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Lecture 1: Local Extrema

Learning Objectives:
e Locate the critical points of a scalar-valued function on R".

e (lassify non-degenerate critical points as a local maximum, local minimum, or saddle point
using the Second Derivative Test.

Welcome to MATH 291-3! Last quarter we spent a considerable amount of time and effort understand-
ing diagonalization of square matrices. This culminated in the proof of the Spectral Theorem, which
says that every symmetric real matrix is orthogonally diagonalizable. We also studied the elements of
multivariable differential calculus, which was linked to the linear algebra through the interpretation of
differentiability as “having a good affine approximation”. The next few lectures continue to draw on the
links between differentiation and linear algebra to establish the multivariable analogues of optimization
(finding the maximum and minimum values of a function on a set). Once we have explored optimization
of multivariable functions, we will turn our attention to multivariable integral calculus for the remain-
der of the course, with the ultimate goal of understanding the various types of “integration” that exist
and the appropriate way(s) to understand the “fundamental theorem of calculus” in the multivariable
setting.

Local Extreme Values

To simplify the notation, throughout this section we will assume that  C R" and f : 2 — R is a
scalar-valued function.

Definition 1. Suppose that f is defined on an open set containing a@. We say that f has a local
maximum value at @ if

)

f(@) < f(@) for every Z in an open ball centered at
Similarly, f has a local mimimum value at a if
f(@) > f(@) for every Z in an open ball centered at d.

We say f has a local extreme value at @ if f either has a local maximum or local minimum
value at a.

Just as in single-variable calculus, the local extreme values of a differentiable function can only occur
when the derivative is zero.

Theorem 1 (Fermat). If f is differentiable and has a local extreme value at @, then D f(@) = 01xx.

Proof. Suppose that f has a local maximum value at @ and is differentiable at @. (The argument when
f has a local minimum value is similar.) Let 1 < k < n. We show that %(6} = 0.



To do this, note that 88—;;(&’) = ¢'(0), where g(t) = f(d + tex). The Chain Rule implies that ¢ is
differentiable at 0, and
a5

. (@).
Because f has a local maximum value at @, g(t) = f(a@ + te;) < f(@) = g(0) for ¢ near 0. In other

words, the single-variable function g also has a local maximum value at 0. Because g is differentiable at
0, ¢'(0) = 0. Therefore %(d’) = 0 as well, and the proof is complete. O

g'(0) = Df(@ + 0¢,)&; = Df(@)e; =

Remark 1. Therefore, just as in single-variable calculus, the only points @ at which f can have a local
extreme value satisfy either

(i) f is differentiable at @ and D f(&@) = 01xp,
(ii) f is not differentiable at a.

Such a point a is called a critical point of f. In practice most of the functions we deal with will be
differentiable (i.e. all critical points will fall under case (i)), but case (ii) can happen as well.

Example 1. The function f : R* — R given by f(z,y) = /22 +y? is C' on R? — {(0,0)}, and is
therefore differentiable everywhere except possibly at (0,0). You can check that f is not differentiable
at (0,0) (since, for example, f,(0,0) does not exist), so that (0,0) is a critical point of f. Moreover, for

(x,y) # (0,0), Df(z,y) = [\/zfﬂﬂ \/xi:_yg} # [0 0], so (z,y) is not a critical point of f. Therefore
the only point at which f might have a local extreme value is (0,0).

Indeed, f has a local minimum value at (0,0) because f(0,0) =0 < /2?2 + y? = f(z,y) for every
(z,y) € R%

Example 2. Identify the critical points of the function f(z,y) = y* — 2* — 23 — 2%y.
Here we note that f is C' (and therefore differentiable) on R?, so the critical point(s) (z,y) of f

must satisfy
[0 0] =Df(z,y) = [-22 —32® —2zy 2y —2?], or rather 0 = —z(2+ 3z + 2y) and 0 = 2y — 2°.

The first equation implies that x = 0 or 2 4+ 3z 4+ 2y = 0. In light of the second equation, if x = 0 then
Yy = %xz = 0, and one can verify that (0,0) is indeed a critical point of f.

On the other hand, if 2 4 3z 4 2y = 0 then we can substitute y = %x2 (from the second equation) to
see that 0 =22+ 32+ 2= (z+2)(z + 1), so that t = =2 or z = —1. If z = —2 then y = 3(—2)? = 2.
If 2 = —1 then y = 3(—1)* = 5. One can indeed verify that (—2,2) and (-1, 3) are critical points of f.

To summarize, the critical points of f are exactly (0,0), (—2,2), and (-1, 3).

Example 3. It is not the case that D f(@) = 01x, necessarily implies that f has a local extreme value
at d. Indeed, it is possible for every ball centered at @ to contain points & and ¢ with f(7) > f(@) and
f(Z) < f(@). Such a critical point @ is called a saddle point of f.

For an example where this occurs, consider the function f(z,y) = x* — y?. Then f is C' (and
therefore differentiable) with D f(0,0) = [0 0], so that (0,0) is a critical point of f. On the other hand,
f(x,0) =2%> 0= f(0,0) for every z # 0 and f(0,y) = —y* < 0= f(0,0) for every y # 0. Therefore f
has neither a local maximum value nor a local minimum value at (0,0), so that (0,0) is a saddle point

of f.



Characterizing A Critical Point

In single-variable calculus one can use the second derivative of a C? function to characterize the behavior
of the function at a critical point: if f’(a) = 0 and f”(a) > 0 then f has a local minimum value at
a (if f"(a) < 0, then f has a local maximum value at a). In your single-variable calculus course this
was called the “Second Derivative Test”, and was likely explained by appealing to concavity. In the
multivariable setting we instead appeal to our approximation

f(@) = f(@) + Df(@)(7 - a) + (& — a) - (D*f(a)(7 — a))

for Z near @. If @ is a critical point of f, then D f(@) = 014y, so for ¥ near @ we have

DN | —

f(@) = f(@) + 5@ — a) - (D*f(a)(7 — a@)).

This suggests that the quadratic form on the right (with matrix D?f(a@)) should capture the qualitative
behavior of f(¥) — f(a@) for & near a.

To make this precise, we will need to know that f is C? in an open ball centered at @, and that the
Hessian of f at @ is invertible. With this in mind, we make the following definition.

Definition 2. Suppose that @ is a critical point of f and that f is C? in an open ball centered at
a. If D?f(a) is invertible, then we say that @ is a non-degenerate critical point of f. If D?f(q)
is not invertible, then we say that @ is a degenerate critical point of f.

Recall that a real symmetric matrix A (and also its associated quadratic form 7 +— 2+ (AZ)) is called
positive definite if all of the eigenvalues of A are positive, negative definite if all of the eigenvalues
of A are negative, and indefinite if A has at least one positive eigenvalue and at least one negative
eigenvalue.

The multidimensional Second Derivative Test can therefore be stated as follows.

Theorem 2 (Second Derivative Test). Let Q C R", let @ € Q, assume f : Q — R is C? in an
open ball centered at d@, and assume that @ is a non-degenerate critical point of f.

(i) If D?f(d) is positive definite, then f has a local minimum value at d.
(ii) If D*f(q@) is negative definite, then f has a local maximum value at a.

(iii) If D%f(d) is indefinite, then f has a saddle point at a.

\. J

Proof. We will prove the result under the assumption that f is C3. (The proof under the weaker
assumption that f is C* is more technical, but not much more enlightening.)

Suppose that f is C* on some ball Bs(a@). Note that B ol {7 : ||l§—d|l <&} is a compact subset
of Bs(@). Because f is C® and B is compact, there is a constant M > 0 such that for each third-order
partial derivative fy.o 2, of f, | fo0,a, ()] < M for every # € B. (We'll use this estimate later on in the
proof.)

Fix & € B, define g(t) = f(d+t(¥ — d)). By the one-variable Taylor Formula, there is ¢ € [0, 1] such

that
1 1 , 1 1
g(1) = g(0) + ¢'(0)1 + 59”(0)12 + 59”’(0)13 = 9(0) +g'(0) + 59"(0) + 29" ().



The equation above is secretely the same as

F(@) = 1@ + (7~ @) (D @(F — @) + 54" (0).

To see why, note that g(1) = f(&), ¢(0) = f(@), and (by the chain rule) we have

and

i=1 j=1
n n n

- Z Z Z fwiijk(a+ t(@ — @) (v — ar)(x; — aj)(@; — a;).

i=1 j=1 k=1

Then because @ is a critical point of f,

Also

> i1 lex]-((z) (25 — aj)

900 =33 foua (@) (2 — a;) (w;—a;) = (F— ) gt fruny (@)1 = ) = (F—a)- (D*f(a)(7—a)).

Z?:l facnl?j (6) (xj - aj)

i=1 j=1

We have therefore shown that

F(@) = F(@) + (7~ @) (D @)(F — @) + 59" (0)

We think of £¢”(c) as an “error” term that represents the difference between f(Z) and the polynomial
f(@) + 3(& —a) - (D*f(a)(Z — @)). We would like to say that the behavior of f(Z) is the same as the
behavior of f(@) + (& — @) - (D*f(@)(Z — @)) for & near @, but to do this we need to know that £g"(c)
is smaller than (% — @) - (D*f(a)(Z — a)).

We first find an upper bound for the size of ¢"’(¢). Since @+ ¢(¥ — d) € B and |x,, — a,,| < ||Z — d||
for each 1 < m <mn,

n n n
9" < DD > Moy (@+ (@ = @)l — arlle; — aylz; — ail

i=1 j=1 k=1

n n n
<D M|F-a)|z - allz - al

i=1 j=1 k=1

n n n n n n
S S Mg —alt =30 S nMljE —alf = 3 n?M|F - alf = n* M|z - al,

i=1 j=1 k=1 i=1 j=1 i=1



so that —n3M||7 — d||®> < ¢"(c) < n*M||Z — a||>.

Next we analyze (¥ — @) - (D*f(d)(Z — @)) (the proof that this is “not too small” will come later).
Recall that because f is C?, D?f(@) is symmetric. By the Spectral Theorem, D? f(a@) has an orthonormal
eigenbasis 1y, . .., U,. For each 1 < k < n, let \; be the eigenvalue of D?f(d) associated to . Then

(@ —a@) - (D*f(a) (& — @) = M((F = @) - )" + -+ + Xo((3 = @) - iT)"

We are now in a position to prove the various statements in the theorem. Suppose that D?f(d) is
positive definite. Then if A > 0 denotes the smallest eigenvalue of D?f(@), we have

(= @) (D@ = @) = M (= @) 0 o (7 = ) )
> M(T— @) @)%+ + M — @) - @)
S A((@ = @) e (@ ) i)?)
= A - @l
Therefore for ¥ € B we have
F(@) = F(@) + 5 (F — @) - (D F@)(@ — @) + 5"(c)
> (@) + M-l — M7~ al?

U M.
= f@)+ 3l -l (A - =l - all).

Therefore, as long as

"M 3\
n3 |#—al| >0, orrather |7 —a] < e

then we have f(Z) > f(@). Since we already needed [|Z — @|| < 2 at the beginning of the proof, we see

A\ —

that f(z) > f(a@) as long as || — d|| < min <g, n:;:}\w> Therefore f has a local minimum value at d.
The proof that f has a local maximum value at a@ is D?f(a) is negative definite follows from a similar
argument, but with replacing A with the largest eigenvalue of D?f(a@) (note that A < 0 if D*f(qd) is
negative definite).
If D?f(d) is indefinite, then by relabelling the vectors iy, ..., 4, we can arrange it so that A\; > 0

and Ay < 0. Then

f@+mg2ﬂ@+2§—%ﬁMﬁ:ﬂ@+%{M—”§“)>ﬂ@

as long at 0 < t < min(g, 33). Therefore every ball centered at @ contains a point @ for which

f(&) > f(a@). By replacing u; with iy, we see that

X 1 t? 3
TQ + 6n?’Mt?’ = f(a@) + §(>\2 +

Fi+ti) < £(@) + ) < /@

as long as 0 <t < ;3;; (remember that Ay < 0!). Therefore every ball centered at @ contains a point &

for which f(Z) < f(@), and f has a saddle point at d. O




Example 4. Recall that the function f(z,y) = y* — z? — 2* — 2%y has critical points at (0,0), (—2,2),
and (—1, ). Let’s use the Second Derivative Test to classify each of these critical points.
We first compute that

—2—6x—2y —2x
D2 f(x,y) = fua(2,y) f:vy(%y)} _ { Y ’

fey) [fym,y) Fyo(.9) 2w 2
At the critical point (0,0) we have D?f(0,0) = 0 9
D?£(0,0) is invertible (so that the critical point (0,0) is non-degenerate), and D?f(0,0) is indefinite.
Therefore the Second Derivative Test implies that f has a saddle point at (0,0). To picture what is
going on here, note that the conditions of the Second Derivative Test tell us that

1 -

£(0,0) + 3 (@~ 0) - (D*F(0,0)(F ~ ) =0+ 5 m | {_02 g} m ) =24y

} , which has eigenvalues —2 and 2. Therefore

should be a good approximation for f near (0,0), and that f should have the same type of critical point
at (0,0) as does the quadratic polynomial —z?+y2. The graphs of z = f(z,y) (orange) and z = —z?+y?
(blue) are superimposed in the picture below.

|6
1402

At the critical point (—2,2) we have D?f(—2,2) . Because this matrix is diagonalizable its

characteristic polynomial factors as A2 — 8\ —4 = (A\; — X)(\a — ), where A;, Ay are the (not necessarily
distinct) eigenvalues of D?f(—2,2). Evaluatingﬂ at 0 gives —4 = A \g, so that one of Aq, Ay is positive
and the other is negative. Therefore D?f(—2,2) is indefinite, so that f has a saddle point at (—2,2).
Again, we plot the graphs of z = f(z,y) (orange) and the hyperbolic paraboloid

z:f(—2,2)—|—% Ef;} ({i ‘21 Bf;]):3(x+2)2+4(x+2)(y—2)+(y—2)2

(blue) near (—2,2) in the picture below.

INote that we are essentially proving an altered version of a result that we had last quarter: if A € M, x,(R) is
diagonalizable with eigenvalues A1, ..., \;, then det(A) = )\ilmu(/\l) e )\Zlmu(/\k). Last quarter we proved this result for
complex matrices without the assumption of diagonalizability, but the same proof works for this case as well. The only
thing we need to know is that the characteristic polynomial of A factors completely into first-order factors, and that holds
for n x n diagonalizable matrices because the sum of the geometric multiplicities of the eigenvalues (and therefore the sum
of the algebraic multiplicities) is equal to n.



At the critical point (—1,1) we have D?f(—1,1) = {

2 . . .
'3 3 } which has characteristic equation \? —

2 2
5A + 2 = 0. The roots of this equation are A = %. Because 0 < /25 — 8 < /25 =5, E’JFT‘/m >0
and @ > 0, so that D?f(—1, %) is positive definite. Therefore the Second Derivative Test implies
that f has a local minimum at (—1, %) Here is a plot of the graph of z = f(z,y) (orange) and the
elliptic paraboloid

(S R v B [ R S e e R R ()

(_13% nf(_ln%))




Lecture 2: Global Extrema

Learning Objectives:

e Determine the global extreme values of a continuous function on a compact set.

Although local extreme values are particularly nice to study because they are detectable (and sometimes
classifiable) using differential calculus, in practice one is usually concerned with the global (or absolute)
extreme values of a function on a set.

Definition 3. Let £ C Q C R", let f : Q2 — R, and let @ € E. We say that f has a global
minimum value on E at @ if f(Z) > f(a) for every ¥ € E. Similarly, we say that f has a global
maximum value on E at d if f(¥) < f(d) for every ¥ € E.

The global minimum and maximum values of f on E (when they exist) are unique. They are the
smallest and largest values of f on E. It is not always true that every function attains global extreme
values on a set, and it is also not the case that the concepts of “global extreme value” and “local extreme
value” interact as nicely as you’d expect.

Example 5. Let f(z,y) = 2%(1 — y)® + y?. Then (0,0) is the unique critical point of f on R? and f
has a local minimum value at (0,0), but f does not have a global minimum value on R

To see this, note that f is C* (indeed, C* for every k) on R2 and therefore differentiable, and that

exactly when 0 = 2z(1 — y) and 0 = —32%(1 — y)? + 2y. The first equation requires that either z = 0
or y = 1. If z = 0 then the second equation simplifies to 0 = 2y, so we must have y = 0 as well.
Therefore (0,0) is a critical point of f. If x # 0 then y = 1, but then the second equation simplifies to
0 = —322(0)? + 2 = 2, an impossibility. Therefore (0, 0) is the only critical point of f.

Note also that

21—y  —6x(1—y)’

D*f(z,y) = C6x(1—1)? 622(1—y)+2|” P that D?f(0,0) = [2 0].

0 2
Therefore all eigenvalues of D?f(0,0) are positive, and the Second Derivative Test implies that f has a
local minimum value at (0, 0).

But f(0,0) = 0 is not the global minimum value of f on R? since (for example) f(1,4) = (1 —
43 +4% = —27+16 = —11 < 0 = f(0,0). (Indeed, f has no global minimum value on R?, since
f(1,y) = (1 — y)® + y* approaches —oo as y — 00.)

Finding Global Extrema

There is one circumstance under which we can be certain that a function f has global extreme values
on a set £ C R™ when f is continuous on F and F is compact. This is a direct consequence of the
Extreme Value Theorem.



For such a function f, if the global maximum (or minimum) on E occurs at a point @ € E that is
not on the boundary of F, then f will have a f(a@) will be a local extreme value of f and therefore @
will be a critical point of f.

If the global maximum (or minimum) of f on E occurs at a point on the boundary of E, then that
point need not be a critical point of f and we will need some other way to detect it besides checking
Df. One technique for this is to parameterize pieces of the boundary (we’ll see how this is done in the
next example), and another is to use a more sophisticated technique known as the Method of Lagrange
Multipliers (discussed next time). In either case, we will note the following (very important) point: if
the global maximum (or minimum) of f on E occurs on JF, then this value will also be the global
maximum (or minimum) of f when viewed as a function on 0F.

Example 6. Find the global minimum and maximum values of f(x,y) = 222 + 2y*> — vy — 3y — 3z + 2
on the region F pictured below (the curved portion of the boundary of E is part of the unit circle):

i

Note that f is C' (and therefore differentiable) throughout R?, and that
[0 0] =Df(z,y)=[42—y—3 4y—x—3]

. 4 1] [«] _[3 ][4 18] _ L [15] [
exactly when (x,y) satisfies {_1 4] [y} = [3}, or when [y} = i [1 4] {3} =i {15} = L}, so at

(1,1). Because (1,1) does not lie in E, we conclude that f does not have any local extreme values on
E.

We turn our attention to the boundary of E, which is comprised of three curves: C; (the portion
of the positive x-axis between the origin and (1,0)), Cy (the portion of the line y = —z in the second
quadrant between (—\/L57 \%) and the origin), and Cs (the portion of the circle z? +y* = 1 in the upper-
half plane between the positive z-axis and the line y = —z). On each piece C, Cs, and C3, we write f
as a one-variable function and determine where it may have its maximum or minimum values.

On C} we can think of f as a function of one variable by writing h(z) = f(z,0) = 22? — 3x + 2
for 0 < 2 < 1. The critical numbers of h are solutions to 0 = A'(x) = 4z — 3, or rather z = 2. Since
0< % < 1, we will test h at x = % in addition to the endpoints z = 0 and = = 1 of the interval [0, 1].
Therefore, the only possible points at which h might have an global maximum or minimum value are
r=0z= %, and x = 1. Therefore the only points on C} at which f could have global extreme values
are (0,0), (2,0), and (1,0).

On Cy we have y = —z, and therefore our simplified version of f is h(x) = f(x, —x) = 5z* + 2 for
—% < x < 0. The critical numbers of h are solutions to 0 = h’(x) = 10z, or rather = 0. Since 0 is in

the interval [—\%, 0], the possible points at which A might have an global maximum or minimum value

are the endpoints = 0 and =z = _\/LE' Therefore the only points on C5 at which f could have global
extreme values are (—\/ii, \/Li) and (0, 0).



On C3 we can represent f as a function of one variable by first noting that the path 7(t) =
(cos(t),sin(t)), 0 < ¢ < 3% traces out Cs, and therefore we want to determine where

h(t) = f(7(t)) = 2 cos?(t) 4 2sin?(t) — cos(t) sin(t) — 3sin(t) — 3cos(t) + 2
= —cos(t) sin(t) — 3sin(t) — 3cos(t) + 4, 0<t< ?ZTW

might achieve its maximum or minimum values. The critical numbers of h all satisfy

0="ht)

in?(t) — cos®(t) — 3cos(t) + 3sin(t)

n(t) — cos(t))(sin(t) 4 cos(t)) + 3(sin(t) — cos(t))
sin( (t)

t) — cos(t))(sin(t) + cos(t) + 3).

I
/\/-\UJ

Since —2 < sin(t) +cos(t), we have 1 < sin(t)+cos(t)+3, and therefore sin(t) 4 cos(t) +3 # 0. Therefore
we must have sin(t) — cos(t) = 0, or rather sin(t) = cos(¢). The only value of ¢ in [0, 2] at which this

occurs is t = 7, and therefore we will test h at ¢ = 7 and also at the endpoints t = 0 and ¢ = %'
Therefore the only points on C’3 at which f might have global extreme values are (0,0) (when t = 0),
(\1[ \1[) (when t = 1), and (— 1)(Whent— .

In total, we see that the on{ possﬂole points where f could achieve its global extreme values on E
must be (0,0), (4,0), (1,0), (25, 1), (—L, L).

We have 3 a2 5 .
£(0,0) = 2, f(i’o):2(1> _3<Z>+2:§’ £(1,0) =1

1 1 1 6 7—6V2 1 1 1 9
— — ) =141 —42=—"T" (——,—):1+1+—+2:—.
/ (\/5 \/5) SRNG > N5 2 2
Note that since 49 < 72, taking square roots gives 7 < 612, so that 7_6*[ < 0.
Therefore the global maximum value of f on E is § (and occurs at (—7 %)) The global minimum
7—6v2 (
2

value of f on E is and occurs at (= 7 f))

Summary

To summarize: the global maximum and minimum values of a continuous function f : 2 — R on a
compact subset £ C () must occur at a critical point of f in E, or at a point on the boundary of £. We
therefore have an algorithm for determining these points:

(i) Determine all critical points of f that lie in F.

(ii) Determine all points on OF at which f might have a maximum or minimum value (relative to its
other values on 0F).

(iii) Compute the value of f at each point you identified in (i) and (ii). The global maximum and
minimum values of f will be among these values.

Example 7. Find the extreme values of f(z,y) = 322 + 1> on the region x? 4+ 2y < 1 (this is the region
bounded by the ellipse 22 + 2y* = 1).

10



We first compute the critical points of f:

0= fu(z,y) = 62 and 0= f,(z,y) = 397,

so the only critical point of f is (0,0) (which is within our region).
Now we determine at which points on the boundary we might have a maximum or a minimum value.
The boundary is described by the equation 22 4 2y% = 1, so that 22 = 1 — 2y%. Substituting this into
f, we obtain

fly) =3(1—2y%) +y* =4y — 6y° + 3.

We also need to determine the domain of this simplified version of f. Because 2y* < 1, the domain is
~%<y< 5
Now, f'(y) = 3y*> — 12y = 3y(y — 4) = 0 exactly when y = 0 or y = 4. Because y = 4 is not in our
domain, we ignore it. This tells us that we should test the points on the ellipse corresponding to y = 0
(the critical point), and y = 1 and y = —\1[ (the endpoints).
The points on the elhpse 2% + 2y? = 1 which satisfy y = 0 are 1,0) and (—1,0). The only point
satisfying y = 75 is (0, f) and the only point satisfying y = v is (0, —%

Therefore, in addition to (0,0), we need to test (1,0), (—1, 0) (0 %) and (0, \[). Testing yields

\_/

1 )_ 1 ! (0 1 )_ 1
v2/ 2yt VT Vel ave
Therefore, the global maximum value of f is 3 (at (1,0) and (—1,0)), while the global minimum value

of fis —27 (at (0,—%)).

f0.0)=0. f1.0)=3 f(-1,0)=3 f(0.

11



Lecture 3: Constrained Extrema

Learning Objectives:
e Explain the geometric idea behind the method of Lagrange multipliers.

e Compute the constrained extrema of a function using the method of Lagrange multipliers.

We start today by finishing up a problem from last time.

Example 8. Find the global minimum and maximum values of f(z,y) = 22% + 2y* — 2y — 3y — 3x + 2
on the region F pictured below (the curved portion of the boundary of E is part of the unit circle):

Last time we determined that (1, 1) is the only critical point of f, but that we are uninterested in (1,1)
because it lies outside of E.

We next turned our attention to finding points on OF at which f might have a maximum or minimum
value.

On the curve Cy, we noted that f can be thought of as a one-variable function h(x) = f(z,0) =
22% — 3z + 2, for z € [0,1]. By applying single-variable calculus techniques, we found that h might have
a maximum or minimum value when x =0, x = %, or x = 1, so that if we constrain (i.e. restrict) the
inputs of f to Cy, f might have a maximum or minimum value at (0,0), (2,0), or (1,0).

On the curve C5, we can think of f as a one-variable function h(z) = f(z,—z) = 5z* + 2 for
r € [—\%,0]. Again by applying single-variable calculus techniques, we found that A might have a

maximum or minimum value when x = _\/Li or x = 0. This means that if we constrain f to C5, then f
might have a maximum or minimum value at (—\%, \%) or (0,0).

We now constrain the inputs of f to (z,y) € Cs. Here we can represent f as a function of one
variable by first noting that the path () = (cos(t),sin(t)), 0 < ¢ < 3¢ traces out Cs, and therefore we
want to determine where

h(t) = f(7(t)) = 2cos®(t) + 2sin?(t) — cos(t) sin(t) — 3sin(t) — 3cos(t) + 2

= —cos(t) sin(t) — 3sin(t) — 3cos(t) + 4, 0<t< ??TW

12



might achieve its maximum or minimum values. The critical numbers of h all satisfy

0="n'(t)
= sin’(t) — cos®(t) — 3 cos(t) + 3sin(t)
= (sin(t) — cos(t))(sin(t) + cos(t)) + 3(sin(t) — cos(t))
= (sin(t) — cos(t))(sin(t) + cos(t) + 3).

Since —2 < sin(t)+cos(t), we have 1 < sin(t)+cos(t) +3, and therefore sin(t)+cos(t) +3 # 0. Therefore
we must have sin(t) — cos(t) = 0, or rather sin(¢) = cos(t). The only value of ¢ in [0, 2] at which this

occurs is t = 7, and therefore we will test h at ¢ = 7 and also at the endpoints ¢ = 0 and ¢ = ‘%’. In

1
terms of f, this means that we should test f at (0,0) (when ¢ = 0), at (\/Lﬁ, \%) (when ¢ = ), and at

4
(—\%, %) (when t = 2).
In total, we see that the only possible points where f could achieve its global extreme values on E

must be (0,0, (2,0). (1,0). (. ). (~ L. &)
We have

£(0,0) =2, f(g,o) :2(2)2—3@)%:%, F(1,0)=1,

11y 1 6 . 7T-6V2 11y 1. ..,.9
f(ﬁ,ﬁ>_1+1—§—ﬁ+2——2 , f( \/E’ﬁ>_1+1+2+2_2'

Note that since 49 < 72, taking square roots gives 7 < 61/2, so that # < 0.
Therefore the global maximum value of f on E is § (and occurs at (—\/Aﬁ, \/li)) The global minimum

7—6v2 (
2

value of f on E is and occurs at (\/Li’ \/Li))

Constrained Local Extreme Values

In the previous problem we found the points where f(#) may have a global extreme value on E when ¥
is constrained (or restricted) to each of the curves C;, Cy, and C5. Each of these curves is a portion of
a curve defined by a single equation: y = 0 for C}, z +y = 0 for Cy, and 22 + y? = 1 for C3. We call an
equation of this form a constraint on the inputs of f.

In practice we are often interested in finding the constrained extreme values of a function,
which are just the values of the function when the input is subject to a constraint. As we saw in the
previous example, attempting to find constrained extreme values through parametrization can get very
complicated very quickly, as parameterization is sometimes difficult and usually messy.

We can bring more powerful geometric ideas to bear on the problem through the following observa-
tion: constraints can usually be seen as level sets of functions. In the previous example, our analysis on
(3 can be viewed as trying to find the constrained extreme values of f on the level set g(x,y) = 1, where
g(z,y) = 2% + y* (we also have the additional conditions here that y > 0 and z > —\%, but let’s ignore

those for now). Below we sketch some level curves of the function f(xz,y) = 22 +2y? — 2y — 3y — 3 + 2,
as well as the graph of the constraint 22 + 3% = 1:

13



Levd Cueves of 'F(X.y\

a(x.y\ =ty

From this picture we expect that for @ € S, if f(@) is a local minimum or maximum when compared
only against f(Z) for & on C3 near @ (we call f(@) a constrained local extreme value), then the
point @ should be a point where V f is perpendicular to the constraint curve 22 4+ y? = 1. For if Vf is
not perpendicular to the circle at a given point (z,y), then it should be that one can change the input
on Cj slightly in one direction to yield larger values of f, and in the other direction to yield smaller
values of f. In the picture below (illustrating a point where the gradient of f is not perpendicular to
the constraint), moving along the constraint in the counterclockwise direction from the specified point
results in larger values of f, while moving in the clockwise direction results in smaller values of f. (NB:
the vectors Vg(z,y) and V f(z,y) as shown have the correct directions, but the magnitudes have been
adjusted to make the picture easier to parse.)

.y

vs(: .y'\
Y‘F(ny\

CX. y\ '

|

Thinking of the curve Cs as the level curve of g(z,y) = x? + y* = 1, this means that V f(@) = AVg(a)
for some number A. The number A is called a Lagrange multiplier. Of course, this reasoning would
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not detect an extreme value that occurs at one of the endpoints of the curve ('3, but we can check those
points manually.

This informal reasoning can be turned into a general result, called the Method of Lagrange Multi-
pliers, which we now state and prove.

Theorem 3 (Lagrange Multipliers). Let  C R” be open and suppose that f,g: Q — R are C!
on . Let S ={Z € Q : ¢g(Z) = c} be the level set of g at height ¢, and let @ € S. Assume that
Vg(a) # 0, and that the restriction f : S — R of f to S has a constrained local extreme value
(i.e. a local extreme value when compared only to nearby points on S) at @. Then there exists
A € R such that Vf(a) = AVg(a).

Proof. The idea of the proof is to note that V f (@) is orthogonal to every vector that is tangent to S at a.
Because Vg(a@) also has this property and the space of vectors orthogonal to S at @ is one-dimensional,
V f(@) must lie in the span of Vg(a@). Here is a sketchP| of the details.

The condition that g is C'! near @ implies that the space T of vectors tangent to S at @ has dimension
n — 1 and T+ = span(Vg(a)). We show that V f(a) € T+.

Suppose that « is tangent to S at @ (i.e. @ € T). let ¥ : R — S be a differentiable path such
that 7(0) = @ and D7(0) = . Since the restriction f : S — R has a local extreme value at @, the
single-variable function h(t) = f(7(t)) also has a local extreme value at t = 0. By the chain rule, we
therefore have

0=hr'(0) = Df(r(0))Dr(0) = Df(d)u = Vf(a) - u.

Therefore V f(@) is orthogonal to 4. Because @ € T was arbitrary,
Vf(@) € T* = span(Vg(a)).
Therefore there is A € R with V f(d) = AVg(a). O

Example 9. Going back to the first example, we want to maximize f(z,y) = 22%+2y? —zy — 3z — 3y +2
subject to the constraint g(z,y) = 2% + y* = 1 (and we also require that z > —\% and y > 0, but this

won’t come into play until the end). By the previous theorem, the local extreme values must occur at
points & satisfying the following system of equations (for some A\ € R):

dr —y — 3 =2)\x

= A
Vf(m,y) Vg(x,y) = 4y —x —3=2\y
g(x,y)zl x2—|—y2:1

Note that the equation V f(z,y) = AVg(z,y) exactly captures the condition that V f(z,y) lies in the
span of Vg(z,y), while the equation g(z,y) = 1 restricts our attention to points (z,y) on the constraint.

We solve this system. The first equation on the right can be rewritten as (4 —2\)z —y = 3, and the
second equation on the right can be written as —z+(4—2\)y = 3. Therefore (4—2\)z—y = —z+(4—2\)y,
so that (5 — 2\)(z — y) = 0. It follows that either A = 2 or z = y.

If A= g then the first two equations simplify to x + y = —3. But the third equation says that we
have [[(z,y)|| = 1, so that |z +y| < |z| + |y| < 2||(x,y)]| = 2 < 3, and therefore it is not possible that
x +y = —3. We conclude that \ # g

%I say “sketch” here because the claim that dim(7) = n — 1 is a consequence of the Implicit Function Theorem, which
implies that near @ we can view S as the graph of one variable as a function of the other variables.
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Therefore x = y, and the third equation yields x = y = j:\%, which gives us the points (\/Li, \/Li) and

(—\%, —\/ig) (We could solve for A here as well, but this is not so important.) These are the only points

on the circle 2® + y?> = 1 where f could have a local constrained extreme value. Because we have the

additional constraints that z > _\/Li and y > 0, we see that only one of these points is on the portion

of the circle that we care about: (\/Li’ \/Li)

Of course, the endpoints of the curve Cj could also be places where f has a constrained (global)
extreme value on Cj, so we would need to test at (—\%, \%) and (1,0) as well.

In total, we found that the points on C5 where f might have a maximum or minimum value are

(—\/Li, \/Li), ( \%, \%), and (1,0), which agrees with what we found using the parametrization argument.

Example 10. We want to design a cylindrical bottle to hold 1 liter (1000 cm?®) of water. The base
and sides of the bottle are to be metal, and cost $2 per square centimeter to make, while the top is a
high-grade plastic which costs $3 per square centimeter to make. What dimensions of the bottle will
minimize the cost?

We want to minimize the cost function
C(r,h) = 2(mr? + 27rh) + 3(nr?) = 5ar? 4 4wrh

subject to the constraint
mr*h = 1000.

The global minimum value of C(r, h) constrained to g(r, h) “ rr?h = 1000 (if it exists! More on this

below.) must also be a constrained local minimum value, so we can identify where this might occur by
using the method of Lagrange multipliers.
The choice (7, h) or radius and height that minimize the cost of the cylinder should satisfy (for some

A € R)

1077 + dh = 2\arh
VC(r, h) = AVg(r, h) e o
( h) — 1000 = Arr = \mr
g\ )= 7r2h = 1000

Multiplying the first equation by r and using the constraint gives us
107r? + dnrh = 2 mr?h = 2000\
Similarly, multiplying the second equation by h and using the constraint gives us
Amrh = Arr?h = 1000
Dividing the (new) first equation by 2 and subtracting yields
5ar? — 27rh = 0, or rather  r(5r —2h) = 0.

Since r # 0, we must have 5r = 2h.
Plugging this into the constraint and solving yields

/50 /50
r=2¢/— cm, h=>5— cm.
T s
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This shows that (r, h) = (2 ¢/, 58 57r—0> is the only point where the restriction of C'(r, h) to the constraint

g(r,h) = 1000 might have a global minimum value.

There is still a subtle issue here: the constraint set described by g(r,h) = 1000 is not compact
because it is not bounded, and therefore it is not obvious that a global minimum value even exists. To
see this, note that we have h = %, so that the points (r, h) become arbitrarily large in size as r — 0+.
(Note that here we only consider » > 0 and h > 0, as these are suppose to represent the radius and
height of a cylinder.)

To get around this difficulty, note that the relationship h = % shows that

000
r

4
C(r,h) = 5mr® + dwrh = 5mr? + — 00 as r — oo

and, instead writing r = /190,
mh

5000 1000 5000
C(r,h) = 57r% + 4nrh = 5 +4mhy | o = 5 +40vV10mh — o0 as h — oo.
T

Therefore there is some large § so that if ||(r, k)| > 0, then C(r,h) > C(Q?/ 2058 5—0> + 1. Then the

portion of the constraint that lies inside of the closed ball of radius ¢,

{(r,n) : ||(r,h)|| <6, 7r*h = 1000},

is compact and C'(r, h) > C(?f’/ 5770’ 5¢ ir—0> outside of this set.

Because the restriction of C'(r, h) attains a global minimum value somewhere in this compact set (by
the Extreme Value Theorem), and such a global minimum value on this set must be no greater than

C(?{"’/%, 5¢ 5—:) Because C(r, h) > C’(Qﬁ/ N 5¢ %) +1if (r, h) lies on the constraint and ||(r, h)|| > 0,

the global minimum value of C(r, k) in the compact set is actually the global minimum value of C(r, h)
on the entire (non-compact) constraint set. Because the global minimum value of C(r, h) must also be

a local minimum value, we see that C’<2@3/ 5;_0’ 5¢ 5;0> must actually be the global minimum value of
C(r,h).
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Lecture 4: More Constrained Extrema

Learning Objectives:

e Apply the method of Lagrange multipliers with one or several constraints.

We start today with one of the classic computations in multivariable calculus.

Example 11. Let A € M,»,(R) be symmetric, and consider the quadratic form ¢(7) = 7 - (A%). Last
quarter we used the Spectral Theorem to determine that the maximum and minimum values of ¢ on the
unit sphere S"' = {# : ||Z| = 1} are exactly the largest and smallest eigenvalues of A.

We prove this result a second time, now using the method of Lagrange Multipliers. Indeed, we seek to
optimize the function ¢(Z) = ¥-(AZ) subject to the constraint g(¥) = 1, where g(Z) = ||7||* = 23+ - -+22.
(We use this form for the constraint to make computing the derivative easier.) Because ¢ is continuous
on the constraint set S"~! = {Z : ¢(Z) = 1} and S"! is compact, the Extreme Value Theorem implies
that ¢ does indeed attain global extreme values on S™~! (which will also be constrained local extreme
values of ¢).

By the method of Lagrange Multipliers, a point Z at which ¢ attains a constrained extreme value
must satisfy, for some A € R,

V() = AVy(T)
g9(7) =1
Note that since ¢(Z) = 27 + - -- 4+ 22, go,(Z) = 2z; for each 1 < j < n, and therefore Vg(Z) = 27
We will show that Vq(#) = 2A%. The computation can be a little tricky, so we will proceed in
a way that doesn’t involve using too many indices. Fix 1 < k& < n, and write ¥ = x.€, + U, where
U=x1€1+ -+ Tp_ 1651+ Tpy1€x41 + - + To€,. Note that ¥ does not depend on xy; this will facilitate
our computation of ¢,,. Indeed, using the fact that A is symmetric we have

q(7) = (z1€) + V) - (A(zg€x + 7))

so that
oy (T) = 271 (€) - (A€L)) + 2(€) - (AT)) +0
= & - (2A(zre + 7))
_ &, (247).

Because ¢, (Z) is the k-th entry of V¢(Z), and €}, - (2A%) is the k-th entry of 2A%, we conclude that
Vq(7) = 2A%.

Therefore the equation Vq(7) = AVg(Z) simplifies to 2A7 = A\(2%), or rather A7 = A\Z. Because the
equation g(Z) = 1 implies that ||Z||> = 1 (and therefore & # 0), it follows that such a point Z we have
that 7 is an eigenvector and ¢(7) = 7 - (AZ) = &+ (A\F) = M|Z||*> = A\. Therefore we conclude that the
global maximum value of ¢ on S™™1 is the largest eigenvalue of ¢, and the global minimum value of ¢ on
S™~1 is the smallest eigenvalue of q.
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Lagrange Multipliers with Multiple Constraints

The version of the method of Lagrange Multipliers that we established last time is great when we are
attempting to optimize a function f : R® — R constrained to a subset that is the level set of a single
C! function ¢ : R® — R. In practice we are often led to consider the case where there are multiple
constraints on the inputs of f, say ¢1(Z) = ¢1, ¢2(%) = ¢, ... , gn(T) = cpm.

If we assume that the set S = {7 : ¢;(¥) =¢; fori =1,...,m} is appropriately non-degenerate (in
the sense that the space of vectors tangent to S at a point has the “correct” dimension), then we can
generalize the method of Lagrange multipliers to identify points where f has constrained local extreme
values on S. We can think of S as the intersection of the level sets S; = {¥ : ¢;(¥) = ¢}, each of
which is an (n — 1)-dimensional set that locally resembles R"™! (in the same way that a curve locally
resembles R!, and a surface locally resembles R?). This exact notion is made more precise in a course
in differential geometry, but hopefully the intuition here makes sense.

One fact from differential geometry that we need is that if the vectors Vg, (@),. .., Vgn(d) form a
linearly independent set, then the level sets Sy, ..., intersectlﬂ “nicely”, in the sense that the vectors
that are tangent to S at a are exactly the vectors that are tangent to each of Sy,...,S,, at a.

In this case, it follows that if T" is the set of vectors tangent to S at d@, then

7 = (span(Ver (@), . ,ng(ﬁ))>L.

But by repeating part of the proof of the single-constraint case of the Method of Lagrange Multipliers,
we see that V f(@) € T+. Tt therefore follows that V f(@) € span(Vg,(a@),. .., Vgn(a@)). We summarize
this reasoning in the following theorem.

Theorem 4 (Lagrange Multipliers - Multiple Constraints). Let 2 C R™ be open, and assume
that f,g1,...,9m : @ > Rare Cl on Q. Let S ={F € Q : ¢(¥) =c¢, i =1,...,m} and
a € S. Assume that Vg, (@), ..., Vg, (@) forms a linearly independent set, and that the restriction
f:S — Rof ftoS has a constrained local extreme value (i.e. a local extreme value when
compared to nearby points on S) at @. Then there exists Aq,..., A\, € R such that

Example 12. Find the extreme values of f(z,y,2) = x + y + 2z on the intersection of the cylinder
22 + y? = 2 and the plane = + z = 1.

We are attempting to find the extreme values of f subject to the constraints gi(x,y,2) = 2 and
ga(x,y,2) = 1, where gi(z,y,2) = 22 + y* and go(x,y, 2) = = + 2. Because the first constraint restricts
(z,y,2) to the cylinder of radius v/2 centered on the z-axis, and the second constraint restricts (z,v, 2)
to the plane x + z = 1, imposing both of these constraints restricts (z,y, z) to the intersection of the
cylinder and the plane.

3 Alas, this is another consequence of the Implicit Function Theorem!
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Note that this curve is compact, and therefore the continuous function f does indeed have global extrema
on this curve (which must be constrained local extrema). We will apply the multiple-constraint version
of the method of Lagrange multipliers.

Note that
2z

Vgl(:l:,y,z): 2y and ng(x,y,Z):
0

=

are linearly independent for (x,y, 2) satisfying 2? + y*> = 2 and z + z = 1, since if

2c17 + co
v.gl(m7yv Z) +62v92($7y7 z) - 2Cly = 0
Co

then we must have ¢y = 0, and therefore (since at least one of x or y is nonzero) we have ¢; = 0 as
well. Therefore the Lagrange Multipliers Theorem for multiple constraints applies, and at the points
where f might have local extreme values (and therefore global extreme values) must satisfy, for scalars
A1, A2 € R,

(1= 22+ X\
Vfi(z,y,z) = MVal(zr,y,z) + Ve, y, z) 1= X2y
g1(z,y,2) =2 & 1=MX\
go(,y,2) =1 2?4y =2

T+ 2= 1
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At such points we must have Ay = 1, so that 2A\;xz = 0, or rather \yz = 0. Because % = \1y, we have

2
=0+ (%) = Ma? + My? = \2(22 + y?) = 2)\? by the fourth equation, so that \; = iﬁi' If

Al = Q%@, then we have z = 0 (so that z = 1) and y = V2. If \; = —ﬁ, then we have z = 0 (so that
z=1)and y = —/2.

Therefore the points where f might have extreme values on the intersection of the plane and the
sphere are (0,v/2,1) and (0, —v/2,1). At these points we have f(0,v/2,1) = 1++/2 and f(0, —v/2,1) =
1— \/5, so that the global maximum value of f is 1 4 \/5, and the global minimum is 1 — V2.
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Lecture 5: Riemann Sums

Learning Objectives:

e Describe the geometric intuition of the Riemann integral in terms of dimension-appropriate
volume.

e Use partitions and sample points to construct a Riemann sum for a function over a box.

e Describe integrability and integrals in terms of limits of Riemann sums.

Now that we have completed our treatment of multivariable differential calculus, we turn to multivariable
integral calculus. Just as in single-variable calculus there are two important (and related) notions of
integration: one geometric (related to areas, volumes, etc.), and the other dynamic (related to an
appropriate notion of antidifferentiation). Both of these notions are important, and they are related in
single-variable calculus by the Fundamental Theorem of Calculus. We will spend the rest of this quarter
generalizing these ideas (including the Fundamental Theorem of Calculus) to the multivariable setting.
We start by understanding integration from a geometric point of view.

What can you use from Single-Variable Integral Calculus?

This is not a single-variable calculus course, and we will therefore utilize ideas and techniques that
were established in your single-variable integral calculus. Some topics that you should feel free to
use (and therefore might find helpful to review) are:

e standard antiderivative formulas (power rule, %, trigonometric functions, inverse trigono-
metric functions, exponential functions)

e antidifferentiation techniques (substitution for indefinite integrals, substitution for defi-
nite integrals, integration by parts, partial fraction decomposition, trigonometric integrals,
trigonometric substitution)

e The Fundamental Theorem of Calculus
e improper integrals

Don’t hesitate to reach out to Prof. Peterson or the TA if you need help reviewing any of these
ideas!

Meaning of Multiple Integrals

For a scalar-valued function f : R — R of a single-variable, the integral of f over an interval [a, b]
was understood to measure the (signed) area of the region enclosed between the graph of f and the
z-axis over the interval [a, b], with points where f(z) > 0 contributing “positive area” and points where
f(z) < 0 contributing “negative area”:
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This generalizes to higher-dimensions in the same way. For example, if 2 is a region in R? and if
f: R* = R, then the integral of f over Q should measure the (3-dimensional) “signed volume” of the
region in R® = R between the graph of f and the zy-plane over the region ), with points where
f(z,y) > 0 contributing “positive volume” and points where f(z,y) < 0 contributing “negative volume”:
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If ©2 is a region in R™ and if f : R® — R, then the integral of f over {2 should measure the “signed
(n + 1)-volume” of the region in R"™! between the graph of f and the region Q (thought of as lying
in the subspace R" of R"™), with points where f(Z) > 0 contributing “positive (n + 1)-volume” and
points where f(Z) < 0 contributing “negative (n + 1)-volume”.

At this point we cannot draw any more pictures, but we can note that the notion of n-volume we
will use here should be compatible with the notion of n-volume that we worked with when we studied
parallelotopes in MATH 291-2. To leverage this, we will build our notion of integration using boxes
(the higher-dimensional analogues of rectangles), for which we can compute the appropriate notion of
volume in the usual way.

Riemann Integration

To formalize the idea of what the integral of f should be, we build up some fundamental notions.

Boxes

7

Definition 4. A box B C R" is a set of the form

B = [ay,b1] x [ag,bo] X -+ X [ay, by] o {(z1,29,...,m,) © 3 € [a5,b] for i =1,...,n}.

Here we assume that a; < b; for each i =1,... n.

J

.

Remark 2. A box B = [ay, by] X -+ X [an, b,] is exactly the set of points & € R™ where each coordinate
z; lies in the interval [a;, b;]. For example:
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(a) A box in R is just an interval [a, b].

(b) A box in R? is a rectangular-shaped region with sides parallel to the coordinate axes. Such a box
has the form [a, b] X [c, d], which consists of points (x,y) where x € [a,b] and y € [c, d].

(c) A box in R? is a solid box (in the ordinary usage of the word) with sides parallel to the coordinate
planes. Such a box has the form [a,b] X [¢,d] X [e, f], which consists of points (z,y,z) where
x € [a,b] and y € [c,d] and z € [e, f].
Remark 3. Note that a box B = [ay,b1] X [ag,bs] X -+ X [a,,b,] in R™ is just a (shifted) parallelotope
with sides parallel to €1, ..., €,, since

B ={(z1,29,...,2,) : x; € a;,b;] fori=1,...,n}
={(a1 + t1(by — a1),as + ta(by — as),...,an +t,(by, —ap) : t; €[0,1] fori=1,...,n}
= (al, e ,Cln) + {tl(bl — (11)51 + tg(bg — Gg)gg + 4+ tn(bn — @n)gn : tz € [O, 1] for 1 = 1, . ,n}
= (al, e ,an) + E((bl — al)é'l, (bz — ag)gg, ey (bn — an)é'n)
Because the box B = [a1, bi] X - - X[ay,, b,] is a (shifted by (ay, ..., a,)) parallelotope in R" determined
by the vectors (by — aq)é, ..., (by, — a,)€,, we apply our notion of n-volume from last quarter to make
the following definition.

Definition 5. The n-volume of a box B = [ay, b1] X - -+ X [ay,,b,] in R™ is defined as

Vol,(B) “ Vol (E((by — a1)@1, (bs — a2)és, . . ., (bn — @n)En)) = (b1 — a1)(bz — a2) - - (b — an).

Partitions and Riemann Sums

The integral of f : R® — R over a box B is defined analogously to how the integral is defined in
single-variable calculus: as a limit of Riemann sums. A Riemann sum can be thought of as an approxi-
mation of the integral of f over B obtained by first partitioning (i.e. splitting) B into smaller boxes
By, Bs, ..., By, choosing one sample point ¢y, ..., ¢y in each B;. (The sample points ¢; are shown in
the picture below in purple.) We allow (only) the boundaries of By, Bs, ..., By to overlap.

Bx @Bl B 8‘1 QBS‘ o
BN
q ¢

~ ) ~N Bc o 3 - -
By B, By |55 |B, ‘ //// 7
By = By s | By | P ‘ s
N e N o R ° L e 7
Du, By, Plx Dn‘ Dac, Pox

74

We denote the collection of smaller boxes as P, and the choice of sample points as C.

Given the partition P of B and the choice of sample points C, we approximate the signed (n + 1)-
volume between the graph of f and B; as f(¢;)Vol,(B;). Here f(¢;) should be thought of as the “height”
of a box in R"*! with base B;. (Here we are allowing the “height” to be negative, hence the quotes.)
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Each partition P of B and choice of sample points C determines a Riemann sum R(f,P,C), which
is an approximation for the signed (n + 1)-volume between the graph of f and the box B:

R(f,P,c) D (@) Volu(By).

Let ||P|| denote the maximum edge-length over all of the smaller boxes that make up the partition P.
In a perfect world, as ||P|| — 0 (i.e. as the maximum edge-length of the boxes created by the partition
P approach 0), we would hope that R(f,P,C) would approach “the” integral of f over B. Indeed, we
will actually define the integral of f in terms of this limiting process.

Definition 6. Let B be a box in R", and let f : B — R. Then we define the (Riemann)
integral of f over B to be

def

/B F@) V(@ ¢ lim R(f,P,C),

IPll—0

provided that the limit on the right exists. In this case we say that f is (Riemann) integrable
over B.

Remark 4. Your book (and we) will refer to the type of integral described in the previous definition
as a multiple integral, signifying that we are integrating a function over a multidimensional set as a
limit of Riemann sums. When n = 2 it is standard to say double integral instead of multiple integral,
and when n = 3 it is standard to say triple integral instead of multiple integral. These are standard
names for these special cases that you will see “out in the wild” and in your textbook, but they all refer
to the integral of a function over a box as a limit of Riemann sums.

Remark 5. The notation dV,,(Z) is intended to denote an “infinitesimal” version of Vol,(B;) from
the Riemann sums, and so should be considered the infinitesimal n-volume of a box in B containing
Z. This is merely a suggestive notational device, but will be convenient for framing various results in
easy-to-remember ways.

When n = 2 we may write dA(x,y) instead of dV,(z,y) (because 2-volume is just area), and when
n = 3 we may write dV (x,y, z) instead of dV3(x,y, z) (because 3-volume is just the traditional notion
of volume).

Notation 1. When there is no ambiguity about which variables we are integrating in, then we
may just write fdV}, instead of f(Z)dV,,(Z) for brevity.
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Remark 6. If B C R" is a box with Vol,,(B) > 0, and if f : B — R is unbounded (in the sense that its
set of outputs is not bounded), then f is not integrable on B. In other words, a necessary precondition
for a function to be integrable on a box is that it have bounded outputs!

To see why, suppose (towards a contradiction) that f is integrable on B and let

L:/den: lim R(f,P,C).
B

IPl—0

Choose § > 0 such that if ||P|| < 6 then |L — R(f,P,C)| < 1 regardless of the choice C of sample points.
Let P be a partition of B into boxes By, ..., By with nonzero n-volume, such that ||P|| < . Then there
must be some ¢ such that the outputs of f on B;, are unbounded, for if not then for each i =1,... N
there is M; > 0 with | f(Z)| < M; for each ¥ € B;. But then |f(Z)| < max(Mj, ..., My) for each ¥ € B,
contrary to our assumption that f is unbounded. Let C be a choice of sample points ¢; € B;. Because
f is unbounded on B;, and Vol,(By,) > 0, we can choose ¢; such that [f(cj,) — f(c}))| > 2/(Vol,(By,)).
Then

2 < |(f(ciy) — [(c,)) Voln(Bi, )|
= |(f(&) = F(@)Vol(Biy) + L = Y F(@)Volo(B)) — L+ Y (@)Vol.(B))|
i#ig i#i0
<1+1=2,
a contradiction. Therefore whenever we assume that a function f is integrable on a box B, we may
assume that f is bounded on B.

Example 13. Consider the function f(z,y) (some of the level curves of which are given below) over
the box B = [0,12] x [0,8]. Let’s use Riemann sums to estimate [, f dA.

G it

1 4 A i
3 ¢ 9 e

First we partition B into 4 equal-sized rectangles, and choose a sample point in each rectangle:

&
(9]
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The Riemann sum for f given these choices of partition P and sample points C is
R(f,P.C) = f(é1)Area(By) + f(c2)Area(By) + f(C3)Area(Bs) + f(¢4)Area(By)
= 0(24) +2(24) + —2(24) + 1(24)
= 24.

Let’s now make the rectangles smaller, say by partitioning R into 16 equal sizes rectangles, with
sample points as indicated:

3
i N\ € ’Q Sy
o - . ; 4 . . \
b 1T < ]
- u
L\ o ete. \ B
\ W )
4 == =
A 1IN ;‘ AN >, 1
! N\ | 1
3 — ] L\
W | ¢ Y Na ;
* |

The Riemann sum for f(x,y) given these choices of partition P’ and sample points C’ is

R(f,P',C") = 0(6)40(6)+ 1(6) +2(6) + (—1)(6) + 0(6) + 1(6) + 2(6)
+(—=2)(6) + 0(6) + 0(6) + 2(6) + (—2)(6) + (—1)(6) + (—1)(6) + 1(6)
= 12.

Remark 7. Although we will not use it formally for any proofs, it can sometimes be helpful to a
definition of integrability that is easier to use. What follows is an equivalent definition of the Riemann
integral of a function (due to Darboux). To this end, suppose that B is a box in R" and that f : B — R
has bounded outputs. Let P be a partition of B. For a box B; given by the partition, let m; be the
largest real number for which m; < f(Z) for all ¥ € B; and let M; be the smallest real number for which
f(&) < M; for all # € B;. (Note that m; and M; will be the minimum and maximum values of f on B;
if [ actually achieves mazimum and minimum values on B;.) We call

UP) S MVoL(B) and L(f,P) S miVol,(B)

the upper sum and lower sum of f on B relative to the partition P. The key point here is that
because of how m; and M; were chosen,

L(f,P) < R(f,P,C) <U(f,P)

for every possible choice of sample points C.
We can then state the following formal definition of integrability:

Definition 7. Suppose that B is a box and that f : B — R has bounded outputs. Then we say
that f is integrable on B if for every € > 0 there exists a partition P of B such that

U(f,P)— L(f,P) < e.
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In other words, f is integrable over B if for each € > 0 there is a partition P such that the difference
between the upper sum of f (which should be an overestimate of the integral of f over B) and the lower
sum of f (which should be an underestimate of the integral of f over B) is less than e.

One way to interpret this is that, for each € > 0 there is a partition P of B such that the graph of
f over B is covered by the boxes E; = B; x [m;, M;], and that

> Volui(Ei) =Y (M — my) Vol (B;) = > MVol,(B;) = Y _m;Vol,(B:) = U(f,P) — L(f,P) < ¢
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Lecture 6: Integrability

Learning Objectives:
e Establish properties of the integral by using the definition of integrability.
e Determine when a subset of R™ has measure zero.

e Determine when a function is integrable by inspecting its sets of discontinuities.

Last time we built up the notion of the integral of a function f : B — R on a box B C R" using Riemann
sums. This definition can be used directly to compute the integrals of only very simple functions.

Using the Definition of Integrability

Example 14. Let B C R" be a box, and suppose f : B — R is constant (i.e. f(Z¥) = ¢ for some
constant ¢ € R). Then f is integrable on B and

/ fdV,, = cVol,(B).
B

To prove this, suppose that P is a partition of B and C is a choice of sample points for P. Then we
have
R(f,P,C) Z F(@)Vol,( Z Vol (B;) = CZ Vol,(B;) = ¢Vol,(B),
where the last equality follows from the fact that B is the union of the boxes By, ..., By; and these boxes
only overlap on their boundaries (and each ‘face’ of the boundary of one of the B; can be viewed as a
parallelotope determined by a set of n vectors that includes 0, and therefore has n-volume 0). Therefore
we have

lim R(f,P,C)= lim ¢Vol,(B) = cVol,(B).
IPll—0 (7 ) IPll—0 (B) (B)

It follows that f is integrable on B and / f(Z)dV,, = ¢Vol,(B).
B
We will have additional (and much better) ways to compute the integrals of more interesting functions
in a couple days. The definition of the integral is incredibly useful for proving abstract properties of the

integral. To illustrate this, we note that we can prove familiar linearity properties and inequalities for
the integral with relative ease.
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Theorem 5 (Properties of the Integral). Suppose that f and g are both integrable on a box
B C R™. Then the the following properties hold.

1. f+ g is also integrable on B and

/B(f+g)an:/deVn+/Bngn.

2. For ¢ € R, cf is also integrable on B and

/Bcden:c/deVn.

3. If f(Z) < g(Z) for all ¥ € B, then
/ fdv, < / gdV,.
B B

/devn S/B|f|an.

Proof. You will prove parts 2., 3., and 4. on your homework (in the special case where n = 2, but your
proof will work for all n). We illustrate how these types of arguments go by proving part 1.
For 1., let P be a partition of B and let C be a choice of sample points for P. Then we have

R(f+g,P,C) = Z(f(@) +g(&)) Vol (B;)

_ Z F(@)Vol,(B:) + Z 9(&)Vol,, (B

= R(f,P,C) + R(g,P,C).

4. |f] is also integrable on B and

. J

Because lim R(f,P,C) /f ) dV,, and h‘m R(g,P.C) = / g(%) dV,,, we have

Pl—0

lim R(f +9.P.C) = lim [R(/.P.C) + R(g.P.C)] /f v, +/ o(F) Vi,

Pl—0 [Pl—0

so that f + g is integrable on B and

/B(f+9)dvn=/gfdvn+/ggd3n.

Integrable Functions

Now that we know the basic properties of the integral, we can turn our attention to the nuanced question
of which functions are actually integrable. We saw in our opening example that constant functions are
integrable. It may not surprise you to learn that all continuous functions are integrable.
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Theorem 6. Let B C R"™ be a box, and suppose that f : B — R is continuous. Then f is
integrable on B.

Proof. We prove this using the the more precise definition of Riemann integrability from the previous
lecture, but we will also need a fact from analysis about continuous functions that we did not prove
last quarter. In particular, we will use the fact that since f is continuous on B and B is compact, then
f is uniformly continuous on B in the sense that for every € > 0 there exists ¢ > 0 such that for
every T,y € B with ||Z — ¢]| < ¢, it follows that | f(Z) — f(7)| < €. Note that this is stronger than mere
continuity, as we are able to choose ¢ here depending on € but independent of ¥ and .

We now proceed with the proof. To avoid trivialities, assume that Vol,(B) > 0. Let € > 0. Because
f is continuous on B and B is compact, f is uniformly continuous on B. Choose § > 0 such that for
every 7,y € B with || — ]| < ¢, it follows that [f(Z) — f(¥)| < g5z Let P be a partition of B with

1P| < \/iﬁ, and let B; be any box that is part of the partition P of B. Because B; is compact and f is
continuous on B;, the Extreme Value Theorem implies that there exist ¥/, 2’ € B; with

F@) =m: “ min f(7) and  £(2) = M; @ max f(2).
7eB; TeB;

Note that because ¥/, 2 € B; and the maximum length of an edge of B; is |P|| < \%, we have that

17 =2 =V =2+ 4 (g —2)? <\[ =+ +— =4,

and therefore 0 < M; —m; = f(2) — f(¥) < . It follows that

2Voli(B)
U(f,P)— L ZMVol Zm\fol

€
<S _Vol.(B,
_ZQVOI BVO"( 2

L(
2\/01 Z vo
—V] B
ol (g Yo (B)
Therefore f is integrable on B. O

Measure Zero

We can weaken the assumption of continuity a little if our function is bounded (in the sense that the
set of outputs is bounded) and only discontinuous on a “small” set. Here, “small” means that the set
has measure zero, in the sense that it lies inside of another set that we know has n-volume as small
as we’d like. Because we only know how to measure the volume of boxes (and at least overestimate the
volumes of unions of boxes by adding the volumes of the boxes), we are led to the following definition.
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Definition 8. Let A C R”. Say that A has measure zero if for every € > 0 there exists a (finite
or countably inﬁnit&ED collection of boxes By, By, B3, ... C R" such that

Ac|JBi=BiUB,UBsU--- and » Vol,(B) <e.

Note that if there are indeed an infinite number of boxes, then this sum is actually a series.

In other words, a subset of R has measure zero if it can be covered by a finite or (countably) infinite
collection of boxes, where we can take the total volume of these boxes to be arbitrarily small.

Example 15. The interval [0, 2] in R does not have measure zero, because Vol ([0,2]) = 2, and therefore
the sum of 1-volumes of boxes that cover [0, 2] must be at least 2 (and not 0).

But the set I = {(2,0) : z € [0,2]} in R? does have measure zero, since for ¢ > 0 we note that
IC0,2] x[0,5], and

wmQQﬂx[ag):%§<e

These results confirm what we already know from intuition: the interval [0,2] has length (i.e. 1-
volume) 2, but has area (i.e. 2-volume) 0. It also illustrates an important point: whether a geometric
object (like a line segment) has measure zero depends on the space in which it lives. For example, a
(solid) square would have measure zero in R3, but would have positive measure in R?.

Example 16. The set of rational numbers Q has measaure zero in R. To prove this, we need to use
the fact that the rational numbers are countably inﬁniteﬂ That is, it is possible to write the elements
of Q in an infinite list 7,79, 73,.... Let € > 0. Tor each k € N, set By, = [ry,7x]. Then By is a box and
Voly(By) = ry —r, =0, so that Q C |J, B and ), Vol;1(By) = 0 < e.

The fact that Q has measure zero in R is even more remarkable once one considers the surprising fact
that Q is dense in R, in the sense that for every z € R and every € > 0 there is r € Q with |r — x| <e.
That is, for every x € R we can find a rational number that is as close to x as we wish. In this sense,
the elements of Q are “everywhere” in R, but somehow manage to have measure zero!

Example 17. The xz-plane P in R? has measure zero. To see why, let € > 0 and choose

€

B; = [—i,1] x [0, 15230

| % [—i,i] fori=1,2,3,....
Then if (2,0, z) € P, i greater than the maximum of |z| and |z| we have (x,0, z) € B;, so that

PQU&.

1A set S is countably infinite if there is a bijection between S and the natural numbers N. The natural numbers N,
the integers Z, the rational numbers Q, and any infinite subset of these sets is countably infinite. The real numbers R
(indeed, any interval of the form (a,b) where a < b) is uncountably infinite, in the sense that it is infinite but admits no
bijection with N. Talk to me in office hours if you want to learn more about various types of infinity!

SThere are many proofs of this result. Ask me about it in office hours!
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€

On the other hand, Vol3(B;) = (2i)(2i) 25 = 37 and therefore (using the formula for the sum of a
. L satisfies |r| < 1)

convergent geometric series, where here the first term is a = £ and the ratio r = 3 s

Therefore P has measure zero.

The following theorem is indispensable for identifying interesting sets of measure zero.

Theorem 7 (Measure Zero). Let A C R™. Then A has measure zero if

(Subset of a Set of Measure Zero) A C B where B C R” has measure zero, or

(Finite Union of Measure Zero) A = J, B;, where By, ..., By C R" each have measure zero, or
(Image Lower Dimensional Set) A = f(B), where B C R™ for m < n and f : B — R" is C*, or

(Non-Degenerate Level Set) A is a level set of some C! function ¢ : R* — R with Vg(Z) # 0 for
every ¥ € A.

\. J

Proof. You will prove the first part on your homework.

For the second part, let ¢ > 0 and choose, for each B;, a (finite or countable) collection of boxes
that covers B; and has total measure less than ;. Because the union of a finite collection of finite or
countable sets is either finite or countable, combining these collections of boxes produces a finite or
countable collection of boxes that covers A and has total measure less than k- =e.

The third part is a special case of Sard’s Theorem, a powerful result in differential geometry.

The fourth part follows from the third part and another powerful result (this time from multivariable
differential calculus, but usually proved in an analysis course) called the Implicit Function Theorem,
which says that, under the hypotheses of the fourth part, for each @ € A there is a ball Bs(d) centered
at @ such that A N Bs(a@) can actually be written as the graph of one of the variables as a C! function
of the other variables (e.g. in the case where z can be written as a function of x and y, then the points
(z,9,2) € AN Bs(a@) have the form (z,y, 2(z,y)) for a C* function z(x,y), so that AN Bs(a@) is the image
of the C! function (x,y) — (x,y, 2(z,y)). The same comments apply if the points in A N Bs(d@) have
the form (x,y(z, z), z) or (z(y, 2),y, 2)). O

Remark 8. The second conclusion of the Measure Zero Theorem actually holds if A = |J, B;, where
Bi, By, Bs,... C R™ is a countable collection of sets with measure zero. The proof is even largely the
same, with some adjustments needed to ensure that the total measure of the combined collection of
boxes has measure less than e.

The previous theorem is very powerful. Here are some immediate consequences.

Example 18. The image of any C! path #: R — R™ has measure zero if n > 2.

2 2 . .
s + &z = 1 has measure zero, since it

Example 19. For A, B,C # 0, the ellipsoid described by 2—22 + 22
is the level set of g(z,y,2) = 2—22 + %—22 + g—i with Vg(x,y, z) # 0 everywhere on the set.

Indeed, this same argument shows that all of the standard quadric surfaces have measure zero. The
only care that must be taken is to handle the double-cone, but this can be viewed as the union of

the upper-half described by z = /22 + 32 where z,y # 0 (which is the level set of a C! function
g(z,y,2) = z — /22 +y? on R?> — {(0,0,2) : z € R}), the lower-half cone z = —y/x2? + y? where

z,y # 0, and the single point (0,0,0) (which has measure zero).
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The concept of measure zero offers us a complete characterization of which functions are integrable
(as defined last time), and which are not.

Theorem 8 (Lebesgue’s Criterion). Let B C R™ be a box, and let f : B — R be bounded. Then
f is integrable on B if, and only if, the set of points where f is discontinuous has measure zero.

The proof of this result is technical, and beyond the scope of this course.
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Lecture 7: Iterated Integrals

Learning Objectives:
e Integrate continuous functions over bounded sets with nice boundaries.

e Compute multiple integrals using Fubini’s Theorem.

Integration on More General Sets

For us, one major application of Lebesgue’s Criterion will be to allow us to integrate continuous functions
on sets that are not boxes. The process here is simple: we simply choose a box that contains the set
that we wish to integrate over, extend the domain of the function we want to integrate to be 0 outside
of the set we care about, and then integrate this extension function over the box. We make this more
precise with the following definition.

s ~

Definition 9. Let £ C 2 C R" with E bounded, let B C R" be a box containing F, and suppose
that OF has measure zero. Assume f : {2 — R is bounded on E and continuous throughout F
(except possibly on a set of measure zero), and define the zero extension of f from E to B by

) ifrer
ext . B —>]R, ext (= d;f f<$> 1 )
d @ =10 wzem

Note that f¢** is only possibly discontinuous on OF (which has measure zero), and therefore f¢**
is integrable on B. We define the integral of f on F to be

/ fav, € / fetdvi,.
E B

Example 20. For example, if £ = {(z,y) € R? : 1< /22 +y? < 2} is the annulus centered at (0, 0)
with inner radius 1 and outer radius 2 in R?, then

/E (2 + 1) dA(z,y) = / £ (2, y) dA(z, ).

[—2,2]x[~2,2]
where f(z,y) = 2? + y? and

22y i1 < a2 4y? <2,

0 otherwise

fet(a,y) = {

is integrable over the rectangle [—2,2] x [—2,2] because [ is only discontinuous along the circles of
radius 1 and 2 centered at (0,0) (and since a circle, which is the C' image of a path in R?, has measure
Z€r0).
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Remark 9. As a convention, if we integrate a function f over a set B and if f is defined by a formula
such that f(Z) is actually undefined for finitely many ¥ € B, then we will artificially define f(Z) = 0 at
those points. This will allow us to avoid a proliferation of technical arguments around defining integrals
in practice.

Iterated Integrals and Fubini’s Theorem

As mentioned the other day, there are only a limited number of functions that we can actually integrate
by hand using the definition of the integral as a limit of Riemann sums. For more interesting examples, we
will need a way to approach this computation without resorting to Riemann sums. One fruitful approach
is to use iterated single-variable integrals, which are related to multiple integrals via a powerful result
known as Fubini’s Theorem. Because the notion of iterated integrals can involve complicated notation,
we motivate their use and interpretation through a concrete example.

Example 21. Computeﬁ

I= fj | sin(y) dA(z,y).

[1,3]x[0, %"

Below we draw the graph of z = f(z,y) = sin(y).

3 -
2 = S =
[ 2RI S6y)
[« I— ' 2

a

R — r\

L/ } . ‘{\\’(u IAAS
X gagrhve Nolvme

Yolome

SWhen integrating over subsets R?, it is standard to write [| instead of | to reflect the fact that we are integrating over
a two-dimensional set. This is analogous to replacing dVs with dA. Similarly, for integrals over sets in R? it is standard to
write a triple integral sign [[[ instead of a single integral sign. We will continue to use a single integral sign in “dimension
agnostic” settings.
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To motivate the use of iterated integrals, consider that the y-sections of this region (i.e. the intersection
of this region with planes perpendicular to the y-axis at (0,y,0)) are rectangles with width 3 — 1 = 2
and height sin(y) (Note that this height can be negative!).

2> Sm{y') = g(yﬂ

[ 5 v %
/ (o35 secph \ ﬂ‘) ) ¥
a7yl /
2 N
4
Therefore,
3
Area of cross-section at y : / sin(y)dz = 2sin(y).
1

We might expect that the (signed) volume of the region between the graph of f and the box [1, 3] x [0, 2F]
(as a subset of the xy-plane) to be obtained by ‘adding up’ these signed areas over all the possible values
of y by integrating in y. In other words, we expect that

3m

2
I = / [Area of cross-section at y|dy
0

& 03
= / / sin(y)dzdy
o Ji
37
2

= /0 2sin(y)dy

3n

= —2cos(y)
= 2.

0

On the other hand, we could have used the z-sections of the region (i.e. the intersection of this region
with planes x = x) to compute the area. For this problem,

Area of cross-section at z = / sin(y)dy = — cos(y)
0

2

{/ 2= Sl’\(y> = g&y}

’/ ,s\% T 3/2‘

A Cresg-sect gy
)77 NilA

=27
24 .~ S, 2, )
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Note that (in this problem) all of these cross-sections are identical, so it isn’t surprising that they have
the same (signed) area. ‘Adding up’ these areas over all possible values of x with an integral suggests
that

3
I = / [Area of cross-section at z|dx
1

e
= // sin(y)dydx
1 Jo
3
= /1d:1:
1

3
= T

1
= 3-1=2,

which is the same answer that we got in our first computation!

In the previous example, we actually did not prove that the double integral I of f(z,y) = sin(y)
over [1,3] x [0, 2] was equal to 2. We did show that cach iterated integral

/1 ’ [ /0 " f(x,y)dy]dx and /0 " [ /1 ’ f(:c,y)dx]dy

existed is equal to 2, and we have strong geometric intuition to suggest that the value of these two
iterated integrals ought to agree with I.
It is indeed true that, under suitable mild conditions on the integrand f(zy,...,x,), the multiple

integral / fdV, of f over a box B can be computed as an iterated integral involving n single-variable
B

integrals (one in each of the variables xy, zs, ..., z,). Moreover—and this is the crucial fact—the order
in which we compute these single-variable integrals does not matter. This result is known as Fubini’s
Theorem, and we state it in full generality below.

Theorem 9 (Fubini). Let B = [a1,b1] X - -+ X [a,, b,] be a box in R™, let Q@ C R"™ with B C €,
and suppose that f : ) — R is integrable on B. Assume that for each 1 <i < n and z; € [a;, b;]
(for j # i), the single-variable function

gi: [aiabi] — Rv gz(t) = f(xlv 000 7xi—lat7$i+l7 000 7xn)

is integrable on [a;, b;]. Then for any ordering iy, ..., 4, of the numbers 1,...,n, we have

by [biy bi,,
/f(xl,...,xn) AV (z1, ... xp) :/ / flzy, 2, ... ) day, -+ - dg,day, .
B aiq Qig a;

n

Remark 10. The conclusion about iterated integrals is just to say that you can compute the iterated
integral of f over B in any order that you wish. For example, if n = 3 and f(z,y, z) satisfies the
hypotheses of Fubini’s Theorem on the box B = [a,b] X [¢,d] X [e, g], then the conclusion of Fubini’s
Theorem is that each of the six iterated integrals

b d g d b g
///f(x,y,z)dzdydx and ///f(x,y,z)dzdxdy and
38



g d b d g b

///f(x,y,z)dxdydz and ///f(x,y,z)dxdzdy and
g b pd b prg pd
///f(ac,y,z)dyda:dz and ///f(x,y,z)dydzdx

exist and are equal to the multiple (in this case, triple) integral fff flz,y,2)dV(z,y, 2).
B

A full proof of Fubini’s Theorem is beyond the scope of the course, but we can give a proof in the
case n = 2 to illustrate one argument. Part of the conclusion of Fubini’s Theorem is the existence of
the iterated integrals on the right-hand-side. The key idea of the proof is to approximate each single-
variable integral with a one-variable Riemann sum, and then note that the resulting expression (for
a given iterated integral) gives a Riemann sum for f on B. By choosing the one-variable Riemann
partitions to be “fine” enough, we can ensure that the resulting Riemann sum for f on B is as close as
we’d like to the integral of f over B. The argument is a bit technical, but we will give the full details
here as a partial advertisement for the sorts of estimates you might expect to prove in a course in real
analysis.

Proof of Fubini’s Theorem when n = 2. Write B = [a, b] X [c,d], and define

d
o) < / o) dy, =€ lab].

To avoid trivialities we will assume that @ < b and ¢ < d. Note that g is defined because y — f(z,y) is
integrable on [c,d] for every fixed z € [a,b] by assumption. We will show that ¢ is integrable on |[a, b]
and that

/ab g(z)dx = /Bf(x’y) dA(z,y),

[ [ swpavis = [ se0)aae. ).

which is our desired conclusion.
Let € > 0. Choose p > 0 such that if P is a partition of B with ||P| < p and C is any

choice of sample points for P, then |R(f,P,C) — jj flz,y)dA| < % Suppose we have a partition
B

This will show that

{[xo, z1], [x1, @2, . . ., [Tn1, T4] } Of [a, b] such that (xy — xx_1) < p for each kK =1,...,n, and a choice of
sample points ¢; € [xg_1, 2y for k =1,...,n. Then the corresponding Riemann sum for g over [a, ] is
R(g, {[xo, z1], [x1, 22], .. ., [Tn-1, xal } {C1, .y Cn})
=" glex)Voly ([zx—1, 1))
k=1
n o d
=3 [ ) dy (o - ).
k=1+¢
Now choose a partition {[yo, v1], [y1,92], - - -, [Um—1,Um]} of [¢,d] such that (yo — yr—1) < p for each
¢=1,...,m and, for each k =1,...,n,

d m
/ f(Clmy)dy_Zf(ck>y£)<y€—y€—1) <m-
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Then consider the partition

def

P {Bkg—[ﬁk 1,$k] [yg,l,yg] : kzl,...,n, ﬁzl,,m}

of B and the choice of sample points

de
f{Ckg—<Ck,yg) ck=1,...,n, £=1,...,m}.

Note that because (z — xp—1) < p and (yp — yo—1) < p for each k and ¢, ||P|| < p. We also have

R(f,P,C) ZZf Cr,e) VOla(Byye) = Zf ck Ye) (Ye — Ye—1) (T — Tp—1)-

k=1 (=1 k=1 (=1

Then we have

R(g,{[x0, z1], [x1, 22, . . ., [Tno1, 20l }, {C1, -y }) — f f(z,y)dA

:Z fCIm (), — xp—1) jfa:ydA

k=1"¢

- Z " Hemy dy - (zx. — 21) = R(f,P,C) + R(f,P,C) = [{ fla,y)dA

k=1"°¢ B
<52 [ Fer)dy - (ox - i) — RG.PLO)| + | RULP.C) {[ f@,y)da
k=1"¢ B
n d n m c
<> ) flew,y) dy - (g — 2p—1) > F@r o) We — yer) (w — 1) + 3
k=1 k=1 (=1
n d m c
=22\ Flewy)dy =D i) (e = ye) | (an = zim)| + 5
k=1 ¢ (=1
n d m c
<1 Flewy)dy = fler ye) (e — yer) ($k—$k_1)+§
k=117¢ (=1
& €
< Q(b_a)($k—$k—1)+—
k=1
€ n
~2(b—a) > (o —ai) + 5
k=1
€
— b J— —
2(b—a) (b—a)+
=e
Therefore, we have shown that for each € > 0 there is p > 0 such that if © = {[zg, x1],..., [xn_1, 2]} is

a partition of [a,b] with ||@|| < p and if @ = {cy,...,¢,} is a choice of sample points for @, then

|R(g,©,®) — fffa:ydA|<e
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This shows that é)lm R(g,©,0) = JJ‘ f(z,y) dA, so that g is integrable on [a, b] and
1©—0 )

/ab /Cdf(:t,y) dydr = /abg(:c) dx = JJ f(x,y) dA(z,y),

as desired.
The same argument shows that

def b
Mm—/fwwm y € [c.d]

is defined and integrable on [c, d], and that
d b d
//fmwmw—/h@@—ﬂwammw
& a & B
which completes the proof. O

Note that the assumption that f be integrable on B necessitates (via Lebesgue’s Criterion for Rie-
mann Integrability) that the set of points in B at which f is discontinuous must have measure zero.
The integrand f satisfies the technical “integrable in each coordinate separately” condition if any of the
following (stronger) hypotheses are satisfied:

(i) if f is continuous on B, or

(ii) if the set of discontinuities of f intersects each line parallel to one of the coordinate axes in at
most finitely many points (this is the assumption in the book’s version of the theorem), or

(iii) if the iterated integrals exist (this follows from the “integrable in each coordinate separately”
condition, but could also be taken as an assumption).

There are other sufficient conditions for f to satisfy the conclusion of Fubini’s Theorem, but (i) and (ii)
are the ones that will play the biggest role in this course.

Example 22. Let’s compute the double integral of f(z,y) = ye™ over the rectangle B = [0, 1] x [0, 2].
We apply Fubini’s Theorem, first integrating in z and then in y, to obtain

2 1 2
fj ye™dA(z,y) = / / ye™Vdxdy = / eV — 1dy = e* — 3.
5 o Jo 0

On the other hand, if we first try to integrate in y and then in x, we get (by integration by parts)

1 2 1 1 v
jj yedA(z, y) :/ / ye™dydz :/ (g — l)eivy qu; :/ (2z —1)e* +1 de.
7 o Jo o \x  x? 0 0
B

2
This last integral is not approachable through any of the standard integration techniques used in Calculus
IT! This illustrates a good point about double-integration: although the multiple integral of a function
over a box can be written as an theoretically by applying Fubini’s theorem, the order of integration can
be very important from a practical standpoint!
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Lecture 8: Double Integrals

Learning Objectives:
e Evaluate a double integral by setting up an appropriate iterated integral.

e Change the order or integration in an iterated integral.

Today we investigate the typical considerations when evaluating double-integrals of functions over gen-
eral regions. We start by noting that if f(x,y) is continuous in a bounded region € and if the extension
of f to some box containing €2 satisfies the hypotheses of Fubini’s Theorem, then setting up the iterated
integral(s) we will use to evaluate [f, fdA involves an analysis of how to describe Q (or pieces of Q)
using nested inequalities.

For example, suppose that [a,b] X [c, d] is the smallest box containing €2, and that € is as shown in
the following picture:

Y !
d

BRLY LI (%)

<= {en + agxeh, YeasysSQRAY

y= ¥\

} S
" a &> <k . &

Then to represent [[, f(z,y) dA using an iterated integral in the order dydz, we first note that [a, b] is
(what your book calls the) shadow[] of ) onto the x-axis, in the sense that it is the collection of all
values of x for which there is y such that (z,y) € Q.

The inner integral fcd fet(x,y) dy is then the integral of f**!(z,y) along the line segment from (z, ¢)
to (z,d). Of course, because f*!(x,y) =0 if (x,y) ¢ Q, we really only need to integrate f°**(z,y) over
the the subset of this line segment for which (z,y) € 2. The key observation (for Q as pictured above)
is that if we can think about € as the region lying between the graphs of two functions y = () and
y = d(z), then for each a < x < b this subset consists of points of the form (x,y) with v(z) <y < d(z).

Therefore we can write
5(x)

ﬂf(m) dA(z,y) =/ab/ f(z,y) dydz.

(z)

"It might make more sense to call this the projection of 2 onto the z-axis, but your book assumes that you do not
now linear algebra. Foolish book!
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Similarly, if € can be described by the (nested) inequalities ¢ <y < d and a(y) < z < S(y) (i.e. if

we can think about €2 as the region lying between the graphs of two functions z = a(y) and x = 5(y)
over the interval ¢ < y < d), then

[f semaae = [ [ o) doay

(v)

7 f
g
X?F(y}
- Xy ¢ x € BG)
<= {(my\ P csyed, vf(y\’:)(sﬁéy'\}
oy
) b X

Example 23. Integrate f(z,y) = xy over the region 2 in the first quadrant below the curve y = 4 — 22

Let’s solve this problem two ways. First, we’ll set up the interated integral so that x is the “outer-
variable”. Our double integral is

2 upper bound for y at x
ff xydA(z,y) = / [/ xydy|dx.
S 0 1

ower bound for y at x

At each z, y runs from 0 to 4 — 2. So, we have

2 pd4—a?
jf ry dA(x,y) = / / xy dydx.
S 0o Jo

a
A \/’L/'x




It may look a little strange to have an x in the bounds of an integral. However, it is in the bounds of
the inner intergral, and in the context of the inner integral, x is a constant. Of course, the bounds of
the outer integral cannot depend on x or y. We finish the computation:

ff dA(z.y) /2/4_932 dud /21 (4 — 2)2d 1<4 2>32 0+ 143 16
x T,Y) = x T = 24 —x2)dr=——(4—=x = —4° = .
) WEREI= ) L Y ) 12 0 12 3

To set up the integral with y as the outer variable, note that y runs from 0 to 4, and that, at each fixed
y, = runs from 0 to /4 — y (we use the positive square-root since z is positive here).

Therefore, we have

4 Viy 4 4 1, , 1oy 1 16
H vy dA(z,y) = vydedy = | Sy(d-y)dy= | 2y—gydy=y —cy’| =16—-64=—.
S o Jo 0 0 0

Definition 10. Let €2 C R™ be a bounded set such that 02 has measure zero. We define the
n-volume of ) to be

Vol, () < / 1dV,.
Q

Even simple examples like computing the area of a region can illustrate some of the techniques one
uses to study iterated integrals.

Example 24. Let T be the triangle with vertices at (0,0), (1,1), and (1,2). Compute the area of T" by
evaluating the double integral of f(z,y) =1 over T.. Set up the integral in two ways: first in the order
dydz, and then in the order dzdy.

We first set up the iterated integrals with x as the outer variable. In this case, x runs from 0 to 1, so
our double integral has the form

jledA:/ol[

For each fixed x € [0, 1], y runs from z to 2z.

upper bound for y at x
/ 1 dy] dx.
lower bound for y at x
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Hence,

1 2z 1 1
AreaoszﬂldA:/ / ldyda;:/ wde = .
T 0 T 0

To set up the iterated integrals with y as the outer integral, note first that y runs from 0 to 2.
Computing the bounds for x at a given y is slightly complicated by the fact that the curves which
bound z change at y = 1. We’ll therefore split the region T into two pieces:

O sy«g {
3

In the subregion 77, i.e. when 1 < y < 2, x runs from %y to 1. In the subregion T3, i.e. when
0 <y <1, xruns from %y to y. Therefore, we have

2 ol 2

1 4 1 1
jfldA://1dxdy:/1——ydy:1———|——:—,
7 1y 1 2 4 4 4

and

So,

ﬂ1dA:ﬂ1dA+g1dA:%.

T T

Remark 11. In terms of shadows or projections, note that one can think of the double integral over T5
from the previous example as

([ s y)aa = [, sty
T Shadow [0,1] [%y,y]

This might seem like overkill here, but the analogous observation in three or more dimensions will be
extremely helpful!
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Example 25. Let T' be the region bounded between the curves y = |z| 4+ 1 and y = 2|z|. Set up the
double integral of a general function f(x,y) over T' with (a) = as the outer variable, and (b) y as the
outer variable.

We start with (a). Here, note that x runs from —1 to 1, while, for each fixed z, y runs from 2|z| to
|z| + 1. Hence, we can write

jf f(z,y) dA(z,y) / /;zlﬂ f(z,y) dydz.

T ||

Now, we consider (b). Note that, if we try to set up the integral where y runs from 0 to 2, then we
run into trouble with the inner integral since, for y between 1 and 2, there are two separate intervals for
x! To get around this, we can split the region 7" into three pieces as follows:

For T3, we have

For T5,

Finally,

So, in total,

1

ffxydA;cy // f:vydmdy+//fxydxdy—|—// f(x,y) dedy.

l\’l
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You book gives names to the cases that we discussed above. Indeed, the definition given in your
book of the ‘type’ of a region €2 in the plane is:

Type 1: Qis Type 1 if it can be written as Q = {(z,y) | a < x < b, y(z) <y < i(z)},
Type 2: 2 is Type 2 if it can be written as Q = {(z,y) | c <y < d, a(y) <z < B(y)},
Type 3: Qis Type 3 if it is both Type 1 and Type 2.

That is, Type 1 regions are those which can be realized as the region between two functions y of =z,
while Type 2 regions are those which can be realized as the region between two functions x of y. Type
1 regions can be set up with y as the inner variable (without splitting up the region), while Type 2
regions can be set up with x as the inner variable (without splitting up the region). The last example
is one which your book refers to as Type 1, and is NOT what the book refers to as Type 2.

This notion of ‘Type’ is not worth memorizing. You should, with a bit of work, be able to find the
best way to set up the double integral over any region that you are given. The more examples you do,
the more you will begin to easily recognize viable options for setting up an iterated integral. Indeed,
we didn’t need to resort to this ‘type’ nonsense in order to compute the previous examples. What is
important is that each of these is an example of an elementary region, which is a form convenient for
expressing multiple integrals over the region using iterated integrals.

Definition 11. Let €2 C R”. We say that () is elementary if {2 is bounded and it is possible to
write (for some ordering x;,, ..., x;, of the variables z1,..., z,)

Q={(z1,...,2,) : a<my <b, () < @iy < PBi(wiy), @a(ziy,xi,) < Tiy < PolT4y, Tiy),

s an—l(xin .. 7xin71) S xin S 671—1(Ii17 s 7'£Uin71)}7

where a,b € R, and each function «;, 8; : R? — R is continuous.

The integration region in each example we’ll see is either elementary, or we will be able to split it
up into a finite number of elementary regions. You should think of an elementary region as one which
is “cut out” by the surfaces in R" defined by the equations x;, = a, x;;, = b, x;, = ay(zy,), Ti, = B1(xs,),
and so on.

Remark 12. Elementary regions are useful largely because they have “nice” boundaries. For example,
it is possible to prove that if 2 C R™ is elementary, then 0€2 has measure zero and therefore we can
always integrate a continuous function over an elementary region. We will see more contexts in which
elementary regions are useful.

Example 26. Sketch the region ® C R? which is bounded on the right by the right-semicircle of ra-
dius 2 centered at (0,0), below by the line y = —2, above by the line y = 2, and on the left by the
line x = —3. For a general function f(z,y), express J"J"© f dA as an iterated integral in two different ways.

There are, as usual, two ways to set this up. The first is to use y as the outer variable. In this case,
y runs from —2 to 2, and x runs from —3 to /4 — 2.
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Therefore, we have

‘LffdA/Q/g f(z,y) dxdy.

Now, if we want to set up the integral with x as the outer variable, then we need to split the region
into two parts:

{
L% ¢0 ’
On ®1, we have

On ®,, x runs from 0 to 2 and y runs from

V4 — 22 to v/4 — 22, so that

jjfdA //412 f(z,y) dydzx.
So,

jfdA //fa:ydydx+//4x2 F(z,y) dydz.

Example 27. For R > 0, let Qz C R? denote the triangular region in the first quadrant bounded by
the lines y = 0, x = R, and x = y. Show that

R;; < JRJ sin (%)dA <

T
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(Suggestion: You may wish to first show that 2 < sin(t) <t for t € [O, g} )

Here is a place where the integrand sin(¥) is actually undefined at a point in Qg (i.e. at (0,0)), and

so we will by convention assume that we are actually studying ff f(x,y)dA(z,y), where
Qr

ser [sin (5) if (,y) € Qp, (2,y) # (0,0),
f(z,y) = ,
0 if (z,y) = (0,0).

To follow the suggestion, note that sin(t) is concave down on [0, 7], and therefore on [0, 7] its graph lies

above the secant line passing through (0,0) and (%, 1). In other words, 2 < sin(¢) for ¢ € [0, Z].
For the other inequality, note that if f(¢) =t — sin(¢), then f( ) =0 and f/(t) =1 — cos(t) > 0 for
t > 0. Therefore, the Mean Value Theorem implies that 0 < £ ( ) for all t > 0, so that f(t) > 0 for

t > 0. But this exactly means that ¢ > sin(t) for ¢ > 0.
Now that we have the double inequality in hand, note that in the region Qg we have 0 < £ <1, and

therefore % < sin (%) < % throughout Qg (and that Sin(%) is bounded on g, an. We therefore use
monotonicity of the integral to write

2 [ Satten = [ (2) s < [ Lo

We therefore need only compute HQR 2dA. To do this, we use Fubini’s theorem to write

[ 2 ant = [ [ Lasty= [ stuir) - iy

We would certainly compute this integral, but this seems like a lot of work. Indeed, the integral is
improper since the integrand is undefined when y = 0, so we must actually compute (using integration
by parts and I’'Hopital’s rule)

lim [ y(n(R) ~In(y))dy = lim %(ln(R)—ln(R))—%(ln(R)_1n(e))+1/0 ’

e—0+ e e—0+ 2
R & R?

= lim — — — =

e—0+ 4 4 Z

If we had just set up the integral in the other order, we would have had a much easier time:

R T R 2
ffgdA_/ / Qdydx_/ g =
o & o Jo 0 2 4

At any rate, plugging this value in for the integral above gives us

jjsm( )dASC y)ng,

as desired.
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2 1
Example 28. Evaluate ® = / / sin(y)v'1 — z2dzxdy.
o Jo

We can evaluate the inner integral via trig substitution. Let z = sin(6), so that dx = cos(#)df. Then

2w 5
© = / / sin(y)4/1 — sin?(6) cos(0)dOdy
o Jo

= / /2 sin(y) cos?(0)dfdy
o Jo

2
e 1 + cos(260)

= / / sin(y) dfdy
o Jo 2
27r1 g

= / —sin(y) (20 + sin(20))| " dy
o 4 0
2m

= i Zsin(y)dy

= 0.

This was a lot of work. However, if we changed the order of integration we would get

1 2
© = / / sin(y)V 1 — 22dydx
Jo Jo

1
:/de
0

= 0.

This example illustrates an important point: changing the order of integration can sometimes make
a difficult (or impossible!) integral easy to evaluate via the Fundamental Theorem of Calculus.

Why might an integral be impossible to evaluate using the Fundamental Theorem of Calculus? It
turns out (according to a theorem of Liouville in the early 19th century) that some continuous functions,
such as e”* or # (where this last function is defined to be 1 when = = 0), do not have antiderivatives
which can be written down explicitly in terms of the ‘nice’ functions that we normally work with (i.e.
rational functions and polynomials, roots, trigonometric functions, exponential functions, etc.). Contrast
this with the Fundamental Theorem of Calculus, which says that F(z) = Ox @dt is an antiderivative
of sin(x)

T

Loy
Example 29. Evaluate ® = / / e’ dxdy.
0 Jy

Right away, we see that the inner integral is impossible to evaluate explicitly using the Fundamental
Theorem of Calculus. However, we can try to change the order of integration to see if something happens.
First, we need to see this iterated integral as a double integral over some region 2. Note that 2 is given
by 0 <y <1andy <z < ¥y. This region is sketched below:
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We can change the order of integration by writing

1 T
©® = //eﬁdyda:
0 Jax3
! 2
= /(.T—.?Z?))@x dx.
0

We can compute this by writing © = /u, so that dz = ﬁadu. Making this substitution,

! 1 L 1
©:/o 5(1—u)e“du:5(1—u)e”+§e”0:§e—1.

SlIl

Example 30. Compute [ = / / dxdy.

Once again, we see that the integrand doesn’t have an antiderivative which can be written down
nicely. However, we can change the order of integration (and cross our fingers!) to try to make the
integral possible to evaluate. First we sketch the region of integration (2 below:

We can therefore write

I://sm dyds
00

sin(x
0
2.

Y

—dyda:.
— arccos(y)

Example 31. Compute ® = / /

The integrand looks horrible enough that it may not be possible to evaluate using the Fundamental
Theorem of Calculus. Once again, we need to reverse the order of integration in order to (try to!)
compute the double integral. Here, the region of integration is a bit more complicated than in the
previous examples:

[ .(\L </’/

J/ Y= | costs) \
| |
A N
|
|

|

PASY

We have to be careful here, since working with inverse trigonometric functions can be tricky. We carefully
label the edges of the domain below:
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*E “i\vuc{y) J A= c«rccca()f)
,{ B ! - -.;;
We can therefore write
— arccos(y 1 5
/ / Y drdy+ / /
z 5 — arCCOS(y) 0 arccos(y) 2

= /ydy+/ ydy
0 0
= L

52
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Lecture 9: Triple Integrals

Learning Objectives:
e Evaluate a triple integral by setting up an appropriate iterated integral.

e Change the order or integration in an iterated integral.

Example 32. For a continuous function f : R? — R, sketch the region £ C R? satisfying

/02 /03 /Oszy f(z,y, 2) dzdxdy = j}!j Flw,y,2)dV,

and write [[[, f(x,y,2)dV as an iterated integral in the order dzdzdy.

Reconstructing the region of integration from the iterated integrals is very similar to the two-
dimensional case.

We can think of the bounds on the integrals as giving up the surfaces which bound the region over
which we are integrating. For example, the bounds in this integral suggest that the region F is bounded

by:
e The planes y =0 and y = 2,
e The planes x = 0 and x = 3,
e The planes z=0and z =5 —z —y.

The fact that the (outer) and (middle) integrals have the form f02 f03 .- -dxdy says that the shadow
(or orthogonal projection) of E onto the xy-plane is exactly the rectangle [0, 3] x [0, 2]. Indeed, we might

therefore write
2 3 S5—x—y Sb—x—y
L[] tewsada = ff [ fey) e,
o Jo Jo

0,3)x[0,2] ' ©

Once we fix x and y in this shadow, then the inner integral f05_x_y f(z,y, z)dz tells us that we should
integrate the function f(z,y,z) from 2 =0 to 2 = 5 — x — y. This means that we are integrating over
the region bounded between the xy-plane and the plane z 4+ y + z = 5, above the rectangle [0, 3] x [0, 2]
(in the zy-plane). We can sketch the region E as follows:

53



We can get an idea for the curves that form the edges of E by noting that, for example, in the zz-plane
the upper edge of E is the intersection of z +y + z = 5 and y = 0, or rather the line z = 5 — z for
0 < 2 < 3. Similar considerations give the other three edges on the top of E are

In the yz —plane: z=5—y, 0<y <2,

In the planex =3: z2=2—-y, 0<y <2,
Intheplaney=2: 2=3—-2, 0<x<3.

We now want to write ﬂfE f(z,y,2)dV as an iterated integral in the order dzdzdy. Our first task
is to compute the shadow of E in the zy-plane. The shadow is the region R where 0 < y < 2 and
0 <z<5—y (see below).

Our next task is to compute the bounds for the inner integral. However, we run into a small problem
here because although the lower bound for x is always 0, the upper bound changes depending on where
y and z are located in the shadow. Let’s split the shadow R into two regions R; and R,, where in R;
the upper bound for x is 3, and in R, the upper bound for x is x =5 —y — 2.

2z

OS\/fQ

R=RuR,

VV“"’,:.’\:E:&~\// Ogyé Q

g
(o Foce) x=5ry -2

(Frent ;0(,83 K 23
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The dividing line between the regions R; and Rs is the shadow of the intersection of the plane x4+y+2z =5
and the plane x = 3. In other words, the regions R; and Ry are divided by the line z = 2 — y in the
zy-plane.

We therefore set up the iterated integrals as follows:

{][ £ y.2)av

5yz

jj / F(,y, 2)dzdA(z, ) + jj [ re e ia)
- /O / - /0 £y, 2)dwdzdy + /0 / ) g T ey o) dadedy,

Remark 13. This example also illustrates an important point, which generalizes from double integrals:
the bounds for the inner integral can depend on (middle) and (outer), the bounds for the middle integral
can only depend on (outer), and the bounds for the outer integral must be constants!

Remark 14. Note in the last example that we found the boundary of the shadow by computing the
shadow of the intersection of two surfaces. This type of geometric reasoning will be very helpful going
forward.

Example 33. Let E be the region bounded by the cone x = /92 + 22 and the plane z = 2. Set up the
iterated integral of a general function f(x,y, z) over this region in two different ways.

Here, it seems to make the most sense to use x as the (inner) variable, since we can easily write
Vy? + 22 < x <2, which will give us the bounds for the inner integral.

For the middle and outer integrals, we need to know what the shadow of E is in the yz-plane. For
this region, it is not hard to see that the shadow of E is the (filled in) disc 4* + 22 < 4 of radius 2
centered at (0,0) (in the yz-plane). Choosing z to be the (outer) variable, we have —2 < z < 2, and

—V4 — 22 <y <4 — 22. Therefore,

Hf FdV = / / / e F(z,y, 2)dzdydz.

Let’s now set up the iterated integral of a general function f(x,y,z) over this region in the order
dydzdx. The shadow of this region in the zz-plane is the triangle bounded by the lines x = 2, z = «,
and z = —ux.
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N/

Therefore, we have 0 <z <2 and —z < z < z.

Since the cone is described by 22 — 22 = 32, we have —v/22 — 22 < y < /a2 — 22 for the bounds for
the inner integral.

Therefore,

2 pz V2232
ff fav = / / / f(z,y, 2)dydzdx.
E 0 J—xJ 2222

Example 34. Sketch or describe the region F of integration of

4 py/8-2—2)2 /16222
0 0 4

—T

We first describe the shadow of E in the xy-plane. This is the region between z = 0 and x = 4 which
is bounded below by y = 0 and above by the curve y = /8 — 2(x — 2)2, which is the upper half of the
ellipse 2(x — 2)? + y* = 8.

The actual region sits above this shadow between the plane z = 4—x and the surface z = /16 — 22 — y?2,
which is the upper-half of the sphere of radius 4 centered at the origin.

Note that when y = /8 — 2(x — 2)%, we have

V16 —22 — 12 =/16—22 — (8 —2(x —2)2) =Va2 -8z + 16 =4 —z| =4 —z

(since x < 4), so the plane and sphere intersect above the curve y = /8 — 2(z — 2)? in the zy-plane.
Therefore, this region is the ‘half lens’ that you get by slicing the (solid) sphere with the plane z = 4 — =z
and the zz-plane.
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Example 35. Sketch or describe the region E of integration of

ﬁ—fy
// / f(z,y, z)dxdzdy.

The shadow of this region lies in the yz-plane, as pictured

Now we need to determine what E looks like. The boundary of E is formed by the surfaces z = 0 (on
the bottom), z = ,/y (part of the front/top), =y (the left /back), 2z +y = 12 (the right /back face).

The faces x = y and 2z + y = 12 intersect at the vertical line x = 4,y = 4. The top edge of E on
the face z = y is the intersection of z = /y and z = y, while the top edge of £ on the face 2x +y = 12
is the intersection of the plane 2z + y = 12 with z = ,/y. Therefore, we can sketch E as follows:

Example 36. Consider the iterated integral

677
I—/ / / f(z,y, z)dxdzdy.
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Rewrite the iterated integral in the order dzdydz and dydzdz.

Recall the sketch that we made of the region of integration E:

: "“"‘”"""""““Xf‘ N\
|
|

.

TSN | &Y
X W)

To write the integral with z as the inner variable, we first need to know what is the shadow of F in the
xy-plane. This shadow is the triangle 7" bounded by the lines y = 0, z = y, and 2x +y = 12:

\
/ N
V4l

-
X N

At each point over the shadow, we have 0 < z <, /y, which gives the bound for the inner integral. For
the outer double integral, though, we need to split the region into two pieces. That is, for 0 < z < 4 we
have 0 <y <z, and for 4 < x < 6 we have 0 < y < 12 — 2z. Therefore, we have

4oz vy 6 p12-20 ;7
I :/ / / f(z,y, Z)dzdydx+/ / / f(z,y, z)dzdydzx.
o Jo Jo 2 .

For the order dydxdz, we first need to know what is the shadow of the integration region in the
xz-plane. The shadow lives above the z-axis in the interval 0 < z < 6. For z between 0 and 4 we see
that the upper edge of the shadow is given by z = \/y = /2, while for = between 0 and 4 we have that
the upper-edge of the shadow is given by 2z = |/y = v/12 — 2x. The shadow is sketched below:

Now, the formula that we use to find the upper-bound for y depends on where in the shadow we look.
If 0 < x < 4, then we have 22 < y < z, while if 4 < 2 < 6 we have 22 < y < 12 — 2. Therefore, we
need to split the outer double integral as follows:

LopvE e 6 pVI2—2z [12-2z
I:// /f(x,y,z)dydzdx+// / f(x,y, 2)dydzdz.
0 70 2 4 JO 22
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This last example illustrates that, just as for iterated integrals for two-variable functions, it may be
necessary to split up the domain when changing the order of integration for an iterated integral of a
three-variable function. In the next example, we see that sometimes rather messy sums of integrals can
be rewritten in a much nicer way by changing the order of integration.

Example 37. Let f : R* — R be a continuous function. Write the sum of the triple integrals

2 py px? 4 pzoop2
© :/ / / f(z,y, z)dzdxdy+/ / / f(z,y, z)dydzdz
o Jo Jo o Jo Jyz

as an iterated integral with respect to the order dzdydzx.

Let I denote the first iterated integral, and I denote the second. Let’s rewrite both [ and I in the
order specified, and then see how they relate to one another.

For I, we note that the region of integration W; lies between the surfaces z = 0 (i.e. the xy-plane)
and the parabolic cylinder z = z?. The shadow of W, in the zy-plane is the triangle bounded by the
lines x = 0, y = 2, and x = y, so we can sketch the shadow of W; and W; as follows:

2z

Now, to rewrite this in the order dzdydx we only need to switch the order of integration for the outer
and middle variables. That is, we now have 0 < x < 2 and x < y < 2, so that

2 2 pz?
I= / / / f(z,y, 2)dzdydzx.
0 T 0

We turn our attention to /1 and its region of integration W5. First, note that W5 is bounded between
the (parabolic cylinder) y = \/z (or z = y?) and the plane y = 2. The shadow of W, in the zz-plane is
region bounded by the lines x = 0, z = 4, and the curve z = x2. We sketch W, below:

2 4

2 A




Our first step in changing the order of integration is to note that the shadow of W5 in the xy-plane is
bounded by the lines x = 0, y = 2, and © = /2 = y. (Note that this is the same shadow that we got
for W,!) Above a fixed x and y, z runs from z? (the surface z = 2 bounds the region below) to 3 (the
surface z = y* bounds W, from above). Therefore, we have

2 2 Py
Il = / / / f(z,y, 2)dzdydzx.
0 Jx Jax2

Note that both I and I have the same shadow in the xy-plane, and that therefore

R AT e W e

The region of integration W of this integral is sketched below:
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Lecture 10: More Integrals

Learning Objectives:

e Compute multiple integrals over high-dimensional sets using slicing or shadows.

Today we look at a helpful alternate approach to the analysis techniques from the past few days relating
iterated integrals to multiple integrals.

Shadows vs. Slices

In the past few lectures we focused on how to analyze double and triple integrals using iterated integrals,
and this analysis involved a significant amount of sketching and geometric reasoning. It also involved
moving fluently between multiple integrals and iterated integrals. In particular, we noted that if the
value of some (say) triple integral [[[, f(x,y,2)dV can be expressed as an iterated integral such as

2 Y x?
/ / / f(z,y, 2) dz dx dy,
0o Jo Jo

then we might attempt to recover E' by analyzing the integration bounds on the iterated integrals. In
particular, we treated the inner-most integral as a function of the outer two variables

def &
©(x,y)=/ f(x,y,2)dz,
0

and then considered the resulting expression as an iterated integral representing a double integral:

2 py px? 2 ry
|| tevoizisay= [ [ otwy)dray
0 0 0 0 0

= [ @(@,y) dA(z,y)

S
= : x,y,z)dzdA(z,y),
gltﬂy>dd<w

where S was the shadow of E in the coordinate plane corresponding to the two “outer variables”. In
this case, S is the triangular region described by 0 <y < 2 and 0 < x < y in the zy-plane. This allowed
us to view F as the region between the graphs of z = 0 and 2z = 2% as (z,y) range through S.

2z
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One powerful observation is that the reasoning used above (i.e. ‘grouping’ some of the single-variable
integrations in an iterated integral as a multiple integration) can be applied in other ways, with different
geometric interpretations. For example, we can instead group the “inner” single-variable integrations:

/OQ/Oy/Ofo(I,y;Z)dZdIdyI/OQ[/Oy/oxzf(x,y,z)dzdx] dy:/: ([ Fery,2) A, ).

0<z<y
OSZS:):Z

For each fixed yy between 0 and 2, the inequalities 0 < 2 < 1y and 0 < z < z? characterize the values
of x and z such that (z,yo,2) € E. This set

{(l‘,y,Z)EE : y:yO}:{(xay()az) : OSIS?% OSZSxQ}

is called the slice of F in the plane y = 5. One can define the slices of E with respect to other planes
as well. In higher dimensions, we talk about the slice of a set in a hyperplane.

:aq E

Slice &% E ia Pan )/:}/ﬂ

?Cx,y,,,g\ boosxsy,, oszsxag

x

This technique of slicing is not so useful for some applications (like explicit computations of a multiple
integral of an interesting function), as we usually need the inner-most integral to be a single-variable
integral in order to get a computation off the ground. It is useful, however, when we are trying to
analyze certain high-dimensional problems like computing volumes of standard sets like balls.

Example 38. For each n > 1 and r > 0, let
Dy ={FeR" : ||7] <r}

denote the closed n-dimensional ball of radius r centered at 0. Note that D? = B,(0) U S""!, where
B,(0) is the open ball of radius r centered at 0 in R™ and S™"~! = 9B,.(0) is the unit hypersphere in R".
D! D2, and D? are pictured below.

|
4
-
-

b‘r = E-Plr‘l

2 a
b"‘r =% (xgd : Say?s 23 D, = $&uya) ¢ x’a,y‘\teasr }
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One of the famous computations in mathematics (which you will do on your homework!) is to compute
the n-volume of D! for each n > 1. Your first step will be to show that Vol,(D}') = r"Vol, (D7) (using
results we will discuss next time), so the rest of the problem boils down to computing Vol,,(D7).

The first couple computations are not difficult. For example,

Voly (D) = Voly ([-1,1]) = (1 — (=1)) =2
(so that Voly(D}) = rVol;(D}) = 2r) and (what is a standard problem involving the trigonometric

substitution z = sin(t) in single-variable calculus, and using a power-reducing formula and the fact that
cos(t) > 0 for =5 <t < 7)

Voly(D?) = HmA //1x21dyd:c

:/ 2v'1 — z2dx
-1

w/2
= 24/1 — sin?(t) cos(t) dt
/_W /1 — sin?(t) cos(t)

w/2
= / 24/ cos?(t) cos(t) dt
—7/2
w/2
= / 2| cos(t)| cos(t) dt
—7/2
w/2
:/ 2 cos®(t) dt
—m/2
w/2
= / (cos(2t) + 1) dt
—7/2
i /2
_ sin(2t) —i—t]
2 —7/2

:7]"

so that Voly(D?) = r?Voly(D?) = 7r?, which is the well-known formula for the area of a disc of radius r.
The computation for Volz(D3) is a bit more involved. The shadow of D? in the zy-plane is the ball

D?, and for each choice of (z,y) € D? have that —/1 — 22 — y2 < 2z < /1 — 22 — 42, and therefore we

can write

1— $2—y

Volz(D3) = ff/ 1 dzdA(y, x)

1—z2—

1— :7:2—y
/ / / 1 dz dy dzx.
-1 Vi—z? 1 x2—
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2= [—x‘—ya
™

lower [«:mhpl\w J D": + Shadow & D;' in "7'?"""

2= - jpx‘-yi\)’

One can compute this iterated integral using reasoning similar to the first problem by making the
substitution y = /1 — 22 cos(t) to obtain

1 V1—z2
Volz(D3) = / / 21 —a2 —y?dyde
—1J V122
1 w/2
:/ / 2\/(1 — 22)(1 — sin®(¢))V'1 — 22 cos(t) dt dx
—1J—m/2
1
—/ (1 —2*)7dx
-1
_in
=

This computation could have been much easier, though, with the observation that the slice of D? in the
plane z = 2 consists of points (z,v, 29) satisfying 2% + y* 4+ 22 < 1, or rather 22 +y? < 1 — 22, and

therefore

1
volg(Di”)—/ {[ 1da@,y) -
_lDf/@
1

1

= /_1 7(V1—22)dz

1

:/_tﬂ(l—zz)dz

1*/7,%\ with

2:3,, (x, 358
7 'IT"?:
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The key idea here is that we were able to use the formula for Voly(D?) to compute Volz(D?), because the
slices of the closed 3-dimensional ball D in planes of the form z = zy are simply closed 2-dimensional
balls! The same idea can be used to compute Vol,, (D7) for every n > 1, and there are a couple ways to
approach the argument. One of your homework problems walks you though a possible solution.
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Lecture 11: Change of Variables

Learning Objectives:
e Determine when it is possible to change variables in a multiple integral.

e Change variables in a multiple integral.

Before we start our general discussion of change of variables in multiple integrals, let’s look at a single-
variable example to motivate the ideas. We’'ll use single-variable substitution freely in this example
(which is usually proved in Calculus I using the Fundamental Theorem of Calculus and the chain rule).

Example 39. Consider f : [1,4] — R, f(z) = €% V*. This function is continuous (and therefore
integrable) on [1,4], and the integral can be expressed as in your single-variable calculus course:

(x)dVi(x) = /14 eV du.

[1.4]

If we wanted to compute this integral, the first step would be to make the substitution u = 8 — \/x.
Since 1 <z < 4 and 8 — /7 is a decreasing function of z, 6 < u < 7. Moreover, if we solve this equation
for z as r = (8 — u)?, then we see that dv = 2(8 — u)(—1)du, so that

(2) Vi (z) = /14 SV i — /76 €42(8 — u)(—1) du /67 €42(8 — u) du — /[677} €42(8 — u) Vi (u).

[1.4]

Bl

To view this result in a way that generalizes to multiple integrals, note that if 7" : [6,7] — [1,4] i
T(u) = (8 — u)?, then when we make the subsitution x = T'(u) we are actually replacing f(x) = €5~

(defined on [1,4] = T([6,7])) with f(T'(u)) = 5" VW = ¢v (a function defined on [6,7]).

P

Cor] — o1 -

T \E])Q’XTR

The function foT : [6,7] — R is called the pullback of f by T. (The picture above motivates the
name, as composing f with T “pulls back” the domain of f from [1,4] = T([6, 7)) to [6,7].)F] Note that
f(T(u)) is integrable over [6, 7], and therefore we might expect that

/T([G 7Df(x) dVi(z) and }f(T(u))dvl(u)

6,7

are related somehow.

8Indeed, the idea of “pulling back” an object in this way is an important idea that we will see return a few more times
this quarter.
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We don’t necessarily expect equality to hold here because the map T stretches out the interval [6, 7] when
mapping it onto [1,4]. This stretching would certainly prevent equality for “corresponding” Riemann
sums of f and f o T since if ¢; = T'(d;) and [a;, b;] = T([ay, fi]) we expect [a;, b;] and [ay, B;] to have
different lengths, and therefore

f(e)lbi — as| = f(T(di)|T(B;) — T(ew)| # f(T(di))|Bi — cul.
However, we can account for the change in lengths using the Mean Value Theorem and continuity
of T", since there is 7; € («y, ;) with
|bi —a;| = Vol (T'([ai, B])) = |T(8:) = T(cwr)| = [T"(7:) (B — cwi) | = [T"(7)[|8; — cwil = |T" (ki) [Voli ([ew;, i),

where the continuity of 7" is used to say that |T"(v;)| = |7"(d;)|. The term 2(8 —u) = [2(8 — u)(—1)| =
|T7"(u)| in the substitution formula is therefore exactly what is needed to correct for how 7' distorts
lengths, and is necessary for the equality

/T([6 7) J(@)dvi(z) = 6.1 F(T()|T'(w)] dVi(w).

The key features of the previous example that will be important in our general discussion are that

6, 7] is an elementary domain, T is C* on [6, 7] with T"(u) # 0 on [6, 7] (which ensures that f(7(u)) will
be integrable on [6, 7] and that our intuition about 7" “stretching” [6, 7] is valid), and that T is injective
n [6,7]. (This ensures that we do not “double-count” parts of the integral f .4/ (2) dVi(z) when we

change variables to u.)

The theorem is as follows.

Theorem 10 (Change of Variables). Let D C R™ be an elementary region, and let Q@ C R™.
Suppose T': R® — R™ is C'! and injective on D, and that DT(@) is invertible throughout D. Let
T(D) be the image of D under T. If T(D) C Q and f :  — R is integrable on T'(D), then
f(T(@)) and f(T(@))|det(DT(@))| are integrable on D and

/f ) |det(DT(@))| dV. ().

T(D)

Remark 15. The above theorem will hold even if the conditions that 7' is injective and DT(@) is
invertible fail on a set X C D of measure zero as long as the image T'(X) of this set also has measure
zero. This is extremely important in applications: the images of portions of 0D may overlap in T'(D),
or DT'(#) may become zero on some small set. We’ll point this out when we use it.
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Remark 16. The statement of the theorem in the book (which is only in the 2- and 3- dimensional
cases) is actually incorrect, as it omits the requirement that DT(@) is invertible. This is actually a
crucial condition for the proof, as it is used (along with the C! condition) to invoke the (so-called)
Inverse Function Theorem, which allows one to infer properties of 7! from those of 7.

Proof. A full proof of the theorem is outside of the scope of the course (again, we need much more
analysis machinery than we have). Nevertheless, we can give a sketch of the proof that should give an
idea of why it is true (but perhaps won’t indicate why some of the hypotheses are necessary).

To simplify the argument, assume that D is a box and f is continuous on 7'(D). Then f o T is
continuous on D, so that f(7(@))|det(DT(@))| is also continuous on D because the entries of DT'() are
continuous functions of @, so that |det(DT(w))| is the absolute value of a sum of products of continuous
functions (and is therefore continuous). It follows that f(7'(@))|det(DT'(w))| is integrable on D. We will
approximate [,y f(Z) dV,(Z) with Riemann sums for [}, f(T'(@))|det(DT ()| dV;,(i).

Choose a partition P of D into boxes By, ..., B,, and choose sample points ¢, ..., ¢, in a “corner”
of each box.

The various hypotheses on T" ensure that T'(D) is then partitioned into the (non-box) regions T'(By), ..., T(B,),

which might overlap only on sets of measure zeroﬂ (i.e. the images of the boundaries of By, ..., By,).

Let &, T(c;) for each 1.

Because T is continuous and the maximum edge length of each B; is small (since we are eventually
taking ||P|| — 0), for & = T'(u) € T'(B;) we have || — &;|| = ||T(@) — &]|| small, and therefore (since f is
continuous) f(Z) ~ f(&;).

Similarly, since 7' is differentiable at ¢; we have

T(u) = L(u) = T(c;) + DT(c) (@ — &)

for @ near ¢, and therefore the image of the box B; under T' can be approximated by the image L(B;)
of the box B; under the affine map L.

9Here we are actually using a fact that could be another item in the Measure Zero Theorem: if §: R” — R™ is C' and
Z C R™ has measure zero, then ¢(Z) has measure zero.
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Since B; is a box with ¢; a corner, there are vectors 4, . .., v, (with 0; a scalar multiple of €;) such that
Bi: {8Z+31171++8n17n D S1,.-,8n € [Oal]}

In this way we can view B; as a translation of the parallelotope E(},...,4,), so that if A is the n x n
diagonal matrix with columns v, ..., v,, then and Vol,(B;) = |det(A)|.
For @ = ¢; + s1Uy + -+ + s,Up, EBZ, we have

L(d) = L(&) + DT(¢;) (101 + - - - + spty) = L(&;) + s1 DT (G)01 + - - - + s, DT (;)

Therefore L(B;) is a translation of the paralleltope E(DT(¢;)vy,. .., DT(¢;)v,), so (by our expansion
factor results from last quarter) we have

Vol (L(B;)) = |det(DT(c))||det(A)| = [det(DT(c))[Vol,(B).

We can therefore put this all together to see that

/ GLEUEDY / S D)

~ 37 F(I(E)Volu(L(B,)

7

= 3" F(T(@))|det( DT (@) Vol (B,)

i

= R(f(T(u))|det(DT ()], P, C).

As ||P]| — 0, the last expression approaches

/f 7)) [det(DT(@))| dV, (i).

One can show (and here is where all of the difficult analysis happens) that as ||P|| — 0, the error in each
of the “~” steps also goes to 0, so in the limit these become equalities. This gives the desired result. [

Remark 17. The quantity det(DT(«)) is called the Jacobian (determinant) of 7" at «. This is the
convention that we will follow (and it is also the convention followed by the book), but be careful with
the context, as the matrix DT'(@) of partial derivatives is also called the Jacobian of T" at .
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Lecture 12: More Change of Variables

Learning Objectives:
e Change variables in a multiple integral.

e Investigate the standard alternate coordinate systems in the lens of change of variables.

Example 40. Compute ff y*dA(z,y), where R C R? is the region in the first quadrant bounded by
R

the hyperbolas xy = 1 and xy = 4 and the lines y = 3z and y = 2x.

The region R is sketched below.

In principle it should be possible to compute this integral by splitting R into the union of (say three)
elementary regions and applying Fubini’s Theorem, but for a simpler approach we will first make a change
of variables. We need to produce an elementary region D C R? and a C!, injective map T : D — R?
such that T'(D) = R and DT (u,v) is invertible for each (u,v) € D. Note that x # 0 throughout R, and
therefore the points (x,y) € R are characterized by the inequalities

4

1
20 <y<3r and —<y<-—
x x

Rewriting these yield

2§Q§3 and 1 <uzy <4
x
This suggests that we should let u = £ and v = xy, and the map T': [2,3] x [1,4] — R that sends (u,v)
D

to T'(u,v) = (z,y) is surjective (so that R = T(D)).

Above we expressed (u,v) = (%,2y) as a function of (z,y), and therefore the mapping (z,y)
(u,v) = (%, xy) is actually the inverse of T: T~'(z,y) = (u,v). To find T" we need to express (x,y) as
a function of (u,v).
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To this end, note that (since y > 0 throughout R)
uy = ymy =14?%  sothat y = vuv.
x

We then also have x = 5 = \/E Because we were able to solve for (z,y) unambiguously in terms of

(u,v), T: D — R, T(u,v) Vuv) is injective as well.
Moreover, note that T is C’ D and

%

_zu% 2\/1ﬁ 1 1 1
det(DT(u,v)) = det s Va = T Ie T T an £0
NN

throughout D, so that DT (u,v) is invertible.

Because we can express the integrand 3? in terms of u and v as y*> = (y/uv)? = uwv, the change of
variables theorem implies that

[[ v2dA@,y) = [ (Vuw)?

4 3 1
:/ / uv-—dudv
//vdudv

25/1 vdv

15
-2

Remark 18. Note that by the chain rule, the Jacobian det(DT(u,v)) satisfies, for each (u,v) € D,
DT YT (u,v))DT(u,v) = D(T"" o T)(u,v) = DI(u,v) = Iy,
so that DT'(u,v) is the inverse of the matrix DT~ (z,y) when (x,y) = T'(u,v), and therefore

1
det(DT-1(z, 1))

det(DT (u,v)) = when (z,y) = T'(u,v).
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In the context of the previous problem, this means that we could have just computed

det (DT~ (z,y)) = det {_j ;} )=-22,

so that, using the relationship (u,v) = (£, zy),

det(DT(u, v)) — 12 _ 1

exactly as we computed above!

Remark 19. Your book uses the (fairly standard) notation

8(1'17 ... ,.f(fn) nota:tion det(DT(vj’)),

8(u1, Ce ,un)
where ¥ = T'(«). Here we are thinking of (21, ..., z,) as the component functions of 7', in the sense that
T(uy, ... up) = (T1(Ury ooy Up)y ooy (Ut o Up)).

With this notation, the content of the previous remark is that

01, ..., xp) _ (6(u1, . ,un)>1
O(u, .. up) Oy, ..., x0)/

where the left-hand side is evaluated at @ and the right-hand side is evaluated at T'().

Example 41. You will show on your homework that the Change of Variables Theorem is the missing
piece that we need to give the promised generalization of the “expansion factor” interpretation of |det(A)]
for A € M, x,(R). In particular, you will prove the following result:

Suppose D is an elementary region in R", and that 7 : R" — R" is an invertible affine
transformation of the form 7'(¥) = Az + b. Then Vol,,(T'(D)) = |det(A)|Vol,(D).

Example 42. Compute the integral I = jj eV dA(z,y), where D% el {(z,y) € R? : |[(z,y)]] < R}
D,
is the closed ball in R? centered at (0,0) with radius R > 0.

One might first attempt to approach this problem via Fubini’s Theorem, but we quickly realize that,
any way you slice itm this will be impossible because after writing the iterated integral, one would need
to compute the antiderivative of e=*" (which is impossible to do using elementary functions).

However, the presence of —(z%+y?) in the integrand and the shape of the region (determined largely
by circles centered at the origin and/or lines through the origin) suggest that this integral might be
more tractable if we made a change to polar coordinates.

Let P : R? = R?, P(r,0) = (rcos(f),rsin(d)). When r > 0, P(r,0) represents (z,y) = P(r,0) in
terms of its polar coordinates (r,0) as (z(r,0),y(r,0)) = P(r,0) = (r cos(0), rsin(0)).

10Pyn intended.
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Here, we note that D% is the image of the box B = [0, R] x [0,27] under P. P is not injective on
B, because P(r,0) = (r,0) = P(r,2n) for each r € [0, R], and P(0,6) = (0,0) for every 6 € [0, 27].
However, this is allowable (for the purposes of the Change of Variables Theorem) because these three
line segments form a set of measure zero in B, the image of these line segments forms a set of measure

zero, and P is injective on the rest of B.
Note that P is C! on R?, and that

det< ) ) ) i ~ [reost(6) + rsin(8)] = 1| =7 # 0 for 7 > 0.

|det(DP(r,0))| = sin(f) 7 cos(f)

In particular, DP(r,0) is invertible throughout B except on the left-hand edge of B where r = 0.
Because this line segment forms a set of measure zero, this is also allowable (for the purposes of the
Change of Variables Theorem).

Because f(z,y) = e~ =¥ is continuous on R (and therefore integrable on D%), the Change of
Variables Theorem (and then Fubini’s Theorem) implies that

fff x,y) dA(z,y) ff f(rcos(0),rsin(0))r dA(r,0)

[0,R] % [0,27]

27
:/ / re™" dO dr
o Jo

R 2
= / 2mre " dr
=[]

R2

=7(l—e ).

Example 43. To illustrate the importance of the injectivity condition in the Change of Variables
Theorem, consider in the previous problem that it is also the case that D% is also the image of B’ =
[0, R] x [0,37] under P, but that P fails to be injective on ([0, R] x [0,x]) U ([0, R] x [27, 37]), since
P(r,0) = P(r,0 + 2m) for each (r,0). If we “apply” the Change of Variables Theorem in this case we
obtain the integral

2 2 37T 7R2
j f(rcos(8),rsin(0))r dA(r,0) df dr = ( ),

% [0,37]
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which is not what we had before. The issue here is
f(rcos(@),rsin(@))r dA(r,0) and ff f(rcos(8),rsin(0))r dA(r, )
[O,R] X [Ovﬂ—] [O,R] X [27‘1’,37‘(‘]

both represent
] f@yda@.y).

D%, y>0

so we are “double counting” this part of the integral.

Example 44. The previous example (combined with some single-variable calculus results) allows us to
prove the (very famous) result that

]:/ e dx = /.

—00

To see why, define
R
Ir = / e de, R >0.
-R

Then }%im Ir = I. But Fubini’s Theorem also implies that
—00

(Ir)* = (/_ieIde></_zey2dy) :/_];/_ - dydx—ff V" dA(z,y),

where Br = [—R, R] x [-R, R|. Note that

DIZ%CBR C Df/ﬁR
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Since f(x,y) = e ¥ > 0 for each (z,y) € R?, JJg f(x,y) dA(z,y) > 0 for each bounded region © with
99 of measure zero. Then we havdl]

[[e=" aa@y) < [[e " dA@ )+ [[ e dA(,y)

Because HD% eV dA(z,y) = 7(1 — e ), this implies that

R

_ —R? —z? 2 _ —2R?
m(l—e) < e Vdr) <7m(l—e""),
-R

(1l —e B < /_Z e de < \/7(1 — e 2B,

Since lim V(1 —e 1) = /7 and Jim V(1 — e 2B*) = /7, the Squeeze Theorem implies that
—00 —00

or rather

R o0
V7 = lim e dy = / e dx.

R—o _R 0

Note that we were able to compute this improper integral without needing to find an antiderivative for
e’ (although we did at one point find an antiderivative for :Ue_IQ, which is much easier)!

Example 45. Compute the integral I = ffydA(x, y), where R is the region bounded below by the
R
lines y = v/3z and y = —z, and above by the circle 22 4+ y? = 1.

We first sketch a picture of this region:

Although we could certainly do this integral in Cartesian coordinates, we would have to split up the
region. To avoid this, let’s use polar coordinates. This region is a ‘polar rectangle’ described by the

UHere, A— B An(B)={Z €A : ©¢B).
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inequalities z < < ‘% and 0 < r < 1. We already know that the polar coordinate map satisfies the
hypotheses of the Change of Variables Theorem, and the integrand f(z,y) = ¥ is continuous on R? (and
therefore integrable on R). We therefore have

I = jf (rsin(0))r dA(r,0)

[0,1)x[5, %]

3Tl
= / / rsin(0)rdrdf
= Jo

= /1 /3er rsin(0)rdfdr
0 /3
— /017"2(—005 (%)—1—005 (g))dr
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Lecture 13: Even More Change of Variables

Learning Objectives:
e Change variables in a multiple integral.

e Investigate the standard alternate coordinate systems in the lens of change of variables.

Today we continue our discussion of change of coordinates by doing examples in 3 dimensions. We’'ll
focus on two special coordinate systems: cylindrical and spherical coordinates. Before we begin, let’s
determine the Jacobian of each of these coordinate mappings. Suppose throughout that f is integrable
on a region D* C R3.

We start with cylindrical coordinates, which corresponds to the mappingF_Z]

(r,0,z) — (x(r,0,2),y(r,0,2),2(r,0, 2)),
with
x(r,0,z) =rcos(@), y(r,0,z)=rsin(f), =z(r0,z)==z
This transformation is C* and the Jacobian with respect to this transformation is
cos(f) —rsin(d) 0

%) = det |sin(d) rcos(f) 0| =r #0 except when r =0,
0 0 1

and therefore if D is an elementary region in R? (with r > 0) such that (r, 6, z) — (z,y, z) is an injective
(except possibly on a set of measure zero) map of D onto D*, we have

fj flx,y,2)dV(x,y, 2 jj f(rcos(8),rsin(0), z)rdV(r,0, z).

The fact that the Jacobian of this transformation was r (which is the same as for polar coordinates) is
not surprising; after all, cylindrical coordinates in R? is what we get when we use polar coordinates to
replace  and y (leaving z alone).

For spherical coordinates, we consider the mapping

(P, 9,0) = (x(p, &,0),y(p, 9,0), 2(p, 9,0)),

with
z(p, ¢,0) = pcos(f)sin(o), y(p,p,0) = psin(0)sin(¢), z(p, d,0) = pcos(p).
12Here, to be consistent with the notation used for both rectangular coordinates in R3 and cylindrical coordinates in

R3, we will use z to denote the third coordinate in both settings. This should not cause any confusion as long as we are
careful to consider the context!
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The Jacobian for this transformation is

ow,y,2) ; CF)S(g)SIin(@ pC9S< ) cos(¢) —psin(g@)sin(@
90 0.0) et sm(co)sf(sgg(@ pSflp(Szle)Sg) pcos(gsm(qﬁ)

cos(0) sin(¢) cos(f) cos(¢p) —sin(6)
= p*sin(¢)det |sin(f)sin(p) sin(f) cos(d)  cos()
cos(¢) — sin(¢) 0
= p?sin(¢) # 0 except when p =0 or ¢ = kn, k € Z,

and therefore if D is an elementary region in R? (with p > 0 and 0 < ¢ < 7) such that (p, ¢,0) — (z,v, 2)
is an injective (except possibly on a set of measure zero) map of D onto D*, we have

J]If z,y,z)dV(x,y, z ffff psin(6) sin(¢), pcos(#) sin(p), pcos(¢))p?sin(¢) dV (p, ¢, 0).

Here (and henceforth), when using spherical coordinates we will require that p > 0 and 0 < ¢ < 7.

When changing to polar (or cylindrical or spherical) coordinates, it is often the case that it is easier
to go directly to an iterated integral (via Fubini’s Theorem), as the highly geometric nature of the new
variables make considering the exact shape of the region in the rf-plane (or rfz-space or pph-space)
somewhat superfluous.

Example 46. Set up the integral of f(x,y,z) = x + y over the SnoCone-shaped region E, which is
bounded below by the cone z = v/31/22 + 2 and above by the sphere 22 + y? + 2> = 4, in

e Cylindrical coordinates in the order dzdrdf

e Cylindrical coordinates in the order drdzdf

e Spherical coordinates in the order dpdpdf

We want to set up [[[, f(z,y,2)dV, where E is sketched below:

x|

Since r and # are the middle and outer variables, in this case the outer two integrals just describe
(in polar coordinates) the ‘shadow’ of E in the zy-plane. This shadow is the region which is between
the origin and the shadow of the intersection of the sphere and the cone. This intersection is found by
eliminating z from the two equations, which gives

3($2 + ?JQ) =4 -2~ y2, or rather z° + y2 =1,
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the circle of radius 1 (in the xy-plane) centered at the origin. Therefore, we have 0 < 6§ < 27 and
0<r<I1.

For the bounds for z, we simply note that, for each fixed r and 6, z runs from the cone z =
V3y/72 + 42 = V/3r to the top half of the sphere: 2z = /4 — 22 — y2 = /4 — 12, Hence, our integral is
(after applying Fubini’s Theorem)

2m 4— r2
ffj r+y)dV(z,y,z / / / (rcos(0) 4 rsin(0))r dzdrdd.

Let’s now set up this integral in cylindrical coordinates with respect to the order drdzdf. Here have
0 <6 <27 and that 0 < z < 4. For fixed 0 and z, r will run from 0 (corresponding to the z axis) out
until we hit the boundary of E. Here we see that the upper bound changes depending on the value of
z. Indeed, when 0 < 2z < V3 we have 0 < r < f’ while if V3 < 2 < 2 we have 0 < r < V4 — 22.
Therefore, the integral can also be written as

fff(x+y) dV(z,y,z) = /027r /0\/3/0;5(7“ cos(0) + rsin(9))r drdzdf
+/027T /; /Om(r cos(0) + rsin(0))r drdzdf.

Now we set up this integral in spherical coordinates as well, using the order dpd¢df. As above, we
still have 0 < 6 < 2xw. For ¢, we note that, for 6 fixed, ¢ runs from 0 until it hits the cone at ¢ = %
Once we fix 6 and ¢, we see that p runs from 0 (i.e. the origin) until it hits the sphere, so that 0 < p < 2.
Therefore, in spherical coordinates this integral becomes

fjf r+y)dV(z,y, =z /%/ / psin(¢) cos(d) + psin(¢p)sin(6))p? sin(¢) dpdedh.

Example 47. Let E be the region in R?® which is bounded below by the zy-plane, and above by the

cones z = /22 +y? and z = 6 — /22 + y2. Set up the integral of a continuous function f : R® — R
over F in (a) cylindrical coordinates in the order dzdrdf, (b) spherical coordinates in the order dpdfd¢p

We sketch this region below:

\ .
iR /7
A3
/ _t]
S
b >
_{{,,,,A § 3-— - }—>
\ K X

(a) Here, note that we have 0 < 6 < 27 and 0 < r < 6. The bounds for z are a bit trickier; when
0<r<3(and 0 <6 < 2r), z runs from 0 (i.e. the zy-plane) until it hits the cone z = /a2 +y> =1,
so that 0 < z < 7. On the other hand, if 3 < r <6 (and 0 < § < 27), then 2z runs from 0 (i.e. the
zy-plane) to the cone 2 =6 — /22 4+ 32 =6—7r,s0that 0 < 2 <6 —r.
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Hence, we have

ffj flz,y,2)dV = /027T /03 /07“ flz(r,0,2),y(r,0,z2),z(r,0,2))r dzdrdd

27 6 6—r
+/ / / f(x(r,0,2),y(r,0,2),2(r,0,2))r dzdrdo.
0 3 0

(b) Since the region is below the cone z = /22 + 32 but above the zy-plane, one sees that § < ¢ < 7.
Also, we still have 0 < 0 < 27. For every fixed ¢, note that p runs from 0 (i.e. the origin) until it hits
the cone z = 6 — /22 + y2. Substituting in our spherical formulas for z, y, and z yields

6

pcos(p) =6 — psin(¢), or rather p= cos(d) 1 o (9)’

Therefore, we have

[ v = [ / ) / T (0,10, (0. 6.0) (0, 6,0))" sin(0) Aol
E 4

Example 48. Without resorting to explicit calculation, show that

/2 1 rR w/2 w/2 pR/sin(¢)
/ / Or drdzdf = / / 0 p* sin(¢) dpdgdd
0 z 0

—7/2 —n/2J /4

Note that each of these two iterated integrals represent the triple integral of

arctan(¥) if > 0,
flr,y,2)=0=<(7% ifx =0, y>0,
. ifz =0, y<0

over regions in R3 with z > 0 (since —7% <0 < 7). The first integral appears to be in terms of cylindrical
coordinates, and the second appears to be in terms of spherical coordinates. We argue that the region
of integration is secretly the same for both integrals.

For the first integral, we note that the condition that —7 < 6 < 7 implies that the region lies on
the side of the yz-plane where z > 0. The condition that 0 < z < 1 implies that this region also lies

80



between the xy-plane (i.e. z = 0) and the plane z = 1. Finally, the condition that z < r < R can
be expressed as z < y/x2 4+ y? < R. The inequality z < /22 + 2 indicates that the region lies below

the cone z = /22 + y?, and the inequality /2% + y?> < R indicates that the region is enclosed by the
circular cylinder z? 4+ y* = R?. We sketch this region (call it W) below:

2 A

We can attempt to repeat this process for the second integral, but the bound p < R/sin(¢) appears to
be a little mysterious. Rather than reverse-engineer this bound, let’s try to represent W in spherical
coordinates directly and then compare.

First note that, since 6 has the same meaning in both cylindrical and spherical coordinates, we still
have —7 < 6 < 7. For each fixed 0, it appears that ¢ will run from ¢ = 7 (describing points that lie on
the cone z = /2% + y?) to ¢ = § (describing points in the xy-plane), so that T < ¢ < 7. For fixed 6
and ¢, p will run from 0 (i.e. the origin) until we hit the cylinder z* + y*> = R?. We therefore see that
the upper bound for p will satisfy

R
RP=2*+y =22+ > + 22— 22 = p* — p*cos?(¢) = p*sin(¢), so that p= — .
Sin(9)
Therefore we have 0 < p < %, and the resulting triple integral in spherical coordinates is exactly the

one given in the problem statement. Because these two iterated integrals represent the triple integral of
the same function over the same region in R?, they have the same value.
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Lecture 14: Curves

Learning Objectives:
e Parametrize a curve with a path.
e Interpret the derivative of a path as the vector tangent to a curve.

e Compute the length of a curve.

Now that we know how to integrate functions over regions in R", we shift gears to ask about integrating
over other types of subsets of R™. For instance, can we integrate over a curve in R? or R3? What about
a surface in R3? What about higher-dimensional analogs in R"? The answer to these questions turns
out to be affirmative, and the key to understanding how to make sense out of such integrals lies in
parameterization. That is, we can integrate over a curve by parameterizing the curve and then using a
‘change-of-variables’-type formula to get an integral over an interval in the real line. Similarly, we will
integrate over surfaces by parameterizing them with regions in R? and then using a formula that looks
suspiciously like ‘change-of-variables’.
We begin this process by giving some definitions.

Definition 12. A path is a continuous function 7 : I — R” for some interval I C R. We call
C' C R™ a (parametric) curve if C is a image of a path 7 : I — R™ that is injective except
possibly on a finite set. Such a path 7 is said to parametrize C', and in this case we say that C'
has parametric equations

m(t) = (x(t),y(t)) (fn=2) or  7(t)=(x(t)y(),2() (fn=3),

and similarly in higher dimensions. If 7is C!, then we call C' a C* curve. If 7 can be taken C*
such that 7/(t) # 0 for every ¢t € I, then we say that C' is smooth. If C' is the union of a finite
number of smooth curves, then we call C' piecewise smooth.

?\ ?(I)::C A\

(!
il
R

ey

Last quarter, we thought of the path 7(¢) which parameterized a curve C' as describing the motion
of a particle on C' whose position at time ¢ is 7(¢). This will be a useful viewpoint going forward.
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If 7: I — R" is differentiable at ¢, then the derivative is an n x 1 matrix (i.e. a column vector) just
like 7, and we therefore use the notation

Thinking of 7(t) as the position function of a particle, it is sometimes convenient to call ¥/(t) g (1)
the velocity of the particle (since it describes the direction and speed of travel at time t). Indeed,
|7 (t)|| = ||U(t)]] is the speed at which the particle travels at time ¢. Hence, unless #(t) = 0 (i.e. the
particle is at rest), we have

v(t) = [[(t)|| (H ol u(t )) = (speed)(direction).
In the same vein (and if 7' is differentiable at ¢) then @(t) = v'(t)
particle at time t.

Remark 20. Note that 0(t) = Dr{(t) = Dr(t)[1], so that the velocity of a particle whose position is
given by 7(t) is given by the image under the linear transformation D7{(t) : R' — R™ of the vector
[1]. This ties velocity into our understanding of the derivative as a linear transformation which acts on
tangent vectors, in the sense that if 7 parametrizes a curve C, then 7'(tg) = D7 (to)[1] is tangent to
the curve C at 7(tg).

~

7" (t) is the acceleration of the

Example 49. For ¢ € R, compute parametric equations for the line tangent to the curve 7(t) =
(at, cos(t),sin(t)) at the point 7(2F).

3T

The tangent line to the curve contains the point 7(3) = [ QOG} and is parallel to the vector 7 (2X)

2

[zﬂ . Hence, parametric equations for the line are

L(s) :F<3§> + 577 (3;) = ((%T —|—s>a,s,—1).

Example 50. The term “smooth” does indeed go beyond mere “C'”, since we can have C! curves
that have corners or curps. For an example, consider the curve C given by the equation y? = 23. The
curve C has a cusp at (0,0), but C is still a C! curve because we can parametrize C' with the C’1 path
7: R — R? 7(t) = (t2,1%). Note that when ¢ = 0 (which corresponds to the point 7(0) = (0,0) where C

has a cusp), we have 7/(0) = 8 . This illustrates how features like cusps can be accounted for by C*

paths when the derivatives of these paths are allowed to vanish at a point.
74 A
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Example 51. Parameterize (with the counterclockwise orientation, or direction) the portion of the
2 2

ellipse % + % = 1 which lies in quadrants 4, 1, and 2. Also sketch the indicated path.

The path 7(t) = (2cos(t),3sin(t)), —5 <t < 7 parameterizes the portion of ellipse in the direction
indicated. The endpoints of the path are 7(—7) = (0, =3) and 7(7) = (-2,0).

Note that #(s) = (2cos(2s),3sin(2s)), —F < s < 7 also parameterizes the same portion of ellipse in the
same direction. If we think about this as describing the motion of a particle, it seems that this particle
is moving twice as fast as the previous one. We will make this precise in a minute.

Remark 21. The notion of orientation will be made more precise later on in the course when we discuss
line integrals.

Example 52. The path 7(t) = (sin(¢), ¢, sin?(t)), —oo < t < +oo traces out a curve in R*. To determine
what this curve looks like, note that the projection of this curve in the zy-plane is all points of the form
(sin(t),t), which is exactly the graph of the equation x = sin(y):

P "

4
/
/\\

ST

P

We also notice that since z(t) = sin®*(t) = (z(¢))?, this curve lives on the parabolic cylinder z = z2. A
sketch of this curve is
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Let’s think of this curve as describing the motion of a particle. Since the y-coordinate of the position
increases as t increases, we see that the orientation of this curve (i.e. what direction we are traveling
in) is as pictured above (with arrows).

Arclength

The notion of ‘speed’ allows us to measure the length of a C' path 7 : [a,b] — R™ Note that (by
differentiability) if s,¢ € [a,b] with s < ¢ are close to each other, then from differentiability of 7 we
would expect that

7(t) — 7(s) = Di(s)[t — s], so that [|7(t) — 7(s)|| = || (s)[|(t — s).
N

r )~ ii(s\
\ @ ([-Sl'b-g

A
RN (4-9)

On the other hand, we expect that the length of the portion of C' between (s) and 7(t) should be
approximately ||7(t) — F( )| Therefore, if a =ty < t; < ... < t,, = b gives a partition P =
{[to, t1], [t1, t2], - - -, [tm-1,tm]} of [a,b], then we would expect that the length of 7 should be

Pll—0 .
ZLengthOfr ot Z” (b))t — i) Z” f) Vol ([t ti]) ! ”%/H’ | dt.

BN (- a
LAY e L
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Therefore it is reasonable to define the length of 7" to be
s b
Length of 7 « / |7 (¢)]] dt.
If 7" parametrizes a curve C', then we define the length of C' to be the length of . That is,
def b
Length of C' = / |7 ()| dt.

Remark 22. The above definition of the length of a curve should make you uneasy because, in general,
there are infinitely many different ways to parametrize a curve C'. For this definition to be meaningful,
we need to make sure that the “length” we compute does not depend on the parametrization that we
use. To see this, suppose that C' is a smooth C' curve with two different parametrizations

7:a,b] = R" and §:[c,d] — R,

each with non-vanishing derivative, related to each othei| by §= 7o, where 7 : [c,d] — [a, D] is a C,
bijective function with 7(u) # 0 for each u € [c,d]. Then we apply the Change of Variables Theorem
and the Chain Rule to obtain

[wrena=[ jrolaie

)

17 (7 () [[[7" (w) ] dVA (w)

= [ 7' (W) (7 (u))[| du

= | D7 (w) D7 (u)| du

and therefore we obtain the same value for the length of C regardless of which C'! path with non-vanishing
derivative we use to parametrize C'.

Example 53. Let’s compute the length of the arc C' of the graph of y* = z? in R? between (z,y) = (0,0)
and (z,y) = (1,1).

This curve is graphed in red below:

BIndeed, we actually must have 7 = 7 ! o 5. This map is bijective is C', bijective, and has non-zero derivative

throughout [c,d]. The proof of this requires a bit of analysis.
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Our first step is to parameterize this portion of curve. There are many correct ways to do this, but we
will use

def

Fit) < (4,t7), 0<t<1.

We therefore can write

8 i1 135 -8
Length of 12 1 il 1 —
ength of €' = /|| t)|dt = /,/ + St — /w/ + tdt 7 + t) =

Example 54. For a > 0, consider the portion of helix parameterized by 7(t) = (at,cos(t),sin(t)),
0 <t < 27. Sketch the curve, and prove that its length L(a) satisfies ligl (L(a) — 2ma) = 0. Given
a—r—+00

that ||7(0) — 7#(27)|| = 2ma, discuss the geometric significance of this computation.

This curve is one revolution of a helix around the x-axis with ‘spacing’ a between coils:

2

<

We can therefore compute that the length of this curve is

L) = / MO
= \/ (—sin(t))? + (cos(t))dt

0

27
= Va2 + 1dt

0

= 2mva? + 1.

Therefore

1
S () ey = 2w I Vel —a=2m e e iva

Since 27a is the (straight-line) distance from the starting-point of the coil to the ending-point of the
coil, this computation shows that if you stretch the coil out far enough, the arc length becomes as close
to the straight-line distance as we’d like (even though it wraps once around the cylinder y* + 2% = 1!).
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Remark 23. If C is a smooth C! curve in R” and f : C' — R is continuous, then the above Riemann
sum argument for arclength can be adjusted motivate the definition of the scalar line integral of f

over C' as
/fd def/ FEROF ()] dt,

where 7 : [a,b] — R™ is a C' path (with non-vanishing derivative) that parametrizes C. On the
homework you will explore this definition (and show that it does not depend on the path we use to
parametrize C'). Here ds represents an “infinitesimal change in length” of the curve C.

Example 55. Wally the worm lives at (1,0,0) inside of a giant ball of cheese which has density
d(z,y,2) = 2> + y* + 2% at (2,9,2). One day, Wally eats his way through the cheese along the he-
lix C' parameterized by 7(t) = (cos(t),sin(t),t), 0 < t < 47. Much much cheese-mass does Wally eat?

Wally eats

/C(a:2 +y? +2Hds = /0 7r(0082(15) + sin?(t) + tz)\\/(— sin(t))? + (cos(t))? 4 12 dt
=l @l

47
= \/5/ 1+ 2dt
0

B \/§< 64;3)

units of cheese-mass. Doesn’t that sound delicious?

Example 56. Compute / yeZst, where C is the curve parameterized by 7(t) = (1,¢,t?), -2 <t < 2.
c

The curve C' is the portion of the parabola z = y?, —2 < y < 2 in the plane x = 1. We sketch this
below:

-
s
U
-~

\
\,
X~

Since this curve is symmetric across the zz-plane (i.e. if (z,y,2) € C, then (z, -y, z) € C), and since
2 is odd in y, we immediately see that
/ yez2 ds =0
c

ye
by symmetry. Of course, in terms of our parametrization this gives
2 2
/ ye ds = / te |7 (t)|| dt = / tet V1 + 4¢2 dt,
c -2 —2

which is the integral of an odd function over an interval of the form [—a, a] for a > 0 (which is 0).
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Lecture 15: Surfaces

Learning Objectives:
e Parametrize a surface.
e Compute the normal vector to the surface.

e Extract information about a surface by analyzing the normal vector arising from a parametriza-
tion.

e Compute the surface area of a smooth surface.

The parametrization techniques and results that we discussed for (parametric) curves in R™ can be
generalized to handle (parametric) surfaces. Our interest in surfaces will be limited to surfaces in R3,
but know that one could continue to expand these ideas to more general settings. We will give an idea
of these more general settings later, once we have more intuition for what we expect to hold. Some of
the quirks in the definition we give are intended to avoid certain “degenerate” situations.

Definition 13. We call S C R? a (parametric) surface if S is the image of a continuous function
X : D — R® that is injective except possibly on 0D, where D C R? is an elementary region
(perhaps with some of its boundary points removed). Such a function X is said to parametrize
S, and in this case we say that S has parametric equations

—

X(s,t) = (x(s,t),y(s,t), 2(s,t)).

If X is O, then we call S a C! surface.

Remark 24. We will also have a notion of smooth surface, but the definition requires slightly more
machinery than what was needed to define smooth curves. We will revisit this shortly.

Example 57. Suppose that D C R? is an elementary region and that f : D — R is a C' function.
Then the graph of f is a C! surface with parametrization

—

X:D—)RS, X(zay):($7y7f(xay))

a’é.
B 5([*\;: (117;¥&|7\\
A
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One can permute the variables as well. For example,
X {(z,2) : ?+22<R,0<z<R} =R X2 =2 —VR—12—222)

parametrizes the portion S of the sphere of radius R centered at (0,0,0) that lies in the region where
y < 0 and z > 0, thinking of this surface as the graph of y as a function of x and z.

Example 58. Alternate coordinate systems can also be useful when parametrizing surfaces. For exam-
ple, the portion of the cone z = /22 + 4y? with y > 0 can be expressed in cylindrical coordinates as

the collection of (r,6,2) with 0 <7, 0 <0 < 7, and 2z = /72 cos?(0) + 4r2sin®(0) = r/1 + 3sin*(0),
which implies that we can parametrize it as

Y {(r0) : 0<r, 0<0<a} >R  Y(r,0) = (rcos(9),rsin(d),r/1+ 3sin?(9)).

Note that the parametrization Y is actually C, so that the cone is a C* surface. (Don’t worry: the
cone will fail to be smooth at the point at which you think it shouldn’t be smooth.)

Example 59. Describe the surface S parametrized by
X(s,t) = (scos(t),ssin(t),s?), 0<s<2 0<t<.

By inspection we see that (z(s,t))? + (y(s,t))* = s* = z(s,t), so that S is a portion of the elliptic
paraboloid z = 22 + 2.

Moreover, this looks suspiciously like polar coordinates in the x and y variables (with s playing
the role of r, and ¢ playing the role of #). We therefore see that this is the portion of the paraboloid
2z =2+ y? with y > 0 and z < 4:

Note that we need two parameters s and t to be present in order to parametrize a surface. With only
one parameter, we would just get a curve!

Example 60. Let’s parametrize the sphere S : 2% + y? + 2% = 4.

There are many ways to parametrize a sphere, but perhaps a parametrization inspired by spherical
coordinates is the most straightforward. Note that S is described in spherical coordinates using p = 2,
0<¢o<m 0<60 <27, so we can parametrize S with

X (6,0) = (2cos(8) sin(), 2sin(0) sin(d), 2cos(d)), 0< ¢ <, 0<6< 2.
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Note that X is injective except on the boundary of the box [0, 7] x [0, 27], with the left edge of the box
being sent to the north pole (0,0, 1), the right edge of the box being sent to the south pole (0,0, —1),
and the top and bottom of the box both being sent to the portion of the sphere in the xz-plane where
x> 0.

Example 61. Parametrize the portion of the cylinder C' (whose axis of symmetry is the y-axis and
whose radius is 3) between the xy-plane and the plane y = 5.

Here we can describe the cylinder with the inequalities 0 < y < 5 and 22 + 22 = 32, so we use an
alteration of cylindrical coordinates (with y as the ‘vertical’ direction and the zz-plane as the ‘polar
plane’) to get

—

X(s,t) = (3cos(s),t,3sin(s)), 0<s<2m, 0<t <5,

Normal Vectors

4

We will shortly define what it means for a surface S to be smooth. The “real” definition of smoothness
is a little removed from the geometric understanding we have built up for R3, but there is an equivalent
definition that is accessible to us. This can be framed in terms of normal vectors to the surface S at a
point. Normal vectors came up last quarter when we discussed the gradient: if f : R® — R if C' and
satisfies V f(a@) # 0, then the level set S = {Z : f(&) = f(@)} is actually a surface (at least the portion
of S near @), and the vector V f(@) is normal (i.e. orthogonal, or perpendicular) to S at @. When we
have a parametrization of a surface, the parametrization itselfs gives us a way to find a normal vector
to the surface. Let’s discuss this now.
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Remark 25. Let X : D — R3 be a C'! parametrization of a surface S, then fix = (s0,t0) € D.
Let’s take a moment to discuss the following diagram:

‘t/‘\

We are interested in studying the surface S at X (p). The first thing that we will do is to get two
vectors in R3, based at X (p), which are tangent to S. To motivate this, we think about the vertical and
horizontal paths (which we assume have unit speed) in the st-plane that pass through p’ (plctured in

blue and purple, respectively) as being mapped by X to curves on S which pass through X (p). In the
st-plane, the derivative of the horizontal (purple) path is €] (pictured in red with a single arrow), while
the derivative of the vertical (blue) path is €5 (pictured in red with a double arrow). The derivative

DX(p) = [X.(p) Xu(p)]

sends the vectors €; and €5 based at p € D to the corresponding vectors
X,(p) = DX(p)é; and X,(p) = DX ()&,

based at X (p) € S, shown on S with single- and double-arrows, respectively. Since the purple and blue
curves are completely contained in S, the vectors X,(7) and X,(p) are tangent to S at X (p).

As long as X,(p), X,(p) form a linearly independent set, we can obtain a normal vector N <(P) to S
at X (p) by simply computing the cross produc of X,(p) and X,(p):

o B Ys(D) (D) — 2s(P)y: (D)
Ng(P) = Xo(p) x Xo(p) = | 2:(D)24(P) — (D) 2:(D)
z5(P)y+(P) — ys(P)w:(P)

The vector Ng(p) is called the normal vector to S at X (p) arising from the parametrization
X. Note that N <(p) is orthogonal to both X,(p) and X, () (which form a basis for the space of vectors
tangent to S at X (f)), so that Ng(p) is indeed normal to S at X(p).

The uses of this normal vector are many. Here are some observations:

(i) We say that that S is smooth at a point © = X (p) if N¢(p) # 0. The rigorous motivation for
this definition involves more differential geometry than we have at our disposal, but for intuition
you can think that since Ng¢(p) = X,(p) x Xy(p) is a continuous function of p; then if Ng¢(Z) # 0

4Here is where we are really using the fact that we are working in R3, as this construction does not work in higher
dimensions.
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at © = p then Ng(7) # 0 for & near §, and therefore we can make a continuous assignment of
non-zero normal vectors to S near ®@. If S failed to be smooth at ® (perhaps if it had a corner,
or a crease, or some other “non-smooth” feature), then this should result in any assignment of
non-zero normal vectors to be discontinuous at p.

Not 5"\»‘“\

Smocth ﬁlp\'é 3

(i) INg®)| = 1 X,(7) x X,(P)|| gives the area of the parallelogram determined by X,(5) and X,(p)
(as shown in Exercise 3 of Homework 3 from MATH 291-2). In particular, for small a,b > 0 we
have that

X(5)~ X () + DX(p)(5—p) for each § € [so+ a] [ty + b],
so that since the image of the box B = [so 4 a] x [ty 4 b] under this affine approximation of X
is the (translated by X (p)) parallelogram determined by the vectors a X (p) and bX,(p), it should
be that we can reasonable approximate the area of the patch of S given by X (B) by
Vola(E(aX,(5), bX: (7)) = | (aX (7)) x (6X(0))]
= [abl[| Xs(p) x Xu(P)l
= [[Xs(p) x Xi(p)[|Vola(B).

<

ReTsw Jx[tath]

This observation forms the basis for our notion of integration over surfaces (which we will discuss
shortly).

Definition 14. A surface S C R3 is called smooth if there is a C'! parametrization X : D C
R? — R? of S such that Ng(s,t) # 0 except possibly on 9D or on (at most) finitely many other
points in D.

Remark 26. Our definitions of smooth curve and smooth surface are convenient for us and that will
capture a wide variety of examples, but know that you may see slightly different (and non-equivalent)
definitions in a higher-level course on differential geometry.
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N — —3sin(t
Example 62. In the cylinder example, we had X,(s,t) = [2} and X(s,t) = [ 0 ()], so that

3cos(t)
—3sin(t) 0 —3cos(t)
Ng(s,t) = 0 X [1] = 0 = —X(s,1),
3 cos(t) 0 —3sin(t)

so that Ng(s,t) points “inward” (towards the y-axis) (black in the figure in that example). Note that
since Ng(s,t) # 0 for each (s,t) in the domain of X, the cylinder is a smooth surface.

Example 63. For the sphere example, we have

. 2 cos(#) cos(¢) - —2sin(#) sin(¢)
Xy(9,0) = | 2sin(0) cos(o) and  Xp(4,0) = | 2cos(0)sin(¢) |,
—2sin(¢) 0
so that
B B 4 cos() sin?(¢) -
N)Z(¢7 0) - X¢(¢7 9) X X@(¢, 0) = |4 Sln(e) Sil’l2((b) =2 SIH(QS)X(¢, 9)
4 cos(¢) sin(¢)

Since 2sin(¢) > 0 (well, = 0 at the north and south poles), we see that N¢(¢,6) is a positive multiple
of X (¢,0), which for the sphere means that it is points “outward” (away from the origin). Note that
since Ng(¢,0) # 0 except on the boundary of the domain of X, the sphere is a smooth surface.

Surface Area and Scalar Surface Integrals

By generalizing our Riemann sum argument that motivated the definition of arclength and scalar line
integrals, we are lead to the following definitions.

Definition 15. Let S be a surface with C' parametrization X : D — R? such that Ng(p) # 0 at
all p'e D (except possibley on 0D or at finitely many other points). Then we define the surface
area of S to be

Surface area of § % If INg(s,t)|| dA(s,t).
D
If f:S — R is continuous, then we define the scalar surface integral of f over S to be

[] r@ds €[] f(X(s.0)INg(s. Dl dACs,#).
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Here the notation “dS” is intended to signify an “infinitesimal change in surface area” (just as dA
represented an “infinitesimal change in area”). By giving an argument similar to those in the notes
(and homework) that arc length and scalar line integrals are well-defined (in the sense that they do not
depend on the parametrization one uses), one can show that surface area and scalar surface integrals
are also well-defined.

Example 64. Let’s compute the surface area of the sphere Sk centered at (0,0, 0) of radius R.

We need to compute jf 1dS. To do this, we first parametrize the sphere with

X(¢,0) = (Rcos(d) sin(¢), Rsin(8) cos(¢), Reos(d)), 0<m<¢, 0<0< 2.

We need to find || Ng(¢, )| in order to compute the integral. First, note that

B R cos(0) cos(¢) . — Rsin(0) sin(¢)
Xo(0,0) = | Rsin(#) cos(o) | , Xy(¢,0) = | Rcos(f)sin(¢) |,
— Rsin(¢) 0
so that
. . R? cos(0) sin?(¢) cos(f) sin(¢)
Ng(9,0) = Xy(9,0) x Xo(0,0) = R2 sm( )sin?(¢) | = R?sin(¢) |sin(#)sin(e) | ,
R? cos(0) sin(¢) cos(¢)

and hence

|Ng(6,0)| = R*sin(e) \/0032(0) sin?(¢) + sin®(6) sin’(¢) + cos?(¢) = R?sin(g).

We therefore have

Lj 1dS = /027r /0W1||N55(¢,9)||d¢d9 - /O% /Oﬂ R?sin(¢)dedd = 4rR?,

which is the well-known formula for the surface-area of a sphere of radius R!

Example 65. Let’s compute the surface area of the right circular cone C' of top radius R and height
H, given by z = %\/x2+y2, 0<z<H.

It might be best to parametrize the cone using cylindrical coordinates. That is, we write

~ H
X(r,0) = (rcos(0),rsin(0), ET)’ 0<r<R, 0<6<2m

Then we have

cos(0) —rsin(0)
X, (r,0) = |sin(0) | , Xo(r,0) = | rcos(d) |,
2 0
so that
— 8y cos()
Ng(r,0) = X,(r.0) x Xo(r,0) = | ~Hrsin(p) | |
r
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and therefore
HA 2
INe (0l = /(%)

so that Ny must be the ‘inward pointing’ normal vector:

9

o ” } Lo
N(E) < Vm)d“"/fﬁ\fl‘él‘j‘j T ]Q‘

We therefore have

2 R . H2 2 2 R
Sur. Arca of O = [[ 145 = / / 1| N (r, 0)||drdo — —”}:R / / rdrdd = wRVH? + R2.
C 0 0 0 0
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Lecture 16: Vector Fields

Learning Objectives:
e Visualize vector fields.
e Analyze the flow lines of a vector fields.

e Interpret the gradient of a function as a vector field.

Today we introduce a class of object that, one might argue, vector calculus was designed to study:
vector fields. Vector fields provide a physical interpretation for differential forms, which are the natural
objects that link differentiation with integration.

Definition 16. Let 2 C R™. A function F:Q — R"is called a vector field on €.

In the past we have thought about such functions as maps from (a subset of) R" to R", and therefore
as some sort of transformation of space. Now, however, we shift gears and think about such maps as
assigning to each point ¥ € R™ a vector F (Z) € R™. That is, we think of Z as being a point in space,
and F(Z) as a vector based at 7.

The physical interpretation is that F (Z) is a force acting at the point &, and therefore F describes
a force field that governs the flow of particles around space.

For example, if we think of space as a fluid, then F (Z) describes the direction and magnitude of the
flow of the fluid at the point Z. If Z(¢) represents the path taken by some particle that is carried along
by the current, then we expect the velocity #'(t) of the particle to be determined by the force F , in the
sense that Z'(t) = F(Z(t)).

Definition 17. Let F : R* — R» bg a vector field, and let I C R be an interval. _A differentiable
path 7 : I — R™ satisfying '(t) = F(Z(t)) at each t € I is called a flow line of F.

Besides fluid flow, we also think of gravity as generating such a force field. There are other physical
interpretations as well, but these are the ones with which you are likely to already be familiar.

Example 66. The vector field F (z,y) = is a constant field. If this were the velocity field of some

1
—2
fluid then it would describe a uniform flow, where all of the fluid flows in the same direction at the
same speed. A flow line is drawn in green. Indeed, the flow line through (a,b) with Z(0) = (a,b) is

Z(t) = (a +t,b— 2t), since Z(0) = (a,b) and Z'(t) = [_12} = F(Z(t)).
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Example 67. On the other hand, the field F (x,y) = T+ yj is pushes all points directly away from the
origin at a speed proportional to the distance from the origin. Since points near the origin are pushed
away from the origin, the origin is called a source for this flow. A flow line is drawn in green; note
that a particle on the flow line moves faster as it gets further away from the origin (since Fis larger in
magnitude at points further away from the origin). Indeed, the flow line Z that satisfies Z(0) = (a, b) is

t —
Z(t) = (ae',be'). To verify this, note that £(0) = (ae®,be’) = (a,b) and Z'(t) = Zst] = F(aet,be') =

(o,0) » a Soorc&

If instead we looked at F (z,y) = -~ yj', then all points are getting pulled towards the origin at a
speed proportional to the distance from the origin. Since all points near the origin are pulled towards
the origin, the origin is called a sink for this flow.

We
/?i“\

)
/

(o,0) s a 319k

Example 68. Besides transporting, compressing, and expanding, fluids can also rotate. Indeed, the
field F(z,y) = —xy (below left) describes a flow which rotates space in a counter-clockwise fashion

around the origin, and the speed at which they are rotated is proportional to their distance to the origin.
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We could also have F(z,y) = (below right), which is the same as the previous flow but in the

clockwise direction. A flow line for the counterclockwise flow in sketched in green. Note that every path
of the form Z(t) = (Rcos(t), Rsin(t)) (for R > 0) is a flow line for F', since

Y
-

_ |—Rsin(t)

Z'(t) = { Rcos(t)] = F(Rcos(t), Rsin(t)) = F(Z(t)).

Not every vector field has to be nice. For example, we can look at
= -y - X -
F(x,y) = 1+ Js
( ) /33'2 + y2 /1'2 + y2

which rotates point around the origin in a counterclockwise fashion, but always at speed 1. Thus, points
very close to the origin are rapidly spinning around the origin, while points far away from the origin are
revolving quite slowly.

Example 69. Technically, the gradient of a function is also a vector field. Indeed, the vector field

—

F(x,y) = {:ﬂ is secretly F(z,y) = Vf(z,y), where f(z,y) =4 — tx? — 4% is the downward-opening

elliptic paraboloid. Thus, we can think of ﬁ(m, y) as describing the (x,y)-direction in which a hiker on
the graph of z = f(x,y) should walk in order to climb uphill as quickly as possible.

2N L oiar \
’ i ‘\/ = §6 /\ TN \
o \\ )
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Vector fields of the type in the previous example (i.e. that are the gradients of scalar-valued functions)
are very important in calculus, and we will given them a name.

Definition 18. Let (2 C R”, and leE F :Q — R” be a vector field on Q. If F = V f for some C!
function f : Q — R, then we call F' a gradient field (or conservative field) with potential
function f.

Example 70. Not every vector field is a gradient field. For one counterexample, consider
xy?
F(x,y,2) = |2y
Ty

To see why, we note that if F = V£, then fe(z,y,2) = xy? and f.(x,y, z) = zy, but by Clairaut’s
theorem we would have 0 = (f,).(z,y,2) = (f.)z(z,y,2) = y, which fails to hold (for example) at
(0,1,0).

Example 71. One important (and perhaps) surprising point is that a vector field F:Q o R may
have a potential function on a ball centered at each point in {2, but may not actually have a potential
function on 2.

The classical example of such a vector field is

FiR?- R, Flr,y) = —— i+ ——
{(070)}_> ) (Ji,y) 1’2+y22+$2+y
We will prove later in the course that there is no function f : R* — {(0,0)} — R such that V f(z,y) =
F(z,y) throughout R* — {(0,0)}. On the other hand, note that
fiA{(z,y) : >0} =R, f(z,y) = arctan (g)

T

3

—

satisfies Vf(x,y) = F(z,y) at each (z,y) € {(x,y) : x > 0}, and therefore f is a potential function
on this set. In one of your homework problems this week, you will argue that F actually has potential
functions on the other open-half planes as well. The counterintuitive fact is that we just cannot “glue”
these potentials together to produce a potential function for F' that is valid throughout R2 — {(0,0)}.

For a somewhat deep explanation for why this is, one can show that if f(x, y) is a (continuous) choice
of polar angle for (z,y) in a region in R* —{(0,0)} then one can show that Vf(z,y) = F(z,y). Although
0(x,y) might seem like a potential function for F on R2 — {(0,0)}, the fact is that we cannot define
0(z,y) continuously throughout R?* — {(0,0)} all at once, since if we start at a point (z,y) and move
along a path that ends and (x,y) and rotates once around the origin in the counterclockwise direction,
it will be that 6 will increase by 27 along this path. This observation actually plays a huge role in
complex analysis, where it is used to define (for example) various different versions of inverse functions
(like logarithms, roots, inverse trigonometric functions, etc.) to suit our purposes.

As an application of some of these ideas, let’s discuss a fun theorem involving vector fields: the Hairy
Ball Theorem.

Hairy Ball Theorem

Suppose that the surface of the earth (which, for our purposes, is the sphere x? + y? + 22 = 1) is
completely covered in water (here, let’s make the assumption that the water doesn’t behave differently
at different depths). Then at every point p'on the earth the velocity of the water is given by some vector
F (p). For physical reasons, we can assume that F is continuous.
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Now, suppose a particle (a life-raft?) is floating along on the surface of the water, and its movements
are governed by F'. The life-raft travels along some flow line 7(¢) of the vector field. Note that, since the
boat is on the surface of the earth (and therefore ||7(¢)|| = 1 at every time t), its velocity 7/(t) is always
perpendicular to its position vector 7(t). (Indeed, this is one of your homework problems for this week!)
That is, its velocity vector is always tangent to the surface of the earth. In particular, the vector F (p)
at p'is tangent to the sphere at p.

One (perhaps surprlslng) fact is that, in the scenario that we described, there will always be a point
on the sphere at which F (p) = 0. That is, there is always at least one point on the surface of the earth
at which the velocity of the flow is 0. This result is known as the ‘Hairy Ball Theorem’, since one can
think of the flow vectors F (p) as hairs on the sphere which are tangent to the sphere (i.e. they have
been ‘combed’).

Theorem 11 (Hairy Ball). Let S C R? be a sphere. If F is a continuous vector field on S which
is tangent to S at each point, then there is some point p on S at which F(p) = 0.

The hairy ball theorem implies that, if you have a hairy ball such as this one, where the direction
and length of the hairs are continuous and the hairs are forced to lie flat against the ball, then there
must be a bald spot. [[7]

5There are a ton of fun theorems like this in higher mathematics. For a course that’s loaded with them, you should
take... Algebraic Topology! (Surprised I didn’t say Real or Complex Analysis?)
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Lecture 17: Gradient, Divergence, and Curl

Learning Objectives:

e Compute the divergence of a vector field.

Describe the geometric meaning of divergence.

Compute the curl of a two- or three-dimensional vector field.

Describe the geometric meaning of curl.

Investigate the relationship between grad, curl, and div.

Apply Poincaré’s Lemma to determine when a vector field is conservative over a set.

Today we introduce various notions of the derivative related to vector fields. These are all special cases of
(what we will call) the exterior derivative for differential forms, but historically they arose from physical
considerations. To this end, we will adopt some language from fluid dynamics to describe certain ideas
related to these derivatives.

The Del Operator: Grad, Div, and Curl

In R? and R3, the notions of derivative we consider can be captured (informally) described in terms of

the del operator:

o
v=|
0

Oxn

To be clear, this is purely notation that will help us remember formulas. However, it does come in
handy for describing various types of the derivative. For example, we can write the gradient of a

function f(x,y, 2) as

5 fol,y,2)
Vf(fE,y,Z): @ f(xvyvz): fy(.%,y,Z)
Oz fz<$’y7z)

We will sometimes also write grad(f) for Vf.

Divergence and Incompressibility

Although it only makes sense to take the gradient of functions, we can use the del operator to define
various notions of the derivative for vector fields.

Definition 19. If Q C R” and F = (Fy,...,F,) : @ — R" is a C! vector field on Q, then we
define the divergence of F to be

def OFy

divF(Z) = V - F(Z) < (@
1

) +

oz, (Z).
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We will see that physically, if F' describes the motion of some two- or three-dimensional fluid, the
number divF (%) measures the net amount of expansion of the fluid at (), with positive values indicating
that the fluid is expanding a #, and negative values indicating that the fluid is compressing at z. If
divF(Z) = 0 at every point Z € €2, then F is called incompressible.

Although it may be unclear why this is the intuition for divergence, it will become clear once we
learn the generalization of the Fundamental Theorem of Calculus that involves divergence (called the
Divergence Theorem or Gauss’s Theorem).

Example 72. Consider the uniform flow F (z,y) = i— 2;. Intuitively, the fluid described by F is neither
expanding nor contracting at any point. Thus, we expect divF to be 0 at every point. Indeed, we have
divF(z,y) = (1), + (—2), = 0 at every point, as expected.

Similarly, the flow F (x,y) = —y§+ 2] corresponding to counterclockwise rotation of the plane
should also have divF (z,y) = 0 at every point, since this flow corresponds to rigidly rotating the plane
about the origin (so that there is no expansion or contraction anywhere). Indeed, we can compute that
divF(z,y) = (—=y)s + (x), = 0, as expected.

On the other hand, consider the flow F(z,y) = xi+yJ (for which the origin was a source). This flow
pushes all of the points away from the origin, and in the process the fluid is stretching apart at each
point. Thus, we expect this vector field to have positive divergence at every point. Indeed, divF (x,y) =
(), + (y), = 2, which agrees with our intuition. On the other hand, the flow F(z,y) = —xi — yj
(for which the origin is a sink) has divE(z,y) = —2, which agrees with our intuition that this field
compresses the fluid at each point (as it sends the fluid towards the origin).

Curl and Irrotationality

We can also utilize the cross-product to generate a notion of the derivative for vector fields (this time
in R3 only).

Definition 20. If Q C R3 and if F = (P, Q, R) : Q — R3 is a C* vector field on €, then we define
the curl of F' to be

OR _ 0Q
0 0z
= = def | 50 5B OR  0Q\- OP OR\- 0Q 0P\ »
IF _ F lef |oP _or| _ (900 9% or _oh o O8N\ p
curl#(z,y,2) =V x F(z,y,2) 56 8% (3y 82)2 (82 8x>j+<8x 8y>k
ox oy

Remark 27. It is sometimes helpful to have a notion of curl for two-dimensional vector fields as well.
If Q CR? and if F = (P,Q) : Q2 — R?is a C! vector field on 2, then we define the scalar curl of F' to

be
L 0Q oP
curlF(z,y) = —~(2,y) — a—y(%y)-

The scalar curl of a two-dimensional vector field F(z,y) = P(z,y)i+ Q(z,y)Jj can be seen as coming
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from the curl of F(z,y,z) = P(z,y)i + Q(z,y)j + Ok, in the sense that

. 0 oP
curl F(z,y) = 8—§(x,y) - 8—y($;y)

=& (074 07+ (G2 Gw) = 5w F)

= k- curl]::(x, y,0),

: 90 _ n _ 80
since 5= = 0= By

We will see that physically, curlF captures how the fluid described by F is rotating (in the sense of
‘twisting’) at a point. The information here is encoded in a very geometric way: for a three-dimensional
vector field F, curlF (x,y, z) is normal to the plane of rotation of the fluid at (z,y, z), and the length of
curl (x,y, z) determines the angular speed of the rotation. The direction of rotation is determined by
the direction of curlF(z, y, z) and the right-hand-rule. That is, if the heel of your right hand sits of the
plane of rotation, and your fingers curl in the direction of the rotation, then your thumb will point in
the same direction as curlF(z, y, 2).

AN
gf«ﬁ‘k@f r\\?\'of\fib(\;

For two-dimensional vector fields F', curl F (x,y) is a scalar quantity. If curl (x,y) > 0, then the rotation
of F' at (z,y) is counterclockwise (in the zy-plane). If curlF'(z,y) < 0, then the rotation of F’ at (xﬁ
27,

is clockwise. Note that if F is the “extension” of F to three dimensions mentioned in Remark
then Curlﬁ($, y) = k- curlﬁ(m, y,0). But the i and j components of curlﬁ(a:, y,0) are zero (as noted

above), so that F (x,y,0) is already normal to the zy-plane (which must be the plane in which any
rotation of F' is happening at all, since F'is a two-dimensional vector field on the xy—p1a~ne). Therefore

the k component of F (x,y,0)—namely curl (x,y)—is positive when the rotation of F at (x,y,0) is

counterclockwise when viewed from the positive z-direction, and is negative when the rotation of F at
(z,9,0) is clockwise when viewed from the positive z-direction.

If the fluid is not twisting at a point (z,y, z), then curlﬁ(w, y,z) = 0. If curlﬁ(x, y,z) =0 at every
point, then the fluid described by F is called irrotational.

Again, we currently have no justification for this intuition. However, we will justify it later when we
talk about two generalizations of the Fundamental Theorem of Calculus: Green’s Theorem and Stoke’s
Theorem.
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Example 73. The constant flow F (r,y,2) = i— 2}—1— 3k does not exhibit any rotation or twisting at
any point, so we expect it to be irrotational. Indeed, we can easily compute that curl F(z,y, z) = 0 for
every point (z,y, 2).

On the other hand, the flow F (x,y,2) = —yﬁ-x}', which describes rotation around the z-axis, satisfies
curlﬁ(x, Y,z) = [g], indicating that there is twisting happening near each point in the xy-plane, and

that this twisting is counterclockwise when viewed from the positive z-axis (since curl (x,y, z) points
upwards at every point).

Similarly, F (x,y,2) = zj'— yl;, describing rotation around the x-axis, satisfies curl (x,y,2) = [_82] ,

indicating that the twisting is counterclockwise when viewed from the negative x-axis.

Example 74. To distinguish rotation at a point (i.e. twisting) with large-scale rotation, note that

F (r,y) = ﬁ?ﬁi— %ﬂﬂ; describes counterclockwise rotation around the origin R? — {(0,0)}, but you
can compute that curlF(z,y, z) = 0 at each point, and therefore the fluid is not twisting at any point

(even though it is rotating on the large scale!).

We just looked at simple examples here, but a general vector field may be expanding in some points,
contracting in others, and display lots of wild rotation (whirlpools, etc). The study of vector fields in
terms of their divergence and curl plays a big role in Fluid Dynamics.

Gradient, Curl, and Divergence as Differential Operators

Note that since the gradient of a function is a vector field, the curl of a vector field is a vector field, and
the divergence of a vector field is a function, there is a sensible ordering of our operations in R? as

curl v

(functions) grag (vector fields) &5 (vector fields) LN (functions).

There is a curious thing that happens when one composes these operations in this way. For example, if
f:R3 = Ris a C? function, then

curl(grad(f (7)) = curl | fy(Z)| = | foz(@) = fou(@) | =0

P(Z)
by Clairaut’s Theorem. Moreover, a similar argument shows that if F (F) = |Q(F)| is a C? vector field
R(T)
on R?, then
B R,(7) — Q.(7)
div(curl(F(Z))) = div | P.(¥) — R.(Z)
Qo) — P(T)

again by Clairaut’s Theorem. Therefore, we have shown that

curl(grad(f(z,y,2))) =0 and div(curl(F)(z,y,z)) = 0.
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In the two-dimensional case, we have

2f an _
8x8y( ) — W(%y) = 0.

This is no accident, and (perhaps surprisingly) we will see that this is closely tied to the geometric fact
that a (piecewise smooth) curve that is the edge of a smooth surface does not have any endpoints, and
that a (piecewise smooth) surface that is the boundary of an elementary region does not have any edges.
We will revisit this later in the quarter!

curl(grad(f(z,y))) =

Poincaré’s Lemma

From our observations above, if Q@ C R” (for n = 2,3) and F : Q@ — R" (n = 2,3) is conservative (i.e. if
F = V), then we must have curlEF® = curl(grad(f)) = 0 at each point. One might hope that this test
can be used in reverse: that is, one might hope that if curl? = 0 on a region D, then F is conservative
on D. Unfortunately, though, this is not always the case.

Example 75. Recall that the vector field F(z,y) = xQ;yy2;+ p j_ yQ‘; satisfies curlF(z,y) = 0
throughout R? —{(0,0)}, but that (for now taken for granted) there is no function f : R*—{(0,0)} =+ R
with ' = V[ throughout R? — {(0,0)}. Nevertheless, as you will prove on your homework, F is

conservative on smaller subregions in R — {(0,0)}. For example, F is conservative on the set {(z,y) :
x > 0}, which is the half of the plane to the right of the y-axis (indeed, ﬁ(x, y) = V(arctan (%)) on

this set).

So why is F conservative on some smaller regions in R? — {(0,0)}, but not on the whole punctured
plane? This sort of bad behavior can happen on R?—{(0,0)} because this set is not simply connected.
To say that a region D in R? or R? is simply-connected means two things: first, the region must be in
one piece (i.e. it must be connected). Secondly (and this is the meat of the term ‘simply connected’),
every closed curve (i.e. a curve that forms a “loop”, without endpoints) in D can be continuously shrunk
(while staying in D!) to a poinﬁ.

In this example, note that the simple closed curve z? + y?> = 1 cannot be shrunk to a point in
R? — {(0,0)} without somehow passing through the missing point (0,0), and therefore R* — {(0,0)} is
not simply connected. On the other hand, the open half-plane {(z,y) : = > 0} is simply connected.
In two-dimensions, simple connectedness can be roughly understood as saying that the region doesn’t
have any “holes” (in the way that R? — {(0,0)} has a ‘hole’ at (0,0)). In three-dimensions, the notion
is slightly more nuanced (for example, R* — {(0,0,0)} is simply connected, but R* — {(0,0,2) : z € R}
is not).

As it turns out, simple connectedness is the magical missing piece that allows us to see that a vector
field is conservatived '}

Theorem 12 (Poincaré’s Lemma). If F is a C vector field defined in a simply connected region
D C R™ (n=2,3), and if curlF' is zero at each point in D, then F' is conservative on D.

The proof of this result is well beyond the scope of the course, but you may encounter it in a
differential geometry course.

16This is an admittedly very hand-wavy definition, but you will learn the rigorous definition of what “continuously
shrunk to a point” means (and how to work with it) in MATH 344-2: Introduction to (Algebraic) Topology!

1TTechnically, this is not Poincareé’s Lemma, but rather a more difficult result that one can prove using Poincaré’s
Lemma.
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Lecture 18: Differential Forms

Learning Objectives:
e Demonstrate familiarity with the basic definitions and mechanics of differential forms.

e Compute the differential of a function, and the exterior derivative of a differential form.

Our next major task in the course is to investigate various generalizations of the Fundamental Theorem
of Calculus, which relates integration to antidifferentiation. This is one of the great stories of modern
mathematics, and the story is made much more cohesive when framed in terms of differential forms. Dif-
ferential forms are, in short, the objects that we will integrate going forward. They are computationally
efficient, and come with notions of differentiation, integration, and change-of-variables.

To avoid going too far afield, we will treat differential forms as a formal construct, and make def-
initions based on this construct. However, know that there is a lot more going on here that would
be more adequately explored in the course in Differential Geometry. When possible, I will add deeper
explanations about certain aspects of differential forms.

O-forms and 1-forms

Definition 21. Let £ C R"™ be open.
e A O-form on F is a function f: F — R.
e A 1-form on F is an expression w of the form
w= fidry+---+ fodr,, where fi,....f,: E —R.

We say that w is a C* (or C?, or whatever adjective you wish) differential form if fi,..., f,
are C' (or C?, or whatever).

Example 76. For example, w = —y dx + x dy is a 1-form on R?. As written, w could also be viewed as
a 1-form on R?, with w = —ydx + v dy + 0dz.

Remark 28. When writing out a differential form w, we will often omit the dz; term if the coefficient
of dz; is the zero function. Note that this term is still technically “there”, but we are just choosing not
to write it for the sake of efficiency. For example, we can write e®y dy instead of 0dx + e”y dy for the
sake of brevity.

Remark 29. You should think of the space of 1-forms as the set of all linear combinations of the symbols
dxy,...,dz,, where the coefficients in the linear combination are functions of ¥ = (z1,...,z,). This
looks a lot like a vector space, but is not technically a vector space because the collection of coefficients
(the space of O-forms) is not a field because not every 0-form has a multiplicative inverse. Instead, this
is a more general construction called a module. You do not need to know about modules in order to
work with differential forms, but it is helpful to know that the space of 1-forms is similar to a vector
space. To hammer this home, consider the following definition.
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Definition 22. Given two 1-forms
w= fidey+---+ fpdr, and n=gidry+ - -+ g,dz,
on ¥ C R", we define the 1-form w + 7 as

wAn Y (fi+ ) dar + -+ (fu + gn) dz.

If h: F — R is a O-form, then we define the 1-form hw as

hw L nfydey + -+ hf, don.

The Differential of a 0-Form

For each C! function there is a very important 1-form associated to the function, called the differential
of the function, that is the ‘differential form’ version of the derivative of f.

Definition 23. If f : E — R is a C' 0-form, then the differential of f, denoted df, is the 1-form
defined by
def 8f af

doy+ -+ + 5 dzy,.

df 8 1 (9.%”

Example 77. For a concrete example, note that if f(z,y,z) = 2%¢™ is a 0-form on R3, then

f cl + —f dy + —f dz = y22e™dr + x2%e™dy + 2ze™ dz.

4= ay 7 0z

Remark 30. Note that the differential operator is linear, in the sense that if f,g : R® — R are two
0-forms and if £ € R, then

i of
d(f+k;g)_<a 1+k8x1>dx1+ +(6x axn)d .
of of dg dg
3371d 1t axnd +k(8m1d A 8xndx">
= df + kdg.

k-forms and the Wedge Product

The definition of 2-forms, 3-forms, etc. relies on the wedge product for differential forms, denoted A.
Before we give the properties of A, let’s define k-forms (k > 2) in terms of A.

Definition 24. Let £ C R™ be open, and let £ > 2. A k-form on E is an expression of the form
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Example 78. For example,
vydz Ady +4dy N de + e do Adz — 5z dz A dr — sin®(2) dy A dz + cos®(2) dz A dy + 5dy A dy
is a 2-form on R?® (with coordinates x,¥, z), and
psin(@) dp A dp A df + ePdd N\ do A dp

is a 3-form on R? (with coordinates p, ¢, 0).

Remark 31. Just as for 1-forms, you should think of the space of k-forms as formed by all linear
combinations of the basic k-forms dz;, A --- Adz;, (where iy,.. ., each range from 1 to n). Sums of
k-forms and multiplication of a k-form by a function is defined exactly as expected: if

n n
W= Z firipdriy Ao ANdz;, and n = Z Gin i dxiy N - N dzy,

1yeyip=1 i1 yeyip=1

are k-forms and if h : £ — R is a function, then

n

def
w+ nm= Z (filv--wik + gil,...,ik) dq;il VANEIIVAN dxlk

i1 ein=1
and

n
d
hw éf Z hfil,...,’ik d$i1 N A d.I'Zk

i1 ip=1

The wedge product A allows one to multiply a k-form and an ¢-form to get a (k + ¢)-form. In
many ways it behaves exactly like one would expect from a product, but (unlike most products you are
familiar with) it is anticommutative. In particular, if w,n are k-forms on F and «, § are (-forms on E,
if ® is a m-form on F, and if f : F — R is a function then

o (Distributivity) (w+n)Aa=wAa+nAaand wA (a+0) =wAa+wAp.

e (Associativity) (WA @) A®@ =w A (a A O)

e (Anticommutativity) dx; Adx; = —(dz; Adx;). More generally, if dx;, A- - - Adxiy is obtained from
he basic k-form dx; A --- Adz; by swapping a single pair of variables, then dx;, A --- Adx;, =
—dZL’jl A A d.Ijk.

(
(
o (Homogeneity) (fw) Aa = f(wAa) =w A (fa)
(
t

These properties—especially anticommutativity—allow us to greatly simplify how we write differen-
tial forms.

Remark 32. Be careful with anticommutativity. For example, it is not necessarily the case that a A3 =
—B A « for every k-form « and every ¢-form (. For a counterexample, note that

(dx) A (dyNdz) = (de Ndy) Ndz = —(dy Ndz) Ndz = —dy A\ (dz ANdz) = dy A (dz ANdx) = (dy ANdz) Adz.

What is true (as you should show!) is that a A B = (=1)*B A a.
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Remark 33. First, note that by anticommutativity, dz; A dx; = —(dx; A dz;), so that dx; A dz; =
Odz; N dx;. In particular, every basic k-form dx;, A --- A dz;, that contains a repeated variable is
automatically the 0 k-form.

Moreover, by anticommutativity we can reorder a basic k-form dz;, A--- Adx;, so that dx;,, ..., dx;,
appear in whatever order we choose (at the cost, of course, of picking up a factor of —1 for every swap
of perhaps, of introducing a factor of (—1) in the coefficient).

Example 79. For a concrete example of how this is done, we can simplify a previous example as follows:

vydr Ady +4 dy A dx +e™¥ de A dz—5xdz A dr — sin®(2) dy A dz + cos®(2) dz A dy+5dy A dy
—— ~—— —_—— N——
—dzAdy —dzNdx —dyndz 0

= (zy — 4)dx AN dy + (=™ — 5z) dz A dz + (—sin®(2) — cos®(2)) dy A dz

= —1ldy Ndz+ (—€e™ —bx)dz Ndx + (zy — 4) dz A dy.

Indeed, every 2-form w on R? can be written in the form
w=PdyANdz+ QdzNdx+ Rdx A dy.
Similarly, every 3-form 1 on R3 can be written in the form
n=fdxANdyNdz,
and, more generally, every n-form v on R" can be written in the form

vy=Gdxy \--- Ndx,.

Remark 34. Note that if £ > n, then every basic k-form dz;, A--- Adz; on E C R" will have at least
one repeated variable, and therefore can be arranged to contain a term of the form dx; A dx;, and is
therefore 0. For this reason, we only study k-forms on R” for 0 < k < n.
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Lecture 19: More Differential Forms

Learning Objectives:

e Compute the differential of a function, and the exterior derivative of a differential form.

Use the properties of the wedge product to manipulate differential forms.

Related the exterior derivative to the gradient, curl, and divergence operations.

Compute the pullback of a differential form.

Relate integration of differential forms with the notions of integration we have seen earlier in
the course.

We start today with a concrete example of how to use the wedge product to simplify a given differential
form.

Example 80. For a concrete example of how this is done, we can simplify a previous example as follows:

vydr Ady +4 dy A dx +e™¥ de A dz—5xdz A dr — sin®(2) dy A dz + cos®(2) dz A dy+5dy A dy
~—— ~— —_——  —
—dxAdy —dzNdx —dyNdz 0

= (vy —4)dx A dy + (—e*™¥ — 5z) dz A dx + (—sin*(z) — cos®(2)) dy A dz

= —ldyANdz+ (—€e"™ —bzx)dz ANdx + (xy — 4) dx A dy.

Indeed, every 2-form w on R? can be written uniquely in the form
w=PdyNdz+ Qdz Ndx+ Rdx A dy.

A similar sort of “standard” representation exists for k-forms in open regions £ C R" for every n and
0 < k < n. For example, every 3-form 7 on R? can be written uniquely in the form

n=fdxANdyNdz,
and, more generally, every n-form v on R" can be written uniquely in the form
vy=Gdxy N\ ANdxy,

after manipulating the differential form using properties of the wedge product.

The Exterior Derivative

The differential of a function can be extended to give a notion of differentiation on k-forms.

Definition 25. Let £ C R™ be open. For a k-form w = " Jiryo i dTsy N\ -+ A dzy,, We

i1,eensig=1
define the exterior derivative of w, dw, to be the (k + 1)-form given by

n
dw = N7 dfi, i Ay A A da,.

i1, ip=1
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Remark 35. The above definition is useful in practice, but it is worth noting that the operator d is
characterized by the following two properties:

o d(fdxy N---Ndz;,) =df Ndx;, N--- ANdx;,, and
e d(w+n) = dw+ dn for k-forms w and 7.

Example 81. To illustrate how to compute the exterior derivative, let’s compute dw, where w is the
3-form on R* given by
w=zwzdr Ady A dw + 3sin(xy) dy A dz A dw.

By applying the definition of the exterior derivative, we have

dw = d(zwz dz A\ dy A dw + 3sin(zy) dy A dz A dw)
= d(zwz) Ndx Ndy N dw + d(3sin(zy)) Ady A dz A dw
= (yzdr + 0dy + zwdz + vz dw) AN dx A\ dy A dw
+ (3y cos(zy) dz + 3z cos(zy) dy + 0dz + 0 dw) A dy A dz A dw
=yz doe Nde Ndy Ndw+zwdz Nde Ady A dw +xz dw N de A dy N dw

-~

0 0
3y cos(xy) dx A dy A dz A dw + 3z cos(zy) dy A dy N dz A\ dw
0

= zw dz ANdx N dy N dw +3y cos(zy) dx A dy A dz A dw
:(—1)2dx7\r(iyAdzAdw
= (wzx + 3y cos(zy)) dx A dy A dz A dw,

where in the last step we used anticommutativity to compute that

dz Ndx Ndy N dw = —dx Ndz Ndy N\ dw=dx Ndy ANdz N dw.

Grad, Div, and Curl: Reprise

In a previous lecture I mentioned that grad, div, and curl are special instances of “the derivative” of
certain differential forms. To illustrate this, let’s look at what happens in R3. We consider the following
correspondences between differential forms and vector fields and functions.

0-Form : f ~ Function: f
1-Form : Pdz + Qdy + Rdz ~ Vector Field :  Pi+ Qj + Rk
2-Form : Pdy A dz + Qdz A dx + Rdx A dy ~ Vector Field: Pi+ Qj + Rk
3-Form : fdxANdyAdz ~ Function: f

With this correspondence, we see that
df = fodz + fydy + fodz ~ foi + fu] + fk =V,

so that the 1-form df corresponds to the vector field V f.
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Similarly,
d(Pdx + Qdy + Rdz)
=dP ANdx+dQ Ndy + dR N dz
= (Pydz + P,dy + P.dz) A dx
+(Qudr + Qydy + Q.dz) Ndy
+ (Rydx + Rydy + R.dz) N\ dz
= Pydx Ndx + Pydy A\ dx + P.dz N\ dx
+ Qudx A dy + Qudy N dy + Q.dz N dy
+ Rydx Ndz + Rydy N dz + R.dz N dz
= —Pydx Ndy + P,dz \dx
+ Q. dx Ndy — Q.dy Ndz
— Rydz Ndx + Rydy N\ dz
= (R, — Q.)dy Ndz + (P, — Ry)dz Ndz + (Q, — P,)dx A dy
~ (Ry = Q)i+ (P. = R.)j + Q. — B)K
— curl(Pi 4+ QJ + Rk),
so that the 2-form d(Pdx + Qdy + Rdz) corresponds to the vector field Cuﬂ(PZ—I— Qj + RE)
Finally, we have (shortening the computation by ignoring the terms that become 0 by antisymmetry)
d(Pdy N dz + Qdz A dx + Rdx A dy)
=dPANdyNdz+dQ Ndz Ndx + dR N dx A dy
= Pydx Ndy Ndz + Qudy Ndz Ndx + R.dz AN dx A dy
= Pydx Ndy Ndz — Qudy Ndx Ndz — R.dx Ndz N\ dy
= Pydr Ndy Ndz + Qudx Ndy Ndz + R,dx N\ dy N dz

— (P +Q + R.)dw A dy A dz
~P,+Q,+ R,
= div(Pi + Qj + RE),
so that the 3-form d(Pdy A dz + Qdz A dx + Rdx A dy) corresponds to the function div(Pi+ Q7j + RE)

Remark 36. We have shown that if F: R — R®is a C? vector field on R3 and if f : R — R is a
C? function on R3, then div(curl(F')) = 0 and curl(grad(f)) = 0. In light of the above discussion, and

setting 1 to be the 1-form on R? corresponding to F', we have
d(dn) =0 and d(df) =0

as differential forms. The computations here boiled down to applications of Clairaut’s Theorem. The
somewhat surprising fact is that this is true in general: if w is a C? k-form on R"™, then d(dw) = 0. This
fact, often stated with the shorthand that d? = 0, is proved on your homework.

Pullbacks of Differential Forms

Suppose that D C R" (with coordinates (ui,...,u,)) and E C R™ (with coordinates (z1,...,z,,)) are
open, and that
T:D—FE, T(up,...,uy) = (x1(Ury oy Up)s ooy T (U, oo Uy))
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is a C! map. Then recall that for a function f: E — R, we called f oT : D — R the pullback of the
function f under T'. This operation “pulled back” the domain of f from E to D by precomposing f
with T : D — FE.

This definition can be extended to define the pullback of k-forms on E under T. Because we will
think of “pulling back” a differential form as an operation, we will introduce some fresh notation to
make computing these pullbacks slightly easier.

Definition 26. Suppose that D C R™ (with coordinates (uy,...,u,)) and E C R™ (with coordi-
nates (r1,...,T,)) are open, and that

T:D—E, T(up,...,up) = (x1(Uty -y Up)y ooy T (U, oo Uy))
is a C' map.

o Let f: E — R be a 0-form on . The pullback of f by T, T™ f, is the 0-form on D defined
* _ def —
by T f(u) = f(T(a)).

e Fix j =1,...,m. The pullback of the basic 1-form dz; on E, T*(dz;), is the 1-form on D
defined by

e Gz ox;
T*(dz;) < d(z;(u, .. un)) = Sdus + 4 5

du,,.

e Suppose that w = Y fi, . dxy A--- Adz,, is a k-form on E. The pullback of w by T,
T*w, is the k-form on D defined by

The previous definition can be a little intimidating, but in practice it is very “computationally
efficient”. Here is an example.

Example 82. Compute P*(dz A dy), where P : R? — R? is the map P(r,0) = (r cos(f),rsin(6)).

Note that we are essentially asked to write the 2-form dx A dy on R? in terms of polar coordinates
(r,0). We should end up with a 2-form in terms of r, 6, and dr and df. To this end, we have (and
omitting the terms that will be 0 because of antisymmetry)

P*(dx Ndy) = d(z(r,0)) A d(y(r,0))
= (cos(f)dr — rsin(0)df) A (sin(8)dr + r cos(0)dh)
=rcos?(0)dr A df — rsin*(0)dO A dr
= (rcos?(0) + rsin*(6))dr A df
=rdr \df.

This looks suspiciously like the P*(dA(x,y)) = rdA(r,0) relationship that we observed when dis-
cussing change of variables. Indeed, if we didn’t simplify the partial derivatives of x and y with respect
to r and # in the computation above, we would have that

P*(dx A dy) = (x,y9 — xoy,)dr A dO = (det(DT(r,0)))dr A d.
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The relationship between the pullback of a differential form and determinants seen in the last example
generalizes to higher dimensions. Indeed, you will show on your homework that if 7 : R* — R" is C!
with

T(uy, ... up) = (x1(Ury o Upn)y ey (Ut o Up)),
then
T*(dxy A -+ Ndxy,) = (det(DT (uq, ..., up)))dug A -+ A duy,.

Example 83. To illustrate this claim, let’s compute T*(dx A dy A dz), where T : R® — R? is the C*
spherical coordinate map given by

T(p,¢,0) = (pcos(9) sin(¢), psin(6) sin(¢), p cos(¢)).
According to the result from your homework, we expect that
T*(dx A dy A dz) = (det(DT(p, $,0)))dp A dop A df = p*sin(¢) dp A do A db.
To verify this, we compute (again ignoring the terms that will be 0 by antisymmetry) as

T*(dx ANdy A dz) = d(pcos(0)sin(¢)) A d(psin(f) sin(¢)) A d(pcos(¢))
= (cos(8) sin(¢)dp + p cos(8) cos(¢)dep — psin(6) sin(¢)db)
A (sin(0) sin(¢)dp + psin(6) cos(¢)de + p cos(8) sin(¢)dh)
A (cos(@)dp — psin(¢)de + 0db)
= —p?cos®(0) sin®(¢)dp A dO A do + p? cos?(0) cos*(¢) sin(p)dp A df A dp
+ p?sin?(0) sin®(¢)dO A dp A dp — p* sin(6) cos®(¢) sin(¢)dd A dé A dp
= p?cos?(0) sin®(@)dp A dp A df + p* cos? () cos?(¢) sin(p)dp A do A df
+ p?sin®(0) sin®(¢)dp A dp A d + p* sin®(0) cos?(p) sin(¢)dp A dp A df

= (2 cos?(6) sin(5) + 7 cos?(6) cos?(¢) sin()

+ p?sin?(6) sin®(¢) + p? sin2(6) cos* () sin(qﬁ)) dp A de A df
= (?sin*(9) + p? cos?(9) sin(6) ) dp A doy A df
= p?sin(¢) dp A do A db,

exactly as expected!

In the previous examples, we were concerned with pulling back n-forms using a map 7" : R* — R".
More generally, we will also be interested in pulling back k-forms from R™ to R* via a map T : R¥ — R™.
We will see specific instances of this when we discuss vector line integrals (i.e. integrals of 1-forms over
oriented curves) and vector surface integrals (i.e. integrals of 2-forms over oriented surfaces).
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Lecture 20: Integration of Differential Forms and Line Integrals

Learning Objectives:

e Relate integration of differential forms with the notions of integration we have seen earlier in
the course.

e Determine whether a parametrization of a smooth oriented curve preserves or reverses orien-
tation.

Integration of Differential Forms

As I mentioned, differential forms are “things that we can integrate”. To this end, we have the following
definition.

Definition 27. Suppose that w = f(Z)dzx; A --- A dz,, is a continuous n-form on (an open set
containing) a bounded region D C R"™ such that 9D has measure zero. Then we define

/Dw:/Df(f)dxl/\~~~/\dxnd§f/Df(:E)dV 7

The order of the variables is important here in order to avoid any ambiguity about what the value
of the integral is.

Example 84. Let’s investigate how the Change of Variables Theorem interacts with differential forms.
If T:R" — R" is a C'', injective map with DT (%) invertible that sends an elementary region D C R"
onto a region T'(D) C R", and if w = f(Z)dxy A --- A dx, is a n-form on T'(D), then we have

/ w=[ @V
T(D) T(D)
/ F(T(@))\det (DT ()| dViy (1)

/ f(T(@))|det(DT(@))| duy A -+ A duy,.
The right-hand-side is not exactly the hoped-for
/ T = / F(T(@))(det(DT(@)))dus A - - A duy.

However, as long as det(DT(«)) is either always positive or always negative, then we can express the
change of variables theorem purely in terms of differential forms. To do this, we make a definition.

Definition 28. Suppose D C R" and £ C R” are open, and that T : D — E is a C!, bijective
map. We say that T is orientation preserving if det(DT(w)) > 0 for every © € D, and
orientation reversing if det(D7T(%)) < 0 for every @ € D.
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In light of this definition, we have that
/ w = / T*w if T is orientation preserving,
T(D) D

and
/ W= — / T*w if T is orientation reversing.
T(D) D

Example 85. This phenomenon is reflected in the single-variable calculus substitution observation
where the bounds on the integral get “flipped” when you make the subsitution. That is, if = : [a, b] —
[c,d] is a C' bijective map with 2/(u) < 0 throughout [a,b], then [c,d] = z([a,b]) with z(a) = d and
z(b) = ¢, so that

/T([W f(z)de = /Cdf(x) de = /b“f@(u))j’(u) du = —/abﬂf*(f(x)dx) _ _/[a’b] o (F(z) do).

z*(f(z) dx)

Because det(Dz(u)) = 2'(u) < 0 throughout [a, b], the map z(u) is orientation reversing.

Over the next few days will will discuss how to integrate differential forms over certain subsets of
R™ (like curves and surfaces). In particular, we will integrate 1-forms over curves, and 2-forms over
surfaces. In each case, we now need to consider smooth curves and surfaces to be oriented. For smooth
curves, this means that we will need to establish which direction on the curve is “forwards” (this is done
by continuously specifying a unit tangent vector T at each point on the curve). For smooth surfaces, we
will need to establish which direction is “up” from the surface (this is done by continuously specifying
unit normal vectors to the surface that point in the “up” direction). More details to come!

To What End?

For the rest of the course, we will attempt to study several generalizations of the Fundamental Theorem
of Calculus. Each of these theorems can be expressed in the following form:

/dw:/w
E o9E

This is an elegant formula that requires a lot of unpacking. Here F C R™ and OF represents the
geometric boundary of E. This is not necessarily the same as the topological boundary that we discussed
last quarter. For example, if £ C R3 is a surface, then JF is the curve (or union of curves) that form
the “edge” of the surface.

Example 86. As a concrete instance of this framework, consider the Fundamental Theorem of Calculus:

/ f(x) de = F(b) — f(a).

To view this in the framework above, we think of F = [a,b] as an interval in R oriented “forwards”, so
that the initial point of F is a and the final point of F is b. Here f’(x)dx = df, where f is a C* 0-form
on E. Finally, f(b) — f(a) = (+1)f(b) + (—1) f(a) is the “integral” of the 0-form f over set OE = {a, b}
(where the +1 indicates that b is the final point of F, and the —1 indicates that a is the initial point of
E). With this framework,

[rwa=rm-rw = [a=] s
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Each time we discuss one of the generalizations of the Fundamental Theorem of Calculus, we will
discuss how it fits into this framework.

Orientation of Curves

We now develop a notion of line integral in terms of the pullback of a differential form. Once we do this,
we will be able to establish an interpretation of these line integrals in terms of vector fields. Because
of this, these will be called vector line integrals to distinguish them from scalar line integrals. We will
clearly link vector line integrals to scalar line integrals, and it is there that we will see how the orientation
of the curve we are integrating over plays a role in the evaluation of the integral. Before we dive into
this, let’s remind ourselves of the definition of oriented smooth curve, and explore how orientations and
parametrizations are related.

Definition 29. Let C' C R™ be a smooth curve that does not intersect itself (except possibly at
its endpoints) l An orientation of (' is a continuous choice of unit tangent vector T on C.

An orientation of C' is intended to specify in what direction C'is traced out, in the sense that if C
is determined by the motion of a particle then the unit tangent vector T" at each point on C' points in
the direction of the particle’s motion at that instant.

Example 87. Consider the portion C' of the unit circle 22 + y?> = 1 with y > \/Li’ and give C' the
“left-to-right” orientation.

(T nok -"o ""‘"—b
Y 4

€ > v

TN

5
>
X

[
1
Y
& G

Then the parametrization Z(t) = (¢, V1 — t?), —

ol L

has positive z-component, and therefore points “rightward” at each point. Therefore the direction in
which & traces out C' agrees with the orientation of ', and the unit tangent vector to C' at each point
Z(t) is given by

. 1 1 1 1 1
T(0) = 0 = ——— | 4| =vime| L[V
J1+ L5 Lviee Vi —t

18 A curve that doesn’t intersect itself (except possible at its endpoints) is called simple. If a curve can be parametrized
by a path that starts and ends at the same point, then it is called closed.

% parametrizes C, and

%|~
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Because the tangent vectors induced by & agree with the orientation of C', we call the parametrization
% of C' orientation preserving.

On the other hand, consider the parametrization 7(#) = (cos(#), sin(6)),

0= [ |

2 <9 <3 of C. Note that

has negative z-component for each 6 € |

T, 5|, the tangent vectors induced by 7 point “leftwards” at
each point, and therefore the unit tangent vector

PO 1 con | = oo

is exactly the negative of the unit tangent vector specified by the orientation. Therefore we say that the

T 37T

parametrization 7 of C' is orientation reversing.

(T nok o ""-Iq

p et f"*'{'hfch\

In particular examples, one should carefully check to ensure that a parametrization of an oriented
curve is orientation preserving.
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Lecture 21: More Line Integrals

Learning Objectives:
e Develop the notion of vector line integral via the pullback of a differential 1-form.

e Explore the basic properties and interpretations of vector line integrals.

Just as scalar line integrals were defined in terms of a “change of variables” type formula (which we now
recognize as a sort of pullback), integration of 1-forms and (their interpretation as) vector line integrals
are also defined in terms of pullbacks. We start by defining the integral of a 1-form.

Definition 30. Let £ C R"™ be an open set and w a continuous 1-form on £, and suppose that C'is
a smooth oriented curve in E. Let 7 : [a,b] — C be an orientation-preserving C'! parametrization
of C' with Z'(t) # 0 for each ¢ € [a,b]. Then we define the integral of w over C to be

Lo )7
w = r w
c [a,b]

For example, if n = 3, w = Pdx + Qdy + Rdz, and Z(t) = (z(t),y(t), 2(t)), then

/w:/de—i-Qdy—i-Rdz
(& C
~ [ (P@) 0+ QO (it + RE®) ()it
b
2/ (P(@()x'(t) + Q(E(1))y'(t) + R(Z(1))2(t))dt.

The result is a single-variable integral, and can therefore be approached using techniques from single-
variable calculus.

To link this approach with vector fields, consider that integration of Pdz +Qdy+ Rdz over C' should
somehow correspond to a type of “vector line integral” of F=Pi+ Q 7+ Rk over C. But the integrand
of the pullback is exactly F(Z(t)) - #'(t). Indeed, if we take this reasoning a few steps further we can
have
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so that the integral of the 1-form w = Pdz + Qdy + Rdz over C' is equal to the scalar line integral
of the function F - T' over C, where F=Pi+ Qj + RE and T is the unit tangent vector at each point
of C' that is specified by the orientation.

This same reasoning can be extended to curves (and vector fields) in R, n = 2,3,4, ..., which leads
us to make the following definition.

Definition 31. Let £ C R" be open and F : E — R a continuous vector field on FE, and suppose
that C' is a smooth oriented curve in £. We define the vector line integral of F' over C' to be

/F ds def/ﬁ-fds.
C C

Remark 37. To summarize, for an oriented smooth curve C' in R" and a smooth orientation-preserving
parametrization Z : [a,b] — C of C, we have the following correspondence:

| - "N‘N\ Vecdter -Fi‘;lal
=R dx++ec + F odx, ~ I_%'-'F.f’.’l*""“]:qi,\

lzaeyq l vechr fine |
Y. 8 = Va2 (BTa

N\ 7

S F (28)o /1) dt

Example 88. Let C be the unit circle 22 + y? = 1, oriented counterclockwise. Compute

/ﬁ-dg;
C
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— o —y - T i
where F' = prewy R iy B

To accomplish this, we parametrize C' with Z(¢) = (cos(t),sin(t)), 0 <t < 27. Note that since

| —sin(?)
T(t) = [ cos(t) }
is the counterclockwise rotation of #(t) = (cos(t),sin(t)) by 7 radians, # ()" does indeed point in the

counterclockwise direction, and therefore ¥ is orientation-preserving. Moreover, since ||Z'(t)|] = 1 at
each t, we have Z’'(t) = T'(t). Therefore we have

/C Feds— /O " Fleos(t), sin(t)) - [‘Cf):(lﬂ dt

- /0 W <Sin2 (;)STE]QSQ@) (= sin(f)) + sin2(t(;oi<i)(382(t) COS(t)) dt

= 2.

Remark 38. If the smooth curve C' (with its orientation) are specified by a parametrization Z, then it
is sometimes customary to simply write (for brevity)

/ F.dsmoe / F.ds.
T C

Remark 39. Note that if 7: [c,d] — C' is an orientation-reversing parametrization and if Z : [a, b] — C
is an orientation-preserving orientation, then if u € [¢,d] and t € [a, b] satisfy 7(u) = Z(t), then the unit
tangent vectors to C' arising from 7 and 7 at this point satisfy

1 7 () = — 1 z'(t) = —f(f(t)) = —7:(77(“)%

so that

—

d d
/F 45 = / F(#u)) - 7 (u) du = —/ F(#w)) - T w) | (w)]| du = —/ F.ds
7 c c C
Therefore, if you accidentally parametrize an oriented curve in the incorrect direction while computing

a vector line integral, then the value of the integral will be off by a factor of —1!

Remark 40. Note that since scalar line integrals are well-defined (i.e. they do not depend on the
parametrization we choose), the vector line integral

/ﬁ~d§:/ﬁ-fds
C C

is also well-defined. If w is the 1-form corresponding to F , then because we have

/w:/ﬁ-dE'
c c

whenever we use an orientation-preserving parametrization of C'| it is also the case that integrals of
1-forms do not depend on which orientation-preserving parametrization of the oriented curve we use.
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Physical Interpretations

Remark 41. The ,
/ﬁd;:/ﬁ%:/ Flaw) - 2'(t) dt
C C a

allows us a physical interpretation of the meaning of the vector line integral of the vector field F over
the oriented curve C , where ¥ : [a, b] — C'is an orientation-preserving parametrization. Because we can
think of F as a force field, and interpret /() as the velocity of a particle tracing out C' in the direction
specified by the orientation, then we can interpret F(Z(t)) - £'(t) as a measurement of the work being
done on the particle by F when the particle is located at #(t). Therefore, the integral above can be

interpreted as the total amount of work done by Fona particle traversing C.

Remark 42. When F is interpreted as the velocity field of a fluid, then one can also interpret F-T as
a measurement of how much of the fluid flow at a point on C' is “in the direction of T”. Therefore,

/ﬁ-d§:/ﬁ-fds
C C

can be interpreted as a net measurement of how much fluid flow over C' is “in the direction of the
orientation of C”. If this quantity is positive, then (on balance) more fluid flow is happening “with”
rather than “against” the motion of a particle traversing C. If the quantity is negative, then the opposite
interpretation holds.

When C' is a closed curve, then the integral above is called the circulation of F along the oriented
closed curve C.

Remark 43. To see this interpretation of vector line integral as circulation in action, consider the
example where C' is the counterclockwise-oriented unit circle and F' = ﬁz + aﬂLﬂ/? j. Note that the
vector field F describes the motion of a fluid that is rotating (counterclockwise) around the origin along
circles centered at the origin. Therefore our computation that

/ﬁ~d§:27r
c

agrees with our intuition that the fluid describe by Fis (on balance) flowing “with” the oriented curve
C rather than “against” the orientation of C.
If —C denoteq™| the unit circle with the clockwise orientation, then we would have

/ F-dg=—2r<0,
-C

which would indicate that now the fluid flows (on balance) “against” the orientation of —C' rather that
“with” the orientation of C.

9Given an oriented curve C, it is common to write —C for the curve C' with reversed orientation.
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Lecture 22: The Fundamental Theorem of Line Integrals

Learning Objectives:
e Integrate vector fields and functions over piecewise-smooth oriented curves.

e Use the Fundamental Theorem of Line Integrals to evaluate the line integrals of conservative
fields.

Piecewise-Smooth Curves

Remark 44. Going forward, we will need to integrate vector fields over curves that arise as the geometric
boundaries of regions in R? or surfaces in R3. It will be too restrictive to limit ourselves to smooth curves,
but with almost no additional effort we can extend our definitions to handle the case where a curve is
piecewise smooth, which simply means that it consists of a finite union of smooth curves laid end-to-end.
Here is a definition.

Definition 32. Say a piecewise-smooth curve C' C R" is oriented if there are smooth oriented
curves C',...,Cy such that C = C; U --- U (%, and where the ending point of C; is the starting
point of C;y1 for each 1 < ¢ < k — 1. The orientation on C' is taken on each C; to be the
orientation on C; (but might be undefined at each of the endpoints of C;), and we call the starting
point of C and the ending point of C}, the starting and ending points of C| respectively.

Remark 45. Note that if C' = C; U --- U (Y} is a oriented piecewise-smooth curve, then we can reverse
the orientation on C' by reversing the orientation on each of 'y, ..., Cy. Using — to denote a curve with
its orientation reversed, this would mean that —C' = (=Cj) U --- U (=CY).

We define integration (including vector line integrals, scalar line integrals, and arc length) on piece-
wise smooth curves in terms of a sum of integrals over each smooth portion of the curve.

Remark 46. If C' C R" is an oriented piecewise-smooth curve with C' = CyU- - -UCY%, and if F:R" - R"
is continuous on an open set containing C', then we define the vector line integral of F' over C to be

/ﬁ-dgdéf/ F-d§+---+/ F.ds
C Ch Cy

We define integrals of 1-forms over C' and scalar line integrals over C' similarly.
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Example 89. Let F : R2 — R? be the vector field F = 2zy%e™ V"7 + (202ye™¥” + cos(y))J, and let
C' be the oriented piecewise-smooth curve consisting of the line segment starting at (0,0) and ending
at (2,0), followed by the portion of the circle 22 + > = 4 connecting (2,0) to (v/2, —v/2) (oriented
counterclockwise, so this is 7/8 of a circle), followed by the line segment starting at (v/2, —v/2) and
ending at (0,0).

£ £

CO;TA €,

We write C' = C; U Cy U Cs5, where (] is the line segment from (0,0) to (2,0), Cs is the portion of the
circle, and Cj is the line segment from (v/2, —v/2) to (0,0). We can parametrize each of these smooth
curves with

Fi(t) = (£,0), 0 <t <2,

T9(t) = (2cos(t),2sin(t)), 0 <t <

il
Zv
() = (V2 —t,t—V2), 0 <t < V2

We can therefore write

/ﬁ-dgz/
C C

2 /4 V2
:/0 F(Fl(t))-Fl’(t)dtJr/o F(Fg(t))-Fg’(t)dt+/0 F(r(t) - 75/ (8) dt

= (an unholy mess).

ES11
Q)
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+
S
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.
]

Rather than evaluate (an unholy mess) right now, let’s try to find a more elegant way of computing the
integral than brute-force computation. First, note that sincd”)

curl F' = (222ye™" + cos(y))e — (205%™ Y"), = daye™? + 42°y2e™ — daye™V" — daPPe™ = 0

throughout (the simply connected set) R?, F'is conservative on R? by Poincaré’s Lemma. That is, there
is a function f: R? — R with Vf = F.

To find f, note that we must have f,(z,y) = 2xy2e™ Y so that, taking an antiderivative in z, we
must have f(x,y) = e”v 4 O (y) where C(y) is some function that does not depend on x, but might
depend on y. But then we should have

22%ye” V" + cos(y) = f,(z,y) = 22%ye” V" + C'(y),

20Here we use the scalar curl, since F' is a 2-dimensional vector field.
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so that C'(y) = cos(y), and therefore C(y) = sin(y) + k for some constant k. In other words, the
potential function f must have the form f(z,y) = e**¥’ +sin(y) + k for a constant k. Taking k = 0 for

simplicity, we see that , ~
Vf=V(e"" +sin(y)) = F

as desired.

Because V f = F , the potential function f is a sort of antiderivative of F.In single-variable calculus,
the Fundamental Theorem of Calculus allows us to compute the integrals of continuous functions in
terms of an antiderivative of the function. We might hope that something analogous holds for line
integrals, and in searching for such a result we arrive at our first generalization of the Fundamental
Theorem of Calculus.

Theorem 13 (The Fundamental Theorem of Line Integrals). Let U C R"™ be open, f: U — R be
¢ ! and let C' C U be an oriented piecewise-smooth curve with starting point @ and ending point
b. Then

[ v#-a5= 10 - @
C

For differential forms, this becomes (writing the geometric boundary of C' as 0C = {l;, at)

def

(b) - f(@).

where we define f

Proof. First assume that C' is smooth with orientation-preserving parametrization 7 : [a, b] — R™. Then
we have (by the Chain Rule and the Fundamental Theorem of Calculus)

b
Vf-ds= [ V(1) 7(t)dt
C a
b

= f(b) — f(@)
It ¢ =C1U---UCj is piecewise smooth, then denote by d@; and b the starting and ending points of Cj,
and note that a; = @, bk = b and b = d;4q for each i = 1,... k — 1. Therefore we have (by the result

for smooth curves)

/Vf~d§: Vf-di+ -+ [ Vf-d§
C C

C
= F(b) ZF (@) + fOr1) ZF (@) + F(bea) =+ f (@) + f(br) ~f(@)
= f(b) = f(@).
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Example 90. Going back to our example above, we note that since F=vV f on R% where f(z,y) =
ey’ +sin(y), and since the staring point of C' and the ending point of C' are both (0, 0), the Fundamental
Theorem of Line Integrals gives

/ﬁ-dgz/Vf-dng(o,O)—f(o,O)zo.
C C

This is sooooooo much easier than explicitly computing what we labeled (an unholy mess)!
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Lecture 23: Conservative Vector Fields and Green’s Theorem

Learning Objectives:
e Wield several equivalent characterizations of conservative fields.
e Frame Green’s Theorem in terms of vector fields and differential forms.

e Apply Green’s Theorem to interchange line integrals in R? with double integrals.

The previous example generalizes as follows.

Corollary 1. Let U C R" be open. If F: U — R" is continuous and conservative on U , then

§1§I3~d§’—0
C

for every oriented piecewise-smooth closed curve C' in U.

Here the notation &lg F - d3 indicates that we are integrating F over a closed curve.
c

Proof. Let f : U — R be a potential function for Fon U, and let C be a piecewise-smooth oriented
closed curve in U. Let d@ denote the starting point of C' (which is also the ending point of C' because C
is closed). Then the Fundamental Theorem of Line Integrals gives

ygﬁ-d§:§1§Vf-d§:f(6)—f(5):0.
C C
O

Perhaps surprisingly, the converse of the previous corollary also holds: If F: U — R" is a continuous
vector field on U and if 950 F.ds=0 for every piecewise-smooth oriented closed curve C' in U, then F
is conservative on U. These conditions are also equivalent to the statement that the line integral of a
conservative vector field depends only on the starting and ending points of the curve, and not on the
curve itself. (To capture this, we say that conservative vector fields have path-independent line integrals.)
These conditions characterize conservative vectors fields, and we collect them in a theoremP']

2l Here, connected just means that the set is in “one piece”. A crucial fact from topology is that in a connected open
subset of R™, every pair of points can be joined by a smooth curve.
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Theorem 14 (Conservative Vector Fields). Let U C R™ be open and connected. If F:U—>R"
is continuous, then the following statement are equivalent.

(a) F is conservative on U.

(b) ?g F - d3 =0 for every oriented piecewise-smooth closed curve C in U.
@

(c) F has path-independent line integrals in U. That is, if Cy,Cy are any two oriented
piecewise-smooth curves with the same starting and ending points, then

/ ﬁ.d§:/ F.ds.
Cl 02

\. J

Proof. We will prove that (a) = (b) = (c) = (a).

The implication (a) = (b) was exactly the content of the previous corollary.

Let’s now show that (b) = (c). Suppose that (b) holds, and that C, C5 are any two piecewise-smooth
oriented curves with the same starting and ending points. Let —Cy denote the piecewise-smooth curve
C5 but with the orientation reversed. Then the starting point of C' is the ending point of —Cj, and the
ending point of C is the starting point of —Cy, and therefore C' = C; U (—C%) is a piecewise-smooth
closed curve.

t C= C‘u(» (‘33

oL

G Cy

oL
sL

By assumption (b),

0—§I§ﬁ~d§_/ ﬁ.d§+/ ﬁ-dg_/ ﬁ~d§—/ F.ds,
C Cl —CQ Cl CQ

so that / F.ds= / F - d3. This proves (c).
C1 C2

The proof that (c) = (a) is accomplished by defining an explicit potential function f for F. The
proof of the general case is no more difficult (but certainly more notationally intense) than the proof of
the special case where n = 2 and U = R?, so we will give the proof in that special case. That is we will
give the proof in the case where F="Pi+ Q;’ is defined on all of R2. To simplify notation a bit, we will
prove the result using the differential form version of F , Pdx 4+ Qdy. Most of the proof will be in your
homework, but here is the idea (and part of the proof). Suppose that (c) holds. Define f : R? — R as

flay) /C Pz + Qdy,

where C' is any piecewise-smooth oriented curve in R? that starts at (0,0) and ends at (z,y). The
assumption that F' has path-independent line integrals ensures that the value of the integral does not

129



depend on C, and therefore f(z,y) is well-defined. The key to showing that the partial derivatives of
f at (z,y) exist is to make a “useful choice” of path C connecting (0,0) with (z,y). We'll show that
fz(z,y) = P(x,y), and on your homework you will show that f,(z,y) = Q(x,y). In both cases, we will
need the part of the Fundamental Theorem of Calculus that involves differentiating integrals.

Choose C' to be the piecewise-smooth oriented curve consisting first of the oriented line segment C}
starting at (0,0) and ending at (0,y), followed by the oriented line segment Cy starting at (0,y) and
ending at (z,y). Then we can parametrize C; and Cy (respectively) with

m(t) = (0,ty), 0 <t <1, m(t) = (tr,y), 0 <t <1.

It follows that
flay) = [ Pio+ iy
c
:/ Pd:L’+Qdy+/ Pdx + Qdy
Cy

Co

_ /01 Fr(0) - 71 (1) dt + /01 Fi(t)) - 7 /(1) dt
= /01 Q(O,ty)ydt—l—/olP(tx,y)xdt
:/OyQ(o,u)dqu/oxP(u,y)du,

where in the last line we made the substitutions u = ty and u = tx in (respectively) the first and second
y

integrals. Note that / (Q(0,t) dt is constant in x, and that the function P(¢,y) (of ) is continuous on

0
[0, z]. Therefore the Fundamental Theorem of Calculus implies that f(z,y) is differentiable with respect
to x and

fo(z,y) =0+ P(x,y) = P(x,y).

You will complete the argument by computing f,(x,y) on your homework. O

Example 91. Recall that we showed that the vector field F=—4i+ J satisfies

-y
24y
/ F.ds= 2m,
C

where C'is the unit circle 22+y? = 1 oriented counterclockwise. Because F is continuous on R2—{(0, 0)},
the Conservative Vector Fields Theorem then implies that F is not conservative on R2 — {(0,0)}. That
is, there is no C! function f : R2 — {(0,0)} — R with Vf = F on R — {(0,0)}! However, on your
homework you will show that if (say) we remove the positive z-axis from R? —{(0,0)}, then it is possible
to find a potential for F on this (slightly smaller) set. Therefore, in the statement that “F'is conservative

T _
x2 +y2

on U”, the set U can sometimes play just as important a role as al

Example 92. Compute / (1 -2y + 2xex2y2)d:17 + (2yex2 + 2x)dy, where C' is the piecewise-smooth
c
oriented curve consisting of the line segment (4,0) to (0,0), followed by the line segment connecting

(0,0) to (0,—2).
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A quick test tells us that this vector field is not conservative, since
(2ye® +2a), — (1 — 2y + 2xew2y2)y = daye” +2 — (=2 + daye®) =4 £ 0.

However, the vector field is almost conservative. After all, if the —2y and 2x weren’t there, then we
would have gotten 0 above!
Therefore, we might try splitting the vector field F' to get

Fa,y) = [(1+ 22 y?)7 + 2ye” J] + (—2yi + 21)).
Note that the first part is conservative over R?, since R? is simply connected and

curl[(1 + 2xex2y2);+ 2ye$gj] =0

at every point (z,y) € R%
Therefore, we know that this first part has a potential function. In this case, we can run through
our antidifferentiation argument to get

(1+ 2xe$2y2)z7+ 2ye’32;‘ =V(z+ y26x2),

and therefore

/ (1—2y+ 29561'2y2)dx + (2yeg”2 + 2x)dy = / V(x4 y2€$2) -ds+ / —2ydx + 2xdy
c c c

.

= (04 (=2)%" — (4 — 0%*)) —l—/ —2ydx + 2xdy
~- c

S /04 —2(0) + 22(0)dy — /Z —2y(0) +2(0)dy

=0.

In the penultimate line, we split C' into its two segments, changed the orientation of each (hence the
— sign in front of the integrals), and then parametrized them using 7 (z) = (z,0) for 0 < = < 4 and
m(y) = (0,y) for =2 <y < 0.

Green’s Theorem

We have now proved one generalization of the Fundamental Theorem of Calculus of the form

/Cdfz N

where f is a O-form (so df is a 1-form) and C is a “one-dimensional manifold” (i.e. a curve) (so that 0C
is a “zero-dimensional manifold” (i.e. a set of points)). For our next generalization (known as Green’s
Theorem ), we will go ‘up a dimension’ and look for formula of the type

e -

where D C R? is a region whose boundary 0D consists of piecewise-smooth curves, and where w is a
I-form (so that dw is a 2-form).
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oD~

To flesh out what we need to prove, let’s note that if w = Pdx + Qdy, then we would need that

/aDpdx+Qdy:£ d(Pdz + Qdy) = H dmdy_ﬂ ) dA(z, ).

Note that if F' = Pi + Q7 is the vector-field represented by w = Pdz + Qdy, then dw = curl(ﬁ )dz N dy
(where curl(ﬁ ) is the scalar curl of F ). The orientation of the curves that comprise 0D is crucial here,
as getting the incorrect orientation should cause us to be off by a factor of —1. It is not obvious what
this orientation should be right now, but we will see in the proof that there is exactly one possible choice
of orientation that is reasonable.
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Lecture 24: More Green’s Theorem

Learning Objectives:

e Apply Green’s Theorem to interchange line integrals in R? with double integrals.

Last time we finished class by motivating the structure of Green’s Theorem in terms of differential forms.
We discussed that Green’s Theorem should have the form

£f curl F(z,y) dA(z, y) 255 F-ds ~ £ dw = /{mw,

oD

where
F=Pi+Qj~ Pdr+ Qdy =w

and
curlﬁ(x, y) = Q.(z,y) — Py(x,y) ~ (Q, — P,) dx A dy = d(Pdx + Qdy).

Here is the formal statement.

Theorem 15 (Green’s Theorem). Let D C R? a bounded region such that D consists of a
finite union of closed piecewise-smooth curves C1, ... Cj, where each C is oriented so that, while

traveling along C;, the region D is “on the left”. If F=Pi+ Q7 is a C* vector field on an open
set U C R? with D C U, then

chrlﬁ(a:,y)dA(x,y):yg F.ds def/ ﬁ-d§+---+/ F.ds
D 1

oD

In terms of differential forms, this can be expressed as

ff .= P) dmdy—jjdmxwdy) /dewdy-

oD

oD~

Proof. The proof of Green’s Theorem has two main steps. First, we establish the theorem in the special
case where D is an elementary region that can be written in both forms

DE{(y) : c<y<d, aly) <z <)}
D {(z.y) + a<a<b A(r) <y <o),

where a, 3,7, 4 are continuous, (piecewise) C! functions.
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The second step is to show that a general region D that satisfies the hypotheses of the theorem can
be split into a finite number of these special elementary regions, and that when we split up HD<Qw —
P,) dA(z,y) into a sum of integrals of these regions, apply the special case to each piece, and then add
up the resulting line integrals, we obtain the expected integral over 0D. The details of this second part
are very technical (of the type that belong in a course in real analysis), but we will give an argument in
a concrete example to show how the process works in general.

Step 1: Proof when D has form (i) and (ii). To make the details of the proof easier to write
down, let’s assume that «, 5,7, are actually C' functions. We split up [J, curlF (z,y) dA(z,y) using
the linearity of the integral, and then apply Fubini’s Theorem differently in each piece to obtain

ffcurl (x,y) dA(z,y)
:jf@xx y) dA(z,y +ﬂ—P x,y) dA(z,y)

// QxfcydxdynL// —P,(x,y) dydz
-/ [@(w)}ﬁi we [ [- p(:,;,y)}j(;))dx

c a
b

- [ (@BWw.5) - Qlaty).w)dy + / (P(a. (@) - Plr.6(x))) dr

- [‘eewwar- [ aew s [ e [ P

On the other hand, consider that (using representation (i) of D) we can represent 0D = A; U (—Ly) U
(—Ay) U Lp, where Ay and A, are the (piecewise-smooth) curves parametrized by

Fy) = (By),y), c<y<d and 7y = (aly),y), c<y<d,

and Ly and Lp are the (possibly absent if a(c) = 5(c) or a(d) = B(d)) line segments parametrized by

Or(t) = (t,d), a(d) <t < B(d),  lpt) = (tc), alc) <t <B(c).
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In terms of these parametrizations, we have

Il
Q\J
Y
S
O
—~
=
—
—~~
<
N—
N—
-~
=
—
—~
<
N—
oW
<
I
:;.\
- —~
Q
<
S~—
QL
Wy

/Q(ﬁ(y),y)dyI/ QB v)J) - (B )i+ 17)dy

and, similarly,

—/CdQ(a(y),y)dy: —A2(Qf)-d§:/_A2(Qf)-d§

Since (Q(Lr(t))7) - fr'(t) = (Q(lr(t))f) i =0 for all ¢, [, (Qj)-d5=0. Similarly, [, (Qj)-d5=0.
Therefore the first pair of integrals can be written as

d d
/c QB(y). ) dy — / Qaly). ) dy
- /Al@f) ~d§+/_LT<@5'> 5+ /_A2<@f>~dg+/ Q) - s

N———— N————

0 0
=g§ (QF) - d5.
oD

Repeating this argument using representation (ii) of D, and representing 0D = ByULgU(—Bs)U(—Ly),
where B; and B, are curves parametrized by

()= (z,7(x), a<z<b and  p(z)=(r,0(z)), a<z<b
and Lg and Ly, are the (possibly absent if y(a) = d(a) or v(b) = §(b)) line segments parametrized by
Ca(t) = (b,1), 4(b) <t <6(b),  Li(t) = (a,1), v(a) <t < 8(a),

leads to

0 0
= [ (Pi) d§—|—/ (Pi) - ds+ (Pi) d§+/ (Pi) - ds
B Lr —B2 —Lr



Therefore we have
[ curl(z,y) dA(e,y) = 55 Q7)- d§+y§ (P7) - ds = yﬁ (Pi+QJ) - d5,
i aD aD aD

where the piecewise-smooth closed curve 0D is parametrized so that D is “on the left” when traversing
0D (in this special case, this means that 0D is parametrized in the counter-clockwise direction).

Step 2: Illustration of how to handle general regions D. One can show that every D satisfying
the hypotheses of Green’s Theorem can be split up into a finite number of regions that satisfy the
hypotheses of Step 1. For example, the region D that is enclosed by the circle % + y?> = 4 and lies
exterior to the triangle with vertices (+1,0) and (0, 1) can be split into D = Dy U Dy U D3 as follows:

With the oriented curves labeled in the picture above, we have (applying the special case to each of Dy,
DQ, and Dg),

Jf curl F(z,y) dA = ff curl F(z,y) dA + ff curl F(z,y) dA + ff curl F(z,y) dA
D D, Do Ds

7fC4F-ds
+/ﬁd§+/ ﬁ-d§+/ﬁd§+ F.ds
Cg *C6 Cg *02
= Je, F-ds — J. F-ds

Bl

é’luoguc%
- §£ F.ds.
oD

- d5 + §1§ F.ds
C3UC5UCy
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Note that the portion of D that consists of the circle 2 + y* = 4 is parametrized in the counterclock-
wise direction, and the portion of dD that consists of the triangle with vertices (41,0) and (0,1) is
parametrized in the clockwise direction. In each case, the region D is “on the left” as one traverses the
curve. Note that all of the terms in our computation that arose from integration along curves that were
not part of 9D canceled out. n

Remark 47. For a physical interpretation of Green’s Theorem, we must turn to scalar curl.

Recall that the line integral 998 p Pdr + Qdy measures the circulation of the vector field F=Pi+ Qj
around the boundary of D (with positive circulation corresponding to ‘net positive rotation’ along 9D
in the direction of orientation). On the other hand, curlF(z,y) = Q.(z,y) — P,(x,y) measures the
counterclockwise “twisting” of F at the point (z,y) (with negative values giving clockwise twisting).

Therefore the conclusion
515 Fds = [ curl(F)dA
oD i

or Green’s Theorem indicates that we can detect the total net amount of “counterclockwise twisting” of
F' throughout D (measured by the double integral) by computing the net “counterclockwise rotation”
of F' along the 0D.

Remark 48. The physical interpretation of Green’s Theorem in the previous remark assumes our
intuition for what the (scalar) curl of F = Pi+ Qj means. In particular, while we used our “intuition”
that the scalar curl curlﬁ(x, y) = Qy(z,y) — P(x,y) of a C* vector field F = Pi+ Qj on R? somehow
represents the “rotation” or “twisting” of Fata point, we can actually use Green’s Theorem to justify
this intuition. By Exercise 4 on Homework 4 (and Green’s Theorem) we have (at a point (zg,y) € R?),

UI"IF(SUO,Z/O) = rl_l>r(§l+ FB (jj | urlF(x y) dA(z,y) r—>%l+ F
r\Z0,Y0

2

where C, is the circle (x — z0)? + (y — yo)? = r* oriented in the counterclockwise direction. Therefore

curl F (o, yo) does indeed measure “infinitesimal counterclockwise rotation” of F at (z,yo).

Applications and Examples

Example 93. Let C; be the circle 22 + y?> = 16, and C5 be the boundary of the region in the first
quadrant which is enclosed by z? + y? = 1 and bounded above by = y. Here we assume that C; and
(5 are both oriented in the counterclockwise direction. Compute

&Ig —ydzx + xdy — &lg —ydx + xdy.
Cl 02

¥
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To do this, let D be the region between the two curves. Then the boundary of D consists of C; and
Cs, but in order to apply Green’s Theorem we need C5 oriented in the clockwise direction, and for the
difference above to be a sum. We can kill both birds with one stone by reversing the orientation of Cs
(and thereby picking up an additional factor of —1 in front of the second integral):

/ —ydzr + zdy — / —ydz + xdy
01 CQ

= / —ydzr + zdy + / —ydz + xdy
01 *02

= &Ig —ydx + xdy
oD

= [[l@) = (~),)dA(, )

= Jf 2dA(z,y)

D
= 2Area(D),

where we applied Green’s theorem in the antepenultimate step. Since D is merely the disc 2% +y? < 16
with % of the disc 22 + y? < 1 removed, we can compute this last integral to be
1 1277
yg —ydx + vdy = 2Area(D) = 2(14* — —71%) = ——.
D 8 4
As the last line of the previous example suggests, there is nothing special about the region D. Indeed,
Green’s theorem immediately gives us the very interesting result that the area of a region can be found
by computing a line integral over the boundary!

~ '

Corollary 2. If D C R? is a region satisfying the hypotheses of Green’s Theorem, and if each
piecewise-smooth closed curve forming 0D is oriented so that D is on the left, then

1
Area(D) = 55[5 —ydx + xdy.
8D

\. J

Example 94 (Closing off a curve). Let C be the oriented piecewise-smooth curve consisting of the piece
of the parabola y = z? connecting (0,0) to (—2,4), followed by the line segment connecting (—2,4) to
(4,4). Compute

/<y2 . 1;3 + x2€occos(av)>d‘r . y2eycos(y)dy.
C
Y-

¢a4) (4,4)
\

C
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This problem seems intractible, since we have very little hope of computing any antiderivatives involving
the terms 22e°*(®) and y2ev°*®). Indeed, if we use the parameterization (z,y) = (z,4), -2 < z < 4
for the line segment, then that piece of the line integral is

4
/ 16 — 1,3 + x2€xcos(x)dl,7
-2

which we have absolutely no hope of evaluating! )
To get around this, let’s ‘close off” this curve with the line segment C' connecting (4, 4) to (0,0):

v
(’3/1) (HIL/)

C

Our integral then becomes
/(yQ o .1'3 + x2excos(z)>dx . y2€ycos(y)dy
c

_ /(yQ . ZL’3 + I2€xcos(m)>dl, . y2€ycos(y)dy + / (yQ . ZL’3 + I2€xcos(m)>dl, . y2€ycos(y)dy
C

C

. /~(y2 . .T3 + xQGSECOS(Jﬁ))daj . y2€ycos(y)dy
C

— % ) (y2 . $3 + x2excos(z))dx . y2€ycos(y)dy _'_/ <y2 i LE3 + x2€xcos(:v))dx . y2eycos(y)dy7
c+C

where in the last step we reversed the orientation of the second integral, replacing C with —C (and
thereby canceling the —1 in front of the integral).

The simple closed curve C 4 C' is the boundary of the region D pictured. Its orientation does not
allow us to directly apply Green’s Theorem, but if we change the orientation of the curve we will have
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what we need. Indeed,
¢ <y2 . ZL'3 + 51326:0 cos(az))dz . y26y cos(y)dy
Cc+C
- _ %(C é)(yQ . 1'3 + xQGJJCOS(z))dx o y26ycos(y)dy
—(C+
— _% (y2 . 1'3 + xZGmcos(z))dx . y2eycos(y)dy
bD

- _ jf[(_yQchos(y)>x . (y2 . 3:3 + x2€xcos(x))y]dA<$’ y>
D

= —-J])—2ydA(x,y>

D
4 ry

= // 2ydxdy
0 J=vy

4

= / 2y2+2y%dy

0
256

15

To evaluate our ‘leftover’ line integral, let’s parameterize —C' (the line segment connecting (0,0) to
(4,4)) with (z,y) = (t,t), 0 <t < 4. We therefore have

4
/ (yQ . 133 + :)3261 cos(m))dm . y26y cos(y)dy _ / (t2 . t3 + 752etcos(t))dt . t2€tc0s(t)dt
-C 0

4
64 128
:/‘f—ﬂﬁ:n——64:———
0 3 3

In total,

256 128 128
/C(yQ . :L‘3 + xQGmcos(:c))dx . y26ycos(y)dy — 1_5 . ? _ _?.

Example 95 (Replacing a Path). For the vector field F= ﬁ;+ ﬁj (which is C! at every point

except for (0,0)), we compute 55 F' - d3, where C is the curve pictured below:
c
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This curve is rather wild, and we would therefore like to try to apply Green’s Theorem (to avoid
parametrizing such a monster!). However, because the vector field is not C! (or even defined!) at (0,0)
(which lies in the region enclosed by C'), we are not able to apply Green’s Theorem. However, if we
could apply Green’s Theorem, then the integrand of the double integral would be (except at (0,0))

2 2 2 2
= x —y y’ —w Yy —x
curl x, = <—> — <—> = — =0.
( y) x2 +y2 z .Z'Z +y2 Y <x2 +y2)2 ($2 +y2>2

Let’s pause and remind ourselves that the reason why we wanted to apply Green’s Theorem was
to avoid computing the line integral of F' around the curve C. One great corollary of the well-known
maxim

Ask and ye shall receive, seek and ye shall find.

is

If ye ask but do not receive, and seek but do not find, then ask for less and seek harder.

In other words, it may be that we can get by with a bit less here. After all, if C' is the unit circle
2?2 + y? = 1, then computing the integral of F along C is relatively straightforward (since C is ‘nice’,
and the terms 22 + y? in the vector field will just get replaced by 1 when we parametrize)!

Therefore, let’s think of D as being the region between C' and C-

We would like to apply Green’s Theorem to D, but we first have to decide on an the correct orientation
for C. From the picture, it is clear that we need to give C the clockwise orientation (so that D is ‘on
the left’).

Therefore, we will repeat our technique from the previous example to write
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ygﬁ.dg — ygﬁ-d5+§£ﬁ-d§—§lgﬁ~d§
c Jc C c

-~

=$op F.ds

= ff curl F(z, y) dA(z, y) — &lg F.ds
(o c
- IIOdA(x,y)—yﬂﬁ-dg
o o
= —¢ﬁ~d§
c

Since —C' is just the circle 22 4+ y* = 1 oriented in the counterclockwise direction, we know from

Example [88] that
y§ﬁd§:§1§ F-ds=2r.
c -C
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Lecture 25: Vector Surface Integrals

Learning Objectives:
e Describe a compatible orientation of a piecewise-smooth surface in R3.

e Motivate the notion of vector surface integral in terms of pullbacks of differential forms.

Interpret vector surface integrals in terms of flux.

Examine the effects of orientation on the value of a vector surface integral.

Compute a vector surface integral.

As we develop a notion of integration for vector fields over surfaces, let’s recall (and build on) some
definitions.

Oriented Smooth and Piecewise-Smooth Surfaces

Definition 33. An orientation of a smooth surface S C R? is a continuous (except at possibly
finitely many point) choice of unit normal vectors 77 on S.

If S is a smooth oriented surface, then we say a parametrization X (s,t) of S is orientation-
preserving if N; points in the same direction as 7 (except possibly at finitely many points on

S). If N¢ points in the opposite direction as 77, then we say that X is orientation-reversing.

The orientation of a smooth surface designates which direction is “up” from the surface.

Example 96. Note that the upper half S of the cone z? = 22 + 9? is technically a smooth surface,
despite having a ‘sharp point’ at (0,0,0). To see why, consider the parametrization

X((2* + )z, (2 + )y, (2 + )2, (z,y) € R
One can show that
—3x(2? + y?)3/?
%)

Ng(z,y) = | =3y(z®> +¢>)*2|, so |Ng(z,y)| =3v2(a*+y*)?#0
3(372 +y2)2

for every (z,y) € R? except (z,y) = (0,0).

Note also that since the k-component of the vector N (z,y) is positive, Ng(x,y) points “upwards”
at each point (at an angle, of course). If we had oriented S with “upward pointing” normal vectors, then
X would be an orientation-preserving parametrization. If we had oriented S with “downward-pointing”
normal vectors, then X would be an orientation-reversing parametrization.

We also have a notion of piecewise-smooth oriented surface. The definition is slightly more compli-

cated than that of piecewise-smooth curve, but we will simplify one key detail of the definition to make
it more manageable.

143



Definition 34. A surface S is piecewise-smooth if there are smooth oriented surfaces Sy, ..., .S}
such that

(i) S=S U---US

(ii) Any two of Sy, ..., Sk intersect only possibly on their geometric boundaries.

(iii) The surfaces S, ..., Sy are oriented compatibly: When S; N S; is a curve, near any p €
S; N'S; the normal vectors 7i; and 77; of S; and S; each point towards the “same side” of
S; U S;.

The orientation on S is taken on each S; to be the orientation on S; (but might be undefined
when the surfaces 51, ..., Sy intersect). The (geometric) boundary of S consists of the portions
of the boundaries of Sy, ..., S, that do not overlap.

Compo:l'ibl; oriented n Compati l>|7 orienteel

&?S,UE&

oy

Remark 49. Note that if S = S;U---UJS} is an oriented piecewise-smooth surface, then we can reverse
the orientation on S by reversing the orientation on each of Sy,...,S;. Using — to denote a surface

with its orientation reversed, this would mean that —S = (=S7) U--- U (—=Sk).

Vector Surface Integrals

Suppose that S C R? is a smooth oriented surface with unit normal vector 7, and that F is a continuous

vector field defined on an open set £ C R? containing S. In order to determine what should be the

‘natural’ definition for the “vector surface integral” of F over S , we again turn to differential forms.
Recall that we considered F' as equivalent to the 2-form w given by

F=Pi+Qj+Rk ~ w=Pdyndz+QdzNdx+ Rdx Ady.
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The “vector surface integral” of F over S should agree with the integral of w over S, which we define in
terms of an orientation-preserving parametrization

X:D— S, X(x(s,t),y(st),2(s 1))

(where D C R? is an elementary region) as ffw = ff X*w. (Note that this is ezactly what we did
S D

for integrals of 1-forms over oriented curves, but now for 2-forms over oriented surfaces.) Then, using a
computation you performed in Discussion 5, we have

wa défj X*w
S D

(P()Z(s, ) (ysze — 2550) + Q(X (5, 8))(zsas — w320) + R(X (5, 8)) (wsys — ysxt)> ds A dt

I
Gb mb Gb @b

(ﬁ(}?(s, 1) - Ng(s, t)) ds A dt

F(X(s,1)) - Ng(s, 1) dA(s,1)

Lo 1
= JJ FR.0) - (g Vel 0) 1Nz 0l dAs. 1)
(X (s.)

I
O}H
gl
7}
N
N

In other words, ﬂs w can be viewed as the scalar surface integral of F-ii over S , where 71 is the unit
normal vector that gives the orientation of S. Therefore we make the following definition.

Definition 35. Let F be a continuous vector field on an open set £ C R3, and suppose that S is
a smooth oriented surface in £ with unit normal vectors n. Then we define the vector surface

integral of F over S to be
([ F-aS [[ F-qias.
S S

IfS=5U---US} is a piecewise-smooth oriented surface, then we define

ﬂﬁdﬁdéfHﬁ-dﬁ+-~+ﬂﬁd§.
Sk

S S1

Remark 50. The notation -d.5 is an abbreviation of 77 dS.

Remark 51. The physical interpretation of a vector surface integral ﬂs F-dS is quite nice. Suppose
that F represents the flow of a fluid. At a point '€ S, F(p)-7(p) is a scalar that represents the “amount
of F in the direction of 77”. Indeed, to justify this note that

proj E(9) = (F(p) - 7i(p))id()

since 7i(p) is a unit vector.
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In other words, F(j) - 7i(j) represents a measurement of flux (or flow) of F through S at 7 (in the
direction given by the orientation of S). When we compute the scalar surface integral

ﬂﬁ-ﬁds,

S

we are computing the total (net) flux of F through S (in the direction given by the orientation of
S).

Remark 52. To summarize, for an oriented smooth surface S in R? and a smooth orientation-preserving
parametrization X : D — S of S, we have the following correspondence:

A - form Vedtae Freld R
w='i)d7a'l%+@Jeda’.x -I-Pa[sme(f . ‘E- - P:‘ P@) "'Qh
l'm’l@)"w\ lﬂ&ar Sur-ﬂge_ -,‘,‘-lre‘jml

%st — ng-¢§“§ S;ﬁ-# £S
AN 7

SS (R - Na(s8) S46¢)
D

Remark 53. Note that if S is an orientated smooth surface and F a continuous vector field on S , then
if X : D — S is an orientation-reversing parametrization we have 7i(X (s,t)) = —MN <(s,t) at
X b

each point, so that

H F(X(s,t)) - Ng(s,t) dA(s,t) = — ﬂ F(X(s,1)) - (~Ng(s,1)) dA(s, 1)

D

= — [J (FX(s.00) - (K (5,00)) [N (5. 8) [ dA(s, )



In other words, using an orientation-reversing parametrization of S will result in your final answer
being off by a factor of —1. Or, put another way, reversing the orientation of S multiplies the vector
line integral of F over S by a factor of —1 (just as for vector line integrals)! Or, put a third way, by
reversing the orientation of S we are reversing the direction in which we are measuring the flux of F
through S (and therefore we should end up with the same total net flux, but multiplied by —1).

Examples

Example 97. Let S be the portion of the plane 3z 4 2y + 22z = 6 in the first octant, oriented downward,
and let F' = 4xi 4+ x5 + xk. Without evaluating the integral, determine whether HS F - dS is positive,
negative, or 0.

We sketch the surface below:

Note that at each point on .S, x > 0, and therefore F points ‘up’ from the surface. Hence, F-ii<0
at each point (except on the edge where z = 0), and therefore ﬂs F-dS <.

Example 98. Compute [{ F - dS from the previous example.

Let’s use the following parametrization:

S 3 3
X(w,y) = (v,9.3-y—32), 0<w<2 0<y<3-3a
For this parametrization,
1 0
Xe(z,y)=10 and X,(z,y)= | 1 |, sothat N(z,y) =
3
_3 ~1
2

= oW

Note that since the z-coodinate of this vector is positive, this is actually the upward-pointing normal
vector to S, which means that we have actually parametrized —S instead of S! No worry; we will just
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switch the orientation of the surface S (at the cost of a —1 in front of the integral):

([ F-a3 = —|[[ F-aS
S -3
2 p3-3g
EARE
2 r3-3z
—// S8zdydx
0o Jo

2
= / —24x + 122°%dx
0

dydx

= oW

2
= —12x2+4x3‘

0
= -16.

Example 99. Let F = yi — xj + z23y%k, and let S be the portion of the cone z = /22 + y2 where
1 <z <2, oriented “inward/upward”. Compute jf(curlﬁ ) -dS.
S

Let’s parametrize the cone with
X(r,0) = (rcos(d),rsin(0),r), 1<r<2 0<6<2n

For this parametrization, we have

B cos(0) B —rsin(f) —rcos(f)
X, (r,0) = |sin(0) and Xg(r,0) = | rcos(d) |, sothat Ng(r,0) = |—rsin(f)
1 0 r

This normal vector points in the correct direction, so X is an orientation-preserving parametrization of
S and there is no need to correct.
After computing curlF' = 2za3yi — 3z2%y%j — 2k, we have

2r° cos? )sm( )

LJ(CUYIF) -dS = / / —3r° COS_2)s1n (6) - Ng(r,0)dodr
= / /27r 3r° cos?(6) sin®(0) — 2r° cos*(0) sin () — 2r> dOdr
_ /1 [ . <C083(9) B Cos5(9)> N 27"6 cos*(0)

5 5
2
= / —4nrdr = —67.
1

2T
dr
0
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Lecture 26: Stokes’ Theorem

Learning Objectives:

e Apply Stokes’ Theorem to relate vector surface integrals with vector line integrals.

Now that we have a notion of vector surface integral, the final two generalizations of the Fundamental
Theorem of Calculus that we will discuss are in reach. The first, Stokes’ Theorem, is essentially for
surfaces in R? what Green’s Theorem was for regions in R%. Because the (geometric) boundary of a
surface consists of curves, we expect Stokes” Theorem to relate vector surface integrals with vector line
integrals. In terms of differential forms, Stokes” Theorem should be

o= [ o

< os

where w = Pdz + Qdy + Rdz is a 1-form. But we’ve seen that if F=Pi+ Q]—I— RF is the vector field
associated with the 1-form w, then curlF' is the vector field associated with the 2-form

dw= (R, — Q.)dy Ndz+ (P, — R,) dz Ndx + (Q, — P,) dx A dy.

Therefore, in terms of vector fields, Stokes” Theorem should have the form
[ ewrlF-aS=¢ F-ds
(s s

Of course, it still isn’t obvious what should be the orientation of 9S5. As with Green’s Theorem, though,
the correct orientation of 05 falls out in the proof.

s '

Theorem 16 (Stokes’ Theorem). Let S C R? be an oriented piecewise-smooth surface such that
0S consists of a finite union of closed piecewise-smooth curves Ci, . .., Ci, where each Cj is oriented
so that, while traveling along C;, the surface S is “on the left” when viewed from “above” (where

“up” at each point is the direction specified by the orientation of ). If F=Pi+ Qf—i— Rk is a
C' vector field on an open set U C R? with S C U, then

chrlﬁ.d§=¢ ﬁ.dgzyg ﬁ-d§+---+§l§ F.dz
S oS Cq Cy

In terms of differential forms, this can be expressed as

ﬂ(Ry —Q.)dyAdz+ (P, — Ry)dz Adz + (Qn — P,) dz A dy = / Pdz + Qdy + Rdz.
e os

Sketch of Proof of Stokes” Theorem. The proof of Stokes” Theorem very similar to that of Green’s The-
orem, but is slightly easier because we can actually use Green’s Theorem to prove it.
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For the first step (and this involves some analysis), we break S into a finite number of smooth
surfaces such that each can be viewed as a graph of one variable as a function of the other two. (E.g. a
piece of S has the form (z, g(z, z), z) for (z,z) in some region of the xz-plane.) Each piece will require
a different representation, and we can even ensure that the boundary of each piece consists of a single
piecewise-smooth closed curve.

Next, we prove Stoke’s Theorem for each piece of surface constructed in the first step. You will
actually do prove this step on your homework! Ultimately, the proof of this involves parametrizing the
vector surface and vector line integrals, and noting that the results are related to each other via Green’s
Theorem.

The final step is to “piece the results back together”. The sum of the vector surface integrals of
curl F over the pieces of S will give Hs curlF-dS , and one can show (using a “splitting and cancellation”

argument of the type used in Green’s Theorem) that the sum of the vector line integrals of F over the
boundaries of the pieces of S will give ¢, F - ds. O

Remark 54. The physical interpretation of Stokes” Theorem is very similar to the physical interpreta-
tion of Green’s Theorem. That is, the integral on the right-hand-side of

Lfcurlﬁ-dgz ésﬁ-dé’

measures the circulation of F around S in the direction that 95 is oriented (i.e. so that S is “on the
left” when viewed from “above”, where “above” is the direction that the normal to S points).

On the other hand, curlF - 77 measures how much of curlF points in the direction of 7. Because
the magnitude of curl ' measures “twisting at a point” in the plane perpendicular to curlﬁ curlF - 7
measures the “twisting at a point” on S that is tangent to S. Therefore Stokes” Theorem is a way to
compare the total net twisting of F on S with the circulation of F' around 95.

Remark 55. Our intuition above for what curlF' means can actually be justified using Stokes’ Theorem.
Indeed, if F=Pi+ Q;—I— Rk is a C vector field on R3, and curlﬁ(xo, Yo, 20) 7 0, then let S, denote the
surface consisting of points (z,y, z) on the plane through (¢, yo, 20) that is normal to curl F (xo, Yo, 20),
such that (z — x9)? + (y — yo)*> + (2 — 20)> < r%. Orient S, so that the unit normal vectors 7 point in
the same direction as curl (%0, Yo, 20). Then one can show that

leurlF (o, o, 20)|| = lim W s

where the circle 3, is oriented so that, when viewed from “above” (i.e. from the direction of curl F(z, yo, 20)),
S, is “on the left”.

Remark 56. Here is an equivalent way to characterize the orientation of the C; required by Stokes’
Theorem.

If one picks a point p € S and draws the unit normal vector 77 to S at p, then one can think of a small
disc at the base of 7 (i.e. in §) rotating counterclockwise when viewed from the positive 77 direction.

Lo - ST Y
Aoy
AN ¢ >
., & 37
o
A ‘)
/

b N/ o
X
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This little spinning disc will determine the orientation of each piece of 0S; we merely choose a point p’
near the boundary, and give that piece of boundary the orientation that it receives from the spinning
disc, as shown in the above picture.

Remark 57. The orientation of 9S that described in the statement of Stokes’ Theorem is sometimes
referred to as the orientation of S that is induced by the orientation of S.

Example 100. For each of the following two surfaces S, describe the orientation of each piece of 9S
which is compatible with the orientation of S.

3

)

%»O

®
—

In the first picture, the cylinder with outward-pointing normal vector, the boundary is composed of
two circles. In order to be oriented compatibly with S, the top circle must be oriented clockwise (when
viewed from above). The bottom circle, however, must be oriented counterclockwise (when viewed from
above).

In the second picture, the portion of the sphere with inward-pointing normal vector, we see that
the boundary circle must be parametrized clockwise (when viewed from above) in order to have the
orientation compatible with that of S.

Example 101. Let F' = yi — 2j + z2%y?k, and let S be the portion of the cone z = /2% + 42 where
1 <z <2, oriented “inward/upward”. Compute Jf(curlﬁ ) dS using Stokes’” Theorem.
S

(Note that we’ve already solved this problem directly without Stokes’ Theorem, and while doable
the problem became quite messy near the end.) The boundary of this surface consists of the circles Cy:
2> +y* =4, z=2and C;: 22 +y?> =1, z = 1. Since the cone has upward-pointing normal vector, we
see that we should orient Cy counterclockwise and orient C) clockwise (both when viewed from above
on the positive z-axis).

151



We parametrize Cy with
T5(0) = (2cos(0),2sin(0),2), 0 <0 < 2«

and parametrize —C; with
m(0) = (cos(f),sin(),1), 0 <0 < 2,

and apply Stokes” Theorem to get
[[ulf) a5 = ¢ F-as
f: s
= yﬁ ﬁ~d§+§l§ F.ds
CQ Cl

:yﬁpdg d5
Co C1

or | 2sin(d -2 sm or | sin(6) —sin(#)
= / —2cos(# 2cos(f) | df — / —cos(f) | - | cos(9) | do
0 Whatever 0 | whatever 0

:/ —4d0—|— 1d0
0

= —06m.

Much easier!
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Lecture 27: More Stokes’ Theorem

Learning Objectives:
e Apply Stokes’ Theorem to relate vector surface integrals with vector line integrals.

e Investigate deeper application of Stokes” Theorem, such as replacing one surface integral with
another or seeing what happens in the case of closed surfaces.

We start with an example that we started, but did not complete, last time.

Example 102. Let F = yi — 2] + 2232k, and let S be the portion of the cone z = /2% + y? where
1 <z <2, oriented “inward/upward”. Compute jf(curlﬁ ) - dS using Stokes’” Theorem.
S

(Note that we’ve already solved this problem directly without Stokes’ Theorem, and while doable
the problem became quite messy near the end.) The boundary of this surface consists of the circles Cy:
22 +1y? =4, z=2and C;: 22 +y* =1, 2 = 1. Since the cone has upward-pointing normal vector, we
see that we should orient Cy counterclockwise and orient C; clockwise (both when viewed from above
on the positive z-axis).

We parametrize Cy with
m5(0) = (2cos(0),2sin(d),2), 0 <6 <27
and parametrize —C with
m(0) = (cos(f),sin(),1), 0 <0 < 2,
and apply Stokes’” Theorem to get

jf(curlﬁ)dg = 55

as
= 55 ﬁ-d§—9§ F-ds
Cz *Cl
or | 2sin(6) —2sin(0) or | sin(6) — sin(0)
= / —2cos(f)| - | 2cos(0) dQ—/ —cos(f) | - | cos(8) | do
0 | whatever 0 0 | whatever 0
2m 2m
= / —4d9—i—/ 1d6
0 0
= —6m.
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Much easier!

Example 103. Let T be the triangle in R? with vertices (2,0,0), (0,3,0), (0,0, 3), oriented clockwise
when viewed from above. Compute ¢, F' - ds, where F'(z,y,z) = (4yz,2 + y®e?, 4z sin(z)).

We sketch T below. As we see, T'is the boundary of the portion S of the plane 3z + 2y + 2z = 6 in
the first octant from Example [97]

We would like to apply Stokes” Theorem to the line integral in order to get ffs(curlﬁ ) - dS. Before we
can do this, though, we need to first figure out what will be the appropriate orientation for S, given
the orientation of bS. By inspecting the orientation of 7', we see that S must be given the downward
orientation. Using the parametrization from last time,

>
8
s
|
=
5
w
|
<
|
|
=
o
A
8
A
no
)
A
<
A
w
|
I
8
=
S
B
S
I
— =W

(which is orientation-reversing since its positive E—component implies that it points upward, which is
the opposite of what we want) we have

§1§ﬁ ds = yﬁ F.ds
T
= ff curlF JI curlF

=S
37756 3
= / / curlF x Y, 3=y — 53;) - Ng(z,y)dydz

3—71 0 %
= / / dy — 43—y — %x) cos(z)| - | 1| dydx
—4(3 y—57) 1

2 r3-3x 3 3
—4y + 4(3 —y — 51‘) cos(x) + 4(3 —y— 51‘) dydx

3—7:(;
/ / —8y + 12 cos(x) — 4y cos(x) — 6x cos(z) + 12 — 6zdydx
= 18 — 9sin(2).

Example 104. Let’s compute [f,(curlF) - dS, where S is the unit sphere 22 + y® + 22 = 1 (with the
outward orientation) and F = cos(e™?)i + sin(zyz + ?)j + (22 + 1)k,
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We would like to apply Stokes” Theorem here, but something seems a little fishy: the sphere S has
no (geometric) boundary! Something very interesting will happen here, but for now let’s just split the
sphere into two pieces: the upper hemisphere S; and the lower hemisphere Ss.

The boundary of each is the unit circle 22 +9? = 1 in the zy-plane. However, the orientation of the circle
which is compatible with the orientation of S; (counterclockwise when viewed from above) is different
than that which is compatible with the orientation of Sy (counterclockwise when viewed from below).

Therefore, if C' is the circle 22 +y? = 1, z = 0 oriented counterclockwise when viewed from above,
we have

ff(curlﬁ) .dS = ff(curlﬁ) dS + Jf(curlﬁ) .dS
S S1 So
= &lg F. d§+§1§ F.ds
c —Cc
= 0.

Unlike many of the integrals where we get 0, there is no ‘symmetry’ going on in the previous example.
The important thing here was that S is a closed surface, meaning that the geometric boundary of S is
empty. That is, S = (). By abstracting the argument used in the previous example one can show that

Theorem 17. If S C R? is an oriented, closed, piecewise-smooth surface and if F is a C' vector
field defined on an open set U C R? containing S, then

H(curlﬁ) -dS =0.

Remark 58. Note how closely related this is to the theorem about conservative vector fields, which
said that [ o V[-ds=0aslong as C is a closed curve. Indeed, this is just the ‘2-dimensional version’
of the conservative vector field result!

After learning Gauss’s theorem, we will discuss this theorem again (with a new interpretation). For
now, let’s see an application.

Example 105. Let S be the (outward oriented) surface formed by the portion of the cylinder x? +y* =
1, |z| <1, together with the upper half of the sphere 2% + 3? + (2 — 1)2 = 1. Compute ff(curlﬁ) -dS,
S

where F = (23 — 13)es27 4+ (23 + sin(22 — 1)) + e’z cos(x% + y2)k.

We sketch the surface S below:
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The boundary of S is the circle 2 +y? = 1, z = —1. Let C be this circle, oriented in the counterclockwise
direction when viewed from above. We will illustrate two different (but very similar) ways to use Stokes’
theorem to replace the surface S with a different surface that has the same boundary.

To do this, let S denote the disc 22 + y2 < 1 in the plane z = —1, oriented upward. Then C' is
also the boundary of S, and the orientations of C' and S are compatible. Hence, by applying Stokes’

Theorem twice,
Lf(curlﬁ) -dS = ?gcﬁ -ds = jj(curlﬁ) .dS

Alternatively, we could ‘cap off” the surface S with -S (i.e. the surface S but with the opposite
orientation as S. That is, SU(—S) is a closed, oriented (outward) piecewise-smooth surface. Therefore,
by the previous theorem,

jf(curlﬁ ) - dS = jj curlF -dS + Jf curlF .dS + JT CurlF
s

S
= 0+jf curlF dS = jj curlF -dS.

At any rate, we need only compute jf(curlﬁ ) - dS. To do this, we use the parametrization

X(r,0) = (rcos(d),rsin(),—1), 0<r <1, 0< 6 < 2m.

For this parametrization, we have N (r,0) = rk (which agrees with the orientation of S), so that

ff(curlﬁ) dS = ff(curlﬁ) -dS

S

Garbage .
= j More Garbage | - dS
[ Sx 4 3y2 sin(7z)

Garbage .
= // More Garbage - (rk)dfdr

27
= / / 3r3dfdr
o Jo
R

7 .

The first method illustrated in the above example can be generalized as follows.
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Theorem 18. If S}, S; C R? are oriented, piecewise-smooth surfaces with common boundary C,
where the orientation of C' is (simultaneously) the orientation induced by the orientations both
Sl and SQ, then

jj(curlﬁ) -dS = fj(cuﬂﬁ) -dS
S1 Sa

for any C! vector field F defined on (an open set containing) both S; and Ss.

Both of these theorems can be quite useful! Be on the lookout for applications of them (i.e. whenever
you have to integrate over some nasty surface).
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Lecture 28: Gauss’s Theorem

Learning Objectives:
e Apply Gauss’s Theorem to relate vector surface integrals with vector line integrals.

e Investigate deeper applications of Gauss’s Theorem, such as replacing one surface integral with
another.

We now discuss our very last result in the course, which is also a generalization of the Fundamental
Theorem of Calculus. Our final result will be for a region E C R3 such that OF consists of closed
piecewise-smooth surfaces, and will have the form

JJJ de =[]
E OF
where w = Pdy A dz + Q dz Adx + Rdx A dy is a C! 2-form. But we have seen that

dw = (P, + Q, + R.)dz Ndy N dz.

In other words, if F=Pi+ QJ + Rk is the C! vector field corresponding to w, then the function divF
corresponds to dw. Our theorem, due to Gauss, is stated below.

7

N

Theorem 19 (Gauss’s Theorem). Let £ C R? be a region whose boundary dF consists of a
finite union of closed piecewise-smooth surfaces Si, ..., Sk, where each S; is oriented with normal

vectors that point “out of” E. If F=Pi+ Qj + RK is a C* vector field on an open set U C R3
with £ C U, then

ﬂ divEdV (z,y, ) @F dsdef@F ds + - +@ﬁ-d§.
Sk

In terms of differential forms this can be expressed as

ﬂf (P, +Qy+R)d:cAdyAdz—j PdyAdz+Qdz Ads + Rdx A dy.
OF

Here, f denotes that the integral is over a (collection of) closed surface(s), and has no additional
meaning.

Remark 59. One important thing to note is that the orientation ‘outward’ is determined relative to
the region E. For example, if E is the region in R? defined by 1 < 2%+ y? + 22 < 4, then OF consists of
two spheres, S; @ 22+ 9y?+ 22 =1and Sy : 22 +y?+ 22 = 4. If we wanted to apply Gauss’s Theorem to
a triple integral over E, then we would need to orient each of these spheres so that their normal vectors
point away from E. That is, Sy is given the normal vector that points away from (0,0,0), but S; must
be given the normal vector that points towards (0,0,0).

As always, if the orientation of S is incorrect (i.e. if the normal vector points into the region E),
or if we accidentally produce an orientation-reversing parametrization of S, then we can change the
orientation at the cost of a minus sign. We’ll see an example of this shortly.
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Remark 60. The physical intuition for Gauss’s Theorem is as follows. If F describes the flow of some
fluid in R?, then the integral over F measures the net amount of fluid flowing outward through the
boundary of £ (with negative values representing flow into E). On the other hand, divF (p) measures
the amount of expansion (or contraction, if negative) of the fluid at p, so the triple integral over E
measures the net amount of expansion (and contraction, which contributes negatively to the value of
the integral) of the fluid inside of E. In other words, Gauss’s theorem relates the net expansion of the
fluid within E to the amount of fluid that flows outward through OF. For this reason, Gauss’s Theorem
is also called the Divergence Theorem.

Remark 61. Just as Green’s and Stokes’ Theorems allowed us to justify our understanding of the
physical meaning of curl, Gauss’s Theorem justifies our understanding of divergence as a measure of
expansion or contraction of a fluid. Indeed, if F is a O vector field on R3, then divF (%) is a continuous
function on R?, and therefore by Exercise 4 in Homework 4 we have, for each 7y € R® we have

divF (7o) = Tlir(r)lJr Volg fff leF ) dV3(Z) = Tli%lJr V013 ff

BT 1‘0 aBr (1'0

by Gauss’s Theorem, where the sphere 0B,.(Zy) is oriented with “outward-pointing” normals.

Therefore we have that divF(Z,) is a measurement of “net infinitesimal flux” out of a sphere centered
at . When divF (Zo) > 0 then more fluid is flowing out of this sphere than into it, so it must be that
the fluid described by F is “expanding” at Zy. If divF (Zo) < 0, then this fluid must be “contracting”
at .

Example 106. Let S be the piecewise-smooth oriented surface consisting of the portion of the paraboloid
r = y? + 2% between the yz-plane and the plane z = 3, with ‘inward pointing’ orientation, together
with the portion of the plane x = 3 with orientation —i (i.e. orientation pointing towards the yz-plane).
Compute ﬂ"s F -dS, where F = (2222 + 22, 3wz, 2292).

We sketch the surface S below:

Note that S is the boundary of the region E bounded between the paraboloid = 3? + 2z? and the plane
x = 3. We would therefore like to apply Gauss’s Theorem. However, the orientation of S points towards
E, not away from it! The fix is easy: we can replace S with —S (i.e. S with the opposite orientation)
at the expense of a negative sign. Therefore, we apply Gauss’s Theorem to get

[ F-dS =~ [[F-aS=—{pF-as =~ [[[ divFav = - [[{(32* + 24> + 2:7)aV (x,y, 7).
S -S OF E E

To evaluate this last integral, we’ll use an adaptation of cylindrical coordinates:

(z,y,2) = (x,7cos(f),rsin(d)), 0 <r <3, 0<0<2r, 2 <z<3.
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The Jacobian of this change of variables is

(z,y,2) 1 0 0
‘ﬁ’ = |det |0 cos(f) —rsin(d)||=r,
(2,7, 0) 0 sin(f) rcos(f)

so that

jj F.-dS = — fff@x? + 2y + 222)dV (2,9, 2)

s E
2 V3 3

= —/ / /(3x2+2r2)rda:drd9
0 0 r?

27 \/3
= —/pu/ (=" = 2r° + 6r° + 27r)drdf
0 0

:_/%QEL@+§+§ﬁ9
0

8 2 2
2797

4

Example 107. Let S be the boundary of the box [0, 1] x [0,1] x [0, 1], except for the face on the
zz-plane, and give S the ‘outward’ orientation (i.e. ‘away from (3,3,3)’). Compute [[; F - dS, where
F = (2zy, 2222, 32 4+ xsin(y)).

A

N

nit
[

Because S is not closed, we cannot directly apply Gauss’s Theorem. However, the prospect of computing
five different surface integrals seems particularly tedius (even though they are not really that bad)! We
will therefore reintroduce our trick of ‘closing off” the surface S so that we can apply Gauss’s Theorem.

To this end, let S be the square (2,0,2), 0 <2 <1, 0<z<1, oriented so that its normal vector
is —7.
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Then S U S is a closed surface, and is the boundary of the unit cube E = [0,1] x [0,1] x [0,1] with
outward pointing normal vector. We can therefore apply Gauss’s theorem to this closed surface. That

is, we have
[| F-dS = Hﬁ-d§+ﬂﬁ.d§—ﬂﬁ-d§
S S S B S

@S F s
= Hj divFdV — HF ds.

We evaluate the triple integral using our old friend Fubini:

fﬂd”FdV Hfzy+0+3dvx% /// 2y+3d:rdzdy—/(2y+3)d = 4.

For the integral over S, we use the fact that 7 = —;’ to write

jjﬁ -dS = jjﬁ (—7)dS = jj —2?2%dS = /1 /1 —2?2dadz = — =
s g g 0 Jo

In summary,
. 137
F-dS=4+—-=—.
Lf 97

Example 108. Let S be the (outward-oriented) surface formed by the portion of the cylinder 22 +y* = 1
below the plane z = 1 and above the plane z = x — 1, together with the bottom ‘shorn disc’ 22 + 3% <
1, z=2—1. Let G = (2y,2,142* — zy) and F = (0,2%¢"* — 223, 2 4 2y?). Compute

(curlG + F) - dS.
]

2 N
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Since divF # 0, we cannot hope to write F = curlF for some vector field F (and thereby apply Stokes’
Theorem to the entire integral). However, we can split the integral into two pieces

jf(curlé + ﬁ) .dS = jj(curlé) dS + jj F.dS,
s s s

and deal with each piece separately.

For the first piece, let’s apply Stokes” Theorem. The boundary of S is the circle 22 + y? = 1 in the
plane z = 1. Let C be this circle, oriented clockwise when viewed from above. Then the orientation of
C'is compatible with that of S, so by parametrizing C' with (x,y, z) = (cos(t), —sin(¢),1), 0 <t < 27,

we have
jj(curlé)dg = &lgG ds
S

—2sin(t) — sin(t)
= / cos(t) - | —cos(t)| dt
14(1)? + sin(t) cos(t) 0
= / 2sin®(t) — cos(t)dt
IR
0o 2 2

For the second piece we’d like to apply Gauss’s Theorem. However, because .S is not closed, we need
to ‘cap it off” by adding in the missing piece. Let S be the portion of the plane z = 1 which is inside of
the cylinder 22 + 42 = 1. In order for the orientation of S to be consistent with that of S, we must give
S the upward-pointing orientation. Therefore, if E is the region of R?* bounded by S and S, then the
boundary S U S of E is oriented outward, allowing us to apply Gauss’s Theorem. That is,

L Foa§ = ([ F-d$- HF ds

Sus

= Hf divFdV — HF s

— ff —2xy2dV(x,y,z —f F.dS.
w S
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To evaluate the triple integral, we use cylindrical coordinates with z as the (inner)-variable:
1 pon pl
fj —2xy2dV (x,y,2) = / / / —2r* cos(0) sin®(6)dzdOdr
W 0 J0 rcos(6)—1
1 27
= / / (—47r* cos(0) sin®(6) + 2r° cos®(0) sin?(0))dOdr

s

1 271'
= / / —4r* cos(0) sin?(0) + 17’5 - ir‘r’ cos(40))dodr
0

0 4

1
—4r* cos(f) sin?(0) + 57‘5 sin?(20))dfdr

27

! 1 1
/0 [ 37"4SHI —1—47“59—%7“ sin(40)| dr

0
1
T
/ —rodr
0

o
12°

—

For the surface integral, we use the fact that 7 = k at each point of S to first write
jj F.dS = jf(x + 2%y?)dS = ff z*y?dS,
S S S

where we used the fact that 2 is an odd function in z and S is symmetric with respect to the yz-plane.
To compute this last integral, we just use polar coordinates in the plane:

Jfa:2y2d3 = / /r sin?(6) cos*(0)drdo
S

= —/ sin?(0) cos®(0)d6
6 /o

1 27

— 1 — cos(460)db

<o

48
pu— ﬂ'
Putting all of these together,
5B = T T 251
fsf(curlGJrF) -dS:7r+E_ﬁ =5
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