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1 Week1

Our goal this week is to define the (Riemann) integral of a scalar-valued function f : R" — R, and to develop
the ability to discern between functions which are integrable and those which are not. This week will be — by
a long shot — the most tedious of the quarter, and we’ll really get into the weeds. If you find that you enjoy
the careful arguments we take up this week, then you can look forward to analysis courses such as 131ABC
and 132H; if e really isn’t your letter, just hang on until next week, when we take a more computational
approach to the material.

1.1 Day 1: Preliminaries

By the end of today’s class, we should be able to do the following.

1. Identify compact boxes in R", as well as partitions of compact boxes.

2. Determine the infimum and supremum of a set of real numbers, and say what it means for a
function to be bounded.

3. Interpret the lower sum and upper sum of a bounded function over a partition as an area or
volume.

1.1.1 Some vocabulary in R

Definition. A compact interval is a subset of R of the form
[a,b]:={x€R:a<x <b},

where a and b are real numbers. A compact subinterval of [a, b] is a compact interval [c,d] which is
contained in [a, b].

Remark. Notice that the empty set is a compact interval (we could take a > b), as are singleton sets {a}
(corresponding to a = b).

Definition. The length of a compact interval I, denoted |I|, is defined as follows. If I = [a, b] for some
real numbers a < b, then |I| := b —a. Otherwise — if I is a singleton or the empty set — |I| := 0.

Definition. Let I = [a,b] be a compact interval. A partition of I is a finite set of real numbers P =
{xg,X1,...,x;} such that
a=xy<x;<--<x,=b.

The subintervals corresponding to the partition P are given by

J;=[xi_1,x;]1C[a,b]l=1,

fori=1,...,k.

Remark.

1. Notice that the empty set does not admit any partitions, and a singleton set admits only one partition.
So the only intervals with an interesting set of partitions are those with nonzero length.

2. Because a partition is a finite set, each subinterval associated to a partition has nonzero length.

Exercise 1.1. Suppose P is a partition of the compact interval I, with corresponding subintervals J,...,J;.

Prove that
k

=1l

i=1
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Definition. Let A be a subset of R, and let f : A — R be a function. We say that f is bounded if its image
{f(x) : x € A} is a subset of some compact interval.

Example 1.2. The functions f(x) = ¢ and g(x) = arctan(x) are bounded; notice that the domain for each
of these functions is R — which is not bounded. On the other hand, the function tan: (—n/2,7/2) - R is
defined on a bounded interval, but is not bounded.

Exercise 1.3. Prove that if I is a compact interval and f : I — R is continuous, then f is bounded.

Before continuing our march towards a definition of the integral, we must quickly recall the notions of
least upper bound and greatest lower bound for a subset of the real numbers.

Definition. Let A be a subset of R, and let M be a real number. We say that M is an upper bound for A
if we have x < M for every x € A. We say that M is a least upper bound for A if we additionally know
that any other upper bound N for A satisfies N > M.

The following result, whose proof we omit, establishes the existence and uniqueness of a least upper
bound.

Theorem 1.4

Let A be a nonempty subset of R. If A has an upper bound, then A has exactly one least upper bound.

This theorem justifies the following definition.

Definition. Let A be a subset of the real numbers. If A is non-empty and has an upper bound, define
sup(A) to be the least upper bound of A. If A is non-empty and has no upper bound, define sup(A) := +co.
Finally, if A is empty, define sup(A) := —oo. We call sup(A) the supremum of A.

Analogously, we may define the notions of greatest lower bound and infimum.

Exercise 1.5. Produce definitions for the terms lower bound and greatest lower bound. State a result for
greatest lower bounds which is analogous to Theorem 1.4. Finally, give a definition for the infimum.

Remark. Try not to be intimidated by this new language. To guide your intuition, it’s relatively harmless to
think of sup as max and inf as min. The distinction is that a set is not required to contain its supremum or
infimum.

You'll recall that the definite integral of a function f : [a,b] — R over [a, b] is meant to measure the area
of the region bounded by x = a, x = b, y =0, and y = f(x) in the xy-plane. We can now give our first
approximations of this area.

Definition. Let I be a nonempty compact interval, and let f : I — R be a bounded function. For every
nonemtpy compact subinterval J of I, introduce the notation

my(f) :=inf{f(x):x€J} and M,(f):=sup{f(x):xeJ}.

Now let P be a partition of I, with corresponding subintervals J;,...,J,. The lower sum of f over P is

k
L(F,P) = 3 my, (I,

and the upper sum of f over P is

k
U(f,P):= ) M, (.

i=1

Example 1.6. Consider the function f(x)=1—x? on the interval I = [—1,1]. Let’s compute the lower and
upper sums of f over the partition P = {—1,—1/2,0,1/3,1}. The corresponding subintervals are

Jl =[_1’_1/2]: J2=|:_1/2:0:|: J3=|:O: 1/3]’ J4=[1/3’1];
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s

@ L(f,P) (b) U(f,P)

Figure 1.1: Graphical interpretations of the lower and up-
per sums for the function f(x) = 1 — x? over the partition
P = {-1,-1/2,0,1/3,1}.

with lengths given by
Dl=2 Wl== Wl=z, Wl=2
1_2’ 2_2: 3_3) 4_3'

It’s then not too difficult to compute our extreme values:
3 8
m;, (f)=0, m,(f)= 7 my, (f) = 3’ m,, (f)=0,
while

MJl(f):%’ MJg(f):l: MJ3(f):1, MJ4(f):§

Finally, we have

w0.m=3mwi=0(3)- ()3 )() -0 (3)- 5%

for our lower sum and

4
3 1 1 1 8\ (2 389
U =S MO =)z ]+ )+O(z )+ |][2])]=Z=
¢.PY=2 M, 60 G)G)roiG)roG)+(5)(E)-5
for our upper sum. These sums are depicted in Figure 1.1.

1.1.2 The same vocabulary in R"

In this subsection, we’ll repeat many of the definitions seen above, replacing R with R". For instance, an
interval in R is analogous to a box in R".

Definition. A compact box in R" is a Cartesian product
B=1I xI,x---x1I

n

of compact intervals I, ..., I,. The volume of the box is the product of the lengths of its sides:

IB| := vol(B) == [ I1;l-
j=1

A compact subbox of B is a compact box which is contained in B.

Remark. Notice that, according to this definition, a compact box must have its sides parallel to the coordinate
axes of R". So, for instance, the compact square {(x,y) € R? : |x| + |y| < 1} in R? does not satisfy this
definition of compact box.

Just as we partition compact intervals of R, we may partition compact boxes in R". We do this by
considering a product of partitions.
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@ L(f,P) () U(f,P)

Figure 1.2: Graphical interpretations of the lower and upper sums
for a function of two variables, with a fine partition.

Definition. A partition of a box B=1; x I, x --- x I, in R" is a Cartesian product
P=P;xPyx--xP,

of partitions P; for I;.

Notice that there are many subboxes J of B associated to a partition P. In particular, if J; ,...,J; are
subintervals of I,,...,I, corresponding to P;,...,P,, respectively, then

Jil Xeoo X J.

In

is a subbox of B associated to P. Coming up with notation for these subboxes doesn’t sound very fun (we
have n partitions to think about, and these partitions need not have the same cardinality), so we will just
refer to these as subboxes of P.

Remark. Just as a subinterval associated to a partition of a compact interval could not have length zero, a
subbox associated to a partition of a compact box cannot have volume zero.

After partitions, we defined the notion of boundedness for functions of a single variable. The notion in
higher dimensions is precisely the same.

Definition. Let A be a subset of R", and let f: A — R be a function. We say that f is bounded if its
image {f (x) : x € A} is a subset of some compact interval.

At last, we can define the lower and upper sums in any dimension.

Definition. Let B be a nonempty compact box in R", and let f : B — R be a bounded function. For every
nonemtpy compact subbox J of B, introduce the notation

m,(f):=inf{f(x):xeJ} and M,(f) :=sup{f(x):xeJ}.

Now let P be a partition of B, with associated subboxes J. The lower sum and upper sum of f over P
are

L(f,P) =Y m,(AJ| and U(f,P):= Y M,(f)I.
J J

respectively, where the sum is taken over all boxes J associated to P.

Just as in the case n = 1, the lower and upper sums admit a natural interpretation graphically. An example
in the case n = 2 can be seen in Figure 1.2. Notice that the lower sum uses boxes which live entirely below
the (translucent) graph of f, while the upper sum uses boxes which lie entirely above the graph.
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Figure 1.3: A finer partition leads to a larger lower sum.

1.2 Day 2: The Riemann integral over boxes

By the end of today’s class, we should be able to do the following.

1. State the definition of the lower integral and upper integral of a bounded function over a
compact interval.

2. Give examples of integrable and nonintegrable functions.
3. Use the integrability criterion to determine whether or not a function is integrable.

Lemma 1.7. For every compact box B, every partition P of B, and every bounded function f : B> R, L(f,P) <
u(f,P).

Exercise 1.8. Prove Lemma 1.7

Definition. Let P and P’ be partitions of a compact box B. Then P’ is a refinement of P if P c P/, in
which case we say that P’ refines P.

Lemma 1.9. Suppose that P and P’ are partitions of B, and that P’ is a refinement of P. Then

L(f,P)<L(f,P) and U(f,P)<U(f,P).

Idea of proof. We'll give a proof-by-picture for the first claim in the case n = 1. The basic idea is that when we
take a finer partition, our boxes are smaller, and thus m;(f) has less of an opportunity to be small, so the
lower sum is larger. Similarly, M, (f) has less opportunity to be large, so the upper sum is smaller. Consider
Figure 1.3. The gray boxes depict the lower sum for f over a partition P; we may refine this partition by
cutting each interval in half. This produces the refinement P’ of P, and we see that this partition leads to a
larger lower sum. O

Exercise 1.10. Turn the proof-by-picture into a formal proof.

Definition. Given two partitions
’P:’Plx...x’])n and ’P’:’P{xx’])r’l
of a compact box B in R", the common refinement of P and P’ is the partition

P’ =(PyUP;) %+ x (P, UP.).

The point of the common refinement is that it is the smallest partition which refines both P and P’.
Intuitively, a partition tells us where to cut a box into subboxes; the common refinement tells us to cut
wherever either of P or P’ cuts.
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We are now ready to say what it means for a bounded function on a nonempty compact box in R" to be
integrable.

Definition. Let f: B — R be a bounded function, where B is a nonempty compact box in R". The lower
integral of f over B, denoted L fB f, is the least upper bound of the lower sums of f over all partitions
of B:

LJ f :=sup{L(f,P) : P is a partition of B}.
B

Similarly, the upper integral of f over B is denoted U fB f, and is the greatest lower bound of the upper
sums of f over all partitions of B:

Uf f :=inf{U(f,P) : P is a partition of B}.
B

We say that f is integrable over B if L fB f=U f » > and in this case we define the integral of f over B
to be their common value: fo = Lfo = Ufo.

Yikes. This definition is sort of a lot to take in, but our graphical interpretations of upper and lower sums
can help us develop an intuition. Lower sums always give an underestimate of the value we’re after, and the
lower integral is the biggest such underestimate®. In the n = 1 case, this means that the area under our curve is
at least as large as L fB f. Upper sums, on the other hand, overestimate the value we’re trying to compute,
and the upper integral is the smallest such overestimate?. So the true value of the integral is no more than

Ufo.Ifwehave
=]

then the value of fB f must be exactly this common value. If, on the other hand, L f f<U fB f, then we can’t
pinpoint a precise value for fB f, and we say that f is not integrable over B.

Lemma 1.11. Let B be a compact box in R", f : B — R a bounded function. Then the lower integral of f over B
is no larger than the upper integral of f over B.

Exercise 1.12. Prove Lemma 1.11.
Hint: First show that if L and U are subsets of R with the property that { < u for all { € L and u € U, then
sup(L) < inf(U).

Corollary 1.13. Let B be a compact box in R", f : B — R a bounded function. Then f is integrable over B if and
onlyifoBfZUfo.

Proof. Lemma 1.11 tells us thathBf SUfo, e} Lfo =Ufo if and onlyifoBf > Ufo. O

Except in particularly boring cases — constant functions, step functions, linear functions, etc. — com-
puting an integral from the definition is a far-from-straightforward task. You may recall computing some
Riemann sums in your single-variable calculus class before learning about the Fundamental Theorem of
Integral Calculus, and you probably had a bad time. Our story will follow a similar arc this quarter, and we’ll
soon meet a savior that spares us the pain of computing integrals from the definition.

First, however, let’s meet a character you probably missed in your first encounter with the integral: a
non-integrable function.

Example 1.14. In this example, we will define a function using the rational numbers Q. Recall that Q consists
of those real numbers which can be expressed as a ratio of the form p/q, where p and g are integers, and q is
nonzero. The relevant fact about Q for this example is that every interval in R contains rational numbers as
well as irrational numbers — those real numbers which are not in Q. For this reason we say that both Q and
its complement R \ Q are dense in R.

IThis is a little bit of a lie. It may be the case that none of the lower sums are actually equal to the lower integral, just that we can find
lower sums arbitrarily close to the lower integral. This is the difference between max and sup, but this isn’t a crucial distinction when
developing intuition.

2This is also a lie, since min # inf.
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Now let B=1[0,1], and define f : B — R by

L 1, x€@
f&)—{a i

This is known as the Dirichlet function, or the indicator function of Q. I've also heard it called the salt and
pepper function, but I don’t see that catching on. Now suppose that J is a compact subinterval of B of nonzero
length. Then J contains points which are in Q as well as points which are not in Q. For this reason,

m;(f)=0 and M,(f)=1.

Then for any partition P of B we have

L(f,P)= Y m,(f)lJ] and U(f,P)= Y M,(F],
J J

where the sums are taken over all compact subintervals J corresponding to P. Based on our computation of
m,(f) and M,(f), these turn into®

L(f,P)=>.0-[J|=0 and U(f,P)= Y 1-lJ|=[B|=1.

(The fact that the lengths of the subintervals sum to the length of B follows from Exercise 1.1.) That is, every
lower sum of f is 0, and every upper sum of f is 1. So

Lff=0 and UJ.f=1.

Since L fB f#U fo, we see that f is not integrable over B.

Remark. It’s more accurate to say that the Dirichlet function is not Riemann integrable. A little later in your
mathematical career you'll learn about the Lebesgue integral, which is defined for this function, and evaluates
to 0.

Exercise 1.15. Letting f denote the Dirichlet function from the previous example, construct a sequence {f,}
of functions f,: [0,1] — R, each of which is integrable over [0, 1], with the property that lim,_, ., f,(x) = f(x)
for every x € [0,1]. This demonstrates the fact that Riemann integrability is not preserved under pointwise
convergence.

Hint: Because Q is countable, we may choose an enumeration {q,} of Q. Now "turn on" one rational number at a
time.

We’ve already said that we won’t be doing much computing with the definition of the integral, but even
checking whether or not a function is integrable can be an annoying task. For instance, a polynomial function
seems like it should be integrable, but what’s your proof of this fact? The following result will be helpful over
and over again in showing that a function is integrable.

Theorem 1.16: The integrability criterion

Let B be a compact box in R", f : B — R a bounded function. Then f is integrable over B if and only if,
for every € > 0, there exists a partition P of B such that U(f,P)—L(f,P) <e.

Proof. We will prove the portion of this theorem that we will use most frequently. Namely, we’ll show that if,
for every € > 0, there exists a partition P of B satisfying U(f, P) — L(f, P) < ¢, then f is integrable. To show
that f is integrable, we need to show that U fB f=L f 5[ ot equivalently, that

Uff—LszO.
B B

We'll do this by showing that UfB f—L f 5 f is smaller than any positive number. Take some arbitrarily small
€ > 0. By assumption, we can find P satisfying

U(f,P)—L(f,P)<e.

3You might contest that our computation of m;(f) and M;(f) does not apply to intervals with zero length. But recall that a subinterval
associated to a partition cannot have zero length.
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Now U(f,P) = Ufo and L(f,P) < Lfo, so this implies that

UJf—LJf<e.

SoU f Sf-L fB f is smaller than any positive number. Lemma 1.11 tells us that U f f-L fB f cannot be
negative, so this quantity must be zero, as desired.

Because it only requires a single partition P for a given real number € > 0, Theorem 1.16 allows us to
avoid thinking about the infimum and supremum involved in the definition of the upper and lower integral.

Example 1.17. Let’s use the integrability criterion to show that the function f: [0,1] — R defined by

(0, 0<x<1/2
f(x)'_{s, 1/2<x<1

is integrable. To do this, we start with an arbitrary ¢ > 0, and we need to construct a partition P of [0,1]
with the property that U(f, P) — L(f, P) < e. We can do this by squeezing the "jump" which occurs at x =1/2
into a very small interval. Concretely, suppose h > 0 is some number smaller than 1/2. Then we can consider
the partition

P, =1{0,1/2—h,1/2+h,1}.

The subintervals associated to this partition are
J;,=[0,1/2—h], J,=[1/2—h,1/2+h], and J,=[1/2+h,1].
The extreme values on these intervals are given by

m;, (f)=0, m,(f)=0, and m,(f)=S8,

and
M, (f)=0, M,(f)=8, and M,(f)=38.
So the lower sum is
L(f,P,) =(0)(1/2—h)+ (0)(2h) + (8)(1/2—h) =4—8h

and the upper sum is
U(f,Py)=(0)(1/2—h)+(8)(2h) +(8)(1/2—h) =4+ 8h.

The difference between these is

The integrability criterion tells us that f is integrable if we can produce a partition so that this difference is
less than e, for any given € > 0. Given € > 0, we can simply choose h smaller than €/16, and our work here
shows that U(f,P,) — L(f,Py) <e€. So f is indeed integrable.

1.3 Day 3: Continuity and integrability

e

By the end of today’s class, we should be able to do the following.

1. Say what it means for a function of several variables to be continuous — both via the formal
definition and via informal intuition.

2. Explain (at least informally) why continuous functions on compact boxes are integrable.

Definition. Let A be a subset of R", and consider a function f: A — R. We say that f is continuous
at X, € A if, for every e > 0, we may choose 6 > 0 such that if ¥, € A is an element of A satisfying
d(X,,%;) < 6, then we have |f(X,) — f(¥;)| < e. If f is continuous at X for every X € A, we simply say
that f is continuous.

The idea you should internalize is this: for continuous functions, a small change in the input leads to a
small change in the output.

10
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(a) Smaller x, (b) Larger x,

Figure 1.4: For the function f(x) = x2, different values of x,
require different values of 6 — even for the same e.

Example 1.18. Consider the function f : R? — R defined by

sen={24 $70-

This function certainly doesn’t match our intuitive notion of continuity — there are inputs very close to the
line x = 0 whose output is —1, while inputs on this line have output 1. To prove that f is not continuous, we
simply need to exhibit some € > 0 (in this case, we get to choose ¢ > 0) such that, no matter how small § > 0
is chosen (we don’t get to choose & > 0), there are points (x;, y;) and (x,, y,) whose distance from each other
is less than &, but whose function values differ by more than e.

Concretely, suppose € = 1/2, and let § > 0 be arbitrary. Consider the point (§/2,0). The distance between
this point and (0, 0) is less than &:
d((6/2,0),(0,0))=6/2<6.

At the same time,
1
If(6/2,0)—f(0,0)|=|—-1-1]=2> 5 =€

So we can choose points which are arbitrarily close together whose function values are not close to one
another, meaning that f is not continuous at (0,0). (Indeed, f fails to be continuous at any point with x = 0.)

You may remember (depending on where you learned calculus) having to use the definition of continuity
to prove that certain functions are continuous. No such problems will be formally assigned in this course, but
we will discuss one example of this sort in order to better understand uniform continuity.

Example 1.19. Consider the function f : R — R defined by f(x) = x2. This satisfies our intuitive notion
of continuity, so let’s think about how we would check the definition. Namely, we want to show that f is
continuous at x,, where x, is an arbitrary real number. Say we’re given* ¢ > 0. We need to come up with
6 > 0 so that if |[x —x,| < &, then |f (x) — f(x,)| < €. Actually doing this isn’t hard, but it’s kind of tedious.

Instead, let’s think about the graph of f, shown in Figure 1.4. In each of Figures 1.4a and 1.4b we have
selected a value for x,; the chosen value for € > 0 is the same in both figures, depicted via the orange lines
centered on y = f(x,). Our goal is to choose a § > 0 such that if |[x —x,| < &, then |f (x)—f(x,)| < €. We can
find such a & for each value of x, shown, as shown by the blue lines centered on x = x,. But notice that the &
we choose for the larger value of x, is necessarily smaller. In words, we have some threshold for acceptable
error in our output (measured by €), and to keep our output error under this threshold, we can only allow so
much error in our input (measured by &). Because we can produce a § > 0 for any choice of € > 0 and x, € R,
f is continuous on all of R.

We must point out, however, that the amount of error we can allow in our input in the previous example
depends on x, — and as x, grows without bound, the acceptable input error shrinks to 0. In particular, given
€ > 0, we cannot choose a single 6 > 0 that works for all values of x,. This is okay — our function is still
continuous — but it leads us to the following, greedier notion of continuity.

“When proving that a function is continuous, we’re given € > 0 and we choose & > 0, the opposite of the situation when we’re proving
that a function is not continuous.

11
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Definition. Let A be a subset of R", and consider a function f: A — R. We say that f is uniformly
continuous if, for every e > 0, we may choose § > 0 such that if ¥;, X, € A are an elements of A satisfying
d(¥;,%,) < &, then we have |f(¥;)— f(¥,)| <e.

Remark. Notice the distinction between uniform continuity and continuity: the definition of continuity allows
us to choose § > 0 based on both € > 0 and a point X, € A, while uniform continuity demands a 6 which
depends only on €, and works for any choice of ¥, € A. Clearly any function which is uniformly continuous is
continuous.

Exercise 1.20. Let f: (0,00) — R be defined by f(x) := 1/x. Is f uniformly continuous? What if we restrict
f to (0,1]? What about [1, c0)?

One of our goals for today is to show that continuous functions on compact boxes are integrable. We
restrict attention to functions on compact boxes in order to take advantage of the following fact®.
Lemma 1.21. Let B be a compact box in R", and let f : B — R be a continuous function. Then f is uniformly
continuous.

Exercise 1.22. Read a proof of Lemma 1.21 (or write your own!).
Note: The proof of this fact gets at the heart of the notion of compactness, so you may like thinking about it if
analysis is your thing. But it’s certainly not something you're responsible for in this course.

Taking Lemma 1.21 as true, today’s primary goal is well within reach.

Theorem 1.23: Continuity implies integrability

Let B be a compact box in R". If f: B — R is continuous, then f is integrable.

Proof. We'll prove this theorem using Theorem 1.16, the integrability criterion. So we need to show that,
given some arbitrary e > 0, we can find a partition P of B with the property that

U(f,P)—L(f,P)<e.

First, let’s make an obvious observation: if vol(B) = 0, then f is automatically integrable — all of the lower
sums and upper sums are just 0, so the lower and upper integrals agree. With this out of the way, we can
assume that vol(B) # 0 and define .
/e
¢ Yol(B)’
Next, Lemma 1.21 tells us that f is uniformly continuous. This means that we can find & > 0 with the property
that whenever ¥,, X, € B have d(¥;,%,) < &, we have |f (¥;)— f(¥,)| < €.

Now comes the first step that requires a dose of geometric reasoning. Let’s take a partition P of B so that
every subbox J associated to P has side lengths less than & /n. This ensures that if ¥,, X, € J for some subbox
J associated to P, then d(¥X,,X,) < 6 (why?). But then, by our choice of §, we know that

- - ,_ €
lfG)—f(E)l <€ = olB)"

In particular, the supremum of all values attained by f as X varies over J can differ from the infimum by at
most €”:

, €
M;(f)—my;(f) <€ = wol(B)’

Finally, we multiply by vol(J) and sum over all subboxes J corresponding to P:

(Z M,( f)vol(J)) - (Z m, ( f)vol(J)) => EVZ(I’EE;)) = Vof(B) > vol().

The two sums on the left hand side of this inequality are the upper and lower sums of f over P, respectively.
Also, Y-, vol(J) = vol(B), so we have

U(f,P)—L(f,P)<e.

According to the integrability criterion, we may conclude that f is integrable. O

SWe haven’t said what it means for a subset of R” to be compact, but the fact actually holds for any compact subset of R" — not just
boxes.

12
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Exercise 1.24. Let J be a compact box in R" whose sides each have length less than §/n. Show that if X;
and X, are a pair of points in J, then d(¥;,X,) < §.

13
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2 Week 2

We begin this week by finishing up our discussion of the fact that continuity implies integrability (see notes
above). We will then spend some time defining integration over subsets of R" which are not compact boxes,
but with far less attention to detail than we employed last week. We then turn to the star of this week:
Fubini’s theorem. This theorem will allow us to begin evaluating integrals of functions of several variables
using familiar techniques from single-variable calculus. After sketching the proof of Fubini’s theorem, we will
practice using the result by seeing several examples.

2.1 Day 4: Integration over nonboxes

By the end of today’s class, we should be able to do the following.

1. Give an informal explanation of how to define the integral of a function f : K — R, where K is a
compact subset of R” whose boundary has volume zero.

2. State the difference between a multiple integral and an iterated integral.

2.1.1 Defining integration over nonboxes

Definition. Let S be a subset of R". The indicator function of S is a function y4: R" — R defined by

(x) = 1, xe€8
xs(x) = 0. x¢Ss°

The indicator function is also called the characteristic function of S.

For many bounded subsets of R", we can use the indicator function to define the set’s volume.

Definition. The volume of a bounded subset S of R" is defined to be

vol(S) :=J Xss
B

where B is any compact box in R" containing S, if this integral exists.

Exercise 2.1. Prove that volume is well-defined. i.e., show that if fB xs exists for some compact box B
containing S and B’ is another compact box containing S, then fB, xs exists and f o Xs = fB Xs-

Exercise 2.2. Find a nonempty subset of R whose volume is not defined.

Say we have a compact box B over which we want to integrate some function f : B — R, and a subset
S c B which has volume zero. Then, at least heuristically, our integral shouldn’t care what f is doing on S.
For instance, consider the function f: [—1,1] — R defined by

(1, x#0
fx):= {2021, x=0"

By any reasonable definition, the integral IHJ] f should be 2 — the fact that f jumps up to 2021 at x =0
shouldn’t affect the area under the graph of f, since the singleton {x = 0} doesn’t have any width. This
motivates the definition of near-continuity, which asks a function to be continuous, except perhaps on a subset
of volume zero.

Definition. Let A be a subset of R". We call a function f : A— R nearly continuous on A if there is a
subset S C A with volume zero so that f is continuous when restricted to A\ S.

Remark. The basic idea of near-continuity is that "jump discontinuities" are okay from the standpoint of
integration. Except, where functions of a single variable "jump" at a single point, a function of two variables

14



Math 32BH Lecture Notes Week 2

can jump along a point, a line, or a curve, and functions of several variables can jump along any set of volume
zero.

Theorem 2.3: Near continuity implies integrability

Let B be a compact box in R", and let f : B — R" be a bounded, nearly continuous function. Then f is
integrable over B.

Idea of proof. An unfortunate feature of Riemann integration is that the careful proof of Theorem 2.3 is more
tedious than the statement initially lets on. Later you'll learn about a better integral where Theorem 2.3
follows more or less immediately from Theorem 1.23. For now, we’ll present the basic idea. See the textbook
for a careful proof.

The key idea is quite simple: because f is bounded, the only points of B which might present a problem
when defining the integral of f are those points where f is discontinuous. But f is nearly continuous, so
the set of such points has zero volume, and therefore shouldn’t create any difference between the lower and
upper integrals. We can turn this into a rigorous proof using Theorem 1.16. We are given some € > 0, and we
want to find a partition P satisfying U(f, P) —L(f,P) < e. We pull this off by starting with a partition with
the following property: let S C B be a set of volume zero containing the discontinuities of f. We choose P
so that the sum of the volumes of those subboxes of 7 which intersect S is less than €/(4R), where R > 0 is
chosen to satisfy |f (x)| <R, for all x € B. By covering S with such tiny subboxes, and using the fact that f is
bounded, we ensure that any contribution to L(f,P) or U(f,P) made by these subboxes is negligible, and
therefore the set of discontinuities doesn’t cause f to be non-integrable. O

Definition. Let K be a compact subset of R"* whose boundary® has volume zero, and let f: K —» R be a
bounded, nearly-continuous function. Let B be any compact box in R" containing K. Then the extension
of f to B is the function f : B — R defined by

The integral of f over K is then defined to be

[l

Remark. We haven’t defined what it means for a function to be integrable over K, because the conditions in
the above definition ensure that the integral fB f will exist. We're slowly shifting our focus from details such
as these towards more computational concerns.

Finally, let’s list (without proof) some unsurprising properties of the integral, hopefully familiar from
single-variable calculus.

Properties of integrals. Let K C R" be a compact set whose boundary has volume zero, and let f,g: K > R
be a pair of nearly continuous functions. Then the following statements are true.

1. (Linearity) For any real numbers c,d € R, we have fK(cf +dg)=c fo +d fK g.
2. (Monotonicity) If f < g on K, then fK f< fK g-

3. (Additivity) Let K;,K, C K be a pair of compact subsets of K whose intersection K; N K, has volume
zero, with K; UK, =K. Then [, f+ [, f= [, f.

IWe won'’t formally define the boundary of a subset of R", but for any subset of R" we consider in this class, the boundary will be what
you think it is, and will have volume zero. The extra words in this definition basically just ensure that we’re not trying to integrate over a
Cantor set or an Osgood curve, or some other pathological set.
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2.1.2 Multiple integrals versus iterated integrals

Now that we’ve gone through the pain of defining the integrals we care to compute, we’ll begin developing
some actual integrating skills. The first and most important fact we will learn relates integrals in higher
dimensions to iterated versions of the single-variable integrals with which we’re familiar. To this end, we
introduce some notation. We will use the term multiple integral to refer to any integral f zf>whereRisa
region in R", n > 1. In the special cases n = 2 and n = 3 we say that we have a double integral or triple
integral, respectively.

You may have noticed that our integrals haven’t featured any dx or dy terms at their ends. We will change
this now, using f < f dAto denote a double integral and f < fdV to denote a multiple integral of more variables.

Additionally, we will sometimes write
JJ fdA and JJ fdv
R R

for the special cases of double and triple integrals. The expressions dA and dV won’t have any formal meaning
for us right now — though they’ll be helpful when performing changes of variables — but hopefully we will
be able to revisit these terms later in the quarter.

Finally, we define iterated integrals. Iterated integrals are built up from single-variable integrals, and
thus can be computed using your existing integration skills. The primary goal of our next class will be to
rewrite multiple integrals as iterated integrals.

Say we have a function f (x, y), defined on a box [a, b] x [¢,d] in R2. Then, for each x € [a, b], we can
think of f (x, y) as a single-variable function on [c,d] by treating x as constant. This allows us to compute

d
J. fGe,y)dy = flx,y),

[e,d]

the result of which is a function of x on [a, b]. If this function of x is integrable, we can then compute

b d
J (J f(x,y)dy)dx.

This is an iterated integral, because it consists of one one-dimensional integral nested inside of another. More
generally, an n-fold iterated integral consists of n one-dimensional integrals nested inside one another:

by balx1) bp(x1,eX0-1)
J f J Fxg, %9, .0, x,)dx, - dx,dx;.
ap Jaz(x1) (X1, X—1)

Notice, somewhat confusingly, that the limits of integration of the inner integrals may depend on the variables
of the outer variables.

Remark. One reason we’ve started using terms like dx and dy again is to keep track of the order of our
iterated integrals. In the above iterated integral, the term dx, - - - dx,dx; tells us that the innermost integral
treats x,, as variable, while the variable of the outermost integral is x;. We could also have an n-fold iterated

integral of the form
by bn1(xn) b1 (x2,.,Xn)
J J J flx1, %9, 0, x,)dxy - dx,_1dx,,
ap Jap—1(xn) a1 (x2,..%p)

or have the variables in any other order we like. The important thing is that outer integrals do not depend on
inner variables.
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Remark. We assume that you have seen (and hopefully proved) the Fundamental Theorem of Integral
Calculus before, and will assume this going forward. That is, if f : [a, b] — R is a Riemann integrable function
on [a,b] and F is an antiderivative of f on [a, b], then

b
J f(x)dx = f =F(b)—F(a).
a [a,b]

The practical upshot is that we know how to compute integrals of functions of a single variable. We only have
this theorem for single-variable integrals, so we’ll need to establish a different theorem to compute multiple
integrals. This is the topic of our next class meeting.

Example 2.4. Compute the values of the following iterated integrals:

@ [ [, +y>dxdy

® [ [V 1dydx
Solution.

(a) First we compute the inner integral, f Ol(x2 + y?)dx. The differential dx tells us that we should be
treating x as variable and y as constant. We have
' 1 L
(x2 +y2)dx = [—x3 +xy2] == +y2.
o 3 o 3

We can now compute the outer integral:
2 2
1 2) [1 1 3] 2 8 10
~+y*|dy=|Zy+= =Z+-==
JO (3 V)T T [ T3T3T 3

2 1
So J J (x2+ y>)dxdy =10/3 |.
0 Jo

(b) Our computation this time will proceed in a manner very similar to (a), except that the upper limit of
our inner integral depends on the variable of our outer integral. But this is fine, because we expect the
result of our inner integral to be a function of x (in this case) anyway. We have

it
f 1y =Y = VI,
0

. .l . o .
so the outer integral is f _, Y1 —x2dx. Using the substitution x = cos 0, this becomes

™

1 0
f v1—x2dx=J |sin9|(—sin9)d0=J sin? 6d0
-1 T 0

1 (" 1 1.
= EL (1—cos(20))do = 3 [9 -3 sm(29)]

0
TC

E.

So our iterated integral evaluates to| /2 | Notice that this is the area of a semicircular disc with radius

1. If we interpret our bounds of integration as giving the region

{(x,y):=1<x<1 and 0<y <+v1—x2}

in R?, we get precisely such a semicircular disc.
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2.2 Day 5: Fubini’s theorem

By the end of today’s class, we should be able to do the following.

1. State Fubini’s theorem, relating multiple integrals to iterated integrals.
2. Sketch the proof of Fubini’s theorem.
3. List the iterated integrals which correspond to a given multiple integral.

2.2.1 Fubini’s theorem: from multiple integrals to iterated integrals

We’ve now gone to great pains to formally define integration for functions of several variables, but we still
don’t have any truly practical means of evaluating an integral. A similar thing happened in single-variable
calculus — at first, the only way you knew how to compute the value of an integral was via Riemann sums,
which were tedious and ugly. But then the Fundamental Theorem of Integral Calculus saved the day, telling
you that an integral could be computed as an antiderivative. This time our savior is Fubini’s theorem.

Theorem 2.5: Fubini’s Theorem

Let B=[a,b] x [c,d] be a compact box in R?, and let f : B— R be bounded and nearly-continuous on
B. Suppose that for each x, € [a, b], the cross-sectional integral fcd f(xq,y)dy exists. Then the iterated

integral fab fﬁd f(x,y)dydx also exists, and

b pd
deA=f J f(x,y)dydx. 2.1

Remark. Some notes about Theorem 2.5:

1. Some version of Fubini’s theorem holds in R", for any n > 2. We’ve just stated the n = 2 case here for
ease of notation, but you're invited to write the analogous statement in higher dimensions.

2. You should internalize Fubini’s theorem as telling us that multiple integrals can be computed as iterated
integrals.

Idea of proof. Throughout our proof, P, will denote a partition of [a, b], while P, is a partition of [¢,d], and
therefore P =P, x P, is a partition of B. We'll also consider the function g: [a, b] — R defined by

d
g(x) =J fle,y)dy.

Based on our discussions of the last several days, we have

L(f,P)SffdASU(f,P) (2.2)

for the integral on the left hand side of (2.1), and

b
L(g,P;) < f g(x)dx <U(g,P1) (2.3)

a

for the integral on the right. Moreover, as we take finer and finer partitions, these two inequalities will squeeze
in on the true values of the respective integrals. The key step in our proof will be to argue that we have

L(f,P) < L(g,P) <U(g, P) < U(f,P). 2.4

Now when the inequalities (2.2) and (2.3) squeeze down on their respective values, we see from (2.4) that
these values are in fact the same.

Some details of the argument will be left as (optional) exercises. Throughout, we’ll use the notation
0 (¥) := f(x, y). Notice that g(x) = fcd ¢, (y)dy, for every x € [a, b].
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Exercise 2.6. For any subinterval J associated to P, and any subinterval K associated to P,, show that

meK(f) < mK(Sox)y

for every x € J.

Using Exercise 2.6, we have the following chain of inequalities:

D s (AIKI D m(0,)IK] = Lig,, Py)

d
< J 0, (¥)dy = g(x),

for all x € J. Here J is an arbitrary subinterval associated to P;, and the sums are taken over subintervals K
associated to P,. The point is that we have a lower bound for g on the subinterval J, and thus

> T my s (HIK] < my(g). (2.5)
K

Exercise 2.7. Use (2.5) to show that

>y (Fvol(J x K) < Y ' my(g)lJ]|
J,K J

where the sums are taken over all subintervals J,K associated to P;, P,, respectively.

Finally, we may rewrite the conclusion of Exercise 2.7 as
L(f,P) < L(g,P1),

which gives us one half of the key inequality (2.4). A completely analogous inequality tells us that U(g,P;) <
U(f,P), and thus we get (2.4). O

2.2.2 The iterated integrals associated to a multiple integral
Now that we’ve convinced ourselves that Fubini’s theorem is true, let’s practice using it.
Example 2.8. Evaluate the multiple integral fodA, where B=[0,1] x[0,2] and f(x,y) = x%+ y2.

Solution. First, let’s point out that f is definitely integrable over B, since B is compact and f is continuous?.
According to Fubini’s theorem, we have

1/ p2 1 Y
deAzJ (J (x2+y2)dy)dx=f [x2y+—y3] dx
B 0 0 0 3 0
1 1
(2x2+§)dx=[gx3+§x]
o 3 3 3 1o

10

3

Notice that this agrees with the value of foz fol (x? + y?)dydx, which we computed in Example 2.4. Indeed,
provided the relevant hypotheses are satisfied, Fubini’s theorem allows us to compute a multiple integral as
an iterated integral in any order we like. O

Fubini’s theorem is stated for boxes, but it also allows us to compute integrals over nonboxes as iterated
integrals. For instance, suppose we have functions g,h: [a,b] — R, with g(x) < h(x) for all x € [a, b]. Then
we can define a region

R:={(x,y):x €[a,b] and g(x) <y < h(x)} c R?,
which we say is a vertically simple region, and then hope to compute fR fdA, for some function f : R — R2.
Fubini’s theorem allows us to compute this integral as an iterated integral.

2We won't be in the habit of saying this every time we compute an integral; I'm just pointing it out here since this is our first computation.
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(@) Vertically simple (b) Horizontally simple

Figure 2.1: A vertically simple region and a horizontally simple
region in R?

Exercise 2.9. Use Fubini’s theorem to prove that

b h(x)
ffdAZJ ( f(x,y)dy) dx
R a g(x)

under some hypotheses on f, g, and h. (You should specify the hypotheses.)
Example 2.10. Consider the semicircular disc R = {(x,y):—1 <x <1and 0 <y < v1—x2}. The area of

this region is given by
1 4/ 1—x2 .
Area(R) = J 1dA= f f ldydx = —,
R -1Jo0 2

where the final equality follows from our work in Example 2.4.
In a manner completely analogous to Exercise 2.9, one can show that if
R={(x,y):c<y<dand g(y)<x <h(y)}

for some functions g,h: [c,d] — R satisfying g(y) < h(y), then

d rh(y)
ffdA=f flx,y)dxdy,

()
supposing g, h, and f are suitably nice. Regions which can be written in this manner are horizontally simple.
Many regions we encounter are both vertically simple and horizontally simple, meaning that we can compute
integrals over these regions as iterated integrals in two different ways: with x as our inner variable, or with y
as our inner variable. Sometimes the order of integration has no practical effect, but in other cases, we can
only reasonably compute one of the two iterated integrals.

Example 2.11. Let R be the right triangle in R? with vertices at (0, 0), (1,2), and (1, 0), and define f : R —> R
by f(x,y)= e™". Let’s compute _fR fdA. As depicted in Figure 2.2, R is both vertically simple and horizontally
simple: we may write
R={(x,y):0<x<land0<y<2x}

and

R={(x,y):0<y<2and y/2<x <1}.
Fubini’s theorem tells us that we can compute f f dA as either of the two corresponding iterated integrals, so
let’s think of R as horizontally simple. In this case, we find that

2 1
deA:J J e dxdy.
R o Jy/2
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/

(@) Vertically simple: y varies from 0 to 2x (b) Horizontally simple: x varies from y/2 to 1

Figure 2.2: The triangle with vertices (0, 0), (1,0), and (1,2) is
both vertically and horizontally simple.

But this isn’t particularly helpful, since e has no elementary antiderivative. On the other hand, thinking of
R as vertically simple leads us to write

1 2x 1 1
ffdA=f J. e"zdydx=f 2xe"2dx=f etdu=1—e".
R o Jo 0 0

The penultimate equality is obtained using the substitution u = x2. So while Fubini’s theorem tells us that the
order of integration is unimportant as an abstract matter, order is often very important as a practical matter.

Because we're all so very talented when it comes to computing single-variable integrals, the most difficult
part of computing a multiple integral will often be accurately expressing it as an iterated integral. Let’s finish
today with an example for a function of three variables.

Example 2.12. Consider the tetrahedron R in R® with vertices (a, 0,0), (0, b, 0), and (0, 0, c), as seen in Figure
2.3. Given a sufficiently nice function f, we can use Fubini’s theorem to produce six different iterated integrals
which compute the value of fR fdV. We get a different iterated integral for each choice of ordering for the
variables x, y, and z.

Figure 2.3: A tetrahedron bounded by the (orange) plane
bex + acy + abz = abc, as well as the coordinate planes.
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For instance, say we want to write

xt rya(x) pae(oy)
f fdv = J J f(x,y,2)dzdydx,
R X_

—(x) Jz_(x,y)

for some functions y_(x) < y,(x) and z_(x, y) < z,(x,y) and some constants x_ < x,. Notice that the limits
of integration for each integral are allowed to depend only on those variables which are integrated "further
out." So the innermost integral has bounds depending on both x and y, while the bounds of the outermost
integral are constant. We can determine our bounds of integration by working from the outside in. We first
ask what range of x-values are seen in our region. This is easy: x is allowed to range from 0 to a, so x_ =0
and x, = a. Next, for a given x-value, what values may y attain? Consider the x = constant slice seen in
Figure 2.3. Certainly y is allowed to be as small as O (here we are assuming that a, b,c > 0); at the other
extreme, y can be as large as b— %x (when z = 0). Finally, we move to the innermost integral. Here we know
the values of x and y and ask the values over which z is allowed to range. This is depicted by the vertical line
in Figure 2.3. The smallest value achieved by z is 0, while the largest is on the plane

bcx +acy +abz =abc,

and thus corresponds to z = ¢ — £x — 7 y. Altogether, we've found that we can write the tetrahedron R as

0<x<a
R=<{(x,y,2) : 0<y<b—(b/a)x
0<z<c—(c/a)x—(c/b)y

a pb—(b/a)x c—(c/a)x—(c/b)y
dev =f f j f(x,y,2)dzdydx.
R 0 0 0

Now say we want (for whatever reason) to integrate against y first, then x, and then z. In order to obtain
an iterated integral of this form, we need to write

From this it follows that

z_.<z<3z,
R=A{(x,y,2) : x_(2)<x <x,(2) ,
y_(x,2) <y < y,(x,2)

for some constants z_ < z, and functions x_(z) < x,(z) and y_(x,z) < y,(x,z). As above, we can argue

geometrically to write
c a—(a/c)z b—(b/a)x—(b/c)z
deVzJ f f f(x,y,2)dydxdz.
R o Jo 0

Exercise 2.13. Express f oS dV as an iterated integral in four other ways.

2.3 Day 6: Fubini’s theorem in action

By the end of today’s class, we should be able to do the following.

1. Use Fubini’s theorem to evaluate multiple integrals.
2. Use multiple integrals to compute volumes, centroids, and moments of inertia.

Today will be devoted to examples of using Fubini’s theorem to evaluate multiple integrals. In the course
of these examples, we will also encounter a few applications of multiple integrals.

Example 2.14. Let W be the region in the first octant of R* bounded by the plane 3x + 4y + 2z = 12, the
plane x + 2y = 3, and the parabolic cylinder y? = x. Find the volume of W.
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x+2y=3 0

X

Figure 2.4: The z-independent conditions of Example 2.14.

Solution. Yikes. We have three equalities that we need to turn into inequalities:
3x+4y+2z=12, x+2y=3, y’=x.

Additionally, we know that x,y,z > 0, since W lies in the first octant of R®. Perhaps the best observation we
can start with is that the last two equalities depend only on x and y, so we can think about these in the
xy-plane. See Figure 2.4.

Notice that the region D in the first quadrant of R? bounded by y? = x and x + 2y = 3 is horizontally
simple. When these two curves meet, we have y? +2y = 3, so the maximum value y is allowed to take in D is
y = 2. Once we've chosen a value for y (as indicated by the dashed gray line in Figure 2.4), x varies from a
lower bound of y? to an upper bound of 3 —2y. Altogether, we may write

D={(x,y):0<y<2,y?<x<3-2y}.

We now have bounds for all but our innermost integral. Namely, we have

2 32y rzi(xy)
j de:J J J f(x,y,2)dzdxdy,
w 0 Jy2 —(x,y)

for some z_(x,y) < z,(x,y). We can determine z_ and z, by enforcing the bound 3x + 4y + 2z = 12. Since 2
is bounded below by the x y-plane, this plane gives an upper bound. Rearranging, we find that

3
OSZS6—Ex—2y.

At last, we can compute the volume of W:

2 p3-2y 6—(3/2)x—2y
vol(W) = J 1dV = J f J 1ldzdxdy

w 0o Jy2 0
2 p3-2y 3

=j J [6——x—2y]dxdy
0 Jy2 2
2 3 3—2y

=f [6x——x2—2xy] dy
o 4 2

2
45 3
:J [——9y—5y2+2y3+—y4]dy
L4 4

45 9 , 5., 1, 3 5]2
=|l—y—zy'—=y’+-y'+—
[4y 2y T3 TV T |,
] 119
| 30
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Definition. Let f: R — R be an integrable function on a compact region R of R". Then the average
value of f over R is defined to be the value
1
dv.
vol(R) JRf

Example 2.15. Suppose that the temperature in degrees Celsius at a point (x, y) on a flat metal plate is
T(x,y)=>5xy + x2, where x and y are in meters. Find the average temperature of the box [0,2] x [—2,2].

Solution. The volume (i.e., area) of our box R is 2 x 4 = 8, so we need to compute the integral f R TdA. But
this is pretty straightforward:

2 2 20 2
JTdAzf J (5xy+x2)dydx=f [—xyz—i-xzy] dx
R 0 J2 o L2 -2
2 2
=J 4x2dx=[fx3]
0 3 0

32

3"

= 4
So the average temperature of the box Ris T = 3 - % =3l O

Definition. Let R be a compact region in R". The centroid or barycenter of R is the arithmetic mean
position of all points in R. In coordinates, the centroid is given by x = (x4,...,x,), where

Y—L x;dV
"7 volR) J,

for 1 <i < n. If R has density function p: R — [0, 00), then the center of mass of R is the arithmetic
mean position of all points, weighted by p. The coordinates of the center of mass are given by

1
X, =—— yeens X)X, dV
1 maSS(R) Lp(xl )

for1<i<n.

Exercise 2.16. Determine conditions on the density function p under which the centroid of R is also its
center of mass.

Example 2.17. Locate the centroid of the region described by x" < y <1, 0 < x < 1. What is the limiting
position of the centroid as n — 00?

Solution. Let’s call the region R,,. Per the description, this region is vertically simple, and its volume is given

VOI(R)— 1d dx = (]. x)dx— x——x 1 1—1— =
Y n+1 0 n+1 Tl+1.

The x-coordinate of the centr01d is then

¥=n+ f J xd dx——f (1—x")xdx

1
n+1[ 1o_ 1 x”*z] n+1[__ ]
n 2 n+2 0 n 2 n+2

_n+1 n _ n+l1
T on 2n+2) 2n+2)

24



Math 32BH Lecture Notes Week 2

At the same time, the y-coordinate of the centroid is

1
y:n+1f J Yy dx_n+1j [1y2] ix

_n+1 [——lxz”]dxz n+1 [lx— 1 xz"“]l
n J,L2 2 n L2 2(2n+1) 0

n+1 n _n+1
n 2n+1 2n+1°

. _ n+1 n+1 . . 11 .
So the centroid is | (x,y) = ( ) . As n — oo, this centroid limits to (— —) . Notice that as

2(n+2) 2n+1 272
n — oo, our region tends toward the box [0,1] x [0, 1], so the centroid (1/2,1/2) checks out. O

Example 2.18. Find the mass and center of mass of the cube
B:={(x,y,2):0<x,y,z<a},
assuming that this cube has density function p(x, y,z) = a —x, where a > 0 is some positive number.

Solution. The mass of B is given by

mass(B) = J pdV = f f J (a—x)dzdydx = f a?(a—x)dx
B o Jo Jo 0

1 ¢ 1 1
=a? [ax——xz] =da*(a*— =a*) = =a".
2 1o 2 2

We can find the center of mass one coordinate at a time:

JpdezJ J J (a—x)xdzdydxzf a?(a—x)xdx
B o Jo Jo 0
zaz[gxz_lx3:|azaz[las_las]zlas
2 37 1o 2 3 6’
sox =(%a)/(3a*) = %a. Next,
prdv J f f(a x)ydzdxdy = f f a(a—x)ydxdy
1 1
= —= d ~a®yd =2a
J [e(ex—ge)ar= | Gervar=[Ger] =G

— . — . 1 1 1
soy =(3a°)/(3a*) = $a. Symmetrically, Z = 3a. So the center of mass of B is ( Za, —a) . O

Example 2.19. Set up (but do not evaluate) an integral which computes the x-coordinate of the centroid of
an octant of a solid sphere of radius R centered at the origin in R®.

Solution. For clarity, let’s write the octant as
W={(x,y,2):0<x,y,2, x>+ y?+2*> <R?}.
Since we need to compute integral over W, we start by rewriting W in a form amenable to integration:

0<x<R
w=A(x,y,2) : 0<y<+vRZ—x2
0<z<4R2—x2—y2

Now we could compute vol(W) as an integral, but that sounds unnecessarily annoying. We know that the
volume of a sphere is 27R?, so vol(W) = : tR®. Next, let’s set up fW xdV.

R r/R2—x2 [ /REx2y2
J xdV :J J J xdzdydx
w 0o Jo 0
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So

vol(W)

R ;+/R2—x2 f4/RR—x2—y2
_ 1 6
X = J xdV = —J J J xdzdydx.
w T Jo Jo 0

This integral would be a pain to evaluate; next week we’ll find that it’s much easier to evaluate in a different
coordinate system. O

Definition. Let R be a compact region in R" whose density at ¥ € R is given by p(¥X), and let L be a
straight line in R". The moment of inertia of R about L is given by

I =J. pD?dv,
R

where D: R — [0, c0) measures the distance from L.

Example 2.20. Find the moment of inertia of the solid cylinder
C:={(x,y,2) : x*+y?<a®>,0<z < h}
about the z-axis, where a,h > 0 are positive numbers.

Solution. Because we aren’t given a density function, we assume that p = 1. Next, for any point (x,y,2) € C,
the distance from (x, y, z) to the z-axis is given by D(x, y,z) = 4/x2 + y2. So the relevant moment of inertia is
computed as

I, = J (x%+ y?)dv.
C
Using Fubini’s theorem, we compute this as an iterated integral:

h pa 4 a2—x2 ) , h pra , 1, Va2—x2
I, = (x*+y*)dydxdz = X°y+ -y dxdz
0 J—aJ—-ya2—x2 0 J-a 3 —+/ a2—x2

h a 1 a h 1
= Z(a®—x*)*Pdxdz = Z(a® —x*)*?dzdx
0 J—a 3 —aJo 3
h

:J E(az—xz)S/zdx.

—a

Notice that we used the penultimate equality to swap the order of integration. You should be able to use your

single-variable integration skills to show that this last integral evaluates to §a4h7'c , but it’s not very fun.
Again, our life will be made easier when we have access to other coordinate systems. O

Example 2.21. For any n > 0, the standard n-simplex is the region
n
Al e {(tl,...,tn) ER": Y t;<landty,... .t,2 0}.
i=1

Use multiple integration® to find a formula for the volume of A", for all n > 1.

Solution. We could jump straight to computing vol(A"), for an arbitrary n, without too much trouble, but
let’s start by considering the n =1, n =2, and n = 3 cases on their own. First,

A'={t;eR:t; <1landt, >0}.

Computing the volume here is easy enough: we simply have

1
vol(Al) = j 1dt, =1.
0

3This is probably not the easiest way to find this volume, but then we didn’t sign up for 32BH to do things the easy way.
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Figure 2.5: Cutting the 3-simplex A® yields a 2-simplex t; AZ.

Next, there’s the 2-simplex
A ={(t;,t,) eR*:t;+t, <land t;,t, >0} ={(t;,t,) €R*:0< ¢, <1,0<t, <1— ¢y},

1

which has volume
1 pl-t 1 1 1
vol(AZ):J f 1dt2dt1=J (1—t1)dt1:[t1—§tf]
o Jo 0 0

For our last concrete example, we have the 3-simplex
AP ={(ty,ty, t;) ER® 1t + t, + t; < 1 and ty, t,, t; > 0}

={(ty,tst;) ER*:0<£;<1,0<t, <1—1£,,0< ;< 1—t; — 65},

SO
1 pl—t; pl-ti—ty 1 ,rl-t;
J J 1dtsdt,dt, :J J (1—t;—t,)dt,ydt,
0 0 0 0
1

vol(A®%) = J
; 1-t; 1 1
2] "an= [ [a-w-na-w-Ja-u]a,

= ty—tity— < t;
J, lemns

"1 2 1 ok
Jo E(tl_l) dt; = [g(tl_l) :|0

Here’s an interesting observation: in the above computation, the outermost integral has t, as its variable. If
2

we cut the 3-simplex A® with the plane t, = ¢, where ¢ is some constant, we get a scaled copy cA? of the

standard 2-simplex. See Figure 2.5. Now we know that vol(A%) = 1, so we should have vol(cA?) = 1c2. This
(2.6)

is because volume in R" scales as
vol(cK) = ¢"vol(K),

where K is some compact region.

Exercise 2.22. Prove equation 2.6.
So we can compute vol(A®) by integrating the function %tf as t, varies from 0 to 1:

1 1
1 1
vol(A3)=f —tfdtl :[ ]
2
0

0

1 3
6
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Completely analogously, we can find the volume of A*:

VOI(A4):J dt1 [—t4] =
0

Perhaps by now you’ve noticed the pattern vol(A") = =-. We can prove this by mathematical induction. We
already have several base cases, so let’s assume that vol(A") = for some n > 1 and show that vol(A™1) =
(n+1)' Indeed,
1 ! 1
ol An+1 — tn+1] — ,
vol(A™) = J b= (n+1)l1 o (et D)
P 1
verifying our formula | vol(A") = = | O
n!
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3 Week 3

Now that we have Fubini’s theorem, we can rewrite our multiple integrals as iterated integrals, and then
evaluate. But when the region over which we’re integrating is not a box, our bounds of integration can get
messy. We saw this in some examples last week, when our domains of integration were cylindrical or spherical.
Just as discs in R? are more easily written in polar coordinates, we want this week to introduce coordinate
systems on R® — cylindrical coordinates and spherical coordinates — in which we may more easily express
cylinders and spheres. Our real goal is to integrate in these coordinate systems, so the main feature of this
week is the change of variables theorem, which will allow us to compute integrals in any coordinate system
we can cook up.

3.1 Day 7: Change of variables

By the end of today’s class, we should be able to do the following.

1. Explain how multiple integrals can be pulled back via a C!-transformation &: R" — R".

2. Give a geometric sketch of why the change of variables theorem should be true for double
integrals.

3. Use the change of variables theorem and polar coordinates to evaluate double integrals.

3.1.1 Integration in polar coordinates

When defining the Riemann integral of a function f : D — R of several variables, we partitioned the domain
D c R" into subboxes — subsets of the form

{(x1,---,x,) 1a; <x; < by, for 1 <i<n}.

For instance, in R? a box is simply a rectangle. But this is because we’re using rectangular coordinates. There
are other coordinate systems we could use on R?, and boxes in these coordinate systems will not necessarily
be rectangles. For instance, recall polar coordinates on R%. Each point (x,y) in R? can be written as

(x,y)=(rcos8,rsinf)

for some r € Ry, and 6 € R. (Of course, r and 6 are not uniquely defined, but let’s not worry about this just
yet.) A polar box then has the form

{(rcosf,rsin@):r, <r<r,,0, <0 <6,},

for some constants! r, > r; > 0 and 6, > 6,. If we wanted to define the Riemann integral using polar
coordinates, we would think about partitioning a domain D into polar boxes, and then consider lower and
upper sums as before:

L(f,P):= > m,(farea() and U(f,P):= » M,(f)area(J).
J J

The only difference here is that, since each J is a polar box, its area is somewhat more annoying to compute
than in the rectangular case.

Before we proceed, let’s make it clear why thinking about the Riemann integral in polar coordinates is
something worth doing. To this end, consider the unit disc D in R?:

D={(x,y): x*+y?<1}.
This region is both vertically simple and horizontally simple, so we can write it as
D={(x,y):—-1<x<1,-vV1—-x2<y<+v1—x2}

I don’t really care to think about strange cases here, so we assume that r, > r; and 6, > 6;. We could allow r, < r; and 6, < 6;, so
that a polar box could have area zero (or even be empty), but let’s not worry about this.

29



Math 32BH Lecture Notes Week 3

N | @
v

Figure 3.1: As the rectangle [0,1] x [0, 2] is transformed into
the unit disc, its subboxes are distorted.

or
D={(x,y):—=1<y<1,—/1—y2<x<+y1—y2}

We can then use Fubini’s theorem to compute a double integral over D as an iterated integral:

1 4/ 1-x2 1 /1—y2
ffdAZJ f fx,y)dy dx:J f flx,y)dxdy.
D —1J—4/1-x2 —1J—4/1-y2

Of course, the term +/1—x2 or 4/1— y2 could make our iterated integral computation less than pleasant. But
notice that D is a polar rectangle:

D={(rcosf,rsinf):0<r<1,0<6 <2m}.

So, assuming some sort of Fubini’s theorem holds for Riemann integration in polar coordinates, it seems like

fo dA ought to be o
f f f(rcos8,rsinf) dA.
o Jo

Notice that we’ve written dA instead of drd9; this is because we haven’t yet sorted out the issue of the area of
a polar box. A more onerous example is given by a quarter of an annulus:

R={(x,y):1<x*+y*<4,y>|x|}.

This region is neither vertically nor horizontally simple (you should plot the region), so would be pretty
annoying to integrate over in rectangular coordinates. But in polar coordinates we have

R={(rcosf,rsinf):1<r<2,n/4<60 <3m/4},

meaning that R is a polar rectangle. Our main motivation for integrating in non-rectangular coordinate
systems is that doing so will allow us to treat non-rectangular regions as rectangles — making for iterated
integrals which are easier to compute.
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3.1.2 Coordinate systems

Based on the informal discussion above, it sounds like we have a shot at interpreting the Riemann integral in
polar coordinates if we just compute the area of a polar rectangle. But, being mathematicians, we’d really
like to solve this problem for any coordinate system. Let’s first say what we mean by coordinate system, a
notion we will formalize via maps ®: R" — R". The definition of coordinate system requires some background
vocabulary first.

Definition. We say that a differentiable map ®: A — R", defined on a subset A of R" is a C!-mapping if
all of its partial derivatives are continuous. We denote by &, the n x n matrix of all first-order partial
derivatives of &:

2 ... 2B
Ixy oxp
O6n ... Z¢u
9xq Ixp

where
D(xy,. 5 x,) = (D101, 5 X)) e e s Py, e et X))

We call , the Jacobian matrix?associated to &.

Example 3.1. We can define a differentiable map ®: R? - R? via

&(r,0) :=(rcosO,rsinf).

& — cos@® —rsin6
*7 \sinf  rcosf J°
Notice that &, is a function of r and 6. To be clear about which variables represent which copy of R?, we will
often denote this map by &: R?, — R? =

Then

We need a little more vocabulary before defining coordinate systems.

Definition. The determinant of a 2 x 2 matrix is given by the formula

a b
det(c d) =ad —bc.

For n > 3, we may define the determinant of an n x n matrix recursively:

Ayt Ayl
ap;; o dgy n :
a,, Ann =

Qi 0 Ay

where the notation a;; means we omit the entry a;;.

Remark. This is not my favorite way to define the determinant, but it will suffice for now. Today we’ll focus
fairly exclusively on the case n = 2, and hopefully you recall the n = 3 case from computing cross products.

a b
det(c d)

gives the signed area of the parallelogram in R* spanned by the vectors (a,c)” and (b,d)".

Exercise 3.2. Prove that

2Sometimes I might slip and just call ®, the Jacobian of ®. I'll try to call this the Jacobian matrix, though, because a lot of textbooks
reserve the name Jacobian’ for the determinant of &,.
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Definition. If ®: A— R" is a C'-mapping defined on a subset A of R", then we call the determinant
det®, the Jacobian determinant®of &.

Alright, one more simple definition before we say what we mean by coordinate system.

Definition. Let B C R" be a (not-necessarily-compact) box of the form
B=I xI,x---x1I,
where each I; is an interval of one of the following forms:
I;=(a;,b) or I;=(a,b] or I;=[a,b;) or I;=[a;b]
The interior of I, is I, := (a;, b;), and the interior of B is
B :=I°1 fo X ~~~><I°n.

Note: We don’t require the intervals I; to be bounded, so, read correctly, this definition covers cases like
I; = (—o0, b;]. Just don’t write something silly like [—o0, b;).

A coordinate system will me a map whose domain is a box, and we require the map to behave particularly
nicely on the interior of the box. The basic idea is that the boundary (i.e., the non-interior points) doesn’t
have any volume, so if & behaves badly there, it shouldn’t affect the definition of the integral.

Definition. Given an open subset A C R", a coordinate system on A is a C'-mapping ®: R — R" such
that

(1) RisaboxinR";
(2) Ac®(R);
(3) @ is injective on the interior of R;

(4) det®, # 0 on the interior of R.

Example 3.3. The map &: R?, —» R? , defined above is not a coordinate system, because it’s not injective —
in fact, every point in R? y has infinitely many preimages under &. However, the restriction

®:[0,00), x[0,21]y — Rf{’y

is a coordinate system on R2. Indeed:
(1) [0,00) % [0,27] is a box;
(2) R?cC ([0,00) x[0,27]);
(3) the restriction ®: (0, c0) x (0,27) — R? is injective;

(4) we have
cos —rsinf

det®, = det (sin 6 rcosH

) =rcos’0 +rsin?6 =r,
which is nonzero on the interior of (0, c0) x (0,27).
Example 3.4. The map &:[1,3], x[-1,1], — Ri,y defined by
®(u,v) := (ucosh(v/2),usinh(v/2))

is a coordinate system on its image ®(R). Recall that the hyperbolic sine and cosine functions satisfy
cosh?v —sinh?v = 1, and

i coshv = sinhv, i sinh v = coshv.
dv dv

One can check that & is injective on all of R =[1,3] x [—1, 1] (not just its interior), and we also have

cosh(v/2) iusinh(v/2)) 1 1 B
sinh(v/2)  ju cosh(v/Z)) = Sucosh’(v/2)— Su sinh?(v/2) = S

det®, = det (
2

3Many textbooks just call det®, the Jacobian of &, but we'll call it the Jacobian determinant, to distinguish it from the matrix ®,.
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(@) A Au x Av rectangle based at (ug, vy). (b) The parallelogram spanned by Aug—i’ and Avg—‘f.

Figure 3.2: The transformation ®: [a, b], X [c,d], — Ri)y gives a
coordinate system on its image.

So det®, # 0 on R, and ¢ is a coordinate system on its image. This coordinate system is depicted in Figure 3.2.

3.1.3 Change of variables

Now that we have a more general notion of coordinate system, we can attempt to define integration for any
coordinate system on (a subset of) R". As discussed in Section 3.1.1, we may partition the region R over
which we want to integrate into pseudoboxes*

— 1 ny . ,i i i .
J={2’,...,u") iy, <u' <uj,1<i<n},
and then define the lower and upper sums over our partition to be

L(f,P):= ) m,(f)vol(J) and U(f,P):= Y M,(f)vol(J).

The primary difficulty, then, is determining the volumes vol(J). A key difference between a pseudobox and a
standard box in R" is that the volume of a pseudobox is not a function of its side lengths alone. For instance,
the polar rectangles

R, :={(rcosf,rsinf):0<r<1/4,0<60 <m/4}

and

R, :={(rcosO,rsinf):3/4<r<1,0< 60 <mn/4}
each have r-side length 1/4 and 6-side length ©/4, but area(R,) = 135, while area(R,) = 172—’; — a seven-fold
difference in area!

Rather than attempt to compute the volume of a pseudobox exactly — something that’s easy enough to
do in polar coordinates, but which we don’t want to do for an arbitrary & — we will obtain a first-order
approximation for this volume. Heuristically, this approximation should be good enough to compute integrals
in our new coordinate system, because as the side lengths of our pseudobox shrink to 0, the error in our
approximation will tend to 0 even more quickly. That is, if our side lengths are on the order of ¢ > 0, then the
error in our volume approximation should be on the order of €2.

Let’s consider the pseudobox J which is the image of [uy, uy + Au] x [vy, vy + Av]. Our first approximation
to J is by a quadrilateral: since J has corners at

®(ug,vy), ®(ug+Au,vy), ®(up,vy+Av), and &(uy+ Au,v,+ Av),

“4As far as I'm aware, this language is not at all common. In fact, I just made it up.
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we approximate J by the quadrilateral Q with these four corners. We don’t give a formal justification for
this approximation, but notice that this approximation is accurate for pseudoboxes with straight line edges
— making it a reasonable first-order approximation for a pseudobox whose edges are smooth curves. Now
computing the area of Q is something we’re still too lazy to do, so let’s approximate Q by a parallelogram.
Namely, we can use Taylor polynomials to approximate three of the four vertices of Q:

226
®(ug + Au,vy) = <I>(u0,v0)+Au (uo:Vo)+ (AU)Z (UOaVo)+"'
3<I>
~ b (uy, vy) + Au— Em (ug,vo)
224

0d
®(ug, vy + AV) = d(uy, vy) + Av (uo, Vo) + = (Av)2 (uo, Vo) + -+

~ ®(uy,vy) + Av Z

2% %
®(uy+ Au, vy + Av) = <I>(u0,v0)+Au (uo,v0)+Av (uo,vo)+

(uo’ VO)

8 8<I>
Nfb(uo,vo)-i-Au (uo,vo)+Ava (ug, vo)-

With these approximations, Q is approximated by the parallelogram spanned by the vectors g—f(uo, v,) and
Z—f(uo, v,) based at (uy,v,). See Figure 3.2.

We can now use Exercise 3.2 to estimate the area of a pseudobox with side lengths Au and Av. The area
of the pseudobox J which is the image under & of [uy, u, + Au] x [vy, v, + Av] is approximately

area(J) ~ |det®, (ug, vy)| AuAv |,

provided Au > 0 and Av > 0 are small. By similar reasoning we may obtain the analogous approximation in
any dimension. That is, if : R?,  —R2  isa coordinate system, then

|Aut---Au" |,

vol(®([up, ug + Au']x -+ x [ul,up + Au"])) ~ |det<1>*(u(1,, co,ul)

provided Au’ > 0 is small, for 1 < i < n. So the quantity |det®,| gives some sort of "fudge factor" for our
volume computations.

Where does this leave us? Well, assuming that | det®,| doesn’t vary too much over each pseudobox — and
with a very fine partition it shouldn’t — we can approximate our lower sum as

L(f,P) = ij(f)vol(J) ~ Z m, (f)|det®,|Au' - - Au"

NZmJ(f | det®, |)vol([u0,u0+Au Ix o x [ug,ug + Au"])

and obtain a similar approximation for the upper sum. Taking the supremum over all lower sums and the
infimum over all upper sums, we should have

Jf dV=J(fo<I>)|det<I>*|dV.

The following result, which we will not rigorously prove, verifies that this is the case.

Theorem 3.5: The change of variables theorem

Let K c R" be a compact and connected set having boundary of volume zero. Let A C R" be an open
superset of K, and let #: A — R" be a coordinate system on its image. Let f : #(K) — R be a continuous
function. Then

fdv = J (f o®)|detd,| dV.
K

@(K)
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Remark.

1. Because (K) is compact and f : #(K) — R is continuous, Theorem 1.23 guarantees that f is integrable
over ®(K) under the hypotheses of Theorem 3.5.

2. On the left, dV indicates that we’re integrating against volume in the codomain of ¢, and on the right
dV indicates that we're integrating against volume in the domain of ®. Theorem 3.5 is telling us that
these two "volume forms" are related to each other by the scale factor det®,. We will attempt to make
this more precise later in the quarter.

3. Notice that the domain of f lies in the image of . A typical use of Theorem 3.5 begins with a function
f:R? , — R and produces a coordinate system : R? —R? . We then use & to "pull the integral back"
from a complicated region in the xy-plane to a rectangle or other simple region in the uv-plane.

3.1.4 Back to polar coordinates

Remember how we started today: searching for a way to integrate with respect to polar coordinates. Now
that we know how to integrate in an arbitrary coordinate system, we can recover the case of polar coordinates.
Theorem 3.5 tells us that if & denotes the polar coordinate system on R? and R C [0, 00) x [0, 27] is a region
in the r6-plane, then

fdA:J(f o®)rdrdo, 3.1
&(R) R

since Example 3.3 tells us that |det®,| = r. Let’s use Equation 3.1 to compute a value we already know: the
area of a semicircular disc.

Remark. I now realize that I've been pretty inconsistent about whether we use R to denote a region in the
domain or codomain of a coordinate system. I think I'm sometimes thinking of R as standing for "range," and
thus putting it in the codomain of ®. But other times I'm thinking of R as standing for "rectangle," and putting
it in the domain. Hopefully this is not too confusing.

Example 3.6. Let’s compute the area of the semicircular disc D of radius 1 centered at the origin. That is,
D={(x,y):x*+y*<1,y>0}={(rcosf,rsin0):0<r<1,0< 0 < n},
so D is a polar rectangle. Concretely, D is the image under & of the rectangle

R={(,0):0<r<1,0<0 <m}CR},.

T 1
area(D):j ldAzfrdAzJ J rdrd6
D R o Jo
s 1 ™
= [1r2] a0=| rao=|Z|
0 2 0 0 2 2

Remark. In a lot of multivariable calculus classes it’s popular to think of Equation 3.1 as telling us that
"dA = rdrd9." This is safe enough, provided we interpret the two sides of the equation correctly. Here dA
refers to area in Ri’y. In the r0-plane, we have dA, ; = drdf, and we pick up the scale factor of r when we
move over to the xy-plane. So maybe a better way to think of this is dA, , = rdrd0. Again, we'll attempt to
give more precise meaning to all these symbols later in the term.

From this it follows that

as expected.

Here’s one more example, which we probably won’t have time to see in class.

Example 3.7. Let’s find the centroid of the unit-radius semicircular disc D considered above. First, let’s note
that, even though we’re going to use a coordinate change to do this, the coordinates of the centroid are given
by computing the average values of the rectangular coordinates of points in D. That is,

E::J x dA and 75=J}’dA-
D D
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Our coordinate system & need not preserve centroids. So we can’t expect ®(7, 6) to be (x,¥). Understanding
this, let’s compute. We have

Y:fdi J(rcosQ)rdA f J r?cos@ dr dO
1 "1
= [—r cosQ] do = —cos 6 d9——[sm9]0 0.
0 3 0 0 3

jydA J(rsm@)rdA J J r?sinf dr d6
1
zf [ r sm@] do = J —smGdG——[ cos0]; =
o L3 o 3

So the centroid of D has coordinates (0, %).

Next,

3.2 Day 8: Change of variables, continued

e

By the end of today’s class, we should be able to do the following.

1. Use cylindrical coordinates and spherical coordinates to evaluate triple integrals.

2. Use the change of variables theorem with wisely-chosen transformations to evaluate multiple
integrals in any dimension.

3. In some cases, use the change of variables theorem with incomplete information. For instance,
apply the change of variables theorem when we have an expression for the inverse of a coordinate
system, but not for the coordinate system itself.

The plan for today is to see several examples of the change of variables theorem in action. In particular,
we will see two particularly important coordinate systems for R*: cylindrical coordinates and spherical
coordinates. Time permitting, we will discuss a situation in which we can apply the change of variables
theorem without an explicit expression for our coordinate system (unfortunately, time probably won’t permit).

3.2.1 Cylindrical coordinates

We start with an easy generalization of polar coordinates to R*: cylindrical coordinates. We write a point
(x,y,2) in this coordinate system by writing the point (x, y) in polar coordinates. That is,

®(r,0,2) =(rcosO,rsinf,z).

As is the case for polar coordinates, r measures the distance between (x, y,z) and the z-axis (i.e., the distance
between (x, y) and the origin in the x y-plane), while & measures the angle made by the vector (x, y)" and
the x-axis. This coordinate system is depicted in Figure 3.3a.

In order to integrate in cylindrical coordinates, we need to compute the Jacobian determinant. First, the
Jacobian matrix is
cos® —rsinf O
®, =|sinf rcos® O
0 0 1

We compute the Jacobian determinant using cofactor expansion:

cos —rsinf 0

det®, =det| sin® rcos® 0 |=det 0939 —rsin6) _
. 0 0 1 sinf rcos6
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(.0, ¢)
, %)
2
g .0
L Ty
(@) Cylindrical coordinates (b) Spherical coordinates

Figure 3.3: Polar coordinates generalize to cylindrical and spher-
ical coordinates on R3

Of course this matches the Jacobian determinant for polar coordinates — not too surprising, since the
cylindrical coordinate system is just the result of crossing polar coordinates with z. So the change of variables
theorem tells us that

f dv:f(fo¢)|det<1>*| dv=f(f°<1>)r v |.
R R

@(R)

Example 3.8. Let W be the region in R*® bounded between the paraboloids z = x>+ y?—4 and z = 4—x?—y>.
Find the moment of inertia of W about the z-axis, assuming that W has uniform density p.

Solution. Here we have
W={(x,y,2): x*+y* =4 <z <4—x*—y?},

and it should be clear that this region looks quite a bit nicer in cylindrical coordinates:
W ={(rcosf,rsinf,z):r’—4 <z <4—r?}.

Notice that W places no restriction on 6, so we'll let 8 vary from O to 2x. For the restriction on z to make
sense, we'll need r2 —4 < 4 —r2, which occurs only if r2 < 2. So we’ll let r vary from 0 to 2. Now it shouldn’t
be too bad to integrate over W. In particular,

21 2 p4r?
Izzfp-DZdV:J J J p-D?*odr dz dr dé.
w o Jo Jr2a

Finally, we notice that r measures the distance between a point and the z-axis, so (D o ®)(r, 0,z) = r, and we

have
21 p2 pa4—r? 2n p2 )
IZ:J f f p-rPdzdr d9=J f [pr3z]‘:2__r4 dr df
0 0o Jr2—4 0 0
21 ~2 2m 2 2
=j J pr¥(8—2r?)dr d9=f [p (2r4——r6)] de
0 0 0 6 0
21
64 64
= 32— — | dO=| — .
L p(32-%) 2
By the way, we have a small reality check here. Moments of inertia should never be negative. O
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Ty

5]

Figure 3.4: A conical frustum with radii r; > r, and height h

Example 3.9. Find the volume of a (circular) conical frustum with radii r; > r, > 0 and height h. See
Figure 3.4.

Solution. For a lot of regions, we first express the region in rectangular coordinates and then translate the
conditions to our new coordinate system. This time let’s try to go directly to the cylindrical coordinates for
the frustum. Clearly there is no restriction on the angle 6, so we let 8 vary from 0 to 27. Next, it’s easy to see
that the upper bound for r depends linearly on z. When z = 0, r varies from 0 to r;, and when z = h, r varies
from O to r,. We can then interpolate linearly between these two ends. Concretely, the side of the frustum is
determined by

2 — I ro—n
r—ry= 0(z—O) — r=r+

r
h— h
so we let r vary from O to ry + (r, —r;)z/h. Finally, z varies from O to h, so our frustum F can be written

ZJ

0<f6<2m
F=A{(rcosf,rsinf,z) : 0<z<h
0<r +(ry,—r)z/h

2n ph ri+(ro—r1)z/h
vol(F):JldV:J JJ rdrdzdO

1 ri+(ro—r1)z/h 2
f f —2 dz d6 = = f J 12) dz d6
2 0
, )
f [ (rn+2222) h d9=lf - (r=r7) a6
ry,—ry do 6 ry—

; mh
= ?(rl2 +rr+rd) |

So we have

_mhry—r}

3 ry—r;

3.2.2 Spherical coordinates

The next generalization of polar coordinates to R® is slightly more complicated. Given a point (x, y,z) in R®,
we can measure its distance from the origin via

P =vVx2+y2+z2

Just like r for polar coordinates, this gives us a radius. Unlike polar coordinates, however, we use two angles
to determine the direction in which (x, y, ) is pointing. We first have the azimuth, which is the angle made
by the vector (x,y,z)” with the z-axis. We denote the azimuth by ¢, and by projecting (x, y,z) onto the
z-axis, we see that z = p cos ¢. It remains to determine the x- and y-components, so we project (x, y,z) to the
xy-plane to get (x, y). Since z = p cos ¢, one can check that the point (x, y) lies a distance p sin ¢ from the
origin. If 6 is the angle made by (x, y) with the x-axis (as it was before), then we should be able to convince
ourselves that
x=psinpcosf® and y=psingsinb.

38



Math 32BH Lecture Notes Week 3

Altogether, spherical coordinates are determined via the transformation @: [0, 00), x [0,27], x [0, 7], — R3
defined by
®(p,0,p)=(psinpcosh,psinysinb, pcosyp).

Example 3.10. Consider holding p constant while 6 and ¢ vary. You should be able to convince yourself
that ®(p, 6, ) will trace out a sphere of radius p. If we fix 6, but vary p and ¢, we trace out a half-plane
with one edge on the z-axis. Fixing ¢ while p and 0 run wild will produce a cone with vertex at the origin.

In order to apply the change of variables theorem using spherical coordinates, we’ll need to compute the
Jacobian determinant det®,. We have

sinpcosf —psinpsin@ p cospcosO
&, =|sinpsin@ psingpcos® pcosypsinh
cos 0 —psing

>

SO

—psingsin® pcosp cosb
psinpcos®  pcosysinb

sinpcosf —psinpsinf
sinpsin®  psinycosf

det®, =cosyp ‘

= cos p(—p?sin ¢ cos ) — p sin p(p sin® )
=—p?sin ¢ (cos® p +sin® ) = —p?sinp.

Notice that for any 0 < ¢ < 7, sing > 0, so |det®,| = p?siny. Then, according to the change of variables
theorem, we have

f dv:f(focbﬂdet@*l dv=f(fo<1>)pzsin<f7 dv |,

®(R)

for any region R in [0, 00), x [0,27]y x [0, 7],,.
Note. Going forward, you are free to apply the change of variables formula for polar coordinates, cylindrical
coordinates, and spherical coordinates without deriving det®, again each time.

Example 3.11. For any a € (—n/2,7/2), let W, denote the region which is above the cone z = tan a4/ x2 + y2
and inside the sphere of radius 1 centered at the origin in R®. Find the volume of W,.

Solution. In rectangular coordinates we have
W, ={(x,y,z) tanay/x2+y2 <z, x>+ y> +2> < 1}.
We can rewrite these conditions in spherical coordinates as
(tana)psing <pcosy and p <1.

The first condition simplifies to tana < cot ¢, which we can further rewrite as tana < tan(3 — ¢). Because
tan increases monotonically on (—m/2, /2), this means that we have a < 7 —¢. So ¢ will vary from 0 to
5 — a. Altogether,
0<06<2rm
W,=1®(p,0,¢) : 0<p<l1 s
0<p<i—a

2 1~ 5-a
VOl(Wa):j 1dV=J f J p>sing dp dp dO
We o JoJo
21 1 - 2m 1 -
=j J [—pzcostp]ora dp d6 =J f pz(l—cos(——a)) dp d6
o Jo o Jo 2

:(1—sin(a))J. [%pS]: d9=(1—sin(a))j %d@

SO

= 2?75 (1—sin(a)) |.

39



Math 32BH Lecture Notes Week 3

Notice that vol(W,) = %“, which checks out, since Wj is half of a ball of radius 1. On the other hand, as a
tends towards £71/2, the cone z = tan a+/x2 + y2 tends towards the z-axis. When a is headed to ©/2, W, is
getting smaller and smaller, and indeed lim,,_,(,,)- vol(W,) = 0. At the other extreme, as a tends towards
—n/2, W, is filling up more and more of the unit sphere, and we find that lim,_,._,/s+ vol(W,) =4n/3. O

3.2.3 Transformations that go the wrong way

We can recap the change of variables theorem as follows: given a coordinate system &: D — R, integrals over
R can be "pulled back" via @ to integrals over D, and we pick up a scale factor of | det®,|. Sometimes, however,
we’d really prefer to push our integrals rather than pull them. Specifically, instead of the coordinate system
& above, we might have its inverse® W: R — D. We might want to move integrals from R to D, but find ¢ to
difficult to compute explicitly. For this, the following two facts are helpful:

1. f ¥=&", then ¥, =, ;
2. if det®, # 0, then (det®,)(det® ") = 1.

From these facts we see that the stretch factor |det®,| is given by | det¥,|™. This allows us to rewrite the
change of variables theorem as

fdezf(fo‘:I’)I(det\I/*)Mbll dVZJ(fldet\P*Il)OQ dv. (3.2)

Note that in the middle expression we precompose det ¥, with with ¢. This makes more sense if we assign
coordinate names. Say we're working in two dimensions and our coordinate systems are

¢:D,,—R,, and V¥:R, , —R,,.

Then det ¥, will be a function of x and y. But since we want to integrate over D, we need a function of u and
v — this is what we accomplish by precomposing with &.

The upshot is that, in sufficiently nice circumstances®, we can pull our integral back over & without ever
having an explicit formula for ®. Let’s see this in action.

ny dA,
R

where R is the region in the first quadrant that is enclosed by the hyperbolas x2—y? = 1, x2—y% = 4, and the
circles x2 + y2 =9, x2 + y2 = 16.

Example 3.12. Evaluate the integral

Solution. The bounds for R are very suggestive of a transformation ¥: R, , — D,
Px,y) = (x*—y* x* + y?).
This allows us to write R as the image of a rectangle:
R={y(u,v):1<u<49<v<16}.

In order to directly apply the change of variables theorem at this point, we would need to come up with an
expression for & = !, Instead, let’s try to apply Equation 3.2. We have

_(2x 2y
v = (2x 2y )’
so det ¥, = 8xy. Now Equation 3.2 asks us to think about f o ® and (det,) o ®. Since we don’t know @, this
can be challenging. But the rightmost expression of Equation 3.2 explains how this will typically work out: we

first think about the product f|det ¥, | in the coordinates of R, and then precompose with ®. In this example
we have

f(x’ y) : (det\ll*(x: J/))_l = (Xy)(8xy)_1 = %

5Recall that coordinate systems are required to be injective on the interior of their domain, so, assuming that (D) = R, we can invert
% onR.

6Since we don’t have our hands on &, the nice circumstance is usually that the expression f|det®,|™* quickly simplifies to something
that’s easy to recognize in the coordinates of D.
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Of course precomposing the constant % with & will do nothing, so we have

16 41 1
dA= Zdud :7-16-—:E.
ny ffg u duv L[]

Finally, here’s an example of the same phenomenon in R®.

Example 3.13. Find the volume of the oblique parallelepiped that is bounded by the planes
x+y+2z2=43, x—2y+z==2, and 4x+y+z==6.
Solution. Once again, our region suggest a transformation ¥: R, ,, — D, ,,:
U(x,y,2):=(x+y+2z,x—2y +3,4x+y +32).

This time, ¥ is a linear transformation, so finding an explicit formula for @ isn’t that difficult. But we like to
be lazy, so let’s use Equation 3.2. Computing ¥, is easy:

1 1 2
=1 —2 1
4 1 1
Then
2 1 1 2 1 2
detq’*_‘l 1‘_1 1‘ 4'—2 1‘

=—3—(=1)+4(5) =18.

So we find that

vol(R) = JldV f|(det‘l’)o<l>| av

J f j 2 dwdv du—(6)(4)(12)—=

where we use the fact that D = [—3,3], x [—2,2], x [-6,6], C R®. O
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4 Week 4

This week begins with a midterm, after which we’ll begin turning our attention to vector calculus. We define
vector fields and recall a vector-valued derivative of scalar-valued functions. Afterwards, we define two new
derivatives involving vector fields and consider the problem of antidifferentiation for these derivatives. Finally,
we give a very brief hint at how antidifferentiation can detect nontrivial topology in a subset of R".

4.1 Day 9: Midterm 1

By the end of today’s class, we should be able to do the following.

1. Solve the problems on the midterm.

Here are the midterm 1 problems and solutions.

1.

Prove that Riemann integration over compact boxes is preserved by linear combination. That is, let
B c R" be a compact box, let ¢ and d be real numbers, and let f,g: B — R be functions which are
integrable over B. Prove that the function h: B — R defined by h(x) :=c- f(x) +d - g(x) is integrable
over B.

Solution. We use the integrability criterion to prove that h is integrable. To this end, choose € > 0.
Our goal is to construct a partition P of B for which we have

U(h,P)—L(h,P) <e. “4.1

If c =0 and d = 0, this inequality obviously holds, since all lower and upper sums of h are 0. So
we assume that ¢ and d are not both 0. Let us first consider the case where d = 0. Then we define
€7 := ¢€/|c|. Because f is integrable, the integrability criterion tells us that there is a partition P of
B such that

U(f,P)—L(f,P) < e;.
That is,
S, () = my (F))vol()) < =
J

le|’

Multiplying both sides of this inequality by |c|, we find that
e> || D (M, (f) —my(f)vol()) = > (M, (le|f) —m,(Ic|f )vol(J)
J J
= (M,(c- f)—my(c- f)volJ) = U(h, P)— L(h, P).
J

That is, (4.1) holds, so h is integrable. Notice that the penultimate equality holds because, if ¢ < 0,
then
M;(c- f)=—myc- f)=(=m;(=c- f))=(=M;(=c-f))
=—my(lc|f) + M, (lc|f)
=M, (lclf ) —my(lclf),

for any subbox J associated to P. The fact that h is integrable when ¢ = 0 and d # 0 follows by a
completely analogous argument.

Our primary concern is the case where neither ¢ nor d is zero. In this case we define

€, 1= and €, := €
F 2 ¢ 2ld|”
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Because both f and g are integrable, the integrability criterion allows us to choose partitions 7,
and P, of B such that

U(f,Ps)—L(f,P)<e; and U(g,P,)—L(g,P,)<e,.

Now we can let P be the common refinement of P; and P,. For each subbox J associated to P,
we have
M;(h)—m;(A)=M,(c-f+d-g)—my(c-f+d-g)
SM(c-f)—myc-fN+M;(d-g)—m;(d-g)),
loosely because the largest value attained by a sum of two functions is at most the sum of the

two functions’ largest values, and similarly for smallest values. (The analogous property holds for
suprema and infima.) So we have

M, (h)—my(h) < (M, (lc] - £)—my(le| - £) + (M, (Id] - ) —m, (Id] - £))
= [c|(M,;(f) —m, () + 1d|(M,(g) —m,(g))

because, as explained above, M, (c- f)—m,(c-f) = M,(|c|f)—m,(c|f]), for any c € R, and similarly
for d. Now we multiply (4.2) by vol(J) and sum over all subboxes J associated to P to see that

4.2)

D (M, (h) —m, (R)wol(J) < [e| D (M, (F)—m, (f )vol(J) +1d| D (M, (g) —m,(g))vol().

But this just means that
U(h,P)—L(h,P) < [c|(U(f,P)—L(f,P)) +1d|(U(g,P)— L(g, P)).
Finally, P is a refinement of ;. Lemma 1.9 of the class notes tells us that L(f,P;) < L(f,P) and

U(f,P) < U(f,P;), so

U(f,P)—L(f,P) < U(f, Py)— L(f, Py).
Similarly,

U(g,P)—L(g,P) < U(g,P,)—L(g, P,).
So we find that

U(h,P)—L(h, P) < |c|(U(f,P)—L(f,P)) +1d|(U(g,P)—L(g,P))
< |cl(U(f, Ps)— L(f, Pp)) +1d|(U(g, Pg) — L(g, Py))
<lc|-e; +|d|- €,
€ €

=|c|=—+|d| = =¢,
I I2|C| | |2|d|

meaning that (4.1) is satisfied. According to the integrability criterion, h is integrable.

Note. An even better way to do solve the problem is to (a) show that cf is integrable, for any c € R,
(b) show that f + g is integrable, and (c) combine these two facts to get the desired conclusion. [

2. Let B be a compact box in R", let f : B — R be a function on B, and suppose that for each n € N we have
a function f, : B — R. We say that the sequence (f,) converges uniformly to f if, for every e > 0, there is
some N € N such that

sup{|f (x)— f,(x)| : x € B} <,
whenever n > N. That is, the difference between f(x) and f,(x) is at most €, for all x € B. Suppose that
(f,) converges uniformly to f, and that each f, is integrable over B. Prove that f is also integrable over
B.

Solution. We will prove that f is integrable using the integrability criterion. To this end, choose
€ > 0. With € > 0 chosen, define

¢ = —5 and €”:=
" 4vol(B) o

N
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Because (f,,) converges uniformly to f, we can choose N € N so that
sup{lf (x)— f(x)| : x €B} < €,

for all n > N. Moreover, since fy is integrable over B, the integrability criterion tells us that we can
choose a partition P of B so that

Ulfy, P)—L(fy, P) <€”.

Now let’s think about the difference U(f,P) — L(f,P). Since |f(x)— fy(x)| < €', we know that
fn(x)—€ < f(x) < fy(x)+ ¢, for all x € B. In particular, this means that for any subbox J of B
associated to P, we have

M;(f) < M,(fy)+€ and m,(f)=m;(fy)—¢€".
It follows that
M;(f)—m,;(f) < (M;(fy) + €)= (m;(fiy) — €') = (M, (fiy) —my (fy)) + 2€,

for every subbox J associated to P. We can multiply this inequality by vol(J) and sum over all
subboxes associated to P:

DM, (F) = my (FHIVol(T) < D (M, (fy) — m, (fy vol(J) +2¢ > Tvol(J).
J J J

That is,

U(f,P)—L(f,P) < U(fy,P)— L(fy, P) + 2€'vol(B)

<e'+<=e
2
So for any € > 0, we can find a partition P of B so that the difference between the upper and
lower sums of f over P is less than e. The integrability criterion allows us to conclude that f is
integrable over P. O

3. For any n > 0, the standard n-simplex is the region

n
A" = {(tl,...,tn)ER":Zti <1and tl,...,tnzo}.

i=1

Use multiple integration’ to prove that the barycenter (or centroid) of A*is (3,1, 1, 1).

Solution. Remember that the barycenter is given by t = (t;, t,, t3, £4), where

t, = 1 f tidV=24J- t; dV.
VOI(A4) A4 A4

for 1 <i < 4. Now to apply Fubini’s theorem, we need to rewrite the inequalities defining our
region A*. Let’s say we want t, to be the variable of our outermost integration. Then we notice
that t; can be as small as O or as large as 1 and have 0 < t; < 1. Next, suppose we have chosen a
value t; and want to know what values t, is allowed to attain. Certainly ¢, > 0, and the condition
t 4ty + t5 + t4, < 1 tells us that t, < 1 —t,, since we know that neither t; nor ¢, is negative. So

0<t;<1 and 0<t,<1—t,.

Similarly, once we know t; and t,, the largest value t, is allowed to achieve is 1 —t; — t,. Finally,
t, runs from O to 1—t; — t, — t5. Altogether,

1 pl—t; pl-ti—ty pl-ti—ty—t3
Ei=24f f J f t; dt, dty dt, dty.
0 0 0 0

IThere are certainly other (perhaps better) ways to find this barycenter, but you are required to use multiple integration.
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Here the 24 at the front comes from the fact that A4) an / 75 = 24. Then we can compute ¢,

1 1-t1 1—t1—ty 1—t1—ty—t3
54:24J f J J t, dt, dts dt, dt,
1-t;— tz 1 t1—ty—t3
24J J dt,; dt, dt,
1—t1—tg

1—-t1—ty
=12J
1 3
= —g(l—tl—tz—t3) dt, dt,

—t1
0
1- rl
=4J f (1—t,—t,)% dt, dt,

f [— (1—t1—t2)4]1 " de,

J (1—t)*de,
[0

Yikes. That was a lot of work to get one coordinate. We obtain the other coordinates via the
symmetry of A*. Namely, consider the C!-transformation &: R* — R* defined by

(1—t,—t,—t5)* dt; dt, dt,

B(t, ty, ts, ty) = (tq,ty, ts, t3).

Then
1 0 0 O
01 0 O
e, = 0O 0 O 1Y)
0O 0 1 0

so |det®,| = 1. Clearly @ is a bijection between the boxes R* and R?, and since |det ®,| is nowhere-
vanishing, we see that @ is a coordinate system. Moreover, one can easily compute that ®(A*) = A4,
and thus

fng ts dVZJ (ty0®)|detd,| dV
A4 a-1(a%)

~ 1
:f v =T, =L
A% 5

By completely analogous reasoning, the symmetry of A* ensures that t; =t, = t, = 1. So we
conclude that our barycenter is given by t = (1/5,1/5,1/5,1/5).

Remark. We could probably also solve this problem by putting a coordinate system on A* whose
domain is a (hyper)cube, and then using the change of variables theorem. This should lead to the
same result, but I'm too lazy to write it up right now. O

4. For a € R, consider the region
W, ={(x,y,2): (x—a)l+y*><1,(x—a)®+y*—1<z<1—(x—a)*—y?}.

Prove that the moment of inertia of W, about the z-axis is given by ma® + 7/3.

Solution. Notice that W, is symmetric about the axis x = a. Based on this, we write down a shifted
version of cylindrical coordinates:

®(r,0,2):=(rcosf +a,rsinb,z).
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Notice that r isn’t our usual radius: it’s the radius from the axis x = a, and it satisfies

But this is nice, because it means we can rewrite the first inequality of W, as 0 < r < 1 and write
the second inequality as r2—1<z <1—r% So

W,={®(r,0,2):0<r<1,r’—1<z<1—r%},
making integrals over W, pretty straightforward to compute. Namely, we have

cosf® —rsinf 0
®,=|sinf rcosf O
0 0 1

2
o)
cos —rsinf

. =rcos’0 +rsin’0 =r.
sinf rcos@

detd, =

We conclude that &: [0, 00), x [0,21]y x R, = R? e isa coordinate system. Indeed:
* the domain [0, 00) x [0,27] X R is a box;

* on the interior (0, 00) x (0,27) x R, ® is injective;
3 .
X,Y,2°

* the Jacobian determinant det®, = r does not vanish on the interior of the domain of .

* the image of ® is all of R

This allows us to compute the moment of inertia of W, about the z-axis:

2n 1 p1-r?
IZ=J D? dV=f f f D%*(®(r,0,2)) r dz dr dO.
W, o Jo Jr2m

The only catch is that we need to write down D?(®(r, 8,2)). Certainly D?(x, y,z) = x? + y2, so we
have
D*(®(r,8,2)) = (rcos 8 +a)*+r?sin® 0 = r> + 2ar cos 0 + a’.

Finally, we can integrate:

1 p2n pl-r?
J DZdV=f J f (r*+2arcos® +a?) r dz dO dr
W, o Jo Jr21

1 21
zf f (r2+2arcos@ +a®)r (2—2r2) d6 dr
o Jo
1
=2nf (r2+a®)r(2—2r2)d6 dr
0
1
=2nf 2a?r +2r* —=2a%r* —=2r°) dr
0
1 1 1.7
=2n[a2r2+—r4——a2r4——r6]
2 2 3

0
21
=2n(a—+—)= na+ = |
2 6 3

. . . . .2
Notice that along the way we swapped the order of integration, and used the identity f 0 "cosH do =
0. We have a reality check here: the minimum moment of inertia occurs when a = 0, so that the
cylinder is centered on the z-axis, and increases quadratically as we move the cylinder away from
the axis.
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An alternative argument uses the parallel axis theorem, established in Homework 2. This says that
if L, is an axis passing through the center of gravity of W, and L is a parallel axis at a distance a
from L,, then
I=I,+Ma>

where I and I, are the moments of inertia of W, about L and L, respectively, and M is the mass of
W,. To use this approach, we must

(a) compute the mass M of W,;

(b) determine the center of gravity of W,;

(c) determine the moment of inertia I, of W, about the axis which passes through the center of
gravity and is parallel to the z-axis.

I won't fill out the details here, but this is a perfectly viable strategy. O

Whew! With that behind us, we can say goodbye to € for a while.

4.2 Day 10: Gradients and curls

oo

By the end of today’s class, we should be able to do the following.

1. Use the chain rule to define the gradient of a function of several variables.

2. Explain some properties — mathematically and physically — which distinguish gradient vector
fields within the larger class of vector fields on R".

3. Define the curl of a vector field, and use this to state a necessary condition for a C!-vector field
on R" to be a gradient vector field.

So far in this course we've focused on integration — a good thing to do in a course on integral calculus.
But the Fundamental Theorem of Calculus tells us that integration is very closely related to antidifferentiation;
a major theme of the next few weeks will be to find antiderivatives for vector fields. To do this, we’ll first
need to define vector fields, and then we’ll define some derivatives which output vector fields (so that we
can then antidifferentiate).

Definition. Given a subset A of R", a vector field X on A is a vector-valued function X : A — R". We say
that X is continuous if each component function is continuous, and we say that X is a C'-vector field if
each component function is continuously differentiable.

Remark. Unless otherwise stated, we’ll assume that the vector fields we consider are C'.
We will typically use component notation to write our vector fields. That is, we will write
X= (Fli"':Fn>7

where F;: A— R is a scalar-valued function of several variables. For vector fields on subsets of R? and R* we
may also use the notation
X =Fi+F,j or X=Fi+Fj+Fk,

where i, j, and k are the constant vector fields given in components by
i=(1,0,0), j=(0,1,0), k=(0,0,1).
Of course, when treating i and j as vector fields on R? we omit the third component.

We're already familiar with one derivative that produces a vector field: the gradient. Let’s state the
definition again, though, because my preferred definition is maybe a little different from what you saw in 32A.

Definition. The gradient of a differentiable function f : R" — R is the unique vector field Vf : R" — R"
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Figure 4.1: A pair of vector fields on R?

which satisfies the differential equation

Lo R GIRIG)

for all vector-valued functions r: R — R" and all t € R.

Exercise 4.1. Use the chain rule to prove that, in rectangular coordinates, the gradient of f : R" — R is given

by
vf :Zﬂ 0
k=1

dxk dxk’

where % denotes the constant vector field e, on R". In the (optional portion of the) homework you’ll see

that this sort of formula does not necessarily hold in non-rectangular coordinate systems.

Since the gradient is a derivative for scalar-valued functions which produces a vector field, we can then
ask for the antiderivative of a vector field. Inspired by physics, we call this antiderivative the scalar potential.

Definition. Let X: A— R" be a vector field on a subset A of R". A scalar potential (or scalar potential
field) is a function ¢ : A — R satisfying

V¢ (p) =X(p),
for all points p € A. If a scalar potential exists for X, we say that X is conservative.

Now given an arbitrary C!-vector field X, there is no reason to believe that X should be conservative. But
conservative vector fields are particularly special. Over the next couple of weeks, we will discuss several
distinguishing properties of conservative vector fields (including why they’re called conservative), but for
now we point out that conservative vector fields point in the direction of greatest increase for their scalar
potentials. That is, conservative vector fields attempt to maximize some objective function. So, if our minds
are not shrouded by actual knowledge of physics, we can imagine a physicist watching some objects? move
around, following the flow of a vector field X. The physicist might then wonder to herself, "Are these ob-
jects trying to maximize some function?" This isn’t so far-fetched: most objects are trying to minimize their
potential energy, so the physicist is wondering, "What’s the potential energy function in my setting?" In
mathematical terms, she’s asking, "Does the vector field these objects are following admit a scalar potential?"
So she’s looking for an antiderivative, and as mathematicians we're thrilled that someone cares about our work.

Hopefully we’re now convinced that this antidifferentiation problem is worth solving; next, let’s try to
develop some tools to solve it. Consider the vector fields

X={(x,y) and Y ={(—y,x)

on R?, depicted in Figure 4.1. Based on the plots, it seems as though X is trying to maximize a quantity —
namely, distance from the origin — and therefore could be a gradient. On the other hand, Y has closed orbits.

2Let’s take full advantage of our ignorance of physics and say she’s watching "particles."
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That is, we can write down a parametrized curve r: [0,1] — R? such that
Y(x(t))=r'(t) and 1r(0)=r(1).

For instance, r(t) = (cos(27t), sin(27t)) will work. If ¥ = V¢, then we would find that

%(d)(r(t))) = Vo (r(t)-r'(e) = Y ()P,

for all ¢. For the particular closed curve we’ve chosen, Y (r(t)) never vanishes, so this derivative is always posi-
tive. But this is nonsense: we know that r(0) = r(1), so ¢(r(0)) = ¢(x(1)). By assumption, ¢ is differentiable,
so the mean value theorem tells us that there must be some value t, € (0,1) where dd—t(cb(r(to))) =0.IfY
were a gradient, then (r(t), ¢ (r(t))) would parametrize some kind of Relativity staircase.

With this vague discussion behind us, it’s really not difficult to prove that Y fails to be a gradient. If
Y =V¢, then
-y=¢, and x=4¢,.
From this it follows that ¢, = —1, while ¢, = 1. Of course this violates Clairaut’s theorem?®, and we conclude
that no such ¢ exists. On the other hand, if X = V¢, then

x=¢, and y=¢,.

This checks out, as it tells us that ¢,, =0 = ¢,,. So we have a necessary condition for a vector field to be
conservative.

Proposition 4.2. Let X: A— R? be a C'-vector field on an open subset A of R?, and write X = (F,F,). If X is
conservative, then
3F, OF,
a2 4.3
dy dx “4-3)

for all points (x,y) € A

A word on necessary and sufficient conditions. In our search for a characterization of conservative
vector fields, Proposition 4.2 give us what is known as a necessary condition. That is, in order for
X to be conservative, its component functions must satisfy (4.3). On the other hand, we sometimes
look for sufficient conditions. These are properties which, when satisfied by X, guarantee that X is a
conservative vector field. In the best of all worlds, we would find a condition which is both necessary
and sufficient, and thus provides a perfect test of conservativity.

Exercise 4.3. Prove that the vector field

(o5 5e)
X = T 50 5 . o/

XZ + y2 X2 + y2

defined on the open subset R?\ {(0,0)} of R?, satisfies Equation 4.3, but is not conservative. This demonstrates

that the necessary condition given by Proposition 4.2 is not sufficient.

At present, the only sufficient condition we have for conservative vector fields is the definition itself. So
the only way to verify that a vector field is conservative is to explicitly produce a scalar potential. For our
example of X = (x, y), this is not so bad. As we said above, any ¢ satisfying X = V¢ has

x=¢, and y=¢,.
From the first equation we deduce that
1 2
Plx,y)=Sx"+8(y),

for some function g: R — R. Notice that where in single-variable calculus we would add an arbitrary constant
to an antiderivative, here we must add an arbitrary function of the remaining variable (in this case y). This is

3Recall that Clairaut’s theorem tells us that, if all second-order derivatives of ¢ : R — R exist and are continuous, then ¢ i .j = ¢ i i,
for all 1 <i,j < n. This is also called equality of mixed partials.
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because the x-derivative ¢, doesn’t see such functions. Differentiating this expression for ¢ against y, we
find that

3
y=¢,= 3y (%Xz + g(y)) =g'(y),

so g(y)= %yz + C, for some constant C. That is,
1 2 1 2
x,y)=-x"+-y +C,
Plr,y) =33+ 2y

for some arbitrary constant C. So X = (x, y) is indeed conservative, and we see that flowing along X will
increase (one half of the square of) distance from the origin.

Proposition 4.2 gives us a necessary condition for conservative vector fields on open subsets of R?. Using
the same reasoning, we can develop a necessary condition for conservative vector fields on R3. Let’s consider
a vector field

X = (F11F2:F3)5
and suppose X = V¢, for some scalar potential ¢ : R* — R. Then

dp o0¢ 0
(F1!F2iF3):<£!%!a_f>'

Once again, we can use Clairaut’s theorem to make some deductions about the component functions F,, F,,
and F;. But this time we get three differential equations rather than one:

9F; 09*°¢ _ 9°¢ _OF,
E‘ayaz_azay_ﬁ
oF, 9*¢  9°¢ _ OF,
8z  0z9x 0xdz Ox
oF, 3% _ 3*¢ OF
dx 0xdy dydx Oy’

Whoa. We can repackage these three differential equations as a single vector equation:

(2 2n 26 o on_on)_, o

The order in which we listed the three differential equations may seem mysterious, but notice that, if we're
willing to abuse notation a bit, we can write the vector field on the left hand side of Equation 4.4 as a cross

product V x X, where
v_<i 9 i>
T \ox’ oy’ az/’

This vector field will be especially important to us in the coming weeks, so let’s give it a name.

Definition. Let X: A — R® be a C!-vector field on some open subset A of R®. The curl of X, denoted
curlX or V x X, is a vector field on A defined by

i j k
curlX :=VxX:=|8/0x J/dy 0J/0z =<%—% ?—% %—?>,
F, F, F, y z’ 0z x’ Ox y

where X = (F,, F,,F;).

Remark. Given a vector field X = (F;, F,) on some subset of R, we could compute the curl of X by extending
X to a (z-invariant) vector field on a subset of R:

i y k JdF, OF
curlX =1(8/0x J/3y /92 :<O’O’8_2_9_1>'
F F, 0 X y
Notice that curlX is perpendicular to the xy-plane. We might sometimes write curl, X for the scalar quantity
% - aa—Fyl, so that curl X = (curl, X)k.
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We will try to give a better explanation/motivation for the curl in future classes (such as explaining what
this has to do with curling). For now, we just use the curl as a necessary condition for conservative vector
fields in R®.

Proposition 4.4. Let X: A — R® be a Cl-vector field on an open subset A of R®. If X is conservative, then
curlX =0o0n A

Remark. The notation = is often used for equality between functions, and indicates that the two functions
give the same output for every input on the stated domain.

Example 4.5. We can use Proposition 4.4 to show that X = 4yi+ xj + 2zk is not conservative. We have
Fi=4y, F,=x, and F;=2z,

so
0F, OF, 0F, O0F; OF, 8F1>
21 T2 Z 1) —(0-0,0-0,1—4)=—3k.
<8y Jdz = 0z dx dx Oy { )

Since this vector field is nonzero, X is not conservative.

Example 4.6. On the other hand, one can check that curl X does vanish for X = (yz +y,xz +x,xy +1). We
can try to find a scalar potential for X. We want ¢ : R® — R such that

¢, =yz+y, ¢,=xz+x, and ¢,=xy+1.

Integrating the first equation, we find that ¢(x, y,2z) = xyz + xy + g(y, 2), for some function g(y, z). Differen-
tiating this expression with respect to y tells us that

xz+x=¢,=xz+x+g,.

So g, = 0, meaning that g(y,2) = h(z), for some function h. That is, ¢ (x, y,2) = xyz + xy + h(z). Finally, we
differentiate this expression with respect to z to find that

xy+1=¢,=xy+h ().
So h’(z) = 1, meaning that h(z) = z + C, for some constant C. Altogether, we find that
o(x,y,2)=xyz+xy+z+C
is a scalar potential for X, where C is any real number.

Let’s end this section by mentioning what we won’t do. We’ve defined what it means for a vector field X
on a subset of R" to be conservative, for any n > 1, and we’ve used Clairaut’s theorem to give a necessary
condition for conservativity in the cases n =2 and n = 3. We can use the same strategy to give a necessary
condition in any dimension, but notice that the bookkeeping becomes somewhat horrendous: for a vector
field X = (Fy,...,F,), Clairaut’s theorem gives

(-2

differential equations that the component functions F, ..., F, must satisfy. We won’t try to write down all
of these equations, and will instead focus our attention on the cases n =2 and n = 3. In the last portion of
the quarter, we’ll develop some machinery which will allow us to carry out the general analysis much more
elegantly.
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4.3 Day 11: Curl and divergence

By the end of today’s class, we should be able to do the following.

1. Define the divergence of a vector field on R".
2. State a necessary condition for a C* vector field on R® to admit a vector potential.

3. State Poincaré’s lemma, which gives a sufficient condition for a vector field to admit a scalar
potential or vector potential.

4.3.1 Divergence

In our last meeting, we defined a sort of gross-looking vector operation: the curl. So far, this is just a vector
field which records a necessary condition for being conservative. But there must be some reason that this
operation is called curl. Indeed, we will show in due time that curl X measures the extent to which the vector
field X is rotating: the magnitude of curlX gives a sense of the scale on which X is rotating, and curlX is
perpendicular to the plane in which X is rotating, so that curl X is supposed to be a perfectly good descriptor
for the rotative properties of X.

For now, this geometric description is wholly unjustified, but the point is that curl X is a sort of vector-valued
derivative for vector fields. Indeed, we compute curl X with derivatives of the component functions of X:

i d ko ap ap, or, R, oF, oF
curl(F,, Fy, F) = |8/0x 8jdy 8/0s :<a_3_a_2 &% a_z_a_1>
F, F, F, y z’ Oz x’ dx y

Since we have a derivative, we can look for an antiderivative. That is, given a vector field Y = (G;, G,, G5),
we want to know whether or not we can write Y = curl X for some other vector field X. This motivates a
definition not unlike that of a scalar potential field.

Definition. Let Y: A — R® be a vector field on a subset A of R3. A vector potential (or vector potential
field) is a vector field X : A — R® satisfying

curlX =Y

onA.

Remark. When a vector field admits a scalar potential, we say that the field is conservative. We won’t use an
analogous word for vector fields which admit vector potentials. The three main physics-y adjectives for vector
fields that we’ll use are conservative, irrotational, and incompressible. Conservative is the only one of these
words that is defined by the existence of an antiderivative.

Exercise 4.7. Vector potentials are far from unique. Suppose that X is a vector potential for Y, and that ¢ is
any continuously differentiable scalar function. Show that X + V¢ is also a vector potential for Y. So the role
played by constants when finding scalar potentials is played by conservative vector fields when finding vector
potentials.

Remark. The non-uniqueness of vector potentials is important in ways that I can only pretend to understand.
In classical electromagnetism, the magnetic field B admits a vector potential A (called the magnetic vector
potential). Exercise 4.7 tells us that the vector potential A is not unique, and thus we have an artificial degree
of freedom in our mathematical formulation of reality. This makes classical electrodynamics a gauge theory,
and dealing with this extra degree of freedom requires a gauge fixing.

Now suppose that Y = (G,, G,, G;) admits a vector potential X = (F;, F,, F;). Then

0F, 0F, F, 0F, 0F, OF,
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T ¥

(a) Positive divergence (b) No divergence

Figure 4.2: A vector field which expands, and one which doesn’t

and we find that

@+£+&_i(%_%)+i(ﬂ_%)+i(%_ﬂ)
dx dy 9z 9dx\dy Oz dy\ 9z dx) 8z\dx dy
0%*F,  0%F, 0%F, 0°F, 09%F, 0F, “o

:E/’xay_axaz 5yaz_5y3x 8zax_azay_

(4.5)

with the last step following from Clairaut’s theorem. Another way to write this is via the formal equation
V.Y =0,

where again V= (9/0x,0/dy,d/dz). With this in mind, we define the following scalar-valued derivative of
vector fields.

Definition. Let X: A — R" be a C!-vector field on some open subset A of R". The divergence of X,
denoted divX or V -X, is a scalar-valued function on A defined by
0F, JF,

divX =V -X 1= —=+---+ ,
dx! dxn

where X = (F,,...,F,).

Remark. Perhaps you could abide the sin of presenting curlX as just a device for detecting the failure of X to
be a gradient. But now we’ve doubled our transgressions: it can’t be the case that both curlX and divX are
just bookkeeping devices — not with names like that! Indeed, our presentation is rather ahistorical, and it’s
somewhat painful to keep suppressing the geometric motivation behind these definitions, but some upcoming
theorems will unravel all of this for us.

From (4.5) we see that the divergence of a vector field which admits a vector potential is necessarily 0.
That is,
div(curlX) =V -(VxX)=0.
(Notice that the second equality, while purely formal, is kind of nice: the quantity V - (V x X) looks like a
scalar triple product which ought to vanish, since V appears twice.) Based on this, we have a necessary
condition for a vector field to admit a vector potential.

Proposition 4.8. Let X : A— R® be a vector field on an open subset A of R®. If X admits a vector potential, then
divX =0onA
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Example 4.9. From Proposition 4.8 we can easily see that the vector field X = (x, y,z), defined on all of R?
fails to admit a vector potential. Indeed,

2 d 3. .
divX = ax(x)+ ay(y)+ az(Z)—3,

and thus we can’t have curl Y = X for any vector field Y. Even though we haven’t yet interpreted the divergence
geometrically, Figure 4.2a suggests that we’ve made a meaningful measurement: the vector field X is certainly
diverging from the origin.

Exercise 4.10. Based on Example 4.9, produce a vector field whose divergence is everywhere negative. Sketch
your plot and make a hypothesis as to what negative divergence tells us.

Example 4.11. On the other hand, if X = (2y,—2x,2), then
3] ] ]
ivX =—(2 —(—2 —(2)=
divk = 50+ 5 (20 + 5.(2)=0,

so Proposition 4.8 suggests that X could admit a vector potential. Let’s see if we can find one. We want
Y =(Gy,G,,Gs)

so that Gy 090G, 9G;, 09Gy 9G, 09G
3 2 1 3 2 1

T2 71 73 T2 Tl N9y —92x.2). .6

<6y 0z’ 0z dx’ dx 3y> 2y, =2x.2) *+6)

To make our computation easier, we exploit the non-uniqueness of vector potentials. Specifically, if Y is a
vector potential for X, then so is Y + V¢, for any scalar function ¢. We can define ¢ to be a z-antiderivative
of —G5:

¢(X,J’,z) ::_J G3(X,_y,z) dz.

Then the third component of V¢ is —G;, and thus the third component of Y + V¢ is 0. The upshot is that if
X admits a vector potential, then X admits a vector potential whose z-coordinate is identically 0. For this
reason we assume that G; = 0, so that (4.6) reduces to the differential equations

(-2 20, 26,26,

0z 0z Ox ay >=<2y’_2X:2>

Integrating the first two components against z, we find that
G,=—2yz+g(x,y) and G, =-2xz+h(x,y),

for some functions g(x, y) and h(x, y). Then

502G 0G_0dg 0oh
T 9x 3y dx 9y’
This differential equation still leaves us with a good deal of freedom, so we arbitrarily take h = 0 and
g(x,y)=2x+C, for some constant C. So we see that
Y = (—2xz,—2yz + 2x,0)
gives a vector potential for X.

Exercise 4.12. Another vector potential for (2y,—2x,2) is given by (—y, x, x*> + y?2). Prove that, in this case,
this potential differs from (—2xz,—2yz + 2x,0) by a conservative vector field. We caution that, in general,
this need not be true.

Exercise 4.13. Consider the vector field X, defined on R*\ {(0,0,0)} by

1

X= IS YO (x,y,2).

Show that divX = 0, and then plot X. Your plot should seem to clash with your computation. For a challenge,
prove that X does not admit a vector potential. This demonstrates that, while Proposition 4.8 gives a necessary
condition for the existence of a vector potential, it does not give a sufficient condition.
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4.3.2 Poincaré’s lemma

Over the last two class meetings, we’ve discussed three derivatives which involve vector fields on R3: the
gradient and curl are vector-valued derivatives, while divergence is a derivative which is applied to vector
fields. For any open subset A of R3, these can be assembled into the following diagram:

gr

c() 9 x() by x() — ¢ (4) 4.7)

Here C*°(A) denotes the set of infinitely-differentiable* functions A — R, while ¥(A) denotes the set of smooth
vector fields on A. By definition we have

VxV¢=0 and V-(VxX)

for any scalar field ¢ : A — R and any vector field X : A — R3, so following two consecutive steps of the diagram
in (4.7) gives 0. Another way to write this is as

imgrad C kercurl and imcurl C kerdiv.

That is, the image of the gradient lies in the kernel of curl, and likewise the image of curl lies in the kernel of
divergence. The image of gradient is the set of vector fields in X(A) which can be written as the gradient of
some function, and the kernel of curl is the set of vector fields whose curl is 0. A natural question is then:
under what circumstances do we have imgrad = kercurl and im curl = kerdiv? That is, are the necessary
conditions given by Propositions 4.2 and 4.4 ever sufficient conditions? Poincaré gives us an affirmative
answer.

Theorem 4.14: Poincaré’s lemma

Suppose A C R? is contractible. Then im grad = ker curl and im curl = ker div.

We won'’t prove Poincaré’s lemma right now, but will return to prove a much more general version later in
the quarter. We also won’t give a careful definition of contractible right now, but will simply say that a subset
A of R" is contractible if it can be continuously shrunk to a point. So, for instance, the punctured Euclidean
spaces R?\ {(0,0)} and R*\ {(0,0,0)} are not contractible.

Poincaré’s lemma explains the phenomena observed in Exercises 4.3 and 4.13. In these exercises we find
vector fields which satisfy the necessary conditions of Propositions 4.2 and 4.4, respectively, but still fail to
have the desired potential fields. That’s because the domains of these vector fields are not contractible, and
thus our necessary conditions are not sufficient.

Remark. We point out, however, that a vector field defined on a non-contractible domain can have a scalar
or vector potential: Poincaré’s lemma doesn’t rule this out. On non-contractible domains we are (for now)
relatively clueless as to what happens.

Example 4.15. Consider the vector field

xyzyz> .

Without Poincaré’s lemma, the only way to be sure that X admits a vector potential is to find one. But since
the domain of X is all of R® — and is thus contractible — Poincaré’s lemma tells us that it's enough to make
sure that divX = 0. Indeed,

X =(—exy,xy,—xz+e

xXyz

divX = i(—e"”"’xy) + i(xy) + i(—xz +eyz)
dx dy 0z

= (=" y — e xy2g) + () + (—x + 7y + % xy%2)
=0.
From Poincaré’s lemma, we conclude that X admits a vector potential.

I'm hoping that later this quarter we can investigate the diagram (4.7) more closely for non-contractible
subsets of R3. Poincaré’s lemma indicates that this diagram can somehow detect "holes" in our set A, and it
turns out that the diagram in (4.7) can detect properties that are even more subtle. Henri Poincaré was a
founder of the field which is today known as topology, which studies precisely the sorts of properties that (4.7)
is able to see.

“We don’t need ¢ to be infinitely differentiable in order to apply the derivatives in this diagram, but make this assumption just to make
our lives easier.
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5 Week 5

Last week we discussed two new derivatives for vector fields — curl and div — and discussed some antidif-
ferentiation problems for vector fields. This week we take a look at line integrals, which may at first seem
wholly unrelated to the derivatives discussed last week. Our week will culminate with Green’s theorem,
which explains how (some) of these line integrals relate to (one) of the vector field derivatives we wrote down
last week. This will establish a pattern to be followed for the next few weeks, where we discuss some notion
of integration for vector fields, and then relate this integration to a vector derivative.

5.1 Day 12: Line integrals of functions

By the end of today’s class, we should be able to do the following.

1. Define simple parametrized curves in R".
2. Define the line integral of a scalar function along a parametrized curve.
3. Use line integrals to compute areas and masses.

Consider the disc D = {(x,y) : x2+ y? <9} in Ri,y. Say we want to build a fence around the boundary

of this disc, and that the fence’s height at the point (x, y) will be given by h(x, y) = x> + 4y?2. This fence is
depicted in Figure 5.1. How might we compute the area of the fence?

We're quite familiar with computing areas via integrals, but since h is a function of two variables, the
only integral we have so far is the double integral, which computes volume. Today we will introduce line
integrals, which, in a possibly confusing twist of terminology, allow us to integrate a function f : R" — R over
acurve C CR".

5.1.1 Parametrized curves

In defining line integrals, we will always assume that our curve C admits a parametrization. Moreover, we
expect our parametrizations to be injective and differentiable on the interior of their domains. Note that this
excludes self-intersecting curves.

Definition. A simple parametrized curve in R" is a piecewise C'-mapping
r:1-R",

where I C R is an interval and r is injective when restricted to the interior I of I. We say that r is regular
if '(¢t) is defined and nonzero, for all t € I.

Remark. We exclude self-intersecting curves from today’s discussion simply to make things a little easier; we
can reasonably talk about line integrals over such curves if we want.

We will often conflate the parametrization r and the curve C which is the image of the parametrization,
calling them both the curve. This is a little dangerous, however, because a single curve C ¢ R" admits infinitely
many parametrizations.

Definition. Given a parametrized curve r: I — R", a reparametrization of r is a C'-mapping
¢:J—1I,

where J C R is an interval, such that ¢’(t) # 0, for all t € J. If ¢’(¢t) > O for all ¢ € J, then we say that ¢
is orientation-preserving; otherwise we say that ¢ is orientation-reversing.

Remark. In another abuse of terminology, we will often refer to the parametrized curve ro¢:J — R" as a
reparametrization of r.
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Figure 5.1: We can use line integration to compute the area on
the cylinder x2 + y? = 9 satisfying 0 < z < x2 + 4y2.

Example 5.1. You are likely familiar with computing arclength reparametrizations of regular curves. To
construct such reparametrizations, we fix a value t, € I and consider the arclength function g: I — R, defined
by

g(t) :=f I’ (w)]| du.

Because r is regular, g’(t) = ||r’(¢)|| never vanishes, and g is a bijection onto its image J := g(I). We can
therefore define ¢ : J — I to be the inverse of g, and we find that

rogp:J - R"

is a unit-speed reparametrization of the curve C parametrized by r.

5.1.2 Line integrals

We can now give a sketchy description of how one would define line integrals. We won’t be particularly careful
with this definition, which we rarely use in practice. Throughout, we take

r: [ —»R?

to be a regular, simple parametrized curve, and we take f : R* — R to be a continuous function. The story is
completely analogous in higher dimensions.

First, let’s describe geometrically the area that our integral should compute: we have a surface {(r(t),2):
t €I,z € R}, which is the cylinder in R® whose cross-section at z = 0 is parametrized by \.. We’re hoping
to compute the area of S, which is that portion of our surface bounded by the plane z = 0 and the graph
z = f(x,y). Again, see Figure 5.1.

As with any integral, we proceed by taking increasingly accurate approximations. We may partition the
interval I into subintervals J,,...,J, and then ask for the relevant area above each subinterval J,.. One wrinkle
we have is that, in addition to having a non-constant height over J, (as was the case in regular, single-variable
integration), the base of our two-dimensional region is itself curved. That is, even if we approximate the value
of f(xr(t)) over the interval J,, we can’t very well compute the area of a surface with base parametrized by
r: J, — R%. So we must also approximate the base. Namely, if we have J, = [t,_, t, ], then we consider the
line segment parametrized by

0(A) == (1= Dr(tey) + Ar(t), 0<A<I.

This line segment in R? approximates the image of r: J, — R?, and over this line segment we may approximate
the height of our surface S by f(t,_;), which is the height at the left endpoint t,_,. See Figure 5.2.
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(a) Approximating C (b) Approximating S

Figure 5.2: When defining line integrals, we approximate the
surface over C by approximating f with a piecewise constant
function and approximating C with a polygon.

Hopefully we can see from this vague description that the area in which we’re interested should be
approximated by

area(S) & Y f (r(t Dlir(t) = r(ti)ll, 5.1
k=1
since each of the terms in our sum is the height of one of our rectangles, multiplied by the length of its base.
We will very loosely define the line integral of f over the curve C which is parametrized by r to be the limit
of such approximations as our partitions become arbitrarily fine:

f fds:= nligloz.f(r(tk—l))”r(tk)_r(tk—l)”-
C k=1

Of course this is very far from being rigorous, since (a) the notation ¢, isn’t really well-defined as n varies;
and (b) we haven’t addressed the question of which functions are integrable over C. For this reason, we don’t
give the line integral the honor of a boxed definition.

Remark. Even though we still haven’t given a rigorous treatment of differential forms, take note of the
notation we use for line integrals. We integrate against the differential form ds, which measures arclength.
This doesn’t have any actual meaning at this point in the course, but one takeaway is that we don’t want the line
integral of f over C to depend on how we parametrize C. Since arclength is independent of parametrization,
this is a reasonable quantity against which to integrate.

At this point, line integrals continue following the usual story for integrals: we write down a definition in
terms of partitions, and then we find a way to not use that definition directly. Our first observation is that if
we have a very fine partition, then ¢, is not that much larger than t,_,, and thus we can make a local linear
approximation:

r(t) A r(tyg) + (b =t )T (t)-
So we see that
lIe(t) — (eIl & 11t =t ()l = (8 — )Y ()

and thus .
area(S) ~ ) F(r(t )Y ()t — tiy).
k=1
But this should look familiar. Specifically, this is the nth left-hand Riemann sum for the function g: I —» R
defined by

g(t) == f (NI (I,
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where we compute the Riemann sum using the partition P = {t,, ty,..., t,}. So we've given a not-very-rigorous
justification for the following result.

Theorem 5.2: Computing scalar line integrals

Letr: I — R" be a regular, simple parametrization of a curve C c R™. If f : R" — R is continuous, then

J fds= J fFEOIY (O] dt.
C I

Proving this result carefully is kind of tedious (not unlike proving the change of variables theorem), so we
won’t do it. But if you already believe the single-variable change of variables theorem, then we can justify this
theorem in a different way. Consider the following exercise.

Exercise 5.3. Show that if r: I — R" is a regular, simple parametrized curve and ¢ : J — I is a reparametriza-
tion, then

J Flrop))||xo ) (D) dt = f fFEOIY (O] dt.
J I

So according to Exercise 5.3, we could define the line integral of f along C by taking any regular, simple
parametrization of C and computing the integral on the right hand side of Theorem 5.2. Exercise 5.3
guarantees that this definition makes sense.

Remark. We will sometimes use the notation 55 . f ds for line integrals, in the event that C is a closed curve.
For us, this doesn’t have any special meaning, except to point out that C is a closed curve. I will probably not
remember to use the notation éc f ds, which further specifies that C is oriented counterclockwise.

5.1.3 A slightly different take

A different (but also not rigorous) way of thinking about line integrals focuses on the similarities between
Theorem 5.2 and the change of variables theorem. Diagrammatically we have

R" — R" R —— R"
I Iz (5.2)
R R

On the left is the setup for the change of variables theorem. We have a function f : R — R which we want to
integrate over some (n-dimensional) domain in R", with coordinates x?,...,x", and we do this by pulling our
domain back to a (hopefully nicer-looking) domain in the copy of R" which has coordinates u!,...,u". As a
result, we pick up a "fudge factor" of | det®,| — this measures the extent to which & distorts volumes.

On the right side of (5.2) we depict the setup for line integrals. Once again we have a function f: R* - R
which we want to integrate, but this time we want to integrate over some curve C C R". In order to do this,
we pull our integral back under some parametrization r: I C R — C. This has the effect of straightening out
our curve, but comes at the expense of picking up another fudge factor. This time, lengths are distorted by
a factor of ||r'(t)|], so this is the term we pick up in our integral. Notice that this is an agreement with our
existing understanding of arclength, since it tells us that

f 1ds =J (Ol de,
C I

and surely integrating the constant function 1 should give arclength.

The approach diagrammed in (5.2) will be used next week to define surface integration, and in a more
general setting we can use it to define integration on smooth manifolds.
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5.1.4 Examples
As a first example, we can solve the problem which motivated this section.

Example 5.4. We want to find the area of the surface S determined by the equation x* + y? = 9 and the
inequality 0 <z < x*+4y? in R} . This area will be given by

Jhds,
c

where C is the circle {(x,y) : x2 + y? = 9} in R?, and h(x,y) = x2 + 4y?. We want to use Theorem 5.2 to
compute this line integral, so we need a regular parametrization of C. Certainly r: [0,27] — R?, defined by

r(t) :=(3cost,3sint),

will do the trick. Notice that r is C!, since r'(t) is defined for all t € (0,2x), and r is injective when restricted
to (0, 2m). According to Theorem 5.2, we have

2m 21
J hds :J h(x(O)|F(8)] dt = J h(3cost,3sint)||{(—3sint,3cost| dt
c 0 0

27

2m
=j (9cos? t + 365sin? t)(3) dt=27f (1+3sin®t) dt
0 0

=27LG (1 +31_%S(2t))dt = 27|:t+ %(t—%sin(Zt))]

=27[2n+3n]=| 1357 |

In addition to computing areas, we can also apply line integrals in many of the same ways that we apply
our usual, single-variable integrals.

21

0

Example 5.5. Consider a metal wire whose shape is parametrized by r(t) = (cos t,sint, t2), t € [0,2n]. Given
that the mass density function for this wire is p(x, y,2) = v/z, let’s find the mass of the wire. As usual, we can
calculate mass by integrating density:
M= f p ds,
c

where C is the curve traced out by the wire. So, according to Theorem 5.2, we have

21 2n
M:J p (NI O dtzf \/ﬁll(—sint,cost,Zt)ll dt
0 0

1+1672

2n
1
:J |t|\/1+4t2dt=§J Vu du
0 1

2
112 3/2:|1+l6rc 1 22
=22 =| —((1+16 -
8[3” 1 (416777 - 1)

Of course this closed form probably isn’t that useful to a physicist or engineer, but it works for a mathematician.
The mathematician is also a bit lazy about units: p is measured in g/cm, so M is given in g.
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5.2 Day 13: Line integrals of vector fields and flux

By the end of today’s class, we should be able to do the following.

1. Define and interpret the line integral of a vector field along a parametrized curve.

2. Compute the work done by a vector field along a parametrized curve, as well as the flux of a
vector field through a parametrized curve in R2.

Figure 5.3: We model a wire submerged in flowing water with a
curve C and a vector field F. The orange bead is moved along the
wire by the water.

5.2.1 Work

Consider a metal wire which is completely submerged in moving water, and suppose there is a bead on the
wire, free to move along the wire. We can model this situation by treating the wire as a curve C C R* and
representing the force of the flowing water as a vector field F on R®. See Figure 5.3.

We'd like to know how much work the vector field F does along C. That is, if we want to move the bead
along the wire, how much help do we get from F?

Our first step towards answering this question is to determine the component of F along C. That is, how
much is F pushing along C at a point P on C? Notice that, in order for this question to make sense, we need
C to be an oriented curve. To this end, let’s assume that r: I — R? is a regular, simple parametrization of
C. This choice of parametrization determines an orientation on C, in that we will take the positive tangent
direction at r(t) to be the direction in which r'(t) is pointing. In particular, choosing an orientation for C
determines a unit tangent vector T to C at each point P of C. The component of F along T is then simply F- T.
See Figure 5.4a. We calculate the total work done by F along C by integrating this quantity over all of C.

Definition. Let C ¢ R" be an oriented curve which admits a regular, simple parametrization, and let
F: A— R" be a vector field defined on some subset A of R" containing C. The line integral of F along C

is defined by
f F-dr:= J (F-T) ds, (5.3)
c c

where T is the oriented unit tangent vector to C, provided the integral on the right exists. The quantity
fc F-dr is the work done by F along C.
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(@) Work (b) Flux

Figure 5.4: We can measure the work of F along C by integrating
the dot product F - T, and measure the flux of F through C by
integrating F - N.

Remark.

1. Notice that (5.3) defines the line integral of a vector field to be the line integral of a certain scalar
function determined by the vector field.

2. Also notice that, while the discussion preceding our definition focused on curves in R? and R?, we define
the line integral of a vector field in any dimension.

Now suppose, as above, that we have a regular, simple parametrization r: I — R" of C C R". Moreover,
suppose that r is an oriented parametrization of C, meaning that r’(t) points in the same direction as T, for
all t 1. Then

()

TIGI

So we can apply Theorem 5.2 to Equation 5.3 to conclude that

JCF-drsz(F(r(t))- ”:g;”)Hr'(t)H dt=£F(r(t))~r'(t)dt .

So we'll find that vector line integrals are often less cumbersome to compute than scalar line integrals, since
the term ||t(¢t)|| need not make an appearance.

5.2.2 Examples

Example 5.6. Consider the vector field F: R? — R? defined by F(x,y) = (cosx,sinx) and the curve C
parametrized by r(t) = (t,t2), —n < t < /2. We have

n/2 n/2
f F-dr= J F(x(t))-r'(t) dt :J (cost,sint) - (1,2t) dt
c L r

/2
= J (cost +2tsint) dt = [—2t cost + 3sin t]™/?

—T
—T

=[(—mcos(m/2) + 3sin(n/2)) — (21 cos(—n) + 3sin(—m))] = .

Remark. There’s another notation for vector line integrals which is sufficiently popular (especially among
physicists and engineers) to merit discussion. If F = (F,, F,), we will sometimes write the line integral of F
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over C C R? as
J Fl(X,_Y) dx+F2(X,y) d.y: (5'4)
c

and similarly for vector line integrals in dimension three. One reason for the popularity of this notation is that

we can somehow sidestep any thoughts of dot products. Namely, if r(t) = (x(t), y(t)), thenr'(t) = (x’(t), y'(¢t)),
so

F(r(1)) - v'(t) = (Fy(x(t), y (1)), Fo(x(£), y (£))) - {x'(2), y'(£)) = Fy (1), y (£))x"(£) + Fo(x(t), y(t)).
From this we see that

J F'dl‘=J(F1(x(t),y(t))x’(t)+Fz(x(t),J’(f))y’(t)) dt,
C I

which is precisely what we would get from (5.4) by naively replacing x and y with x(t) and y(t).

Example 5.7. Let’s compute the value of

I_J xdy—ydx
e XAy

where A= (—1,0), B=(0,1), C =(1,0), and ABC is the piecewise linear path running from A to B to C. Our
first observation is that
I_J xdy—ydx+f xdy—ydx
X2+ y? e X2ty

so we consider parametrizations

r()=(t—1,t), 0<t<1 and rg(t)=(t,1—1¢), 0<¢t<1

for AB and BC, respectively. Now I = fc F-dr, where

F(x,y)=<— Y ;>

x2+y2 x2+y2

SO

t t—1 1—t t
Flr(6)) = <_(t—1)2 02 (t—1)2+ t2> and - Flryc(t) = <_t2 +(1—1)2 2 +(1—t)2>'

Finally, r/,(t) = (1,1) and r, .(t) = (1,—1), so

1 1
J- sz F(ty(1)) - ¥y (£) dt = wdt
AB 0

x2+y? o (E—=1)2+1¢2
1 1
1 2
[ i [t
o 2t2—2t+1 o 2t—1)2+1
= [—arctan(2t — 1)](1) = arctan(—1) —arctan(1) = —g.

Similarly,

xdy—ydx fl , ! (1-t)+t¢t
_— = F(rgc(t)) -1, .(¢) dt = —— dt
LC x2+y? . v BC . 2+(A—t2

1
1
= — —dt:—ﬁ’
o 2t2—=2t+1 2

with the last step using the earlier computations. Altogether, we find that .

It's worth pointing out that approaching these integrals like a physicist makes them a bit easier. Namely, a
physicist would note that AB has the equation y = x + 1, and thus dy = dx. So she’d simply write

fxdy—ydx_joxdx—(x+1)dx_ .-
AB

x2+y? ) x4 (x+1)2 T
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with the bounds of integration determined by the range of values attained by x. Similarly, BC has equation
y=1—x,s0dy=—dx, and thus

f M—f—x deU-x)dx _ T
BC x2+_)’2

x2+(1—x)? N 2°

This is a decent way to check our work, but I'm afraid that in this class we’ll be too pedantic to find this an
acceptable argument. Our main objection is that phrases like dy = —dx don’t have any meaning to us yet.
Once we've defined integration of differential forms, these sorts of substitutions will be acceptable.

5.2.3 Flux

From Figure 5.4b we see that if C is a curve in R?, then F- T is not the only reasonable dot product to consider
along C. While integrating F - T tells us the total work done by F along C, we can integrate F- N over C to
compute the total flux of F through C, where N is the oriented unit normal vector to C. The total flux of F
through C intends to measure the extent to which F is pushing out of C.

Remark. We're being pretty vague here about precisely what flux measures. This is somewhat intentional.
There are many forms of flux one might want to compute (volumetric flux, heat flux, energy flux, momentum
flux,...), and we'’re trying to develop a mathematical model which is amenable to any of these. In general, flux
through a curve has dimensions [quantity]/([time] - [length]), while flux through a surface has dimensions
[quantity]/([time] - [area]), where quantity depends on the flux of interest to us.

Remark. Note that we can only compute the flux of F through C if C is a curve in R?. In general, we compute
the flux of a vector field through an object only when that object has one fewer dimension than the ambient
space.

Just as with the line integral of a vector field, it would be nice if we could write down a formula for
computing the total flux of F through C in terms of a parametrization of r(t) of C. Indeed we can. Let’s assume
that r(t) = (x(t), y(t)), a < t < b, is an oriented parametrization of C. Then

r'(6) = (x'(6), y'(£))

gives a properly tangent vector to C. We can obtain a normal vector to C by rotating r'(t) clockwise through
an angle of /2 radians!. This produces a normal vector of {y’(t),—x’(t)), and we can normalize to obtain a
unit normal vector:

(y'(8),=x'(8))

NG = =@

We can now compute the flux:

b
N)ds= YOO,
JC (F-N) ds = J (Forcen - Lt o ae

b
= f (Fy (x(£), ¥ (6)), F,(x(2), () - (¥'(8), =x'(1)) dt.
Maybe this isn’t too attractive, but it gives us a means of computing the flux of F through C with a given

parametrization, and also allows us to relate flux to a line integral of a vector field.

Exercise 5.8. Suppose F = (F,F,), and that the oriented unit normal vector N of C is obtained from the
oriented unit tangent vector T via a clockwise rotation. Prove that the flux of F through C is given by fc F-dr,

where F = (—F,, F,).

We make the important note that flux is not defined as a vector line integral. Instead, we compute flux via a
particular scalar line integral. By their definition, vector line integrals compute work.

Example 5.9. Figure 5.5 depicts the curve C determined by x? + 4y? = 16 in R?, as well as the vector fields

F1=<0’1>’ F2=<X,—y), and F3=<X:y>'

LOf course we could also get a normal vector via counterclockwise rotation. Which normal vector we prefer will depend on the
situation, but if our curve has a counterclockwise orientation and an outward-pointing normal vector, then the convention we use here
will do the trick.
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Figure 5.5: Various vector fields flowing through a region
bounded by C = {(x,y) : x2 +4y? = 16}.

In each case, the total flux of F; through C is given by

J (F;-N) ds.
c

We can see that the flux of F; through C ought to be 0, while that of F; should be positive. The flux of F,
through C is less clear.

Let’s compute the flux of F, through C for k = 1,2, 3, where we take C to have an outward-pointing normal
vector. First, we parametrize C via

r(t)=(4cost,2sint), 0<t<2m.

So x(t) =4cost and y(t) = 2sint, and thus x'(t) = —4sint, while y’(t) = 2 cos t. Consider the composition
of F, with r(¢), for k=1,2,3:

Fi(r(t)) =(0,1), Fy(r(t))=(4cost,—2sint), and F;(r(t)) = (4cost,2sint).

Then the flux of F, through C is

21

2m
J (0,1) - (2cost,4sint) dt:f 4sint dt = 0;
0 0

the flux of F, through C is

2m

21 2m
J (4cost,—2sint) - (2cost,4sint) dtZJ (8cos®t —8sin* t) dtzf 8cos(2t) dt = 0;
0 0 0

and the flux of F, through C is

21

21
j (4cost,251nt)'(2cost,4sint)dt=f 8 dt =16m.
0 0

The first and third computations match our hypotheses; the middle computation tells us that the flow exiting
our region through the left and right is balanced out by inward flow along the top and bottom.
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5.3 Day 14: Green’s theorems for work and flux

By the end of today’s class, we should be able to do the following.

1. Use Green’s theorem to relate the work done by a vector field along a plane curve to the curl of
the vector field.

2. Use the flux version of Green’s theorem to relate the flux of a vector field through a plane curve
to the divergence of the vector field.

Today we will relate the line integrals we've defined this week to the derivatives we considered last week.
The primary result is Green’s theorem, which is a two-dimensional version of the Fundamental Theorem of
Integral Calculus. We will also discuss a flux version of Green’s theorem, and use these two results to give a
geometric justification for calling last week’s derivatives divergence and curl.

5.3.1 Green’s theorem

As mentioned above, Green’s theorem will relate line integrals to a vector derivative. Somewhat more
specifically, we will integrate the function curl,(F) over a region, and compare this integral to a line integral
along the boundary of the region. You’ll recall that vector line integrals require the underlying curve to be
oriented, so we establish a convention for our boundary orientations.

Definition. Suppose D is a closed, bounded region (also called a domain) in R2. We denote the
boundary of D by dD. If D is a collection of simple, closed curves, then each of these curves inherit a
boundary orientation from D. Namely, 9D is oriented in such a way that, whenever the tangent line
to 8D is defined, the preferred unit tangent vector T has D on its left. Said another way, we choose
T so that rotating T counterclockwise by /2 radians gives an inward-pointing normal vector. Under
these assumptions, we let N denote the outward-pointing unit normal vector — obtained from T by a
clockwise rotation of 7t/2 radians.

Remark. Consider the region D in Figure 5.6. The boundary 8D consists of three simple closed curves. The
outer curve is oriented counterclockwise, so that D stays on the left side of the curve; the inner boundary
components are oriented clockwise for the same reason.

With this vocabulary established, we can state Green’s theorem.

Theorem 5.10: Green’s theorem

Let D be a closed, bounded domain in R? whose boundary 2D is a collection of simple closed curves,

appropriately oriented. Then
é F-dr= Jf curl,(F) dA,
aD D

where F is a vector field defined on some superset of D.

By recalling the definition of curl,(F) and using our alternative notation for vector line integrals, we can
also write the conclusion of Green’s theorem as

jg de—i—Qdy:JJ (B_Q_a_P) dA | (5.5)
oD p\Ox 3dy

Idea of proof of Theorem 5.10. Our statement of Green’s theorem doesn’t place very many restrictions on the
domain D, which makes a careful proof of the statement somewhat beyond our scope. However, we can
outline the key points.

First, we claim that any region D satisfying the hypotheses of Green’s theorem may be decomposed
into simply connected subregions. That is, we may subdivide D into subregions, each of which has only one
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D D,

NN
\ /A

D,

Figure 5.6: By partitioning D into D; and D,, we may write both
HgaD F-dr and f f p curl,(F) dA as sums of integrals.

boundary component. For instance, Figure 5.6 shows a region D being decomposed into regions D, and D,.
By the additivity of multiple integration we know that

ff curl,(F) dA= J f curl,(F) dA+ f f curl, (F) dA.
D Dy D,

On the other hand, the orientations of our boundaries ensure that

fF-dr:% F~dr+§ F-dr.
D D, Dy

In particular, we see three horizontal line segments in each of dD; and 8D, which are not part of 8D.
Integrating along these segments will contribute to §D1 F-dr and 5]5D2 F-dr, but these contributions will cancel
each other out, since D, and 8D, are oppositely oriented along these segments.

So it is sufficient to prove Green’s theorem over simply connected regions. Our next simplification is
similar in spirit, but should elicit much more suspicion. We claim that, up to some sort of limiting argument,
it’s sufficient to prove Green’s theorem over rectangles. Unfortunately, the limiting argument is too tedious for
us to include here. Loosely, instead of directly showing that

} F-dr= fJ curl,(F) dA,

oD D

§ F-dr— JJ curl,(F) dA
oD D

To do this, we would select rectangles R, ...,Ry contained in D such that

N N
(ng F- dr) —jg F-dr (Z JJ curl,(F) ds) - ff curl,(F) ds
k=1 J 0Rk oD k=1 Ry D

Finally, we would apply Green’s theorem to each rectangle. However, we’ll punt on the details of this
argument?,

we would show that, for every € > 0,

<eE€.

<E and
2

€
< -.
2

Exercise 5.11. Fill in the details of the above limiting argument. (This might be more complicated than I'm
letting on; I don’t think I've ever actually written this argument out in full detail.)

2You might complain that we could have done this rectangle argument without assuming that D is simply connected. This is a valid
complaint. We just wrote simple connectivity out as a separate step so that we could get comfortable with the idea of partitioning D
before thinking about a sequence of partitions, as required by the rectangles.
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At long last, we prove Green’s theorem under the assumption that D = [a, b] x [c,d] is a rectangle in R
Under this assumption, the result follows from a simple application of the Fundamental Theorem of Calculus.
First, we divide 9D into four line segments:

Clz{b}x[czd]: C2=[a:b]x{d};

Cy={a} x[c,d], C4=[a,b]x{c}.

We have parametrizations for these four segments as follows:

Segment r(t) Domain for t r'(t) F(x(t))-r'(t)
G r(6)=(b,t) c<t=<d ¥ (£)=(0,1) Fy(b, 1)
C, r(t)=(—t,d) | -b<t<—a | r,(t)=(-1,0) | —F(-t,d)
Cy ry(t)=(a,—t) | —d<t<—c | r,(t)=(0,-1) —F,(a,—t)
C, r,(t) =(t,c) a<t<b r,(t)=(1,0) Fi(t,c)

Notice that C, and C, are parametrized "backwards," to match the counterclockwise orientation of  D. Thus
we find that

4 d —a —c b
% F~dr:ZJ F-dr:J F,(b,t) dt—J Fl(—t,d)dt—J Fy(a,—t) dt+J Fi(t,c) dt.
oD k=1 J Cy c —b —d a

By applying the substitution u = —t to the middle two integrals, we find that

d b
f F-dr:f (Fy(b,t)—Fy(a,t)) dt—J (F,(d, t)—F,(c, t)) dt.
oD c a

Now we can quickly finish the proof. Using the Fundamental Theorem of Integral Calculus, we recognize the
two integrands on the right hand side of the above equation as themselves being definite integrals:

_ aF, ("(oR
£ F-dr= f (J —(x,y) dx) L (ay (x,y) dy) dx
8F2 aFl
f J o a
=ff curl, (F) dA.
D

This is precisely the equality we hoped to establish. O

Example 5.12. Let C be the piecewise linear path ABCA in R?, where A= (0,0), B =(2,0), and C = (2,2).
We can use Green’s theorem to compute fc F-dr, where F(x, y) = (sinx, x2y®). First of all, C = 8D, where D
is the triangle with vertices A, B, and C. Green’s theorem thus tells us that

ng-dr:ff curlZ(F)dAzfj 2xy® dA.
c D D

Now D is vertically simple (in addition to being horizontally simple), and we may write

D={(x,y):0<x<20<y<x}

%F dr—f J. 2xy° dydx—f %xy“] dx
L 0

So

This is a much quicker process than writing three separate line integrals, which would have been required to
evaluate 3§c F - dr directly.

Example 5.13. A famous application of Green’s theorem allows us to compute the area of a domain D in R?
with a line integral. We compute the area of a domain D via the formula area(D) = f fD 1 dA, so in order
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to use Green’s theorem we’d like to find a vector field F: D — R? with curl,(F) = 1. Note that this can be
accomplished via
F(x,y) = (=Ay,(1—2)x),
since we then have
curl,(F) = i((1 —A)x)— i(—Ay) =1-A)—-(1=1.
dx dy

In particular, by taking A = 0 we find that

area(D) =§ xdy.
oD

So, for instance, we may compute the area of the ellipse D = {(x, ¥): (%)2 + (%)2 < 1} by evaluating a line
integral along 8 D:

21
area(D):jg xdyzé (0,x)~dr:J (0,acost) - (—asint,bcost) dt
oD aD 0

2n 21
b
:J abcosztdtza?J (14 cos(2t)) dt = mab,
0 0

where we use the fact that the integral of cos(2t) over [0, 27] vanishes.

Green’s theorem is an FTIC. While most of its ink was spent on making simplifying assumptions, the
linchpin in the proof of Green’s theorem was the single-variable Fundamental Theorem of Integral

Calculus, which says that
b

F(b)—F(a)= J F'(x) dx.
a
Notice that on the left we evaluate a function, but only on the boundary of some domain. Moving to the
right side of the equation, we differentiate the function, and then compute the integral of this derivative
across the entire domain. We can think of this as trading a boundary for a derivative. This phenomenon
is also present in Green’s theorem. The formula is

f F-dr= fj curl,(F) dA,
oD D

in which we see a function being integrated over the boundary of a domain on the left, and on the
right we see that function’s derivative being integrated over the entire domain. This perspective — that
boundaries can be traded for derivatives — motivates much of the remainder of our course.

5.3.2 The flux version of Green’s theorem

Green’s theorem is a beautiful generalization of the Fundamental Theorem of Integral Calculus to two
dimensions, but it may leave you with a question. We said that FTICs should relate an integral over a boundary
to an integral of a derivative over a region. Green’s theorem gives an FTIC where the derivative in question is
curl,(F), but this is not the only derivative which a vector field on R? admits. In this subsection we want to
think about a version of Green’s theorem where the derivative we use is divF. The justification for this result
is completely analogous to that for Green’s theorem, so we simply state the result and invite you to prove it.

Theorem 5.14: The flux version of Green’s theorem

Let D be a domain in R? whose boundary 8D is a collection of simple closed curves, appropriately

oriented. Then
§ (F-N)ds= JJ div(F) dA,
oD D

where F is a vector field defined on some superset of D.

Exercise 5.15. Prove Theorem 5.14, at least in the case where D is a rectangle.
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Example 5.16. In Example 5.9 we computed the flux of the vector fields
F,=(0,1), F,=(x,—y), and F3=(x,y).

through the curve C determined by x? + 4y? = 16. By realizing C as the boundary of the region D determined
by x2 +4y? < 16, we can use Theorem 5.14 to compute these values again. We first note that

div(F,)=0, div(F,)=1+(—1)=0, and div(F)=1+1=2.

So we immediately see that

jg(Fl-N)ds:JJ 0dA=0 and f(FZ-N)dsz-U 0dA=0,
c D c D
%(}%'N) ds=ff 2 dA =2 area(D).
c D

Now we may rewrite the defining inequality of D as (3)*+(%)* < 1, and then Example 5.13 tells us that
area(D) = 8. So the flux of F, through C is 167, matching our computation in Example 5.9.

while

5.3.3 The geometric meaning of curl and divergence

Finally, Theorems 5.10 and 5.14 allow us to loosely justify the names of the derivatives curl,(F) and div(F).
We will give a geometric explanation for the divergence, and leave the explanation of curl as an exercise.

Given a vector field F: R? — R? and a point (x,, y,) € R?, a reasonable way to estimate the extent to which
F is diverging at (x,, y,) is as follows: draw a small disc

D= (o)) =+ —yo)* < %)

centered on (x,, y,) and ask for the total flux of F through 9D.,. This tells us how much F is running away
from (x,, y,). Now as we let r tend to 0, so that the disc becomes arbitrarily small, the flux of F through 9D,
will of course also tend to 0. But we can ask for some sort of average flux by dividing this total flux by the
area of D,:

— 1
ﬂuXr—m£D (FN) ds.

Our informal claim is that the divergence of F at a point (x,, y,) should be some sort of "instantaneous
average flux" at (x,, y,). That is, div(F)(x,, ¥,) should be given by the limit of flux, as r — 0. But then, using
Theorem 5.14, we find that

o 1 ) . 1 . T
1&110 flux, = 1&110 (—area(Dr) jgm (F-N) ds) = 113% (—area(Dr) prr div(F) dA) = div(F)(x, ¥o)- (5.6)

So we can think of the divergence of F at (x,, y,) as measuring the average flux of F through the boundary of
D, where D is some arbitrarily small region around (x,, y,)-

Remark. Perhaps the most suspicious part of Equation 5.6 is the final equality. In words, this says that, as we
let a region shrink down to a point, the average value of a function over that region will tend towards the
function’s value at the point. The corresponding equality in one variable is

. 1 Xo+r
}gg(; J @ dx) = £ (xo)-

I encourage you to prove this using the usual Fundamental Theorem of Integral Calculus, under the assumption
that f is continuous.

Exercise 5.17. Carry out a similar argument, using Green’s theorem, to convince yourself that evaluating
curl,(F) at (x,, y,) gives the average counterclockwise rotation of F along the boundary of some arbitrarily
small region about (x,, y,).

70



Math 32BH Lecture Notes Week 6

6 Week 6

This week we’ll tell a story for surfaces which is very similar to the story told last week for curves. Specifically,
we will define what it means to integrate a function over a surface, and then what it means to integrate a
vector field. On Friday, the miracle of Green’s theorem is repeated (and enhanced) by Stokes’ theorem, which
establishes a fundamental relationship between surface integrals and line integrals.

6.1 Day 15: Surface integrals of functions

o

By the end of today’s class, we should be able to do the following.

1. Parametrize various basic surfaces in R®.
2. Justify the definition of surface integrals of scalar functions over parametrized surfaces in R3.
3. Use surface integrals to compute surface areas and masses.

The key idea behind line integrals of scalar functions is that a curve C, while it may live in any space
R", is fundamentally a one-dimensional object, and thus we may treat the integral of a function over C as a
single-variable integral. By analogous reasoning, if S ¢ R" is a surface — loosely meaning that S appears to
be two-dimensional — then we should have some sort of "double integral" for functions defined on S. Today
we'll try to make sense of this for parametrized surfaces.

6.1.1 Parametrized surfaces

Definition. A simple parametrized surface in R", n > 2, is a piecewise C'-mapping
G:D—-R",

where D C R? is a region'in R? (often — but not always — assumed to be closed and bounded) and G is
injective when restricted to the interior D of D. We say that G is a parametrization of S if G(D) = S.
We say that G is regular if the n x 2 Jacobian matrix
3 3
S SEp)
G.(p):=| :
T (@) FEp)

has full rank, for all points p € D.

Remark. If you took 32AH or have otherwise seen enough linear algebra, then the notion of rank for a matrix
should be familiar. In case it’s not, we point out that G,(p) has full rank if and only if the column vectors?

a_G_<&... 3Gn> 3_G_<@... aGn>
du \du’ ’ du v \av’ ’ adv

and

are linearly independent. In case n = 3, this is equivalent to the condition that % X g—s is a non-vanishing

vector field on the interior of D.

Continuing to mimic the story we told for curves, we can define reparametrizations of parametrized
surfaces. However, rather than adapt the definition of reparametrizations which we used for curves, let’s
observe that reparametrizing a curve amounts to choosing a coordinate system ¢ : J — I on the domain of

IWe haven’t given a careful definition of the word region — and we won’t — but we assume that regions have nonempty interiors. For a
region D in R?, this just means that it’s possible to draw a disc of nonzero area somewhere in D.

2We haven’t ever specified whether we think of vectors as columns or rows, mostly because this doesn’t seem like a very illuminating
discussion. But we have tried to be consistent about using angle brackets for row vectors and parentheses for column vectors. Maybe it’s
confusing that we said column vectors here and then wrote two row vectors. We just mean that Z—g and Z—? are the columns of G,, but we
write them as rows for the sake of space.
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our curve. By analogy, suppose G: D — R" is a parametrized surface, and that &: R — R? is a coordinate
system on D, for some rectangle R C R%. Then

God:d (D) > R"

is a parametrized surface whose image agrees with that of G, so we say that we have a reparametrization
of G. As with reparametrizations of curves, we say that ¢ is an orientation-preserving reparametrization
if det®, > 0, and call ¢ orientation-reversing if det®, < 0. (In the case of curves, note that the Jacobian
determinant of a coordinate system ¢ :J — I is given by det ¢, = ¢’, so this matches what we wrote last
week.)

Remark. Hopefully the domain we'’re using for G o & isn’t too much of a stumbling block. The main idea here
is that while the image of  contains D, it may contain other points as well. In general, (G o ®)(p) will only
be defined for a point p € R if ®(p) € D, and thus the domain of G o ® is (D) CR.

Example 6.1. Using our knowledge of the cylindrical coordinate system, parametrizing a cylinder centered
on the z-axis in R® is no problem at all. Indeed, we can parametrize the cylinder Cg = {(x, y,2) : X2+ y? = R?}
with the map G: [0,27], x R, — R® defined by

G(60,2) :=(RcosO,Rsin 0, z).

When restricted to (0,27), % R,, this map is injective, and we notice that the Jacobian matrix

—Rsinf 0
G,=| Rcosf® O
0 1

has full rank, for all choices of 6 and z. Indeed, the cross product

i ik
96 X o6 =|—Rsin® Rcos® O|=(Rcos6,Rsinb,0)
26 0z 0 0 1

never vanishes, and thus G is a regular parametrization. We point out that, while G is inspired by cylindrical
coordinates, this is a fundamentally different object — it’s a parametrization of a surface.

Example 6.2. Continuing to draw motivation from familiar coordinate systems, we can easily parametrize
spheres in R®. Consider the sphere S; = {(x,y,2) : x> + y? + 2% = R?}, for some R > 0. We parametrize this
sphere with the map G: [0,21], x [0, ], — R® defined by

G(6,p) = (Rsinp cosO,Rsiny sin O, R cos ¢).

Note that G is injective when restricted to (0,27) x (0, 7), and that
i j k
Z—gxg—G: —Rsingpsinf® Rsinp cos O 0
¢ Rcospcos® Rcosypsin® —Rsing

= (—R%sin® ¢ cos §,—R?sin® ¢ sin 6, —R?sin ¢ cos ¢ ).
It may not be obvious that this cross product never vanishes, but we can verify this by computing the vector’s
magnitude:

2

“ g—g x Z—G = (—R*sin?  cos 6)? + (—R?sin?  sin 6)* + (—R?sin ¢ cos )?

=R*sin* ¢ + R*sin? ¢ cos® p = R*sin” ¢.

We have assumed that R # 0, and we have 0 < ¢ < 7 on the interior of our domain, so sin ¢ # 0. We conclude
that the cross product does not vanish on the interior of our domain. From this it follows that the Jacobian
matrix of G has full rank, and thus G is regular. Again, this parametrization is inspired by a familiar coordinate
system, but is not itself a coordinate system.
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Figure 6.1: We can partition a parametrized surface S by parti-
tioning the domain D of a parametrization G: D — R3.

Example 6.3. Another surface in R® which is easily parametrized is given by the graph of a differentiable
function f: D c R? — R. Since this graph is defined by the equation z = f(x,y), we simply define our
parametrization by

Gu,v)=(u,v, f(w,v)),

for all (u,v) € D. Notice that G is injective on all of D (not just on the interior). The Jacobian matrix of G is

given by
1 0
G* = 0 1 >
of ot
du av
verifying that G is a C!-mapping. So G is a simple parametrized surface. To make sure that G is regular, we
compute
i j k
368G _|, f) 5 <af 3f1>
3. vt ﬂ =\ "5 "5 .
du dv 0 1 % du’ Jv
Notice that this cross product will never vanish, regardless of the partial derivatives f, and f,. So G is a regular
parametrization.

6.1.2 Integrating scalar functions

As stated at the outset, what we really want to do is define some notion of "double integral" for functions
f: S — R defined on parametrized surfaces in R%. We can do this in a manner very similar to what we did
for line integrals. Namely, if we have a regular parametrization G: D — R® of S, then we can partition S by
partitioning D and then using G to push this partition over to S. See Figure 6.1.

Once we have a partition, we could estimate the value of our function f over each pseudobox in the
partition by plugging in some test point from the pseudobox, or by taking the infimum of all values of f over
the pseudobox, or by taking the supremum of all such values, or whatever. But, as was the case with line
integrals, we then find that we don’t know the area of the pseudobox, so we have to estimate it by taking a
planar approximation which agrees with our surface at the four corners of the pseudobox. As our partition
becomes arbitrarily fine, this approximation should become arbitrarily good.

But all of this sounds like a lot of tedious work, and, given our history with integration, we can tell where
the story is going. When we came up with Theorem 5.2 we noticed that this formula fits into an analogy with
the change of variables theorem. Let’s extend that analogy. We have

R" —2 R" I — R D5 R
I I po e
R R R
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The first two diagrams depict the situation for the change of variables theorem and line integrals, respectively.
In both cases, we use our coordinate system or parametrization to “pull back" our integral, instead integrating
the function f o ® (or f or) over a more reasonable domain. In the process of pulling back, we pick up a
distortion factor. By the same reasoning, we should have a formula that looks like

Jf de=Jf (feG)® dA
S D

where @ is some to-be-determined distortion factor. So it remains to determine the distortion factor ®.

To sort out what ® should be, we think back to the two-variable version of the change-of-variables theorem.
We found that the coordinate system & turned a box with side lengths Au and Av into a pseudobox which could
be approximated by a parallelogram. Specifically, we approximated the pseudobox with the parallelogram
spanned by Aug—ﬁ and AvZ%, and then discovered that this parallelogram has area

av?
det(A 8_<I> Ava—q)) det(a—q) a_cb)
”au du 0Ov

av

= AuAv = AuAv|detd,|.

This is how we ended up with |det®, | as our fudge factor for change of variables. By very similar reasoning, a
regular parametrization G will map a box with side lengths Au, Av to a pseudobox which we approximate
with the parallelogram spanned by Aug—g and Avg—f. As before, we approximate the area of the pseudobox
by computing the area of this parallelogram. The hangup this time is that Z—g and g—f are vectors in R3, so we
can’t take the determinant of the matrix with these vectors as its columns. Instead, we remember that the
area of the parallelogram spanned by two vectors in R® is given by the magnitude of the cross product of

those vectors. So the area of our pseudobox is approximately

(Au 8_G ) X (Av a—G )

du av
We conclude that, if G: D — R? is a regular parametrization of a surface, then the area distortion factor is
|G, x G,||. This leads to the following definition.

= AulAv 8_G X 3_G
- du Jv

Definition. Let G: D — R® be a regular, simple parametrization of a surface S. For any function
f:S — R, we define the surface integral of f over S to be

Hfds:ﬁ (foG)H"’_Gxa_GH aa, ©6.2)
s D du 0Ov

provided the integral on the right exists.

Exercise 6.4. Show that surface integrals are well-defined. Specifically, if S is a regular surface, then show
that the value of equation 6.2 is independent of what parametrization of S we use.

Remark. This definition is philosophically different from all of our previous integral definitions. We didn’t
want to deal with all the details of partitions and lower and upper sums and whatnot, so we just defined our
integral according to an equation which really ought to be true. Exercise 6.4 justifies this approach.

As was the case for line integrals, our formula for computing surface integrals assumes that we have a
regular parametrization, but we often want to integrate over objects (in this case, surfaces) which don’t admit
a regular parametrization. We won’t develop this theory carefully, but we’ll see through some examples that
we can do the natural thing: we treat surface integration as additive. For instance, to compute a surface
integral over the surface of a cube, we compute six regular surface integrals — one for each face of the cube.
Note that the regular pieces into which we break our surface are allowed to have nontrivial intersection, but
this intersection must have volume zero. Again, we won’t be super careful about this.

Remark. We have only defined scalar surface integrals for surfaces in R® (unlike scalar line integrals, which
we defined for curves in any dimension). Had we taken an approach which involved partitions, we could have
written down a definition which works for surfaces in higher dimensions, but writing down a formula like
(6.2) would have been difficult, since the cross product only makes sense in dimension 3.
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6.1.3 Examples

Example 6.5. We can use a surface integral to compute surface area. If S has finite surface area, then this

area ought to be calculated by
area(S) = JJ 1ds.
s

Let’s take S to be that portion of the cone z* = x* + y? which lies between the planes z = 1 and z =
4. This is pretty easily parametrized by modifying cylindrical coordinates. Specifically, we can define
G:[1,4], x[0,2n], — R® by

G(r,0)=(rcos0,rsinf,r).

We'll leave it as an exercise to check that G is injective when restricted to its interior, but this is certainly
believable. We now compute the distortion factor for this parametrization. First,

i ik
aa—G X Z—g =| cos® sinf 1| =(—rcos0,—rsin6,r).
r —rsinf rcos6 O

Then )

G 0G

x| =2r?

' ar 20 T
so

dA

area(S) = JJ 1dS=
4

JJ 1/_rd6dr—f [Qﬂ] do
0 2 1

2m
= £(16 1) d6 =| 15v27 |

0

aG aGH

Example 6.6. The equation y = 9 —z? determines a parabolic cylinder in R®. Let’s consider the portion S of
this cylinder which satisfies 0 < x < 3 and 0 < z < 3. This surface can be parametrized by

G(u,v) = (u,9—v%,v)

over the domain [0, 3], x [0,3],. Note that if G(u;,v;) = G(u,, v,) then, by investigating the first and third
components, we see that (u;,v;) = (u,, v,). So G is injective. We also see that

i j ok
2_ze_G: 10 0/=(0—1,—2v).
u Volo —2v 1

Because the third component of this vector field is —1, we see that G, x G, is nowhere-vanishing. So G is a
regular parametrization®. Now consider the function f (x, y,z) = z. We can restrict this to a function f : S - R
and we find that the composition f o G: [0,3] x [0,3] — R is given by

(f o ), v) = f(u,9—v%v)=v.

So
3 3
JJ f dSzfj (f e G I{0,—1,—2)]| dAZJ J vy 1+4v2dv du
s [0,3]x[0,3] o Jo
: 3 R
=3f v/ 1+ 4v2 dv:[ﬁ(1+4v2)3/2] = 2(37\/37—1) .
0 0
Gross.

3Indeed, since y is a function of x and z, our earlier discussion about parametrizing graphs of functions applies.
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Example 6.7. As a teaser for our next section, let’s start with a vector field and a surface and write down a
scalar surface integral. For now we won’t say why we care about this particular scalar surface integral, but
we’ll answer that question next time. Consider the vector field F = (x, y,z) and the sphere Sy = {(x,y,2) :
x2 + y% + 2% = R?}, for some R > 0. The unit vector

1
N=———c0o=(x,y,2)
Vx2+y?+22
is everywhere perpendicular to Si. Let’s compute the surface integral of the (scalar-valued) function F-N
over S. First, we need to compute F - N:

2 2 2
Sy S S s W i s . MUY poc yrapprw ]
Now what we really care about is the restriction of f to Sg. But on Sy we know that x? + y> + 2% = R?, so
fls, =R. So we're really just computing the integral of the constant function R. Experience tells us that
the result should just be R times the surface area of Sy, which gives 47R®, but let’s do this the hard way. As
explained above, we have a parametrization G: [0,27] x [0, ©] — R, defined by

f(x’y!z) ::F(X!y’z) .N(x7.y!z) =

G(6,¢) = (Rsin¢ cosO,Rsin ¢ sin 6,Rcos ¢),
and we find that [|Gy x G, || = R*sin¢. So

2n T
Jf (F-N) ds:ff (R)(stinnp)dA=J f Rising dy df
Sr [0,27t]x[0,7] 0 0
21 21
ZJ R*[—cos¢]] d@zf R32 d9=,
0 0

as expected.

6.2 Day 16: Surface integrals of vector fields

By the end of today’s class, we should be able to do the following.

1. Justify the definition of surface integrals of vector fields over parametrized surfaces.
2. Use vector surface integrals to measure the flux of a vector field through a surface.

Continuing to follow last week’s outline, we now move from scalar surface integrals to vector surface
integrals. If we don’t look too closely, the stories have a lot of similarities: we have a vector field F which is
defined all around the object over which we want to integrate (last week this object was a curve, and now it’s
a surface). To pull off the integration, we write down a scalar function which is determined by the vector
field and the object (last week it was F - T, and this week we’ll see that it’s F- N).

But it’s worth pointing out where this analogy break down. Loosely, given a vector field F on R", we can
integrate F over objects which have dimension 1, or those which have codimension 1. Objects which have
dimension 1 are just curves*, and indeed we can define the line integral of F over a curve in any dimension
n. In this case, the integral of F measures the extent to which F pushes along the object. On the other
hand, an object has codimension 1 if it has one fewer dimension than the ambient space. In R?, curves have
codimension 1; when we compute the work done by F along C, we're thinking of C as having dimension 1, and
when we compute the flux of F through C we’re thinking of C as having codimension 1. In R®, surfaces have
codimension 1, and we call objects in R", n > 3, with codimension 1 hypersurfaces. For an object S ¢ R" with
codimension 1, we can ask how much F pushes through S rather than asking how much F pushes along S.

Our story today takes place in R®. We already know how to compute the integral of a vector field along a
curve in R, so we’'ll focus on computing the integral of a vector field over a surface. That is, we already know
the dimension 1 setup, so we focus on the codimension 1 situation. According to the above discussion, this
should measure the flux of F through S.

4We haven’t said what we mean by the dimension of a subset of R", so this is not at all a careful statement. We’re just trying to outline
the story.
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Figure 6.2: The surface integral ffs F-dS measures the total flux
of F through S.

6.2.1 Vector surface integrals

Following the above description, we are just about ready to give the definition of the surface integral of a
vector field. But first we point out that, as was the case for vector line integrals, the vector surface integral
requires the surface over which we’re integrating to be oriented. Namely, we will assume that a preferred
unit normal vector N has been chosen at all points of S, and in fact assume that this choice is continuous®. Not
all surfaces admit such a choice — for instance, we can’t reasonably choose a normal vector along the edges
of a cube in R® — but, unlike with curves, this can happen for interesting reasons. A very famous example is
the Mobius strip, a surface which permits a normal vector at each point, but for which we cannot make a
continuous global choice of normal vector.

Assuming that S is oriented, we observe that the extent to which a vector field F pushes through S at a
point p € S is measured by F(p) - N(p). This motivates the following definition.

Definition. Let S C R® be an oriented surface which admits a regular, simple parametrization, and
let F: A— R® be a vector field defined on some superset A of S. The surface integral of F along S is

defined by
JJ F-dS:= JJ (F-N) ds, (6.3)
s s

where N is the oriented unit normal vector to S, provided the integral on the right exists. The quantity
ffs F-dS is the flux of F through S.

Now suppose we have a regular, simple parametrization G: D — R® of S. We claim that the vector
field G, x G, is perpendicular to S. Indeed, the tangent plane to S at G(u,v) € S is spanned by G, and G,,
and the cross product G, x G, is perpendicular to each of these vectors. We will say that G is an oriented
parametrization of S if G, x G, points in the same direction as N throughout the interior of D. In this case
we have

(G, x G,)(w,v)
(G, x G)(w, V)l

for all (u,v) € D. Given a regular, simple parametrization G, let’s introduce the notation

N(G(u,v)) =

oG 9G
— x

n@wv) = Z7 X 70

to save ourselves the pain of writing the cross product so many times. We make some observations about this
notation:

SIt’s probably worth thinking about what this means; we won’t.
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1. There’s not really an established convention for how this notation should work. So in some texts the
lowercase n refers to the unit normal vector which we denote by N, while others agree with what we do
here. Be careful out there.

2. Unlike N, the vector n(u, v) depends on our parametrization G. In particular, if G is a negatively-oriented
parametrization, then n won’t even point in the same direction as N.

3. In general, if a regular parametrization is given for a surface, but no orientation is otherwise specified
for S, then we will assume that G is positively oriented. In this case, N =n/||n||.

By combining Equations 6.2 and 6.3, we conclude that

JJ EdS:ff (F(G(u,v)).m)un(u,v)n dA=Jf F(G(u,v)) - n(u,v) dA | 6.4)
s D [In(u, V)| D

So, just like line integrals, vector surface integrals are somewhat easier to compute than their scalar counter-
parts, since we don’t have a vector magnitude to consider.

6.2.2 Examples
Example 6.8. Figure 6.2 depicts the surface
S={(x,y,2):z2=4—x>—y?% 2 >0}

and the vector field F = (0,0,1). Let’s compute the flux of F through S, where S is oriented with an
upward-pointing normal vector. To do this, consider the parametrization

G(r,0) :=(rcosf,rsinf,4—r?),

defined on the domain D = [0,2], x [0,27],. Notice that this parametrization is inspired by cylindrical
coordinates, since in that coordinate system the defining equation becomes z = 4 —r? and the inequality
z > 0 implies r < 2. One may check that G is injective on (0, 2) x (0,27), and we see that

n(r,0)=— x — =| cos@ sin@  —2r|=(2r%cos@,2r?sinb,r).

3G 9G ! J k
or 99 —rsinf rcos6 0

Then ||n(r, 8)|| = r+/4r2 + 1 does not vanish on (0, 2) x (0,27), so G is a regular parametrization. In fact, we
could get away without the magnitude computation by noticing that the final component of n(r, ) cannot
vanish when r # 0. Moreover, since r > 0 on the interior of our domain, n(r, ) is upward-pointing, and thus
our parametrization is positively-oriented. So we find that

2n 2
JJ F-dSZJf F(G(r,0))-n(r,0) dr d6 :J f (0,0,1) - (2r*cos 0,2r*sin 8, r) dr d@
s D o Jo

27 2
=j frdrd@z.
0 0

The final equality follows from the fact that the given iterated integral computes the double integral of 1 over
a disc of radius 2. But this will just give the area of the disc, which is 4.

Example 6.9. Let’s think about the ellipsoid

X\ ¥\ (22
o= o (3 o3 + (3 -1}
{(x ra:3) *\3) 5
We can compute the flux of the vector field F = zi through S with an outward-pointing normal vector. By
modifying spherical coordinates, we find that
G(6,p) = (4sinycosO,3sinysinb,2cos )

is a parametrization of S, with domain D = [0,27], x [0, 7],,. The injectivity of G on the interior of its domain
follows from the usual considerations for spherical coordinates, so we check that G is regular. We have
i j k
n(6,p)=|—4sinpsinf 3sinpcosh 0 = (—65in? p cos B, —8sin? ¢ sin @, —12sin @ cos ).
4cospcosf 3cospsind —2sing
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Computing the magnitude of the vector field doesn’t seem fun, so let’s make some observations. On
(0,27)y x (0, 7),, the function siny does not vanish, and thus if n(6, ) = 0, we must have cosp = 0,
according to the final component. But if cos ¢ = 0, then sin? ¢ = 1, meaning that the first two components
vanish only if cos & = 0 and sin & = 0. Because these equations cannot hold simultaneously, we conclude that
n(6, ¢) is nonzero on the interior of our domain. So G is a regular parametrization of S.

But there’s a catch! By comparing n(6, ¢) with G(8, ¢), we notice that G has an inward-pointing normal

vector. So G is a negatively-oriented parametrization of S. All this means for us from a practical standpoint is
that we pick up a negative sign on our flux computation:

ff F~dS=—fJ F(G(u,v))-n(0,¢) dA
S D

2m T
= —f J (2cos p,0,0) - (—65sin*  cos @, —8sin p sin B, —12 sin ¢ cos )
o Jo

21 b 2n
=—J f —12cos ¢ sin® p cos O dy d9=J |:4c0595in3<p]s d9=|z|.
o Jo 0

So the net flux of F through S is 0. You should try to convince yourself that this is a reasonable conclusion.

6.3 Day 17: Stokes’ theorem

o

By the end of today’s class, we should be able to do the following.

1. Prove Stokes’ theorem for oriented, parametrized surfaces in R>.
2. Use Stokes’ theorem to pass back and forth between line integrals and surface integrals.
3. Give a geometric interpretation of the curl of a vector field.

Last week’s classes culminated in Green’s theorem, which is a version of the Fundamental Theorem of
Integral Calculus for regions in R?. With the understanding of surfaces and surface integrals that we’ve gained
this week, we can realize a double integral over a region in R? as a surface integral in R®. This begs the
question: does Green’s theorem actually hold for any vector surface integral in R®? That is, if C c R® is the
oriented boundary of some surface S ¢ R?, can we still trade boundaries for derivatives?

Today we’ll show that the answer is yes; our generalization of Green’s theorem is Stokes’ theorem.

6.3.1 Stokes’ theorem

Before stating our result, we need to extend our definition of boundary orientation just a bit. Specifically,
we previously defined the boundary orientation given by a region D c R? to the curves which make up its
boundary; we extend this notion to surfaces in R%.

Definition. Let S C R® be an oriented surface which admits a simple, regular parametrization, and let
N be the preferred unit normal vector on S. Assume that the boundary 9§ is made up of curves which
admit simple, regular parametrizations. The boundary orientation on these curves prefers the unit
tangent vector T with the (somewhat informal) property that T x N points out of S.

Remark. Here are some comments on the boundary orientation:

1. The definition given here extends the definition for regions in the plane. Namely, regions in the plane
have preferred unit normal vector k (as surfaces in R?), so T x k points out of the region whenever we
choose T so that the region is on the left.

2. Another sense in which our definition extends the previous one is as follows: if we traverse S with the
correct orientation, always standing on the same side of S as the normal vector N, then S will be to our
left. This is much more easily explained with pictures, so we’ll draw some in class.

3. In case you've seen the Frenet frame, we point out that N is the unit normal vector to S, not to C, so
T x N need not be parallel to the binormal vector B.
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4. To make this notion of boundary orientation work in higher dimensions, we’ll end up using some
algebraic machinery to be discussed later. But the basic idea will be the same: the orientation on the
boundary is chosen so that it pairs well with an outward-pointing vector for the original object.

Theorem 6.10: Stokes’ theorem in R®

Let S ¢ R® be an oriented surface which admits a regular, simple parametrization, and let F: A — R® be
a Cl-vector field on some open superset A of S. Then

}S F'drsz curl(F) - dS, (6.5)
as s

where 9§ carries the boundary orientation.

Remark. If S = @ — for instance, if S is a sphere — then the integral on the left of (6.5) is defined to be 0.

Proof idea for Theorem 6.10. The basic idea of our proof is that we may use a sufficiently nice parametrization
G: D — R® of S to rewrite Equation 6.5 as an equality of integrals in the plane. Once in the plane, we can
simply apply Green’s theorem. The details of this argument are a little technical, but we’ll give some of them.

Let’s suppose we have a parametrization G: D — R® which is injective on all of D, and for which the
Jacobian matrix G, has full rank on all of D. Essentially we are asking that, in addition to being a regular,
simple parametrization, G is regular and simple along 9D as well. We point out that not all of the surfaces to
which Theorem 6.10 applies admit such a parametrization (e.g., a sphere admits no such parametrization).
We are just using this as a simplifying assumption. In another simplifying assumption, we suppose that the
boundary D is a single curve which admits a regular, simple parametrization.

With such a G chosen, we define a vector field X: D — R? by

oG

X(u,v) = <F(G(u,v))~ %8 KG(uv)- E>‘

This choice of X is sorely lacking in motivation; don’t worry if it seems like this came out of nowhere — it sort
of did! Our plan is for X to be some kind of avatar for F on the uv-plane.

Now choose a regular, simple parametrization r: I — R? of 8D, and write r(t) = (u(t),v(t)). Then
(Gor): I — R® is a parametrization of 35, and from the chain rule it follows that

(Go8Y(0) = G.(x(0) F(O) =w/ (D 52 ((e) + V(O S (K1),

Because G is regular, the vectors G, and G, are linearly independent, and thus this derivative can only vanish
if the scalar quantities u’(t) and v/(t) simultaneously vanish. But this doesn’t happen, because we assumed
that r(t) is regular. So G or is a regular parametrization of S, and we can use it to compute the integral of F
along 2S:

% F.-dr= J F((Gor)(8))-(Gor)(t)dt
as I
= JI F(G(r(t)))- (u’(t)g—i + V/(t)i_f) dt
- [ (werton - 52+ vioreaon- 55) ar
I u v

- f <F(G(r(t)))« %% KGt0)- ‘;—f> (WO, () de

This last expression might look kind of scary, but by comparing with the definition of X(u, v), we see that we

have
§ F-dr= J X(x(t))-r'(t) dt = § X-dr= Jf curl,(X) dA, (6.6)
as I oD D
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where the last step follows from Green’s theorem in the plane. So we’ve transformed the line integral §a gFdr
into a double integral of a curl. This is a good first step, and now we need to realize our double integral as a
surface integral. To this end, we notice that curl,(X) may be computed as

curl,(X) = % (F(G(u, v))- g_(v;) — % (F(G(u, v))- i—i)

Week 6

(£ 22) 22 (ot £9)-(129)- 20 (st 22

G\ 0G G\ 9G
-(r50) 5 -(R5) S

where
dx Jdy 0z
e | oh oh in,
| ox o8y oz
dx dy 2z

is the Jacobian matrix of the map F: A — R®. Further unwinding of curl,(X) is somewhat tedious, but you are
invited to verify the following fact.

Exercise 6.11. Using the definition of F,, expand the above computation to show that
curl,(X) = curl(F) - (a—G X 3_G) .
du 0Jv

This is great, because substitution into (6.6) tells us that

§ F-dr= JJ curl(F)(G(u,v)) -n(u, v) dA.
as D

But the integral on the right is, by definition, the surface integral f f s curl(F) - dS. So we've verified (6.5)
(under our simplifying assumptions), and our proof is concluded. O

6.3.2 Examples

Example 6.12. Stokes’ theorem can be particularly effective when we’re asked to compute a line integral
over a curve which is presented as a boundary. Consider the piecewise-linear curve C which is the boundary
of T, the triangle in R® with vertices at A= (3,0,0), B =(0,2,0), and C = (0,0, 1). Say we want to compute
the integral of

F(x,y,2):= <sin(x2), e+ x4+ 2x2>

over C, with C oriented as ABCA. We'll do this using Stokes’ theorem. First, notice that

i j K
curl(F)= | 0/0x  3jay  0/os =<0,—;—x(z4+2x2),;—x(ey2+x2)>=(O,—4x,2x).
sin(x?) e +x? z*+2x?

So the vector field we need to integrate has simplified. We now have

% F-dr= Jf curl(F)-dS = JJ (curl(F)-N) dS,
c T T

where N is the unit normal vector to 7. Now you may recall that, in general, the plane passing through the
points (a,0,0), (0, b,0), and (0, 0, c), with none of a, b, c equal to 0, has equation

bcx+acy+abz =abc.

So T is contained in the plane 2x + 3y + 6z = 6. Having written this equation in standard form, we quickly
notice that (2,3, 6) is a normal vector for 7 (though not a unit normal vector). But we have

curl(F) - (2,3,6) = (0)(2) + (—4x)(3) + (2x)(6) = 0,
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so we must have curl(F) - N = 0. We conclude that

§ F-dr= JJ (curl(F)-N) dS =0.
c T

Notice that not only did we avoid computing the line integral of F directly, we were also able to avoid computing
a surface integral of curl(F), since this vector field turned out to be tangent to our surface. Also notice that,
since the flux of curl(F) through 7 is O, the orientation of 7 didn’t matter.

Example 6.13. Here’s an example you probably hoped to never see again. In our two most recent homework
assignments we considered the surface

Sh,R = {(x’}’:f(xd’)) : (X,}’) € DR}J

where Dy, is the disc of radius R in R? centered at the origin, and

h
fGy)=h=aa (457,
Specifically, we thought about the flux of the vector field
F(x:}’;z) = <2y - 1,x(}’ _2)7 1 —.X'Z)

through S;, ;. We now know that this flux can be computed as a vector surface integral:

flux = JJ F-dsS.
Shr

Now in the most recent homework assignment, you identified a vector potential G for F, and this affords us
an opportunity to use Stokes’ theorem, as we may write

Jf F-dSZJJ curl(G)-dSzf G-dr.
Shr Shr ISR

At this point we could recall the particular vector field G that you found and compute this line integral
explicitly, but let’s consider an alternative approach. We notice that, whatever the values of h and R, the
boundary 95, is precisely the boundary 8D, in R* c R®. This is a fact you verified in homework 2, and
holds because f (x,y) =0 for any (x, y) € dDy. Treating Dy as a surface with upward-pointing normal vector
(so that the boundary orientation induced by D, on 0Dy, agrees with that induced by S, z), we can use Stokes’
theorem again to see that

jg G-dr:f G-dr:Jf curl(G)~dS=Jf F-dsS.
Sy, 3Dy Dp Dy

So we notice that F is surface-independent: integrating F over any surface with oriented boundary 8}, yields
the same value as integrating F over any other such surface. It is now straightforward to compute the integral
of F over Dy. Notice that, since z = 0 along D, F|p, = (2y —1,x(y —2),1). The unit normal vector to Dy is
given by N =k, so we find that

F-N=(2y—1,x(y—2),1)-(0,0,1) =1

JJ F-dS= J (F-N)dS = JJ 1 dS = area(Dg).
Dy Dy Dy

Since Dy is a disc with radius R, this last value is simply nR?. So we find that

ff F.-dS = nR?,
Shr

along Dy. So

independent of the value of h.
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It’s worth pointing out that the computation in the above example never made use of the particular vector
potential G that you computed; we simply needed to know that such a vector field existed. Poincaré’s lemma
is a particularly useful tool for these sorts of computations, as it allows us (under certain hypotheses) to
conclude that a vector potential exists without needing to compute it.

Example 6.14. In the previous example we observed that integrating our vector field F over D, would yield
the same result as integrating over Sy x, since these two surfaces have the same oriented boundary. Indeed,
Stokes’ theorem tells us that any vector field which admits a vector potential enjoys this surface-independence.
Say F: A— R® is defined on some open subset A of R® and admits a vector potential G: A— R®. Then, if S
and S, are a pair of surfaces contained in A, we have

fj F~dS=Jf curl(G)-dS:é G-dr
S S EES
=§ G'dr=JJ curl(G)-dS:fJ F-ds,
s, S, Sy

where the second and fourth equalities follow from Stokes’ theorem. So we have another necessary condition
for a vector field to admit a vector potential: the field must be surface-independent. We will explore the
sufficiency of this condition next week, as well as an analogous condition (path-independence) for conservative
vector fields.

6.3.3 The geometric meaning of curl

Just as Green’s theorem gave us a physical/geometric interpretation of the quantity curl,(F), Stokes’ theorem
allows us to loosely understand why the vector field F is so named.

Remark. Sadly, I seriously doubt that we’ll have time to discuss this subsection in class. But I'll leave it here
and encourage you to ask about it in office hours. In any case, this is a no-pressure, just-for-fun discussion;
you won’t be responsible for this material on a midterm or final.

Let’s start the game over, pretending that we haven’t yet defined curl(F). Now say we have a sufficiently
differentiable vector field F: R* — R® and we want to decide how much F "curls" at a point p, = (x4, Yo, 20)-
The transition from two dimensions to three makes this question somewhat peculiar. In two dimensions, this
question could be answered with a number — positive numbers indicate counterclockwise rotation, negative
numbers mean clockwise rotation, and zero means no rotation at all. But in R®, our vector field could be
rotating in a number of ways; in some sense, rotation is a phenomenon we can only easily understand in
two dimensions. Whatever curl(F) is, we want it to permit the following interpretation: given any plane P,
through our point p,, curl(F) should be able to tell us how much F is curling in P,.

So we need curl(F) to be an object which pairs naturally with planes; vector fields are a good candidate.
Specifically, if curl(F) is a vector field, then for every plane P, which passes through p,, we can consider the
number

curl(F)(po) - Np,,
where Nj, is an oriented unit normal vector to P,. We can try to define curl(F) in such a way that this number
will measure the extent to which F is spinning about p, in the plane P,.

So we’ve decided what type of algebraic object we’ll use to encode rotation: a vector field. Now we need
to actually define the vector field curl(F). One way to measure the extent to which F rotates about p, in P, is
to ask, on average, how much work F does along a circle of radius R > 0 centered on p, and contained in P,.
The smaller we choose R > 0, the more accurate this measurement of the curl should be, so let’s say we want®

1
. N, = lim— F-d
curl(F)(po) - Np, = lim area(Dg) ﬁDR "

R—0

60ne fishy bit about this average that we’re computing is the fact that we’re dividing by the area of Dy, rather than the length of 8 Dj.
This is basically just to make the dimensions check out. The line integral over d Dy computes work, and therefore will have dimension
[mass] - [length]? /[time]?. Dividing by the length of 8Dy leaves a factor of length in our quantity, so the quantity will vanish as R tends
to 0. Dividing instead by area avoids this problem.
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where Dy, C P, is the disc of radius R centered at p, in P,. Now Stokes’ theorem tells us that this is equal to

1
lim ——— V xF)-dS
o) area(DR)f DR( xF)-ds,

where V x F is just shorthand for

i j k
VxF:=|8/dx /3y 08)ds|.=(L2_ %2 fh 08 fh Oh)
* éx éy 1/:z <8y 9z’ 9z 9x’ Ox [7'y>

1 2 3

(Since we're starting over in our search for curl(F), we don’t want to call this vector field curl right now.) Now
Dy, being contained in P,, has unit normal vector given by N , so

1 1
A F)-dS=lim ——— F) N, ) ds.
R0 area(Dg) JJDR(V xF)-ds s area(Dy) JJDR ((V x F) Po) ds

So we're taking the limit of the average value of (V x F) - N, over the disc Dy, as this disc shrinks down to the
point p,. The result of this limit is just (V x F)(p,) - Np, — the function whose average value we’re computing,
evaluated at the point to which all the discs are shrinking.

Okay, so what does all of this mean? We said we wanted to define the vector field curl(F) in such a way
that curl(F)(p,) - Np, would measure the extent to which F is curling around p, in P,. But then we found, using
Stokes’ theorem, that this curling is measured by (V x F)(p,) - Np . So V x F is a perfectly good candidate for
curl(F)! Taking this much more geometric approach, we find it natural to define curl(F) := V x F, where again
the quantity on the right is just algebraic shorthand.

Remember that we initially defined curl(F) as a purely algebraic object, meant to encode a necessary
condition for conservativity. The point of this subsection is that Stokes’ theorem allows us to also interpret
curl(F) as a measurement for how much F rotates at the points in its domain — a feature which is fitting for a
vector field with this name.

Exercise 6.15. As an open-ended thought experiment, think about how you might extend this whole dis-
cussion to vector fields on R*, or even R". We said above that Clairaut’s theorem will give (;) = 6 partial
differential equations which must be satisfied in order for a vector field to be conservative. These can be
encoded as a single six-dimensional vector field. On the other hand, how many measurements do we need to
take to determine the extent to which F is curling at a point p, € R* (or R")? How do these measurements
relate to the conditions given by Clairaut’s theorem?
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7 Week 7

We'll start this week with Gauss’s divergence theorem, which gives a Fundamental Theorem of Integral
Calculus in which surfaces play the boundary role, rather than the region role they played in Stokes’ theorem.
After some practice using the divergence theorem, we’ll make a return to R?. Namely, we’ll think about
the curl-free condition that conservative vector fields must satisfy, and consider just how far this necessary
condition is from being sufficient.

7.1 Day 18: The divergence theorem

By the end of today’s class, we should be able to do the following.

1. Sketch the proof of the divergence theorem in any dimension.
2. Use the divergence theorem to calculate flux through a surface.

Today we’ll prove another Fundamental Theorem of Integral Calculus, this time relating surface integrals
to triple integrals. Recall that Stokes’ theorem relates the surface integral of a derivative (specifically, the
curl) of a vector field to a line integral along the boundary of the surface. On the other hand, a closed surface
can bound a region, and then we can ask for an FTIC which treats the surface as a boundary. The result is the
divergence theorem, which we will prove and use today.

7.1.1 The divergence theorem

The divergence theorem applies to surfaces which bound closed regions in R?; just like last week, we’ll assume
that our regions have nonempty interior, whatever that means. As should any FTIC, the divergence theorem
allows us to trade this boundary in for a derivative: instead of integrating a vector field F over o W, we
integrate the divergence div(F) over all of W.

Theorem 7.1: The divergence theorem

Let W be a closed region in R* whose boundary is a (possibly disconnected) surface 8 W, with outward-
pointing normal vector. If F: A — R is a C! vector field on some open set A containing W, then

fbﬁpds:fff div(F) dV. (7.1)
w

aw

Remark. Just as with Green’s theorem, the divergence theorem requires that our vector field be defined
on the whole of the region W in question. So we cannot apply the divergence theorem, for instance, to an
inverse-square vector field if the point around which this vector field is centered is somewhere in W.

Proof of Theorem 7.1. As we did for Green’s theorem, we’ll prove the divergence theorem for boxes and claim
that this can be enhanced to a proof for a more general region W. The basic idea is as before: given some
€ >0, we find boxes By,...,By_ C W (for some very large integer N, >> 0) such that the integrals in (7.1) may
be approximated by sums of integrals over the boxes:

%Eds—gj%cpds <§ and ‘JffwdiV(F) dV—}Z”f div(F) dV
By = B

CA4%

€
<-=.

2
Once we have these inequalities, (7.1) will hold for W, provided it holds for all boxes (which we will prove).
The tough part is probably showing that we can find the desired boxes B, ..., By, in the first place.

Okay, so we need to prove that (7.1) holds under the assumption that W is a box in R®. Specifically, let’s
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write W =[x, %11 % [, ¥1] % [20,2;]. Notice that if F = (F,, F,, F;), then F = F;i+ F,j+ F;k, and thus we have

%F ds = %(F N)dS = %FI(LN)dS+%F2(]'-N)dS+j%£F3(k-N)dS. (7.2)

aw aw

We investigate the three surface integrals on the right individually. We begin with #aw F,(i-N) dS. Now oW
has six faces, and we may summarize their unit normal vectors as follows:

Face | {x=x,} | {x=x1} | {y=xo} | {y=m} | =2} | =2}
N —i i —j j —k k

So the dot product i- N will only be nonzero along the faces {x = x,} and {x = x;}, and we find that

gh i as - || rras= || ruas.

ow {=x1} {x=xo}
Now the faces {x = x,} and {x = x;} admit parametrizations
Go(y,2) =(x0,¥,2) and G,(y,2) = (xy,¥,2),

respectively, where y, < y < y; and z, < z < z;. It’s easy to check that these are regular parametrizations
with distortion factor 1, so, being kind of sloppy/skipping some steps, we observe that

z1 Y1
%Fl(iN) dS:J J (Fl(xliy)z)_Fl(XOJy)z)) dy dz.
20 Yo

aw

Just as we did in the proof of Green’s theorem, we recognize the integrand as the result of a definite integral:

B 9F oF
%Fl(i-N) dSZJ J J —(x,y,2)dx dy dzzJJJ —L4v.
. v 0X w 9x
S 0 Yo 0

By completely analogous reasoning, we find that

%FZ(J N)dS = JJJ —24dv and j%QFS(k.N)dSZJJJ %dV.
w 9%

aw

Substituting our findings back into (7.2), we see that

jgﬁp.ds:m %dwm %dwﬁf %dv:m div(E) av,
w 9x w 9y w 9% w
aw

exactly as desired. O

Just as we did with the two versions of Green’s theorem and with Stokes’ theorem, we can use the divergence
theorem to deduce a geometric interpretation of the divergence of a vector field. You are encouraged to think
about this.

7.1.2 Examples

Example 7.2. Let’s use the divergence theorem to compute the flux of the vector field
F(x,y,2)=(x—2)i+(y —x)j+(z—y)k

through the boundary d W of the solid cylinder
W={(x,y,2): x*+y*><a®,0<z <1},

oriented with outward-pointing normal vector. Notice that WV has three components: the discs on top
and bottom, as well as the hollow cylinder defined by x? + y? = a®. So evaluating #aw F - dS without the
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=

Figure 7.1: A surface S that we’d rather not parametrize.

divergence theorem would require that we compute three separate surface integrals. But according to the

divergence theorem,
%F-dS:fJ‘J div(F) dV.
w

aw
Now div(F) = 1+ 1+ 1 = 3, so the integral of div(F) over W is 3 vol(W) = 3ma?. We conclude that

%Fds =3nd>.

aw

Example 7.3. Let’s consider the surface S defined by
S:={(x,5,2): (Vx2+y2—4)Y +(z—1)* = 4,2 > 0}.

This terrifying surface is seen in Figure 7.1. We want to compute the flux of F(x, y,2z) := (2xy,—y?, 1) through
S, with outward-pointing normal vector. We’d really like to avoid doing this directly, so our mind turns to the
divergence theorem. Applying this should make our lives a good bit easier, since

. 2 ] 2
div(F) = 5(2)@/) + 5(—}/2) + 5(1) =2y—2y+0=0.

The main problem we have is that S is not the boundary of any region in R®. But consider the region W
defined by

W i={(x,y,2): (/x2+y2—4)*+(2—1)* < 4,2 > 0}.
One component of WV is S, and we let A denote the other component. This is the annulus seen at the bottom
of S in Figure 7.1, and corresponds to setting z = 0. A little algebraic manipulation shows that

A={(x,y,0): (4— V3P < x>+ y> < (4+v3)*},

so A is bounded by the circles of radius 4 + +/3 and 4 — +/3 centered at the origin in the xy-plane. Now the
divergence theorem tells us that

o [ oo [ e

where S has the outward-pointing normal vector and .A has the downward-pointing normal vector (convince
yourself that this is the correct orientation). So the oriented unit normal vector for A is —k, and we see that
F-N=-1 on A. Altogether,

JJ F-dS:—fJ F~dS=—Jf —1 dS = area(A).
s A A

Now the area of an annulus is given by m(R? —r2), where R is the radius of the outer circle and r is the radius
of the inner circle. So

area(A) = n[(4+ v3)*— (4—V3)*]| = 167V3.

Finally, we conclude that f fs F-dS =| 16m+/3 | This was a lot of work, but I think it’s still better than a direct
computation. In the end, we didn’t have to find any antiderivatives.
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7.2 Day 19: Connections to topology

By the end of today’s class, we should be able to do the following.

1. Describe which open regions in R? admit curl-free-but-not-conservative vector fields.

2. Discuss the relationship between the integral of F over C and the topological type of C, where F
is a curl-free vector field and C is a closed loop in R?.

A quick recap of the tour through integral vector calculus we’ve taken over the last few weeks is to say that
we introduced some derivatives for vector fields, integrated them, and then stated some FTICs. Of course this
description lacks nuance, but it hits the highlights. Today we want to back up and think about the derivatives
grad, curl, and div again. Remember that we defined curl as a means of encoding a necessary condition for a
vector field to be conservative: in R* we have

F=grad¢ = curl(F)=0.
Similarly, divergence gives us a necessary condition for a vector field to admit a vector potential:
F=curlG = div(F)=0.

Poincaré’s lemma told us that if the domain of our vector field is contractible — for instance, if the domain is
all of R® — then these necessary conditions are actually sufficient. But we’ve also seen curl-free vector fields
which don’t admit scalar potentials and divergence-free vector fields which don’t admit vector potentials.
These vector fields necessarily have domains which are not contractible, and our goal today is to investigate
what features of the domain allow these strange vector fields to exist.

7.2.1 How will we distinguish regions and curves?

Throughout today’s discussion, we’re going to refer to the topology of the domain of a vector field, or of a
curve or surface over which we want to integrate the vector field. We won’t be precise about what this means,
but will instead consider two open regions R,, R, C R" to be topologically equivalent if we can continuously
deform R, into R,,. For instance, we'll consider the punctured plane R?\ {(0, 0)} to be topologically equivalent
to the region we get by deleting a disc of some positive radius from R%. We continuously deform the former
into the latter by gradually changing the size of the hole in our region.

Once we've fixed a region R, we’ll consider two parametrized curves in R to be topologically equivalent if
we can continuously deform one parametrized curve into the other within R. Some comments about this are

(1) the orientations of the curves matter, so a parametrized curve need not be topologically equivalent to
the same curve with the opposite orientation;

(2) the continuous deformation must happen within R, so a pair of curves can be topologically distinct in
one region, but topologically equivalent when considered in a larger region;

(3) this notion of topological equivalence is reasonably close to regular homotopy (but we don’t necessarily
require our curves to be regular).

Even though an open region in R" might be "continuously deformed" to a curve, we’re not going to consider
regions and curves to be topologically equivalent to one another: regions can only be equivalent to other
regions, and curves to other curves.

We can write down a similar notion of topological equivalence for parametrized surfaces, but today we're
going to focus on curves and regions in R? — if only for the sake of drawing pictures.

Disclaimer. As a general remark, we’re just telling a nice story today, and not being super careful about
details. The details can get somewhat technical, so we leave this to a course on topology. The material we
discuss today can be accepted as a story, but maybe not as precise mathematical facts. (Indeed, a lot of things
won’t even be stated precisely.)
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7.2.2 Poincaré’s lemma and integrals along closed loops

Back in Week 4, we stated Poincaré’s lemma for vector fields defined on contractible subsets of R®. Let’s write
down Poincaré’s lemma for vector fields on R?.

Theorem 7.4: Poincaré’s lemma in R?

Suppose A C R? is contractible and F: A— R? is a C!-vector field. Then F is conservative if and only if
curl,(F) =0 on A.

From the definition of curl,, we knew one direction of this statement: if F is conservative, then curl,(F) = 0.
Poincaré’s lemma gives us the converse: a curl-free vector field on a contractible region in fact must be
conservative. We saw by way of example that this need not be true for regions which are not contractible.

Example 7.5. Consider the vector field F: R — R? defined by

1
F(x,y):= —— (Y, x),
Coy) =57 32 (=y,x)
where R = R?\ {(0,0)}. We've previously computed that curl, (F) = 0, but we’ve also shown that F cannot be
conservative. We refer to this vector field as a vortex vector field.

You may recall that we proved that the above vector field fails to be conservative by showing that it admits
closed orbits: parametrized curves which are everywhere tangent to F. The problem is actually somewhat
simpler than that. Consider integrating a conservative vector field V¢ over a closed loop C in R?. If C is
parametrized by r: [a, b] — R", then

b b
j( V¢ dr= J Vo(x(t))-r'(t) dt = f %((ﬁ(l‘(f))) dt = ¢(r(b)) — ¢ (x(a)).
C a a

The second equality uses the definition of the gradient given in Week 4. But since r parametrizes the closed
curve C, we must have r(b) =r(a). So the integral of V¢ over C is 0, and we have the following important
fact:

Fact. The integral of a conservative vector field over a closed loop is 0.

We can verify that our vortex vector field F is not conservative with the following computation.

Exercise 7.6. Let C be the unit circle in R? centered at (0, 0), with counterclockwise orientation, and let F be
the vector field defined in Example 7.5. Show that fc F-dr = 2m, and conclude that F is not conservative.

In fact, one can show that conservative vector fields are precisely those which integrate to zero over any’
closed curve.

Exercise 7.7. Show that a vector field F: R — R", where R is a region in R", is conservative if and only if
§c F-dr =0 for any closed curve C C R.

We point out that our curl-free-but-not-conservative vector field is only allowed to exist because our
domain R?\ {(0,0)} has a hole. In a region R which has no holes (such as R?), every simple closed curve C is
going to enclose a subregion R'. If we have a curl-free vector field F, then we can use Green’s theorem to
deduce that the integral of F over C is zero:

§ F-dr= jj curl,(F) dA=0.
c R/

If we want to produce a curl-free-but-not-conservative vector field on R, we need F to integrate to a nonzero
number over some simple closed curve C in R, and now we see that this can only happen if C fails to bound
a subregion of R. In R?, having closed loops which fail to bound subregions corresponds precisely with a
failure of simple connectivity.

Definition. We'll say that an open region R in R? is simply connected if every closed loop in C can be

IMaybe we need to use a word like "rectifiable" here to make things make sense, but see the disclaimer.
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Figure 7.2: Curves C,, C,, and C; have winding numbers —2, —1,
and 0, respectively, about the square hole in R.

continuously deformed to a point.

Said another way, a region in R? is simply connected if it is connected and contractible. So Poincaré’s
lemma holds for simply connected regions, but for non-simply connected regions we can produce curl-free
vector fields which evaluate to nonzero numbers on closed loops. Loosely, we do this by writing down a vortex
vector field for each hole in the region.

7.2.3 Curl-free vector fields care only about topological type

Okay, so our ability to write down curl-free vector fields which are not conservative corresponds to the
existence of holes in our region R. Let’s say we have an open region R in R? which is connected and has n
holes, for some n > 0. A natural question then asks how many different curl-free-but-not-conservative vector
fields R admits. Let’s delay this question for a moment and start with something slightly simpler.

Our first goal is to show that if F is a curl-free vector field on R and C is an oriented closed curve in R,
then fc F - dr depends only on the topological type of C. That is, if we make continuous deformations to C, we
won’t change the value of this integral. Our argument will necessarily be very informal.

Before we can state our claim, we need to describe the notion of winding number. As with so many
things we discuss today, this is something that could be defined formally, but for which we’ll just give an
informal idea.

Definition. Let p be a point in R?, and let C be a closed, oriented (but not necessarily simple) curve
in R? which does not pass through p. We obtain the winding number of C about p by counting the
number of times C winds about p in a counterclockwise manner. This is a signed count, so that clockwise
rotations of C about p count negatively.

We will speak informally of the holes in our region R; the winding number of a closed, oriented curve C
about a hole is simply the winding number of C about any point in the hole.

Example 7.8. Consider the region R in Figure 7.2. This region has one hole, and we can easily compute the
winding numbers of a curve about this hole. Because C; winds twice clockwise about the hole, its winding
number is —2; the curve C, has some interesting behavior away from the hole, but ultimately makes one
counterclockwise rotation about the hole, so its winding number is 1; finally, C; does not wind around the
hole at all, so its winding number is 0.

Certainly the winding number isn’t affected by continuous deformations; our plan is to show that if
curl,(F) =0, then 55 . F- dr depends only on the winding numbers of C about the various holes of R. To this
end, let’s label the holes of R with the names Hy,...,H, and choose pairwise disjoint, simple, closed, oriented
curves Cy, ...,C, so that the winding number of C; about H; is 1 if i = j and 0 if i # j. Morally, we want C; to

90



Math 32BH Lecture Notes Week 7

Figure 7.3: The curves C; and C, are "boundary parallel."

be the boundary of the hole H,, oriented counterclockwise. The problem is that d H, need not be very nice —
for instance, if our hole is just a puncture, then dH, is empty. Figure 7.3 gives an example where n = 2.

Now let’s fix a C*-vector field F: R — R? which has curl,(F) =0 on R. For 1 < k < n we define

I, :=j€ F-dr.
Ck

The moral of our earlier discussion is that because C, encloses a hole in R (rather than a subregion of R),
this integral need not be zero. At last we make the following (still-not-quite-precise) claim about the integral
of F over an arbitrary closed curve C in R.

Proposition 7.9. Let C C R be an oriented, closed curve, and let F: R — R be a curl-free vector field on an
open region R C R%. Suppose that R has n holes, with curves C;,...,C, as identified above, and define the values
I,...,I, €R as above. Then

§F-dr=w111+---+wn1m
c

where wy, is the winding number of C about the k™ hole of R.

Since we haven’t bothered to precisely define all of the words in our proposition, we certainly won’t
attempt a precise proof, but we can give an informal argument. In fact, we won’t even try to prove the claim
for an arbitrary curve C, but instead just consider some cases and claim that the main ideas of the general
argument are all covered by these cases.

Case 1. First, let’s suppose that C is simple, oriented counterclockwise, and encloses the holes Hy,...,H , for
some collection of integers {ky,...,k,,} € {1,...,n}. Figure 7.4 shows an example where C encloses holes H,;
and H,. We also assume that C does not intersect any of the curves Cy,...,C; , though such intersections don’t
create much trouble. What we should see from Figure 7.4 is that there is a subregion R’ of R which is bounded
by C and the curves Gy, ..., Cy, . Of course the curves Cy,,...,C, don’t carry the boundary orientation induced
by R’, so we can think of this boundary as

IR =CU(=C, U+ U(=Cy ).

We know that F is curl-free, so we can apply Green’s theorem to F over the region R’ to find that

Osz curlZ(F)dA=§ F-dr:%F-dr—é F-dr—~--—§ F-dr
/ R’ c Ck Cipy

1
=j€F-dr—Ikl—---—Ikm.
C

Rearranging this leads us to the conclusion that

% F~d1‘=1k1+"'+lkm,
C
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Figure 7.4: The curve C has winding number 1 about each hole.

which matches the conclusion of Proposition 7.9, since the winding number of C about H, is 1, while the
winding number of C about holes not enclosed by C is 0.

Case 2. Next, let’s consider the case where C is no longer required to be simple, but encloses just one hole
H,. This case is depicted in Figure 7.5a. Notice that we no longer require C to carry a counterclockwise
orientation, but we once again make the mild assumption that C does not intersect C;. The trick this time
is to break C into several simple closed curves, as seen in Figure 7.5b. We can classify these subcurves into
(a) those which enclose H; with a counterclockwise orientation; (b) those which enclose H, with a clockwise
orientation; (c) and those which don’t enclose H, at all. It should be reasonably believable that the winding
number of C about H, is then given by the number of subcurves of type (a) minus the number of type (b).
Green’s theorem will pretty easily show that the integral of F over subcurves of type (c) is 0. We can then
analyze the subcurves of types (a) and (b) as in Case 1. What we’ll find is that each subcurve of type (a)
contributes I, to our integral, while each subcurve of type (b) contributes —I,.. The upshot is that

jg F-dr=(b—a)l,
c

where a and b are number of subcurves of types (a) and (b), respectively. But w, = b —a, so we have the
conclusion of Proposition 7.9!

Case 3. Finally, we consider a curve C which is allowed to enclose holes H; ,...,H;  and is not required to
be simple. For instance, see Figure 7.6. We compute §c F - dr in much the same way we did in Case 2. We
start by breaking C into simple closed curves D;,..., Dy. For each of these, we compute fD_ F-dr as we did in

(@) A curve with winding number —2. (b) A pair of curves, each with winding number —1.

Figure 7.5: A closed curve which fails to be simple can be broken
into simple closed curves.
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Figure 7.6: The curve C is not simple and encloses multiple holes.

Case 1: we consider a region bounded on one side by D;, and on the other by the curves which correspond to
the hole(s) enclosed by D,. After accounting for orientations, we should find that

% F-dr=w,(D)I +--- +w, (D)), (7.3)
D

where w;(D;) is the winding number of D; about the hole H;. It’s probably not hard to believe that the winding
numbers of C can be obtained by adding up those of the constituent subcurves:

w;(C)=w;(D;) +--- +w;(Dy).
Then we get the desired conclusion by summing the equations (7.3) as i varies from 1 to N.

Let’s recap the result we’ve sketched here. We want to show that if F: R — R? is a curl-free vector field and
C is a closed curve in R, then §c F - dr depends only on the topological type of C. That is, the value given by
this integral does not change when we make continuous deformations to C. Our argument in support of this
claim showed that fﬁc F - dr could be computed in terms of the winding numbers of C about the various holes
of R. We then blackboxed the fact that the winding numbers are unchanged by continuous deformation, since
this fact seems clear enough from pictures. In summary: curl-free vector fields care only about topological
type.

7.2.4 Other topological considerations

The above discussion, while interesting, leaves mostly unexplored the question of just how many curl-free-but-
not-conservative vector fields we can write down on a connected, open region R in R2. Of course the answer
is either 0 (if R is simply connected) or infinitely many (if R has at least one hole): once we have one vector
field which works, we can scale it by any nonzero real number. What we’re really asking is the somewhat
more nebulous question of how many independent curl-free-but-not-conservative vector fields R will admit.
We won’t address this in detail here, but the loose answer is that we get one such vector field F,. for each hole
H, in R, and any curl-free vector field other than these can be written as a linear combination of Fy,...,F,,
plus the conservative vector fields on R. This answer can be made more precise once we have a bit more
linear algebra under our belts.

There are also a couple of generalizations of the story we’ve told today that are interesting. For instance,
for an open region R in R®, we can ask for curl-free-but-not-conservative vector fields, and we can also ask
for vector fields which are divergence-free, but do not admit a vector potential. As in two dimensions, the
existence of such vector fields is dictated by the topology of R. We again find curl-free-but-not-conservative
vector fields when R fails to be simply connected, and divergence-free-but-without-vector-potential vector
fields arise when some two-dimensional version of simple connectivity fails. Basically, the former vector
fields exist when we have deleted a line, and the latter exist when we delete a hole. One can then show that
integration of these vector fields over closed curves or surfaces, respectively, depends only on the topological
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type of the underlying curve or surface.

We can also ask these questions for vector fields on surfaces. Say we have a surface S and a vector field F
for which curl(F) is always tangent to S. Does this mean that we can find a function ¢ : R* — R such that
proj;, sF = V(¢|s)? If not, can we at least say that the integral of F over a closed curve C depends only on
the topological type of C? Given a surface S C R®, how many vector fields can we write down whose curl is
everywhere tangent to S, but which are not conservative? You are invited and encouraged to think about all
of these questions.

Exercise 7.10. Think about — and maybe even answer — the various questions raised in this subsection.
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8 Week 8

We'll kick our week off with a midterm and follow that up with a step towards the abstract. The midterm
wraps up part two of our course, and we then begin part three, which will attempt to generalize some of the
key points of part two to any dimension. Ultimately, the goal of this last portion of the course is to prove a
generalized Stokes’ theorem. We've described Green’s theorems, Stokes’ theorem (for surface integrals),
and the divergence theorems as different versions of the Fundamental Theorem of Integral Calculus. What we
want now is a version of these results which holds in all dimensions, and from which we may recover these
concrete theorems — one FTIC to rule them all!

There is a lot of road we must cover before we can even state the generalized Stokes’ theorem that we’re
after. FTICs come in the form of an integral equation, and allow us to trade boundaries for derivatives, so
we'll need to identify:

(1) the objects which will serve as our integrands;
(2) the domains over which we will integrate;

(3) how to differentiate our integrands;

(4) how to determine the boundaries of our domains.

In our two class meetings this week (after the midterm), we’ll address item (1) by introducing differential
forms and some of the algebraic operations that can be performed on them.

As a final note before we begin, let’s save ourselves some adjectives by making the following assumption.

Everything is smooth. For the duration of this course, we don’t want to worry about just how differen-
tiable a map is — such considerations are somewhat beside the points we want to make. Thus, unless
otherwise stated, all maps of any sort (scalar functions, vector fields, coordinate systems, et cetera) will
be assumed to be infinitely differentiable, or smooth.

8.1 Day 20: Midterm 2

By the end of today’s class, we should be able to do the following.

1. Solve the problems on the midterm.

Here are the midterm 2 problems and solutions.

1. The purpose of this problem is to prove that conservative vector fields are precisely those vector fields!
which are path-independent. That is, we will show that F: A — R" is conservative if and only if, for any
two points P,Q € A, the line integral of F over an oriented curve from P to Q is independent of the choice
of curve. Here A is an open subset of R".

(@) Suppose that F is conservative, and write F = V¢ for some sufficiently differentiable function
¢ : A— R. Let C C A be any oriented, regular curve from P to Q. Prove that

f F-dr=¢(Q)—¢(P).
C

Solution. We begin by choosing a simple, regular parametrization r: [a,b] — A of C, with
r(a) =P and r(b) = Q. Then we have

b b
JF~dr:J F(r(t))-r/(t)dtZJ Vo(x(t))-r'(t) dt.
C a a

ILet’s say that vector field means infinitely differentiable vector field, so that we don’t have to worry about C* versus C2 versus whatever.
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According to the definition of the gradient, V¢ (r(t)) - r'(t) = %(qb(r(t))). So we have

b
J F'dl‘=J %(qS(r(t))) dt =[x(D)];
C a
= ¢((x(b))— ¢ (r(a)) = ¢(Q) — ¢ (P),

as desired. So F is path-independent. O

(b) Conversely, suppose that F is path-independent. That is, assume that if C;,C, C A are oriented
curves with the same oriented boundary, then fcl F-dr= f o, Fr dr. Now define ¢ : A — R as follows.

Fix an arbitrary point P € A and declare ¢(P) = 0. For any Q € A, define

¢(Q) 1=f F.dr,
c

where C is an oriented curve in A from P to Q. (We are assuming that A is path-connected, meaning
that any two points in A may be connected by a (regular) curve.)

i. Prove that ¢ is a well-defined function. (That is, each input Q € A has only one output.)

Solution. What we need to show here is that the choice of curve C made in the definition
of ¢(Q) does not affect the outcome. But this is precisely what path-independence
guarantees. Namely, if C’ is some other curve in A from P to Q, then we know that

J F~dr:J F.dr,
c c

and thus we may define ¢(Q) using either curve. O

ii. Use the Fundamental Theorem of Calculus to prove that F=V¢.

Solution. We think about the derivative of ¢ (r(t)), where r: I — A is an arbitrary regular
parametrized curve in A. We can extend our parametrized curve so that r(t,) = P for
some particular value t,. This means that r parametrizes a curve from P to r(t), for any
t €1, and thus we have

P (x(t)) = f F(r(w) -v'(w) du.

0
(We use the variable u since t is already in use.) We compute the derivative using the
Fundamental Theorem of Calculus:

d d ‘ , 3 )
E(¢(r(t))) =7 (Jto F(r(u))-r'(w) du) =F(r(t))-r'(t).

But this equation which is satisfied by F is precisely the equation we expect the gradient
of ¢ to satisfy! So we conclude that F =V ¢. O

2. The open upper half plane H is the subset of R? defined by

H:={(x,y):y >0}

Given a region R C H, the hyperbolic area of R is defined to be:

hArea(R) := ff iz dA,
rY

where dA is the usual Euclidean area form.

(a) Use Green’s theorem to rewrite the hyperbolic area of R as
hArea(R) :§ F-dr
R

for some vector field F.
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Solution. We want a vector field F = (F,, F,) which has curl (F) = y 2. Given such a vector

field, Green’s theorem tells us that
jg F-dr= Jf cur,(F) dA= JJ iz dA = hArea(R)
R R R Y

So we're trying to solve the partial differential equation
JF, O0F,
- = curlz(F) = E - E
As suggested by the hint, we take F, = 0, so that we’re now trying to solve Baiyl =—y~ 2 But
this is easy enough: we can just take F;(x,y) = y'. So we find that
hArea(R) =§ (y71,0)-dr.
R
O
(b) Consider the region 7 c H depicted here:
G
///’ -
T _CT.;_ TN
“Y |
B C

|'|llf/

{

A
Each of the curves C;, C,, and C, is a semicircle whose center is on the x-axis; C; and C, both pass
through A; C, and C, both pass through B; and C; and C; both pass through C. Use your work from

part (2a) to show that the hyperbolic area of 7 is 7.
Claim. If C is a semicircle in H centered on the x-axis and oriented counterclockwise,

Solution. Let’s start by proving the following claim:

then fc F-dr=—m, where F= (y!,0).
Indeed, such a semicircle C admits the parametrization
o<t<m,

r(t) =(c +Rcost,Rsint),
where R and (c,0) are the radius and center of C, respectively. Having been motivated by
polar coordinates, this parametrization is evidently simple; by observing that ||t'(t)|| =R, we

see that r is regular. Then
J F- drzj F(x(t)) -r(t) dt
c 0
= f ((Rsint)™!,0) - (—Rsint,Rcost) dt
0

f —1dt=—m.
0

Given this claim (and our work in part (2a)), we can easily compute hArea(7):
(y1,0)-dr= f (y,0)-dr+ f (y71,0)- dr+f (y',0)-dr,
Cy Cy (&)

hArea(7) = jg
aT
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where C, is oriented counterclockwise, while C, and C; are oriented clockwise. From this it

follows that
hArea(’7')=—7r+7r+7r=

3. LetF,G: R® — R® be defined by

Find an equation for a plane P in R® which passes through (0,0,0) and has the property that

§ F-dr=0 and § G-dr=0
R aR

for every region? R lying in P.

Solution. Since P passes through (0,0,0), it can be described by an equation of the form ax +
by +cz = 0, for some a,b,c € R not all equal to 0. Moreover, the vector n = (a, b,c) is then
perpendicular to P. Now suppose that both curl(F) and curl(G) are perpendicular to n, and let R
be some (reasonably nice) region in P. Then, according to Stokes’ theorem,

% F-dr= ff curl(F)-dS = JJ (curl(F)-N)dS =0,

R R R

% G-dr= jf curl(G)-dS = ff (curl(G)-N) dS = 0.
IR R R

So we'll get the desired properties if we choose n (and thus N) to be perpendicular to both curl(F)
and curl(G), for all points (x, y,2). Let’s compute curl(F) and curl(G). We have

and

i i K
curl(F)=|0/0x d8/dy 09/dz|=(4y—2,0,1—2y)=(2y—1)(2,0,—1)
y2  2z+x  2y?

and
i i K
curl(G)=1|8/dx 9/dy 9/3z|=(0,x,x)=x(0,1,1).
Xz x2/2 0

So the vectors curl(F) and curl(G) are not constant, but they are always parallel to (2,0,—1) and
(0,1, 1), respectively. Thus they are both perpendicular to

k
—1|=(1,-2,2)
1

= O .

i
(2,0,—1) x (0,1,1) = |2
0

at all points (x,y,z). So we can take n = (1,—2,2), and thus we see that if P has equation
x—2y +2z=0 |, then P passes through (0,0,0) and has

% F-dr=0 and § G-dr=0
R R

for every region R lying in P. O

4. In this problem we consider the vector field F: R®\ {(0,0,0)} — R® defined by

1

Gy e

F(x,y,2) =

2Assume that R is a collection of nice curves, oriented using the boundary orientation. You can also assume that R admits a nice
parametrization, but this isn’t needed.

98



Math 32BH Lecture Notes Week 8

Our goal is to compute fﬁ;aw F-dS, where W is the region defined by

W= {(x,5.2): (/(x —RZ+y2 —RP +2* < r*},

for some numbers 0 < r <R. It’s possible to compute this integral by parametrizing 2V, but we’ll use
the divergence theorem.

(@) Show that the origin is contained in W, but not in dW.
Note: Once we know this, we can find a number p > 0 so that the ball B, with radius p centered at
(0,0,0) is contained in W, but does not touch dW.

Solution. Notice that (0,0, 0) satisfies the defining inequality of W:

(v/(0—R)2+02—R)*+0> = (VR2—R2 =0 < 2,

so (0,0,0) € W. But the boundary 8V is defined by the equation

(1/(X—R)2+y2—R)2+22:r2’

which (0, 0,0) clearly does not satisfy. So (0, 0,0) is in VW but not dW. O

(b) Let R be the region obtained by deleting 3, from W, where p is as chosen in part (4a). Show that
div(F)=0on R.

Solution. Wherever F and its various derivatives are defined, the divergence of F is given by

. d X d X d x
div(F) = a—(m)+—(m)+ —(m)
x \(x2+ y2+422)3/ Oy \(x2+ y2+32)3/ 0z \(x2+ y2 +32)3/
2y 2P o3k y2 4 22)2 (a2 4y 4 22)2 —3y2(x? 4 y? 4 52)12
- (x2+y2 +22)3 * (x2+y2 +22)3
(X2+y2+Z2)3/2—322(x2+y2+22)1/2

(x2+y2+22)3

3%+ y?+22)Y2 = 3(x? + y2 +22) (2 + y2 +2)V2 0
(x2+y2+22)3

Since F is defined everywhere except (0,0, 0), the same is true of div(F). Finally, since the
origin is in 3, this point is not in R, and thus div(F) is defined and equal to O everywhere
within R. O

(c) Use the divergence theorem to prove that

j%QFdS:j%F-dS.
ow a8,

Each surface uses the corresponding boundary orientation.

Solution. The boundary of R has two components: )V and d8,. The boundary orientation
of R gives )V the outward-pointing normal vector (as would W), but the orientation on
9B, is inward-pointing, because the normal vector which points into B, points out of R. So
the divergence theorem tells us that

Jff div(F) dV = # F-dS—j%E F-ds,
R aw B,

where the surfaces over which we integrate on the right are oriented as the boundaries of W
and B,, respectively. But since div(F) = 0 on R, the triple integral on the left is of course 0,
so the desired equality follows. O
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(d) Use the previous parts (and some computation) to show that

%F-dSzMr.

aw

Solution. We’ve now reduced our original surface integral to an integral over 3, which has
unit normal vector N given by

1
N(XJy’z) = —<x’y’z)'

Vx2+y?+22

%Eds:ﬁﬁF-ds:j%C(F-N)ds,
aw a8, 3B,

so let's compute F-N on 95,,. We have

Now

1 1

F(X,}’,Z) 'N(x:yzz) = (X2 +y2 +ZZ)3/2 m(%}’ﬂ) : (Xsy;z)
2+yi+zt 1

1
TP+ y2 4222 x2+yi4z2 p?

where the last equality uses the fact that 38, is the sphere of radius p centered on the origin.

So
1 1 4mp?
%F.dS:%EdS:Earea(aB‘o): P :
aw 3B,

as desired. O

(e) Explain why the following argument is wrong. First, div(F) = 0, so Poincaré’s lemma says that F
has a vector potential G. So we can use Stokes’ theorem:

%FdS:ﬁcurl(G)'dS:j{ G-dr.
a@wW)
ow aw

But W is a closed surface, so it doesn’t have a boundary: d(8WW) = @. Therefore this last integral
is 0, and we find that the surface integral in question evaluates to O.

Solution. The error is in the very first claim. Namely, Poincaré’s lemma only guarantees
that divergence-free vector fields admit vector potentials on contractible domains. Since the
domain of F is not contractible, we cannot use the fact that F is divergence-free to conclude
that F has a vector potential. Indeed, the fact that the surface integral of F over the closed
surface dW is nonzero demonstrates that F does not admit a vector potential. O

Such fun. Time for a more abstract take on all of this!

8.2 Day 21: Covectors and differential 1- and 2-forms

=

By the end of today’s class, we should be able to do the following.

1. Define covectors and differential 1-forms on R".
2. State the definition of the integral of a 1-form over a curve in R".
3. Motivate the definition of differential 2-forms on R".

As outlined above, we will now begin our attempt to generalize part two of the course to any dimension.
The quick outline of part two is that we: introduced vector fields and their derivatives; defined integration
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of vector fields over curves or surfaces; and finally expressed versions of the FTIC for these vector integrals.
We’ve said before that vector fields can only be integrated over domains which have either dimension 1 or
codimension 1, so we’ll need a more complicated gadget than a vector field to serve as our integrand in this
theory. Differential forms are precisely these gadgets.

A warning. It’s difficult to give an intrinsic motivation for the material we’re going to cover over the next
few days. I'll do my best to give geometric interpretations for the objects we define, but we’re also going
to be developing a bit of algebraic machinery, and at times it may be difficult to match the algebraic
maneuvers to their geometric meaning. You are strongly encouraged to read and reread this material,
work the optional exercises, and ask questions. The final two weeks of the course will rely heavily on
the ideas introduced in the next few days.

8.2.1 Covectors and differential 1-forms

We start by giving an abstract definition of covectors.

Definition. A covector on R" is a linear map A: R" — R. That is, A is a map which satisfies

Av+w)=A(v)+A(w) and A(cv) = cA(v),

for any vectors v,w € R" and any scalar ¢ € R. We denote the collection of all covectors on R" by (R")*.

With a sufficiently strong background in linear algebra, we can develop our entire theory of covectors
from the above definition. But since we want to minimize linear algebra expectations, we’ll take a slightly
more grounded approach.

Example 8.1. We can define a covector dx on R® which simply gives the x-coordinate of a vector:

a
dx b =a.
c

You should verify that dx: R® — R is a linear map. We similarly define dy and dz.

Example 8.2. Generalizing Example 8.1 to any dimension, we can define a covector dx* on R" for each
1<k < n. In words, dx*(v) gives the k™ component of v. As an equation, this is most easily written as a dot
product:

dx*(v) :=v- €, (8.1)
where e, is the k™ standard basis vector for R". We refer to the covectors dx',...,dx" as the standard
covectors on R".

Remark. The collection (R")* of covectors on R" is an n-dimensional vector space, called the dual of R". The
standard covectors dx?,...,dx" form a basis for this dual space, and the standard covectors are by definition
dual to the standard basis vectors of R". The fact that we can relate these bases via equation 8.1 is sort of a
special feature of the standard inner product on R".

Example 8.3. Given any real numbers c,,...,c, € R", we can define a covector A by
Ai=cdx'+--+c,dx": R" > R.

So the standard covectors are said to span (R")*. For instance, consider the covector A =3dx —2dy +4dz.

a a a a
Al [bf |=3dx| |b| |—2dy| |b]| |+4dz| [b| | =3a—2b+4c.
c c c c

Exercise 8.4. Show that the standard covectors on R" are linearly independent. That is, show that if
O=cydx*+---+c,dx"

for some real numbers c,...,c,, then we must have ¢; =---=¢, =0.
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What Example 8.3 and Exercise 8.4 show is that every covector on R" can be uniquely written as a linear
combination of the standard covectors. This motivates the following re-definition of covectors.

Definition. A covector on R" is a linear combination of the standard covectors on R". That is, a covector
is a map A: R" — R of the form
A=c;dx'+---+c,dx",

for some real numbers c4,...,c, €R.

This is all well and good, but what does a covector actually do? The answer is that a covector eats vectors,
and outputs the component of the input vector along some fixed vector.

Example 8.5. Say we have a fixed vector v, := (ay, b, ¢o) € R®, and we want a map which take some vector
v € R? as input and tells us how much v pushes along v,. We can define a covector A = (v,)* as

A=aydx+bydy +cydz.

Then we notice that
A(v) =ag(v-e)+ bo(v-e,) +co(v-e;) =v- v,
gives us the component of v along v,,. So covectors are dual to vectors (which is how they get the name).

Just as we can define vector fields, we can define covector fields. However, we will usually refer to covector
fields as differential 1-forms. Actually, we’ll often drop the word "differential" and just talk about 1-forms.

Definition. A differential 1-form (or 1-form or covector field) on R" is a smooth®assignment of a
covector on R" to each point of R". That is, a differential 1-form is a smooth map R" — (R")*.

In practice, we won’t think about the above definition too much. Instead, we’ll consider a 1-form to be a
linear combination of the standard 1-forms dx!,...,dx", except that scalar multiplication actually means
multiplication by scalar-valued functions. That is, a differential 1-form on R" can be written as

A=F dx'+---+F,dx",

for some real-valued functions F,...,F,: R" - R.

Notation. It might be a little confusing that we used A to denote a covector and also a covector field.
Similarly, we used dx!,...,dx" to denote the standard covectors, and now they denote the standard
1-forms. This is because we can think of covectors as constant covector fields: they give us the same map
at every point of R". Going forward, we will think pretty much exclusively about differential 1-forms,
and rarely about a single, stand-alone covector.

Just as we did with covectors, we give a more down-to-earth definition of differential 1-forms which is
suited to the needs of this course. This is somehow less pleasing from an abstract point of view, but will meet
our needs.

Definition. A differential 1-form on R" is a linear combination over C*°(R") of the standard 1-forms
on R". That is, a differential 1-form A is an expression

A=F dx'+---+F,dx",

where Fy,...,F,: R" — R are smooth maps. The set of all differential 1-forms on R" is denoted Q'(R").

Finally, we can define 1-forms on open subsets of R" by restricting the above notation. A differential
1-form on an open subset R C R" is an expression of the form

Fidx!+--+F,dx",

where F,,...,F,: R — R are smooth maps. We denote the collection of all 1-forms on R by Q'(R).

3Making this precise would require thinking about a differential structure on the dual space (R™)*. This isn’t hard, but we won’t do it.
Instead, we’ll think about 1-forms as linear combinations of standard 1-forms, where the "scalars" in our linear combinations are smooth
functions f: R" — R.
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Remark. Unlike (R™)*, Q!(R") is not a vector space. Instead, Q'(R") is a module over the ring C°°(R"). These
notions are well beyond the scope of this course, but the basic idea is that, where scalar multiplication in
(R")* can be undone (provided the scalar is nonzero), the same is not true for Q*(R"). For instance, A = x dx
is a differential 1-form on R, and there does not exist any smooth function F: R — R with the property that
FA=dx.

8.2.2 Integrating 1-forms

There’s enough abstraction going on that it might be difficult to keep track of what we’re doing. But the
mantra so far is that covectors measure (signed) lengths of projections. That is, every covector A corresponds to
some fixed vector v,, and evaluating A on some vector v tells us the component of v along v,,.

A mantra that many people find helpful for 1-forms is to say that 1-forms are objects which we can integrate
over curves. Indeed, if a covector tells us the component of a vector along some other vector, then we can use
a covector field (i.e., a 1-form) to determine the component of the unit tangent vector T of some curve along
a vector field. That’s a lot of words. Here’s an equation that might clear things up:

f A :=J A(T) ds. (8.2)
c c

On the left, we have some 1-form A which we want to integrate over an oriented curve C. On the right, we
have a scalar line integral over C, and the scalar-valued function we’re integrating is given by A(T).

Example 8.6. Say we have a pair of smooth functions F;,F,: R> — R. Then we can define a differential
1-form A = F, dx + F, dy and consider the integral

J }L=j Fidx+F,dy,
c c

MT) = (F,dx +F,dy)(T) =F,(T-e,) + F,(T-e,) = (F},F,) - T.

for some reasonably nice curve C. Now

But this tells us that

J Fydx+F,dy :J (F,,F,)-Tds :f (F,F,) - dr,
c c

c
where F = (F,, F,). So the physicists’ notation for line integrals makes sense!

At this point, it’s totally reasonable if covectors and differential 1-forms seem like a big waste of time to
you. In R", every differential 1-form corresponds to some vector field, and integrating the 1-form over a curve
is the same thing as integrating the vector field over the same curve. So why bother defining 1-forms? In a
much larger context, there are a few reasons:

(a) integrating vector fields requires a choice of inner product — something we don’t always have;

(b) by using the more abstract definitions (without reference to the standard covectors), we can develop a
coordinate-free theory of integration;

(c) differential 1-forms set the stage for differential k-forms, which allow us to define integration over
k-dimensional objects living in any ambient dimension.

We'll focus exclusively on reason (c). For instance, recall that we only defined surface integrals for surfaces
that live in R®. In order to define integration on a surface living in R", n > 4, we need the theory of 2-forms.
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3

Figure 8.1: A parallelogram in R; e spanned by vectors v and w,
and its projections to the xy-, xz-, and yz-planes.

8.2.3 2-forms

Since we integrate 1-forms over curves, it seems natural that we should integrate 2-forms over surfaces. Unlike
1-forms, we won’t give the abstract definition of differential 2-forms — it’s just a bit too abstract. Instead,
we’ll define the standard 2-forms on R" and, as we did with 1-forms, consider an arbitrary 2-form to be a
linear combination of these.

We'll start our story in R® for concreteness. Recall that the 1-forms dx, dy, and dz tell us the components
of a vector v in the x-, y-, and z-directions, respectively. We want to similarly define standard 2-forms

dx ANdy, dxAdz, and dyAdz

on R3. A 2-form will accept as input a pair v, w of vectors and output a real number. In each case, this real
number will correspond to the signed area of a projection of the parallelogram in R® spanned by v and w.
Before giving a formulaic definition, we present an example.

Example 8.7. Consider the vectors v= (7,0,5) and w = (3,10, 5) in R3. These vectors span a parallelogram
in R%, and in Figure 8.1 we depict three different projections of this parallelogram: first onto the xy-plane,
then onto the xz-plane, and finally onto the yz-plane. The signed areas of these three parallelograms should
be given by

dx Ady(v,w), dxAdz(v,w), and dy Adz(v,w),
respectively. Let’s focus on dx A dy (v, w), which gives the signed area of the projection of our parallelogram
to the xy-plane. This parallelogram is spanned by the projections of v and w to the xy-plane, which are given
by

proj,,(v) =(7,0,0) and proj, (w)=(3,10,0).

When we say that we want the signed area, we mean that dx A dy(v,w) should be positive if the vectors
proj,, (v) and proj,., (w) are oriented in the same manner as 9, =i and 8, =j. So we’re computing the signed
area of a parallelogram in R?. Indeed, since the z-coordinates of proj, ,(v) and proj, (w) are both zero, we
can compute this area using a 2 x 2 determinant*

. . 7 3
dx Ady(v,w) :=det (prOny(v) pro_]xy(w)) =det (0 10) =70.

So if P is the parallelogram in R* spanned by v and w, then the signed area of the projection of P to the xy-
plane is 70. Notice that swapping v and w multiplies this value by —1, since we have changed the orientation
of P:

. . 3 7
dx ANdy(w,v) :=det (pTOny(W) pl‘O_]Xy(V)) =det (10 O) =—70.

40f course we're abusing notation a bit here, since both proj, y(v) and proj,, (w) are vectors in R® rather than R?. But we suppress the
z-component, since this is forced to be 0.
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We can obtain a similar sign flip by swapping the roles of dx and dy, but let’s not explain this just yet. Instead,
we point out that dx A dz and dy A dz are computed analogously: we project v and w to the relevant plane
and then compute a relevant determinant. We have

dx Adz(v,w) := det (prosz(v) prosz(w)) = det (Z i) =20

and

. . 0 10
dy Ads(v, w) i= det(proj,,(v) proj,,(w) =det(g 5 ) ==50.

Okay, so the rule for computing the standard 2-forms in R* can roughly be summarized as: delete the
component we’re ignoring, and compute the 2 x 2 determinant of what’s left over. In order to generalize to
higher dimensions, we’ll need something a bit more formulaic.

Definition. Let dx!,---,dx" denote the standard differential 1-forms on R". For every 1 <i,j < n,
define a 2-form dx’ Adx’: R" x R" — R by the formula

Vi Wy
(dx' Adx?)(v,w) := det ,
Yoo Wn/ i)
for any vectors v= (vy,...,v,),w= (wy,...,w,) € R". Here if M is an n x 2 matrix, then Mj; ;) is the 2 x 2

matrix whose first row is the i™ row of M and whose second row is the j® row of M. The standard
2-forms on R" are the 2-forms dx' Adx/, with i < j.

Example 8.8. Consider the vectors
V= (vy,Vy,V5,v,) and w= (wy,w,,ws,w,)

in R*. Let’s compute dx> A dx!(v,w). Per the definition, this value is given by

Vi Wy
v, w
dx® Adxl(v,w) = det 2 "2
Vs W3
Voo Wal g

Taking the third and first rows of this matrix as prescribed, we find that

Vs w
dx3/\dx1(v,w)=det( 3 3):1/3w1—w3v1.
Vi wy

Notice that we can also write this as
dx® Adxi(v,w) = dx3(v)dxl(w) — dx3(w)dx(v).

This last expression is often used to define the standard 2-forms dx' A dx’, but we’ll find the determinant
formulation somewhat more amenable to higher-order forms.

Exercise 8.9. Show that for any 1 < i,j < n, we have dx/ A dx! = —dx' Adx’/. Use this to conclude that
dx!Adx! =0, forany 1 <i <n.

With the standard 2-forms in hand, we can state our definition of 2-forms on open subsets of R".

Definition. A differential 2-form on an open subset R of R" is a linear combination over C*°(R) of
the standard 2-forms on R". That is, a differential 2-form w is an expression

n—-1 n
w= E Z Fijdx' Adx,
i=1 j=i+1

where each F; ;: R — R is a smooth map. The collection of all 2-forms on R is denoted by Q%(R).
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Remark.

1. Notice that the summation in the definition of 2-forms is chosen to force i < j. This is because the
standard 2-forms have i < j.

2. There are (g) = %n(n— 1) standard 2-forms on R", and thus an arbitrary 2-form on R is determined by a

choice of %n(n — 1) smooth functions on R. Unless n = 3, this means that a 2-form does not correspond
to a vector field on R, unlike a 1-form.

8.2.4 Exercises

Exercise 8.10. For any vectors v,w € R3, verify the following formula for the cross product:
vxw={(dy Adz(v,w),dz Adx(v,w),dx Ady(v,w)).

Notice that the middle form dz A dx is not standard, according to our definition.

Exercise 8.11. Show that if ¢ : R" — R is any smooth function on R" and v € R" is an arbitrary vector, then

Vo -v= @dxl(v)—i----—i- o0 dx™(v).
ax; ax,
The 1-form 26 2
—— _ T 1 _r n
do = adex + +8xndx

is often called the total differential of ¢.

Exercise 8.12. We have established a correspondence between 1-forms on R" and vector fields on R". Say we
have a 1-form A = F; dx + F,dy + F; dz on R®, corresponding to the vector field F = (F;, F,, F;). Now consider
the 2-form d A defined by

dA:=dF; ANdx+dF,ANdy +dF; Adz.

Here the symbol d A is (for now) meaningless, except as we’ve just defined it. Each of dF,, dF,, and dF, is a

total differential, as defined in Exercise 8.11, and we compute, for instance, dF; A dx, by "distributing the A"
as expected®. Show that

dA = curl, (F)dy Adz + curl, (F)dz A dx + curl,(F)dx Ady,

where curl, (F) denotes the x-component of the vector field curl(F), and similarly for curl, (F) and curl, (F).

Exercise 8.13. (Challenge) Consider a smooth function f: R" — R, and let S ¢ R" be the hypersurface
defined by

S i={(xg,.--,x,) : flxg,...,x,) =c},
for some c € R. Assume that for every point p € S, the derivatives f, (p),..., f,, (p) do not all vanish. (This
ensures that S is a smooth surface.) Prove that if ve R" is tangent to S at a point p € S, then df (v) = 0. Here
df is the total differential of f.
Hint: Use the result from Exercise 8.11.

SWe'll define the wedge product in our next class meeting. You should go ahead and attempt this problem in order to get comfortable
with the notation.

106



Math 32BH Lecture Notes Week 8

8.3 Day 22: Differential k-forms and algebraic operations

By the end of today’s class, we should be able to do the following.

1. Define differential k-forms.
2. Compute the wedge product of a pair of differential forms on R".

8.3.1 Differential k-forms

In our last meeting we defined 1-forms and 2-forms, which measure signed lengths and areas®, respectively.
Namely, a 1-form A on R" corresponds to some vector field F on R", and the value A(v) measures the compo-
nent of a vector v along F. Similarly, a 2-form « ought to” correspond to some plane field® P, and w(v,w)
should® measure the signed area of the parallelogram spanned by v and w, when projected to P.

By analogy, a k-form on R" should!® measure k-dimensional signed volumes. Namely, if ) is a k-form on
R", then at every point p € R" we should have a map

k times
——
Np: RTx - xR" > R,
and we imagine!! that this map corresponds to an oriented k-dimensional subspace V C R" which passes
through p. Then the quantity
np(vl; oo >vk)

ought'? to measure the signed volume of the parallelotope spanned by v,, ..., v, when projected to V. For
instance, the differential 3-form dx(>® on R", n > 3 should be computed as follows:

u, 141 wq U v w,

(1,2,3) : : —
dx B P =det|u, v, w,
u V. w Us V3 W3

n

That is, we project the vectors u, v, and w to the x;x,x; 3-plane, and compute signed volume within that
space. Notice that, according to our intuition, a k-form on R”" is only a reasonable thing to consider if k < n. If
k > n, then there is just one k-form on R": the zero form.

Our definition of differential k-forms will mimic the presentation we gave last time for 2-forms, using
determinants. In order to state this definition, we’ll need to establish some notation.

Definition. Let M be an n xm matrix, and let I = (iy, ..., i) be a multi-index of length k, with 1 <i; <n
for each 1 < j < k. That is, I is a sequence of k integers, each between 1 and n, with repetition allowed.

The k x m matrix M; is defined so that the j™ row of M; is given by the ;"™ row of M.

Example 8.14. Let

QAN
o = U1 O
o 00 W hN

SThis is a lie. The standard 2-forms measure signed areas, but in dimensions greater than three, a linear combination of standard
2-forms need not measure signed areas. Nonetheless, we will use this as a crutch for our intuition.
7But needn't.
8That is, a choice of two-dimensional plane at every point in R™.
“Nope.
10Again, lies.
1n general, we imagine incorrectly.
12This one’s in italics, so we'll let it sli-nope! Not all k-forms correspond to k-spaces.
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Then

2 9

4
M on = ; M(1,4):(a b C), and  Mp22) =

NN O
O U1 =
AN W oo
NN NN
(G2 BN RN BN Yy |
W wwww

Definition. With this notation established, we can now define a k-form dx’ := dx" A--- Adx* on R*
for each multi-index I = (iy, ..., i) of integers between 1 and n, provided 1 < k < n. This form is a map

k times
——
dx': R"x---xR" > R
defined by dx!(vy,...,v,) := det(M,), where
| |
M=|v - Vg

is the n x k matrix whose columns are given by the vectors v;, ..., v, in R".

Remark. Depending on how much matrix algebra you’ve seen, you may not be comfortable computing
determinants of n x n matrices when n is greater than 3. From a conceptual standpoint, the most important
thing we can say at this stage is the following:

In any dimension, determinants compute signed volumes.

If M is an n x n matrix, then det M computes the signed volume of the n-dimensional parallelotope spanned
by the columns of M. In the above formulation, where I is a multi-index of length k, the matrix M, is of size
k x k, and thus dx’ computes k-dimensional volumes. A possibly-more-comforting second remark is that in
this class you probably won’t have to actually compute any determinants of size bigger than 3 x 3. Just in case
this changes, a 4 x 4 determinant is computed below. But it’s more important that you know some properties
of the determinant.

In the course of your mathematical career, you'll need to learn many properties of the determinant. Some
of the most relevant properties for us are the following. Throughout, M is a k x k matrix.

1. For any constant c, det(cM) = c* det(M).
2. Suppose 1 < j <k, and the j™® column ¢; of M can be written as ¢; = v+ w, for some k x 1 vectors v, w.
Let M, and M,, denote the matrices obtained by replacing ¢; with v and with w, respectively. Then
det(M) = det(M,) + det(M,,).
Similarly; if the j® row r; has the form r; = v+ w, then

det(M) = det(M") + det(M™),

where MY and M" denote the matrices obtained by replacing the row r; with v and with w, respectively.

3. For some integers 1 <i # j < k, let M be the matrix obtained by swapping the i and j™ columns of M.
Then det(M) = —det(M). Similarly, swapping two rows of M will multiply the determinant by —1.

4. If a given row or column of M is scaled by some scalar ¢ € R, then det(M) is scaled by c. (Property 1
can be obtained from this property.)

5. Suppose A is an k x k matrix and D is an £ x £ matrix. Then

A O
det (0 D) = det(A) - det(D).
The matrix whose determinant we compute here is of size (k + £) x (k + £), and is said to be a block
matrix.
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These properties may seem overwhelming at first, but you should verify that each of them fits with our
geometric understanding of the determinant.

Exercise 8.15. Show that if a multi-index I has any repeated indices, then the corresponding differential
form dx’ is 0.

Definition. If I = (i;,..., i) is an increasing multi-index of integers between 1 and n, meaning that

I <y <.+ <1y,

then we call dx' a standard k-form.

Remark. Choosing a standard k-form on R" amounts to choosing k distinct integers from the set {1,...,n}.
Once the k integers are chosen, we obtain a standard k-form by constructing an increasing multi-index I and
then considering dx’. Thus we see that there are (}) = #lk), standard k-forms on R".
Exercise 8.16. Given a not-necessarily-increasing, length k multi-index I of distinct integers between 1 and
n and k + 1 vectors v, ...,V,,; € R", use determinant properties to rewrite the quantity

AxT vy, Vi, Vi) HdX (Ve Vi1, Vi)

as a single evaluation of a standard k-form. Notice that v, is omitted from the first term and v, is omitted
from the second.

Definition. Given 1 < k < n, a differential k-form (or k-form) 1 on an open subset R of R" is a linear
combination of the standard k-forms on R. That is,  can be written

n :ZFI dx’,
i

where the sum is taken over all increasing multi-indices of integers between 1 and n with length k, and
each function F;: R — R is smooth. For completeness, we define a 0-form on R to be a smooth function
f:R" >R, and declare that all k-forms are zero if k > n. The collection of all k-forms on R" is denoted
QF(R"), and we say that a k-form has degree k, denoted deg(n) = k.

Example 8.17. Consider the differential 4-form n = x, dx>*% on R®, and consider the vector fields
vi=e +e, V,=e,te;, Vi=ej;te, V,=e,+es.

Let’s compute 1(v;,V,, Vs, V,). We have

1 0 0 0
1 1 0 0
NV, Vy, Vo vy) = x, dx 239 1 10| | 1], ]1], (0
0 0 1 1
0 0 0 1
1 0 0 O
1 1 0 O
=x,det{ O 1 1 O
0O 0 1 1
0O 0 0 1 (1235)
1 0 0 O
1 1 0 O
= x, det 0 1 1 0) .
0 0 0 1
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We can compute this last determinant by the method of cofactor expansion!®:

1 (1) 8 8 1 0 O 1 0 O

det =(1)det{1 1 O]—(0)det{O 1 O
0 110 0 0 1 0 0 1
0 0 0 1

O = =
O = O

1 1 0 1
+(0)det| 0 1 0 ]—(0)det| O
0 0 1 0

- (1)((1)det((1) (1’) —(O)det((l) (1’) 4 (0)det ((1) (1)))
= (D)D) —(0)(1)+(0)(0)) = 1.

Altogether, we find that

N(Vy,Vy,V3,V4) = X,

We define addition and scalar multiplication of k-forms in the obvious way. That is, k-forms are added

according to the formula
(Zf, dx’) + (Z g dx') = > (fi +g)dx!,
T I I

and multiplication by a scalar function is defined by

g (Zﬁ dx’) = (gf)dx".
I I
It is important to note that addition is only defined for forms of the same degree.

8.3.2 Wedge products

Now it’s time to explain the funny symbol A. We've said that a 1-form A on R" corresponds to some vector
field F on R", and for any vector v, A(v) tells us the signed component of v along F. Now suppose we have
another 1-form 7, corresponding to a vector field G. If F and G are linearly independent, then F and G span a
plane field P, and there is a 2-form which measures signed areas in P, using the oriented basis (F, G). This
2-form will be given by A A 7.

For any 1 < k,{ < n, the wedge product will give a map
A QF(RY) x QF (RM) — QFHY(RM).

That is, the wedge product of a k-form and an ¢-form is a (k + £)-form. (If k + ¢ > n, this product is
automatically zero.) Geometrically, this means that if'* A measures k-volumes and n measures £-volumes,
then A An measures (k +£)-volumes (provided the k-volumes measures by A are independent of the £-volumes
measured by 1). Making sense of this algebraically can be a bit of a mess, so we will define the wedge
product on the differential forms dx’, where I is a multi-index, and then extend to more general forms via
the distributive property.

Definition. Let I and J be nonempty multi-indices of integers between 1 and n. The wedge product of
the associated differential forms dx! and dx’ on R" is given by concatenation:

dx' Adx? :=dx™,

where
Ik i=(iq,eees iy 1o dp)
is the concatenation of the multi-indices I = (iy,...,i) and J = (jy, ..., J;)-

13Since we have actual numbers here — rather than variables — an even better method is asking a computer.
14As we've (foot)noted previously, our intuition is guided by the idea that all k-forms measure k-volumes, but this isn’t actually true.
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Exercise 8.18. Check that the wedge product is associative. That is, show that
dx' A(dx? Adx®) = (dx" Adx")AdxK,
for any nonempty multi-indices I, J, and K.
Exercise 8.19. Show that if I = (iy,..., i), then
dx' =dx" A--- Adx'k,
Going forward, we will more often use the notation on the right than that on the left.

Exercise 8.20. Verify the following skew-commutativity property for the wedge product: for any multi-indices
Iand J,
dx? Adx! = (1) dx! Adx?,

where |I| and |J| denote the lengths of the multi-indices I and J, respectively.

Even if this definition doesn’t feel too inspired, let’s observe that it at least passes some sort of dimension
test: in the above, dx! measures k-volumes, dx’ measures {-volumes, and dx' Adx’ measures (k+£)-volumes.

We can now extend the wedge product to arbitrary differential forms by assuming that this product behaves
as we would expect (with the exception of skew-commutativity).

Definition. Let R be an open subset of R", and let Q°*(R) denote the set of all'*differential forms on R"
(of any degree). The wedge product

A Q°(R) x Q°(R) = Q°(R)

is defined by the following conditions:

(1) for O-forms, the wedge product is scalar multiplication: f A w = f w, for any O-form f and any
w €N (R);

(2) dx' Adx’ follows the previous definition, for any multi-indices I, J of integers between 1 and n;
(3) for any forms A,n € Q°*(R) and any smooth function f on R, (f A)An=f (AAN);
(4) for any forms A,n, w € Q°(R), the wedge product distributes according to

A+MAw=AAw+nNAw and oAA+nN)=wAl+wAn,

assuming that A and 7 have the same degree.

Example 8.21. Let’s show that the wedge product of any 1-form with itself is 0. We start by writing our
1-form as

A=F dx'+---+F,dx",
for some smooth functions F,, ..., F, on an open subset R of R". Using the distributive law for wedge products,

we find that .
ANA=D">"FFdx' Adx'.
i=1 j=1
From here it’s not hard to reason that A A A vanishes. Indeed, dx A dx' = 0, and whenever i # j we have
dx’ Adx' = —dx" Adx’. So the addition of the term F;F,dx’ A dx' corresponds to subtracting the term
F;F;dx' Adx/, canceling out all terms of our sum. Somewhat more carefully, can rewrite our sum as

n—1 n n-1 n
AAA= D" D (FFjdx' Adx! + FF dx! Adx) =Y > (FF;dx' Adx) — F;F,dx' Adx') =0.

i=1 j=i+1 i=1 j=i+1
Example 8.22. Show that if A and ) are 1-forms on an open subset R of R", then
(A An)(v,w) = A(V)n(w) — A(w)n(v),

for any vector fields v,w on R. Explain how the result of Example 8.21 can be obtained from this fact.
Hint: First prove this under the assumption that A and ) are standard 1-forms, then extend via linearity.

15This notation is potentially dangerous: in case you're tempted to think otherwise, we point out that an element of Q°*(R) is a k-form
on R, for some k > 0, not a sum of forms of various degree.
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Exercise 8.23. Generalizing Exercise 8.20, show that for any forms a and 3,

BAa= (_1)deg(a)deg(ﬁ)a AB.

Explain how the result of Example 8.21 can be derived from this formula.

Example 8.24. Forms of degree greater than 1 need not square to zero, however. Consider coordinates
(1, X5, ¥1,Y,) on R*. We can define a 2-form

w:=dx' Ady' +dx*Ady>.
Then

wAw=([dx'Ady' +dx> Ady)) A(dx* Ady' +dx® Ady?)
=(dx* AdyD)A(dx AdyD)+(dx®2 Ady?) A(dxt Adyh)
+(dx' AdyD)A(dXEPAdy?) +(dx® Ady?) A(dx® Ady?)
=0+2(dx' AdyY)A(dx®* Ady?)+0
=—=2(dx' Adx> Ady' Ady?).

The penultimate inequality makes use of Exercises 8.15 and 8.20.

Examples 8.21 and 8.24 are related to our footnotes about the lie of pretending that every k-form measures
signed k-volume. For k = 1, it really is true that every 1-form measures signed length. Thus it makes sense
that if A is a 1-form, then A A A should be zero: if A is associated to F, then A A A is a 2-form associated to the
parallelogram spanned by F and F. But this "parallelogram" is one-dimensional, so it has no area. On the
other hand, the 2-form we give in Example 8.24 does not correspond to any parallelogram. If it did, then the
same geometric reasoning would lead us to conclude that w A w = 0.

Example 8.25. In R", we can use wedge products to compute the volume of an n-dimensional parallelotope
without reference to the inner product on R" (but in a way that agrees with the volume given by the inner
product). Namely, we can define the volume form v:=dx! A--- Adx" on R", and we find that

[v(vy,...,v,)| =vol(V), (8.3)

where vol(V) gives the volume (as determined by the inner product structure) of the parallelotope V spanned
by vy,...,v,. In a setting more general than ours, we might have access to differential forms, but not to an
inner product. In that setting, we can take (8.3) as the definition of n-dimensional volume: we choose a
top-degree differential form on our space and declare it to be the volume form.

Exercise 8.26. We can verify equation (8.3) as follows. In any inner product space W (you may think of W
as R"), we can define the Gramian or Gram determinant of a collection of vectors v,,...,v, € W:

vlcvl Vl.v2 .. Vluvk

VoV, VaeVp o VoW
G(vy,..., Vi) :=det

Vk-v1 anvz e Vkavk

Now the vectors vy,...,V, span a polytope V of dimension at most k, and the k-dimensional volume of this
polytope is given (in the inner product space formulation) by

vol, (V) = v/ G(vq,..., V).
Taking this as the definition of volume, and with the volume form'® on R" defined as above, prove that
|1}(V1, e ,vn)| = VOln(V);

for any vectors vy,...,v, € R".

161 et’s be clear about what we're glossing over here. The form v is our preferred volume form precisely because it gives us the same
volume as does the inner product. Without the knowledge of the inner product structure on R", we wouldn’t necessarily have a reason to
prefer this volume form over some other top-degree form.
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Exercise 8.27. Given a choice of volume form » on R", we can compute n-volumes without reference to
the inner product. But what about k-volumes, where 1 < k < n? Say we have linearly independent vectors
vy,...,V, in R", and let V be the k-dimensional parallelotope spanned by these vectors. We can’t feed v4,..., v,
into v, so how do we determine the k-dimensional volume of V? Our basic intuition is as follows: we can find
the area of a rectangle in R® by turning the rectangle into a rectangular prism, where the "height" above the
rectangle is 1. The area of the rectangle is then the same as the volume of the resulting rectangular prism. In
our more general setting, we can choose an orthonormal basis for the orthogonal complement V+ of V. That is,
we choose vectors ny,...,n,_; such that

0, i#j
n;-v;=0 and nl-~nj={ 7&]
1, i=j
Notice that our ability to choose these vectors relies on the inner product structure of R". Prove that
[V(Vi, . s Vio Dy, e, My )| = VOl (V),

where vol, (V) is the k-dimensional volume of V, as defined by the Gramian.
Hint: Use Exercise 8.26 to rewrite the desired equality in terms of Gramians. You should end up needing to
compute the determinant of a block matrix.
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9 Week 9

This week we carry on in our quest to generalize part two of the course. We start by defining differentiation
for differential forms — an important ingredient in any FTIC — as well as a notion of change-of-variables for
forms. We then identify the subsets of R" over which we will integrate k-forms, and finally define the integral
of a k-form over a parametrized k-surface.

9.1 Day 23: Differentiation

By the end of today’s class, we should be able to do the following.

1. Define and interpret the exterior derivative of a differential form.

9.1.1 Differentiation

We want to define a notion of differentiation for differential forms which at least moderately agrees with the
philosophy that derivatives should measure how quickly a quantity is changing. The only possibly-artificial
requirement we impose on our differentiation is that we want the derivative of a differential form to be
another differential form.

0-forms

Let’s start with the easiest case: O-forms. A O-form is just a smooth function f: R" — R, and we’re quite
familiar with derivatives for smooth functions. Our preferred derivative here will be the directional derivative.
That is, the derivative of a 0-form f is the 1-form df : R" — R defined by

df(v):=D,f =Vf -v.

We've seen this 1-form before: according to Exercise 8.11, df is the total differential of f.

Definition. Let f € Q°%(R) be a 0-form on some open subset R of R". The derivative (or exterior
derivative) df of f is the total differential of f.

Exercise 9.1. Prove the product rule for total differentials: d(f g) = gdf + f dg, for any smooth functions
f,g:R" > R.

1-forms

That wasn’t so bad. We started with a O-form f and asked, given a vector v, how quickly f changes as we
move in the direction (and at the speed) determined by v. Maybe we can do something similar for a 1-form
A € Q(R). Let’s ask the vague question, "How does A vary as we move in the direction of v?"

The first problem we run into is nailing down what we mean by, "How does A vary?" In order to get a real
number out of A, we need to plug in a vector — this is in addition to the vector v along which we'’re taking a
derivative. So we realize that the derivative of a 1-form will eat two vectors and output a real number. Since we
expect derivatives of differential forms to be differential forms, we conclude that the derivative of a 1-form
will be a 2-form.

Remark. One point about which we could have been more careful is that a differential k-form on R doesn’t
just eat k vectors — it eats a point p in R, and then k vectors based at p. A typical notation for this is

np(vl) . "Vk):

to indicate that the vectors v,..., v, are all based at p. So if w is a vector field on R, then we can think of the
quantity A(w) as a smooth function R — R: for each point p € R, we compute A,(w(p)). This perspective
should be helpful as we define the derivative.
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A reasonable first attempt at defining d A(v,w) would treat w as a (constant) vector field and simply
compute the directional derivative D,(A(w)). Since A(w) is a smooth function, we can take its directional
derivative in the direction of v, so this makes sense. The problem is that D, (A(w)) treats the vectors vand w
very unequally. We want dA to be a 2-form, but there’s no reason to expect the expression D (A(w)) to be
alternating in the vectors v and w. We fix this by taking the alternatization of the expression.

Definition. Let A € Q!(R) be a differential 1-form on some open subset R of R". The derivative (or
exterior derivative) d A of A is a 2-form on R defined by

dA(v,w) := Dy(A(W)) = Dyy(A(V)),

for vectors v, w, treated as constant vector fields on R.

Remark. In a more abstract setting, it’s not as easy to just pretend that vectors are in fact vector fields; i.e.,
there’s not generally such a thing as a constant vector field. Writing down this definition of the derivative in
such a setting is a little more work.

Exercise 9.2. Show that exterior differentiation is a linear map d: Q'(R) — Q*(R). That is, show that if
c €Ris a scalar and A, n are 1-forms on R, then

d(cA)=cdA and d(A+n)=dA+dn.

Note: It’s important that ¢ is a constant scalar, and not a scalar function.

Example 9.3. Let’s compute the derivative of a standard 1-form on R". Take 1 < j < n and v,w € R". Then
d(dx?)(v,w) = D,(dx’(w)) — D,,(dx’ (v)).

But moving our point in the direction of v doesn’t affect the value of the function dx’(w), so D,(dx’(w)) = 0.
We similarly find that D, (dx/(v)) =0, so| d(dx/)=0 |

Example 9.4. Together, Exercise 9.2 and Example 9.3 might worry us. We've shown that the derivative of
a standard 1-form is 0, and that differentiation is linear. Since an arbitrary 1-form is a linear combination
(over C*°(R)) of standard 1-forms, we might be tempted to think that the derivative of a 1-form is always 0.
Instead, we have a product rule. Suppose we have a O-form f and a standard 1-form dx’ on R c R". Then for
any vectors v,w € R",

d(f dx”)(v,w) = Dy(f dx’(w)) =Dy (f dx’ (v)).

But again, dx/(w) doesn’t depend on v, so our product rule for directional derivatives tells us that
d(f dx’)(v,w) = D,(f) dx’(w) — D, (f) dx’(v)
=df(v)dx'(w)—df(w)dx'(v)
= (df Adx?)(v,w).

So we find that | d(f dx/) =df Adx’ | The last equality depends on Exercise 8.22.

k-forms

Now that we’ve differentiated 1-forms, doing the same for k-forms shouldn’t be too bad. First, if 1 is a k-form,
then dn is a (k + 1)-form. As a naive idea, this is because we feed k vectors (plus a point) into 7 in order to
get a real number, then choose one more vector and ask how the real number changes as we move in this
auxiliary direction. That is, the naive (and incorrect) attempt at defining dn would have us compute the
directional derivative

DVkH (ﬂ(Vp cre Vk));

where again we treat each vector v, as a constant vector field. As before, this does not give equal treatment to
each of the k + 1 vectors. We put all of the vectors on equal footing by, one at a time, treating each as the
vector which is varied while the others are plugged into . We then sum the resulting derivatives, except that
the requirement that dn be a differential form (and thus skew-commutative) introduces a sign that we must
track.
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Definition. Let n € Q*(R) be a differential k-form on some open subset R of R". The derivative (or
exterior derivative) dn of 0 is a (k + 1)-form on R defined by

k+1

ANV, Vi) = D (11D, (0(vy, ..., Vi),

j=1

for vectors vy, ...,v,,,. Here the notation ¥; indicates that we omit the vector v;, and all vectors are
treated as constant vector fields.

Exercise 9.5. Verify that this definition of the derivative recovers the previous definitions for 0- and 1-forms.

Remark. In Exercise 9.2 we saw that the linearity of differentiation for 1-forms follows from the linearity of
directional derivatives. The same reasoning tells us that differentiation of k-forms is linear, for any k.

Example 9.6. As was the case for 1-forms, the standard k-forms have derivative 0. Indeed, for any vectors
Vy,...,Viy and appropriate multi-index I,

k+1

d(dx")(Vy, .., Vis) = D (—1V*1D, (dx'(vy, ..., ¥, Vi)
j=1

But, just as we saw in the case k = 1, the quantity dx'(vy,...,¥,,...,V;;,) doesn’t change as we vary our point

in the direction of v;. So each of the directional derivatives in our sum vanishes, and we see that d(dxH=0|

Exercise 9.7. Repeat the argument of Example 9.4 to show that | d(f dx) =df Adx' | for any O-form
f € Q°(R) and any standard k-form dx’ on R.

Example 9.8. Let’s prove a version of the product rule for differentiation of wedge products. This is often
called a Leibniz rule. Say we have an open subset R of R", along with a k-form a and an ¢-form 8 on R.

Then we may write
fo dx' and ZgJ dx’,
I J

where the sums are taken over multi-indices of length k and ¢, respectively. Using the algebraic properties of
the wedge product, the linearity of differentiation, and the result of Exercise 9.7, we find that

dlanp)=d ((Zf, dx’) A (Zg, dxf)) =d (Zf,gJ dx! A de)
1 J 1,J
=>d(fig,dx' Adx’) =D d(fig,)dx' Adx’.

At this point we can apply the product rule derived in Exercise 9.1, as well as algebraic properties of wedge
products, to find that

d(anp)=> g df; Ndx' Adx’ + ) fdg, Adx' Adx’
1J 1J
= > (dfy Adx') A (g dx’) + (~1)sds @D N dxT) A (dg, Adx’)
1,J 1,J

=daAf+(—1)andp.

So we have the general rule that

dlanB)=danp+(=1)*EDaadp |

It's probably not obvious that the signs in this last computation are correct. You should check that they work
out.

Exercise 9.9. Check the computations in Example 9.8 for sign errors.

The derivative allows us to introduce some terminology for k-forms. The main characters in part two of
the course were vector fields, and we cared a lot about determining whether or not we could find a potential
(function or vector field) for a given vector field. With differential forms, we can streamline this question a bit.
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Definition. Let n be a k-form on an open subset R of R". If k > 1, then we say that 7 is exact if there
is a (k—1)-form A satisfying dA = 7, in which case we call A a potential for . We say that 7 is closed
if dn=0.

Exercise 9.10. Identify all closed 0-forms.

In this new language, we would say that a conservative vector field is exact, since it is the derivative of
some scalar potential function. Notions like curl-free are similarly encoded as statements about forms being
closed. Recall that — by our definition of curl — conservative vector fields are curl-free. In the language of
forms, this is reflected by the fact that exact forms are closed, which follows from the following exercise.

Exercise 9.11. Prove that (often called the nilpotence of d). That is, show that if « is a k-form,
k >0, then d(da) = 0.
Hint: First prove this under the assumption that a = f dx!, and then extend by linearity.

Axioms for d. The derivative we've defined here can also be defined as the unique linear (over R) map
d: QK(R) — Q*(R) such that

(1) df is the total differential, for any O-form f;
(2) d(df)=0, for any O0-form f;
(3) d(aAB)=dan B+ (1) (aAdp), for any forms a and .

Hopefully you’re not too mad at me for holding off on these axioms until we’d seen the somewhat more
elaborate definition. The axioms are useful for obtaining the relevant algebraic properties, but are maybe a
bit harder to motivate geometrically.

Remember that we initially defined the vector derivatives curl and div algebraically, and delayed their

geometric interpretations until we had established a relevant FTIC. A similar saga will play out here; after
proving Stokes’ theorem, we’ll revisit the definition of d and give the "correct" geometric interpretation.

9.2 Day 24: Pullbacks

By the end of today’s class, we should be able to do the following.

1. Compute the pullback of a differential form under a smooth map.

9.2.1 Pullback

Given a smooth map ®: D — R between open subsets D c R™ and R c R", we want to know how & relates
the linear structures of R™ and R" which we see on D and R. For instance, for any point p € D and vector
v € R™ based at p, we have a vector ®,v in R" based at ®(p) € R. Here ®, is the Jacobian matrix of ®, and
®_v is a matrix product, which we call the pushforward of v. This tells us how to push a vector forward from
D to R. Similarly, we can define the pullback of a differential form.

Definition. Let : D — R be a smooth map between open subsets D ¢ R™ and R c R". The pullback
of a 0-form f € Q°(R) is the O-form &*f € Q°(D) defined by

& f :=fod.
For k > 1, the pullback of a k-form A € Q*(R) is the k-form &*A € Q*(D) defined by
(@A), (Ve .., Vi) 1= Agp) (R4, ., B,V ),

for any vectors vy, ...,v, € R™ based at p € D, where ®, is the Jacobian matrix of ®.
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Remark. It’s worth noting that it’s much easier to pull a differential form back over a map than it is to push a
vector field forward. We can always compute the pushforward of a single vector, but we cannot necessarily
transform a vector field F on D into a vector field on R using a smooth map ®: D — R. If & fails to be
injective, then we can find a point q € R with multiple preimages p,, p, € D. How do we decide whether to
push F(p,) or F(p,) forward? On the other hand, if ® fails to be surjective, then we will find points in R at
which there’s no reasonable candidate for our pushforward vector. There are remedies to these problems, but
you should convince yourself that pullbacks don’t present the same sort of trouble.

Exercise 9.12. Verify that *(f 1) = (f o ®)®*A.

Example 9.13. As a first example, let’s compute the pullback of a standard 1-form. We take &: D — R as
in the definition, and use coordinates u,,...,u,, on D and coordinates x;,...,x, on R. For some choice of
smooth functions f;,,..., f;,, on D we can write

&*(dx") = fiydu' + -+ + fi,, du™.
We can determine the function f;; by evaluating ¢*(dx") on the coordinate vector 9,;- That is,
& (dx')(8,) = (fi du' + -+ + fin du™)(3,) = fij,

since duf(auj) = 1, while the other standard 1-forms vanish on auj. Now recall that, for 1 <i < n and any
vector ve R",

dx'(v)=2, - V.
So we find that, forany 1 <i<nand 1<j<m,
) . 2d 09,
®*(dx")(8,)=dx'(®,8,)=0, - — = —.
(@x)(@,) = dx'(8.8,) =8 - 7 = T
The upshot is that f;; = %, S0
. 09, 09,
&*(dx") = —Ldu' +---+ —L du™, 9.1)
Juy au,,

for any 1 < i < n. Notice that if we treat ;: D — R as a function in its own right, then (9.1) says
d*(dx') = d®,.

That is, the pullback of the i standard 1-form on R is the total differential of the i component of .

Remark. The above example uses the notation 3uj for a coordinate vector field. You've probably seen the

standard basis vectors for R" denoted by e,, ..., e,, and also treated these vectors as fields. Because we’ll be

dealing with multiple Euclidean spaces at one time (for instance, R™ and R"), we will instead use the notation

Oy If R™ has coordinates uj,...,u,,, then we will denote the standard basis vectors on R™ by 3, ,...,3,

b Hm .
Similarly, if we use coordinates x;,...,x, on R", then the standard basis vectors on R" are denoted o, ,..., 0
Going forward, we will use this notation for any coordinate system without comment.

Xp*

Example 9.14. The pullback might seem intimidating at first, but it’s really supposed to be automating some
familiar change-of-coordinates ideas. For instance, consider cylindrical coordinates! &: ]Rf’e’z - Ri’y’z defined
by

&(r,0,2) =(r cosO,r sinf,z).
We can use (9.1) to compute the pullbacks ®*(dx), *(dy), and $*(dz). We have

<I>*(dx)=i(r cos@)dr+i(r cosQ)d9+i(r cos0)dz =cosOdr—rsinfdo
ar a0 Jz
<I>*(dy)=i(r sin9)dr+i(r sin9)d9+i(r sinf)dz =sin6dr +r cos6dO
ar a0 dz
®*(d )—i(z)dr+i(z)d9+i(z)dz—d
= %r 20 ER -

In our less rigorous days we might have written

x =rcosb = dx=cosOdr—rsinfdo
y=rsinf = dy =sin@dr+rcos6do
z2=g = dZZdZ,

I As written here, & is not injective, but the pullback doesn’t care about this.
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where the equations on the right are obtained as a sort of total differential. Now that we know what the
symbols dx, dy, and dz mean, we can express this change of variables more accurately. In practice, our scratch
computations are done just as before: we imagine that & is a substitution of variables and take differentials.
But then we write it up as a formal pullback so that we can maintain our smug attitude towards physicists.

It’s not totally unreasonable to think of the pullback as some sort of "Jacobian for forms." Just like the
Jacobian matrix of ¢ linearizes ¢ in order to tell us the effect on a given vector, the pullback is a linearization
of ® which tells us the effect of ® on a k-form, except that we pull forms backwards rather than push them
forward. Also like the Jacobian, the pullback plays nicely with products and derivatives. For any open subset
R c R" and differential forms n, A € Q*(R), we have

(AL = (@) A(®*A) | and | &*(dn) = d(e*n). 9.2)

In some sense, these equations verify that, however & may distort differential forms, this distortion is accounted
for by the pullback. Our final two examples verify (9.2). In order to verify the wedge product formula, we
will use the following algebraic fact.

Exercise 9.15. Show that if A!,... A* are 1-forms on an open subset of R", then

Alvy) - AN
A A ANy, .., v) =det| . Co
A e AW
for any vectors vy,...,v, in R".

Example 9.16. Let’s verify the first part of (9.2), which tells us that pullback plays nicely with wedge product.
Exercise 9.12 verifies this in the case that one of the parties to our wedge product is a O-form, and now we
consider a higher-order wedge product of 1-forms. Suppose that I = (iy,..., i) is a multi-index of integers
between 1 and n. Then we find that
@ dx")(vy,...,v) =dx (®,v,,...,0,v,) = (dx A+ Adx®)(@,vy,...,0,V)
dx"(@,vy) -+ dx(v) (@*dx")(vy) -+ (@*dxM)(v)
= det : : = det : :
dx*(®,v;) - dx*(vy) (@*dx™)(vy) -+ (@*dx™*)(v)
=((@*dx ) A+ A(@*dx*))(Vy,..., Vi)
In case you don’t believe the third equality, we point out that the j™ row of the matrix whose determinant it
computes is the i jth row of the matrix whose columns are ®,v,,...,®,v,. The final equality uses the result of

Exercise 9.15. So we have verified that & dx! = (&*dx1) A--- A (®*dx%). The more general property given by
(9.2) then follows from the following exercise, which is solved using properties of the wedge product.

Exercise 9.17. Using the above formula for ®*dx’, show that ®*(dx’ A dx’) = (&*dx") A (®*dx”’), for any
appropriate multi-indices I and J. Then show that ®*(n A 1) = (®*n) A (®*A) for any forms 1, A on R.

Exercise 9.18. Using the map : R?, — R} _from Example 9.14, show that
®*(dx ANdy Ndz)=rdr AdO Adz.
This is reminiscent of the "distortion factor" induced by & back in part one of the course.

Exercise 9.19. Consider the map &: RZ 00 Ri’y’z defined by

®(p,0,¢):=(psinpcosh,psinpsinb, pcosyp).
Make a conjecture about the pullback ®*(dx A dy A dz), and then compute this pullback.

Finally, we verify the second boxed formula in (9.2), which tells us that pullback is compatible with
differentiation.

Example 9.20. Consider a k-form 7 on an open subset R of R", along with a smooth function ®: D — R,
for some open subset D of R™. We want to show that ®*(dn) = d(®*n). Say we have a point p in D, along
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with vectors vy, ..., v, based at p, which we treat as constant vector fields on D. For each 1 < j <k+1, let’s
define a function f;: R — R via

£i(@) = ny(@, vy, 2,V @, Vi)

Notice that
k+1

(@), (Vs Vi) = Y (—1Y*1D, (f; 0 ®)

j=1

p
On the other hand, we find that

(‘I’*(dn))p(vu cee ’Vk+1) = (dn)tb(p)(q)*vl: cre q)*vk)

k+1 k+1
=D WD fi| =2 (1D, (o)
j=1 ®(p)  j=1 p

where the last equality uses the chain rule for directional derivatives:

D,(f o®)| =Dy .f

p

>

@(p)

for any smooth function f : R — R. So indeed, ®*(dn) = d(®*n).

The pullback will be crucial to our definition of integration over parametrized subsets of R". Loosely, it’s
straightforward to integrate an n-form over an open subset of R": there is a natural way to treat an n-form
on R" as a real-valued function, and we’'ll just integrate this function as in part one of the course. But if we
want to integrate a k-form over a k-dimensional subset S of R" — with k < n — we’ll need a parametrization
®: D — R", where D is an open subset of R*. (The existence of such a parametrization will more or less be
what we mean when we say that S is k-dimensional.) We can then realize our integral over S as an integral
over D via the pullback &*.

9.3 Day 25: Integrating k-forms

By the end of today’s class, we should be able to do the following.

1. Integrate top-degree forms over certain subsets of Euclidean space.
2. Integrate differential k-forms over parametrized k-surfaces.

Most mathematicians, when asked, "What’s a differential form?" will answer, "It’s a thing to be integrated."
My own feeling is that this is a bit unfair to differential forms: they’re useful not only for integral calculus,
but also differential calculus, and allow us to express partial differential relations in coordinate-free ways. But
today we overlook this objection and think about what it means to integrate a differential form.

9.3.1 Top-degree forms

We start with integration of differential forms over open subsets of R". Our first observation is that integration
in this setting is defined only for top-degree forms.

Definition. Let R be an open subset of R", and let A be a differential form on R. We call A a top-degree
form on R if A is an n-form.

Top-degree forms are particularly special because, up to multiplication by elements of C*°(R), there’s just
one. That is, any top-degree form A on an open subset R of R" can be written as

A=fdx'A---Adxm,

for some smooth function f € C*°(R). The upshot is that, given the coordinates x,..., x,, we can identify
the set of top-degree forms on R with the set of smooth functions on C*°(R). But we already know how to
integrate these!
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Definition. Let R be an compact subset of R" which has nonempty interior, and whose boundary has
volume zero?, and let A be a differential n-form on R. Then the integral of A over R is given by

e

where A = f dx! A--- Adx", and the integral on the right is defined as in part one of our course.

Remark. Back in part one of the course, we’d be wringing our hands over whether or not f is integrable over
‘R. But remember that in this last part of the course, all functions are assumed to be infinitely differentiable.
In particular, f is continuous, and thus integrable. One can think about what happens if f is not assumed to
be smooth, but we won’t concern ourselves with this right now.

Honestly, this definition probably feels like a bit of a letdown. Why go through the pain of defining
differential forms if integrating them is really just the same as integrating functions? One glib-sounding
answer is that we were never really integrating functions — the forms were there the entire time. This has
some truth to it, and we try to give a hint as to what this means in Section 9.3.4 below. Another reason to
integrate forms rather than functions is that integration of functions is not invariant under coordinate change,
while coordinate-invariance is built into the definition of differential forms.

To see what we mean, suppose we have a smooth, bijective, regular® map &: D — R between appropriate
subsets of R". We can reasonably think of & as giving us a new coordinate system on R — compare & with
the coordinate systems from Week 3 — and thus we can integrate f against the coordinates of D. It doesn’t
seem far-fetched then, that we would want to the value given by the integral

[
D

to agree with fR f, since & is just a "reparametrization" of the R. But of course we know that this fails — we
spent a couple of days earlier this quarter thinking about the change of variables theorem, which tells us how
to correct the function f o ® with a distortion factor. The notion of composition for differential forms is given
by the pullback, and what we want to see now is that the distortion factor is built into the pullback.

Theorem 9.21: Pullback of top-degree forms

Let #: D — R be a smooth map between open subsets of R", and consider coordinates uy,...,u, on D
and coordinates x,...,x, on R. Then

®*(dx* A---dx") =detd, du A--- Adu”,

where &, is the n x n Jacobian matrix of ®.

Proof. To ease our notational burden slightly, let’s define the multi-index I = (1,...,n), so that
dx'=dx'A---Adx® and du' =du’A---Adu.

Now consider a collection of vectors v, ...,v, in R", thought of as tangent vectors on the domain side of .
Unwinding definitions gives

| |
(@*dx)(vy,...,v,) =dx'(®,vy,...,®,v,)=det| & ,v; -+ &,
| |

| | | I
=det| &, (v, -+ v, =detd, -det| v, - vV,

=detd, du'(v,,...,v,).

2These conditions can be recalled from part one of the course.
3Meaning that the Jacobian determinant is nowhere zero.

121



Math 32BH Lecture Notes Week 9

Because this computation holds for any collection of vectors v;,...,v,, we find that ®*dx! = det®, du’, as
desired. O

Remark. We could alternatively prove Theorem 9.21 using the fact that pullback distributes over wedge
product, as well as some algebraic facts about the determinant. Thinking about that proof is probably not
a bad use of your time; the approach used here was meant to emphasize that top-degree forms compute
volumes, and the Jacobian determinant of ¢ tells us how & distorts these volumes.

You should compare the result of Theorem 9.21 with your solutions to Exercises 9.18 and 9.19.
Combined with Theorem 3.5, Theorem 9.21 tells us that pullback is the correct notion of composition for

differential forms. Namely, when we pull our integrals back over smooth, orientation-preserving maps, we
simply pull back our forms as well.

Theorem 9.22: The change of variables theorem for forms

Let : D — R be a smooth map between compact subsets of R" with nonempty interiors, and whose
boundaries have volume zero. Let A be a differential n-form on R. If the Jacobian determinant of & is

positive*at all points of D, then
J A= J A.
D R

Exercise 9.23. Prove Theorem 9.22.

Perhaps this still seems like a poor use of our time — we’ve spent so many hours developing differential
forms so that we can compute a pullback instead of a Jacobian determinant? All this to move a star from the
bottom of ¢ to the top? The importance of this coordinate-invariance for integration of differential forms will
become clearer in the next subsection, where we integrate over parametrized surfaces.

9.3.2 Parametrized surfaces

We now give a quick definition of some objects over which we can integrate differential forms.

Definition. Let R be an open subset of R". For any integer k > 0, a parametrized k-surface in R is a
smooth map
$:D-R,

where D is a compact subset of R* with nonempty interior whose boundary has volume zero. We call D
the parameter domain of ®.

Remark. It’s important to notice that the object we'’re calling a parametrized surface is the map itself — not
the image of the map. This may not always match our intuition, but will be an important point in writing
down integrals.

Example 9.24. Say we have a parameter domain D C R* — that is, a compact subset of R* with nonempty
interior whose boundary has volume zero. Then the inclusion map +: D — R¥, defined by

t(x):=x,
i ized k-surface in R*
is a parametrized k-surface in R*.

Example 9.25. A parametrized O-surface in R C R" is simply the inclusion of a point. By convention, R? is a
set containing a single point — we often write R® = {x} — and thus there is only one parameter domain in
RP: all of R®. So a parametrized O-surface is a smooth map

»:RO>R

which is to say any map ®: {*} — R. (The smooth requirement is treated as vacuous here.)

4When det®, > 0, we say that & is orientation-preserving.
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It’s important to note that we do not require our parametrized k-surfaces to be simple or regular in any
way. Because we focus on the data of the map itself — rather than the image of the map — we will be able to
define integration without caring about whether or not the k-surface self-intersects or fails at some points to
be regular.

9.3.3 Integration over parametrized surfaces

We’ve now set the stage for integration of differential k-forms over parametrized k-surfaces.

A parametrized k-surface is a map whose image lives in an open subset R of R", and we imagine® this
image to be k-dimensional. So it makes sense that we would want to integrate elements of QX(R) over our
k-surface. Theorem 9.22 tells us that it should be safe enough to simply pull a k-form on R back to a k-form
on D.

Definition. With k > 0 fixed, let ®: D — R be a parametrized k-surface in R", for some open subset R
of R". For any differential k-form A on R, we define the integral of A over & to be

Jx;:f @i
@ D

Exercise 9.26. Convince yourself that integrating a O-form over a parametrized O-surface simply amounts to
evaluating a function at a point.

Integration over parametrized k-surfaces is meant to generalize the line integrals and surface integrals
that we computed in part two of the course. Indeed, while we pretended to define line integrals by doing
some sort of partitioning-the-curve nonsense, we defined the surface integral of a scalar function using
parametrizations of the surface. (Really, we did! Go back and look at Equation 6.2 on page 74.) But our
fear of computing areas of parallelograms in dimensions greater than three restricted us® to surfaces in R®,
and this parametrization-focused approach forced us to include an ugly distortion factor in our definition.
Our forms-based approach builds the distortion factors into our definition of composition; composition is
encapsulated by pullback, and distortion factors are baked into the pullback.

At the risk of repeating ourselves, let’s think about what happens if we try to define integration of functions
over parametrized k-surfaces in the way that seems most natural. Given a parametrized k-surface ®: D - R
and a smooth function f: R — R, it seems perfectly natural to expect the integral of f over & to be given by

J.focb’
D

since f o®: D — R is the pullback of f to D. The problem is that this integral is very sensitive to reparametriza-
tion. Say we have a smooth, bijective map ¥: D’ — D, for some other parameter domain D’ c R*. We think
of ¥ as a reparametrization; not only does ¢ o ¥ parametrize the same k-surface as does ®, it preserves any
simplicity, regularity, or lack thereof enjoyed by ®. So we should expect the integral of f over ® o ¥ to be

computed by
j fo(®ow).
’D/

But of course this can’t be so. We know that
J fod=| (fodoW)|dety,],
D D’

so we are essentially asking det ¥, to be everywhere equal to 1. If we want to integrate functions over
parametrized k-surfaces, we are forced to incorporate the distortion factors of our parametrizations into the
definition. There is a way to do this without differential forms — the Gramian determinant of Exercise 8.26
makes an appearance — but the machinery of differential forms gives us an elegant way to package all of
these distortion factors into one algebraic gadget.

SThere are some problems with this interpretation of dimension, but we’ll not address these here. The problems are tied up with the
fact that our parametrized k-surface need not be simple or regular.
6] think Fred may have discussed surfaces in higher dimensions in discussion session, though.
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Example 9.27. Consider the 2-form v € Q*(R?) defined by
y=xdyANdz—ydxAdz+zdx Ady,
and consider the parametrized 2-surface ¢: [0, 7], x [0,27]y — R? defined by
®(p,0) :=(sinypcosH,sinpsin O, cos ¢).
Let’s compute f » V- We start by computing the pullback of v under . We have

P*dx = ai(sinapcos 0)dy + aa—e(sinnpcos 0)d6 =cospcosOdy —sinysin6 do
1

d*dy = ai(simpsine)dtp + ;—Q(sintpsine)de =cospsinfdy +siny cos 6 dO
@

2 0
&*dz = —(cosp)dy + —(cosp)dB = —sinp dy.
dy a0

From this we can compute
®*(dy Adz) =sin®> pcosOdy AdB
&*(dx Adz) =—sin® psin0dy Ad6
®*(dx Ady)=cospsingpdyp AdO,
and at last we see that
' y=(x0®)d*(dy Adz)—(y o ®)®*(dx Adz) + (z0®)®*(dx Ady)
= (sin ¢ cos 8)(sin® p cos B)dyp AdO + (sin p sinB)(sin® psin8)dp A d8
+ (cosp)(cospsinp)dep AdO
= (sin® p cos? O + sin® p sin® @ + sin ¢ cos® p)dy A dB
=sinpdp AdO.

fv:f <I>*v=f sinpdp Ad6.
] [0,7]x[0,27] [0,7]x[0,27]

Now dy A d6 is the standard top-degree form on [0, 7], x [0,27], so this last integral simply asks us to
compute the integral (in the sense of part one of the course) of sin . That is,

fsz sin(pdgo/\d@zJ sin(p=~~-=.
d [0,m]x[0,27] [0,m]x[0,27]

Exercise 9.28. (Challenge) Suppose that &: D — R® is a simple, regular, parametrized 2-surface in R*, and
let S denote the image of ®. With coordinates (u, v) on D, let

d, x o,
ll®, x @,
denote the oriented unit normal vector to S determined by ®. If we pretend that n(u,v) = (ny, n,,n,) is
defined on all of R® (rather than just on S), we can define a 2-form

So we find that

n(u,v):=

vg:i=n;dy Adz—n,dx Adz+nsdx Ady

-

for any smooth function f: S — R, where the integral on the left is defined as in week 6. In light of this
exercise, explain why our answer of 4 makes sense in Example 9.27.

on R®. Under this pretense, prove that

Exercise 9.29. (Challenge) Exercise 9.28 tells us how to interpret scalar surface integrals in terms of
differential forms, for surfaces in R®. Under the same assumptions as in Exercise 9.28, let F = (F,, F,,F;) be a
smooth vector field on R%, and define

wg:=F dyANdz—F,dx Ndz+F;dx Ady.

-

where, once again, the integral on the left is defined as in week 6.

Prove that
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9.3.4 Why forms?

In this subsection, we’ll briefly try to convince ourselves that differential forms have been lurking in the
background of our integrals all along. There isn’t really any new material here, and certainly nothing for
which you’re directly responsible in this class. But hopefully this informal discussion helps to motivate the
integration we introduced this week.

The very first integral you ever defined was probably the definite integral of a continuous function on
a closed interval, say f : [a,b] — R. The purpose of the integral was to measure the signed area between
the graph y = f(x) and the x-axis, bounded by the lines x = a and x = b. Of course this area will depend
on the (varying) height of y = f(x), as well as the length of the interval [a, b]. In particular, the definite

integral f ab f(x) dx depends on a choice of function f, and also on some notion of length for the interval [a, b].

On the other hand, the area we compute should not be affected by the names we give to the points in
the interval [a, b]. That is, if we use some nonstandard coordinate system on [a, b], the value of the integral
shouldn’t change, provided we're still using the same ruler — i.e., notion of length — from before.

Let’s give some names to the players here. The integral over which we’re trying to integrate is I :=[a, b],
and let’s say we have a coordinate system
u:[c,d]—1.
Here we're thinking of I as an abstract geometric object over which we want to integrate; this object has a
preferred notion of length for (tangent) vectors, but has no a priori preferred coordinate system. We’re going
to use the coordinate system u, and the value we compute for the integral shouldn’t depend on u.

The ruler on I is not particularly interesting: it’s just the standard 1-form dx: R — R. Tangent vectors to
points in I live in R, which has the standard basis vector d,, and the length form — which we’ll call A — on I
is given by

A(V) :=dx(v)=v-0,.
Of course this is overkill if we’re just trying to reproduce the integrals you computed in your first calculus class,
but the point is that our definition of the integral of f over I depends on a preferred notion of signed length on I.

As we’re well aware, we approximate the integral of f over I by partitioning I into many subintervals,
approximating the value of f over each of these subintervals, and then summing the resulting areas. One
complication here is that we'’re treating I as some abstract geometric object; so the only reasonable way to
subdivide I is using a coordinate system. For instance, we have the coordinate system u: [c¢,d] — I, which
has parameter domain [c,d]. We can choose a partition

P={c=t,<t;<---<ty=d}
of the parameter domain, for some large integer N > 1, and this leads to a subdivision of I defined by
I :=u([t;,t;]), for 1<j<N.

If P is a very fine partition, then we should have

J fdxn~ Z F(u(t;_y))length(I;).
I j=1

Here we’re approximating the integral with a left-hand Riemann sum, and pretending that we can’t easily
compute the length of the subinterval of I;.

The remaining question is how we compute the lengths of the subintervals I;. Given what we know about
I, this is easy to do, but we’re trying to treat I as an abstract geometric object where we know how to compute
lengths of vectors (using A), but not of subsets. Our plan, then, is to approximate the subintervals I; with
vectors tangent to I. In the parameter domain of u we can consider the vectors

vji=(t;—t;_1)6, for 1<j<N.

We treat v; as based at t;_; € [c,d], so that v; spans the subinterval [t;_y, t;] of [c,d]. Our plan, then, is to

push v; forward from [c,d] to I. Once we have a tangent vector to I, we can use A to measure its length.
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Since v; is a vector based at t;_;, there’s really just one way to push it forward via u: we consider the vector
(u*)[j_lvj, where (u*)tj_1 denotes the Jacobian matrix u, of u, evaluated at t;_,. So, altogether, we find that

length(I;) ~ A((u*)tj—lvj)'

Of course the expression on the right is just the pullback form u*A, evaluated at the point t;_, and on the
vector v;. So

Jf dox > Fult )W), (V) = Y f @t ) @A), (@) —t ).
I j=1 j=1

At this point we recognize the final expression as a left-hand Riemann sum for the function g: [¢,d] = R
defined by
g(t) := f (u(t)) (w2).(3,).

In particular, this is a left-hand Riemann sum using the standard coordinate system on [c,d]. So this means

that
jfdx=f gdtzj (fou)u*k=J. u*(f dx).
I [c,d] [c,d] [c,d]

In the language of differential forms, we see that we weren’t integrating the function f, with dx just riding
along as notation. Instead, we were integrating the 1-form f dx. The value of this integral is independent of
our coordinate system, provided we transform the 1-form f dx appropriately.

Said another way, the 1-form dx gives us our ruler — a way to measure lengths — and this ruler is
unchanged under coordinate transformations (though the way we write the ruler will change). We can’t
compute areas under curves without some notion of length, and this 1-form is precisely what gives us our
lengths.

This probably still feels pretty fishy. The best way to get your head around the ideas that appear here is to
consider even more cases.

Exercise 9.30. Say we have an oriented curve C ¢ R" which admits a simple, regular, positively-oriented
parametrization. Under these assumptions, it’s possible to write down a 1-form A on R" so that A,(v) gives
the signed magnitude of v, for every point p € C and every vector v tangent to C at p. Given a simple, regular
parametrization r: [a, b] — R? of C, run through the above discussion in order to define the integral over C of
a continuous function f : C — R. Convince yourself that all we’ve done is integrate the pullback of the 1-form
A over [a, b].

Just as integration in one dimension requires some notion of (signed) length, integration in two dimensions
requires a notion of (signed) area.

Exercise 9.31. Consider a surface S ¢ R", assuming that at every point p € S we can make sense of the
tangent space to S at p, and that this tangent space is two-dimensional. Suppose we have a 2-form w defined
on R" with the property that w,(v, w) measures the signed area of the parallelogram spanned by v and w, for
every p € S and vectors v, w tangent to S at p. (Don’t bother trying to write down an expression for A — just
take it as something that exists.) Assuming we have a bijective parametrization

®:D->R"

of S, work through the above argument to convince yourself that the surface integral f of dS is simply the
integral fD ®*(f w) of the pullback of f w over D, for any continuous function f : S — R.

Note. Our mantra throughout this section was that integration over a closed interval requires both a function
and a notion of length on the interval, and we then found that the length was encoded by a differential
form. This undersells differential forms a bit. It’s true that we need a notion of length for our domain when
writing down the definite integral of a function on a closed interval, and we need a notion of area for our
domain when integrating functions of two variables. It’s also true that the framework of differential forms
was developed to give us a single, cohesive algebraic framework for these various notions of integration.
But this framework is sufficiently robust that we can write down integrals which have nothing to do with
length or area. In a setting where we can’t talk about the lengths of vectors, it will be impossible to speak
meaningfully about the integral of a function, but we can still integrate differential forms. Maybe right now
it’s not clear why such a notion of integration would be useful, but many notions of action in physics are
defined by integrals which do not necessarily care about underlying lengths.
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9.4 Interlude: The algebra (and calculus) of differential forms on R"

Our approach to the algebra of differential forms on (open subsets of) R" was to write everything down
in terms of standard k-forms dx'. This made our definitions feel somewhat less abstract, but may have
obfuscated some of the important algebraic properties we use when actually manipulating forms.

Our definition of the exterior derivative is also not particularly useful for actual computation. This is
similar to the single-variable calculus case, where we write down a definition of the derivative that computes
a limit, but then quickly learn rules that allow us to compute a large class of derivatives without directly
thinking about the definition.

This bonus section summarizes many properties of differential forms and the various operations on them
that we've defined. You should be able to verify any of these properties using the definitions given above’;
indeed, several appeared as exercises. Also, the properties are not independent of one another: some are
special cases of other properties on the list. We make no claim that the list is exhaustive.

Throughout, R is an open subset of R", p is a point in R, A and 7 are k- and ¢-forms on R, respectively,
and v, is either a vector based at p or a vector field defined on R, for any subscript i. We also have a smooth
map $: D — R, where D is an open subset of R™.

* (forms are multi-linear) For any auxiliary vector field w on R,
AV, sV, Vi) F AV, o, W, Vi) = AV, LV W, L ),

where w is in the i position.

« (forms are alternating) If the i™ and j™ vectors in the expression A(v;,...,v,) are swapped, the output
is scaled by —1.

* (forms are alternating, again) If the vectors vy,..., v, are linearly dependent, then A(v,,...,v;) =0. In
particular, if v; = v; for some i # j, then A(v;,...,v,) =0.

* (dimension property) If k > n, then A = 0.

* (wedges of standard forms) For any multi-index I = (iy, ..., i) of integers between 1 and n,
dx! =dxt A--- Adx.
* (skew-commutativity of wedge product) n AA = (—1)A A7
* (associativity of wedge product) For any A,n, 0 € Q°(R),
AAMNAO=AA(nAO).
* (homogeneity of wedge product) If ¢ is a scalar, then
(cMAN=c(AAN)=AA(cn).
* (distributivity of wedge product) If n and 0 have the same degree, then
ANM+O0)=AAN+AAG.

* (1-forms square to zero) If A is a 1-form, then A A A =0.

* (wedge products of 1-forms) If A and 7 are 1-forms, then
(A ANV, vy) = A(vIN(vy) — A(vo)In(vy).
* (derivative in terms of basis) If we write A =, f; dx’, then

d)\:de,Mf:Zij%dﬂM#.
g

J

In particular, dA is a (k + 1)-form.

7Some of the properties are actually built into the definitions.

127



Math 32BH Lecture Notes Properties of Forms

(d is linear) If ¢ is any scalar and n and 6 have the same degree, then
d(cA)=cdA and d(n+6)=dn+de.
(product rule for 0-forms) For any smooth function f € Q°(R), d(f A) =df AA+ f dA. In particular,
d(f dx!)=df ndx'.
(Leibniz rule) d(AAN) =dAAN +(—=1)*AAdn
(nilpotence of d) d(dA) =0
(pullback on 0-forms) For any f € Q°(R), ®*f = f o ®.

(pullback is linear)If ¢ is any scalar and n and 6 have the same degree, then
®*(cA)=cd®*A and @*(n+0)=d"n+d*0.

(pullback distributes over wedge products) ®*(A A1) = (®*A) A (@*n)
(pullback commutes with derivatives) d(®*A) = ®*(d 1)

(pullback is contravariant) If ¥: D’ — D is a smooth map with basis D’ and open subset of some
Euclidean space, then (® o ¥)*A = U*d*A.

(pullback on standard 1-forms) If R" has coordinates x,...,x, and R™ has coordinates u,...,u,,, then
L 09
d*dx'= >y —du’,
2

=1 “%j

where ® = (&,,...,9,).

(pullback of top-degree forms) If m = n, then ®*dx! = det®, du’, where we use coordinates u,,...,u,
on D and x4,...,x, on R, and where I = (1,...,n).

Note: This list may grow/be rearranged over the next several days.
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10 Week 10

This week our course reaches its crescendo: the proof of the general version of Stokes’ theorem. We start by
introducing singular k-cubes, special type of parametrized k-surface, and we learn how to take boundaries
of k-cubes to produce singular k-chains. Then we give a proof of Stokes’ theorem for k-chains. Hopefully
we’'ll have time at the end of the week to discuss some interesting consequences of Stokes’ theorem, as well as
further topics you can pursue.

10.1 Day 26: Cubes and chains

By the end of today’s class, we should be able to do the following.

1. Define singular k-cubes and singular k-chains.
2. Compute the pushforward of a singular k-chain.

Today we introduce the special kind of parametrized k-surface for which we will prove Stokes’ theorem.
The primary reason that we restrict our attention to the special k-surfaces is because of the (relative) ease
with which we can discuss their boundaries.

10.1.1 Cubes and chains

The objects of interest to us will be singular k-cubes, which are simply parametrized k-surfaces whose
parameter domain is the Cartesian k-cube.

Definition. For any integer k > 1, the Cartesian k-cube is the set [0, 1]* obtained by taking the Cartesian
product of [0, 1] with itself k times. That is,

[0,11F = {(uy,...,u) s u; €[0,1]}.

The Cartesian 0-cube, denoted [0,1]°, is a set with exactly one element.

Remark. We'll often write [0,1]° = {x}, so that the unique element of [0, 1]° is called %, but the name of this
element doesn’t really matter.

Definition. For any integer k > 0, the standard k-cube is the map I*: [0, 1]* — R* defined by I*(u) := u.
For any open subset R of R", a singular k-cube (or k-cube) in R is a smooth map c: [0,1]% — R.

Remark. Often, our trademark laziness will kick in and we’ll refer to singular k-cubes simply as k-cubes.

The adjective singular is present because we don’t require any regularity from a singular k-cube®. For
instance, the image in R of a singular k-cube could be a single point, which we typically think of as 0-
dimensional rather than k-dimensional. At first this sounds like a problem, but in time we’ll see that allowing
degeneracies such as this ensures that the set of all singular k-cubes in R has nicer properties than would
some more restrictive set which expects its cubes to be regular.

Exercise 10.1. Characterize all the singular 0-cubes in a subset R of R™.
Example 10.2. Consider the map c,: [0,1]*> — R® defined by
co(uy,uy) := (sin(muy) cos(2mu,), sin(mu,) sin(2mu,), cos(mu,)).

(We will typically use coordinates uj,...,u, on the Cartesian k-cube [0,1]%.) Since every function in sight is
smooth, so is the map ¢,, and thus ¢, is a singular 2-cube. It should be clear that the image of ¢, is the unit

IThe vocabulary kind of makes it sound like a singular k-cube is prohibited from being regular, but that’s not the case. With singular
k-cubes, regularity is allowed to fail, but not required to do so.
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sphere S%, but we think of ¢, as an object in its own right. Notice that we could also consider c; : [0,1]*> — R?,
defined by

cq(uy,uy) := (sin(2muy) cos(2mu,), sin(2mu, ) sin(2mu,), cos(2wu,)).
This will trace out the unit sphere S? twice — a generic point in S2 has two preimages. But we don’t think of ¢,

as two copies of ¢,; instead, ¢, and ¢, are independent objects. Finally, we can consider a map ¢: [0,1]* — R,
for any k > 2, defined by

E(uy, ..., uy) :=(sin(mu,) cos(2mu,), sin(mwu,) sin(2mwu,), cos(muy)).

Again, the image of ¢ is S2, but this time ¢ is a singular k-cube, with k not necessarily equal to 2. In general,
singular k-cubes can be expected to trace out subsets which have dimension at most k (but possibly smaller).

We said that we prefer singular k-cubes to more general parametrized k-surfaces because we understand
their boundaries. But the boundary of a singular k-cube is not itself a singular k-cube. We solve this problem
by introducing singular k-chains.

Definition. For any integer k > 0 and any open subset R of R", a singular k-chain (or just k-chain) in
R is a finite integer combination of singular k-cubes. That is, a singular k-chain ¢ in R has the form

o= E n;cj,
j=1

for some N > 0, where each n; is an integer, and each ¢;: [0, 1]¢ — R is a singular k-cube in R. If N =0
(so that our sum is empty), we have the zero chain. The collection of all singular k-chains on R is
denoted C(R).

Remark. Though it is a linear combination of smooth maps, we do not think of a singular k-chain as a map.
Instead, we imagine the singular k-cubes c; to be the fundamental geometric objects, and a singular k-chain
is then a collection of k-cubes, counted with multiplicity (the multiplicity is given by n;).

Exercise 10.3. Consider an annulus
A={(x,y):r* <x*>+y? <R*} CR?,

for some 0 < r <R. Express A as the image of a singular 2-cube c, but note that dA cannot be expressed as
such an image. Write down a singular 1-chain corresponding to dA. We will soon be able to write down dc, a
singular 1-chain. Keep in mind that dc is not the same as dA — one is a linear combination of smooth maps,
while the other is a subset of R

Remark. Intuitively, the collection C,(R) behaves a lot like a vector space, where the "basis elements" are
the singular k-cubes in R. Of course this means that we have infinitely many basis elements, but this isn’t a
problem on its own. The real hurdle to being a vector space is the fact that scalar multiplication is limited to
integer values; this prevents us from doing some familiar scaling operations.

10.1.2 The pushforward

We saw above that a smooth map ®: D — R between open subsets of Euclidean spaces leads to a pullback
map

d*: Q(R) - QX(D),
for each k > 0. The collections of singular k-chains on D and R work similarly to their respective collections
of k-forms, and instead of a pullback, ® induces a pushforward.

Definition. Consider any smooth map ¢: D — R between open subsets D ¢ R™ and R € R". The
pushforward map
®,: (D) = C(R)
is defined on singular k-cubes by
d,c:=%oc

and extended linearly to singular k-chains.
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Remark. Notice that we have now overloaded the notation &, . Previously this denoted the Jacobian matrix of
@, and now it denotes the pushforward. This is not a coincidence, and maybe we will explain the relationship
between these notions soon. In the meantime, our use of the notation ®, should be clear from context.

Exercise 10.4. Realize an arbitrary singular k-cube in R as a pushforward of the standard k-cube.
Recall that the pullback is contravariant, meaning that (¥ o ®)* = * o U*, Pushforward, on the other hand,

is covariant.

Proposition 10.5. Suppose we have smooth maps ®: D — R and ¥: R — W between open subsets of Euclidean
spaces. Then (¥ o®), =¥, 0d,.

Proof. If c: [0,1]% — D is a singular k-cube, then

(Tod)c=(Pod)oc=Vo(oc)=Y, (Poc)=",(d,c)=(¥, 0, )c.
Because pushforward is defined to be linear, it is now easy to check that (¥ o ®),0 = (¥, 0 ®,)o, for any
o €C(D). Soindeed, (Vo ®), =V, 0d,. O

Hopefully it’s clear that pushforward does for chains what pullback does for forms. By using both operations,
we can express the change of variables theorem for singular k-chains. We first define integration over singular
k-chains in the obvious manner.

Definition. Let R be an open subset of R", and let o be a singular k-chain in R. For any k > 0 and any
differential k-form on R, the integral of A over o is given by

N
f A :=anj A,
o j=1 Cj

N
where o =3, n;c;.

It can be helpful to think of integration as a bilinear pairing between C,(R) and Q“(R). We have
(—,—): C(R) x QX(R) — R defined by
(o, ) ::f A

Properly calling this a bilinear pairing is a little tricky, since C,(R) only admits scalar multiplication by integers
(rather than all real numbers), so we’ll just use this pairing informally.

Theorem 10.6: The change of variables theorem for chains

Let #: D — R be a smooth map between open subsets of Euclidean spaces, let o € C;(D) be a singular
k-chain in D, and let A € Q¥(R) be a differential k-form on R. Then

J@%:J A
o d.0

Proof. First, suppose we have a singular k-cube c: [0,1]* — D in D. Then the definition of integration over
k-surfaces, along with the contravariance of pullback, tells us that

J x:f A:j @o@azj' avx:f¢u.
®.c doc [0,1]k [0,1]k c

Now if o = 3™ n;¢;, then
N N
J@*A:Zn}-J @*A:anj AZJ A,
o j=1 Cj j=1 % Cj @0

j=1"Cj>
as desired. O

In terms of the integral pairing above, the change of variables theorem tells us that

(®,0,1) = (0, d*A),

for any singular k-chain o on D and any differential k-form A on R. For this reason, we like to think of &,
and &* as adjoint to one another.
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Figure 10.1: The four faces of the standard 2-cube I2.

10.2 Day 27: The boundary operator

oo

By the end of today’s class, we should be able to do the following.

1. Determine the boundary of a singular k-chain.
2. State some important properties of the boundary operator.

10.2.1 Boundaries

We now define the boundary operator on singular k-chains. We'll see that computing the boundary of a
singular k-cube can be somewhat tedious, but not conceptually difficult, since the parameter domain [0, 1]
has an easy-to-describe boundary.

Definition. Fix integers k > 1, 1 <i <k, and 0 < a < 1. Then the (i, a)-face of the standard k-cube
1¥:10,1]* — R* is the singular (k —1)-cube I, : [0,1]"" — [0, 1]* defined by

k —
I(i’a)(ul,...,uk,l).—(ul,...,uH, a U, Ug_q)-
ith entry

For any singular k-cube c: [0,1]F — R in R c R", the (i, a)-face of c is the singular (k — 1)-cube in R

defined by c(;q) :=coIf .

Remark. Because a is an integer, we have either a = 0 or a = 1. So a singular k-cube has 2k faces: there are
k options for the value of i, and 2 options for the value of a.

The notation I("l. o can be read as follows: we hold the i component constant, and give it the value a.

Example 10.7. Consider the standard 1-cube I': [0,1] — R. This cube has two faces: the (1,0)-face and the
(1,1) face. Each of these is a singular 0-cube, {*} — [0, 1], defined by

1(11’0)(*)=0 and 1(11,1)(*)=1,

respectively. Note that these correspond to the two endpoints of the interval [0, 1].

Example 10.8. The standard 2-cube I?: [0,1]?> — R? has four faces, corresponding to the two options for i
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and the two options for a. Each of these is a singular 1-cube [0,1] — [0,1]?, and they are defined by

1(21,0)(11) =(0,u) 1(21,1)(11) =(1,u)
I3 @) =0 1% w=(u1).

See Figure 10.1. Notice that if c: [0,1]> — R is a not-necessarily-standard singular 2-cube, then the four
faces of ¢ are given by

C(1,o)(u) =c(0,u) C(1,1)(U) =c(1,u)
C(z,o)(u) =c(u,0) C(2,1)(U) =c(u,1).

Again, each is a map [0,1] — R, where [0, 1] has parameter u.

As these examples demonstrate, the boundary of a singular k-cube should be a singular (k — 1)-chain, a
linear combination of the various faces of our k-cube. It may not be clear, however, what coefficient each
face should have. A singular cube naturally carries an orientation: for instance, the vertical faces of 12
(each of which is a singular 1-cube) in Figure 10.1 are oriented bottom-to-top, while the horizontal faces
are oriented left-to-right. Notice that the left and top faces of I? have orientations which disagree with our
usual convention. As a consequence, we give these faces a coefficient of —1 when expressing the boundary 212.

As a matter of fact, any singular k-cube ¢ induces a boundary orientation on dc, and the orientations
naturally carried by the faces of ¢ may not always agree with this induced orientation. We now distinguish
between positively- and negatively-oriented faces.

Definition. Consider the standard k-cube I*: [0,1]¢ — R, for some k > 1. We say that the face
I("i o [0, 111 — [0,1]* of I* is positively-oriented (as a face of I¥) if
| , | , |
k k
det| Nooy 75U0y) -z i) | >0

where N, := (—=1)*"'e; € R* is the outward-pointing unit normal vector to If, .. Otherwise, If, , is

negatively-oriented (as a face of I*). The face ) of an arbitrary singular k-cube is considered to be

positively-oriented if I (kl o 18 s0, and otherwise is negatively-oriented.

Thankfully, this is not something we have to check very often. Instead, there is a combinatorial test for the
orientations of the faces of a singular k-cube.

Exercise 10.9. Show that c; , is positively-oriented if i + a is even, and is negatively-oriented if i + a is odd.

We want the coefficient of ¢ ,) to be positive or negative depending on its orientation, so Exercise 10.9
tells us that the coefficient of ¢ ,) should be (—1)"*.

Definition. For any integer k > 1, the boundary of a singular k-cube c: [0,1]* — R in an open subset
R of R" is the singular (k — 1)-chain Jdc¢ defined by

k1
dc:= Z Z(—l)”“c(i’a).
i=1 a=0
The boundary of a singular k-chain o = 2?21 n; c; is the singular (k —1)-chain do defined by
N

Jdo ::anﬁcj.

j=1

The boundary of a singular 0-cube is taken to be 0, as is the boundary of a singular 0-chain?.

2Recall that 0 is the empty linear combination of singular k-cubes. We treat 0 as a singular k-chain for any integer k (perhaps even
negative integers).
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Example 10.10. Consider the singular 1-cube c: [0,1] — R? defined by
c(u) := (cos(2mu), sin(27u)).

The image of ¢ is obviously the unit circle in R?, which we think of as being boundaryless. Let’s see what our
construction does. First, ¢ has two faces, defined by

camE) =¢c(0)=(1,0) and cqy(x)=c(1)=(1,0).

So in fact the two faces of ¢ are the same parametrized O-surface. It then follows that

1

dc= Z Z(—l)wc(i,a) =—Cq0tcan =0

i=1 a=0

and we see that c is indeed boundaryless.

Example 10.11. Consider the singular 2-cube c: [0,1]* — R? defined by
c(uy,uy) := ((uy + 1) cos(2mu,), (ug + 1) sin(27u,)),

the image of which is the annulus A= {(x, y) : 1 < x? + y2 < 4}. As does any 2-cube, ¢ has four faces, defined
by

¢1,0)W) = ¢(0,u) = (cos(2mu), sin(27mu))
can@) = c(1,u) = (2cos(2mu), 2sin(2mu))
c.0) =c(u,0)=(u+1,0)

cen@) =cu,1)=(u+1,0).

Notice that ¢, 5) = ¢,1y. Draw a picture to convince yourself that this is correct. We then find that

dc=—Cu0)+Can * C0 ~ 21 = )~ Cao)-

Informally, this is telling us that d¢ consists of the outer circle ¢, ;) with the counterclockwise orientation,
plus the inner circle c(; ) with the clockwise orientation.

10.2.2 Properties of &
For an open subset R of R", we now have two interesting sequences of maps:

QR) 45 2(R) 4 -+ — o (R) — Q"(R) —» - (10.1)

and

Co(R) +2— Ci(R) +2— - 2~ ¢, (R) ¢+Z— C,(R) <2 -+ . (10.2)

(The sequences continue to make sense when we place larger values in the subscripts or superscripts, but
are no longer very interesting.) In this section, we want to show that some of the properties enjoyed by the
exterior derivative d are also enjoyed by J.

First, recall that if ®: D — R is a smooth map between open subsets of Euclidean spaces, then we can
relate the sequences in (10.1) for the two regions:

d d

QR) 45 2(R) 45 - -4 o (R) 45 Q'(R) —» -

l . l . l ‘ l . . (10.3)

d

Q(p) —4 o'(p) -4 ... —45 o (p) <45 o) L -

Moreover, we know that the exterior derivative commutes with pullback, meaning that we can move through
this diagram in any order we want: ®* od = d o ®*. We can also use @ to relate the sequences in (10.2) for D

and R:
2

Co(R) +2— Ci(R) 21— - 21— C,_,(R) <Z— C,(R) 4

T@ T@ T% T“’ - . (10.4)

Co(D) +2— (D) +2— -+ <2 (D) < Cu(D) <
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By analogy with (10.3), we want an equation of the form &, o d = d o ®,. That is, we want to say that the
boundary operator commutes with pushforward. This is indeed the case, and our proof of this fact makes use of
the following exercise.

Exercise 10.12. Let c: [0,1]¢ — R be a singular k-cube in an open subset R of R". Show that 8¢ = ¢, 8.
Proposition 10.13. Let ®: D — R be a smooth map between open subsets of Euclidean spaces. Then
0d,0=9%,00,
for any singular k-chain o in D.
Proof. First, consider a singular k-cube c: [0,1]* — D in D. Then we have
0d,c=0(Poc)=(®oc),dI* =d,c " =d dc,

where the second and fourth equalities use Exercise 10.12. Next we write o = Z ¢; for some singular

k-cubes c;: [0, 1] — D. Then we have

09,0 =09, (i n; cj) = ﬁ:nj 0d,c; = ﬁ:nj ®,0c;=9,0 (i n; cj) =900,

j=1 j=1 j=1 j=1

]1}

as desired. O

In focusing on the commutativity of (10.3), we overlooked an even more important property of (10.1):
the nilpotence of d. We showed in Exercise 9.11 that d od = 0, and thus we know that composing consecutive
steps in (10.1) always gives the zero map. To use the vocabulary we developed around the exterior derivative,
this means that all exact forms (those which are derivatives) are closed (have derivative zero). We define
similar (if less creative) vocabulary for the boundary operator.

Definition. We say that a singular k-chain o is a boundary if there is some singular (k + 1)-chain =
with the property that 7 = 0. We say that o is a cycle if do = 0.

By drawing some pictures, it’s probably not hard to convince yourself that every boundary is a cycle. In
terms of (10.2), this means that d o 8 = 0, which we now prove.

Theorem 10.14: Nilpotence of &

Let R be an open subset of R", and let o be a singular k-chain in R, for some k > 0. Then d(dc) =0

Proof. We first note that if k = 0, then d o = 0 by definition, and thus d ¢ = 0. Similarly, if k =1, then do is
a 0-chain, and therefore has boundary 0.

We'll prove that if c: [0,1]¢ — R is a singular k-cube, then 8(8c) = 0. The desired result then clearly
follows from the linearity of 8. We have

ko1 ko1
9(dc)= (Z Z( )Hac(i,a)) = ZZ(_l)HaaC(i,a):

i=1 a=0 i=1 a=0

with the last equality using the definition of the boundary of a singular (k—1)-chain. So we’re left to investigate
the boundary ¢ ., for some integers 1 <i < k and 0 < a < 1. According to the definition of the boundary,

we have
k—1 1

0 (C(i,a)) = Z Z(_l)j+b(c(i,a))(j,b)'

j=1 b=0

1 1
2(dc)= ZZ Z(_l)i+a+j+b(c(i,a))(j,b)

i=1 a=0 j=1 b=0

Thus we find that

k=1

With close attention to the indices of our sums, we can do some trickery. For the sake of notation, we will
suppress the sums over 0 < a,b < 1 for the rest of this argument, but it should be understood that each

135



Math 32BH Lecture Notes Week 10

expression written is summed over these variables. First, we rewrite:

8(3c) =Y. > (=1 (e )
J
k—1

k k-1
=1 j=1

~
=

k i—1
. i+h . i+b
(_1)1+a+J+ (C(i,a))(j,b)+ZZ(_1)1+(1H+ (C(i,a))(j,b)'

i=1 j=i i=1 j=1

Next, we outsource a little bit of work.
Exercise 10.15. ShOW that lf_] < i, then (C(i,a))(j,b) = (C(j,b))(i—l,a)'

We can substitute this into the last sum above:

2(dc)= Z Z(-UHGHM(C(i,a))(j,b) *

i=1 j=i i

k-1 k-1 kool
asith
(=)0 (e by i—1.0)-
=1 =1

j=

Now we point out that

k-1 k=1 k k=1 k=1
ZZ(_l)i+a+j+b(c(j,b))(i—1,a) = Z Z (_1)i+a+j+b(c(j,b))(i—l,a) = ZZ(_l)i+1+a+j+b(C(j,b))(i,a)»
i=1 j=1 j=1i=j+1 j=1 i=j

where the second equality is obtained by replacing the variable i with i + 1. At last, we swap the roles of i
and j, as well as those of a and b, in this last sum:

k—1 k—1 k—1 k—1

N N
E E (=D (e )y = E : E :(—1)”H B CTIE
=1 i i=1 j=i

Substituting this back into our expression for d(dc¢) gives

k=1 k—1 k—1 k—1
3(dc) = Z Z(_l)l+a+]+b(c(i,a))(j,b) + Z Z(_l)]+1+b+l+a(C(i,a))(j,b) =0,
i=1 j=i i=1 j=i
as wanted. O

In some ways, the nilpotence of 8 is more important than the fact that 8 commutes with pullback; we
discussed the properties in this order because we wanted to delay the more tedious proof. The fact that
0 09 =0 tells us that (10.2) is a chain complex, and allows us to feed (10.2) into a gigantic machine called
homological algebra, the output of which is some information about R. By analogy, we call (10.1) a cochain
complex (just because d increases the index, rather than decreasing) and feed it into the same machine. The
equations

®,00=00®, and ®*od=dod*

then tell us that the pushforward is a chain map and the pullback is a cochain map, respectively, and
properties such as this ensure that continuous changes to R won'’t affect the information given to us by the
homological algebra machine. That is, these equations somehow ensure that the data we receive from the
homological algebra machine is actually data about the topological type of R. A truly remarkable fact, known
as De Rham’s theorem, is that the homological algebra machine gives the same output for (10.1) as it does
for (10.2) (up to a certain amount of lying). We won’t have time to prove this result in our course, but a
crucial first step in the proof is Stokes’ theorem, which we take up next time.
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10.3 Day 28: Stokes’ theorem for k-chains

By the end of today’s class, we should be able to do the following.

1. State and prove Stokes’ theorem for singular chains and differential forms.
2. Interpret the exterior derivative as the natural extension of gradient, curl, or divergence.

The last few weeks may have felt a bit like aimless wandering, as we’ve defined various abstract notions
whose importance may not yet be completely clear. Today we summit our final mountaintop, from which one
can see a vast land of manifolds and homology.

To an open subset R of a Euclidean space R", we have now associated two important operations: the
boundary and derivative maps

92:C(R)—C1(R) and d:QY(R)— QX(R).

We've noticed that these two operations enjoy some formally similar properties, such as nilpotence and
commutativity with some sort of composition map &, or *. Our goal today is to prove a crucial relationship
between the boundary and derivative operators, from which these similarities follow.

Theorem 10.16: Stokes’ theorem for singular k-chains

Fix integers 1 < k < n, take an open subset R of R", and let o be a singular k-chain in R. Then

fd)t=j A,
o do

In terms of the integral pairing (—,—): C,(R) x Q¥(R) — R defined above, Stokes” theorem tells us that 3
and d are adjoint (as were the pushforward and pullback), because

(o,dAy=(00,A),

for any singular k-chain ¢ in R and any (k — 1)-form A on R.

for any differential (k—1) form A on R.

This adjunction between @ and d is the first in a beautiful sequence of results relating the chain complex
(C.(R), 2) to the cochain complex (Q2°(R),d). These results allow us to show that the geometry we’ve done
in this course can be used to compute topological information about the region R, and in fact these results
generalize to a setting which is still more abstract. Of course we're out of time to discuss these ideas in this
course, but we will see the crucial first step which makes these lines of inquiry possible.

Here on this mountain we have climbed, our course will die; we will see the promised land only from a
distance, and will not cross over into it.
10.3.1 The proof of Stokes’ theorem

We will prove Theorem 10.16 in stages, considering progressively more general chains and forms. Because a
singular k-chain is a linear combination of singular k-cubes, we can reduce to the case of integration over a
singular k-cube. But a singular k-cube is simply a pushforward of the standard k-cube, so we consider first
the case of integration over the standard k-cube.

The standard k-cube is a singular cube in R¥, so we can write our differential k-form A as
k
A:ijdxl/\m/\dxi/\m/\dx",
j=1

for some smooth functions f,,..., f,: R* — R. We first consider the case where f; = 0 for all but one value of
1 < j < k. This will be our only technical result, and the machinery of differential forms will then carry us the
rest of the way.
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Lemma 10.17. Fix integers 1 < j < k and choose a smooth function f : R* — R. Then
f d(fdxl/\u-/\@/\---/\dxk)zf Fdx! Ao Adxd A--- AdxK,
Ik oIk

where I is the standard k-cube.

Proof. Let’s start by introducing some notation. If we write I; = (1,... ,]A', ..., k), then we can rewrite our
desired equation as

J d(fdx’f):J fdxb. (10.5)
1k oIk

The left side of this equation is pretty easy to unwind. One of our first product rules for forms told us that
d(f dx%)=df Adx', and since dx' A dx% = 0 whenever i # j, we find that

d(fdx")=df Adxi = :—f dx) Adxl = (—1)1_15—f dx’,
X .

J Xj
where I = (1,...,k). Moreover, since det I f: =1 and dx! is a top-degree form on R¥, Theorem 9.21 tells us that
(1Y (d(f dx)) = (14 ((—1)]‘-1 o dxf) N (j—f 01") .

ax; X;

So the left side of our desired equation is given by
I; ky* I; j—1 af k I j—1 2 k
d(f dx7)= Iy (d(f dx)) = (-1Y ol |du =(-1Y S —(ferl"), (10.6)
Ik [0,1]% [0,1]% Xj [0,1]k auj

where the final integral is of the type encountered in part one of the course. In the last step, we used the
chain rule to rewrite our function, as well as the definition of integration of top-degree forms on R*. The right
side of 10.5 is somewhat more involved.

Since the boundary 3I* is a linear combination of the faces of I*, we start by considering the integral of
f dx'i over each of these faces. That is, we want to investigate

J

for some integers 1 <i <k and 0 < a < 1. A good place to start is a computation of (I(kl. a))*(dxlf). Notice that

f dxh = f (1f ) (f dx') = f (f 016 (IE ) (dxD), (10.7)
[0,17%-1

K e
(@) fo,1J

this is a top-degree form on [0,1]*"! ¢ R*™!, and thus we may write

Ik Y(dx")y=gdu' A--- AduFT,
(i,a)

for some smooth function g: [0,1]*"! — R. We determine g by evaluating this form on the standard basis
) )

(MR

(gdu' A---Adu*)(,,,...,8, ) =28
Plugging these basis vectors into (I("i’a))*(dxli), we find that we can write

(I(ki’a))*(dxlf) = ((I("i’a))*(dxlf YBuys -+ By N dul A A du*.

Combined with (10.7), this means that

Fdxh = f (F ot )L ) [@x')@, - 8 ) (10.8)
[O’I]k—l

k
I(i,a)

where the integral on the right is of the type seen in part one of the course. So we need to compute
(I o)) (X (Bys-s B )-

By definition, (If; ,,)*(dx")(8,

bian matrix (I (kl )i+ We have

0y )= dx’i((I(kl.’a))*aul, s (I("i,a))*aukfl), so let’s think about the Jaco-

1o

I("i)a)(ul, e Ue) = (U, Uy, @ U, U ).

ith entry
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So if 1 < £ <i—1, then only the £ component of I("l. o has a nonzero derivative with respect to u, and this
derivative is 1. That is,
(I(la)) 3, =0 if 1<¢<i—1.

X2

Fori <{ < k-1, itis the (£ + 1)* component of I("i 0 which varies with respect to u,, and we find that
(I(la)) =0y,,, fi<l<k-1.
Putting things together,

UE (X @Byy By ) = AXU(UE )80y UE )8y ) = dXT(Byy, .y, 8,

i

(1, ifi=j 5
o, ifi#j 00
This last notation is called the Kronecker delta, and is defined by the equation given here. It’s just a useful bit

of notation.

Substituting this computation into (10.8), leads us to

£ dx'i =5, J foI(kla) (10.9)
Ié‘iya) [0,1]k-1

At last we can compute the right side of (10.5). We have

f fdxli = Z( 1)+ U de’J) Z( 1)”“( f fof(’ia>)
i=1 a=0 i=1 a=0 [0,1]k-1

(! a)

= (—1)"2(—1)“ U folf a)) = (—D”lf (FoIf y—F oIt ).
[0)1]1(—1 [0,1]k—1

a=0

(10.10)

We emphasize once again that this last integral is of the type seen in part one of the course; namely, it’s an
integral of a function.

Finally, it’s time to compare the left and right hand sides of our desired equation. We expressed the left
side as an integral over [0,1]* in (10.6). Using Fubini’s theorem, we have

f d(fdxfj)z(—l)“J a—(fol )=(-1)" lf U E(fOI )) (10.11)
Ik [0,11k j [0,1]k-1

where the integral over [0, 1] uses the variable u;, and the outer integral uses uy,...,1;, ..., u,. With all the
indices we’ve had to track, this entire proof probably feels pretty technical; but here comes the key technical
step: we apply the single-variable Fundamental Theorem of Integral Calculus to the integral over [0, 1] to see
that

]th entry jth entry

~ =~ =
J _(fol)_(fol)(ul: ool u)=(f eIy, 0w
[01]a

(foI(]l))(ula i) J: uk)_(foIé)o))(ula"':u/\j:"':uk)'

We're almost there. Substituting this last observation into (10.11), we find that

f d(fdxff)=(—1)f—1f (folg,l)—folg,o))=f fdxh,
Ik [0,1]k-1 a1k

where this last equality uses (10.10), as well as the fact that (—1)~! = (—1)’*'. But this is precisely our
desired equation! So Stokes’ theorem holds in this special case. O

With this basic version of Stokes’ theorem in hand, we obtain the result for more general forms by using
some basic properties of forms.
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Lemma 10.18. For any k > 1 and any differential (k —1)-form A on Rk,
J da :J A
Ik ark

Proof. Because A is a (k—1)-form on R¥, we can write

where I* is the standard k-cube.

k
=ijdxl/\-~/\dxf/\~--/\dxk,
j=1

for some smooth functions f,,..., f;: R* = R. Then we find that

k k
J dsz d(ijdxlA---/\d’;E/\---/\dxk)=J (Zd(fjdxl/\-~-/\33c7/\---/\dx’<))
Ik Ik j=1 Ik \(j=1
k . k —
=ZU d(fjdxl/\---/\dxf/\--~/\dx’<))=ZU fjdxl/\~~~/\dxf/\---/\dxk)
j=1 Ik o1k

j=1

k
=f (ijdxl/\m/\gﬁ/\---/\dxk):f A,
Ik \ j=1 ark

with the antepenultimate equality following from Lemma 10.17. O

So we now know that Stokes’ theorem holds for any (k — 1)-form A, provided the chain over which we’re
integrating is the standard k-cube. Let’s enhance this to an arbitrary singular k-cube.

Lemma 10.19. Fix integers 1 < k < n, take an open subset R of R", and let c: [0,1]* — R be a singular k-cube

in R. Then
J dA = J A
c dc

Proof. Recall that we can realize the k-cube ¢ as the pushforward under the map c: [0, 1] — R of the standard
k-cube I*: [0,1]% — [0,17%. Then, using Theorem 10.6, we find that

Jdk J dA= Jc(dl)—f d(c*A)
C*Ik k
g A B
c, 01k

This computation uses Lemma 10.18 in its fourth step, in addition to using the fact that pushforward commutes
with the boundary operator. O

for any differential (k —1)-form A on R.

Finally, obtaining Theorem 10.16 from Lemma 10.19 simply uses the linearity of integration over chains.
Proof of Theorem 10.16. Since o is a singular k-chain, we can write
N
o= Z n;c;
j=1

for some finite collection of integers n; € Z and singular k-cubes c;. Then, using Lemma 10.19 and the
definition of integration over chains, we have

N N
Jdl=2njf d;\:Zan A:f 2
o j=1 ¢j j=1 dcj do

as desired. O

Notice that Lemma 10.17 was the only step with any technical content, where we used the single-variable
FTIC. The remaining steps were routine applications of standard properties for differential forms and singular
chains.
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10.3.2 An example
Let’s see Stokes’ theorem in action.

Example 10.20. Consider the upper hemisphere S ¢ R* of the unit 3-sphere S* in R*. That is,
8 = {(xy, x5, %3,%4) : X7+ x2 +x7 + x5 =1and x, > 0}.

Suppose we have a singular 3-cube c: [0, 1]* — R* which is injective on (0, 1), and whose image is S. Suppose
further that
(. | I
dc dc dc
det| N 5 du; Ous >0,
I | I

where N is the outward-pointing unit normal vector to S in R*. Let’s compute fs = fﬂ 1, where

4
ni=» (1—x)dx' A+ Adx A Adx.
j=1

At this point, it’s hard to be too hopeful about applying Stokes’ theorem, since 7 is not presented as a derivative
and S is not presented as a boundary. Notice, however, that

dn (l—xj)dxj/\dxl/\-'-/\(T;/Mn/\dx“

Il
.M*“
QJ|Q)

1 9%

-,
Il

—1dx) Adx A+ AdxT A--- Adxc?

-

-
Il
—

Il
M-

(=1Y dx'=o0.
1

-
Il

So if we could realize S as (part of) a boundary in R*, then we could trade this boundary in for a derivative,
which would kill the form we’re integrating. For instance, consider the region

W = {(x}, X3, X3,%,) : X} + x5 + x2 + x <1 and x, > 0}.
As a region in R, we can think of the boundary W as consisting of two pieces:

OW = {(x1,Xp,X3,%4) : X} + X5+ x2 + x7 =1 and x, > 0}

U {(x1, X9, X3, ,4) : X7+ x2 + x2 +x7 <1 and x, =0}

The first of these pieces is our hemisphere S, while the second is the 3-ball in R® of radius 1, included into R*
in the obvious way. We'll call this second piece B. Of course we’re being a bit sloppy here, since we haven’t
expressed any of our regions or hypersurfaces as parametrized k-surfaces, but the point is that this general
Stokes’ theorem continues to work as expected. Namely, we have

J dn=f n=f n+J n,
w oW S B

with the hypersurfaces on the right carrying the boundary orientation. Since dn = 0, the integral on the left

1S O, SO we haVe
f n _J m,

with S oriented by an outward-pointing normal vector (as we required above), and B oriented by —0,,,. Now
on B we have x, =0 and dx* =0, meaning that

Nlg =dx* Adx* Adx3.
Consider the singular 3-cube cz: [0,1]* — R* defined by

ey, Uy, ug) == (u; sin(wu,) cos(2mwus), u, sin(mu,) sin(2m u;), u; cos(muy,),0).
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Inspired by spherical coordinates, this 3-cube is injective on the interior of its parameter domain, and its
image is 5. Moreover, since

_ dcp dcp dcp
det aX4 duy duy Jdug

| | | |

0 sin(muy)cos(2muy) muycos(mu,)cos(2muy) —2muy sin(mu,) sin(27wus)
0 sin(mu,)sin(2mu;) mu, cos(muy)sin(2ru;) 2wy, sin(mu,) cos(2mus)
0 cos(mu,) —mu, sin(Tu,) 0

-1 0 0 0

= 2m*u? sin(mu,) > 0,

=det

for all (uy,u,,u;) > 0, we see that cg is positively-oriented as a face of V. So we can integrate 1 over BB by
integrating cj;n over [0, 11%. Let’s consider cjn.

First, notice that c;;7 is a top-degree form on [0, 1]3. This means that we can write
cgn = (cxn)(,,,8,,,8,,)du’ Adu* Adu?,

so we need to compute (c;;n)(3,,,y,,d,,)- Since Nz = dx' Adx* Adx>, we see that

up> Yuy»
(C:gn)(aul, auzr au3) = (dxl A de A dx3)((cB)*au17 (CB)*auzy (CB)*aug)

| | |
=det (CB)*aul (CB)*auz (CB)*au;;
| | |

sin(u,)cos(2mu;)  muy cos(mu,)cos(2mu;)  —2mu, sin(mu,) sin(2mwus)
=det| sin(mu,)sin(2wu;) mu; cos(mu,)sin(2nuy)  2mu, sin(wu,) cos(2mwug)
cos(muy) —muy sin(mu,) 0

(1,2,3)

= 2m°u? sin(mu,).

So at last we have

f n= f n= J g = J 2m?u? sin(muy) du' Adu® Adu® = f 2m?u? sin(muy),
B s [01p 01 [01P

where the last integral is of the type seen in part one of the course. Hopefully we recognize this last integral
as computing the volume of the unit 3-ball in R®. Whether we do or not, we can verify that this last integral

gives us 47/3, and thus
o5
s B 3

Whew! Hopefully we’ve made Stokes proud.

10.3.3 Reinterpreting the exterior derivative

Recall that in Sections 5.3.3 and 6.3.3 we used an FTIC to give the derivatives curl and div some geometric
meaning. We can now use Stokes’ theorem to reinterpret the exterior derivative of a differential k-form. If
one has the perspective that a differential form is "a thing to be integrated," then this is perhaps the correct
definition of the derivative.

Throughout this section, we’ll suppose that we have a differential k-form A on R", but that we don’t know
how to compute the (k+ 1)-form dA. We will assume Stokes’ theorem, and compute d A using this assumption.

Crucial to our earlier discussions was the fact that if f : R — R is a continuous function, then

lim(ij i f(x) dx) = f(xg) (10.12)
r=0\ 2r Xo—T

for any point x, € R. You can prove this fact using the usual Fundamental Theorem of Integral Calculus, but
we claim that this is an equation which makes good intuitive sense. The expression in parentheses on the
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left computes the average value of f over the interval [x, —r, x, + r]; as r shrinks to 0, so that this interval
shrinks down to the point {x,}, the average value of f over the interval should tend towards f (x,), provided
f is continuous.

A strange way of interpreting the above discussion is as follows: a continuous function f: R — R is
completely determined by its average values of the various closed intervals of R. That is, if we know the
average value of f over every closed interval I of nonzero length, then we can use (10.12) to determine every
value of f. We'll use this interpretation to compute dA: using Stokes’ theorem and integration of A, we know
the "average value" of dA over any singular (k + 1)-chain in R", and we can use these values to determine dA.

The differential form dA that we’re trying to compute is a (k + 1)-form, and thus may be written as
dA=>"fdx,
I

for some smooth functions f;: R" — R, where the sum is taken over standard multi-indices of length k + 1.
Our job, then, is to determine the functions f;. Notice that if I = (i,,..., i), then

fi=dA@,,...,8,.,),
since dx’ (3, ,...,8

hy>e v 5 0y,,) = 0 if J # I. Here we’re writing J; for the coordinate vector field ;- So we can
determine f;(p) by computing (d1),(3;,.--,,,,), for any point p € R". We claim that we can approximate
the value (d4),(8,,..-,d,,,) with the average value of dA over a singular (k + 1)-cube whose (small) image
contains p. For each r € R we define a singular (k + 1)-cube c, : [0,1]¥"! - R" by

¢ (U Upy) i=p+TUL G+ T U Gy

The image of c, is the (k + 1)-dimensional parallelotope based at p and spanned by r g, ,...,r g, ,, and if

Tk+12
|r] > 0 is very small, we expect f;(p) to be approximated by the average value of dA over c,. That is, we expect

1 1
filp) ~ V—Ol(cr) Jcr dA = oS J;r dAa,

where vol(c,) is the (k + 1)-dimensional volume of c,, equal to r**! because the vectors G5
orthonormal in R".

0,

iy AT€

We can now invoke Stokes’ theorem to rewrite the integral of dA (the form we are trying to define) over
¢, as the integral of A over dc,. We thus find that

A =tim| — [ .
r—0\ rk+l 2,

From here, we may extend by linearity to find that if p is any point in R" and v,..., v, is any vector based
at p, then we can define a singular (k + 1)-cube

Vi(Uqyeo oy Upgr) i=p+TU Vi F oo T Upgq Vi

in R" for any r € R, and we will have

(1
AN, (Vi, - V1) = 115%(rm J A). (10.13)
av,

For those who define differential forms as things which are to be integrated, (10.13) is probably the correct
way to define the derivative of a differential form. However we define the derivative, we want Stokes’ theorem
to hold, and (10.13) ensures that this result holds on an infinitesimal level.

Just in case you find (10.13) to be less-than-natural, let’s consider the case k = 0 — that is, the case of a

smooth function f on R". In this case, df accepts as input a point p and a vector v. Equation 10.13 tells us to
consider the integral of f over the boundary of the singular 1-cube

V.(w=p+ruv.
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Notice that dV, consists of two faces:
@V )an:*—p+rv and (9V,)yg:*—Dp,

the first with positive coefficient and the second with negative. We thus find that

f f=f f- f=fp+rI—fp).
av, ©@V:)a,n (@Vr),0)

dfp(v)=;g%(}f f):limw.
v,

r—0 r

So (10.13) tells us that

This matches the first definition we saw for directional derivatives, and suggests that (10.13) generalizes the
familiar notion of derivative.
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