the ||V f(a)|| yields the mazimum value for the directional derivative at a if we
limit the inputs to vectors of unit-length. If we did not limit the vectors to unit length then the
directional derivative at a can become arbitrarily large as D, f(a) is proportional to the magnitude
of v. Since our primary motivation in calculus Il was describing rates of change along certain
directions for some multivariate function it made sense to specialize the directional derivative to
vectors of unit-length. The definition used in these notes better serves the theoretical discussion. If
you read my calculus I1I notes you’ll find a derivation of how the directional derivative in Stewart’s
calculus arises from the general definition of the derivative as a linear mapping. Look up page 305g.
Incidentally, those notes may well be better than these in certain respects.
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6.2.1 examples of derivatives

Our goal here is simply to exhbit the Jacobian matrix and partial derivatives for a few mappings.
At the base of all these calculations is the observation that partial differentiation is just ordinary
differentiation where we treat all the independent variable not being differentiated as constants.
The criteria of indepedence is important. We’ll study the case the variables are not independent
in a later section.

Remark 6.2.5.

I have put remarks about the rank of the derivative in the examples below. Of course this
has nothing to do with the process of calculating Jacobians. It’s something to think about
once we master the process of calculating the Jacobian. Ignore the red comments for now
if you wish

Example 6.2.6. Let f(t) = (t,t2,3) then f'(t) = (1,2t,3t?). In this case we have

1

fi@t)y=1dfs] = | 2t
3t2

The Jacobian here is a single column vector. It has rank 1 provided the vector is nonzero. We
see that f'(t) # (0,0,0) for all t € R. This corresponds to the fact that this space curve has a
well-defined tangent line for each point on the path.

Example 6.2.7. Let f(Z,7) = Z - § be a mapping from R3 x R3 — R. Il denote the coordinates
in the domain by (x1,x2,%3,y1,Y2,y3) thus f(Z,9) = x1y1 + x2y2 + x3ys. Calculate,

[df z59] = V(@ DT = [y1,v2, Y3, 21, 72, 23]

The Jacobian here is a single row vector. It has rank 6 provided all entries of the input vectors are
nonzero.

Example 6.2.8. Let f(Z,9) = Z -y be a mapping from R™ x R™ — R. I’ll denote the coordinates
in the domain by (1,...,%n,Y1,-..,Yn) thus f(Z,9) =D i, x;y;. Calculate,

n n n
) Ox;,, __ —
o [21 xiyz‘] = 21 Y= 21 0ijYi = Yj
1= 1= 1=

Likewise,

) | — Oy _ S —
373' [Z; xzyz:| - Z;:Z:z Yj - Z;wzézj - (L']
Therefore, noting that V f = (0z, f, ..., 0u, 10y fr o1 Oy [,

[df )" = (VAE G =GxTF= Y1, Yn T1,- .., Tp)

The Jacobian here is a single row vector. It has rank 2n provided all entries of the input vectors
are monzero.
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Example 6.2.9. Suppose F(z,y,z) = (zyz,y,z) we calculate,
BF = (yz,0,0) %1; (x2,1,0) %F (xy,0,1)

Remember these are actually column vectors in my sneaky notation; (vi,...,v,) = [v1,...,0p
This means the derivative or Jacobian matrix of F' at (x,y, 2) is

Yz T2 TY
=] 0 1 0
0 0 1

F'(z,y,2) = [dF(m’y’z)]

Note, rank(F'(z,y,2)) = 3 for all (x,y,2) € R® such that y,z # 0. There are a variety of ways to
see that claim, one way is to observe det[F'(x,y,z)|] = yz and this determinant is nonzero so long
as neither y nor z is zero. In linear algebra we learn that a square matriz is invertible iff it has
nonzero determinant iff it has linearly indpendent column vectors.

Example 6.2.10. Suppose F(x,y,z) = (2% + 22,yz) we calculate,
OF _ (22,00 I —(0,2) 9= (22y)
The derivative is a 2 X 3 matriz in this example,

20 0 2z
F’(m,y,Z)Z[dF<x7y,z>]:[ 0 z y ]

The mazximum rank for F' is 2 at a particular point (x,y, z) because there are at most two linearly
independent vectors in R%. You can consider the three square submatrices to analyze the rank for
a given point. If any one of these is nonzero then the rank (dimension of the column space) is two.

2¢ 0 2z 2z 0 2z
e Y I s IR

We'll need either det(My) = 2xz # 0 or det(Msy) = 2xy # 0 or det(M3z) = —222 # 0. I believe
the only point where all three of these fail to be true simulataneously is when v =y =z = 0. This
mapping has mazimal rank at all points except the origin.

Example 6.2.11. Suppose F(x,y) = (2% + 32, zy, x + y) we calculate,
8 = (22,9,1) %5 = (29,2,1)
The derivative is a 3 X 2 matriz in this example,

2z 2y
Fl(z,y) = dEepl=| v =
1 1
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The mazimum rank is again 2, this time because we only have two columns. The rank will be two
if the columns are not linearly dependent. We can analyze the question of rank a number of ways
but I find determinants of submatrices a comforting tool in these sort of questions. If the columns
are linearly dependent then all three sub-square-matrices of F' will be zero. Conversely, if even one
of them is nonvanishing then it follows the columns must be linearly independent. The submatrices
for this problem are:

| 2z 2y | 2z 2y Yy =z
G P I i B

You can see det(My) = 2(x? — y?), det(Ms) = 2(x — y) and det(M3) =y — x. Apparently we have
rank(F'(z,y,2)) = 2 for all (z,y) € R? with y # x. In retrospect this is not surprising.

Example 6.2.12. Suppose P(x,v,m) = (P,, P1) = (%va + %ka,mv) for some constant k. Let’s
calculate the derivative via gradients this time,

VP, = (0P,/dz,0P,/0v,0P,/0m) = (kz,mv, $v?)

VP, = (0P, /0x,0P,/0v,0P1/0m) = (0,m,v)
Therefore,

1,2
P'(z,v,m) = [ k; TZ: 2:}} }
Example 6.2.13. Let F(r,0) = (rcosf,rsinf). We calculate,
OpF = (cosf,sin6) and  OgF = (—rsinf,rcos0)
Hence,

sinf rcosf

F'(r,0) = {

cosf) —rsinf ]

We calculate det(F'(r,0)) = r thus this mapping has full rank everywhere except the origin.

Example 6.2.14. Let G(z,y) = (/22 + y2,tan"!(y/z)). We calculate,

81‘G - (\/x;leygu ﬁ) and 8yG = (\/#TM, $27J‘Ty2)

Hence,

G,(m,m:[@ m]:[

Y _z =y
LL’Q _|_y2 1:2 +y2

| Cusingr = Va7 57

HERTS

We calculate det(G'(x,y)) = 1/r thus this mapping has full rank everywhere except the origin.
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Example 6.2.15. Let F(z,y) = (z,y,\/R?> — 22 — y?) for a constant R. We calculate,

y2’ \/R27127y2

Also, Vz = (1,0) and Vy = (0,1) thus

1 0
Fl(z,y) = 0 1

T —Y
\/RQ,xQ,yz \/R27:E27y2

This matriz clearly has rank 2 where is is well-defined. Note that we need R?> — x> —y? > 0 for the
derivative to exist. Moreover, we could define G(y,z) = (\/R? — y? — 22,y,2) and calculate,

1 0

_y .
G/(y,z) = | VR -2 JRI—y2—22

0 1

Observe that G'(y, z) exists when R? —y* — 22 > 0. Geometrically, F parametrizes the sphere
above the equator at z = 0 whereas G parametrizes the right-half of the sphere with x > 0. These
parametrizations overlap in the first octant where both x and z are positive. In particular, dom(F’)N
dom(G") = {(z,y) € R? | z,y > 0 and 2 +y? < R?*}

Example 6.2.16. Let F(x,y,2) = (2,y, 2,/ R2 — 22 — y2 — 22) for a constant R. We calculate,

V\/RZ—wz—y2—z2:( ! —Y z >

\/RZ—xQ—y2—22 ’ \/R2—x2—y2—z2 ’ \/R2_$2_y2_z2

Also, Vo = (1,0,0), Vy =(0,1,0) and Vz = (0,0,1) thus
1 0
0 1
0 0

_ o O

F'(z,y,2) =

—z —y —z
\/R27x27y27z2 \/R27x27y27z2 \/R27x27y27z2

This matriz clearly has rank 3 where is is well-defined. Note that we need R?—x*—y?—2? > 0 for the
derivative to exist. This mapping gives us a parametrization of the 3-sphere x* +y? + 22 + w? = R?
for w > 0. (drawing this is a little trickier)
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Example 6.2.17. Let f(x,y,z) = (x +y,y + 2,z + z,x2yz). You can calculate,
1 1 0
0O 1 1
[df(a:,y,z)] = 1 0 1

yz Tz ay

This matriz clearly has rank 3 and is well-defined for all of R3.

Example 6.2.18. Let f(x,y,z) = xyz. You can calculate,

[df g = [ vz 22 ay ]

This matriz fails to have rank 3 if x,y or z are zero. In other words, f'(x,y,z) has rank 3 in
R? provided we are at a point which is not on some coordinate plane. (the coordinate planes are
x=0,y=0 and z =0 for the yz,zx and xy coordinate planes respective)

Example 6.2.19. Let f(z,y,z) = (xyz,1 —x —y). You can calculate,

yz xz TY
[df(x,y,z)] - |: -1 =1 0 :|

This matriz has rank 3 if either xy # 0 or (x —y)z # 0. In contrast to the preceding example, the
derivative does have rank 3 on certain points of the coordinate planes. For example, f'(1,1,0) and
1(0,1,1) both give rank(f’) = 3.

Example 6.2.20. Let f : R3 x R3 be defined by f(z) = x x v for a fived vector v # 0. We denote
x = (x1,x2,23) and calculate,

0 0 0x;
(r xv) = —( Z €ijkTivjer ) = Z €ijkm—Vjer = Z €ijkOiaVjer = Zeajkvjek
Oz, Oxg & = Oz, = -
4,5,k .5,k .5,k gk
It follows,

a—ml(x X v) = Z €1kVj€k = vaez — v3ex = (0, —v3, v2)
j’k

a—m(m X v) = Z €xjpvjer = vzer — viez = (v3,0, —vy)
J.k

0
6753(% X U) = Z €3jKkVjE€ = V1€ — U2€1 = (—1)2,1)1, 0)
j?k

Thus the Jacobian is simply,

0 wv3 —wy

[df @yl = | —v3 0 —un

vo v O
In fact, df,(h) = f(h) = h x v for each p € R3. The given mapping is linear so the differential of
the mapping is precisely the mapping itself.
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Example 6.2.21. Let f(z,y) = (z,y,1 —z —y). You can calculate,

1 0
[df(a:,y,z)] = 0 1
-1 -1

Example 6.2.22. Let X (u,v) = (z,y, z) where x,y, z denote functions of u,v and I prefer to omit
the explicit depedendence to reduce clutter in the equations to follow.

88)5 =X, = (xwywzu) and %:f =X, = (xvvyvvzv)
Then the Jacobian is the 3 X 2 matrix
Ty Ty
[dX(u,v)] = Yu Yo
2y Ru

The matrix [dX(um)] has rank 2 if at least one of the determinants below is nonzero,
det { Tu Lo ] det { Tu Lo ] det [ Yu Yo }
y”llr yU ZU ZU ’ZU z’U

Example 6.2.23. . .

Example 6.2.24. . .
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6.2.2 sick examples and continuously differentiable mappings

We have noted that differentiablility on some set U implies all sorts of nice formulas in terms of
the partial derivatives. Curiously the converse is not quite so simple. It is possible for the partial
derivatives to exist on some set and yet the mapping may fail to be differentiable. We need an extra
topological condition on the partial derivatives if we are to avoid certain pathologica]lﬂ examples.

Example 6.2.25. [ found this example in Hubbard’s advanced calculus text(see Ex. 1.9.4, pg. 123).
It is a source of endless odd examples, notation and bizarre quotes. Let f(x) =0 and

1
f(z) = g +w28in;
for all x # 0. I can be shown that the derivative f'(0) = 1/2. Moreover, we can show that f'(x)
exists for all x # 0, we can calculate:

fl(x) = % +2xsin% —COS%
Notice that dom(f") = R. Note then that the tangent line at (0,0) isy = x/2. You might be tempted
to say then that this function is increasing at a rate of 1/2 for x near zero. But this claim would be
false since you can see that f'(x) oscillates wildly without end near zero. We have a tangent line
at (0,0) with positive slope for a function which is not increasing at (0,0) (recall that increasing is
a concept we must define in a open interval to be careful). This sort of thing cannot happen if the
derivative is continuous near the point in question.

The one-dimensional case is quite special, even though we had discontinuity of the derivative we
still had a well-defined tangent line to the point. However, many interesting theorems in calculus
of one-variable require the function to be continuously differentiable near the point of interest. For
example, to apply the 2nd-derivative test we need to find a point where the first derivative is zero
and the second derivative exists. We cannot hope to compute f”(z,) unless f’ is continuous at z,.
The next example is sick.

Example 6.2.26. Let us define f(0,0) =0 and

2
_ Ty
f($7y) - 562 +y2

for all (x,y) # (0,0) in R2. It can be shown that f is continuous at (0,0). Moreover, since
f(z,0) = f(0,y) =0 for all x and all y it follows that f vanishes identically along the coordinate
axis. Thus the rate of change in the ey or es directions is zero. We can calculate that

af 21> p of  xt—a%y?

- =" an - ==

or (22 4 y?)? dy (22 +y?)?
Consider the path to the origin t v (t,t) gives fu(t,t) = 2t*/(t?> + %)% = 1/2 hence f.(x,y) — 1/2
along the path t — (t,t), but f;(0,0) = 0 hence the partial derivative f, is not continuous at (0,0).
In this example, the discontinuity of the partial derivatives makes the tangent plane fail to exist.

37 pathological” as in, ”your clothes are so pathological, where’d you get them?”
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Definition 6.2.27.

A mapping F : U C R" — R™ is continuously differentiable at a € U iff the partial
derivative mappings D, [’ exist on an open set containing a and are continuous at a.

The defintion above is interesting because of the proposition below. The import of the proposition
is that we can build the tangent plane from the Jacobian matrix provided the partial derivatives
are all continuous. This is a very nice result because the concept of the linear mapping is quite
abstract but partial differentiation of a given mapping is easy.

Proposition 6.2.28.

If F' is continuously differentiable at a then F' is differentiable at a

We’ll follow the proof in Edwards on pages 72-73.
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6.3 properties of the derivative

Of course much of what we discover in this section should be old news to you if you understood
differentiation in calculus III. However, in our current context we have efficient methods of proof
and the langauge of linear algebra allows us to summarize pages of calculations in a single line.

6.3.1 additivity and homogeneity of the derivative

Suppose F1 : U C R®” - R™ and F : U C R® — R™. Furthermore, suppose both of these are
differentiable at a € R™. It follows that (dF}), = L and (dF3), = Lo are linear operators from R™
to R™ which approximate the change in F and F5 near a, in particular,

lim Fl(a + h) — Fl(a,) — Ll(h) —0 lim FQ(CL + h) — Fz(a) — LQ(h)

=0
h—0 || A h—0 [|h]|

To prove that H = F; + Fy is differentiable at a € R™ we need to find a differential at a for H.
Naturally, we expect dH, = d(Fy + F3)q = (dF1)q + (dF3),. Let L = (dF1)q + (dF3), and consider,

i H@th)—H(@=L(k) _ 1, Fi(ath)+Fo(ath)=Fi ()= Fa(a)= Ly (W) =La(h)
"0 [[A]] ) [R]]
— hm F1(a+h)—F1(a)—L1(h) + hm FQ(a+h)—FQ(a)—L2(h)
ho0 [[A]] "0 [[R]
=040
=0

Note that breaking up the limit was legal because we knew the subsequent limits existed and
were zero by the assumption of differentiability of F; and Fb at a. Finally, since L = Ly + Lo we
know L is a linear transformation since the sum of linear transformations is a linear transformation.
Moreover, the matrix of L is the sum of the matrices for L1 and Ls. Let ¢ € R and suppose G = cF}
then we can also show that dG, = d(cF1)q = ¢(dF1),, the calculation is very similar except we just
pull the constant ¢ out of the limit. I'll let you write it out. Collecting our observations:

Proposition 6.3.1.

Suppose F; : U C R* - R"™ and F, : U C R” — R™ are differentiable at a € U then
Fi + F5 is differentiable at a and

[d(Fy + Fa)a = (dF1)a + (dF2)a| or |(Fi+ Fy)'(a) = F{(a) + F(a)]

Likewise, if ¢ € R then

d(cF1)q = c(dF1)s] or |(cF1)(a) = o(F{(a))
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6.3.2 product rules?

What sort of product can we expect to find among mappings? Remember two mappings have
vector outputs and there is no way to multiply vectors in general. Of course, in the case we have
two mappings that have equal-dimensional outputs we could take their dot-product. There is a
product rule for that case: if /_f, B :R" — R™ then

8;(A- B) = (9;A) - B) + A - (9;B)

Or in the special case of m = 3 we could even take their cross-product and there is another product
rule in that case:

9;(A x B) = (0;A) x B+ A x (8;B)

What other case can we "multiply” vectors? One very important case is R?> = C where is is
customary to use the notation (x,y) = = + iy and f = w + iv. If our range is complex numbers
then we again have a product rule: if f: R" — C and ¢g: R®™ — C then

9i(fg9) = (9;f)g + [(9;9)

I have relegated the proof of these product rules to the end of this chapter. One other object worth
differentiating is a matrix-valued function of R”. If we define the partial derivative of a matrix to
be the matrix of partial derivatives then partial differentiation will respect the sum and product of
matrices (we may return to this in depth if need be later on):

0,(A+B)=0;B+0;B| [9;(AB) = (0;A)B + A(0;B)

Moral of this story? If you have a pair mappings whose ranges allow some sort of product then it is
entirely likely that there is a corresponding product rule EL There is one product rule which we can
state for arbitrary mappings, note that we can always sensibly multiply a mapping by a function.
Suppose then that G : U CR™ — R™ and f : U C R™ — R are differentiable at a € U. It follows
that there exist linear transformations Lg : R” — R and Ly : R” — R where

Glath) =G —Le(t) _ . flath)— fla)~ Lk
h—0 [|h|] N h—0 h

=0

Since G(a + h) = G(a) + Lg(h) and f(a+h) = f(a) + L¢(h) we expect

fGa+h) = (f(a) + Ly(h))(G(a) + La(h))
~ (fG)(a) + G(a)Ly(h) + fa)La(h) + Ly(h)La(h)

~
linear in h 27d order in h

“In my research I consider functions on supernumbers, these also can be multiplied. Naturally there is a product
rule for super functions, the catch is that super numbers z,w do not necessarily commute. However, if they're
homogeneneous zw = (—1)“*“*wz. Because of this the super product rule is da(fg) = (O f)g + (=1)7 M f(Onmg)
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Thus we propose: L(h) = G(a)Ls(h)+ f(a)Lg(h) is the best linear approximation of fG.
() at )~ (fG)(a) ~ L(h) _

h—0 [|h]|
o flat WG+ h) - f@)Gla) - Gla)Ly(h) - fa)La(h)
h—0 [|h]]
o St WGt ) ~ f(@)Gla) ~ Ga)Ly(h) ~ f(@)Lalh) |
h—0 [|h]]
+ lim f(a)G(a+h) — G(a+ h)f(a)
h—0 [|h]]
4 lim fla+h)G(a) — G(a)f(a+ h)
h—0 [|h]]
+ o J0)G(@) — Gla)f(a)
h—0 ||h]]
[ Glath)—Gla)—Lo(h) | flath)— fla) - Ly(h)
= [f (a) Tl " Ta] Glayt
_ #q G(a+h) — G(a)
* (f(“”’ ft >> Al ]
T Glath)—Gla)— Le(W)] | [ flath)— f(a) - Ly(h)
= o) Tl [+ Il Gl
=0

Where we have made use of the differentiability and the consequent continuity of both f and G at
a. Furthermore, note

L(h+ ck) = G(a)Ls(h + ck) + f(a)La(h + ck)
(a)(Ly(h) +cLy(k)) + f(a)(La(h) + cLa(k))
(a)L

)

a

t(h) + fla)(La(h) + c(G(a)Ls (k) + f(a)La(k))

G
G
L(h) + cL(k)

for all h,k € R" and ¢ € R hence L = G(a)L;+ f(a)Lg is a linear transformation. We have proved
(most of) the following proposition:

Proposition 6.3.2.

fG:UCR" — R"™and f: U C R" — R are differentiable at a € U then fG is
differentiable at a and

[d(fG)a = (df)aG(a) + f(a)dG

(fG)'(a) = f'(a)G(a) + f(a)G'(a)

The argument above covers the ordinary product rule and a host of other less common rules. Note
again that G(a) and G'(a) are vectors.
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6.4 chain rule

The proof in Edwards is on 77-78. I'll give a heuristic proof here which captures the essence of the
argument. The simplicity of this rule continues to amaze me.

Proposition 6.4.1.

If F: U CR"® — RP is differentiable at @ and G : V C RP — R™ is differentiable at
F(a) € V then G- F is differentiable at a and

d(GeF)a = (dG)p(q) ° dFa or, in matrix notation, (GoF)'(a) = G'(F(a))F'(a)

Proof Sketch:

In calculus IIT you may have learned how to calculate partial derivatives in terms of tree-diagrams
and intermediate variable etc... We now have a way of understanding those rules and all the
other chain rules in terms of one over-arching calculation: matrix multiplication of the constituent
Jacobians in the composite function. Of course once we have this rule for the composite of two
functions we can generalize to n-functions by a simple induction argument. For example, for three
suitably defined mappings F, G, H,

(FeGeHY(a) = F(G(H(a)))G (H(a))H'(a)

Example 6.4.2. . .
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Example 6.4.3. . .

Example 6.4.4. . .

Example 6.4.5. . .
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Example 6.4.6. . .

Example 6.4.7. . .
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6.4.1 theorems

The goal of this section is to prove the partial derivatives commute for nice functions. Of course
some of the results we discuss on the way to that goal are interesting in their own right as well.

Definition 6.4.8.

We say U C R" is path connected iff any two points in U can be connected by a path
which is contained within the set.

For example, R™ is connected since given any two points a,b € R"™ we can construct the path
o(t) = a+t(b—a) from a to b and naturally the path is within the set. You can easily verify that
open and closed balls are also path connected. Even a donut is path connected. However, a pair
donuts is not path connected unless it’s one of those artsy figure-8 deals.

Proposition 6.4.9.

If U is a connected open subset of R™ then a differenitable mapping F' : U — R is constant
iff F/(u)=0forallueU.

Proposition 6.4.10.

If U is a connected open subset of R” and the differenitable mappings F,G : U — R such
that F'(x) = G'(z) for all # € U then there exists a constant vector ¢ € R™ such that
F(z)=G(z)+cforalxzeU.
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There is no mean value theorem for mappings since counter-examples exist. For example, Exercise
1.12 on page 63 shows the mean value theorem fails for the helix. In particular, you can find
average velocity vector over a particular time interval such that the velocity vector never matches
the average velocity over that time period. Fortunately, if we restrict our attention to mappings
with one-dimensional codomains we still have a nice theorem:

Proposition 6.4.11. (Mean Value Theorem)

Suppose that f : U — R is a differentiable function and U is an open set. Furthermore,
suppose U contains the line segment from a to b in U;

Lop={a+tlb—a)|te|0,1]} CU.
It follows that there exists some point ¢ € L, such that

f(b) = f(a) = f'(c)(b—a).

Definition 6.4.12. (higher derivatives)

We define nested directional derivatives in the natural way:

Dthf<$) = Dk:(th(T)) _ %g% th(.%’ + ﬂ? — th(l)

Furthermore, the second difference is defined by

A2f (h k)= fla+h+k)— fla+h)— fla+k)+ f(a)
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This is Lemma 3.5 on page 86 of Edwards.

Proposition 6.4.13.

Suppose U us an open set and f : U — R which is differentiable on U with likewise
differentiable directional derivative function on U. Suppose that a,a + h,a + k,a + h + k
are all in U then there exist a, 8 € (0,1) such that

A2(h, k‘) = Dthf(a + ah + ﬂk)

The proof is rather neat. The « and S stem from two applications of the MVT, once for the
function then once for its directional derivative.

Proposition 6.4.14.

Let U be an open subset of R™. If f : U — R is a function with continuous first and second
partial derivatives on U then for all 4,5 = 1,2,...,n we have D;D;f = D;D; f on U;
0% f B 0*f
a%;al'j N 61']8.%'1
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6.5 differential forms and differentials

Definition 6.5.1.

A form field on R is a function from R to the space of all linear maps from R to R. In
other words, a form field assigns a dual vector at each point in R. Remember that R* =
{f:R — R | f is a linear function}. We call a a differential one-form or differential
form if o can be written as a = oy dx for some smooth function ;.

The definition above is probably unecessary for this section. I give it primarily for the sake of
making a larger trend easier to grasp later on. Feel free to ignore it for now.

6.5.1 differential form notation

Let g(z) = z for all z € R. Note that ¢’(x) = 1 and it follows that dg,(xz) =1 -2 =z for all z € R.
Therefore, dg = g. If we denote g = x so that dr = x in this notation. Note then we can write the
differential in terms of the derivative function:

df(a)(h) = dfa(h) = f()h = f'(a)dza(h)  for all h e R

Hence df (a) = f'(a)dz, for all a € R hence df = f'dx or we could denote this by the deceptively
simple formula df = %dw. Thus the differential notation introduced in this section is in fact con-
sistent with our usual notation for the derivative from calculus I. However, df and dz are actually
differential forms in this viewpoint so I'm not so sure that df /dz really makes sense anymore. In
retrospect, the main place we shift differentials around as if they are tiny real numbers is in the
calculations of u-substitution or separation of variables. In both of those cases the differential
notation serves as a shorthand for the application of a particular theorem. Just as in calculus III
the differentials dx, dy, dz in the line integral fC pdx + qdy + rdz provide a notational shortand for
the rigorous definition in terms of a path covering the curve C.

Differentials are notational devices in calculus, one should be careful not to make more of them
then is appropriate for a given context. That said, if you adopt the view point that dz, dy, dz are
differential forms and their product is properly defined via a wedge product then the wedge product
together with the total differential (to be discussed in the next section) will generate the formulas
for coordinate change. Let me give you a taste:

dx Ndy = d(rcos(0)) Ad(rsin(0))

= [cos(0)dr — rsin(0)do] A [sin(8)dr + r cos(6)db)

= rcos?(0)dr A df — rsin?(6)df A dr

= rdr Ndf
where I used that dr A df = —df N dr, dr A dr = 0 and df A df = 0 because of the antisymmety
of the wedge product A. In calculus III we say for polar coordinates the Jacobian is g(( g)) =
The determinant in the Jacobian is implicitly contained in the algebra of the wedge product. If you
want to change coordinates in differential form notation you just substitute in the coordinate change
formulas and take a few total differentials then the wedge product does the rest. In other words, the
Jacobian change of coordinates formula is naturally encoded in the langauge of differential forms.
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6.5.2 linearity properties of the derivative

Proposition 6.5.2.

Suppose that f, g are functions such that their derivative functions f’ and ¢’ share the same
domain U then (f 4+ g)' = f' 4+ ¢’ and (c¢f)’ = cf’. Moreover, the differentials of those
functions have

d(f +g) =df +dg and d(cf) = cdf

Proof: The proof that (f +¢g) = f'+ ¢ and (cf) = ¢f’ follows from earlier general arguments in
this chapter. Consider that,

d(f +9)a(h) = h(f+g9)(a) def. of differential for f + ¢

= h(f'(a) + ¢'(a)) using linearity of derivative.

= dfy(h) + dgs(h) algebra and def. of differential for f and g.
= (df +dg)a(h) def. of sum of functions.

thus d(f + g) = df + dg and the proof that d(cf) = edf is similar. OJ.
We see that properties of the derivative transfer over to corresponding properties for the differential.
Problem 1.7 on pg 62-63 of Edwards asks you to work out the product and chain rule for differentials.

6.5.3 the chain rule revisited

Proposition 6.5.3.

Suppose that f : dom(f) — range(f) and g : dom(g) — range(g) are functions such that g
is differentiable on U and f differentiable on ¢g(U) then

(fo9)'(a) =d'(a)f'(g(a))
for each a € U and it follows d(f °g)a = dfg(a) ° dga-

An intuitive proof is this: the derivative of a composite is the slope of the tangent line to the
composite. However, if f; and fy are linear functions with slopes m; and ms then f; o fo is a linear
function with slope mimo. Therefore, the derivative of a composite is the product of the derivatives
of the inside and outside function and we are forced to evaluate the outside function at g(a) since
that’s the only thing that makes SCDS(ﬂ Finally,

d(f o g)(a)(h) = h(f o g)'(a) = hg'(a) f'(9(a)) = dfy(a)(hg'(a)) = dfy(a)(dga(h)) = (dfg(a)° dga)(h)
Therefore we find d(f ° g)a = dfg(a) ° dga-

Proof: Let a € U then ¢'(a) = limy,_q w thus limy_0 g(a + h) = limy_,g g(a) + hg'(a).
In other words, the function ¢ and it’s tangent line are equal in the limit you approach the point

Sthis is argument by inevitability, see Agent Smith for how this turns out as a pattern of deduction.
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of tangency. Likewise, f'(g(a)) = lims_o M hence lims_,o f(g(a) + ) = f(g(a)) +
5f'(g(a)). Calculate then,

(feg)(a) = limy_ (fog)(a+h,1_(fog)(a) defn. of derivative
iy ol fo) defn. of fog
= limy,_,o f(g(“)J“hg/(Z)))_f(g(a)) since g(a + h) =~ g(a) + hg'(a)
= ¢'(a)limg_,q —f(g(a)Hg*f(g(a)) made subst. § = ¢'(a)h

= ¢/(a)limg_yo LU@DRTENTO@) o5 £(g(a) + 6) = f(g(a) + 6 (9(a))

= ¢'(a)f'(9(a)) limit of constant is just the constant.

I have used the notation ~ to indicate that those equations were not precisely true. However, the
error is small when h or § are close to zero and that is precisely the case which we were faced with
in those calculations. Admittably we could give a more rigoruous proof in terms of € and ¢ but
this proof suffices for our purposes here. The main thing I wanted you to take from this is that the
chain rule is a consequence of the tangent line approximation. [

Notice that most of the work I am doing here is to prove the result for the derivative. The same
was true in the last subsection. In your homework I say you can assume the product and quotient
rules for functions so that problem shouldn’t be too hard. You just have to pay attention to how I
defined the differential and how it is related to the derivative.
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6.6 special product rules

In this section I gather together a few results which are commonly needed in applications of calculus.

6.6.1 calculus of paths in R3

A path is a mapping from R to R”™. We use such mappings to model position, velocity and
acceleration of particles in the case m = 3. Some of these things were proved in previous sections
of this chapter but I intend for this section to be self-contained so that you can read it without
digging through the rest of this chapter.

Proposition 6.6.1.

If /,G:U C R — R™ are differentiable vector-valued functions and ¢ : U C R — R is a
differentiable real-valued function then for each t € U,

1. (F+G)(t) = F'(t) + G'(%).
cF)(t) = cF'(t).

F)(t) = ¢'()F(t) + o) F'(2).
F-G)(t) = F'(t) G(t) + F(t) - G'(t).

2

w

- (
- (
- (
- (

4

ot

. provided m = 3, (F x G)'(t) = F'(t) x G(t) + F(t) x G'(¢).

(=)

. provided ¢(U) C dom(F"), (F-¢)'(t) = ¢'(t)F(o(t)).

We have to insist that m = 3 for the statement with cross-products since we only have a standard
cross-product in R3. We prepare for the proof of the proposition with a useful lemma. Notice this
lemma tells us how to actually calculate the derivative of paths in examples. The derivative of
component functions is nothing more than calculus I and one of our goals is to reduce things to
those sort of calculations whenever possible.

Lemma 6.6.2.
If F:U CR — R™ is differentiable vector-valued function then for all t € U,

F'(t) = (F{(£), F3(t), - ., Fru (1))

We are given that the following vector limit exists and is equal to F'(t),
F(t+h)—F(t
F'(t) = lim (t+h) ®)
h—0 h
then by Proposition [3.2.10| the limit of a vector is related to the limits of its components as follows:

F(t) - ¢ = lim 2200 = F5(0)
R h—0 h .
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Thus (F'(t)); = Fj(t) and the lemma followsﬂ v
Proof of proposition: We use the notation F' = ) Fje; = (F1,...,Fy) and G = ), Gie; =
(G1,...,Gy) throughout the proofs below. The Y is understood to range over 1,2,...m. Begin
with (1.),

[(F T G)/]j - %[(F + G)j] using the lemma
= &l +Gjl using def. (F+ G); = Fj + G,
- %[Fj] + %[Gﬂ by calculus I, (f +9) = f' +¢.
= [F'+G'); def. of vector addition for F’ and G’

Hence (F x G)' = F' x G + F x G'.The proofs of 2,3,5 and 6 are similar. T'll prove (5.),

[(Fx @)= L[(F x Gy using the lemma
= di[z €ijkFi Gy using def. F' x G
= Z €ijk L[ FiGy] repeatedly using, (f +¢) = f' + ¢
= ) ekl GG + F 25 repeatedly using, (fg)' = f'g + fd
= Z eijk%Gj Z 61'ij¢%] property of finite sum Z
= (% X G+ (F x %)k) def. of cross product
= ( ‘fl—f x G+ F x Cfl—f )k def. of vector addition

Notice that the calculus step really just involves calculus I applied to the components. The ordinary
product rule was the crucial factor to prove the product rule for cross-products. We’ll see the same

for the dot product of mappings. Prove (4.)

(F-G)(t)= %> FuGy using def. F -G
- Z %[Fka] repeatedly using, (f +g) = f' + ¢
= Y [%EGy + F G repeatedly using, (fg)' = f'g + fd
— % -G+ F- %. def. of dot product

The proof of (3.) follows from applying the product rule to each component of ¢(¢)F(t). The proof
of (2.) follow from (3.) in the case that phi(t) = ¢ so ¢'(t) = 0. Finally the proof of (6.) follows
from applying the chain-rule to each component. [

Sthis notation I first saw in a text by Marsden, it means the proof is partially completed but you should read on
to finish the proof



6.6. SPECIAL PRODUCT RULES 123

6.6.2 calculus of matrix-valued functions of a real variable

Definition 6.6.3.

A matrix-valued function of a real variable is a function from I C R to R "™*", Suppose
A: 1 CR — R™"is such that A;; : I € R — R is differentiable for each ¢,j then we
define

@ . [dAZ‘j]
dt — L dt

which can also be denoted (A’);; = Aj;. We likewise define [ Adt = [[ Aj;dt] for A with

integrable components. Definite integrals and higher derivatives are also defined component-

wise.

2t 3t
43 5t
definition above. calculate; to differentiate a matrix we differentiate each component one at a time:

A1) = [ 122t2 227;3 ] A0 = { 2(‘)1’5 thQ } A= [ (2) 8 ]

Integrate by integrating each component:

Example 6.6.4. Suppose A(t) = I’ll calculate a few items just to illustrate the

: 3 2 2o 21,
| ttFa e _ 0 ol [ 4 8
/A(t)dt_|:t4+03 t5+04] /OA(t)dt_ 12 g2 _[16 32]
o £,

Proposition 6.6.5.

Suppose A, B are matrix-valued functions of a real variable, f is a function of a real variable,
c is a constant, and C' is a constant matrix then

1. (AB) = A'B + AB’ (product rule for matrices)

2. (ACY = A'C

fAY = fA+ fA

cA) = cA’

(
(

3. (CAY =CA
- {
5. (
(

6. (A+B) =A"+ DB’

where each of the functions is evaluated at the same time ¢ and I assume that the functions
and matrices are differentiable at that value of ¢t and of course the matrices A, B, C are such
that the multiplications are well-defined.
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Proof: Suppose A(t) € R ™*™ and B(t) € R "*P consider,

(AB)';; 4 ((AB);j) defn. derivative of matrix
= di( i Aik Brj) defn. of matrix multiplication
=> di(AmBkj) linearity of derivative
2.

[dA”“ Byj + Aik—g* ] ordinary product rules
dBy
=3 d’;‘;k Bkj + >, Aik—g>  algebra
= (A'B)j + (AB');; defn. of matrix multiplication
= (A'B + AB');; defn. matrix addition

~

this proves (1.) as i,j were arbitrary in the calculation above. The proof of (2.) and (3.) follow
quickly from (1.) since C' constant means C’ = 0. Proof of (4.) is similar to (1.):

(fA),; = %((fA)ij) defn. derivative of matrix
=4 d(fAi) defn. of scalar multiplication

= S Aij + =5 ordinary product rule
— (Y A+ f%)zj defn. matrix addition
= (ﬁA + f %)ij defn. scalar multiplication.

The proof of (5.) follows from taking f(¢) = ¢ which has f’ = 0. I leave the proof of (6.) as an
exercise for the reader. [J

To summarize: the calculus of matrices is the same as the calculus of functions with the small
qualifier that we must respect the rules of matrix algebra. The noncommutativity of matrix mul-
tiplication is the main distinguishing feature.

6.6.3 calculus of complex-valued functions of a real variable

Differentiation of functions from R to C is defined by splitting a given function into its real and
imaginary parts then we just differentiate with respect to the real variable one component at a
time. For example:

%(e% cos(t) +ie* sin(t)) = %(e% cos(t)) + 15 (e sin(t))

= (2e* cos(t) — e* sin(t)) 4 (2% sin(t) + e cos(t)) (6.1)
= (2 +i)(cos(t) + isin(t))
_ (2 + Z-)e(2+i)t

where I have made use of the identit e® T = e%(cos(y) +isin(y)). We just saw that %e/\t =AM
which seems obvious enough until you appreciate that we just proved it for A = 2 + 4.

"or definition, depending on how you choose to set-up the complex exponential, I take this as the definition in
calculus II



Chapter 7

local extrema for multivariate
functions

In this chapter I show how the multivariate Taylor series and the theory of quadratic forms give a
general form of the second derivative test. In particular we recover the second derivative tests of
calculus I and III as special cases. There are technical concerns about remainders and convergence
that I set aside for this chapter. The techniques developed here are not entirely general, there are
exceptional cases but that is not surprising, we had the same trouble in calculus I. If you read the
fine print you’ll find we really only have nice theorems for continuously differentiable functions.
When functions have holes or finite jump discontinuities we have to treat those separately.

7.1 Taylor series for functions of two variables

Our goal here is to find an analogue for Taylor’s Theorem for function from R™ to R. Recall that if
g:U CR — R is smooth at a € R then we can compute as many derivatives as we wish, moreover
we can generate the Taylor’s series for g centered at a:

_ / 1, 2 1, 3 . - g(n)(a) n
g(a+h)_g(a)+g(a)h+§g (a)h —|—§g (a)h +--~—nZ:%n!h

The equation above assumes that g is analytic at a. In other words, the function actually matches
it’s Taylor series near a. This concept can be made rigorous by discussing the remainder. If one
can show the remainder goes to zero then that proves the function is analytic. (read p117-127 of
Edwards for more on these concepts, I did cover some of that in class this semester, Theorem 6.3
is particularly interesting).

7.1.1 deriving the two-dimensional Taylor formula

The idea is fairly simple: create a function on R with which we can apply the ordinary Taylor series
result. Much like our discussion of directional derivatives we compose a function of two variables

125
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with linear path in the domain. Let f : U C R? — R be smooth with smooth partial derivatives
of all orders. Furthermore, let (a,b) € U and construct a line through (a,b) with direction vector
(h1, h2) as usual:

¢(t) = (a, b) + t(hl, hz) = (a + thl, b+ thg)

for t € R. Note ¢(0) = (a,b) and ¢'(t) = (h1,h2) = ¢/(0). Construct g = fo¢ : R — R and
differentiate, note we use the chain rule for functions of several variables in what follows:
gt)=(f¢)(t) = f(¢(t)¢'(t)
=V [f((t)) - (h1, he)
= hifz(a+ thy,b+ th) + hafy(a + thi, b+ ths)
Note ¢'(0) = h1 fz(a,b)+ha fy(a,b). Differentiate again (I omit (¢(¢)) dependence in the last steps),

g"(t) = h1fr(a+ thy, b+ thy) 4+ haf,(a + thy, b+ thy)
=V fo(é(t)) - (h1, ha) + haV fy(6(1)) - (h1, ho)
=13 fra + hahafys + haha fuy + h3 fyy
= W3 fou + 2h1ha fry + B3 fyy

Thus, making explicit the point dependence, g”(0) = h3 fy.(a, b) + 2h1ha fuy(a, b) + h3 f,,(a,b). We
may construct the Taylor series for g up to quadratic terms:

g0+ 1) = g(0) + tg(0) + %g"(o) .
2
= f(a,b) + t[hi1 fz(a,b) + hafy(a,b)] + %[h%fm(a, b) + 2h1ho fuy (0, b) + h3 fyy(a,0)] + - -

Note that g(t) = f(a + thy, b+ tha) hence g(1) = f(a + h1,b+ hy) and consequently,
fla+h1,b+ ha) = fa,b) + hifa(a,b) + hafy(a,b)+

1
t 5 [P fax(0,0) + 201 ha fay (0, B) + B3 fyy (0, B) | + -

Omitting point dependence on the 2"¢ derivatives,

fla+hi,b+hy) = f(a,b) + hyfo(a,b) + hafy(a,b) + 3[] fow + 2h1ho foy + h3 fyy] + -+

Sometimes we’d rather have an expansion about (z,y). To obtain that formula simply substitute
x —a = h; and y — b = he. Note that the point (a,b) is fixed in this discussion so the derivatives
are not modified in this substitution,

f(@,y) = fa,b) + (x — a) fu(a,b) + (y — b) fy(a, b)+

43| = @ Faal6) 20 = )y = D)y (0,0) + (5 = Dy B)|
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At this point we ought to recognize the first three terms give the tangent plane to z = f(z,y) at
(a,b, f(a,b)). The higher order terms are nonlinear corrections to the linearization, these quadratic
terms form a quadratic form. If we computed third, fourth or higher order terms we’d find that,

using a = a; and b = ag as well as x = z1 and y = xo,

Z Z Z Z rt' oy, &m fio agzii (i, = aiy)(@iy — aiy) -~ (3, — ai,))

n=011=012=0 =0

Let me expand the third order case just for fun:

3
| 2 i 'F (e, b)
S i ?(W 0= 8 ) ) -, ) =
!" 1’ jr'ﬂ Hm iﬁi:*i,:g

1.‘,1,'1: =@

——
.r"_'_'-'-

—s = 24 (o, k) (%~ f-‘lJ'l + (xﬂ] (y-b)° + £ (‘ﬂa}(‘d-ﬁ:]z
Y=

XX Ix

5"
'f v (x=a) (-0 Ly x40
‘C‘?xx (x-a)(v=b)" + &, yy (<-a) (3-b)°

+ 4 (9-4)°

Yyy

Thwe

I
£ lxy) = Flob) + 4, (x=a) - f, (4-4) + D
¥ (o bea) ¢ 3y () (40 + £, (4-0)7)
Ty ﬁ(,{m{x-ﬂf + BJEW,&{X-&-?Z{‘#*E)-FE’{twf’f’#{‘é'ﬁi{,ﬁ'“g?
boe-
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Fortunately we’re only really interested in the n = 0,1, 2 order terms. Conceptually, n = 0 tells us
where to base the tangent plane, n = 1 tell us how to build the tangent plane. We will soon discuss
how n = 2 show us if the tangent plane is at the top or bottom of a hill if we’re at a critical point.
We pause to play with multivariate series:

Example 7.1.1.

ﬂmg& fix ) = sh(x)cos /o)
= (x = e dde ) e gt 4y s

—- P b i Y i 3 7.2 5
= Xx ) L1 -t =
p 4 3 B o+ qu"ﬂ _‘I_)( 1 ,31"“5 +s_‘!>< TR
‘-"‘—_'__ e e —
——— —
hfmf -.I"I!'!"n. g arulin

1 3!
x““ai(—mx%-x)d 5;(.‘?{-1- xﬁ_‘-?-ﬁf_fxul

== -r{djc.l]rf &-njx-{-—-ﬁ{aaj"f + Em‘f.,,qx + by loo) 09 + £ fa0lr

4+ -—L(-meia,a:x + 34 ia.‘,..;x’-uti-;‘-';l},;wa"i. .}'ﬁ.:;-_..; v’ja -

ﬁc at L--“ﬂ? a.x:é‘.:..f‘ c:({enMﬂf O'fr
u--—_/cr a..:,ﬁulé:

ﬁ.’gf‘- ereleas Cﬂfﬂrﬂmfg ?‘%ﬂm.
WVle : 1(' fﬂ el =

fmton) =

Fr (o) = -1

feplo) = =1 (bina 3 = 32 » 3/

ﬂ”ﬂh g - 3Fz“5 r-%u

- ﬂﬂm Lan Ve r’d\-l l‘.rd-l-“l.jl.a .ﬂ ArIfLCpt' g‘l-l.f ferier ..,é;
{‘J{_lﬂ-{ﬂ;{a mu_g.‘i‘q. .hf c--'r.tbu Mf’é L’Ln‘? 'fﬁ.j.

whele  seriec muddplicatrin,
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Of course many functions of two variables cannot be separated into a product of a function of x
and a function of y. In those cases we’d have to calculate the Taylor series directly.
Example 7.1.2.

Cxcarnply : hevse Wi odlh  Cor 2

ke o P

£ () = Sih(x+4)
O
= S " P9

N=o [’?ni"l_j.{_-

- ¥
= XtYy - %{ (x+9) + .S{F{xityff

EL Y]

Verrea
Flxy) = gih (xry)
T S X corp + t Y car
T X ) (W Fy ) 4 (4 9= fxS)

which t beter 7 pre they the rame 7

(YE.!.‘ I fhenly Yo e brelade #A.ﬂl.f:-'?'-ﬂu =5 ffﬂd%mﬂ@ﬁ aﬁ;_}
%mer Yrw  Lan ¥ ﬂuuf' rhiddt feimy el cﬁn/};ﬁ?
It s Phie be ai'rcu_?,unr
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Example 7.1.3.

Exuﬁtr. : cender -F{x,:f_}:- X abess (4,1),
'F{'.l,l.'] 1
F O = 4l =]

Laj

fy 0n1) :-xi:w = 1

Telewr vre T

l‘l":l'

Th™ 4 2. :ﬂ@a
fucli) = © "‘[’3"5”‘
'F-,-, r:".r‘] =0
Fry lW1) =

Hn'-ﬁ&\u derbradiver  bey r.uﬂﬁl dead.

E(w] = |+ Llx-1)+ 1(%-1) + %{x-i}(‘ﬂ-l)

[tnjreru.fl "-‘-:b r:'w”.
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7.2 Taylor series for functions of many variables

(encidin £: Us R —— [ and dende
X s fix] whea X = fx-,}rt{..qx‘.-.j ‘H‘eﬂ e i 2l

pulnf' P = fa.,m,“uﬂ,} and  gon rhaet .Pn-h{ P:ffe— 1
Via At rule:

Pk = (0, ¢ th,, asth, . a.+44,)
Noke Pl =(a,.5a)=pP ant @' = (4, . - T

Foron e comparie 8= e ¢ - ,raﬂv-—e-,ﬁ? R
LSS tamma S PR ‘.-:mrﬁ‘n-f afffrlmf'i'l,w of
ﬂ oreline . TZ; 'Ha,,f.r revier oo B tendered
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G
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7.3 quadratic forms, conic sections and quadric surfaces
Conic sections and quadratic surfaces are common examples in calculus. For example:
2t 4y? =4 level curve; generally has form f(z,y) =k

2?4+ 4?4222 =1 level surface; generally has form F(z,y,z2) =k

Our goal is to see what linear algebra and multivariate calculus have to say about conic sections
and quadric surfaces. (these notes borrowed from my linear algebra notes)

7.3.1 quadratic forms and their matrix

We are primarily interested in the application of this discussion to R? and R?, however, these
concepts equally well apply to arbitrarily high finite dimensional problems where the geometry is
not easily pictured.

Definition 7.3.1.

Generally, a quadratic form @ is a function @ : R” — R whose formula can be written
Q(¥) = T AZ for all ¥ € R™ where A € R ™ " such that AT = A. In particular, if

= [z,y]" andA—{CbL ?] then

#T AZ = ax® 4 bay + byx + cy® = ax® + 2bzy + 2.
The n = 3 case is similar,denote A = [A;;] and T = [z,y, 2]T so that
FLAZ = Anz? + 2A10zy + 241322 + Asoy® + 2A03yz + Asz2?.
Generally, if [4;;] € R ™" and & = [z;]7 then the quadratic form

n
fTAf = Z Aijxix]— = ZA”J:? + Z 2Aijxixj.
i=1

1] i<j

In case you wondering, yes you could write a given quadratic form with a different matrix which
is not symmetric, but we will find it convenient to insist that our matrix is symmetric since that
choice is always possible for a given quadratic form.

You should notice can write a given quadratic form in terms of a dot-product:
AT =7 (AT) = (AZ) -2 =727 ATZ

Some texts actually use the middle equality above to define a symmetric matrix.
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Example 7.3.2.
2 1 T
2 2
2z° + 22y + 2y :[x y][l 2][?;}

Example 7.3.3.

2x2+2xy—|—3xz—2y2—z2:[:n Y z] 1 -2 0 Y

Proposition 7.3.4.

The values of a quadratic form on R™ — {0} is completely determined by it’s values on

the (n — 1)-sphere S,,_1 = {Z € R" | ||7]| = 1}. In particular, Q(Z) = ||7]|*Q(%) where
1 =

7 = I

&1

Proof: Let Q(%) = #T AZ. Notice that we can write any nonzero vector as the product of its

magnitude ||z|| and its direction & = %f

Q) = QUIE) = (I715)T Al = 171257 A = |12l PQ(3).
Therefore Q(Z) is simply proportional to Q(#) with proportionality constant ||Z||?. O

The proposition above is very interesting. It says that if we know how ) works on unit-vectors then
we can extrapolate its action on the remainder of R"”. If f : S — R then we could say f(S) > 0
iff f(s) > 0 for all s € S. Likewise, f(S) < 0 iff f(s) < 0 for all s € S. The proposition below
follows from the proposition above since ||#||> ranges over all nonzero positive real numbers in the
equations above.

Proposition 7.3.5.

If Q is a quadratic form on R™ and we denote R} = R"™ — {0}

1.(negative definite) Q(RY) < 0 iff Q(Sp—1) <0
2.(positive definite) Q(RY) > 0 iff Q(Sp—1) >0

3.(non-definite) Q(RY) =R — {0} iff Q(S,—1) has both positive and negative values.

7.3.2 almost an introduction to eigenvectors

Eigenvectors and eigenvalues play an important role in theory and application. In particular,
eigenvalues and eigenvectors allow us to (if possible) diagonalize a matrix. This essentially is the
problem of choosing coordinates for a particular system which most clearly reveals the true nature
of the system. For example, the fact that 2zy = 1 is a hyperbola is clearly seen once we change
to coordinates whose axes point along the eigenvectors for the quadratic form Q(z,y) = 2zy.
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Likewise, in the study of rotating rigid bodies the eigenvectors of the inertia tensor give the so-
called principle axes of inertia. When a body is set to spin about such an axes through its center
of mass the motion is natural, smooth and does not wobble. The inertia tensor gives a quadratic
form in the angular velocity which represents the rotational kinetic energy. I’ve probably assigned a
homework problem so you can understand this paragraph. In any event, there are many motivations
for studying eigenvalues and vectors. I explain much more theory for e-vectors in the linear course.

Definition 7.3.6.

Let A € R ™", Ifv € R ™! is nonzero and Av = \v for some A € C then we say v is an
eigenvector with eigenvalue )\ of the matrix A.

Proposition 7.3.7.

Let A € R ™™ then A is an eigenvalue of A iff det(A — AI) = 0. We say P(\) = det(A— )
the characteristic polynomial and det(A — A\I) = 0 is the characteristic equation.

Proof: Suppose \ is an eigenvalue of A then there exists a nonzero vector v such that Av = Av
which is equivalent to Av — Av = 0 which is precisely (A — AI)v = 0. Notice that (A — AI)0 =0
thus the matrix (A — AI) is singular as the equation (A — AI)z = 0 has more than one solution.
Consequently det(A — XI) = 0.

Conversely, suppose det(A — A\I) = 0. It follows that (A — AI) is singular. Clearly the system
(A — M)z = 0 is consistent as = 0 is a solution hence we know there are infinitely many solu-
tions. In particular there exists at least one vector v # 0 such that (A — AI)v = 0 which means the
vector v satisfies Av = Av. Thus v is an eigenvector with eigenvalue A for A. [

31

Example 7.3.8. Let A = [ 3 ]

] find the e-values and e-vectors of A.

3—-A 1

det(A—)\I):det[ 3 11

] =(B3-N1-XN)=-3=X—-4A=XA-4)=0
We find Ay = 0 and Ao = 4. Now find the e-vector with e-value \y = 0, let u; = [u,v]T denote the
e-vector we wish to find. Calculate,

amonu=[3 ][] =[] [0)

Obuviously the equations above are redundant and we have infinitely many solutions of the form
. . 1 L.

3u + v = 0 which means v = —3u so we can write, u; = [ —gu } =u [ _3 ] In applications we

often make a choice to select a particular e-vector. Most modern graphing calculators can calcu-

late e-vectors. It is customary for the e-vectors to be chosen to have length one. That is a useful

choice for certain applications as we will later discuss. If you use a calculator it would likely give
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Uy = \/%T) [ _13 ] although the v/10 would likely be approximated unless your calculator is smart.

Continuing we wish to find eigenvectors ug = [u,v]T such that (A — 4I)us = 0. Notice that u,v
are disposable variables in this context, I do not mean to connect the formulas from the A = 0 case
with the case considered now.

-1 1 ul_ | —utv | _ [0
<A_4I)“1_[3 —3][1}]_[311—3@]_[0}
Again the equations are redundant and we have infinitely many solutions of the form v = u. Hence,

1
Uo = { Z ] =u [ 1 ] is an eigenvector for any u € R such that u # 0.

Theorem 7.3.9.

‘A matrix A € R %" is symmetric iff there exists an orthonormal eigenbasis for A.

There is a geometric proof of this theorem in Edwardsﬂ (see Theorem 8.6 pgs 146-147) . I prove half
of this theorem in my linear algebra notes by a non-geometric argument (full proof is in Appendix C
of Insel,Spence and Friedberg). It might be very interesting to understand the connection between
the geometric verse algebraic arguments. We’ll content ourselves with an example here:

000

Example 7.3.10. Let A= | 0 1 2 |. Observe that det(A— ) = —A(A+1)(A—3) thus A\ =
0 2 1

0,A\2 = —1,A3 = 3. We can calculate orthonormal e-vectors of vi = [1,0,0]T, vo = %[0, 1,-1)7

and vy = %[0, 1, 1]T. I invite the reader to check the validity of the following equation:

1 0 0 0ooo01[1 0 o0 0 0 0
0 %5 A |lo12]]0 % H|=]0-10
0 % % 021]|0 F% 5 0 0 3
Its really neat that to find the inverse of a matriz of orthonormal e-vectors we need only take the
1 0 0 1 0 O 1 0 0
transpose; note | 0 % \_7% 0 % % =010

7.3.3 quadratic form examples

Example 7.3.11. Consider the quadric form Q(z,y) = x> +y%. You can check for yourself that
z = Q(z,y) is a cone and Q has positive outputs for all inputs except (0,0). Notice that Q(v) = ||v||?

Lthink about it, there is a 1-1 correspondance between symmetric matrices and quadratic forms
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so it is clear that Q(S1) = 1. We find agreement with the preceding proposition.

Next, think about the application of Q(x,y) to level curves; x? + y? = k is simply a circle of radius
Vk or just the origin.

1
Finally, let’s take a moment to write Q(z,y) = [z,y] [ 0 (1) ] [ ;j ] in this case the matriz is

diagonal and we note that the e-values are A\ = Ay = 1.

Example 7.3.12. Consider the quadric form Q(z,y) = x* — 2y®. You can check for yourself that
2z = Q(x,y) is a hyperboloid and Q has non-definite outputs since sometimes the x* term dom-
inates whereas other points have —2y* as the dominent term. Notice that Q(1,0) = 1 whereas
Q(0,1) = —2 hence we find Q(S1) contains both positive and negative values and consequently we
find agreement with the preceding proposition.

Next, think about the application of Q(z,y) to level curves; x* — 2y? = k yields either hyperbolas
which open vertically (k > 0) or horizontally (k < 0) or a pair of lines y = £5 in the k = 0 case.

1 0
0 -2
diagonal and we note that the e-values are A\ =1 and Ay = —2.

Finally, let’s take a moment to write Q(x,y) = [x,y] [ ] [ Zj ] in this case the matriz is

Example 7.3.13. Consider the quadric form Q(x,y) = 3x2. You can check for yourself that
z = Q(x,y) is parabola-shaped trough along the y-axis. In this case Q has positive outputs for all
inputs except (0,y), we would call this form positive semi-definite. A short calculation reveals
that Q(S1) = [0, 3] thus we again find agreement with the preceding proposition (case 3).

Next, think about the application of Q(x,y) to level curves; 3x® = k is a pair of vertical lines:
x = ++\/k/3 or just the y-azis.

x

Finally, let’s take a moment to write Q(z,y) = [z,y] [ 30 ] [ )

00
diagonal and we note that the e-values are A\ = 3 and Ay = 0.

] in this case the matrixz is

Example 7.3.14. Consider the quadric form Q(x,vy,z) = x% + 2y + 32%. Think about the appli-
cation of Q(z,y,z) to level surfaces; x> + 2y* + 322 = k is an ellipsoid.

1 0 0 T

Finally, let’s take a moment to write Q(z,y,z) = [z,y,2] | 0 2 0 y | in this case the matrix
0 0 3 z

1s diagonal and we note that the e-values are A1 =1 and Ao = 2 and A3 = 3.

The examples given thus far are the simplest cases. We don’t really need linear algebra to un-
derstand them. In contrast, e-vectors and e-values will prove a useful tool to unravel the later
examples.
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Proposition 7.3.15.

If @Q is a quadratic form on R™ with matrix A and e-values A1, Ao, ..., \,, with orthonormal
e-vectors vy, vs, ..., v, then

Q(vi) = A\i°
for i =1,2,...,n. Moreover, if P = [v1]va] - - |v,] then

Q@) = (PT&)TPTAPPTZ = My + May2 + - 4 A2

where we defined 7 = PTZ.

Let me restate the proposition above in simple terms: we can transform a given quadratic form to
a diagonal form by finding orthonormalized e-vectors and performing the appropriate coordinate
transformation. Since P is formed from orthonormal e-vectors we know that P will be either a
rotation or reflection. This proposition says we can remove ”cross-terms” by transforming the
quadratic forms with an appropriate rotation.

Example 7.3.16. Consider the quadric form Q(z,y) = 2x% + 2xy + 2y>. It’s not immediately
obvious (to me) what the level curves Q(z,y) = k look like. We’ll make use of the preceding
proposition to understand those graphs. Notice Q(z,y) = [z, y] [ f ; ] [ z ] Denote the matrix
of the form by A and calculate the e-values/vectors:

2—A 1

det(A—)\I):det[ 1 9_1\

}:()\—2)2—1:/\2—4)\+3:()\—1)()\—3):0

Therefore, the e-values are A\ =1 and Ay = 3.

o= [2][2]-[3] - e[

I just solved u+ v =0 to give v = —u choose u = 1 then normalize to get the vector above. Next,

<A—31>ﬁ2—[_11 _11][5]—[8] - ﬁQ‘é{”

I just solved u — v = 0 to give v = u choose u = 1 then normalize to get the vector above. Let

P = [ii1|t2] and introduce new coordinates i = [Z,9]" defined by ¥ = PTZ. Note these can be
inverted by multiplication by P to give & = Py. Observe that
1 11 r =Lz+79) T =3i(z—y)
P=_ = 7% or 7
2[—1 1] y =5(-7+7) j =5(+y)

The proposition preceding this example shows that substitution of the formulas above into @) yz’el(ﬂ'

Q(z,9) = 7> + 3y

Ztechnically Q(:Y:,gj) is Q(z(z,9),y(Z, 7))
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It is clear that in the barred coordinate system the level curve Q(x,y) = k is an ellipse. If we draw
the barred coordinate system superposed over the xy-coordinate system then you’ll see that the graph
of Q(z,y) = 222 + 2zy + 2y% = k is an ellipse rotated by 45 degrees.

Example 7.3.17. Consider the quadric form Q(x,y) = x> +2xy+y%. It’s not immediately obvious
(to me) what the level curves Q(x,y) = k look like. We’ll make use of the preceding proposition to

bl ] [ z ] Denote the matrix of the form by

understand those graphs. Notice Q(z,y) = [x,y] [ 11

A and calculate the e-values/vectors:

1—A 1}

L1 =A=1)2=1=X-22=2\-2)=0

det(A — \I) = det [

Therefore, the e-values are A\ = 0 and Ay = 2.

aoa=[1 ][] [0] = m-l 4

I just solved uw+ v = 0 to give v = —u choose u = 1 then normalize to get the vector above. Next,

=[5 ][E]=[0] = m=la]

I just solved u —v = 0 to give v = u choose uw = 1 then normalize to get the vector above. Let
P = [iy|i2] and introduce new coordinates § = [z,y]? defined by f = PTX. Note these can be
inverted by multiplication by P to give ¥ = Py. Observe that

pol[ 1] 5 rziEr

= %(fv—y)
2 y =35(-2+79) 3

(z+y)

The proposition preceding this example shows that substitution of the formulas above into Q) yield:
Q(z,9) = 25°

It is clear that in the barred coordinate system the level curve Q(z,y) = k is a pair of paralell
lines. If we draw the barred coordinate system superposed over the xy-coordinate system then you’ll
see that the graph of Q(x,y) = x? + 2xy + y?> = k is a line with slope —1. Indeed, with a little
algebraic insight we could have anticipated this result since Q(z,y) = (x+y)? so Q(x,y) = k implies
x—l—y:\/Ethusy:\/E—a:.

Example 7.3.18. Consider the quadric form Q(x,y) = 4xy. It’s not immediately obvious (to
me) what the level curves Q(x,y) = k look like. We’ll make use of the preceding proposition to
x

Y

Q8

understand those graphs. Notice Q(z,y) = [x,y] 0 2 ] [

0 2 ] Denote the matrix of the form by

A and calculate the e-values/vectors:

- 2
det(A — \I) = det 9 _\

=X —4=A+2)(A-2)=0
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Therefore, the e-values are \1 = —2 and g = 2.
2 2 0 L1 1
weaa=[3 [2]-[2] = o= 5[ 4]
I just solved u 4+ v =0 to give v = —u choose u = 1 then normalize to get the vector above. Next,

w2 3][2]-[2] » a- 5[0

I just solved u — v = 0 to give v = u choose uw = 1 then normalize to get the vector above. Let

P = [iy|i2] and introduce new coordinates § = [z,y]" defined by ¥ = PTZ. Note these can be
inverted by multiplication by P to give ¥ = Py. Observe that
1 11 r =3z +79) T =Lxz—vy)
P== = 2V or ?
2[—1 1] y =5(-7+7) j =5(z+y)

The proposition preceding this example shows that substitution of the formulas above into Q yield:
Q(z,7) = —28* + 2

It is clear that in the barred coordinate system the level curve Q(x,y) = k is a hyperbola. If we
draw the barred coordinate system superposed over the xy-coordinate system then you’ll see that the
graph of Q(x,y) = 4xy = k is a hyperbola rotated by 45 degrees.

Remark 7.3.19.

I made the preceding triple of examples all involved the same rotation. This is purely for my
lecturing convenience. In practice the rotation could be by all sorts of angles. In addition,
you might notice that a different ordering of the e-values would result in a redefinition of
the barred coordinates. Fl

We ought to do at least one 3-dimensional example.

Example 7.3.20. Consider the quadric form defined below:

6 -2 0 T
Q(muyaz) = [ﬁvy’ Z] —2 6 0 Yy
0 0 5 z

Denote the matriz of the form by A and calculate the e-values/vectors:

6—-A =2 0
det(A—Xl)=det | -2 6-—X 0
0 0 5—A
=[(A—6)*—4](5-)
= (5— N[\ — 12X +32](5 — \)
=A=4)A=8)(-2)
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Therefore, the e-values are Ay = 4, Ay = 8 and A3 = 5. After some calculation we find the following
orthonormal e-vectors for A:

Let P = [ify|tz|id3] and introduce new coordinates ij = [%,7, 2|7 defined by ij = PTZ. Note these
can be inverted by multiplication by P to give £ = Py. Observe that

1 11 0 r = $(Z+7) T = (z—vy)
P:\T -11 0 = y = 3(-2+y) or § = 3(z+y)
2 0 0 V2 z = Z z = z

The proposition preceding this example shows that substitution of the formulas above into Q) yield:
Q(%,7,2) = 47° + 87> + 57°

It is clear that in the barred coordinate system the level surface Q(x,y,z) =k is an ellipsoid. If we
draw the barred coordinate system superposed over the xyz-coordinate system then you’ll see that
the graph of Q(x,y, z) = k is an ellipsoid rotated by 45 degrees around the z — axis.

Remark 7.3.21.

There is a connection between the shape of level curves Q(z1, z2, ..., x,) = k and the graph
Tny1 = f(x1,m2,...,2,) of f. T'll discuss n = 2 but these comments equally well apply to
w = f(z,y,2) or higher dimensional examples. Consider a critical point (a,b) for f(z,y)
then the Taylor expansion about (a,b) has the form

fla+h,b+ k)= f(a,b) +Q(h,k)

where Q(h, k) = 252 fuz(a,b) + hk fry(a,b) + $h2 fyy(a,b) = [h, k][Q](h, k). Since [Q]T = [Q]
we can find orthonormal e-vectors 1, iy for [Q)] Wi‘Eh_e—values A1 and Ao respective. Using
U = [t1|ds] we can introduce rotated coordinates (h, k) = U(h, k). These will give

Q(E, l;‘) = )\1%2 + )\27{2

Clearly if Ay > 0 and A2 > 0 then f(a,b) yields the local minimum whereas if A\; < 0 and
A2 < 0 then f(a,b) yields the local maximum. Edwards discusses these matters on pgs.
148-153. In short, supposing f =~ f(p) + @, if all the e-values of ) are positive then f has
a local minimum of f(p) at p whereas if all the e-values of @) are negative then f reaches
a local maximum of f(p) at p. Otherwise @) has both positive and negative e-values and
we say () is non-definite and the function has a saddle point. If all the e-values of () are
positive then @ is said to be positive-definite whereas if all the e-values of () are negative
then @ is said to be negative-definite. Edwards gives a few nice tests for ascertaining if
a matrix is positive definite without explicit computation of e-values.
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7.4 local extrema from eigenvalues and quadratic forms

We have all the tools we need, let’s put them to use now.
Example 7.4.1.

£lxy) = X* - 2xg + @F
9f = € Ax-~3AY, 3Y-AX Y VE=0 B Y=x
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Example 7.4.2.

Flxv) = exp E'xl—‘dz)
‘P,,l‘::-f.'n'j = - S CAp f‘xz“ﬂ')
£, (=Yl = -39 e (-x2-y?)
f. () = -exp (%47 »Yx? e [-x"=9?)

Sog (%¥) = My ep(-x"-9")
%n. (xv) = (442=2) &p (=x2=p?)
Nakt Ff(xy)=0 = -3 ,-287 ﬂ.,-.;!_\.;z = HKe=d=0
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Example 7.4.3.
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Example 7.4.4.
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Chapter 8

on manifolds and multipliers

In this chapter we show the application of the most difficult results in this course, namely the
implicit and inverse mapping theorems. Our first application is in the construction of manifolds
as graphs or level sets. Then once we have a convenient concept of a manifold we discuss the idea
of Lagrange multipliers. The heart of the method combines orthogonal complements from linear
algebra along side the construction of tangent spaces in this course. Hopefully this chapter will
help you understand why the implicit and inverse mapping theorems are so useful and also why
we need manifolds to make sense of our problems. The patching definition for a manifold is not of
much use in this chapter although we will mention how it connects to the other two formulations
of a manifold in R™ in the context of a special case.

8.1 surfaces in R?

Manifolds or surfaces play a role similar to functions in this course. Our goal is not the study of
manifolds alone but it’s hard to give a complete account of differentiation unless we have some idea
of what is a tangent plane. This subsection does break from the larger pattern of thought in this
chapter. I include it here to try to remind how surfaces and tangent planes are described in R3. We
need some amount of generalization beyond this section because the solution of max/min problems
with constraints will take us into higher dimensional surfaces even for problems that only involve
two or three spatial dimensions. We treat those questions in the next chapter.

There are three main methods to describe surfaces:

1. As a graph: S ={(z,y,2) | z = f(z,y) where (z,y) € dom(f)}.
2. As a level surface: S ={(z,y,2) | F(x,y,z) =0}

3. As a parametrized surface: S = {X(u,v) | (u,v) € dom(X)}

147
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Let me remind you we found the tangent plane at (z,, Yo, 20) € S for each of these formalisms as
follows (continuing to use the same notation as above):

1. For the graph: z = 2, + f(xoa yo) + fm(l'm yo)(‘r - xo) + fy(xoy yo)(y - yo)-
2. For the level surface: plane through (z,, Yo, 2,) with normal (VF)(zs, Yo, 20)

3. For the parametrized surface: find (u,, v,) with X (ue, v,) = (%0, Yo, 20), the tangent
plane goes through X (u,,v,) and has normal N (e, v,) = Xy (te, Vo) X Xy (e, Vo).

Perhaps you recall that the normal vector field to the surface S was important in the formulation
of surface integrals to calculate the flux of vector fields.

Example 8.1.1. The plane through the point 7, with normal n =< a,b,c > can be described as:

1. all ¥ € R? such that (7 — 7,) -7 = 0.

— o) + 7(2 — 20)

v BN Lo I\S)
<
[wpl
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o
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>
e
Q
=}
=
>
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[
o
—
“H
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N—
S
>
[qy)
a
o
—
“%2
N
N—
[
Ned
Q
_l’_
[wyl
—
I

. if a # 0, the graph x = f1(y,z) where fi1(y,z) = x, + g(y —Yo) + (2 — 20)

6. given any two linearly independent vectors Ei,g in the plane, the plane is the image of the
mapping X : R? — R3 defined by X (u,v) = 7, + ud@ + vb

Example 8.1.2. The sphere of radius R centered about the origin can be described as:
1. all (z,y,2) € R3 such that F(x,y,2) = 2> + y* + 22 = R?
2. the graphs of z = fi(x,y) where fi(x,y) = £/ R? — 22 — y?
3. for (u,v) € [0,27] x [0,7], X(u,v)= (Rcosusinv, Rsinusinv, Rcosv)

You may recall that the level surface concept allowed by far the easiest computation of the normal
of the tangent plane for a particular point. For example, VF =< 2x,2y,2z > in the preceding
example. Contrast that to calculation of X, x X, where the x denotes the dreaded cross-product.
Of course each formalism has its place in calculus III.
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Remark 8.1.3.

In this warm-up section we have hopefully observed this much about surfaces in R3:

1. the tangent plane is always 2-dimensional, it is really a plane in the traditional sense
of the term.

2. the normal to the tangent plane is always 1-dimensional, the normal through a par-
ticular point on the surface is just a line which is orthogonal to all possible tangents
through the point.

3. the dimension of the tangent plane and normal give the total dimension of the ambient
space; 2+ 1 = 3.

8.2 manifolds as level sets

We will focus almost exclusively on the level surface formulation of a manifold in the remainder of
this chapter. We say M C R" is a manifold of dimension p < n if M has a p-dimensional tangent
plane for each point on M. In other words, M is a p-dimensional manifold if it can be locally
approximated by R? at each point on M. Moreover, the set of all vectors normal to the tangent
space will be n — p dimensional.

These are general concepts which encompasses lines, planes volumes and much much more. Let me
illustrate by example:

Example 8.2.1. Let g : R? — R be defined by g(x,y) =y — x — 1 note that g(x,y) = 0 gives the
liney—x—1 =0 commonly written as y = x + 1; note that the line has direction vector < —1,1 >.
Furthermore, Vg =< 1,—1 > which is orthogonal to < —1,1 >.

Example 8.2.2. Let g : R? — R be defined by g(x,y,2) = y — x — 1 note that g(x,y,2) = 0 gives
the plane y—x —1 = 0. Furthermore, Vg =< 1,—1,0 > which gives the normal to the plane g = 0.

Example 8.2.3. Let g : R* — R be defined by g(z,y,2,t) = y — x — 1 note that g(z,y,z,t) =0
gives the hyperplane y — x — 1 = 0. Furthermore, Vg =< 1,—1,0,0 > which gives the normal to
the hyperplane g = 0. What does that mean? It means that if I take any vector in the hyperplane
it is orthogonal to < 1,—1,0,0 >. Let 71,72 be points in the solution set of g(z,y, z,t) = 0. Denote
™1 = (z1,y1, 21, t1) and 71 = (x2, Y2, 22, t2), we have y1 = x1 + 1 and yo = x2+ 1. The vector in the
hyperplane is found from the difference of these points:

— —

V=7 — 7 = (x2, 2+ 1, 20,t2) — (1,21 + 1, 21,t1) = (w2 — 21, 2 — T1, 22 — 21,2 — t1).

It’s easy to see that ¥- Vg =0 hence Vg is perpendicular to an arbitrary vector in the hyperplane
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If you’ve begun to develop an intuition for the story we're telling this last example ought to bug
you a bit. Why is the difference of points a tangent vector? What happened to the set of all
tangent vectors pasted together or the differential or the column space of the derivative? All those
concepts still apply but since we were looking at a linear space the space itself matched the tangent
hyperplane. The point of the triple of examples above is just to constrast the nature of the equation
g = 0 in various contexts. We find the dimension of the ambient space changes the dimension of
the level set. Basically, we have one equation g = 0 and n-unknowns then the inverse image of zero
gives us a (n — 1)-dimensional manifold. If we wanted to obtain a n — 2 dimensional manifold then
we would need two equations which were independent. Before we get to that perhaps I should give
a curvy example.

Example 8.2.4. Let g : R* — R be defined by g(x,vy, 2,t) = t+x?+y>—22% note that g(x,y, 2,t) =0
gives a three dimensional subset of R, let’s call it M. Notice Vg =< 2x,2y, —4z,1 > is nonzero
everywhere. Let’s focus on the point (2,2,1,0) note that g(2,2,1,0) = 0 thus the point is on M.
The tangent plane at (2,2,1,0) is formed from the union of all tangent vectors to g = 0 at the
point (2,2,1,0). To find the equation of the tangent plane we suppose v : R — M is a curve with
v # 0 and v(0) = (2,2,1,0). By assumption g(v(s)) = 0 since v(s) € M for all s € R. Define
v (0) =< a,b,c,d >, we find a condition from the chain-rule applied to gey =0 at s =0,

d
$( g°v(s) ) = (Vg)(v(s)) -7 (s) =0 = V9(2,2,1,0)- < a,b,c,d >=0
= <44, 41> <abecd>=0

= da+4b—4c+d=0

Thus the equation of the tangent plane is 4(x — 2) +4(y —2) —4(z — 1) +t = 0. In invite the
reader to find a vector in the tangent plane and check it is orthogonal to Vg(2,2,1,0). However,
this should not be surprising, the condition the chain rule just gave us is just the statement that
< a,b,c,d >€ Null(Vg(2,2,1,0)T) and that is precisely the set of vector orthogonal to Vg(2,2,1,0).

One more example before we dive into the theory of Lagrange multipliers. (which is little more
than this section applied to word problems plus the powerful orthogonal complement theorem from
linear algebra)

Example 8.2.5. Let G : R* — R? be defined by G(x,y,2,t) = (z+ 22 +y> =2,z +y> +t2 = 2). In
this case G(z,y,2,t) = (0,0) gives a two-dimensional manifold in R* let’s call it M. Notice that
G1 =0 gives z+ 22 +y> =2 and Go = 0 gives z +y> + 1> = 2 thus G = 0 gives the intersection of
both of these three dimensional manifolds in R* (no I can’t "see” it either). Note,

VG =< 22,2y,1,0 > VGy =< 0,2y,1,2t >

It turns out that the inverse mapping theorem says G = 0 describes a manifold of dimension 2 if
the gradient vectors above form a linearly independent set of vectors. For the example considered
here the gradient vectors are linearly dependent at the origin since VG1(0) = VG2(0) = (0,0, 1,0).
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In fact, these gradient vectors are colinear along along the plane x =t = 0 since VG1(0,y, z,0) =
VG3(0,y,2,0) =< 0,2y,1,0 >. We again seek to contrast the tangent plane and its normal at
some particular point. Choose (1,1,0,1) which is in M since G(1,1,0,1) = (0+1+1—2,0+
1+1-2)=(0,0). Suppose that v : R — M is a path in M which has v(0) = (1,1,0,1) whereas
v (0) =< a,b,¢,d >. Note that VG1(1,1,0,1) =< 2,2,1,0 > and VG2(1,1,0,1) =< 0,2,1,1 >.
Applying the chain rule to both G1 and Go yields:

(G1°7)'(0) = VG1(7(0))- < a,b,c,d >=0 = <2,2,1,0> -<a,bc,d>=0
(G2°7)'(0) = VGa(7(0))- < a,b,c,d >=0 = <0,2,1,1> -<a,bc,d>=0
This is two equations and four unknowns, we can solve it and write the vector in terms of two free

variables correspondant to the fact the tangent space is two-dimensional. Perhaps it’s easier to use
matriz techiques to organize the calculation:

2 210 10 0 -=1/2
We calculate, rref [ 02 1 1 ] [ 01 1/2 1/2
ables then we can read that a = d/2 and b= —c/2 — d/2 hence

<a,be,d>=<d/2,—c/2—d/2,c,d >= £ <0,-1,2,0 > +4 <1,-1,0,2 >

} . It’s natural to chose c,d as free vari-

We can see a basis for the tangent space. In fact, I can give parametric equations for the tangent
space as follows:

X(u,v) = (1,1,0,1) +u < 0,—1,2,0 > +v < 1,-1,0,2 >

Not surprisingly the basis vectors of the tangent space are perpendicular to the gradient vectors
VGi(1,1,0,1) =< 2,2,1,0 > and VG2(1,1,0,1) =< 0,2,1,1 > which span the normal plane
N, to the tangent plane T, at p = (1,1,0,1). We find that T, is orthogonal to Ny. In summary
TpJ- = N, and T, ® N, = RY. This is just a fancy way of saying that the normal and the tangent
plane only intersect at zero and they together span the entire ambient space.

Remark 8.2.6.

The reason I am bothering with these seemingly bizarre examples is that the method of
Lagrange multipliers comes down to the observation that both the constraint and objective
function’s gradient vectors should be normal to the tangent plane of the constraint surface.
This means they must both reside in the normal to the tangent plane and hence they will
either be colinear or for several constraints they will be linearly dependent. The geometry
we consider here justifies the method. Linear algebra supplies the harder part which is
that if two vectors are both orthogonal to the tangent plane then they must both be in
the orthogonal complement to the tangent plane. The heart of the method of Lagrange
multipliers is the orthogonal complement theory from linear algebra. Of course, you can be
heartless and still sucessfully apply the method of Lagrange.
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8.3 Lagrange multiplier method for one constraint
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8.4 Lagrange multiplier method for several constraints
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Chapter 9

theory of differentiation

In the last chapter I began by announcing I would apply the central theorems of this course to
solve interesting applied problems. If you remembered that I said that you may be a bit perplexed
after completing the preceding chapter. Where did we use these theorems? It would seem we
mostly just differentiated and pulled a magic A from the thin air. Where did we use the inverse or
implicit mapping theorems? It’s subtle. These theorems go to the existence of a mapping, or the
solution of a system of equations. Often we do not even care about finding the inverse or solving
the system. The mere existence justifies other calculations we do make explicit. In this chapter
I hope to state the inverse and implicit function theorems carefully. I leave the complete proofs
for Edward’s text, we will just discuss portions of the proof. In particular, I think it’s worthwhile
to discuss Newton’s method and the various generalizations which reside at the heart of Edward’s
proof. In contrast, I will take it easy on the analysis. The arguments given in Edward’s generalize
easily to the infinite dimensional case. I do think there are easy arguments but part of his game-
plan is set-up the variational calculus chapter which is necessarily infinite-dimensional. Finally, 1
conclude this chapter by examining a few examples of constrained partial differentiation.

9.1 Newton’s method for solving the insolvable

I'll begin with a quick review of Newton’s method for functions.

Problem: given a function f : R — R which is continuously differentiable on [a,b] and
f(a) <0< f(b) with f’(x) > 0 for each = € [a,b] how can we find the solution to f(z) =0
w.r.t. the interval [a, b]?

Solution: Newton’s Method. In a nutshell, the idea is to guess some point in z, € [a,b] and
then replace the function with the tangent line to (z,, f(x,)). Then we can easily calculate the zero
of the tangent line through elementary algebra.

f(zo)
[ (o)

y =Ly (z) = f(zo) + f(m0)(z — 20) =0 = T =2To—

155
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Now, this is just the first ap%)roximation, we can apply the idea again to our new guess r1 = ;

that is define 1 = z, — ]{,(é(;) and think of x1 as our new ”x,”. The zero of the tangent line to

(1, f(x1)) is called x2 and we can calculate,

y= L7 (x) = f(z1) + fla1)(z —21) =0 N Ty = 2y — }fl((a;ll))

Notice that if f(x1) = 0 then we found the zero and the method just gives 9 = 1. The idea then
is to continue in this fashion and define the n-th guess iteratively by

Newton’s Method:

Tnt+l = Tp — f/(ZE )
n

If for some particular n we actually find the exact value of the zero then the iteration just stays on
that value. Otherwise, it can be shown that lim, o 2, = 2, where f(z,) =0.

This is the simplest form of Newton’s method but it is also perhaps the hardest to code. We’d
have to calculate a new value for the derivative for each step. Edwards gives two modifications of
the method and proves convergence for each.

Modified Newton Methods:

1L, || Byl = a5 — % where we know 0 < m < f'(z) < M.
2. |Tpy1 = Ty — f];'(lle)) where we know f’(a) # 0.
f'(a

In case (1.) Edwards uses the concept of a contraction mapping to prove that the sequence
converges and he even gives an estimate to bound the error of the guess (see Theorem 1.2 on pg.
164). Then he cautions against (2.) because it is possible to have Fig. 3.2 on pg. 162 occur, in
other words if we guess badly to begin we might never find the root z,. The remedy is fairly simple,
you just look on smaller intervals. For (2.) he states the result concretely only in a local case (see
Theorem 1.3 on pg. 165). I actually have only stated a particular case of his Theorem since I have
made b = 0. The proof of the inverse function theorem builds from method (2.) but I'll give an
example of (1.) because it’s interesting and it should help make this whole discussion a little more
tangible.
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Example 9.1.1.

In case (2.) we can actually solve the equation f(x) = y for a given value y close to b provided

f(a) = b and f'(a) # 0. The idea here is just to replace the function at (x,, f(x,)) with the line
L(z) = f(xo)+f'(a)(x—2,) and then we solve L(z) = y to obtain x = x,— f(fxl?l;y Note here we use
the slope from the point (a, b) throughout the iteration, in particular we say 1 = = and start iterat-

ing as usual: Tps1 = zn— L (f,’zi )_y (see Theorem 1.3 on pg. 165 in Edwards for proof this converges)

Problem: given a function f : R — R which is continuously differentiable near a and
f'(a) # 0, can we find a function g such that f(g(y))) = y for y near the image f(a)?

Solution: Modified Newton’s Method. we seek to solve f(g(y)) = y for y in some neighbor-
hood of a, simply define g,(y) = a and apply the method

B _ flan(y) —y
In+1(y) = 9n(y) (a)

Notice this can be done for each y near f(a), in other words, we have a sequence of functions
{gn}52 . Moreover, if we take n — oo this sequence uniformly converges to an exact solution
g. This gives us an iterative way to construct local inverse functions for some given continuously
differentiable function at a point a such that f’(a) # 0.

The idea of convergence of functions begs the question of what precisely is the ”length” or "norm”
of a function. Again, I postpone such discussion until the very end of the course. For now just
accept that the idea of convergence of sequences of functions is well defined and intuitively it just
means that the sequence matches the limiting function as n — oo. You encountered this idea in the
discussion of Taylor series in calculus II, one can ask whether the sequence of Taylor polynomials
for f does converge to f relative to some interval of convergence.
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The calculations that follow here amaze me.

Example 9.1.2.

Example 9.1.3.

It would be interesting to implement this algorithm in Mathematica.
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9.1.1 local solutions to level curves

Next, we try a similar technique to solve equations of the form G(x,y) = 0. You should recall that
the solution set of G(z,y) = 0 is called a level curve. Usually we cannot make a global solution
for y; in other words, there does not exist f(x) such that G(z, f(z)) = 0 for all x in the solution
set of G. For example, G(z,y) = 2 + y? — 1 allows us to cast the unit circle as the solution set of
the equation G(z,y) = 0. But, the unit circle is not the graph of a single function since it fails the
vertical line test. Instead we need a pair of functions to cover the circle. Generally the situation can
get quite complicated. Let’s pause to notice there are two points where we cannot find a solution to
G(x,y) = 0 on an open disk about the point: these points are (—1,0) and (1,0). We have trouble
at the vertical tangents, note Gy (z,y) = 2y has G,(—1,0) = Gy(1,0) =0 H

Idea: use the Newton’s method approach to find solution, however, the approach here is slightly
indirect. We’ll use the mean value theorem to replace a function with its tangent line. Consider
a fixed x, near a then we have an function of y alone: h(y) = G(z4,y). Apply the mean value
theorem to h for a y-value y, such that point (x.,y.) has G(z«,y«) =0,

G(xs,yx) — G(x4,b) G (x4, b)

Gy(xs,b) = = —
y(x ) Ys — b Ys — b
We can solve for g, to obtain:
G(z«,b)
Y =b
Gy(2+,b)

Define f,(x) = b and define f;(x) by

G(z, fo(z)) G(z, f1(z))
Gy(z, fo(z)) Gy(z, f1(x))
Foruntately, Edwards proves we can use an easier formula where the denomimator is replaced with

Gy(a,b) which is pretty close to the formula we have above provided the point considered is close

to (a,b).

fi(w) = folx) — and fao(x) = fi(z) — and so forth...

Theorem 9.1.4. (Theorem 1.4 in Edwards’s Text)

Let G : R? — R be continuously differentiable and (a, b) a point such that G(a,b) = 0 and
Gy(a,b) # 0 then we can find a function f on some closed interval J centered at a which
covers the solution set of G(z,y) = 0 near all points close to (a,b). Moreover, this local
solution is the limit of the sequence of functions inductively defined below:

Gz, fn(z))

fola) =b and fua(&) = fale) =~ G

for all n € N. We can calculate solutions iteratively!

!yes, if we used closed disks then we could find a solution on a disk where (—1,0) or (1,0) was on the boundary,
the point of the discussion is to motivate the implicit function theorem’s langauge
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Look at Example 2 on page 170 for a nice straight-forward application of Theorem 1.4. Perhaps
you’re not too excited by this example. Certainly, algebra solves the problem with ease anyway, we
just have to take care with the algebraic steps. I intend for the next example to confound algebraic
techniques and yet we can find an approximate solution:

Example 9.1.5. Let G(z,y) = exp(z? + y?) + x — e. Notice that G(0,1) = 0 and G,(0,1) = 2.
Apply the algorithm.:

=
B
||

1
filz) =1-3G(z,1) =1~ L(exp(z* + 1) +z —e)
fa(x) = fi(z) — glexp(a® + [f1(2)]* + 2 — €]
I’d go on but it just gets ugly. What is neat is that
y=fi(x)=1- %(exp(sc2 +1)+z—e)
gives an approximation of a local solution of exp(x® + y?) +x — e = 0 for points near (0,1).

Example 9.1.6. Let G(z,y) = 2°> +y*> + y — 1 note G, = 2y + 1. Note that G(1,0) = 0 and
Gy(1,0) = 1. Calculate the local solution by the algorthim.:

fo(z) =0

fi(z) =0—G(z,0) =1—2?

fo(z) =1 -2 — G(z,1 — 2?) = 2% — 2*

f3(z) =2 — 2 — Gz, 2® —2t) =1 — 22 — 2t + 220 — 28

Now, these formulas are somewhat bizarre because we are writing an approzimation centered at
x = 1 as polynomials centered at zero. It is probable that a nicer pattern emerges if we were to
write all of these as polynomials in (x — 1). Notice that f,(1) =0 for n=0,1,2,3.

Example 9.1.7. Let G(z,y) = 2? + y> + y — 2 note G, = 2y + 1. Note that G(0,1) = 0 and
Gy(0,1) = 3. Calculate the local solution by the algorthim:

folx) =1
filx)=1-— %G(m, 1)
=1- %xz

fo(x) =1— %mQ - G(z,1— %$2)
=1-12"—[2°+(1—32*)*+ (1 - L2°) — 2]

4 1.2 1.4
=1 3T 5%

Note how the approximation unfolds order by order when the center matches the format in which
we write the expansion.
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If the center a # 0 then what can happen is that the terms of a particular order get spread across
all orders in the Newton’s Method approximation. I’ve found the expansions generated from the
Newton’s method are not easy to write in a nice form in general... of course, this shouldn’t be
that surprising, the method just gave us a way to solve problems that defy closed-form algebraic
solution.

9.1.2 from level surfaces to graphs

In the preceding section we found that G(z,y) = 0 could be understood as a graph of a function
of a single variable locally, in other words we found a 1-manifold. When we have an equation of n-
variables it will likewise find (n — 1) free variables. This means that G(z,y,2) = 22 +y?+22 -1 =0
gives us a level-surface (the sphere), or G(t,z,y, z) = —t?+x?+y*+2? = 0 gives a level-volume (the
light coneED. If we can solve the equation G(z1,x2,...,z,) for z; then we say we have re-written
the level surface as a graph. This is important because graphs are a special case of a parametrized
manifold, the parametric formalism allows us to set-up integrals over higher-dimensional surfaces
and so forth. These things will become clearer when we study integration of differential forms later
in this course. I state Theorem 1.5 in Edwards here for completeness. The essential point is this,
if VG(p) # 0 then there exists j such that gTCi(p) # 0 and we can solve for z; by using basically
the same the iterative process we just worked out in the n = 2 case in the preceding subsection.

Theorem 9.1.8. (Theorem 1.5 in Edwards’s Text)

Let G : R™ — R be continuously differentiable and p = (a1, as,...,a,) a point such that
G(p) = 0 and G;(p) # 0 then we can find a function f on some closed interval J centered at
a; which covers the solution set of G(x1, z2,...,2,) = 0 near all points close to p. Moreover,
this local solution is the limit of the sequence of multivariate functions inductively defined

below:
G(z1,. .., f(Z),...,x)
Ga; (p)

for all n € N. If f = lim,, o0 fn then G(x1,..., f(Z),...,z,) = 0 for points near p.

fo@) =a; and fr1(%) = fu() -

Something interesting happens when we apply this theorem to examples which allow explicit closed-
form algebraic solution.

Example 9.1.9. Consider G(z,y,z) = x+y+22z—4 =0. Note that G, =2 # 0 and G(1,1,1) = 0.
Apply the algorithm:

fo(fz’y) =1
fl(m,y)zl—%G(:c,y,l):1—%(334-3/4-2—4):—%(3:—1—?/—4)
folz,y) = —5(x +y —4) = 3G(z,y, —3(z +y —4)) = fi(z,y)

You can clearly see that f, = f1 for all n > 1 thus lim, o fr = fi. In other words, we found the

ezact solution is z = —3(z +y — 4).

Zphysically this represents the border of the spacetime which we can interact with in the future or the past,
granting that special relativity actually describes nature without exception...
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You might wonder if this just happened because the preceding example was linear, in fact, it has
little to do with it. Here’s another easy example,

Example 9.1.10. Consider G(x,y,2) = 2?+y*>—2 = 0. Note that G, = —1 # 0 and G(0,0,0) = 0.
Apply the algorithm.:

fo(xay) =0
fi(z,y) =0+ G(z,y,0) = 2% + ¢
fo(z,y) =2 + 9 + Gx,y,2° + y°) = 2> + > + [2° + y* — (&® + )] = fu(2,y)

You can clearly see that f, = f1 for all n > 1 thus lim, . fn, = f1. In other words, we found the
exact solution is z = x> + 1>.

Part of the reason both of the preceding examples were easy is that the solutions were not just
local solutions, in fact they were global. When the solution is the level surface equation breaks up
into cases it will be more complicated.

Example 9.1.11. Suppose G(z,y,z) = sin(z+y—z) = 0 then solutions must satisfy x+y—z = nw
forn € Z. In other words, the algorithm ought to find z = x+y —nm where the choice of n depends
on the locality we seek a solution. This level-set is actually a whole family of disconnected paralell
planes. Let’s see how the algorithm deals with this, feed it (0,0,27) as the starting point (this ought
to select the n = —2 surface. Apply the algorithm to G(x,y,z) = sin(z + y — z) where clearly
G(0,0,27) =0 and G, = —cos(—2m) = —1 hence:

folz,y) =27
fi(z,y) =27 + G(x,y,21) = 21 + sin(z + y + 27) = 27 + sin(x + y)
fa(z,y) = 2w + sin(x + y) + sin(z + y + sin(z + y))
fa(z,y) = 27 + sin(z + y) + sin(z + y + sin(z + y))
+ sin(x + y + sin(x + y) + sin(x + y + sin(z + y)))

I deem these formulas weird. Perhaps I can gain some insight by expanding fi,
fley) =2m+a+y— gz +y)°+--

I'm a little scared to look at fo. There must be some sort of telescoping that happens in order for
us to obtain the real solution of z = x + y + 27.

It’s not at all obvious to me how the formula above telescopes in the limit that n — oo.
However, unless I'm missing something or making a silly mistake, it seems clear that G
is continuously differentiable at (0,0,27) and G,(0,0,27) # 0. Therefore, Theorem 1.5
applies and the sequence of function f,, should uniformly converge to the solution we know
exists through direct argument in this example. Anyway, my point in this section is not to
make a blanket endorsement that you solve all equations by the algorthim. I am merely
trying to illustrate how it works.
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9.2 inverse and implicit mapping theorems

In the preceding section we began by motivating the inverse function theorem for functions of one
variable. In short, if the derivative is nonzero at a point then the function is 1-1 when restricted to
a neighborhood of the point. Newton’s method, plus a bunch of careful analysis about contraction
mappings which we skipped this semester, then gave an algorithm to calculate the local inverse for
a function of one variable. After that we essentially applied the local inverse idea to the problem of
solving a level curve G(x,y) = 0 locally for an explicit solution of y. The result that such a solution
is possible near points where G, # 0 is known as the implicit function theorem. We then
concluded by observing that almost the same mathematics allowed us to find an explicit solution
of G(x1,...,2p41) = 0 for one of the variables provided the partial derivative in that direction
was nonzero. This result is also called the implicit function theorem. We used these theorems
implicitly when I pulled parametrizations from my imagination, typically it is the implicit function
theorem that justifies such a step. Moreover, to insist Vg(p) # 0 means that there exists at least
one partial derivative nonzero so the implicit function theorem applies. All of that said, this section
is basically the same story again. Difference is we have to deal with a little extra notation and
linear algebra since a mapping is actually an ensemble of functions dealt with at once.

9.2.1 inverse mapping theorem

Suppose f : R® — R™ has an inverse f~! = g then we have fog = Id so the chain rule yields
df edg = d(Id) = Id since the identity is a linear map and hence it is its own best linear approx-
imation. Note that we find that f’¢’ = I,, thus (f')~! = ¢’ or in other notation [f/]~! = [f~!]".
With this in mind we wish to find a formula to calculate the inverse function. The definition seems
like a good place to start:
fow) =y = gy)=f

= g(y) = g(f(a)) + 4'(a)ly — f(a)]

= gly)=a -
= 91(y) = 9o(y) + [f'(@)]'ly = f(go(y))] where go(y) =a
= gn1(y) = 9n(y) + [ (@] 'y = f(90(y))] where go(y) =a

Theorem 9.2.1. (Theorem 3.3 in Edwards’s Text see pg 185)

Suppose f : R®™ — R" is continuously differentiable in an open set W containing a and the
derivative matrix f’(a) is invertible. Then f is locally invertible at a. This means that
there exists an open set U C W containing ¢ and V a open set containing b = f(a) and
a one-one, continuously differentiable mapping g : V- — W such that g(f(z)) = « for all
x € U and f(g(y)) =y for all y € V. Moreover, the local inverse g can be obtained as the
limit of the sequence of successive approximations defined by

9o(y) =a and gn1(y) = ga(¥) — [ (@)] ' [f (9n(¥)) — 9]

forally e V.
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Notice this theorem gives us a way to test coordinate mappings for invertibility, we can simply
calculate the derivative matrix then calculate its determinant to check to see it is nonzero to insure
invertibility and hence the local invertibility of the coordinate map. There still remains the danger
that the mapping doubles back to the same value further out so if we insist on a strict one-one
correspondance then more analysis is needed to make sure a given transformation is indeed a
coordinate system. (see Ex 1 on pg. 183 for a function which is everywhere locally invertible and
yet not an injective mapping)

Example 9.2.2.

Example 9.2.3.
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9.2.2 implicit mapping theorem

Let me begin by stating the problem we wish to consider:

Given continuously differentiable functions G1, Go, ..., G,

Gl(xlv"' 7$m7y17"'ayn)

=0
GQ(xla"'>$Wlay17"'7yn) =0

Gn(x17~~-7$may17"'7yn):0

Locally solve yi1,...,y, as functions of x1,...x,,. That is, find a mapping h : R"™ — R"
such that G(z,y) = 0 iff y = h(x) near some point (a,b) € R™*" such that G(a,b) = 0. In
this section we use the notation x = (z1,x2,...2y) and y = (y1,%2, - -, Yn)-

It is convenient to define partial derivatives with respect to a whole vector of variables,

0. OTm 0 OYn
oG o N oG u Y
Oz 9G, ... 0Gu 0y 0G, ... 0Ga
ox1 OTm oy OYyn,

Consider h : R™ — R" such that G(z,y) = 0 iff y = h(x) near some point (a,b) € R™*™ such that
G(a,b) = 0. In other words, suppose G(z, h(x)) = 0. The chain rule reads:
oG | 0G

+ —h ()

0= or Oy

Or, provided the matrix % is invertible we can calculate,

8G]_18G

‘@=-|5] %

Theorem 9.2.4. (Theorem 3.4 in Edwards’s Text see pg 190)

Let G : R"™™ — R™ be continuously differentiable in a open ball about the point (a,b)
where G(a,b) = 0. If the matrix %(a, b) is invertible then there exists an open ball U
containing a in R™ and an open ball W containing (a,b) in R"™™ and a continuously
differentiable mapping h : U — R” such that G(z,y) = 0 iff y = h(z) for all (z,y) € W.
Moreover, the mapping A is the limit of the sequence of successive approximations defined
inductively below

ho(z) = b, g1 = hn(x) = [F5(a,b)] 7 G(a, hn(2))

forallz € U.
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I have given barely enough details to understand the notation here. If you read pages 188-194 of
Edwards you can have a much deeper understanding. I will not attempt to recreate his masterpiece
here. One important notation I should mention is the so-called Jacobian of G with respect to g

It is the determinant of the partial derivative matrix 2¢ which is denoted det2E = 9(G1,Ga,.sGn)
dy dy O(Y1,Y25--Yn)

This gives us an easy criteria to check on the invertibility of %—g. Note that if this Jacobian is
nonzero then we may judge the level set G(x,y) = 0 is an n-dimensional space since it is in one-one
correspondence of some open ball in R™.

Remark 9.2.5.

You may recall the strange comments in red from my section 6.2. I discussed the rank
of various derivative matrices. In this section we put the free variables (z) at the start
of the list and the dependent variables (y) at the end, however, this is just a notational
choice. In practice if we can select any set of n-variables for G(z1, 22, . .., Zm+n) = 0 such
that det[Gi,|Gi,| - |Gi,] # 0 then we can solve for z;,,...,z;, in terms of the remaining
variables. Thus, in retrospect, showing full rank of the derivative matrix could justifies the
local invertibility of certain mappings.

Example 9.2.6.

Example 9.2.7.
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9.3 implicit differentiation

Enough theory, let’s calculate. In this section I apply previous theoretical constructions to specific
problems. I also introduce standard notation for ”constrained” partial differentiation which is also
sometimes called ”partial differentiation with a side condition”.

Example 9.3.1.

Example 9.3.2.

Example 9.3.3.
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Example 9.3.4.

Example 9.3.5.
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Example 9.3.6.

Example 9.3.7.
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Chapter 10

introduction to manifold theory

In this chapter I intend to give you a fairly accurate account of the modern definition of a manifold.
In a nutshell, a manifold is simply a set which allows for calculus locally. Alternatively, many
people say that a manifold is simply a set which is locally "flat”, or it locally "looks like R™”.

Definition 10.0.8.

Let M be a set. Suppose U; C M for ¢ € A (we call A the index set, it could be finite or
infinite in principle). We call A = {U; | i € A} a covering of M if the union of the sets in
A covers M; that is U;epaU; = M.

To construct an n-dimensional manifold we’ll need a covering where each of the sets comes paired
with an injective mapping into R”. In particular,

Definition 10.0.9.

We call (U, zyy) a coordinate chart of M iff U is connected and U € M and xyy : U — R™ is
a 1-1 mapping. If (U, zy) and (V, zy) are coordinate charts of M with UNV # () then we say
they are compatible charts iff the transition function zy o 2y,' : 2y (UNV) — 2¢(UNV)
is a smooth mapping. Here the term smooth means that the derivative matrix of x o x‘_/l
has component functions which have continuous partial derivatives of arbitrary order. If
the sets of two coordinate charts do not overlap then they are also said to be compatible.

The condition that the transition functions be smooth is just one choice. In principle one can build
manifolds with transition charts that have weaker conditions.

Definition 10.0.10.

A collection of compatible coordinate charts whose sets form a covering of M is called an
atlas of M. If A is an atlas for M then we say A, is the maximal atlas containing A if it
contains all coordinate charts of M which are compatible with the charts in A. A maximal
atlas for M is called a differentiable structure on M.

Usually if you can prove something relative to an atlas for M it follows that the theorem likewise
holds for the maximal atlas containing your atlas.

171



172 CHAPTER 10. INTRODUCTION TO MANIFOLD THEORY

Definition 10.0.11.

A set M together with a differentiable structure is called a manifold. If the coordinate
charts in the maximal atlas of M map to R™ then M is n-dimensional.

You may have noticed I did not stipulate that M was a subset of R™. In fact, in princple at least, a
manifold can be an abstract set. Certain sets of functions or matrices form manifolds for example.
It turns out that any n-dimensional manifold is in 1-1 correspondance with some subset of R for
some m > n. This theorem is due to Hassler Whitney who was one of the major contributors to the
modern definition I have given in this chapter, I think this theorem is from the 1950’s but I haven’t
found a concrete reference at this time. The conversation in mathematics that led to the concept
of a manifold probably began with Riemann who dreamed in the mid nineteenth century of uni-
fying both gravitation and electromagnetism. His goal is still unrealized by any physically verified
theory. Around 1920, Kaluza and Klein pioneered the idea of attaching tiny circles to spacetime,
it turns out this gives the equations of electromagnetism and gravity. However, there are other
unphysical conequences of Kaluza Klein theory so it cannot be simply implemented. String theory
encorporates aspects of Kaluza Klein theory, the basic idea is that the shape of spacetime has a
symmetry which gives rise to both the physical interactions and particles that we observe. All I'm
trying to get across here is that manifolds play a central role in the modern theory of physics. That
is where my interest in manifolds first arose, I wanted to understand Einstein’s General Relativity.

In calculus III we do line integrals along curves and surface integrals over surfaces. For the line inte-
gral we need a parametrization of the curve and for the surface integral we need the parametrization
of the surface. A curve is one-dimensional manifold whereas a surface is a two-dimensional mani-
fold. The parametrization of a curve goes opposite the direction of a coordinate chart, generally the
inverse of a coordinate chart is called a coordinate patch. Coordinate patches are parametriza-
tions. Much of classical differential geometry is written in terms of patches. For example, Gauss’
theorem on the intrinsic curvature of a surface is all in terms of the patches which define the surface.

Definition 10.0.12.

We say that ®; : V; € R* — M C R™ are regular patches if they are 1-1 map-
pings with rank(®},) = n for ¢ = 1,2,...,k. Furthermore, suppose that the regular
patches ®; are differentially compatible meaning that if ®;(V;) N®;(V;) = Vi; # () then
<I>]71 o®,; 1 &1 (Viy) = @;1(‘@_7) is a differentiable bijection. If M = UY_ ®;(V;) then we say
(M, {®;}%_|) defines a n-dimensional patched manifold in R™. If det(d(@]l °o®;)y) >0
for all such i, j that ®;(U;)N®;(U;) # 0 and a € ®;*(V;j) then we say that M is orientable.

I should warn you that we have three main methods to define a manifold. The patch definition
given above corresponds to the so-called parametric viewpoint in calculus III. We also may use
graphs and level sets to define a manifold in R"™. These are complementary descriptions of the same
object. See pages 196-200 of Edwards where he proves the definition we just gave follows from his
graphical definition of a manifold. It turns out that the parametric definition is readily generalized
to general abstract manifold theory.
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10.1 manifolds defined by charts

Example 10.1.1. Let M = {(z,y) € R? | 2% + y* = 1}.
1. Let Uy = {(z,y) € M | y > 0} = dom(x+) and define x4(x,y) =z
2. Let U- ={(z,y) e M | y <0} =dom(x—) and define x_(x,y) =z
3. Let Ugp = {(z,y) € M | z > 0} = dom(xRr) and define xg(z,y) =y
4. Let Uy ={(z,y) € M | < 0} = dom(xy1) and define x1(z,y) =y

The set of charts A = {(Us+, x+), (U=, x-),(Ur,xRr), (UL, xr)} forms an atlas on M which gives
the circle a differentiable structure. It is not hard to show the transition functions are smooth on
the image of the intersection of their respect domains. For example, Uy NUg = Wig = {(z,y) €
M | 2,y > 0}, it’s easy to calculate that x* () = (v,v/1 — 22 hence

(xrox7H) (@) = xr(z, V1 - 22) = V1 — 22

for each x € xr(W4g). Note x € xr(WyiR) implies 0 < x < 1 hence it is clear the transition
function is smooth. Similar calculations hold for all the other overlapping charts.

A cylinder is the Cartesian product of a line and a circle. In other words, we can create a cylinder
by gluing a copy of a circle at each point along a line. If all these copies line up and don’t twist
around then we get a cylinder. The example that follows here illustrates a more general pattern,
we can take a given manifold an paste a copy at each point along another manifold by using a
Cartesian product.

Example 10.1.2. Let M = {(z,y,2) € R? | 22 + y? = 1}.

1. Let Uy = {(z,y,2) € M | y > 0} = dom(x+) and define x+(x,y,2) = (z,2)
2. Let U_ = {(x,y,2) e M | y < 0} = dom(x_) and define x_(z,y, z) = (z, 2)
3. Let Ug = {(x,y,2) € M | x > 0} = dom(xgr) and define xr(z,y,2) = (y, 2)
4. Let U ={(z,y,2) € M | & <0} = dom(xr) and define x1(z,y,2) = (y,2)

The set of charts A = {(Us, x+), (U=, x-),(Ur,xRr), (UL, xr)} forms an atlas on M which gives
the cylinder a differentiable structure. It is not hard to show the transition functions are smooth on

the image of the intersection of their respect domains. For example, Uy NUr = Wig = {(z,y,2) €
M | 2,y >0}, it’s easy to calculate that x*(z,2) = (v,v/1— a2, 2) hence

(XR"X-T—l)(x’Z) = XR(SU’ a *vaZ) = (V 1 71.2,2)

for each (x,2) € xr(Wir). Note (z,z) € xr(W4r) implies 0 < x < 1 hence it is clear the
transition function is smooth. Similar calculations hold for all the other overlapping charts.
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One of the exciting discoveries in manifold theory is that a particular set of points may have many
different possible differentiable structures. This is why we say the manifold is a set together with
a maximal atlas. The most familar example of a manifold is just R? or R? itself. One may ask
which coordinates are in the atlas which contains the standard Cartesian coordinate chart. The
most commonly used charts other than Cartesian would probably be the spherical and cylindrical
coordinate systems for R? or the polar coordinate system for R?. Technically, certain restrictions
must be made on the domain of these non-Cartesian coordinates if we are to correctly label them
”coordinate charts”. Interestingly, applications are greedier than manifold theorists, we do need
to include those points in R™ which spoil the injectivity of spherical or cylindrical coordinates. On
the other hand, those bad points are just the origin and a ray of points which do not contribute
noticable in the calculation of a surface or volume integral.

I will not attempt to make explicit the domain of the coordinate charts in the following two examples
( you might find them in a homework):

Example 10.1.3. Define Xspherical(, Yy, 2) = (r,0,¢) implicitly by the coordinate transformations
x =rcos(f)sin(¢), y=rsin(f)sin(¢), z = rcos(¢)

These can be inverted,

22 +y2 422, 0 =tan ! {y] , ¢=cos ! [Z }
xr

Va2 4+ y? + 22

To show compatibility with the standard Cartesian coordinates we would need to select a subset of R
for which Xspherical ©s 1-1 and the since Xcartesian = Id the transition functions are just X;plherical'

Example 10.1.4. Define Xcylindrical (%, Y, 2) = (8,0, z) implicitly by the coordinate transformations
x =scos(f), y=ssin(d), z==z
These can be inverted,

s =22+ 12, G:tan_l[y}, 2=z

X

You can take dom(Xxcytindrical) = {(%,y,2) [0 <0 <27, } —{(0,0,0)}
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10.2 manifolds defined by patches

Example 10.2.1. A line is a one dimensional manifold with a global coordinate patch:
7(t) = 7 + tU

for allt € R. We can think of this as the mapping which takes the real line and glues it in R™ along
some line which points in the direction U and the new origin is at 7,

Example 10.2.2. A plane is a two dimensional manifold with a global coordinate patch: suppose
A, B are any two linearly independent vectors in the plane, and 7, is a particular point in the plane,

X(u,v) =7, + uA +vB

for all (u,v) € R%. This amounts to pasting a copy of the xy-plane in R™ where we moved the origin
to 7. If we just wanted a little paralellogram then we could restrict (u,v) € [0, 1] x [0,1], then we
would envision that the unit-square has been pasted on to a paralellogram. Lengths and angles need
not be maintained in this process of gluing.

Example 10.2.3. A cone is almost a manifold, define
X(t,z) = (zcos(t), zsin(t), z)
fort € [0,27] and z > 0. What two problems does this potential coordinate patch X suffer from?

Example 10.2.4. Let X (6,v) = (cos(6) cosh(), sin(#) cosh(y), sinh(vy)) for 6 € (0,27) and v € R.
This gives us a patch on the hyperboloid x* +y* — 22 =1

Example 10.2.5. Let X(v,y,2,t) = (z,y, z, Rcos(t), Rsin(t)) for t € (0,27) and (x,y,z) € R3.
This gives a copy of R? inside R® where a circle has been attached at each point of space in the two
transverse directions of R®. You could imagine that R is nearly zero so we cannot traverse these
extra dimensions.

Example 10.2.6. The following patch describes the Mobius band which is obtained by gluing a
line segment to each point along a circle. However, these segments twist as you go around the circle
and the structure of this manifold is less trivial than those we have thus far considered. The mobius
band is an example of a manifold which is not oriented. This means that there is not a well-defined
normal vectorfield over the surface. The patch is:

X(t,\) = ([1 + $Acos($)] cos(t), [1+ Asin(L)]sin(t), %)\sin(é))

for 0 <t <27 and —1 < XA < 1. To understand this mapping better try studying the map evaluated
at various values of t;

X(0,0) = (1+A/2,0,0), X(m,\)=(—1,0,1/2), X(2m, \) = (1 — A/2,0,0)

Notice the line segment parametrized by X (0, ) and X (2w, \) is the same set of points, however
the orientation is reversed.
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Chapter 11

exterior algebra and differential forms
on R"

11.1 dual space

Definition 11.1.1.

If V' is a vector space over R then the dual space of V' is the set of all linear functions
from V into R. We denote the dual space by V*. Just to be clear,

V*={f:V = R| f alinear function}

Example 11.1.2. Suppose V =R3 then V* = {L : R3 — R | L linear}. Recall any linear mapping
can be written as a matriz multiplication, in this case we expect L(v) = Av where A € R3,
Usually we call a 1 x 3 matriz a row vector, let A = w’ to make it friendlier and note L(v) = wv.
But, w is just a column vector and we see L(v) = w-v. We arrive at the interesting result that
every dual vector in R®™ can be written as the dot-product relative to some fized vector in R3. In

view of our discussion in this example it makes sense to say that (R3*1)* = R1*3,

Definition 11.1.3.

Let {e1,e2,...,e,} be the standard basis of R™. The standard dual basis for R"* is denoted
{el,e?,...,e"}, these are defined to be linear functions from R™ to R such that e’(e;) = d;;
forall 1 <1i,5 <n.

Given the example preceding the definition we could just as well define e’(v) = ej - v. Let me
elaborate, suppose v € R™ then there we can write v = > | ve;

n

el (v) = ej(z vie;) = Z el (vie;) = Zviej(ei) =l =¢; v
i=1 i=1

i=1

177
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11.2 Dbilinear maps and the tensor product

A bilinear map is a real-valued function of a Cartesian product of a vector space V and the dual
space V* such that the map is linear with respect to each copy in the Cartesian product.

Definition 11.2.1.

Let V' be a vector space over R. We say b: V x V — R is a bilinear map on V iff
blcx +y,z) = cb(zx,z) + by, 2) and b(z,cy + z) = cb(z,y) + b(z, 2)

forall z,y,z € V and ¢ € R. If b(x,y) = b(y, x) for all x,y € V then b is called symmetric.
If b(z,y) = —b(y,x) for all x,y € V then b is called antisymmetric.

Let b: V x V — R be a blinear form. Suppose {e;} is a basis of V' then define a matrix [b] = B €
R ™" by B;; = b(e;, ¢;). Calculate, if z =, 2'¢; and y = > y/e; then

b(x,y) = b( Z x'e;, Z y'e;j) Z Z 'y b (€i,€5) using bilinearity repeatedly
= Z Z T Bl]y using definition of B
= [m]TB[y] definition of matrix multiplication

Here I used [z] € R™ to denote the coordinate vector of x with respect to the basis {e;} of V. Often
x = [x] since we have V' = R™ and the basis is the standard basis. I'm allowing for nonstandard
bases here because we will have opportunity to discuss coordinate change later on. In any event, if
V = R"™ and we use the standard basis then

b(z,y) = 2T By where B = [b(e;, e;)]

Example 11.2.2. The dot-product defines a symmetric bilinear form on R™, its matriz is the
identity matrix:

bzy)=x-y=aly=ally = [b] =1
We can use the notation [b] to denote the matriz of b. Just to expand the notation so we all
understand,

1 0 0 Y1
b(z,y) =ziyr + a2y + a3y = [ 21 22 a3 ]| 0 1 0 Y2
0 0 1 Ys

Example 11.2.3. The cross-product does not give a bilinear form on R® because its output is a
vector. However, if we take the cross product then dot it with some vector that should give us an
antisymmetric bilinear form. For example, define b(x,y) = (x X y) - €;

0 n
1 Y2
0 Y3

0 0
b(z,y) = (z x y) Zemszyg Toys —w3ya = [ @1 w2 w3 ]| 0 O
0 -1
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Example 11.2.4. Suppose b is a function from R? x R? to R defined by b(x,y) = 3z1y2 for all
x,y € R2. Observe that b is a bilinear form.

o =3 = 221§ 3] 2]

This bilinear form is neither symmetric nor antisymmetric. However, with a little imagination you
can decompose it into a symmetric and antisymmetric blinear form: use the standard technique:
b(z,y) = 3b(z,y) + by, )] + 5[b(z,y) — by, )] (just added zero)

b(z,y) = %(mlyg + yix2) + %(9613/2 — y122) (11.1)
0 3/2 0 3/2 Y1

o e[ L 0 <[ ]

It’s not hard to see that the trick used in the preceding example equally well applies to any bilinear

form, we can always write a given bilinear form as a sum of a symmetric and antisymmetric part.

The same is not true for multilinear forms of higher order, also the correspondance of the bilinear

form with matrix multiplication is special to the case of two-inputs. In contrast, the tensor

product is a general construction, it will work in many cases we do not even consider in this
course.

—

Definition 11.2.5.

Suppose «, 8 € V* then we define a® 5 : V xV = R by (a® B)(x,y) = a(x)B(y) for all
x,y € V. We say that a ®  is the tensor product of o and f.

Notice that we can write any blinear form in terms of a sum of the tensor products, note that
x' = e'(x) for each x € R™ hence

b(w,y) =Y wiyibleiej) = Y blei,e;)e’(x)el (y) = D bles, e5) (€' @ ) (,y)
ij ij

1:7.].

Since the calculate above holds for all inputs of (z,y) € V x V it follows that

b= Z bei, ej)e’ @ e

i’j

This means that {e’ ® e }i'j=1 spans the space of blinear forms on R™. It can be shown that the
sum or scalar multiple of a bilinear forms is again a blinear form hence the set of bilinear forms
on R™ forms a vector space and it is true that {e! ® e’ }ijl is a linearly independent spanning
set. The space of bilinear forms on R" is isomorphic to the set of n x n square matrices over R. If
you’ve had linear algebra and this makes sense to you, great. If not, read onward, it’s ok.
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Definition 11.2.6.

Suppose a, 8 € V* then we define a A =a® [ — R a. We say that a A 8 is the wedge
product of a and £.

Notice that we immediately have the identity that a A § = —8 A a. We can show that the set of all
wedge products of the standard dual basis forms will span the set of antisymmetric bilinear forms.
Let b be a bilinear form on R™ and suppose that b(x,y) = —b(y, x) for all z,y € R™.

b(xv y) = %[b((lj‘, y) - b(y7 .7?)]
=3 Z bess ej)(z'y’ — y'a?)

=35> bleie)l(e @) (z.y) — (¢ @) (z,y)]
1,J

= 1 blei e (e Ael)(x,y)

i’j

Where I identified that since ¢! A e/ = ¢! ® e/ — e/ ® e’ the same ought to hold when they are
evaluated at the pair (z,y). Since the identity above holds for all (x,y) it follows

b= Z %bijei A el
,J

We can write any antisymmetric bilinear form as a sum of wedge products. Technically the set {e? A
el }ijl is not linearly independent because there are linear dependencies from the antisymmetry:

etnel = —ed Né! = etNnet =0

and e' A e? = —e? A el etc... Generally, we have to select a subset for which the indices do not
repeat in order to obtain a linearly independent set of wedge products. It is convenient to use the
boxed sum even though it’s not a basis expansion.

Remark 11.2.7.

Why ”exterior”? The reason the algebra provided by this "wedge product” is called
“exterior” is that it has moved us outside the space we began the operation. The input of
two dual vectors (which we will later identify as one-forms evaluated a a point) gives us
an antisymmetric blinear form (which we will soon identify as a two-form evaluated at a
point). In contrast, the cross-product takes in two vectors and outputs another vector.
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11.3 trilinear maps and tensor products

Definition 11.3.1.

Let V be a vector space over R. Wesay b: V x V x V — R is a trilinear map on V iff
blex +y, z,w) = cb(z, z,w) + b(y, 2, w)

and
b(x,cy + z,w) = cb(z,y, w) + b(z, 2, w)

and
b(x,y,cz +w) = cb(x,y, z) + b(x,y,w)

for all z,y,z,w € V and ¢ € R. If we can switch every pair of inputs of b(z,y, z) and the
value of b is not changed for all z,y,z € V then b is called symmetric. If every switch of
any pair of inputs in b(z,y, z) changes the output by a minus sign for all x,y, z then b is
called antisymmetric.

In particular, if b is symmetric,

b(x,y,2) = by, z,z) = b(z,7,y) = b(2,y,z) = by, z,2) = b(x, 2, y)

Whereas, if b is antisymetric,

b(z,y,z) =bly,z,x) =b(z,z,y) = =b(z,y,z) = —b(y, z,2) = —b(z, z,y).

You can look in the appendix for a more elegant formulation in terms of sums over permutations.
We can again write any trilinear form as a sum over tensor products. The tensor product of three
dual vectors is defined in the obvious way: (o ® S ® v)(z,v,2) = a(z)5(y)y(z) and we can build a
wedge product of three dual vectors by using the antisymmetrized tensor product:

Definition 11.3.2.

Suppose a, 3,7 € V* then we define

aANBAY=a®BR7+B@YQa+7Ra®pf
—TRBRa—BRaRYT—aRYR S

We say that a A A v is the wedge product of o and § and ~.

If you study Edward’s approach to wedge products and differential forms you’ll see that he uses
the determinant to give the forms the desired antisymmetry. It’s really just a matter of notation
since the proper definition of the determinant on R "*™ is nothing more than the completely
antisymmetrized n-multilinear mapping from R™ x R™ x --- x R™ to R such that det(I) = 1.

Example 11.3.3. Define v : R3xR3xR3 — R by v(z,y, 2) = det(z|y|z) for all z,y, z € R. Clearly
v s trilinear since the determinant is linear in each column and if you switch any two columns the
determinant differs by a minus sign. Challenge: find ~;j1, such that v = Zijk 'yijkei ®el ®eF.
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Example 11.3.4. Let a = e' Ae? and B = e + €3 we can calculate o A\ B as follows: remember
e Ne? =0 whereas el N e = —22 Nel etc... besides that we just distribute as you would expect.

aAB=ce' N2 A(E@+ed)=e Al Al del AP A =el A Aeb

It is tempting to develop the exterior algebra in more detail. We can prove that the wedge product is
associative and if we take all possible wedge products of the dual space V* it creates the alternating
algebra over V which we may denote A(V). For example, A(R?) = span{1,e', 2, e! Ae?}. Whereas
for R? we have,

A(R3) = span{l,et,e?, €3, e ned e3 nel el Ae? el Ae? Aed)

Generally, if V' has dimension n then A(V') will have dimension 2". Moreover, the sum or wedge
product of any two objects in A(V') will again be within the space thus it forms an algebra with
respect to the wedge product.

Proposition 11.3.5.

Let «y, 3, be formed from sums of wedge products of p and ¢ dual vectors respectively.
Also, let v, be a wedge product of r dual vectors. Then,

ap A\ By = (=1)P1By A ap

and
(ap A Bg) Avr = ap A (Bg Avr)
Finally, if ¢ = r then
ap A (Bg +vg) = ap A Bg + ap Ayg

In particular, if we have a constant then the p,q or r is taken to be zero in the formulas above
which leads to the nice result that you can just pull constants out of wedge products.

Example 11.3.6. Let a = e! Ae? and B = €® note that
(e?ne?)ned = (=1)%1eP A (el Ae?)

Generally, if o is a sum of an terms with an even number of dual vectors wedged together then
aANB=0ANa

Example 11.3.7. Suppose we have n + 1 dual vectors in R™ wedged together to form v = et A
- Nelntl There must exist at least one index, say j, which is repeated. Therefore, we can permute
the factors in the wedge product until we eventually find v = e/ Ned Nelt A--- Nelm =0. We call
el Ne2 A---Ne” the top form in R™.
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11.4 theory of determinants via the exterior algebra

In the previous sections we defined the wedge product of dual vectors. It turns out that every
vector in a finite dimensional vector space V is in one-one correspondence with a vector in the
so-called double-dual V**. In particular, v < v if we deﬁneﬂ v(a) = a(v) for each o € V*. This
means we can reasonably talk about the wedge product of vectors if we just identify vectors with
their double duals.

Definition 11.4.1.

Let A be an n X n matrix and eq, eq, ..., e, the standard basis of R then the determinant
of A is defined by the equation below

Aei N Aey A -+ - A\ Ae,, = det(A)eg Aep A+ Aep.

Let us verify that this determinant is really the determinant we know and love from linear algebra.
I'll work out the 2 x 2 case then I'll let you do the 3 x 3 for homework,

Example 11.4.2. We derive the ordinary 2 x 2 determinant formula from the definition. Let A
be an arbitrary 2 x 2 matriz, then
a b
() )

Aey A Aes = (ae1 + cea) A (bey + des)
= abey N e1 + adey N eg + cbes A eq + cdes A e
= adey N eg — cbey N e
= (ad — bc)ey A ez

Observe that,

(11.3)

where all we used in the calculation above was ordinary matriz multiplication and the antisymmetry
property of the wedge product which tells us that eo ANep = —e; Aeg and e Aep = ex ANeg = 0.

The proposition to follow is easy to prove now that we have a good definition for the determinant.

Proposition 11.4.3.

Let A € R ™™ and let I be the n x n identity matrix and » € R then
1. det(I) =1
2. det(A) = 0 if the columns of A are linearly dependent
3. det(rA) =r"det(A)

'you can prove ®(v) = ¥ is an isomorphism from V to V**
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Proof: First note that the k' column of I is ej thus,
Tey Nleg N---Nlep =ey Neg N---Ney

therefore since the coefficient of the LHS of the above is defined to be the determinant we can
read that det(I) = 1. Next to prove (ii) we appeal to an exercise in which you will show that if
the columns of A are linearly dependent then their wedge product is zero hence that det(A) = 0.
Lastly consider (iii) we’ll prove it by an indirect calculation,

rAei ANrAea N ---ANrAe, =r"Aei NAey A--- A Ae,

= det(rA)e; Nea A+ Ney (11.4)

thus by comparing the equations we read off that det(rA) = r™det(A) just as we claimed.

Remark 11.4.4. There is more we could do with the theory of determinants. With a little more
work we could prove that det(AB) = det(A)det(B). See Chapter II of Morton L. Curtis’ ”Abstract
Linear Algebra” for a very readable treatment of these matters. Or you might also look at Chapter
5 of Hoffman and Kunze’s ”Linear Algebra” for a more advanced presentation of the theory of
determinants.

11.5 Differential forms on open sets of R”

Throughout this section we require that M be an open subset of R™. We say that x = (2!, 22,--- , 2")
is a chart on an open subset U of M iff x is a smooth mapping from U onto another open subset
of R"™ which has a smooth inverse. We also refer to (z!',2%,--- 2") as being coordinates on U.
If p € M we denote by C}° the set of all real-valued functions f such that f is a smooth mapping
defined on an open subset of M containing p. Note that one can define pointwise operations of ad-
dition and multiplication of elements of C;° and that these operations satisfy the usual properties
of an algebra with the exception that both the domain of the sum f 4+ g and the domain of the
product fg of f,g € C;° is the intersection of the domains of f and g. If a',a?,--- ,a™ are arbitrary

numbers the differential operator

2 0
0x2

1 0

0
a ot lp+ - -a” lp

bta r

acts on elements of C)° at p and produces a real number. Such operators generalize the notion of
a directional derivative since we do not require that (a',a?,--- ,a™) be a unit vector.
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Definition 11.5.1. tangent vectors are derivations on smooth functions.

To Say that t is a tangent vector at p € M with components a',a?, --- ,a” means that
6= @ \p + a? \p -a” Bac" |p- Thus tangent vectors at p are 1dent1ﬁed as differential
operators actmg on functions defined on open sets containing p. Notice that there is a
well-defined addition of tangent vectors at p defined as follows. If

P S L T S
ozt 0x2'" ozn'?
and 9 5 5
_pl 2 n

s=b O 1’p+b Oz 2‘p+"'b %‘p

are tangent vectors at p then their sum is
0 0 0
o 1 1 2 2 n n
t+s=(a +b)%|p+(a +b)@\p+ - (a"+0 )wb.

Similarly, if X is a number and ¢ is a tangent vector we define At by

+--- (/\an)i

o)
M = (Aat) e lp-

@b + ()‘a2)@|p
The set of tangent vectors of M at p will be denoted by T,M. It is a vector
space relative to the operations defined above with basis { azi} and is called the
tangent space to M at p. Its dual is denoted T;M and is called the cotangent
space to M at p. We denote the basis of 7;M dual to {821.} by {dz’}. Thus dz’ is
the linear mapping from 7,M into R defined by

: 0 0
dx]()—dazj(a W|p 2

|p : a”axn|p):a3.
Notice that an arbitrary element o of T;M may be written as

a = aqpdz' + aodz?® + - - a,da™.

In this section we apply the results of the previous section on exterior algebra to the vector space
;} of V utilized throughout

the previous section on exterior algebra will be taken to be
0

%‘p )

in this section. Also recall that the set of covectors {dz'} is a basis of T M which is dual to { 621- |p}

and consequently the {¢/} in the previous section is taken to be

e; = 1<i<n

ejzdrl;j, 1<j5<n
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in the present context. With these choices the machinery of the previous section takes over and
one obtains a vector space AF(T,M) for each 1 < k and for arbitrary p € M. We write AKTM
for the set of ordered pairs (p,a) where p € M and o € A¥(T,M) and we refer to AF(T'M) as the
k-th exterior power of the tangent bundle 7M. There is a projection 7 : AF(TM) — M defined by
7(p, @) = p for (p,a) € A¥(TM). One refers to (AFT'M, ) as a vector bundle for reasons we do not
pursue at this point. To say that & is a section of this vector bundle means that & : M — A*¥(TM )
is a (smooth) function such that &(p) € A¥(T,M) for all p € M. Such functions are also called
differential forms, or in this case, k-forms.

Definition 11.5.2. vector field on open subset of R™.

To say that X is a vector field on an open subset U of M means that

0 0 0
X:Xli X27 XN
Ox! + Ox? i Oz™
where X1, X2, ..., X™ are smooth functions from U into R.

Note that in this context we implicitly require that differential forms be smooth. To explain this
we write out the requirements more fully below.

If 8 is a function with domain M such that for each p € M, B(p) € A*(T,M) then j is called a
differential k-form on M if for all local vector fields X1, Xo, -, X defined on an arbitrary open
subset U of M it follows that the map defined by

p— Bp(X1(p), Xa(p), -+, Xi(p))

is smooth on U. For example if (x!,22,--- ,2") is a chart then its domain V' C M is open in M
and the map

p— dpxi
is a differential 1-form on U. Similarly the map
p— dpaci A dpxj
2

is a differential 2-form on U. Generally if 3 is a 1-form and (z!,22,--- ,2") is a chart then there
are functions (b;) defined on the domain of  such that

Blg) =Y bi(g)dga’
I

for all ¢ in the domain of z.
Similarly if v is a 2-form on M and x = (x!', 22, --- ,2™) is any chart on M then there are smooth
functions ¢;; on dom(z) such that
1 & . .
=5 Z ¢ij(p)(dpx® A dp?)
ij=1
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and such that c;j(p) = —cji(p) for all p € dom(x).
Generally if « is a k-form and z is a chart then on dom(z)

1 ; .
Ap = Z Haili?mik (p)(dpz' A - Adpx'™)

where the {a;,j,.., } are smooth real-valued functions on U = dom(z) and a, i, iy, = Sg1(0)iyig--iy,
for every permutation o. (this is just a fancy way of saying if you switch any pair of indices it
generates a minus sign).

The algebra of differential forms follows the same rules as the exterior algebra we previously dis-
cussed. Remember, a differential form evaluated a particular point gives us a wedge product of a
bunch of dual vectors. It follows that the differential form in total also follows the general properties
of the exterior algebra.

Theorem 11.5.3.

If o is a p-form, § is a k-form, and ~ is a [-form on M then
L an(BAy)=(aAB) Ay
2. aNB=(=1)PBAa)

3. an(af+by)=alaNB)+blany) a,beR

Notice that in R3 the set of differential forms
B ={1,dz,dy,dz,dy A dz,dz A\ dx,dz N\ dy,dz A\ dy A dz}

is a basis of the space of differential forms in the sense that every form on R3 is a linear combination
of the forms in B with smooth real-valued functions on R? as coefficients.

Example 11.5.4. Let o = fdx + gdy and let B = 3dx + dz where f, g are functions. Find o A (3,
write the answer in terms of the basis defined in the Remark above,

aAf = (fdx+ gdy) A (3dx + dz)
= fdx A (3dx + dz) + gdy A (3dx + dz)
=3fdx Ndx + fdx N dz + 3gdy N\ dx + gdy A dz
= —gdy Ndz — fdz A dx — 3gdz A dy

(11.5)

Example 11.5.5. Top form: Let o = dx Ady Adz and let B be any other form with degree p > 0.
We argue that oo A 8 = 0. Notice that if p > 0 then there must be at least one differential inside
so if that differential is dz* we can rewrite f = dax* A~ for some ~v. Then consider,

aAB=drANdyAdzAda® Ay (11.6)

now k has to be either 1,2 or 3 therefore we will have dz® repeated, thus the wedge product will be
zero. (can you prove this?).
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The operation A depends only on the values of the forms point by point. We define an operator d
on differential forms which depends not only on the value of the differential form at a point but on
its value in an entire neighborhood of the point. Thus if 8 ia k-form then to define df at a point
p we need to know not only the value of 8 at p but we also need to know its value at every ¢ in a
neighborhood of p.

Definition 11.5.6. the exterior derivative.

If B is a k-form and = = (2!,22,--- |2") is a chart and 8 = 3, %B]dxl and we define a
(k + 1)-form df to be the form

1
g =>_ 7B A da!
I

Where dp; is defined as it was in calculus I1I,

Note that df; is well-defined as
Br = Bivio--ix

is just a real-valued function on dom(x). The definition in an expanded form is given by

n

n n
Z Z Z pBiyig-iy /\dpxle A - /\dpxik
=1 do=1  ip—1

= \

where

3
3

n
b= ]:Z z:l Z ig-win (@) dg@™ Ao A dpa™

11.5.1 coordinate independence of exterior derivative

The Einstein summation convention is used in this section and throughout the remainder
of this chapter, please feel free to email me if it confuses you somewhere. When an index is
repeated in a single summand it is implicitly assumed there is a sum over all values of that
index

It must be shown that this definition is independent of the chart used to define d3. Suppose for
example, that B ‘ ‘
Bg = Bs(@)(dg@”* A+ N dgT™*)

2 .

for all ¢ in the domain of a chart (z!,72,---7") where

dom(z) N dom(T),# 0 .
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We assume, of course that the coefficients {3;(q)} are skew-symmetric in J for all g. We will
have defined df in this chart by B
df = dB,; Adz’ .
We need to show that d,3; A dp,77 = dpBr A dpx! for all p € dom(x) N dom(T) if this definition is
to be meaningful. Since g is given to be a well-defined form we know

ﬁ](p)dpr =Bp= Bj(p)dpfj .

Using the identities ‘
o’

T D T
we have R o
B A L Ik
dx! = ‘ 2 I
frdx B ox't Ox'k o'k
so that oot B o
_ 1 72 7k
br=>5, (8:1:“ dxiz 8xik> '
Consequently,

dy A da’ = D4 (da* N da') = S5 (B, (gjj; ---gf;i)](dx*/\dx‘])
9B, (% fﬁk) (da* A da)

Il

9> \ 9zt ‘ 9xik . |
+Br 22, (gj;i . g%) (dz* A da)
- g%dﬁ‘ A (%dmjl) Ao A (gﬁ;’; da:jk)
= gigé [(S‘%dwk) AT A - A dT]
= df; A dz!

where in (*) the sum ) is zero since:
T

oO*zir
+—
Az AOxir [(
It follows that df is independent of the coordinates used to define it.

— = (dz* Ndz?) = da A dait) A da?t Ao Adain A - -dxI*] = 0.
x

Consequently we see that for each k the operator d maps AF(M) into A¥T1(M) and has the following
properties:

Theorem 11.5.7. properties of the exterior derivative.

If a € AF(M), B € A{(M) and a,b € R then
1. d(aa+ bB) = a(da) + b(dS)
2. d(aAB) = (danB)+ (=1)k(aAdB)

3. d(da) =0
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Proof: The proof of (1) is obvious. To prove (2), let = (x',---,2") be a chart on M then
(ignoring the factorial coefficients)

dla A B) =d(asBs) Ndzt Adz? = (ardBy + Bydag) Adz! A dz?
= ar(dBy Adx! A dx”)
+B5(dar A dzt A dz?)
= ay(dz’ A (=1)F(dBy A da’))
+B85((day A dxt) A da’)
= (@A (=1)*dp) + B;(da A dz”)
=da B+ (-1 (andj).

11.5.2 exterior derivatives on R3

We begin by noting that vector fields may correspond either to a one-form or to a two-form.

Definition 11.5.8. dictionary of vectors verses forms on R3.

Let A = (A, A2, A3) denote a vector field in R?. Define then,
waA = 57jind$j = 14,duLZ
which we will call the work-form of A. Also define

1 . . 1 . )
by = 5(51‘1{14]?61"719(615111 VAN d%j) = §Ai€i‘jk(d$l A dl’j)

which we will call the flux-form of A.

If you accept the primacy of differential forms, then you can see that vector calculus confuses two
separate objects. Apparently there are two types of vector fields. In fact, if you have studied coor-
dinate change for vector fields deeply then you will encounter the qualifiers axial or polar vector
fields. Those fields which are axial correspond directly to two-forms whereas those correspondant
to one-forms are called polar. As an example, the magnetic field is axial whereas the electric field
is polar.

Example 11.5.9. Gradient: Consider three-dimensional Euclidean space. Let f : R® — R then
of

which gives the one-form corresponding to V f.

Example 11.5.10. Curl: Consider three-dimensional Euclidean space. Let F be a vector field
and let wp = Fydx® be the corresponding one-form then

dwp = dF; Adzt
= 8]dex9 A dzt
= 0y Fydx Ndy + Oy Frdy N dx + 0, Fpdz N dx + O F.dx A dz + Oy F.dy Ndz + 0. F,dz N\ dy
= (0, F, — 0yFy)dx N dy + (0, Fy — 0, F,)dz ANdx + (0yF, — 0,F,)dy N dz

= (I)VXF‘"



11.5. DIFFERENTIAL FORMS ON OPEN SETS OF RY 191

Thus we recover the curl.

Example 11.5.11. Divergence: Consider three-dimensional Fuclidean space. Let G be a vector
field and let &g = %eijkGidxj A dz® be the corresponding two-form then

ddgc =

(2€ij1Gi) Ada? A dak
ejk(a G;)dz™ A dx? A da®
€ijk(OmGi)emjrdr N dy N dz
520im (0mGi)dz A dy A dz

= 0;Gidx Ndy N dz

= (V-G)dz Ndy Adz

D] 0| — &

and in this way we recover the divergence.

11.5.3 pullbacks

(optional, but worth studying if you plan to go deeper into manifold theory later in life) Another
important “operation” one can perform on differential forms is the “pull-back” of a form under a
map.

Definition 11.5.12. pull-back of a differential form.

If f: M — N is a Cl-map and w € A¥(IV) then f*w is the form on M defined by

(f*w)p(Xla v, X)) = Wf(ﬁ)(”’fpf(Xl)a dpf(X2)-/ T adpf(Xk)) .

Theorem 11.5.13. properties of the push-back.

If f: M — N is a Cl-map and w € AF(N), 7 € AY(N) then
L. f*(aw +br) = a(f*'w) + b(f*7)  a,bER
2. fflwont) = frwA(f )
3. fHdw) = d(f*w)

Proof: The proof of (1) is clear. We now prove (2).

Frlonn)lp(Xe, - X)) = (WAT) ) (dpf (X1)s - s dpf (Xka))
=2, (sgno)(w ) (pf( Dseo s dp f(Xoktn))
=, sen(o)w(dy ( 1) ( )T (Xoes1) - df Xo (i)
= >, s8n(0)(f*w)p(X, 1) )(f ) (Xo@r1)s s Xo(hti))
= [(f*w) A (f*7)p (Xl,XQ,' X(k+l))
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Finally we prove (3).

[Hdw)]p(X1, Xo -, Xjg1) =

d
_ anj
| oz
owr
oxA
f(p)
[d(
d|(
d(f~

Xk+1 )
-~ df (Xg41))

f
)
g (da A daT) df(X1) s df (Xk11))

f(p)

(z* o f) Adp(zl o HI(X1, -, Xs1)

(wrof) Adw o fIl( X1, s Xy1)
wr o flpdp(x o FI( X1, -+, Xgy1)
W)p (Xl,-- s Xit1) -



Chapter 12

generalized Stokes’ theorem

In this appendix we give a short introduction on how to integrate differential forms on a parametrized
subset of R. We demonstrate how the differential form integration recovers the usual notions of
line and surface integrals in R3. Finally we write the Generalized Stokes’s Theorem and show how
it reproduces the fundamental theorem of calculus, Gauss’ Theorem, and Stoke’s Theorem. We
will be a little sloppy throughout this chapter on the issue of convergence. It should be mentioned
that the integrals considered will only make sense for suitably chosen regions and for reasonably
behaved functions. We leave those picky details for the reader to discover. Also we mention that
generally one should study how to integrate differential forms over a manifold. In a manifold we
cannot generally parametrize the whole surface by just one set of parameters ( in this chapter we
will assume that our subsets of R have a global parametrization ) so it is necessary to patch E]things
together with something called the partition of unity. Just want to place what we are doing in this
chapter in context, there is more to say about integrating forms. We will just do the fun part.

12.1 definitions

The definitions given here are pragmatical. There are better more abstract definitions but we’d
need to know about push-forwards and pull-backs (take manifold theory or Riemannian geometry
or ask me if you're interested). I also assume that you will go back and read through chapter 4 to
remind yourself how line and surface integrals are formulated.

1 -
see Edward’s concept of a ”paving”

193
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Definition 12.1.1. integral of one-form along oriented curve:

Let a = a;da® be a one form and let C be an oriented curve with parametrization X (¢) :
[a,b] — C then we define the integral of the one-form « along the curve C' as follows,

/ a= / Zai(X(t))dji : (t)dt

where X (t) = (X*(t), X%(t),..., X"(t)) so we mean X’ to be the i component of X (t).
Moreover, the indices are understood to range over the dimension of the ambient space, if
we consider forms in R? then i = 1,2 if in R3 then i = 1,2,3 if in Minkowski R* then i
should be replaced with = 0,1,2,3 and so on.

Example 12.1.2. One form integrals vs. line integrals of vector fields: We begin with a
vector field F' and construct the corresponding one-form wgz = Fydx". Next let C' be an oriented
curve with parametrization X : [a,b] C R — C' C R, observe

[ er=] Zﬂ(X(t))djf (at= [ F-dl

You may note that the definition of a line integral of a vector field is not special to three dimensions,
we can clearly construct the line integral in n-dimensions, likewise the correspondance w can be
written between one-forms and vector fields in any dimension, provided we have a metric to lower
the index of the vector field components. The same cannot be said of the flux-form correspondance,
it is special to three dimensions for reasons we have explored previously.

Definition 12.1.3. integral of two-form over an oriented surface:

Let 8 = % Bijdz’ Adz? be a two-form and let S be an oriented piecewise smooth surface with
parametrization X (u,v) : Dy C R? — S C R™ then we define the integral of the two-form
[ over the surface S as follows,

( J
/SB = DQ@J'(X(U, v))aaiu(u, U)aa%(u,v)dudv

where X (u,v) = (X (u,v), X%(u,v),..., X"(u,v)) so we mean X’ to be the i"® component
of X (u,v). Moreover, the indices are understood to range over the dimension of the ambient
space, if we consider forms in R? then i, = 1,2 if in R3 then i,j = 1,2, 3 if in Minkowski
R* then %, j should be replaced with u,v = 0,1,2,3 and so on.

Example 12.1.4. Two-form integrals vs. surface integrals of vector fields in R3: We
begin with a vector field F and construct the corresponding two-form ® z = %EiijdeL‘i A dx? which
is to say @z = Fidy A\ dz + Fodz N dx + Fsdx A dy. Next let S be an oriented piecewise smooth
surface with parametrization X : D C R? — S C R3, then

/ cpﬁ:/ FodA
S S
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Proof: Recall that the normal to the surface S has the form,
oxX 0X 0Xt9XJ

N(uv) = F0 > gy =

= Eijkgﬁek

at the point X (u,v). This gives us a vector which points along the outward normal to the surface
and it is nonvanishing throughout the whole surface by our assumption that S is oriented. Moreover
the vector surface integral ofﬁ over S was defined by the formula,

/Sﬁ.djz//Dﬁ(X(u,u))-N(u,u) dudv.

now that the reader is reminded what’s what, lets prove the proposition, dropping the (u,v) depence
to reduce clutter we find,
/ F i = // F. K dudv
S D

= // Fka dudv
D
0X X7
= //DFkﬁwkau 781} dudv
0XtoXx7
= //D(q)ﬁ)wau 78’[) dudv

J o
S

notice that we have again used our convention that (®z)i; refers to the tensor components of
the Q—fOTm Dz meaning we have ® z = (®z)ijdr’ ® dr? whereas with the wedge product @z =
%(@ﬁ)ijda:’ Ndx?, I mention this in case you are concerned there is a half in @z yet we never found
a half in the integral. Well, we don’t expect to because we defined the integral of the form with
respect to the tensor components of the form, again they don’t contain the half.

Example 12.1.5. Consider the vector field F= (0,0,3) then the corresponding two-form is simply
& = 3dx A dy. Lets calculate the surface integral and two-form integrals over the square D =
[0,1]x 0, 1] in the zy-plane, in this case the parameters can be taken to be x andy so X (x,y) = (z,y)

and,

X X
Nl = G x o = (1,0,0) % (0,1,0) = (0,0.1)

which is nice. Now calculate,

/ﬁ-d/f _ // PN dady
S D
= [[ 0030010
D

1 1
= //Sda:dy
0/ o
3.
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Consider that ®p = 3dx A dy = 3dx ® dy — 3dy ® dx therefore we may read directly that (Pp)i2 =
—(®r)21 = 3 and all other components are zero,

OX' 90X
/S‘DF [ [ @iy Gy dw
oxXtoXx? 0X29X1!
- [/, (33:5 oy ox ay)“‘iy

B // @@_ 8y8x ded
N Oz 0y Gway vy

Definition 12.1.6. integral of a three-form over an oriented volume:

Let v = %&dei A dz? A dz be a three-form and let V be an oriented piecewise smooth
volume with parametrization X (u,v,w) : D3 C R® — V C R™ then we define the integral
of the three-form ~ in the volume V as follows,

0X'9X7 0X*
/VFY /D(Ki,‘h]k( (u,’U"IU)) au 67) aw dudvdw

where X (u,v,w) = (X (u,v,w), X?(u,v,w), ..., X"(u,v,w)) so we mean X' to be the i‘"
component of X (u, v, w). Moreover, the indices are understood to range over the dimension
of the ambient space, if we consider forms in R? then 4, j, k = 1,2, 3 if in Minkowski R* then
1, 7, k should be replaced with u,v,0 =0,1,2,3 and so on.

Finally we define the integral of a p-form over an p-dimensional subspace of R, we assume that
p < n so that it is possible to embed such a subspace in R,

Definition 12.1.7. integral of a p-form over an oriented volume:

Let v = iﬁilmipdwil A ---dz' be a p-form and let S be an oriented piecewise smooth
subspace with parametrization X (ui,...,u,) : D, C R? — § C R" (for n > p) then we
define the integral of the p-form ~ in the subspace S as follows,

ox"n 0X'r
= i (X(ug, . .ou s ——duy - d
o=, X )G T ey
where X (uq, ..., up) = (X (u, ... up), X2 (w1, .oy tp), .oy X (g, ..., up)) so we mean X°
to be the " component of X (u1,...,up). Moreover, the indices are understood to range

over the dimension of the ambient space.
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12.2 Generalized Stokes Theorem

The generalized Stokes theorem contains within it most of the main theorems of integral calculus,
namely the fundamental theorem of calculus, the fundamental theorem of line integrals (a.k.a
the FTC in three dimensions), Greene’s Theorem in the plane, Gauss’ Theorem and also Stokes
Theorem, not to mention a myriad of higher dimensional not so commonly named theorems. The
breadth of its application is hard to overstate, yet the statement of the theorem is simple,

Theorem 12.2.1. Generalized Stokes Theorem:

Let S be an oriented, piecewise smooth (p+1)-dimensional subspace of R where n > p + 1
and let 05 be it boundary which is consistently oriented then for a p-form o which behaves

reasonably on S we have that
/ da = / o
S aS

The proof of this theorem (and a more careful statement of it) can be found in a number of places,
Susan Colley’s Vector Calculus or Steven H. Weintraub’s Differential Forms: A Complement to
Vector Calculus or Spivak’s Calculus on Manifolds just to name a few. I believe the argument in
Edward’s text is quite complete.

Lets work out how this theorem reproduces the main integral theorems of calculus.

Example 12.2.2. Fundamental Theorem of Calculus in R: Let f : R — R be a zero-form
then consider the interval [a,b] in R. If we let S = [a,b] then 0S = {a,b}. Further observe that
df = f'(z)dz. Notice by the definition of one-form integration

/Sdf = /Zf’(:n)dx

However on the other hand we find ( the integral over a zero-form is taken to be the evaluation
map, perhaps we should have defined this earlier, oops., but its only going to come up here so I'm
leaving it.)

f=1®)=f(a)
as

Hence in view of the definition above we find that

b
/ fo)de = f(b) — f(a) = / a=[ 7
a S a8

Example 12.2.3. Fundamental Theorem of Calculus in R3: Let f : R3 — R be a zero-
form then consider a curve C from p € R3 to q € R® parametrized by ¢ : [a,b] — R3. Note that
0C = {¢(a) = p,p(b) = q}. Next note that

6f. dz’

df =
f oxt
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Then consider that the exterior derivative of a function corresponds to the gradient of the function
thus we are not to surprised to find that

[ /gfd;; - [(vp-a

On the other hand, we use the definition of the integral over a a two point set again to find

f=1Fa)—fp)
oC
Hence if the Generalized Stokes Theorem is true then so is the FTC in three dimensions,
[@n-di=s@-f0) = [d=] 7
C C oC

another popular title for this theorem is the ”fundamental theorem for line integrals”. As a final
thought here we notice that this calculation easily generalizes to 2,4,5,6,... dimensions.

Example 12.2.4. Greene’s Theorem: Let us recall the statement of Greene’s Theorem as I
have not replicated it yet in the notes, let D be a region in the xy-plane and let 0D be its consistently
oriented boundary then if F = (M(z,y), N(z, is well behaved on D

N M
Md:r:+Ndy—// <8_8> dzxdy
oD

We begin by finding the one-form corresponding to F namely wrp = Mdx + Ndy consider then that

M N
dwF:d(de—i—Ndy):dM/\dx—i—dN/\dy:%ydy/\dm—i-%mdm/\dy

which simplifies to,

ON OM
dwp = (3m - ay)diﬂ Ndy = (%1;’_%)1%

Thus, using our discussion in the last section we recall

/cw:/ F.dl= Mdz + Ndy
oD oD oD

where we have reminded the reader that the notation in the rightmost expression is just another
way of denoting the line integral in question. Next observe,

ON OM. .. -
dwp = — - —)k-dA
/D o / G0 =3y
And clearly, since dA = l%dmdy we have
ON oM. .. - ON oM

or ~ oy A= | Gy gy e

N M
Mdac—i—Ndy—// <6—8> dxdy <= /dwF:/ WF
oD D oD

Therefore,
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Example 12.2.5. Gauss Theorem: Let us recall Gauss Theorem to begin, for suitably defined

F and V,

/ F“-dff_/ V.- F dr

av 1%

First we recall our earlier result that

d(®p) = (V- F)dz Ady A dz
Now note that we may integrate the three form over a volume,

/ d(®p) = / (V- F)dzdydz
1% 1%

whereas,

so there it is,
/ (vﬁ)dT:/ F.dA «— / d(@p):/ Op
v v 1% 1%
I have left a little detail out here, I may assign it for homework.

Example 12.2.6. Stokes Theorem: Let us recall Stokes Theorem to begin, for suitably defined
F and S,

/ VxF)die [ F.dl
S oS
Neat recall we have shown in the last chapter that,
d(wF) = (beﬁ

Hence,

/ d(wr) = / (Vx F)-dA

S S

whereas,

which tells us that,

/(Vxﬁ)-dffz F.dl — /d(wp):/ wF
S oS S oS

The Generalized Stokes Theorem is perhaps the most persausive argument for mathematicians to
be aware of differential forms, it is clear they allow for more deep and sweeping statements of
the calculus. The generality of differential forms is what drives modern physicists to work with
them, string theorists for example examine higher dimensional theories so they are forced to use
a language more general than that of the conventional vector calculus. See the end of the next
chapter for an example of such thinking.
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Chapter 13

Hodge duality and the
electromagnetic equations

13.1 Hodge duality on exterior algebras

Hodge duality stems from the observation that dim(AP(V)) = dim(A"P(V)), youll prove this
in a homework. This indicates that there is a one to one correspondence between (n — p)-forms
and p-forms. When our vector space has a metric we can write this correspondence in a nice
coordinate independent manner. Lets think about what we are trying to do, we need to find a way
to create a (n — p)-form from a p-form. An (n — p)-form has (n — p) antisymmetric components,
however a p-form has p-antisymmetric components. If we summed the p-components against p of
the components of the n-dimensional Levi-Civita symbol (defined below) then that will almost do
it. We need the indices that are summed over to be half up and half down to insure coordinate
independence of our correspondence, this means we should raise the p of the components. If you
didn’t get what I was saying in this paragraph that’s ok, I was just trying to motivate the following
definition.

Definition 13.1.1. Let V' be a vector space with a metric g and basis {e;}. Define the Levi-Civita
symbol €5, j,...5, by the equation

1 . 4 4
1 2 no_ (el J2 J
eNe"N-el = 563132“'%,(6 Ne /\"’en)'

If a = ﬁaili2__,ily(ei1 ANe2A---Ne) e AP(V) then define *a € A" P(V) by

1 1 o 4 . .
= ___ - an2dpe. J1 J2 A L. Jn—
a= o= p)‘a P€irin...ipjrjain_p € NEZN o NeITP),

*

Thus the components of *a are

2 itizeip

p!

* — . . . . . .
ajlj?“njnfp - 67{122“-2]7.71.]2“'.]'”71)

201
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where as always we refer to the tensor components when we say components and the indices are
raised with respect to the metric g as we described at length previously,

1192...0p . 11J1 41272 ipJp . ..
« P=g g e g’P paJlJQ-»-Jp'

Note that o may be written in the form a = a|l~1i2__ip|(ei1 Ae2 N+ Ae') where |itis...i,| denotes
only multi-indices i1iz . . .1, such that i1 <o < --- < 1ip,. Thus

1
(n—p)!

*a

Wigedp J1 J2 A L. Jn—p
« qlmmlpbm_,,an(e Ael2ZN---Ne ).

Example 13.1.2. Consider V = R? with the Euclidean metric. Let us calculate the Hodge dual of
a=e'Ne2ANed. Nowa = a|123|(61 Ae Aed) where Q23 = 1 and al? = §lig2i 53k
The only multi-index (ijk) such that i < j < k is (ijk) = (123) so

Qjjk = a123 = 1.

1
o= —— 1930123 = 1.

(3-3)!
The number 1 is a 3 —3 = 0 form as we should expect.
Lets go the other way, lets find the Hodge dual of a number,

Example 13.1.3. Consider V = R3 with the Euclidean metric. Let us calculate the Hodge dual of
B =1, the components are very easy to find, there are none. Hence,

*(1) = Jeijre’ Ned AeP
= ﬁ6(€1 Ae?Aed) (13.1)
=etnetne?
To elaborate a little on where the 6 came from, we list only the nonzero terms in the above
equation

cijret Ned Nk =epgel Ae? Aed +exgie? Aed Ael +ezined Ael Ae?
+egored Ae? Ael 4 ea3e? Ael Aed 4 erzael Aed A e? (13.2)
= 6el Aed A e

Notice that the antisymmetry of the Levi-Civita symbol and the antisymmetry of the wedge product
conspire above to produce only positive numbers in each term.

Remark 13.1.4.

It would seem we have come full circle,
o= and *f=a — a=aq.

Generally when you take the Hodge dual twice you’ll get a minus sign that depends both
on the metric used and the degree of the form in question.

That’s enough of this for now. We’ll do much more in the next section where the notation is a little
friendlier for differential forms.
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13.2 Hodge duality and differential forms

Recall that a differential p-form on M is a ”smooth” assignment of a p-form to each point in M.

A differential p-form may be written in terms of a coordinate system (z!,z2,...,2") as follows,
1 . . .
Q= =iy i dr't Adz"? A N dx'
P!

By ”smooth” we simply mean the component functions «;,,..;, are ”smooth” meaning that we can
take arbitrarily many partial derivatives.

13.3 differential forms in R?

As customary, we begin with Cartesian coordinates (z,y, z) = (2!, 22, 2%) on R? with the standard

Euclidean metric. Differential forms can be can be written in terms of dx, dy, dz as follows, Notice

Name Degree | Typical Element "Basis” for AP(R?)
function p=0 f 1
one-form | p=1 a = oda’ dx,dy,dz
two-form | p=2 | = Bijda:i ANdx? | dy Ndz, dz Adx, dx A dy
three-form | p=3 | y=gdx ANdy ANdz de Ndy N dz

that in the box above f, a;, 35, g are all functions. The reason quotes appear on the word ”basis”
is that technically since the coefficients are functions not numbers these are not a basis in the usual
sense of linear algebra. ( ask me if you wish more clarification on this idea ). Also notice that these
are all the nontrivial forms, the three-form is also called a top form because it has the highest
degree possible in three dimensions.

Let us return to the issue of Hodge duality. We work out the action of the Hodge dual on basis
forms as defined in the table.

Example 13.3.1. Let us calculate the Hodge dual of a = dx' A dax? A da®, to do this observe
first that if (ijk) is a multi-index such that i < j < k then (ijk) = (123). Moreover since a!'?3 =
51i62j53kazjk = w123 = 1 we have that

1
*Ck = 76123a123 =1.

(3—3)!
Lets go the other way, lets find the Hodge dual of a number,

Example 13.3.2. Let us calculate the Hodge dual of 8 = 1, the components are very easy to find,
there are none. Hence,
(1) = ﬁeijkdmi A dad A dz®
= ﬁﬁdml A dx? A dad (13.3)
= dx' A dz? A da?
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We have elaborated where the 6 came from before (see example(13.1.3]),

Example 13.3.3. Let us calculate the Hodge dual of o = dx, clearly it only has a x-component,
indeed a little thought should convince you that o = 6}dz'. We expect to find a 3 — 1 = 2-form.
Calculate from the definition as usual, dx = a1dx with oy =1 and o' = Y% = 1 as well. Thus

*(de) = ﬁeljkal(d:ﬁj A dz*)
= 561jk(d$j A dl‘k)
= %(6123d$2 Adaz3 + 6132d$3 VAN dIZ)
= 3(da? A da® — (—da? A da®))
= dx? A dx3
=dyANdz

(13.4)

Example 13.3.4. Let us calculate the Hodge dual of « = dy A dz. Notice that o = aws(dy A dz)
with ass = 1. Since o3 = 52i53jaij = o3 =1, we have
1

o= meggia%dix = e931dr = d.

*

We have found the Hodge dual of a basis form of each degree. We collect all of the results which
we found so far as well as a few more which you may prove yourself.

Proposition 13.3.5. For three dimensional Fuclidean space Hodge duality gives us the following
correspondences

*1l=dzANdyNdz | *(de Ndy Ndz) =1
*dr =dy Ndz “(dy Ndz) = dx
*dy = dz N dx “(dz Ndx) = dy
*dz =dx Ndy “(dx Ndy) = dz

Observe that the wedge product plus Hodge duality is replicating the cross product, as  x j =k
similarly we find that *(dz A dy) = dz. In order to better discuss how vector fields and differential
forms are related we should give a mapping from one to the other. Notice that we have two choices.
Either a vector field could map to an one-form or a two-form. Both one and two forms have three
components and now that we see how Hodge duality relates one and two forms it is quite evident
that the maps defined in the definition below are natural.

The definition below is restatement of definition[11.5.8|reformulated using the Hodge dual notation.

Definition 13.3.6. Let A = (A, A%, A3) denote a vector field in R3. Define then,

wp = (Siindl'j = A,dlz
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the so-called "work-form” of A. Also define
) S . ,
Py = 5LkAk*d.’L’L = A dx' = iAieijk(dxj VAN dl‘k)

the so-called ”fluz-form” of A.

We have chosen to follow R.W.R. Darling’s Differential Forms and Connections notation for the
flux and work form mappings. These mappings are important as they provide the link between
vector analysis and differential forms in R3.

Example 13.3.7. Let A = (a,b,c) then
w4 = adx + bdy + cdz

and
Oy = a(dy A dz) + b(dz A dz) + c(dx A dy)

we have two versions of a vector field in the formalism of differential forms. In vector analysis
physicists sometimes refer to certain vectors as "polar” and others as ”axial”. Polar vectors flip to
minus themselves under a coordinate inversion whereas axial vectors are invariant under a coordi-
nate inversion. If you analyze the differential forms here in view of that discussion you’ll see that
® 4 is behaving like an axial ( or pseudovector) and w4 is behaving like a polar vector. What was
hidden with the vector notation is now explicit with differential forms.

Remark 13.3.8.

Given a particular vector A= (a, b, c) we've shown that there are two possible corresponding
forms, the ”"work-form” w4 or the ”flux-form” ®,4. Hodge duality exchanges these two
pictures, observe that

*wa = *(adz + bdy + cdz)
= a*dr + b*dy + c*dz
= a(dy N dz) + b(dz A dz) + c(dx A dy)
=y

Notice that if V and W are vector fields the similarity of V' A W and the wedge product of
certain one-forms can be made precise. Indeed one has

wy Awy = @ (13.5)

VxW

and this is the sense in which the cross-product and wedge product are related.
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13.4 differential forms in Minkowski space

The logic here follows fairly close to the last section, however the wrinkle is that the metric here
demands more attention. We must take care to raise the indices on the forms when we Hodge dual
them. First we list the basis differential forms, we have to add time to the mix ( again ¢ = 1 so
2% = ¢t = t if you worried about it )

Name Degree Typical Element "Basis” for AP(R?)
function p=0 f 1
one-form | p=1 a = aydzt dt,dx,dy,dz
two-form | p=2 8= %Bﬂyd:p“ A dzx” dy Ndz, dz Ndx, dx N dy

dt Ndx, dt Ndy, dt Ndz
three-form | p=3 | v = %vumdm“ ANdzxVdx® | de Ndy Ndz,dt \Ndy N\ dz
dt Ndx ANdz,dt \Ndx A dy
four-form | p=4 gdt ANdx Ndy N dz dt Ndx Ndy A dz

Greek indices are defined to range over 0,1,2,3. Here the top form is degree four since in four
dimensions we can have four differentials without a repeat. Wedge products work the same as they
have before, just now we have dt to play with. Hodge duality may offer some surprises though.

Definition 13.4.1. The antisymmetric symbol in flat R* is denoted €uvap and it is defined by the
value

€o123 = 1

plus the demand that it be completely antisymmetric.
We must not assume that this symbol is invariant under a cyclic exhange of indices. Consider,

€0123 = —€1023 flipped (01)
= +€1203 ﬂlpped (02) (136)
= —€1230 flipped (03).

Example 13.4.2. We now compute the Hodge dual of v = dx with respect to the Minkowski metric
Nuv- First notice that dx has components vy, = 5; as is readily verified by the equation dx = 5;dx“.
We raise the index using n, as follows

A=y, = ey, =t = 61
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Beginning with the definition of the Hodge dual we calculate

*(dx) = ﬁélﬂewaﬁdx” A dx® A daP
= (1/6)e1papdr” A dz® A dzP

= (1/6)[61023dt ANdy A dz + e1930dy A dz A dt + €1302d2z A dt A dy
+eiz20dz A dy A dt + €1203dy A dt A dz + €1932dt A dz A dy] (13.7)
= (1/6)[—dt Ndy Ndz —dy Ndz Ndt —dz Ndt \Ndy
+dz Ady ANdt +dy N dt Adz+ dt A dz A dy]

= —dy ANdz Adt.

The difference between the three and four dimensional Hodge dual arises from two sources, for
one we are using the Minkowski metric so indices up or down makes a difference, and second the
antisymmetric symbol has more possibilities than before because the Greek indices take four values.

Example 13.4.3. We find the Hodge dual of v = dt with respect to the Minkowski metric 1, .
Notice that dt has components v, = (52 as is easily seen using the equation dt = 52da:“. Raising the
index using n as usual, we have

=y = ey = g = =8

where the minus sign is due to the Minkowski metric. Starting with the definition of Hodge duality
we calculate

“(dt) = —(1/6)0"%€,papdx” A dz® A dzP
—(1/6)egpapdx” A dz™ A dxzP

= —(1/6)epijedx’ A da? A dz* (13.8)

= —(1/6)€;jpdz’ A dzi A dz®
= —dx ANdy Ndz.

for the case here we are able to use some of our old three dimensional ideas. The Hodge dual of dt
cannot have a dt in it which means our answer will only have dx,dy,dz in it and that is why we
were able to shortcut some of the work, (compared to the previous example).

Example 13.4.4. Finally, we find the Hodge dual of v = dt Adx with respect to the Minkowski met-
ric M. Recall that *(dt Adx) = ﬁemw’ym (dxt Adx”) and that 4°t = nP2ntPyy, = (=1)(1)yo =
—1. Thus
“(dtNdx) = —(1/2)eorwda” A dx”
= —(1/2)[eo123dy N dz + €p132dz A dy] (13.9)
= —dy Ndz.

Notice also that since dt A dx = —dxz A\ dt we find *(dz A dt) = dy A dz
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1=dtNdx NdyNdz | *(dt Nde Ndy Ndz) = —1
*(dx Ndy Ndz) = —dt *dt = —dz Ndy N dz
“(dtNdy Ndz) = —dx *dr = —dy Ndz A dt
“(dt Ndz N\ dx) = —dy *dy = —dz Ndx N dt

(

“(dt Ndx ANdy) = —dz *dz = —dx Ndy N dt

(dz Ndt) =dx N dy “(dx Ndy) = —dz AN dt
“(dx Ndt) =dy Ndz (dy Ndz) = —dz N dt
*(dy Ndt) =dz N dx “(dz Ndzx) = —dy N dt

The other Hodge duals of the basic two-forms follow from similar calculations. Here is a table of
all the basic Hodge dualities in Minkowski space, In the table the terms are grouped as they are to
emphasize the isomorphisms between the one-dimensional A°(M) and A*(M), the four-dimensional
AY(M) and A3(M), the six-dimensional A?(M) and itself. Notice that the dimension of A(M) is
16 which just happens to be 2%.

Now that we’ve established how the Hodge dual works on the differentials we can easily take the
Hodge dual of arbitrary differential forms on Minkowski space. We begin with the example of the
4-current J

Example 13.4.5. Four Current: often in relativistic physics we would even just call the four
current simply the current, however it actually includes the charge density p and current density
J. Consequently, we define,

(J7%) = (p,J),
moreover if we lower the index we obtain,

=

(Tu) = (=p,J)
which are the components of the current one-form,
J = Judat = —pdt + Jpdx + Jydy + J.dz

This equation could be taken as the definition of the current as it is equivalent to the vector defini-
tion. Now we can rewrite the last equation using the vectors — forms mapping as,

J = —pdt + Wy
Consider the Hodge dual of 7,
*J

(—pdt + Jpdx + Jydy + J.dz)

= —p*dt + J,*dx + J,*dy + J.*dz

=pdx Ndy Ndz — Jpydy Ndz Ndt — Jydz Ndx N dt — J.dx Ady A dt
= pdx Ndy Ndz — @ 7 A dt.

(13.10)

we will find it useful to appeal to this calculation in a later section.
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Example 13.4.6. Four Potential: often in relativistic physics we would call the four potential
simply the potential, however it actually includes the scalar potential V' and the vector potential A
(discussed at the end of chapter 3). To be precise we define,

—,

(A4%) = (V, A)

we can lower the index to obtain,

—,

(AM) - (_V7 A)
which are the components of the current one-form,
A=A, dxt = -Vdt + Apdx + Aydy + A.dz

Sometimes this equation is taken as the definition of the four potential. We can rewrite the four
potential vector field using the vectors — forms mapping as,

A:—th%—wff.

The Hodge dual of A is
FA=Vdx Ndy Ndz — ® x A dL. (13.11)

Several steps were omitted because they are identical to the calculation of the dual of the 4-current
above.

Definition 13.4.7. Faraday tensor.

Given an electric field E = (E}, Ey, E3) and a magnetic field B = (B, By, B3) we define a
2-form F' by
F=wpANdt+ op.

This 2-form is often called the electromagnetic field tensor or the Faraday tensor. If
we write it in tensor components as F' = %Flwdw“ A dz” and then consider its matrix (F),,)
of components then it is easy to see that

0 —-E —-E» —E3

|E. o By -B
(Fv) = Ey, -Bs 0 B
Es By -B 0

(13.12)

Convention: Notice that when we write the matrix version of the tensor components we take the
first index to be the row index and the second index to be the column index, that means Fy; = —Ey
whereas Fig = F1.

Example 13.4.8. In this example we demonstrate various conventions which show how one can
transform the field tensor to other type tensors. Define a type (1,1) tensor by raising the first index
by the inverse metric n®* as follows,

Fal/ — nauFﬂy
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The zeroth row,
(F°,) = (™ Fu) = (0, Ey, By, E3)

Then row one is unchanged since n'* = §*,
(Fl 1/) = (anw/) = (E1707337 _BQ)

and likewise for rows two and three. In summary the (1,1) tensor F' = Flf‘(% ® dx¥) has the
components below
0 E1 E2 E3
Ey 0 By —DBy
a
D=1 5 o B | (13.13)
Es By, -B, 0

At this point we raise the other index to create a (2,0) tensor,

FoP = ot (13.14)

and we see that it takes one copy of the inverse metric to raise each index and F*P = nP*F  so
we can pick up where we left off in the (1,1) case. We could proceed case by case like we did with
the (1,1) case but it is better to use matriz multiplication. Notice that n*F, = F® n"? is just
the (a, B) component of the following matriz product,

0 E; Es Es -1 0 0 O 0 B Es Es

FE 0 B —-B 0 1 00 —F 0 B —-B

aBy _ 1 3 2 . 1 3 2
(F7) = Ey —Bs 0 B; 0 010 |—-Ey —Bs 0 By |- (13.15)

Es By —-Bj 0 0 0 01 —-FE3 By —-B 0

So we find a (2,0) tensor F = Faﬁ(% ® %). Other books might even use the same symbol F' for
F' and F", it is in fact typically clear from the context which version of F one is thinking about.

Pragmatically physicists just write the components so its not even an issue for them.
Example 13.4.9. Field tensor’s dual: We now calculate the Hodge dual of the field tensor,

*F :*(wE/\dt-i-(I'B)
= E,*(dz Ndt) + Ey*(dy A dt) + E.*(dz A dt)
+B,*(dy A dz) + By*(dz A dz) + B,*(dz A dy)
= FE,dy Ndz + Eydz N dx + E.dx N dy
—Bydx Ndt — Bydy N dt — B,dz A dt
=®p —wp Adt.
we can also write the components of *F in matriz form:
0 By By Bs
-B1 0 Es  —Es
—By —FE3 0 Ey
—-Bs FEy —FEp 0.

(*Fu) = (13.16)

Notice that the net-effect of Hodge duality on the field tensor was to make the exchanges E+s —B
and B — F.
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13.5 exterior derivatives of charge forms, field tensors, and their
duals

In the last chapter we found that the single operation of the exterior differentiation reproduces the
gradiant, curl and divergence of vector calculus provided we make the appropriate identifications
under the ”work” and ”flux” form mappings. We now move on to some four dimensional examples.

Example 13.5.1. Charge conservation: Consider the 4-current we introduced in example[13.4.5|
Take the exterior derivative of the dual of the current to get,

d(*J) =d(pdr Ndy ANdz — ® ;A dt)
= (Qyp)dt A dx AN dy A dz — d[(Jedy A dz + Jydz A de + J.dx A dy) A dt]
=dpNdzx ANdy Ndz
=0z Jpdx Ndy Ndz Ndt — OyJydy Ndz Ndx ANdt — 0.J.dz Ndx ANdy Ndt
= (Oyp+ V- J)dt Adx A dy A dz.

We work through the same calculation using index techniques,

d(*J) =d(pdx Ndy ANdz — ® 7 A dt)
=d(p) Ndx Ndy Ndz — d[%eiijidazj A dz¥ A dt)
= (Oip)dt Adx A dy A dz — €510, Jidat A dad A dxk A dt
= (Op)dt Ndz Ndy N dz — e”k@ Jidx™ A dzd A dxF A dt
= (Op)dt Ndx Ndy N dz — e”kemjka Jidx Ndy Adz N\ dt
= (Op)dt Ndx Ndy N dz — 5204mOmJidx A dy N dz A dt

= (Oip+ V- J)dt Adx A dy/\ dz.

Observe that we can now phrase charge conservation by the following equation
d*J) =0 — Op+V-J=0.

In the classical scheme of things this was a derived consequence of the equations of electromagnetism,
however it is possible to build the theory regarding this equation as fundamental. Rindler describes
that formal approach in a late chapter of ”Introduction to Special Relativity”.

Proposition 13.5.2.

If (A,) = (—V, A) is the vector potential (which gives the magnetic field) and A = —Vdt +
wy, then dA = wp + &5 = F where F is the electromagnetic field tensor. Moreover,
By = Cly Ay = Ol
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Proof: The proof uses the definitions E=-VV—08Aand B =V x A and some vector identities:

dA = d(-Vdt+wy)
= —dV Adt+d(wy)
= —dV Adt+ (0,A;)dt A dz' + (0;A;)da? A da’
= Wvv) /\dt_watﬁ/\dt"’_(I)Vx/Y
= (Wewy) —wp ) Ndt+ Qg 5
= W_yv_g4) Adt+ @
= wpNdt+ P53

VxA

1
= F= §Fwdx“/\dx”.

Moreover we also have:

dA =

(Ay) A dx”

L Aydat A dz”

(0uAy — Oy Ay)dat A da” + 5(0, A, + 8, Ay)da! A da”
(OuAy — 0, Ay)dx? N da.

ol—ol— QL

Comparing the two identities we see that F},, = 9, A, — 0, A, and the proposition follows.

Example 13.5.3. Exterior derivative of the field tensor: We have just seen that the field
tensor is the exterior derivative of the potential one-form. We now compute the exterior derivative
of the field tensor expecting to find Maxwell’s equations since the derivative of the fields are governed
by Mazwell’s equations,

dF = d(Edz' A\ dt) + d(® 3) (13.17)
= O Ei(da™ A dx' A dt) + (V- B)da Ady A dz + e (8:B;)(dt A dx? A dz®). '
W pause here to explain our logic. In the above we dropped the O F;dt A --- term because it was

wedged with another dt in the term so it vanished. Also we broke up the exterior derivative on the
flux form of B into the space and then time derivative terms and used our work in example[11.5.11]
Continuing the calculation,

dF = [0;Ex + Lex(8:B;)|da? A da® A dt + (V- B)dz Ady A dz
= [azEy — ayEx + 61'12(atBi)]de‘ ANdy A dt
+[82Ex — 0. F, + 62'31(8tBZ')]dZ Adx A dt
+[0,E. — 0.E, + €i23(0;B;)|dy A dz A di (13.18)
+(V - B)dz Ady Adz
= (VX E+8B)i®., Adt+ (V- B)dz A dy Adz

—

= s Ndt+(V-B)dx Ady A dz

VXE+8t
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where we used the fact that ® is an isomorphism of vector spaces (at a point) and e, = dy A dz,
®., = dz Ndz, and P, = dx N\ dy. Behold, we can state two of Mazwell’s equations as

dF =0 <= VxE+8B=0, V-B=0 (13.19)

Example 13.5.4. We now compute the exterior derivative of the dual to the field tensor:

d*F = d(—Bdz' Adt) + d(®p)

=® Adt+ (V- E)dz A dy A dz (13.20)

~VxB+6:E

This follows directly from the last example by replacing E+s —B and B — E. We obtain the two
inhomogeneous Maxwell’s equations by setting d*F equal to the Hodge dual of the 4-current,

d&'F=u,"J <<= —-VXxB+OE=—pu,J, V-E=p (13.21)

Here we have used example [13.4.5] to find the RHS of the Mazwell equations.

We now know how to write Maxwell’s equations via differential forms. The stage is set to prove that
Maxwell’s equations are Lorentz covariant, that is they have the same form in all inertial frames.

13.5.1 coderivatives and comparing to Griffith’s relativitic E & M

Optional section, for those who wish to compare our tensorial E & M with that of
Griffith’s, you may skip ahead to the next section if not interested

I should mention that this is not the only way to phrase Maxwell’s equations in terms of
differential forms. If you try to see how what we have done here compares with the equations
presented in Griffith’s text it is not immediately obvious. He works with F#* and G*” and J* none
of which are the components of differential forms. Nevertheless he recovers Maxwell’s equations
as O, """ = J” and 0,G* = 0. If we compare the components of *F' with equation 12.119 ( the
matrix form of GH¥) in Griffith’s text,

0 Bl BQ B3
-Bi 0 —E3 K,
-By —E; 0 -F
—-B; FE, —F 0

(G (c = 1)) = = _(*F). (13.22)

we find that we obtain the negative of Griffith’s ”dual tensor” ( recall that raising the indices has
the net-effect of multiplying the zeroth row and column by —1). The equation 0,F"*" = J¥ does not
follow directly from an exterior derivative, rather it is the component form of a ”coderivative”. The
coderivative is defined § = *d*, it takes a p-form to an (n—p)-form then d makes it a (n—p+1)-form
then finally the second Hodge dual takes it to an (n — (n — p + 1))-form. That is § takes a p-form
to a p — 1-form. We stated Maxwell’s equations as

dFF =0 d'F="*TJ
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Now we can take the Hodge dual of the inhomogeneous equation to obtain,
*A*F=0F =" =+J
where I leave the sign for you to figure out. Then the other equation
0,G" =0
can be understood as the component form of §*F = 0 but this is really dF' = 0 in disguise,
0=0"F="d"F=+%dF < dF =0

so even though it looks like Griffith’s is using the dual field tensor for the homogeneous Maxwell’s
equations and the field tensor for the inhomogeneous Maxwell’s equations it is in fact not the case.
The key point is that there are coderivatives implicit within Griffith’s equations, so you have to
read between the lines a little to see how it matched up with what we’ve done here. I have not en-
tirely proved it here, to be complete we should look at the component form of § F' = J and explicitly
show that this gives us 9, F* = J¥, I don’t think it is terribly difficult but I'll leave it to the reader.

Comparing with Griffith’s is fairly straightforward because he uses the same metric as we have.
Other texts use the mostly negative metric, its just a convention. If you try to compare to such
a book you’ll find that our equations are almost the same up to a sign. One good careful book
is Reinhold A. Bertlmann’s Anomalies in Quantum Field Theory you will find much of what we
have done here done there with respect to the other metric. Another good book which shares our
conventions is Sean M. Carroll’s An Introduction to General Relativity: Spacetime and Geometry,
that text has a no-nonsense introduction to tensors forms and much more over a curved space (
in contrast to our approach which has been over a vector space which is flat ). By now there are
probably thousands of texts on tensors; these are a few we have found useful here.

13.6 Maxwell’s equations are relativistically covariant

Let us begin with the definition of the field tensor once more. We define the components of the
field tensor in terms of the 4-potentials as we take the view-point those are the basic objects (not
the fields). If

F.=0,A, —0,A,,

then the field tensor F' = F),, dx* ® dz” is a tensor, or is it 7 We should check that the components
transform as they ought according to the discussion in section ?7. Let ¥ = A x” then we observe,

(L) 4, = (A1) A,

3 dzB 9 ~1\8 8
(2) 557 = g7 g0 = (M )y gem

(13.23)

where (2.) is simply the chain rule of multivariate calculus and (1.) is not at all obvious. We will
assume that (1.) holds, that is we assume that the 4-potential transforms in the appropriate way
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for a one-form. In principle one could prove that from more base assumptions. After all electro-
magnetism is the study of the interaction of charged objects, we should hope that the potentials
are derivable from the source charge distribution. Indeed, there exist formulas to calculate the
potentials for moving distributions of charge. We could take those as definitions for the potentials,
then it would be possible to actually calculate if (1.) is true. We’d just change coordinates via a
Lorentz transformation and verify (1.). For the sake of brevity we will just assume that (1.) holds.
We should mention that alternatively one can show the electric and magnetic fields transform as to
make [, a tensor. Those derivations assume that charge is an invariant quantity and just apply
Lorentz transformations to special physical situations to deduce the field transformation rules. See
Griffith’s chapter on special relativity or look in Resnick for example.

Let us find how the field tensor transforms assuming that (1.) and (2.) hold, again we consider
Tt = Abzv,

w
= (A71),0a (A1), Ag) — (A71),05((A71),Aa) (13.24)

therefore the field tensor really is a tensor over Minkowski space.

Proposition 13.6.1.

The dual to the field tensor is a tensor over Minkowski space. For a given Lorentz trans-
formation z* = Abx¥ it follows that

* T —1\@p —11\Bx
F},LV:(A l)p(A l)y Faﬂ

Proof: homework (just kidding in 2010), it follows quickly from the definition and the fact we
already know that the field tensor is a tensor.

Proposition 13.6.2.

The four-current is a four-vector. That is under the Lorentz transformation z¥* = AbxY we
can show,

j,u - (A_l)zja

Proof: follows from arguments involving the invariance of charge, time dilation and length con-
traction. See Griffith’s for details, sorry we have no time.

Corollary 13.6.3.

The dual to the four current transforms as a 3-form. That is under the Lorentz transfor-
mation z# = ALx¥ we can show,

*\_juya = (Ail)z(Ail)f(Ail)zjaﬁ’Y
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Up to now the content of this section is simply an admission that we have been a little careless in
defining things upto this point. The main point is that if we say that something is a tensor then we
need to make sure that is in fact the case. With the knowledge that our tensors are indeed tensors
the proof of the covariance of Maxwell’s equations is trivial.

dF =0 d'F="*TJ

are coordinate invariant expressions which we have already proved give Maxwell’s equations in one
frame of reference, thus they must give Maxwell’s equations in all frames of reference.
The essential point is simply that

1 1_
F = Fudo* A da” = 2 Fde A de”

Again, we have no hope for the equation above to be true unless we know that

F. = (A_I)Z(A_I)EFQB. That transformation follows from the fact that the four-potential is a
four-vector. It should be mentioned that others prefer to ”"prove” the field tensor is a tensor by
studying how the electric and magnetic fields transform under a Lorentz transformation. We in
contrast have derived the field transforms based ultimately on the seemingly innocuous assumption
that the four-potential transforms according to 4, = (Afl)zAa. OK enough about that.

So the fact that Maxwell’s equations have the same form in all relativistically inertial frames
of reference simply stems from the fact that we found Maxwell’s equation were given by an arbitrary
frame, and the field tensor looks the same in the new barred frame so we can again go through all
the same arguments with barred coordinates. Thus we find that Maxwell’s equations are the same
in all relativistic frames of reference, that is if they hold in one inertial frame then they will hold
in any other frame which is related by a Lorentz transformation.

13.7 Poincare’s Lemma and d? =0

This section is in large part inspired by M. Gockeler and T. Schucker’s Differential geometry, gauge
theories, and gravity page 20-22.

Proposition 13.7.1.

The exterior derivative of the exterior derivative is zero. d* = 0 ‘

Proof: Let a be an arbitrary p-form then
1 . . .
da = —'(amailizmip)dq:m ANdz" ANdx? Ao Adx'? (13.25)
p!

then differentiate again,

d(da)

d L}, (Omiyiy..i, )dx™ N dzt Adx'2 A - A dxte
= I%(%@mailiz._,ip)d:ck Adx™ Adx Adxi? A - A date
0

(13.26)
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since the partial derivatives commute whereas the wedge product anticommutes so we note that the
pair of indices (k,m) is symmetric for the derivatives but antisymmetric for the wedge, as we know
the sum of symmetric against antisymmetric vanishes ( see equation m part iv if you forgot.)

Definition 13.7.2.

A differential form « is closed iff da = 0. A differential form g is exact iff there exists
such that g = d~.

Proposition 13.7.3.

’All exact forms are closed. However, there exist closed forms which are not exact. ‘

Proof: Exact implies closed is easy, let 8 be exact such thatg = dy then
df =d(dvy) =0

using the theorem d? = 0. To prove that there exists a closed form which is not exact it suffices
to give an example. A popular example ( due to its physical significance to magnetic monopoles,
Dirac Strings and the like..) is the following differential form in R?

o (xdy — ydx) (13.27)

- x2+y2

I’ll let you show that d¢ = 0 in homework. Observe that if ¢ were exact then there would exist f
such that ¢ = df meaning that

or___ v U __=
or 224 y? oy 22+ y?

which are solved by f = arctan(y/x) + ¢ where c is arbitrary. Observe that f is ill-defined along
the y-axis = 0 ( this is the Dirac String if we put things in context ), however the natural domain
of ¢ is R ™™ —{(0,0)}.

Poincare’ suggested the following partial converse, he said closed implies exact provided we place
a topological restriction on the domain of the form. In particular, if the domain of a closed form
is simply connected then it can be shown to be exact. I believe Poincare proved the equivalence of
closed and exact forms on ”star-shaped” regions.

Proposition 13.7.4.

If U C R is star-shaped and dom(¢) = U then ¢ is closed iff ¢ is exact.
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Definition 13.7.5. de Rham cohomology:

We define several real vector spaces of differential forms over some subset U of R,
ZP(U) = {¢ € APU | ¢ closed}

the space of closed p-forms on U. Then,
BP(U) ={¢ € APU | ¢ exact}

the space of exact p-forms where by convention BY(U) = {0} The de Rham cohomology
groups are defined by the quotient of closed/exact,

HP(U) = ZP(U)/BP(U).

the dim(HPU) = p'" Betti number of U.

We observe that star shaped regions have all the Betti numbers zero since ZP(U) = BP(U) implies
that HP(U) = {0}. Of course there is much more to say about Cohomology, I just wanted to
give you a taste and alert you to the fact that differential forms can be used to reveal aspects of
topology. Cohomology is basically a method to try to classify certain topological features of spaces.
Not all algebraic topology uses differential forms though, in fact if you take the course in it here
you’ll spend most of your time on other calculational schemes besides the de Rham cohomology.

13.8 Electrostatics in Five dimensions

We will endeavor to determine the electric field of a point charge in 5 dimensions where we are
thinking of adding an extra spatial dimension. Lets call the fourth spatial dimension the w-direction
so that a typical point in space time will be (¢, z,y, z,w). First we note that the electromagnetic
field tensor can still be derived from a one-form potential,

A = —pdt + Aydx + Asdy + Asdz + Agdw

we will find it convenient to make our convention for this section that u,v,... =0, 1,2, 3,4 whereas
m,n,..=1,2,3,4 so we can rewrite the potential one-form as,

A= —pdt + Ay, dx™

This is derived from the vector potential A*# = (p, A™) under the assumption we use the natural
generalization of the Minkowski metric, namely the 5 by 5 matrix,

~1.0 00 0
0 1000

mw)=10 010 0= (13.28)
0 0010
0 000 1
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we could study the linear isometries of this metric, they would form the group O(1,4). Now we
form the field tensor by taking the exterior derivative of the one-form potential,

1
F = dA = 5(9,0, = ,0,)da" A da”

now we would like to find the electric and magnetic "fields” in 4 dimensions. Perhaps we should
say 4+1 dimensions, just understand that I take there to be 4 spatial directions throughout this
discussion if in doubt. Note that we are faced with a dilemma of interpretation. There are 10
independent components of a 5 by 5 antisymmetric tensor, naively we wold expect that the electric
and magnetic fields each would have 4 components, but that is not possible, we’d be missing
two components. The solution is this, the time components of the field tensor are understood to
correspond to the electric part of the fields whereas the remaining 6 components are said to be
magnetic. This aligns with what we found in 3 dimensions, its just in 3 dimensions we had the
fortunate quirk that the number of linearly independent one and two forms were equal at any point.
This definition means that the magnetic field will in general not be a vector field but rather a ”flux”
encoded by a 2-form.
0 -E, -E, —-E. —-FE,
E 0 B, -B, H
(Fw)=|Ey, —B. 0 B, Hy (13.29)
E. B, -B, 0 Hj
E, —Hy —Hs —Hs O

8

Now we can write this compactly via the following equation,
F=FEANdt+ B

I admit there are subtle points about how exactly we should interpret the magnetic field, however
I'm going to leave that to your imagination and instead focus on the electric sector. What is the
generalized Maxwell’s equation that F must satisfy?

I'F = p,*J = d*(EAdt+ B) = 1" J

where J = —pdt + Jp,dz™ so the 5 dimensional Hodge dual will give us a 5 — 1 = 4 form, in
particular we will be interested in just the term stemming from the dual of dt,

*(—pdt) = pdx A dy A dz A dw

the corresponding term in d*F is d*(E A dt) thus, using p, = +

1
d*(ENdt) = E—pdx/\dy/\dz/\dw (13.30)

is the 4-dimensional Gauss’s equation. Now consider the case we have an isolated point charge
which has somehow always existed at the origin. Moreover consider a 3-sphere that surrounds the
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charge. We wish to determine the generalized Coulomb field due to the point charge. First we note
that the solid 3-sphere is a 4-dimensional object, it the set of all (z,vy, z,w) € R* such that

2+ 22w <r?

We may parametrize a three-sphere of radius r via generalized spherical coordinates,

et

y =rsin(f)sin(p)sin

z  =rcos(0)sin(y) -
w = rcos(v)

Now it can be shown that the volume and surface area of the radius r three-sphere are as follows,

vol(S3) = %r4 area(S®) = 2n?r?

We may write the charge density of a smeared out point charge ¢ as,

(13.32)

B 2q/m%a*, 0<r<a
0, r>a '

Notice that if we integrate p over any four-dimensional region which contains the solid three sphere
of radius a will give the enclosed charge to be g. Then integrate over the Gaussian 3-sphere S3
with radius r call it M,

1
/ d*(E/\dt):/ pdx A\ dy A dz A dw
M €oJ M

now use the Generalized Stokes Theorem to deduce,

/ “(BEAdt) =L
oM €o

but by the ”spherical” symmetry of the problem we find that E must be independent of the direction
it points, this means that it can only have a radial component. Thus we may calculate the integral
with respect to generalized spherical coordinates and we will find that it is the product of E. = F
and the surface volume of the four dimensional solid three sphere. That is,

/ *(EAdt) = 21%3E = 4
oM €o
Thus,
q
E=_—9
2m2e,r3

the Coulomb field is weaker if it were to propogate in 4 spatial dimensions. Qualitatively what has
happened is that the have taken the same net flux and spread it out over an additional dimension,
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this means it thins out quicker. A very similar idea is used in some brane world scenarios. String
theorists posit that the gravitational field spreads out in more than four dimensions while in con-
trast the standard model fields of electromagnetism, and the strong and weak forces are confined
to a four-dimensional brane. That sort of model attempts an explaination as to why gravity is so
weak in comparison to the other forces. Also it gives large scale corrections to gravity that some
hope will match observations which at present don’t seem to fit the standard gravitational models.

This example is but a taste of the theoretical discussion that differential forms allow. As a
final comment I remind the reader that we have done things for flat space in this course, when
considering a curved space there are a few extra considerations that must enter. Coordinate vector
fields e; must be thought of as derivations 9/dz# for one. Also the metric is not a constant tensor
like 6;; or 7, rather is depends on position, this means Hodge duality aquires a coordinate depen-
dence as well. Doubtless I have forgotten something else in this brief warning. One more advanced
treatment of many of our discussions is Dr. Fulp’s Fiber Bundles 2001 notes which I have posted
on my webpage. He uses the other metric but it is rather elegantly argued, all his arguments are
coordinate independent. He also deals with the issue of the magnetic induction and the dielectric,
issues which we have entirely ignored since we always have worked in free space.
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Chapter 14

variational calculus

14.1 history

The problem of variational calculus is almost as old as modern calculus. Variational calculus seeks
to answer questions such as:

Remark 14.1.1.

1. what is the shortest path between two points on a surface ?

2. what is the path of least time for a mass sliding without friction down some path
between to point ?

3. what is the path which minimizes the energy 7

4. given two points on the z-axis and a particular area what curve has the longest
perimeter and bounds that area between those points and the z-axis?

You'll notice these all involve a variable which is not a real variable or even a vector-valued-variable.
Instead, the answers to the questions posed above will be paths or curves depending on how you
wish to frame the problem. In variational calculus the variable is a function and we wish to find
extreme values for a functional. In short, a functional is an abstract function of functions. A
functional takes as an input a function and gives as an output a number. The space from which
these functions are taken varies from problem to problem. Often we put additional contraints
or conditions on the space of admissable solutions. To read about the full generality of the
problem you should look in a text such as Hans Sagan’s. Our treatment is introductory in this chap-
ter, my aim is to show you why it is plausible and then to show you how we use variational calculus.

We will see that the problem of finding an extreme value for a functional is equivalent to solving
the Euler-Lagrange equations or Euler equations for the functional. Lagrange predates Euler in

his discovery of the equations bearing their names. Lagrange’s intial attack of the problem was to

223
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chop the hypothetical solution curve up into a polygonal path. The unknowns in that approach
were the coordinates of the vertices in the polygonal path. Then through some ingenious calcula-
tions he arrived at the Euler-Lagrange equations. Apparently there were logical flaws in Lagrange’s
original treatment. Euler later derived the same equations using the viewpoint that the variable
was a function and the variation was one of shifting by an arbitrary function. The treatment of
variational calculus in Edwards is neither Euler nor Lagrange’s approach, it is a refined version
which takes in the contributions of generations of mathematicians working on the subject and then
merges it with careful functional analysis. I'm no expert of the full history, I just give you a rough
sketch of what I've gathered from reading a few variational calculus texts.

Lagrange was a physicist as well as a mathematician. Every physicist takes course(s) in Lagrangian
Mechanics. Hamilton’s principle says that all physics can be derived from the principle of least ac-
tion. In short this means that nature is lazy. The solutions realized in the physical world are those
which minimize the action. The action S = [ Ldt is constructed from the Lagrangian L =T — U
where T is the kinetic energy and U is the potential energy. In the case of classical mechanics the
Euler Lagrange equations are precisely Newton’s equations. The Hamiltonian H = T+ U is similar
to the Lagrangian except that the fundamental variables are taken to be momentum and position
in contrast to velocity and position in Lagrangian mechanics. Hamiltonians and Lagrangians are
used to set-up new physical theories. Euler-Lagrange equations are said to give the so-called clas-
sical limit of modern field theories. The concept of a force is not so useful to quantum theories,
instead the concept of energy plays the central role. Moreover, the problem of quantizing and then
renormalizing field theory brings in very sophisiticated mathematics. In fact, the math of modern
physics is not understood. In this chapter I'll just show you a few famous classical mechanics
problems which are beatifully solved by Lagrange’s approach. We’ll also see how expressing the
Lagrangian in non-Cartesian coordinates can give us an easy way to derive forces that arise from
geometric contraints. Hopefully we can derive the coriolis force in this manner. I also plan to
include a problem or two about Maxwell’s equations from the variational viewpoint. There must
be at least a dozen different ways to phrase Maxwell’s equations, one reason I revisit them is to
give you a concrete example as to the fact that physics has many formulations.

I am following the typical physics approach to variational calculus. Edwards’ last chapter is more
natural mathematically but I think the math is a bit much for your first exposure to the subject.
The treatment given here is close to that of Arfken and Weber’s Mathematical Physics text, however
I suspect you can find these calculations in dozens of classical mechanics texts. More or less our
approach is that of Euler’s.
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Chapter 15

appendices

15.1 set theory

Recall that we say U C V iff u € U implies u € V for each uw € U. The union of sets is,
UUV ={z|x € U or x € V} and the intersection is defined by UNV = {z|xr € U and z € V'}

15.2 introduction to topology

Topology is the study of continuity. This branch of mathematics was refined in the first half of
the twentieth century. Topological concepts lie at the base of most modern geometrical research.
In short, a topology tells you what the open sets for a space are. The axiomatic and abstract
definition given below is due to Riesz and Hausdorff. Most graduate students in mathematics will
be required to take a course or two in topology.

Definition 15.2.1 (definition of topology). A topology T for a set S is a family of subsets of S
such that,

i. T must contain S and .

it. T 1is closed under any union of its elements,

UUGT

UeT

i5. T is closed under finite intersections of its elements. If Uy,...U, € T then
n
m U, eT
i=1

The sets in T are defined to be open. Moreover, a set is defined to be closed if its complement
relative to S is open. A set S paired with a topology T is called o topological space.

227
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I hope you are familar with open intervals and closed intervals of R. The open intervals are the
simplest type of open set in R. We could define the standard topology on R by letting 7 be the
empty set together with collection of all open intervals and their unions. Since the finite intersection
of open intervals is again a union of open intervals, or the empty set, we will satisfy the three axioms
for a topology. Notice that,

R —[a,b] = (—00,a) U (b, o)

thus the complement of a closed interval is open. This means that the closed interval [a,b] is in
fact a closed set. These bizarre axioms will recover all the ordinary geometric definitions of open
and closed with which we are more familar. The definintion above provides the basis for the field
of Point-Set Topology. The other way to define open and closed sets is in terms of a metric. The
concept of a metric space predates topology.

Definition 15.2.2. A metric, or distance function, on a space M is a function d : M x M — R
such that for x,y,z € M,

i. d 1is postive definite; d(z,y) > 0 and d(x,z) =0 iff x = 0.
it.  d is symmetric; d(x,y) = d(y, x).

iti.  d satisfies triangle inequality; d(x,y) + d(y, z) < d(z, z)

A space M together with a distance function is called a metric space

You can verify that R has the distance function d(a,b) = |b — a|. This means that R is a metric
space. Every metric space can be given the structure of a topological space via the metric topology.
You will learn about that in the real analysis course here at LU. The standard topology on R is
the metric topology which is generated from d(a,b) = |b — al.

Metric spaces are quite special. Many sets do not have a natural idea of distance. However, we can
still give them a topological structure.

Example 15.2.3. Let X be a nonempty set. Define T = {X,0}. This provides a topology on X
called the discrete topology. Axiom i. is satisfied. Then note

Xubl=XeT
XNnh=0eT

Thus axioms ii. and . are satisfied. The set X could be most anything. For example, X = R.
With respect to the discrete topology, the set (0,1) is not open since (0,1) ¢ T. There are many
topologies available for a given space and they are not always compatible.

The power of topology is that it allows concrete definitions of very intuitive geometric terms such
as compact, disconnected and simply connected. The topological definition of a continuous function
states that a function is continuous if the inverse image of open sets is open for the function. We
will work with that definition a little later when we discuss functions. If you'd like to learn more
about topology or metric spaces then ask me sometime, I can recommend a few books.
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15.3 Einstein notation, an introduction to tensor arithmetic

Remark 15.3.1.

The Einstein notation or repeated index notation simply states that if an index is
repeated then it is summed over all of it’s values.

Kronecker delta and the Levi-Civita symbol are defined as follows:

1 i=3j
0 7&] €ijk = -1 (i7j7k) € {(37271)7(2’173)7(173’2)}
i
J 0  if any index repeats

{ 1 (6,5, k) € {(1,2,3),(3,1,2),(2,3,1)}
ij =

An equivalent definition for the Levi-civita symbol is simply that €193 = 1 and it is antisymmetric
with respect to the interchange of any pair of indices;

Cijk = €jki = €kij = —€kji = —€jik = —€ikj-
The following identities are often useful for calculations,

€ijkEmjk = 20im
€ijk€kim = 0il0jm — 0;10im.

The first and third identities hold only for three dimensions, they are multiplied by different
constants otherwise. In fact if n is a positive integer then

€iigig...in Ciniz...in = (N — 1)16i;
Opr = M.

Although we have given the definition for the antisymmetric symbol in three dimensions with three
indices it should be clear that we can construct a similar object with n-indices in n-dimensions,
simply define that €12, = 1 and the symbol is antisymmetric with respect to the exchange of any
two indices. In fact, we can define the determinant of a square matrix in this notation simply by
the formula below:

det(A) = €iyiyis...in Aris A2iy -+ Aniy -

When using index notation it is preferable to number the standard basis in V? as is customary
in linear algebra:

e1 =< 1,0,0 > er =< 0,1,0 > e3 =< 0,0,1>.

I prefer these over the hat-notation of the preceding section because this notation generalizes nicely
to n-dimensions. Now let us restate some earlier results in terms of the Einstein repeated index
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conventions, let /_f, B € V" and ¢ € R then

A= Agey standard basis expansion
e -€j = 0;j orthonormal basis

(/_f + E)Z = A; + B; vector addition

(/T — E)Z = _} — qi vector subtraction

(cA); = cA; scalar multiplication
A-B= ApBy dot product

(/T X E)k = €1 A;B; cross product.

All but the last of the above are readily generalized to dimensions other than three by simply
increasing the number of components. However, the cross product is special to three dimensions.
I can’t emphasize enough that the formulas given above for the dot and cross products are much
easier to utilize for abstract calculations. For specific vectors with given numerical entries the
formulas you learned in multivariate calculus will do just fine, but as we go on in this course we
will deal with vectors with arbitrary entries so an abstract language allows us to focus on what we
know without undue numerical clutter.

15.3.1 Dbasic index arithmetic ideas

The Einstein notation is more a hindrance then a help if you don’t know the tricks. I’ll now make
a list of common ”tricks”, most of them are simple,

(i.) AiBj = BjA; components are numbers!

(i1.) A;Bidi; = A;B; noO Sum over j

(lZZ) AijBij = AjiBji = Ammep switching dummies

(i’U.) If Sij == Sji and Aij = —A]’i then Ai]’Bi]’ =0 Symmetric kills antisymmetric

Part (i.) is obviously true. Part (ii.) is not hard to understand, the index j is a fixed (but arbitrary)
index and the terms in the sum are all zero except when ¢ = j as a consequence of what J;; means.
Part (iii.) is also simple, the index of summation is just notation, wether I use i or j or m or p the
summation includes the same terms. A word of caution on (iii.) is that when an index is free (like
jin (i.)) we cannot just change it to something else. Part (iv.) deserves a small proof which we
give now, assuming the conditions of (iv.),

AijSZ'j = AmpSmp by (iii.)
= —ApmSpm  using our hypothesis
= —A;;S;; by (iii.)

therefore 24;;S;; = 0 thus A;;S;; = 0 as claimed.

There are other tricks, but these should do for now. It should be fairly clear these ideas are not
particular to three dimensions. The Einstein notation is quite general.
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15.3.2 applying Einstein’s notation

Let’s begin with the following ”brute-force” calculation: A x (é +C =

=< Az(B3 + C3 — A3(B2 + C2), A3(B1 + C1) — A1(B3 + C3), A1(Ba + Ca) — Az(B1 + C1) >

=< AoB3 + AyC3 — A3By — A3Co, A3By + A3Cy — A1Bs — A1C3, A1 By + A1Cy — A3 By — AxCy >
=< AyB3 — A3B9, A3B1 — A1 B3, A1 By — A2By > + < A3C3 — A3Cs, A3Cy — A1C3, A1Cy — ACy >
=AxB+AxC.

Compare against the equivalent index-based calculation:

—

(A x (B4 O))k = €ijrAi(B+ C); = €1 AiB; + €ijx AiCy = (A x B)j + (A x O

We now give an example of how we can implement Einstein’s notation to prove an otherwise
cumbersome identity. ( if you don’t believe me that it is cumbersome feel free to try to prove it in
Cartesian components ).

Proposition 15.3.2.

I

(i) Ax (BxC)=B(A-C)—C(A-B)
(ii) A-(BxC)=B-(CxA)=C-(AxB)
Let’s look at the k" component of A x (B x C),
[/TX (é X C_;)]k = ekal(é X C_:)J
= EijkAiEmijme
= _fikjemijiBme
= _(5im6kp - 5ip5km)AiBme (15.1)

= 3ipOkm Ai B Cp — Sim0ipAi BmCp
= A;B,C; — AiB;Cy,
= By(C - A) — CL(A- B).

Now this equation holds for each value of k thus the vector equation in question is true. Now let
us attack (ii.),

—

A-(BxC) =AyBxO),

= AkeijkBiCj bob

= B;e;,CjAr,  components are numbers

= BiEjkiCjAk since €ijk = —€jik = €jki

=B-(Cx A) half done.

= CjeiApB;  going back to bob and commuting numbers
= CjekijAkBi since €ijk = —€ikj = €kij

=C-(Ax B) and finished.

(15.2)
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Thus we see the cyclicity of €;;;, has translated into the cyclicity of the triple product identity (ii.).
Hence the proposition is true, and again I emphasize the Einstein notation has saved us much labor
in these calculations. You should consider using this notation if I ask you to prove vector identities.

Our next goal is exhibit the utility of the Einstein notation to set-up basic notions of differen-
tiation that involve vector fields.

15.3.3 The V operator

We define the V operator in Cartesian coordinates,

8

82’ = 62‘8,‘ (153)

.0 8

where we have introduced the notation 0; for %. Admittably V is a strange object, a vector

of operators. Much like the determinant formula for the cross product this provides a convenient
mnemonic for the vector calculus.

15.3.4 grad, curl and div in Cartesians

Let U C R and f a function from U to R. The gradient of f is a vector field on U defined by,

_;0f s0f 0
grad(f) =Vf U 4+ 8 + ké? =e;0;if (15.4)
Let F = Fie; be a vector field on U. The curl of F is defined by,
=~ . 0F3 an ~,0F; OF;3 - OFy  OF1,
CU.I'].( ) V X F = Z( 8y az ) +]( 62 — 8[,[7 ) + k(% — aiy) = Emk(@F])ek. (155)

Let G = Gle; be a vector field on U. The divergence of G is defined by,

A 5 0Gy  0Gy  0G3
div(G) =V -G = D + oy + o

All the operations above are only defined for suitable functions and vector fields, we must be
able to perform the partial differentiation that is required. I have listed the definition in each of
the popular notations and with the less popular (among mathematicians anyway) repeated index
notation. Given a particular task you should choose the notation wisely.

— G (15.6)

15.3.5 properties of the gradient operator

It is fascinating how many of the properties of ordinary differentiation generalize to the case of
vector calculus. The main difference is that we now must take more care to not commute things
that don’ 't commute or confuse functions with vector fields. For example while it is certalnly true
that A- B = B- A it is not even sensible to ask the question does V - A=AV ? Notice V- A is a
function while A - V is an operator, apples and oranges.
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Proposition 15.3.3. Let f,g,h be real valued functions on R and ﬁ, G,H be vector fields on R

then (assuming all the partials are well defined )

z) ( 9)=V[+Vyg .
( AL G =V -F+V.G
(F

1A =VxF+VxG

-~
S
\_/

/\/\A/\/gr\/-\/-\/-\
\_/
)(/—\
"111

m) v (fﬁ):foF+fv F
i) V- (FxG)=G-(VxF)—F-(VxG)
viii.) V(F-G)=F x (Vx G)+ G x (Vx F)+ (F-V)G+ (G-V)F
iz) VX (FxG)=(G-V)F—(F-V)G+F(V-G) -GV -F)
Proof: The proofs of (i.),(ii.) and (iii.) are easy, we begin with (iv.),
V(fg) =eidi(fg)
=¢;[(0;f)g + f0ig] ordinary product rule
= (e;0;f)g + f(ei0ig)
= (Vg + f(Vg).

Now consider (vii.), let F = Fie; and G = Gie; as usual,

V- (Fx@G) =a[(F x Gl
= OleijnFiGy]
= €k [(OnF3) G + Fi(0xG)]
= ka(akF)G Fem](akG )
= ekw(akF)G Fekﬂ(akG )
= (V x F);Gj — Fi(V x G);
:(VXF)-@—F-(Vxé).

(15.7)

(15.8)

(15.9)

The proof of the other parts of this proposition can be handled similarly, although parts (viii) and

(ix) require some thought.

Proposition 15.3.4. Let f be a real valued function on R and F be a vector field on R, both with

well defined partial derivatives, then

V- (VxF)=
VxVf=0
V x (Vx F)=V(V.F)-V2F

Again the proof is similar to those already given in this section.

15.4 vector space terminology

This section is linear algebra in a nutshell.

(15.10)
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15.4.1 definition of vector space

Definition 15.4.1.

A vector space V over R is a set V together with a function 4+ : V x V — V called vector
addition and another function - : R x V' — V called scalar multiplication. We require
that the operations of vector addition and scalar multiplication satisfy the following 10
axioms: for all z,y,z € V and a,b € R,

1. (Al)z4+y=y+axforall z,y eV,
2. (A2) (z+y)+z=a+ (y+z2) forallz,y,z €V,
A3) there exists 0 € V such that x +0 =z for all x € V,

A4) for each x € V there exists —z € V such that z + (—z) =0,

>

6) (ab)-x=a-(b-x) for all z € V and a,b € R,
ATYa-(x+y)=a-z+a-yforall z,y €V and a € R,
A8) (a+0b)-x=a-z+b-zforalxeV anda,beR,

(A1)
(A2)
(A3)
(A4)
5. (A5) 1-x =z forall x €V,
(A6)
(A7)
(A8)
(A9) If z,y € V then = + y is a single element in V, (we say V is closed with respect
to addition)
10. (A10) If x € V and ¢ € R then c¢- x is a single element in V. (we say V is closed with
respect to scalar multiplication)

We call 0 in axiom 3 the zero vector and the vector —z is called the additive inverse of
x. We will sometimes omit the - and instead denote scalar multiplication by juxtaposition;

a-Tr = ax.

15.4.2 subspace test

Definition 15.4.2.

Let V be a vector space. If W C V such that W is a vector space with respect to the
operations of V restricted to W then we say that W is a subspace of V' and we write
W <V.

Theorem 15.4.3.
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Let V be a vector space and suppose W C V with W # () then W < V if and only if the
following two conditions hold true

1. if x,y € W then x +y € W (W is closed under addition),

2. ifx € W and c € R then ¢-x € W (W is closed under scalar multiplication).

Example 15.4.4. The function space F(R) has many subspaces.
1. continuous functions: C(R)
2. differentiable functions: C*(R)
3. smooth functions: C*°(R)
4. polynomial functions
5. analytic functions

6. solution set of a linear homogeneous ODE with no singular points

The proof that each of these follows from Theorem . For example, f(x) = x is continuous
therefore C'(R) # (). Moreover, the sum of continuous functions is continuous and a scalar multiple
of a continuous function is continuous. Thus C(R) < F(R). The arguments for (2.),(3.),(4.),(5.)
and (6.) are identical. The solution set example is one of the most important examples for en-
gineering and physics, linear ordinary differential equations naturally invoke a great deal of linear

algebra.

15.4.3 linear combinations and spanning sets

Definition 15.4.5.

Let S = {v1,v9,...,vt} be a finite set of vectors in a vector space V' then span(S) is defined
to be the set of all linear combinations of S:
k

span{vi,ve,..., vk} = {ZC@UZ’ |cieRfori=1,2,...,k}
i=1

If W = span(S) then we say that S is a generating set for W.

15.4.4 linear independence

Definition 15.4.6.
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Let vy, va,...,vr € V a vector space. The set of vectors {v1, va, ..., v} is linearly indepen-
dent iff
civ+covg+ -+ =0 = g =co=---=¢=0.

Proposition 15.4.7.

S is a linearly independent set of vectors iff for all vy, vo,...,vp €5,
a1v1 + agVy + - - + apvr = byvr + bovg + - - - + bruk

implies a; = b; for each i = 1,2, ..., k. In other words, we can equate coefficients of linearly
indpendent vectors. And, conversely if a set of vectors allows for equating coefficients then
it is linearly independent.

Example 15.4.8. [ called {ey,e,...,e,} the standard basis of R™'. Since v € R ™ can be

written as
vV = E V;€4
i

it follows R ™1 = span{e; | 1 <i < n}. Moreover, linear independence of {e; | 1 <i < n} follows
from a simple calculation:

OZZCiei = 0= [ZCiei] :Zciéikzck

hence ¢, = 0 for all k. Thus {e; | 1 < i < n} is a basis for R "1, we continue to call it the
standard basis of R "*!. The vectors e; are also called "unit-vectors”.

Example 15.4.9. Since A € R ™*™ can be written as
A=Y AyE;
Z"j

it follows R ™™ = span{E;; | 1 < i < m, 1 < j < n}. Moreover, linear independence of
{Eij | 1<i<m, 1 <35 <n} follows from a simple calculation:

0= ZcijEij = 0= ZcijEz‘j = Zcijdik(sjl = Ckl
ij i,j i,J

kl

hence ¢ = 0 for all k,1. Thus {Eij | 1<i<m, 1<j<n} isa basis for R ™" we continue to
call it the standard basis of R ™*". The matrices E;; are also called "unit-matrices”.
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15.5 Tensor products and exterior algebra

In this chapter we will explore the algebraic foundations of tensor and exterior products. To begin
we will study multilinear maps on V. We will then introduce the concept of the tensor product
which will provide us a basis for the space of multi-linear maps. Then once the basic properties
of tensor products are understood we will then introduce exterior products and the corresponding
exterior algebra.

Let V be a vector space with a fixed basis {e1, ez, -+ ,e,}. The dual of V| denoted V* is the
set of all linear maps from V into R along with the operations +, - defined by

(L1 + Lo)(x) = Li(z) + La(x) (cL)(z) = cL(x)

for L1, Lo, Lin V*, c € R, and x € V. It is easy to show that V* is a vector space over R relative
to these operations. It follows also that V* is n-dimensional (as can be seen from Proposition 2.1).

Proposition 15.5.1. Let ¢', 1 < i < n, be functions from V into R defined by e'(Me;) = ' for
X € R. Then e’ € V* for each i and {e',e? --- ,e"} is a basis of V*.

proof: It is easily verified that e’ is linear for each i and that ¢’ € V*. We show that {e!, e?,--- ,e"}
is a basis. Let L € V*. We first show that L is a linear combination of the linear maps, e!. Observe
that for h € V., h = h'e; and

L(h) = L(h'e;) = h'L(e;) = €'(h)L(e;)

and
L(h) = L(e;)e'(h) = [L(e;)e')(h) -

Thus L = L(e;)e’ and L is a linear combination of the e'’s. Next we show the e'’s are independent.
Assume that
tiel =0.

Then for every h, t;e'(h) = 0. Choose h = e;. Then
tiei(ej) =0
05 =0 (15.11)
tj=0

since j was arbitrary we see that all the ¢; vanish and {e'} are independent. This concludes the
proof of the proposition.

A map b is said to be a p-multilinear map on V if b is a function from VP =V xV x --- x V
(p-factors) into R such that b is linear in each variable, i.e., if for each 1 <1 < p and fixed vectors
hi,he, -+, hi—1,hit1,- - hy the mapping

r — b(hl, s ,hi_l,w,h“_l, s ,hp)
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is a linear map from V into R. Our first task is to show that the set of all p-multilinear maps from
VP into R is a vector space and to produce a basis for it.

Let BP(V,R) = BP denote the set of all p-multilinear maps from V? into R and define + and -
on BP by

(bl +b2)(h17 7hp) = bl(h17"' 7hp) +b2(h1ah2a”' 7hp)
(cb)(h1,hg,- -+ ,hy) = cb(hi, ha, -+, hy)

(15.12)
for by,b2,b € BP, c € R, hi,hg, -+ ,hy, € V. It is easy to show that B” is a real vector space. We
produce a basis for BP. First we define a new “operation” on V*. If Ly, Lo,---, L, belong to V*

define a map L1 ® Ly ® - -- ® L), as follows. The domain of L1 ® Ly ® --- ® L, is VP and the range
is R. Moreover for (hy,ha,--- , hy) € VP
(L1 ® Ly @+ @ Lp)(h1, ha, -+ hy) = Li(h1) La(ha) - - Lyp(hy) .

It is easy to prove L1 ® L ® - - - ® Ly, is a multilinear map and thus that
Li®Ly®---®Ly,eB.

Theorem 15.5.2. B? has as a basis all maps of the form

h@e?®...-@e?, 1<ij<n, 1<j<p,
where {e'} is the basis of V* obtained in Proposition 5.1.1 above. In particular dim BP = nP.
proof: We first show that every b € BP is a linear combination of the bilinear maps,

fe?®---@e?, 1<j<p 1<i;<n.
For 1 <i<plet h; € V and write h; = hgej. Then
b(h1,ha, -+ hy) = BB - hPb(ei,, ey, - sei,) -

If biyiy-i, = b(eiy €1y, -+, €4,) then

b(hy, ha, -+ hy) = et (hy)e(hy) - e (hp)biyiy - ip
e ; (15.13)
=iy, ip(e @2 @ @¢e®)(hy, - L hy) .
b:bi1i2”'ip(ei1 ®ei2 ®®€7’P) .
Thus b is a linear combination of the {e’! ®---®e?}. We now show that the maps {e!! ®---®@e'}
are independent. Assume that #; ;,...;, are real numbers such that

ti1i2...ip(ei1 ® el2 R ® eip) =0.
Then V hy, hy,--- , hy we have

tiliQ,..ip(e“ ®e?®---®e?)(hi,ha, -, hy) =0
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or
ti1i2~~-ipe“ (hl)e” (hQ) s ezp(hp) =0.
Specialize h1 = ej,, ha = ej,, -+ , hy = e, then
tiriaein€ (€j1)€™ (ejy) - €7 (e5,) = 0
or
tiliQ...ipéﬁ(S;; e 6j§ =0
or

tjljZ"'jp - 0 .

Thus all the coefficients are zero and the {e!! ® --- ® e’r} are independent. The theorem follows.

Definition 15.5.3. A multilinear map b € BP is said to be symmetric if for arbitrary hy, ho,--- ,hy €
V' and arbitrary permutations o of {1,2,--- ,p}

b(h’ola ho’g) e 7h0'p) = b(h’lv h27 e 7hp) .
This is equivalent to saying that

b(hlah27"‘7hi7"‘,hja"‘,hp):b(hla"‘,hja"‘,hi"'yhp)

for all hi,ha,--- ,hy € V and for 1 <i < j <p. A map b e BP is skew or skew-symmetric if for
arbitrary hi,ha,--- ,hy in V' and an arbitrary permutation o

b(h0'17 h0'25 o 7h0'p) = Sgn(g)b(hla h27 e 7hp) .
This condition is equivalent to requiring, for arbitrary hi,ha,--- ,hy, in V
b(htha"' 7hi7"' 7hj7"' 7hp) = _b(h17h27"' 7hj7"' 7hi7"' ahp)'

Theorem 15.5.4. Every b € B? is the sum of a symmetric mapping and a skew-symmetric map-
ping.

proof: Let b € B? and define a map a € B? by
1
a(h, k) = 5 [b(h, k) = b(k, h)] .
Then a(h, k) = —a(k,h) is skew. Define a map c € B2 by

c(h, k) = =[b(h, k) + b(k, h)] .

N | —

Then c is symmetric and b = a + ¢. The theorem follows.
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It turns out that differential forms are special kinds of skew-symmetric maps on V' where V' is
the tangent space to a manifold at some point p in the manifold. Thus we will spend some time
studying the special properties of these maps. Let AP = AP(V') denote the set of all skew-symmetric
p-multilinear maps on V. It is clear that if by, bo are skew-symmetric elements of BP then b + by
is skew-symmetric. Also if b € BP is skew-symmetric and A € R then A\b is skew-symmetric. Thus
AP is a subspace of BP. We need to produce a basis for this subspace but before doing so we work
out this basis for some low-dimensional cases.

Proposition 15.5.5. (A) Ifb € B? and b = b;j(e’ ® e/) then b is skew-symmetric iff bjj = —bj;
forall1 <1, 7 <n.
(B) If, for1<i,j<n, e Nel = (! ®¢e! — el ®¢€') then e Nel € A? for all i,j and

{efnel|1<i<j<n}

n
is a basis of A%. In particular dim(A?) = (2)
(C) Ifbe A? and b= b;;(e' ® €’) then

b=bi(e Ael) = Y (by)(e" Ael).
1<i<j<n
Proof of (A) Let b = b;;(e' @ €’). Then for h,k € V b(h,k) = —b(k,h) so that b;;e'(h)e’ (k) =
—b;je'(k)e’ (h). Thus o o o
bijh'k = —b;jk'h! = —bj;h'K .
This holds Vh, k, thus b;; = —bj;. (A) follows.
Proof of (B) It is clear that e Ae/ = (e!®@e’ — el ®e?) € A2, We show that {eiAe/ |1 <i<j<n}
is a basis of A%2. Let b € A?. We write b as a linear combination of the e’ A e/, i < j. Since b € A2,
b= bij(ei & ej) with bij == _bji- Thus b“ = _bii and b“ = 0. It follows that

b=73 14 bij(e' ® e7)

= Y big(e © ) + X big(e @ )

= Siciby(¢ ©) + i bile 0 (15.14)
T bl @ ¢) — (@ & )

= T biglei A ed)

Thus e’ Ae?, 1 < i< j <n span A2. To see that they are linearly independent note that if
Y tij(etnel) =0
1<j

then reversing the steps above one gets

n

Z tij(ei®ej) =0

i, 7=1
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where t;; = —t;; for j < i. Since {e¢' ® e/} is a basis of B? all coefficients are zero and thus t;; = 0
for all i < j. (B) follows. Proof of (C) Let b € A and b = b;;(e’ ® e’). Then

b= 3bi(e ®el) + 3bij(el @ €)

ij (€8 @ el) = 5bij(e! @ é)
6®€]) (e @ e')|bi;
ij(e" Nel)

i< za(e Aej)+2j<ibz'j(€i/\€j))

ZK] bij(et Ael) + Zi<j bji(e? Aet))

But bj; = —b;; and el Net = —(e' Aed). Thus

Z bjl-(ej A ei) = Zbij(ei A €j>

i<j i<j

(15.15)

/\/\@H—\@

[SIE NI SIEE S T

It follows that

b= (b’ nel).

1<j
Part (C) follows.

Definition 15.5.6. Define, for 1 <1,j,k <n,
eNed NeF = Z sgn(o) (e’ @ 7 @ )
o€32(3)
where > (3) denotes the set of all permutations of {i,7,k}.

Exercise (A) Let b € B3. Show that if b = b;x(e' ® &/ ® ) then B is skew iff bijk = —bjik = bjkis
for 1 <1,5,k <n.

(B) Show that {e! Ael AeF|1<i<j<k<n}isa basis of A3.

(C) Ifbe A% and b= bi(e’ ® e/ ® €¥) then show that

b=birle' Ned NeF) = Z (6bijr)(e" A el Aek) .
1<j<k
Definition 15.5.7. For 1 <'iq,12,--- ,1, < n define
ETNERNNe = Z sgn(o)(e' @ - - @ elor),
oe(p)
where Y (p) denotes the set of all permutations of {1,2,--- ,p}.

Proposition 15.5.8. For all iy,12,- - ,i, the maps e A New are in A,. Moreover {et Ao A
. n
e |1 <ip <ip <---<ip <n}isabasis of AP. It follows that dim AP = (p).
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proof: We first show e’ A €2 A --- A e is skew-symmetric

(eil ARRRNA eip)(h’rh e 7hTP) = Ea sgn(a) 0(1)( ) ' 'g(m(th)
= X, sgn(o)el W (hy). - 'm0 (Iy)
=sgn(t) >, sgn(oT Delor=1) (hy) - - 'or 1 w) (hy) (15.16)
= sgn(7) X, sgn(a)e’® (hy) - - e'o@ (hy)
= (sgnT)(e" A---ANe")(hi,ha, -, hy) .

Thus et A --- A e’ is skew.
We now show that if b € AP then b is a linear combination of e’ A--- A e’ for 1 < i1 < is <
- <ip < n. Now
b= bj1j2...jp(e]1 ®- - ®eP)
and
bjaljo?"'jo‘p — Sgn(O')bJU2jp

for all o € X(p). Now for every ji,j2,-- -, jp either b; j,...;, = 0 or all the ji, jo,- - - j, are distinct
and there is a permutation o such that jo1 < jo2 < jo3 < -+ < Jop-
It follows that

b= bjljgn.jp(@jl Qe ®---elr)
= Zil<i2<...<ip ZUEZ(p) bial"'igp(elal Q- ® 6“’1’)
= Zi1<--.<ip Za Sgn(a)bil,..ip (6’01 R R ezgp) (15‘17)
= Dy <oy Vi iy Eg Sgn'(a)(eiﬁ ®:-® ¢ion)
- Zi1<~--<ip bi1,~--ip(€” ANe2N---Ner).

Thus the e’ A---Ae, iy <ig < --- < ip span AP, It is trivial to see that these maps are indepen-
dent since {e'' ® --- ® e’} are independent. The proposition follows.

Definition 15.5.9. Suppose a € A¥, b € Al with

1 ; ; 1

@ = Giigei (€T A Ae), b= ﬁbj1j2-~~jz(€j1 NN Aeh)

and with a;,...;, , bj,...;, skew-symmetric. Then we define a Ab to be the member of AT defined by

11 , . 4 4
aNb= Hﬁ(ail“'ikbjl"‘jl)(e“ Ao NeR ANt AN Ne) .

Theorem 15.5.10. The operation A on A*¥ x Al to A**! is well-defined and has the following
properties: for a,b,c in A¥, Al, AP respectively

(1) an(bAc)=(aNb)Nc

(2) aN(Ab+nc) = AaAb)+n(aAc) AneER

(3)anb= (1) (bAa)
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proof: (1) and (2) are easy and are left to the reader. To see that (3) holds observe first that
e" Nel = —(e? Ae') and thus that
ELA A AT A A = (_1)l(ei1 Ao AeR=T At A A e A ek)
= (DMl A A2 NIt AL AT A eI A et A el
- .. = (_1)kl(ej1 NN NP /\.../\eik)

Statement (3) follows easily.
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