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This is the recitation note I've prepared for MATH 4900 - Multivariable Calculus in
University of Missouri — Columbia, Spring 2023, taught by Professor Carlo Morpurgo.

1 JANUARY 17

In this first class, we will introduce some notations and basic objects in multivariable
calculus. The main objects we will consider throughout this semester are

e n-dimensional Euclidean space R™, and

e Real-valued functions defined on subset of R™.
Notations The Euclidean space R™ (usually n > 1) consists of

R" ={x = (a1, - ,z,) | z; € R}

where the element @ = (x1,--- ,z,) is called a vector or a point in R” and x; € R
is called the i-th coordinate of . We can also write

n
r = E Ti€;
i=1

where {e1, - ,e,} is called the standard orthogonal basis for R™ and
ei=(0,--+,1,---,0)

with a single 1 on the ith coordinate. In particular, elements in R are referred to as
scalars.

Analogous to R, there are also algebraic operations on R™. The first thing we can
do is to extend addition on R to R™ componentwisely: suppose € = (1, -+ , &),y =
(yh’ te 5yn) € Rna

Tty = (1'1 + Y1, 7xn+yn) € R"™.



We call 0 = (0,---,0) € R™ the zero vector in R™.
For multiplication, first notice that we can define the scalar multiplication. For
a€Rand ¢ = (1, - ,2,) € R", define

ar = (axi, - ,azx,) € R"

which works like stretching or contracting a vector by the factor of a € R.
With this in mind, it is natural to define the notion of lines and line segments.
e Line passing through 0 with direction b € R\ 0 is the set {tb |t € R};
e Line passing though a with direction b € R\ 0 is the set {a +tb |t € R};
e Line segment from a to b is L(a,b) = {a + t(b—a) | t € [0,1]} with starting
point a corresponding to the value of parameter ¢ = 0 and end point b associated
to the value of parameter ¢t = 1.
Different from R, there are infinitely many ways to link from a point a to another
b other than the line segment L(a,b). Take n continuous functions z; : [0,1] — R.
A path T" in R™ is defined by

I={(@1(t),- zn(?)) [ £ € [0,1]}

parametrized by t € [0, 1].
Moreover, using the scalar multiplication, we can also defined the parallelogram.
The parallelogram spanned by a,b € R™ is defined by

P(a,b) ={Aa+pb| A pel01]}.

We can also define the inner/dot product of two vectors in R™. Use the above
notation, define

n
w-y=x1y1+---+xnyn:inyieR.
i=1

It is actually a function R™ x R™ — R given by («,y) — x - y which associates each
pair of vectors a real number. The inner product satisfies the following properties:

o (Positivity) @ - & > 0 with equation holds if and only if = 0;

o (Symmetry) -y =y - ;

e (Bilinearity) (ax +By) -z = ax-z+ By z. Note that this is only the bilinearity
on the first component, but by symmetry we get the bilinearity on the second
component.

In particular, we have 0-x =0, a(z-y) = (ax) -y and (x+y) - z2=x-z2+y- 2.

Remark 1.1. You may want to ask if there is a reasonable division on R™ or in
other words it is possible to define the reciprocal of a nonzero vector. In general the
answer is no. But for special n, for example n = 2 we get R? = C we can define
division. Other examples with well-defined division like n = 4 which is the quaternion
H (loses commutativity for multiplication) and n = 8 called octonion (loses both
commutativity and associativity for multiplication). This is due to Frobenius.



Just as absolute value gives a way to measure the distance to the origin, there
are multiple ways to define norm on R™. First of all, we have the nonnegative inner

product
wx:Zx$:Z|x7|2

which gives the definition of Euclidean norm of a vector x in R":

n 1/2
lel| = (Zﬁ) - Ve a,
=1

It is also called I2-norm. For p > 1 there are more general norms, called IP-norm:

n 1/p
]|, = (ZI%I”) -

i=1

For example, the {'-norm means

n
el = Jail
i=1

and the sup norm or [°°-norm means

loloc = max {Jo]}

Any function || - || : R™ — R> satisfying the following properties is called a norm
on R™:

e ||x|| > 0 with equality holds if and only if = 0;

e ||Ax|| = |A|||z]| for any scalar A € R;

o (Triangle inequality) ||z + y|| < ||z|| + ||y]|.

One can check that the {P-norm (p > 1) defined above are indeed norms, meaning
that they all satisfy the above three conditions. In particular, the trick for proving
the triangle inequality for the Euclidean norm is the Cauchy-Schwartz inequality
which we will prove on Thursday.

Cauchy-Schwartz inequality For any z,y € R”, with || - || the Euclidean norm
on R" we have

|z -yl < [l[]||yll

with equality holds if and only if x = 0 or y = 0 or £ = Ay for some A € R. We
provide two different proofs for this result.

Proof. The key point is

lla +b|]>=(a+0b) (a+b)=|lal]|>+2a-b+|b|>



Thus for any ,y € R", and t € R
0< lz—tyl]” =|lz|* — 2tz -y + | |y||*.

The inequality holds obviously if y = 0. Now we assume y # 0. Then the RHS of
the above inequality is a quadratic form in terms of ¢ with positive leading coefficient.
Thus we denote

o(t) = |lyl*t* — 2tz -y + [|=]|*.

Since ¢(t) > 0 it implies the discriminant
A= (22 y)? —4llylPllz]]> <0

and thus |z - y| < ||z||||y||- In particular, if |z - y| = ||z||||y|| meaning A = 0 thus
the quadratic form ¢(t) admits a double root t* = ﬁ Therefore ||z — t*y||*> = 0
if and only if @ = t*y. Conversely if & = ty then |z - y| = ||z||||y|| as desired. O

Here is an alternate proof:
Proof. The inequality is invariant under dilation and in particular, for nonzero
x,y € R™ to prove the inequality is equivalent to showing

‘w . y’ <1
]l [yl

where Hﬁ—ll =1 is a unit vector. Thus we can reduce to show the inequality for unit
vectors «,y € R™. It is clear that

0< le—yl? =zl -2z - y+ |yl =201 -z -y)

which implies z - y < 1. Likewise if we consider ||z + y||?> > 0 we get ¢ -y > —1.
Therefore |z - y| < 1. O

Now the triangle inequality can be easily proved.
Proof. In order to show ||z + y|| < [|z|| + |[y|| we will prove
|z +yl* < (]| + lly])*.
Then
llz +yll* = ll2l* + 22 -y + [lyl* <[] + [ly|* + 2[lz[[[ly]| = (||| + [ly])?
shows the triangle inequality of Euclidean norm. O

In general the triangle inequality for [P-norm is essentially the Minkowski inequal-
ity.



2 JANUARY 18

Before talking about norms, let’s first take a look at inner products on R™ since the
most commonly used Euclidean norm does come from the inner product we defined
above. We have defined the inner product of two vectors before. In general, an inner

product is a function
():R"xR" >R

satisfying positivity, symmetry and bilinearity.
Let’s look at some examples on the real plane R?. Let x = (z1,22) and y =
(Y1, Y2):

Example 2.1. e Consider (z,y) = 22191 + 322y2. One can check this forms an
inner product on R2.
e Consider (x,y) = 221 + 3y2. This is not an inner product because

<(1?0)7 (270)> =2#4= <(2a0)7 (1’0)>'

e Consider (x,y) = z1y2 + 22y1. This is not an inner product on R? because if
we take € = y = (1,0), we have

(x,x) =0
but « is not the zero vector 0 in R2.

Remark 2.2. Every inner product induces a norm on R™. But note that not every
norm comes from some inner product and there are inner products that do not come
from norms. A norm is induced by an inner product if and only if it satisfies the
parallelogram law: [|@ + y||* + ||z — y[|* = 2(][[|* +[|y]|*).

Indeed one can check that the norm induced by some inner product does satisfy
the parallelogram law:

=2(z,z) +2(y,y)
= 2(||[|* + [lyl|*) = RHS.

Now let’s focus on [P-norms first for 1 < p < co. Recall that for a vector & € R"”
the {P-norm of @ = (1, - ,z,) is defined by

n 1/p
||y = <Z |in”>
i=1

with the sup norm or [**-norm given by

loloc = ma {Jo]}



These are related by the following where we will only prove the case for R% and you
will see the proof for the general case soon.

Proposition 2.3. For any « = (z1,22) € R?,
1im 2], = ol

Proof. Without loss of generality we may assume |z1| > |x2|. Then

1 AN
lell, = (121" + [z2I?) /p=|ml(1+ ) = la. =
N
A norm || - || on R™ defines a metric d (or distance) on R™ by setting d(x,y) =

|| — y||. This is not only for R™ but works for all k-vector space where (k,|-|) is a
valued field, i.e., a field with valuation. Once a metric is defined we get open subsets
and closed sets of R™ with respect to the norm || -||. Though different norms provide
different metric but they may determine the “same” open sets of R™ thus the same
topology on R™.

Therefore it is essential to figure out the underlying relation among all the norms
we have, in terms of whether they define the same topology on R™ (although we
didn’t get to that far but we will cover some necessary topology facts later).

Definition 2.4. Consider the space R™. Two norms |[[-|[(1) and ||-[|(2) are equivalent
if there are positive constants A, B € R such that for any & € R",

Allzl|2) < [lzl|1) < Bllz||2)-

The following proposition shows that all the [P-norms on R™ are equivalent, and
thus they induce the same topology on R™.

Proposition 2.5. For any x € R",
(1) ||zl|oo < [l2llp < ¥/nll@||oo-
(2) |lzl] < |||l < v/nflz||.

(8) In general, for any p,q with 1 < p < g < oo, we have

l2llg < []lp < n"[[[],

where
5 ifp<q=o0,
=J¢1_1
r=9p "¢ ¥pr<g<oo,
0 if p=q = o0.

Proof. Part (1) can be proved by the following easy inequality

max{|zi[} < {/JarfP + -+ [zn]? < ¢/nmax{lzi[}r.



For (2), first notice that

n n n 1/2 n 1/2
||w||1=2|mi|=2xi|~1s(ZW) (Zl?) < Vil

i=1 =1 i=1 i=1

For ||z|| < ||z||1, it is easy to see that

n 2 n
|} = (ZI%I) >3 fail® = (e,
=1

i=1

To prove the general case for 1 < p < ¢ < o0, it remains to show the case for
1 < p < q < oo. To prove the first inequality, note that we can reduce to the case
[|z||, = 1. Then |z;| < 1 implies that |x;|? < |z;|P since p < ¢. The second inequality
is just the power mean inequality: for p < ¢ < oo

<|x1|p+...+ xn|p>1/P - (|x1|q+..._|_ |xn|q>1/q

n - n

which can be shown by consider the concave function f(z) = 2P/? and apply the
Jensen’s inequality. More precisely, we get from Jensen’s that

n

(|x1|q b |xn|q)1’/‘1 N 21|75 + -+ |2, |95
n

which is exactly the inequality we want. O

The fact is that all norms on a finite-dimensional vector space over R (actually
over a complete valued field) are equivalent. In particular, all norms on R™ define
the same topology on R™.

3 JANUARY 19

This is the note after the lecture delivered on January 17.
A quick note: if - y = 0 then we have the Pythagorean Theorem:

[l +yll* = [|=[]* + [ly]*

If x -y = 0 we say x,y are orthogonal or perpendicular; if = ty for some scalar
t € R we say ¢,y are parallel. We call {e;} a set of orthogonal unit vectors (forms a
orthonormal system). Moreover we define the angle between ,y # 0 as 0 € [0, 7]
such that 2y

cosf) = ———.
[|e[[[[y]|



In addition, we define the hyperplane through a point a perpendicular to a vector
b to be
My(a) ={x € R" | (x —a)-b=0}.

Therefore given b # 0 the equation @ - b = X for some A € R define a set of points x
in a hyperplane perpendicular to b. For instance if by # 0 then

61'b

b A=a-b

where a = ey /b;.
Next let’s talk about linear transformations.

Definition 3.1. A linear transformation is a function A : R™ — R™ such that for
any ,y € R" and A € R,

(1) Al +y) = Alx) + A(y);

(2) A(Ax) = MA(x).

We will use Az as A(x) and write L(R™,R™) as the set of all linear transformation
from R™ to R™.

Linear transformation can be identified with matrices A € R™*" (we will use
this notation R™*" for the set of all real n x m matrices),

ai; - A1n
A:

am1 Amn

For any linear transformation A € L(R™,R™) there is a unique matrix A € R™*"
such that
ai; - A | |71
Ax =

Am1 e Amn T

under this interpretation x is represented by column vector as the RHS as above.
Moreover, if we write A = [a1]-- - |a,] as column vectors, then ar = Aey. We

denote by AT the transpose of A and with this notation = -y = 7y = [x]T [y].
For linear transformations, we can also define norms on them.

Definition 3.2. For A € L(R™,R™) or equivalently, A € R™*™  the Frobenius norm

of Ais
1/2

1Al = | DD lagul?

j=1k=1

This is a norm in the space of matrices R™*",



Proposition 3.3. If A € L(R",R™) then
|[Az[| < [|All2][|]

for any x € R™.

Proof. Let @ = > _, zxey, we have

|Az|| = || arder]| < Y laxll|Aer]
k k

n /2 , . 2
(Z xk|2> <Z|A6k|>
k=1 k=1
1/2

() (S5mr) .

k=1 k=1j=1

IN

Here is an example:
Example 3.4. Consider A : R? — R given by A(z1,22) = 371 + 2. Then A = [3,1]
with ||A]|2 = v/10. And

1321 + 22| < 3|z1| + |22] < V32 + 14\/2? + 23

with equality holds for some @, for instance 1 = 3,22 = 1.

Thus we can ask: if A € L(R™,R™) then there is a constant C such that
[|Az|| < C||x|| for any & € R", what is the smallest C'? This leads to the following
definition:

Definition 3.5. The operator norm of A € L(R™,R™) is

A
14]| = sup 142l
S T

(it is bounded since ||A||2 is an upper bound) the smallest C' such that ||Az|| < C||z||
holds and [|Az| < ||]||2]|

< 0

Note that we always have ||A|| < ||A4||2 but in general ||A]| < ||A]]|2.

Proposition 3.6. If A € L(R™,R™) then

IAll = sup [[Az|| = sup ||Az]].
el <1 l]|=1

10



Proof. The key point is that

Az :H 1

xr
]| = o]
fall ~ ||Tal ol

Since ||ﬁ|\ =1

{[Azl/[|=|| | = # 0} = {[|Az"[| | [|="[| = 1} < {[[Az[| | [|=[| <1}.

It implies
" Ax
Al = sup |lAz*l| < sup [|Axl| < sup LAZ < g
oo™ || =1 ol |<1 i<t ]l
O
We will see some examples of when ||A|| = ||A||2 and ||A]| < || 4|2 in tomorrow’s
recitation.

4 JANUARY 20

Starting with the Euclidean norm on R", we can define the metric d : R™ x R™ — R
by d(x,y) = || —y||. It admits a nice geometric interpretation: d(z,y) is the length
of the line segment from x to y. Therefore we could define the so-called Euclidean
ball centered at @ € R with radius R € R to be

Bgr(a) :={x e R" |||z — a|| < R}.
And in general, we can define the p-balls as follows:

Definition 4.1. We define the (open) p-ball of R™ centered at a € R™ with radius
R by
BY(a) = {x eR" |||z - al|, < R}.

A quick exercise: Draw the corresponding p-balls for various 1 < p < oco. For
example what does a unit p-ball look like when p = 1,2, 00?7 How do we relate them
to their equivalence inequalities?

It is actually quite clear if we draw these balls with respect to different [P-norms
on R?:

11
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Now consider the space of linear operators L(R™,R"™). A linear operator A :
R™ — R™ is a function satisfying

o Al +y) = A(z) + Ay);

o A(Ax) = NA(x),
for any &, € R™ and A € R. A function L € L(R™,R™) is linear if and only if there
exists a unique (m X n)-matrix A such that L(x) = Ax for any @ € R™. Therefore
we can also use the notation A for the matrix to represent the corresponding linear
operator.

Just like we put different norms on R", we can also define norms for linear
operators. The norms of linear operators/matrices we have seen so far are the
followings:

12



Given a linear operator, or an (m X n)-matrix A = [a;}],
e First of all the matrix A can be viewed as a mn-dimensional vector for which
we can take either sup norm or standard Fuclidean norm. Explicitly, we have

lai;]lloo = Hgé}xmz‘jla fai]lle = /> ai;.

The latter is called the Frobenius norm on L(R™ R™). Though these two
norms may not be better choices, they do provide some useful information. Let
us fix some notation first:

n
ail o Qin | | X1 Zj:l 15T
n
Am1 Amn T Zj:l Amj T4
and write A = [A1, -+, Ap]T where A; are the ith row vector of A.

It can be checked (check yourself) that for any € R",
|| Az]| < nv/nl|A] |||z

which implies that for any nonzero & € R™, the quotient ||Az||/||z|| is bounded
from above by a constant which only depends on the matrix A and n. Therefore
it is natural to consider the set

s={erllecr o]

|||

which is nonempty and bounded from above (by n+/n||A||» for instance al-
though it is not optimal). Thus by the completeness axiom it is legit to define
the operator norm

A
4] 1= sup 1221
a0 ||
and we proved in class that it satisfies
1Al < [|All2-

Remark 4.2. Recall that we apply the Cauchy-Schwartz inequality to show
|[Az||* = (A1 - @)* + -+ (A - @)?
< APl + - - + 1| Al |2
SIHE
Note that this also proves the set S is bounded from above. Here is another

simple application of the Cauchy-Schwartz inequality. Consider the expression
(2x 4+ 3y + 4z). How to find its maximum over (x,y, z) on the unit sphere?

13



By the Cauchy-Schwartz inequality we get
204+ 3y + 42 =(2,3,4) - (z,y, 2)
< 12,3, DIz, y, 2|
= V2922 +y? + 22
=29

with equality holds when (z,y, z) = A(2,3,4) for some scalar A. Therefore we
get the linear expression (2z + 3y + 4z) attains its maximum /29 at the point

( +2 43 44 )
V29" V29" V29
on the unit sphere. (This gives a special case of ||A|| = ||A||2 when m = 1.)

Question: When is ||A]| = ||A]|2?
a) First consider the lower dimensional case. Let m=1orn=1. If n =1,
i.e., the domain is R and A is an m-dimensional column vector. Thus

1411 = sup |Aal| = ||l

If m =1, then A = [ay, - ,a,] can be viewed as an n-dimensional
row vector and the operator is precisely taking dot product. Take x =
(z1, -+ ,2n) With
a;
T = ———

Vay

|Az|| = /> a? = [|All2

meaning that an upper bound ||A||5 is attained thus [|A|| = || A4]|2.
b) The equality immediately fails to hold when m = n = 2. Consider the

diagonal matrix
10
A= [0 2].

Let’s first find its operator norm (though we will know the operator norm
of a symmetric matrix is the max eigenvalue). It suffices to find the sup
of 22 4 (2y)? on the unit circle 22 4+ y? = 1. Since

then

2?4+ 4y? =1 + 3y?

and y < 1, then the expression ||Az||> = 1 + 3y? attains its maximum 4
at (x,y) = (0,1). Therefore

141l =2 < V5 = [|A]]2.

14



Facts: If A is a (square) symmetric matrix (thus all eigenvalues are real),
then its operator norm ||A|| is the maximal absolute eigenvalue. If A is neither
a symmetric matrix nor a square matrix consider the positive semi-definite
symmetric matrix AT A (thus all eigenvalues are nonnegative reals), then the
operator norm ||A|| is the square root of maximal eigenvalue of A7 A.

e In general, we can even define the (p, ¢)-norm of linear operators in L(R™,R™)
where the domain R" equipped with p-norm and the codomain R™ equipped
with g-norm. Define

|[Az||q

2]

[|Allp.,q = sup
x#0

for A € L(R™,R™).
a) If p=¢q =2, then (2,2)-norm is just the operator norm.
b) If p=g =1, recall ||| = |=;|]. Since

Then ||Az||1/||z||1 is bounded from above by the maximum absolute
column sum. Check if it can be attained by taking special € R™.
¢) Similarly, we can work out the case for p = ¢ = co. Since

n n
1480 = max § |3 assa| ¢ < maxd S Jag| | o]l
Jj=1 Jj=1

it means that ||Az||«/||Z||c is bounded from above by the maximum
absolute row sum. Check if it can be attained by taking special € R™.

5 JANUARY 25

The goal for the following two recitations are about topology on R". I will prove
some (nontrivial) propositions but we will mainly focus on examples.

Recall that a set £ C R™ is open if for any point € F there is an r > 0 such
that B(x,r) C E. This is equivalent to say every point in F is an interior point to
E.

15



Proposition 5.1. Open balls are open.

Proof. Given a ball centered at @ € R™ with radius » > 0
B(a,r) ={x e R" | ||z — al]| < r}.
For any point b € B(a,r), take

— b=
ro=_—— 12—l ”2 al .

We claim that B(b,r9) C B(a,r). For any y € B(b,ry), by triangle inequality we
have b !
T+ —a r+r
ly — all < [ly bl + b~ afl < 2= TET
which implies that y € B(a,r). Therefore B(b,ry) C B(a,r) and it shows that any

ball is open. O

Before looking at some examples let’s prove some of the basic properties:

Proposition 5.2. Given E C R":
(3) « € OF if and only if for any r > 0, we have B(x,r)NE # 0 and B(x,r)NE° #
0

(9) OF = OFE°.
(11) E is closed if and only if OE C E if and only if E' C E if and only if
{limit points for E} C E.

Proof. (3) Assume « is a boundary point of E which by definition means x is
neither an interior point of £ nor an interior point of £ (we call this exterior
point of E). If there exists some r > 0 such that B(x,r) N E = ) then
B(x,r) C E° meaning that @ is an interior point of F¢, a contradiction. If
there exists r > 0 such that B(x,r) N E° = () then B(z,r) C E which means
x is an interior point of E, again a contradiction. The other direction follows
similarly.

(9) Using (3) and (E°)¢ = E.

(11) Start with E is closed. For any & € OF, the point « is not an interior point of
E°. Since E° is open, we must have ¢ E° and thus @ € E.

Assume OF C E show F is closed. In other words, we need to prove E° is
open. For any @ € E°, we have « ¢ OE. Then « has to be an interior point of
E° which shows E° is open.

Now assume F is closed. € E’ means that x is a cluster point of E (Recall
any ball centered at @ contains a point in F other than x itself). If there is
x € E’ but not in F, we have € E°. Since E° is open there exists r > 0 such
that B(x,r) C E° which implies that B(x,r) N E = () contradicting « € E’.

16



Next assume E’ C E. We claim that F C E. By contradiction assume there
is € OF which is not in E. Then « € E°. Since x is a boundary point
of E then for any r > 0 we must have B(x,7) N E # () which implies that
B(z,r)\ {x} N E # () because & ¢ E. It then implies by definition of cluster
points, « € E' C F which contradicts the assumption that « ¢ F.

Since set of limit points contains set of cluster points, thus {limit points for E} C
E implies £’ C E.

It remains to show the following: if E is closed then E contains all its limit
points. Since E€ is open, then for any & € E° there exists » > 0 such that
B(z,r) N E = (. Thus for any sequence {x,} C E we have ||z, — x| >r >0
for all n € N. Then x cannot be a limit point of E. Therefore any point in E°
cannot be limit point, so {limit points for £} C E. O

Let’s start with some easy examples:

Example 5.3. e Consider E = (—1,1]U {3} C R. Then E° = (-1,1), E' =
[-1,1] and OF = {—1,1,3}. Note that 3 is an isolated point (so it is a limit
point) but it is not a cluster point.

e Consider E = [0,1]UQ C R. Then E° = ) because the density of irrationals
in R; E' =[0,1] = OF also by the density statements.

e Consider E = Q x R C R2. Similarly as in the second example, E° = () and
E' =0E =R2

e Consider £ = (—1,1) x [-2,2]. Then E° = (-1,1) x (-2,2), E' = [-1,1] x
[—2,2] and OF = ({-1,1} x [-2,2]) U ([-1,1] x {-2,2}).

e Consider E = {(z,y) | * = y} C R2, namely the diagonal in R?. Then
E° =( and E' = E = OF. Note that later we will see that E is the graph
of the continuous function f(z) = x and thus E is closed. Indeed we have
E=0EUE°=EF.

o Consider

E={(z,y)|a®+1® <1}\ <<@m {—;;D y {0}> C R2.

Then E° = {(z,y) | 2* +y* < 1}\ ([-1/2,1/2] x {0}), E' = {(z,y) | 2° +¢* <

1} =B, and 9B = {(,y) | 2> + ¢ = 1} U ([~1/2,1/2] x {0}).
One last example, consider
E={(z,y) |2®—y" + 22y <1} CR%.

e First F is closed. It will be easier to use continuity which we haven’t yet
covered so make sure to go back and look at this example again. We can
consider the continuous function f(z,y) = 2® — y” + 22y : R? — R. Then
E = f71((—00,1]) is closed in R? since (—o0, 1] is closed in R. Or use the fact
that continuous function maps convergent sequence to convergent sequence.
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o E° = {(z,y) | 2® — y" + 22y < 1}. It suffices to show this set on the RHS
is the largest open subset in E. We can show for any (zg,yo) satisfying
2§ — y§ + 2x0yo = 1, for any r > 0 the ball B((zo,yo0),r) is not contained in E.
In other words, find (z,y) € B((xo,yo),r) such that (x,y) ¢ E.

e Moreover E is not bounded. Pick a sequence {(0,n)} C E.

6 JANUARY 27

Taking interior/closure/boundary does not always commute with taking intersection
or union. For instance we have already given an example showing that only one-sided
inclusion A° U B°® C (AU B)° holds. Another possible example can be A = Q and
B =R\ Q and thus A° = B° = {) but (AU B)° = R. In addition, we also have the
following examples for taking closure and boundary:

e We ONLY have AN B C AN B. We can take the same example as above, say
A=Qand B=R\Q. Since both A and B are dense in R then A = B = R.
But AN B = () therefore we only get ANB=0SR=ANB.

e We ONLY have 0(AU B) C 90AUJB. An easy example for the strict inclusion
is A= (1,2) and B = [2, 3] where the boundary point 2 of A will turn to an
interior point after taking the union. Namely, 0A = {1,2} and 0B = {2, 3}
but AU B = (1,3] and thus (AU B) = {1,3} & {1,2,3} = 0AUIB.

e We ONLY have 9(AN B) C 9A U JB. The above example also shows that
I(ANB) S dAUIB since AN B = ).

Remark 6.1. One might want to ask if there is a relation between 9(A N B)
and 0A N OB the answer is no, and either one of them can be big and small.
Here is a small example. We can take two overlapping open disks in R2, called
A and B. Then 9(AN B) is the boundary of the overlapping area, but 9ANJB
is just two separated points. But if we take disk A tangent to B, both open,
then (AN B) = 0 but A N IB now is a singleton.

Now consider the following question: Given a nonempty set £ C R" together
with a point a € E, how to canonically define the distance between point a and the
set E? If a € F then it natural to get the distance being defined by 0. Moreover
since the norm is always nonnegative, we can define the distance between a and E
to be

pla, E) = inf ||z —all,

i.e., the greatest lower bound of norms from a to any point in £. One might ask

when will p(a, E') > 0 happen, is a ¢ E sufficient to imply p > 0? The answer is no,

for example one can take E be the open half plane in R? and a = 0 be the origin.
But if we add an extra condition on the set E, we can have strictly positivity

Example 6.2. FACT: If E C R" is closed and a ¢ E, then p(a, E) > 0.
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We will prove this statement in two different ways. First of all, using contradiction.
Ifinfzep ||x—al| = 0, then there exists a sequence {x,,} C FE such that ||z, —a|| — 0,
i.e., {x,} — a eventually. Since E is closed the limit point @ € E which is a
contradiction.

Alternatively, since E is closed and a ¢ F, E€ is open and a is an interior point
of E¢. Thus there is r > 0 such that B(a,r) N E = (. By the definition of p, we
have for any « € E, || — al|| > r > 0 thus p(a, E) > r > 0.

Now let’s look at some explicit examples:

Example 6.3. e p(0,[1,00)) = 1.
Since the mingep o) |7 is attained at & = 1 thus it is also the inf.

e p(0,(1,0)) =1.

Since it is easy to show inf (1,00 [2] = inf(1,00) = 1.

The notion of distance can also characterize cluster point.
Example 6.4. FACT: a € E' if and only if p(a, E\ {a}) = 0.

If @ € F’, then by definition (B(a,r) \ {a}) N E # 0 for all » > 0. It means that
for any r > 0, there exists a point x, € E but a # z, with ||z, — a|| < r. Since
r > 0 is arbitrary, we must have p(a, E) = infzcp || — a|| = 0.

Conversely, if p(a, E \ {a}) = 0, then for any » > 0, r cannot be a lower bound

of the set
{llx —all |z € E\{a}}.

It means that for any positive r > 0 there exists some point @, € E \ {a} such that
llz, — al| <r. Thus (B(a,r)\ {a}) N E # 0 for any r > 0. Therefore a € E’.

Example 6.5. p(v/2,Q) = 0.
Since Q is dense in R or v/2 € Q" = R thus p(v/2,Q) = 0.

Remark 6.6. e Can we generalize the above definition to a distance function
defined on (R™, || - [|), if we define similarly
A,B):= inf -b
p(A, B) ae,la\r,leB [la = bll
for A, B € R"?

e Use the definition of p(A, B) as above, if A, B are both closed sets in R™ and
disjoint AN B = (), do we have p(A, B) > 07 Counterexamples?
(1) Take

A={(z,y) eR* |y <0}, B={(x,y) eR*|y>e"}.
(2) Take A =N then A° =(),0A =N C A thus A is closed. And

1
B:{n+:n€N}
2n

then 0B = B. But p(A, B) = inf,en|1/(2n)] = 0.
e How can we modify the condition in above to make p(4, B) > 07
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7 FEBRUARY 1

For limits of functions, since we have the proposition showed in class, we only need
to consider the limit of each coordinate function f; for f = (f1, -+, fm): A = R™
where A C R™. Thus throughout today’s recitation we will only consider real-valued
multivariable function f: A — R with domain A C R".

Given A C R" and g € A’. We say that the function f : A — R has limit
[ as & — xo if for any € > 0 there is § > 0 such that for any x € A\ {xo} with
||l — xo|| < & we have |f(x) — ] <e.

Let’s start with two examples using only the definition:

Example 7.1. (1) Prove the following limit of a polynomial function

lim (22442 —-3)=2.
(w)»(m)( Y )

For any € > 0. Since
2% + 4% — 5| < 2% — 4]+ [y* — 1]
<z —2|(|lz] +2) + |y — 1(Jy]* + |y| + 1).

Now we restrict ||(z,y) — (2,1)|| = /(z —2)2 + (y — 1)2 < 1. Then we have
|z —2| <1 and |y — 1| < 1 which imply |z| < 3 and |y| < 2. And thus

|z 4+ 92 — 5| < 5l — 2| + 7|y — 1
< V74|[(z,y) — (2,1)]|

which means we can take 6 = min{1,¢/v/74}.
(2) Prove the following limit of a rational function

x 1

lim = —,
(z,9)—(1,2) 1 +y 3

This can be proved similarly as above. For any € > 0. Since

r _|3x—1—y|<3|3§—1|+|y—2|
1+y 31+yl — 311+ y|

So if ||(z,y) — (1,2)|] < 1 then |y — 2| < 1. Thus
3=R-y+y+1<|ly—2/+ly+1<1+ly+1] = [y+1]>2.

Then

T gl oty g <

— Zlp— Ty —

1+y °|~2 6=
Therefore we only need to take § = min{1, 6¢/v/10}.

) - (12
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Indeed, we have the following facts:
e If P(x) is a polynomial function on R", then for any xy € R" we have
limg 0, P(x) = P(xo).
e If P(x) and Q(x) are two polynomials on R™, then for any &y € R"™ with
Q(xo) # 0 we have
P P
lim 7(:”) = <m0).
@z Q) Q(wo)
But if Q(xp) = 0 then the limit may not exist in general.
For example to the second item above: for any m, k € N consider f(z,y) =

:Em

Yk
as (z,y) — (0,0). There are infinitely many ways to approach the origin (0, 0), for
example along the parametrized curve

z(t) = ath
y(t) = pt™

for —1 <t <1 and «, 8 nonzero constants. Or even discretely we can also take

sequences:
11 2 1
nyYn) = Ty T o ) n7bn = RN
(o) = (o )+ o) = (o2

both approaching to (0,0) as n — co. But f(x,,y,) — 1 while f(an,b,) = 2™.
Now let’s look at some other examples

Example 7.2. e Consider
2+ P
lim ———.
(@)= (0,0) 22 + y*

Let (x,y) approach to (0,0) along the y-axis with y — 0%. Then z = 0 and

thus 5
Y

im = = oo.
y—0+ y4
But if (z,y) approaches to (0,0) along the z-axis, then
3
limx—: lim z = 0.
z—0 T z—0

Therefore the limit does not exist.
e Consider the following limit

sin(z3y)
(@.9)—=(0,0) /28 + ¢6
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First of all we can write

sin(z’y)  sin(z®y) 3y

Vorg oy @y

For the limit of sin(23y) /a3y, it is simply sin(z)/z composed with z — z3y.

Thus by composition theorem and lim,_, Sirz‘z =1 we have

sin(z3y) _1
(z,y)—=(0,0) @3y )

For the other limit, we use the trick used in class:
v < (@ + )y < @Byl

Thus -
x3y (x8+y6)§+g
(28 + y6)1/2 (28 + yb)1/2

as (x,y) — (0,0). It implies that

= (@®+y%)% =0

<

(3
lim sin(z°y)

ST
(w,y)%(070) \/ 338 + y6

8 FEBRUARY 3

We are going to see more examples of limits of functions today, but before starting I
want to make a quick note on the composition of limits. The composition of limits
tells us that given A C R™ and B C RP and consider the composition of functions f
and g:

B-% gB)yc AL R
Let ¢y € A" and t € B'. If limg_,q, f(x) = 1 and limy 4, g(t) = a0, then
limg_,¢, f(g(t)) = 1. One special case for this theorem is to take the outer func-
tion g be simply the projection map. In other words, we consider for m < n, the
composition

f:R" —R™ LR

where the first map is the projection map given by

p:R" — R™

(xla"' sy Tmy* " 7x’n) — (xlv"' 7xm)~
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Under this special situation, take for example o € R™ and p(xg) € R™ be the point
projected from axy. Then the composition of limits means that in order to figure
whether
lim f(x)=1
T—TQ
it suffices to check whether
lim g(x') =1
z' = x|
where we write ' = p(x) and z{, = p(xg), i.e., check the limit in lower dimensional
vector space R™. To see this, we only need to prove
lim p(z) = p(xo) = ).
T—aT0
Indeed this is true because projection maps are continuous. But it is also easy to see
because for any € > 0, just take § = ¢, then for any & € R™ with ||x — x¢|| < J, after
projection to lower dimension subspace, we always have

[Ip(x) — p(xo)|] < ||® — 20|| < 0 =€

Example 8.1. Suppose f : R® — R is defined by f(x,y,2) = 22 + y*. To study the
limit of f(x,y, 2) it suffices to study the limit of g(x,y) = f(z,y,0) with domain in
R2.

Now let’s continue with more examples about limits of functions. The first one is
a slight generalization of the example we have seen last time:

Example 8.2. Consider the following limit

z3|y|®
(2,y)—(0,0) 24 + y2~

Find « so that the limit exists.
We will use the same trick as

z< (@ + )y <@ty
to write

31, 4 2\3/4 (.4 2\a/2
0< 2l @4yt 4y

(4 2\242-1
fx4_|_y2 = x4—|—y2 —(x +y )4 2

which approaches to 0 as (z,y) — (0,0) if the exponent %+ 5 —1>0. Thus if a > %
the limit exists and equals to zero.
For a < %, let us consider two cases
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e If0<a< %7 then % > 2. If approach to the origin along the z-axis, the limit
equals 0; if take path to the origin along y = 2!/ then

3|y|a $4 1
lim = lim =lim ———=1#0
(2,9)—(0,0),y=a/a 2 +y2 202t 42/ 2501 4 o4
since % > 4. Thus the limit cannot exist.
e If « <0 we consider X

x
lim @———
(@)= (0,0) [y|*(z* +y?)
where a > 0. Then along the y-axis the limit equal 0 while along the line y = z,
the limit is co. Thus the limit does not exist.

Some other examples:

Example 8.3. (1) Consider the limit
3 .
lim x2 sin(zy)
(z.y)=(0,1) 22 + (y — 1)2°
We can write
3 . . 5
x2sin(zy)  sin(zy) x2y
22+ (y—-1)2 wy 2?4 (y—1)%

Since zy — 0 as (z,y) — (0, 1) the first term has limit 1. Moreover we have

5
T2y
2+ (y— 1)

‘”C Y el o

as (z,y) — (0,1) thus the limit equals 0.
(2) Consider the limit
€T 671/:'4

lim
(2.9)—(0,0) 2 + 2
on A= {(z,y) € R? |y > 0}.

Since - 0
xie /Y e y:efl/y—>0
= |22 1 2 )
as y — 0. Thus the limit equals 0.
(3) Consider the limit
xy?23

li
(@50 (22 + [y + 275
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Since
2.3 1
Ty z <1
(22 + |y[3 +24)7/8] ~ 2

[21/8 §|z\7/2 9

2 6
|( ) 1 z 1 2‘y|11/8+%|z|5/2_>0

as (z,y,2) — 0.
(4) Consider the limit
g Esin/ve)
i —_—
(m,)=(0,0) (/22 + 12

Again by estimation

w5 | Vo

as (z,y) — (0,0). Note that we are using sin(¢t) < ¢ for all real ¢ > 0 for the
second inequality.

\/y>y| VI =0

9 FEBRUARY 8

Analogous to one variable functions, we can also define continuous, uniformly contin-
uous, Holder continuous functions.

Given real-valued function f: EF — R™ with £ C R™. We say f is continuous at
a € FE if for any € > 0 there exists ¢ > 0 such that |f(z) — f(a)| < € whenever x € E
with ||z — al|| < J. In particular, if @ is a cluster point of F we can also use limit
to characterize the continuity at a. Moreover continuity can also be characterized
sequentially and topologically. For example, sometimes to show a function is not
continuous at a certain point a it suffices to find a sequence {x,} C E with limit a
but f(x) does not converge to f(a).

Example 9.1. Consider a real-valued function f : R? — R defined by

Ltz £ 0
S {o if 2 =0.

It is not hard to show that f(z,y) is not continuous at (0,0). Since by taking a

sequence
1

(@) = (372 =+ 0.0

f(@n;yn) =17 f(0,0) = 0.

From this choice of path we see that in order to have continuity of f at (0,0) that
the speed of y? approaching to 0 must be faster than that of z. That is to say, if we

as n — 0o, we have
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restrict the domain of f to some subset of R? which excludes such paths it is still
possible to have f being continuous at (0,0). Based on this fact, we consider the
same function f on D C R” defined by

D={(z,y) eR? | |y] <z <1}.

It is easy to see that (0,0) € D. But now the function f : D — R is actually
continuous at (0,0). This is because on D,

v
X

Y
—o| =y <>

as (z,y) — (0,0).

Given a function f: F — R™ with £ C R™. We say f is uniformly continuous
on FE if for any € > 0 there exists § > 0 such that ||f(x) — f(y)|| < ¢ whenever
x,y € FE with ||z — y|| < d. There is also a sequential characterization of uniform
continuity. Moreover if f is uniformly continuous on E then it must be continuous
on E. But the converse may not be true.

Example 9.2. (1) Counsider a function f : D — R given by f(z,y) = T—}-y with

D = {(2,y) € R? | z,y € [0,1], (z,y) # (0,0)}.
The function f is of course continuous on D but it is not uniformly continuous
on D. We consider two sequences,

(TnyYn) = (Tll,0>7 (! o)) = (nil,o)

1
nyYn) — /a , =———0
(@, yn) = (@5, yp)l| o

n+1)
but |f(2n,yn) — f(x),,y,)| =1 #0.
(2) Similarly, consider f : R? — R given by f(z,y) = 2?+?. Then f is continuous
on R2. But if we take

Then

(@) = (1,01, (@) = (n= 1.0)

then [[(2n, yn) = (@7, yn )l = 7 — O but [f (2, yn)— (a7, 5,)] = 275 = 2#0.

Given a function f : E — R™ with £ C R®. We say f is Holderian of order
0 < a < 1 if there is a nonnegative real constant C' € R such that ||f(x) — f(y)|| <
C|lx — y||* whenever x,y € E. If f is Holder continuous then it is also uniformly
continuous. But again the converse may not be true.
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Example 9.3. Consider a one variable example f : [0,1/2] — R given by

0 if x = 0;
flz) = {1 if z € (0,1/2].

Inz
Then f is uniformly continuous since lim,_,¢ f(x) = 0 thus it is continuous on [0, 1/2]
thus uniformly continuous. If f is Holderian then we must have for any y € (0,1/2],

1£(0) = f(y)l = 1/ Imny| < Cly|*
for some nonnegative constant C' € R. Then it implies
Cly|*[Iny| > 1.
But one can check by L’hopital that lim,_,o+ c[y|*|Iny| = 0. Thus f is not Hélderian.

Continuous functions have lots of properties such as IVT, Extreme value theorem
and etc. Let’s take look at one important example which is a generalization of
estimation of positive definite quadratic form: If ) is a positive definite matrix i.e.,
it is symmetric and Q(z) = 7 Qz > 0 for any « € R™. Then for any nonzero = we
have inequalities

>\m111|‘m||2 < Q(.’B) < /\maXHwH2

where Apin, Amax are minimal and maximal eigenvalues respectively (they are both
positive).

Example 9.4. e A homogeneous polynomial of degree d in R" is a degree d
polynomial P(z) such that P(tx) = t*P(z) for any nonzero scalar t € R. For
example, we consider a degree 5 homogeneous polynomial in R?:

P(z,y,z) = 2y* + y2".

This polynomial function P is continuous on R3. Thus it attains its extrema
on the unit sphere S;(0) since S1(0) is closed and bounded thus compact
(for closedness we have the unit sphere S;(0) is the preimage g—!({1}) where
g : R?® — R by taking Euclidean norm is a continuous function). Let M be the
max and m be the min of P on S1(0) and C' = max{|M]|,|m|} then for any
(z,y,2) € S1(0) we have

|P(z,y,2)] <C.

Now take any nonzero x € R® we have e € 51 (0), together with the fact
that P is homogeneous,

|P(@)] = ||=[]°| P(z/[||])| < Cl]”.
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e In general, we define a homogeneous function f(x) on R™ of degree a > 0
being a function such that f(tx) = t*f(x) holds for any nonzero ¢t € R and
x € R™. For example linear operators are homogeneous functions of degree 1,
the function

fz,y,2) = (aPy +y22 + 2%)1/°

is homogeneous of degree 3/5 since we can check

flta, ty, tz) = 35 f(z,y, 2).

Likewise, using the homogeneity together with the extreme value theorem on
unit sphere we can derive the following result. If f is nonzero homogeneous of
degree a > 0 then there exists a positive C' € R such that

|f(@)] < Ol

for any « € R™.

e Moreover, just as the positive definite quadratic forms, if we add extra condition
that f(x) > 0 and f(x) = 0 iff & = 0 (we actually only need f(x) =0iff x =0
since f has IVP), then there exist positive C7,Cy € R such that

Cillz]|* < |f(2)] < Coffa]|*

for all @ € R"™. This is because on the unit sphere S7(0)(compact) the
continuous homogeneous function f attains its max C3 and min Cy, both
positive. Then for any nonzero x € R™ we have

Cille||* < f(2) = [|=||"f(2/[|2]]) < Cal|l2]|*.

10 FEBRUARY 10

The differentiability in multivariable calculus is different from that in one-variable.
Roughly speaking, given a function f : A — R, where A C R" and a € A°, when
considering a multivariable function in terms of only one coordinate x, we get the
so-called kth partial derivative when the limit

of , . .. fla+ter)— f(a)
aT;k(a) = lim t

exists; but & can also move towards a along some specific direction, in this case we
call the directional derivative of f at a in the direction v (with ||v|| = 1 as a unit
vector) if the limit
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exists. Thus one can easily see that partial derivative is just a special type of
directional derivative along the coordinate direction:

af

(93%

(@) = De, f(a).

Unlike that differentiability implies continuity in one-variable case, we do not have
this implication in the multivariable setting:

Example 10.1. Consider the following two examples:
(1) Consider the function

0 if |yl > 2% ory=0;
Jlay) =40 EW=
1 otherwise.

Let’s first check that all directional derivatives at the origin (0,0) exist and
equal 0. Let v = (a,b) be any unit vector representing the direction, then
a) If v is along one of the axis directions, namely (£1,0) or (0,+£1), then for
any t # 0, we have
f(ta, tb)
t

b) Otherwise, we have v = (a,b) where neither a nor b is 0. In this case, we
take to = |b/a?|, then for any t # 0 with [t| <ty = |b/a?| we have

=0.

(ta)? = t(ta®) < |th).
It then implies that for sufficiently small ¢, we again have

f(ta + tb)
t

=0.

Therefore D, f(0,0) = 0 for all unit vector v. But the function f is not
continuous at (0,0) because if we let (x,y) approach to (0,0) along the parabola

Y= %332, we have

iii%f(.%‘,.%‘Q/Q) =1# f(0,0)=0

since |y| = 22/2 < 22 when x # 0. This shows that f is not continuous at the
origin but all directional derivative exist.
(2) Consider the function
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Too see all directional derivatives at the origin exist, take any unit vector
v = (a,b), then the directional derivative can be computed by

Dy £(0,0) = lim - "I e "o ifa—o,

Fta,tb) — £(0,0) . ab? {b2/a if a % 0;

But the function f is not continuous at (0,0) since if approaching to (0,0)
along = = y? we have

2,2
.Yy 1
b i~ 7 /00 =0

Also, even if the partial derivatives exist it does not imply all directional derivatives
exist. Here is a simple example:

Example 10.2. Consider the function

Ve o ifz=uy;

0 otherwise.

f(z,y) :{

It is easy to check that

of of
==(0,0) = ==(0,0) = 0.
0.0 = 50,0
But if we take the direction v to be along y = x, then
f(tv)

. 1
Dy £(0,0) = T = = svE

does not exists as a finite limit.

We say the function f : F — R™ where F C R" is totally differentiable at @ € E°
if there exists a linear operator L : R™ x R™ interpreted as an m x n matrix, such

that in R™ the limit
. flath)—f(a)-Lh

=0
h—0 [|k]|

exists. In this case we say the function f is differentiable at @ and write Df(a) = L
the derivative of f at a. Likewise, there is also a componentwise characterization of
differentiability by looking at only the coordinate functions. The standard way to
check if a function is totally differentiable is two-fold:

e check if all partial derivatives exist;

e if so, check whether the Jacobian matrix provides the local linearization.

Consider the following two examples first:
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Example 10.3. (1) Consider the function given by

f(@,y) = Vlz[lyl.

First check partial derivatives:

90,0y = 1im LE0 o 9f

or t—0 oy

(0,0).

But

(z,y)—(0,0) V2 + y?
since one can take the path approaching to (0,0) to be y = x. Therefore the
function is not differentiable at the origin.
(2) How to modify the function to make it totally differentiable? Make the total
degree of the numerator greater than 1. For example consider

flay) = 2Py
Similarly we get all partials exist and equal to zero. Moreover the limit
ey,
(2,9)=(0,0) /22 + 12

since 2/3
w S (xz +y2)%7% — (x2 +y2)% — 0
v a? +y?

as (x,y) — (0,0). Thus such function f is totally differentiable at (0,0).

11 FEBRUARY 17

Before discussing more examples regarding the partial/total derivatives, let’s first
consider an example about continuous extension which we fail to cover before:

Example 11.1. Discuss the uniform continuity of function

1

f(%y):m

on the open balls B; = B((0,1),1) and By = B((0,1),v/2).
The points where the function f(z,y) is not defined at is along the curves
x(y — 1) = —1. Notice that the ball B((0,1),1) is away from the singularities so let’s
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try proving it is Lipschitz continuous on B((0,1),1) first. For any (z,y) € B; we
have

20a(y - <a2®+(y-1)* <1
and thus 2 < 1+ z(y —1) < 2. Now take any points (z1,y1), (z2,y2) € B1, we have

|z2ye — x2 — z1y1 + 1]

‘f(xlvyl) f($27y2)‘ - (1 T -Tl(yl o 1))(1 T $2(y2 . 1))
< |z2||ly2 — 1| + |y1 — 1|21 — @2
T (Tt+zi(yr — 1))+ 22(y2 — 1))
<Alyr — ya| + 4|1 — 22|

< AV2|[(1, 1) — (22, 92) ]

which shows that the function is indeed Lipschitz on B; thus it has to be uniformly
continuous on Bj.

In the larger ball By = B((0,1),/2) we can check easily that (1,0) is a boundary
point of Bs, therefore by taking sequence

(Tns Yn) = (1 - i, 1) — (1,0)

nn

in By one can show using the sequential characterization that the function cannot
be continuously extended to the boundary point (1,0). That is to say the function is
not uniformly continuous on By = B((0,1),v/2).

Let’s consider two more examples:

Example 11.2. (3) Discuss the differentiability of the function

flxy) = 1 +a)V]yl

at (—1,0).

Since f(z,0) = f(—1,y) =0 for any =,y € R, it is easy to check that
of of
Y 1,00= 2 (1,0 =0.
210 =10 =0

Moreover, the limit

S (U 1 o 1 RO R S/
(Ivy)*)(flxo) 1/ x2 + y2 (gj’y)g)(o’()) \/ 332 4+ y2

since
z+/ 1yl

as (x,y) — (0,0). Thus the function f is differentiable at (—1,0).

0<

S|$|\/m:\/m_>0

||
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(4) Discuss the differentiability of the function
1

Flany) = z29° cos I +sin(z +y?) if (2,9) # (0,0);
0 if (z,y) = (0,0)
at (0,0).
First of all all partials exist:
t,0) — f(0,0 int 15)
lim F(6,0) = £(0,0) = lim 2 =1 = i(070)7
t—0 t t—0 t ox
t) — int?
lig L0 = f0.0) _ ) sin :O:g(0,0).
t—0 t t—0 ¢ oy
Moreover we can check that
lim f(x,y)—f(0,0)—x
(2,y)—(0,0) Va? +y?
B . x2y3 Cosacékii_y4 +sin(zr +y?) —x 0

= lim
(z,y)—(0,0) \/ .TQ + y2

|sin(z + y?) — z| < | sinx cos y? — z| N | cos  sin 32| o

2+ y>? N 2] |y

as (x,y) — (0,0). Thus the function is differentiable at (0,0).

since

We also have the Chain Rule for composition of multivariable functions, which
says that given g : A — RP where A CR", and f: B — R™ with B C R? are two
functions with g(A) C B:

A% g(A)c B LR,
if g is differentiable at @ € A° and f is differentiable at b = g(a) then the composite
function f o g is differentiable at a with
D(f og)(a) = Df(b)Dg(a).

In the matrix form, with ¢ = (g1,---,9p) and coordinate on R™ being & =
(x1,--- ,zn); £ = (f1,---, fm) and coordinate on RP being y = (y1,--- ,¥p), we
can write

% 6f1 891 891
8:’/1 (b) ayp (b) 871'1(01) o o0xy, (a)
D(fcg)(a) = : : : : : :
8fm afm 8g (9g
Tyl(b) T Typ(b) 87;;((1) T 87332(&)

A direct application using Chain Rule:
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Example 11.3. Compute all partial derivatives at (0,0) of F' = f o g where

Flyi,v2) = (1 + DV val, v2 + v2),
9(1'1,2132)—( 1_1,$1+2£L‘2).

For simplicity, let us denote f1(y) = (y1+1 \/|yT |, fo(y) = y?+y2 and gy () = 211,
92( ) —x1+2x2, and F = (Fl,FQ)

First of all g is differentiable at (0,0) and f is differentiable at g(0,0) = (—1,0)
(see above). Componentwisely we have

G0 = G103 0.0+ o 0.0 <0
g% 0 §§1< 1 0>gg;<070>+g—fl( 1 0)292(0,0) _o,
5, gﬁ( L0 (0,0) + g—ﬁ( 1022 (0,0) = -1,
%(0 gi( 1 o)ggl (0,0)+g—fz( 1 O)SQZ (0.0) =

12 FEBRUARY 22

Here is a not-so-direct application of the Chain Rule:

Example 12.1. Consider a function f : R> — R which can be written as f(x,y) =
(2% + y?) for some function ¢ : R>¢ — R, i.e., sometimes we call such function a
radial function, meaning that the restriction of f to any sphere of some fixed radius
centered at the origin is a constant. Then

LOF OF _

This is not hard to see by applying the Chain Rule to f(z,y) = ¢(2? + y?):

o () = /a2 4 9)(22),

%um=¢%+ﬁmw

which imply the equality as desired.

Conversely, every function f satisfying (x) can be written as p(x? + y?) for some
function ¢ : R — R. In other words, every function satisfying (%) takes constant
value on each circle centered at the origin. By using the polar coordinates, define

F(r,0) = f(rcosf,rsin).
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It is then equivalent to show that the function F(r, ) only depends on r. So it is
suffices to show that

oF
%(r7 9) =0.
By the Chain Rule again, we have
F
%—0 (r,0) = g—i(r cosf,rsinf)(—rsinf) + %(T cos B, rsinf)(r cosf) = 0.

Then it shows that f is constant on circles centered at the origin. Thus

flz,y) = f(Va? +42,0).
Therefore we can take ¢(r) = f(4/r,0).

Given a vector-valued function f : £ — R™ with £ C R" we say that f is
Lipschitz on F if there is a constant M > 0 such that for any @,y € F,

If (@) = F()l| < M|z —yl|.

One of the corollaries as a direct application of Mean Value Theorem is to prove a cer-
tain differentiable function is Lipschitz on an open and convez set if all partials/total
derivative is bounded over the set.

Remark 12.2. Note that the condition of convexity is required since to apply the
Mean Value Theorem we need to guarantee that the line segments are contained in
the set. A simple example one can consider is take a set which is not convex, say

E={(z,y) eR*|||(z,»)|| <1} \ {y =0}

which is a unit disk with the z-axis removed. Consider the sign function f(z,y) =
sgn(y) on E. Then it is easy to check that

) )
afi(w,ybafi(w,y):()

for any (z,y) € F but f is obviously not uniformly continuous on E since one can

take sequences
1 -1
(Imyn) = <Oa 7’L> ’ (I/nayiz) = (07 TL)

but |f(@n,yn) — f(z),,y,,)] = 2. Thus f is not Lipschitz on E.

Consider the following example first:
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Example 12.3. Given a function f(z,vy,2) = 2%y + 2z defined over any bounded
set K C R2. Then f is Lipschitz on K.

There are two ways to see this. Firstly, since K is bounded we have K C B(0, )
for some & > 0. Then for any (x,y, 2), (a,b,¢) € K,

1f(2,y,2) — fla,b,0)| = |2y + 2° — a®b — |
<vylz +allz — a| + a®ly — b| + |z — ¢||2® + zc + 2|
S (262 +62 +3(52)||(l‘,y,2) - (a,b,C)”

thus by definition f is Lipschitz on K.
Alternatively, consider the function f on B(0,4) as above. It is easy to compute
the partials

of _ of 2 9 _ 3.2
6.’1) (‘Tay7z) - 2xy, ay (l’,y,Z) =, 82 (Z',y,Z) - 3Z

all of which are bounded on B(0,§). Moreover the function f itself is differentiable
on B(0,4) thus by the corollary in the lecture notes (right after the definition of
Lipschitz), the function f is Lipschitz on B(0,¢) and thus Lipschitz on K as well.

But this function f is not globally Lipschitz, i.e., it is not Lipschitz over R3. One
can use the sequential characterization, by taking sequences

1
(Ot 20) = (1 1.0) (ot = (n+ 2,1,0)
but
1\° 1
lf(Tns Yns 2n) — f(2h yh, 20| = (n+ n) —n?=2+ 3 2 #£ 0.
Therefore it is not uniformly continuous on R? thus it is not Lipschitz on R3.

For a not so obvious example, let us consider

Example 12.4. Consider the following function over different domains
w2e=v/T if 1 #0;
€T, = .
fy) {0 ite=0.
(1) Over the compact and convex set in the first quadrant
Dy ={(z,ycR*|0<y<x<1}

First check f is C' over D;. Since if 2 = 0 then y = 0, we only need to check
the existence and continuity of partials at (0,0). For nonzero z, we have

af _ —y/x
X () = (2t y)e vl
af =Y/
M (z,y) = —ze )
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Moreover,

ﬁ(o,o) = lim w — lim i =0,
ox s—0 s s—0 S

of _ 4o £(0,2) = f(0,0)

87/(0’0) = %g%f =0.

And it can be checked that both partials are continuous at (0,0) since

lim  (2z+y)e = lim ze %" =0
(2,y9)—(0,0) (2,y)—(0,0)

due to the fact that —y/z < 0 and thus e~ ¥%/% < 1. By the corollary, with D;
is compact, the function f is Lipschitz on D;.
(2) Now consider the domain to be

Dy = [-1,0] x [0,1] C R?

which is a closed square in the second quadrant. Notice that on D, the
exponent —y/x > 0 in particular when & — 0 the power of e can be large
enough to dominate the quadratic term x2. For example along the path given

by y = v/—x, we have
fla, V=) =22e/V=" & x

as x — 07. Thus the function f is not uniformly continuous over Dy therefore
it cannot be Lipschitz over Ds.

13 FEBRUARY 24

Throughout the notes for today, we are assuming f : A — R™ where A C R" is an
open set of R™ and a € A. All the directional vectors are taken to be unit vector.
Recall that given two directional vectors v, w € R™, let us assume first that D, f
exists around a, we can view it as a new function defined on some neighborhood of a
and define its directional derivative along the direction w. If the corresponding limit
indeed exists, we get the notion of second order directional derivative at a, which is
denoted by

D3, v f(a) = Dw (Do f(a)).

If the function is “nice” enough, we can define higher order directional derivative by
repeating the same process.
Some computations about higher order directional derivatives:
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Example 13.1. Consider the function

fla,y) =z +y"?

and directional vectors

() - (6)

By direct computation we can compute the partial derivatives and the gradient is

Vi) = (1.507)

and both partials are continuous thus the function is totally differentiable. In
particular, we have the directional derivative along v can be computed as

va(m,y) = Vf(:my) CE

Now D, f(z,y) = % + ﬁylm, and the (partial) derivatives of D, f exist as long
as y # 0 since when y = 0:

y—0 Y y—0 31/2y2/3
Thus for y #£ 0, we get

4
VD, f(,y) = (0,2 /)
v f(z,y) ( ov3"
and thus the second order directional derivative when y # 0 is

V3
D2 Y) = VDuf -w = ——y /3,
w0l (T,7) f Vol

and it does not exist when y = 0.

Third order partial derivatives with mixed orders can be computed similarly, see
the example below:

Example 13.2. Consider the function f(x,y) = z%y'/3. By direct computation we

get that
of _a..2.1/3 of 14 —2/3
am(x7y)—3xy , ay(x,y)—?)fcy :

And the partial in terms of y does not exist when y = 0 since

i L@ = f@,0) L a®
1m = 11m = OQ0.
y—0 y y—0 y2/3
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For higher order we can compute when y # 0 that

s O2f 0% f

_— = 6 = = 2 72/3.
92 (z,y) = 6xy™/", ayax(m’y) 8xay(%‘,y) z7y
Furthermore,
N S S
Oydx?  Oxdydx  0x20y Y ’
In particular, at the origin (0,0), consider %, we have
*f *f
>f (0,0) = lim 52(0,1) — 55(0,0) —0
Oydx2""’ t—0 t

but other third order partials do not exist at (0, 0).

It is then natural to ask the question when the following equality holds
D}, f(a) = D} . f(a).

There are two sets of conditions that will lead to the above equality (separately):
e (Schwartz) Both D7, ,,f and D} ,, f exist around a and are continuous at a;
e The function f is C! (all partials exists and continuous), and Dfu’v f exists
around a and continuous at a.
It is worth mentioning that there is no implications between these two sets of
conditions, i.e., none of which is stronger than the other. Moreover if we drop some
conditions we may still have the equality holds.

Example 13.3. Consider the function
foy = | FE @) # 0.0
’ 0 if (z,y) = (0,0).

It can be computed that

2e(y’ = 1)
o) ={ Gy TOWF O
0 if (x,y) = (O7O)a

(@~ 1)
g(x7y): (l‘2+y2)2 f( 7y)7é 0707
4 0 if (z,y) = (0,0).
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and partials are not continuous at (0,0) therefore the function is not of class C*
around (0,0). We can also compute

_ 2 2
o2 f ) 4xy(x2flzi(22;y ) i (2.9) £ (0.0)
o 0 if (2, = (0,0)),
_ 2 2
ﬁ(ar: y) = o (1241(?,2; v) if (z,y) # (0,0);
90y .
! 0 if (2,y) = (0,0).

and they are both not continuous at (0,0) but we still have

21 00— P
oydx " Oxdy

(0,0) = 0.

Another standard example:
Example 13.4. Consider the function

1.2 _ y2
.Tny +y2
0 if (2,9) = (0,0).

fx,y) =

The function is C*! since

x4y + 41’2y3 — y5 . .

g(:r,y) = (22 4 32)2 if (z,y) # (0,0);
' 0 if (z,y) = (0,0),
2’ —bady? —ay' :

?(fmy) = (22 + )2 if (z,y) # (0,0);

And it can be checked that these two partials are continuous thus the function is C!.
But

of
62f . Ty(x70)_0 . x—=0
8x8y(0’0) =l x =am r L
of
i (0,0) = lim 20970 w=0_
Oyox y—0 Y y—=0 oy
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Let’s finish up the Taylor’s expansion for multivariable functions today.

Given a vector-valued function f: A — R where A C R"™ is an open subset and
a € A. Then

e (Peano form) If f is p times differentiable at a, then

fla+h)= Zk'dk f(a,h)+o(||h||")

where d* f(a, h) is the k-th differential of f at a;
e (Lagrange form) If f is real-valued, f is (p + 1) times differentiable on A, and
the line segment L(a,a + h) C A, then there exists 6 € (0,1) such that

p
1 1
h=Y — qrt Oh. h).
flax =0 oN MRS fla+6h, h)

Recall that the p-th differential of f at a is given by

orf
dpf(a'7 h) = dpf(a‘a h‘a e ah) = Z W(G)hﬁ e h]‘p
g1 aneln) T OT0
_ p orf k En
= (k:1 k) P e UL
where the last summation is taken over kq,--- ,k, € {0,--- ,p} with k1 +---+k, = p,

and the combinatorial factor is called the multinomial coefficients. We rewrite the
summation by grouping with respect to taking partials in terms of x; for k; times.

Namely,
A N
ki, -+ kn kil k!
It is

e the coefficients of the expansion (z1 + -+ + x,)?;
e and has the combinatorial meaning as the number of ways of putting p distinct
balls into n distinct bins with the i-th bin consisting of exactly k; balls.
Note that some of the kq,--- , k, can be zero. It is easier to estimate the remainder
using the latter sum. In other words, if the (p + 1)st order partials are all bounded
by some M > 0 in some small neighborhood of a (containing the line segment
L(a,a + h)), then

1 p+1 M||h| [P+
A" f(a+0h, h hl[P+! ( ) = — Pt
f )| < ( B[Py T

(p+ 1)
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Remark 14.1. (1) By the uniqueness of the Taylor’s expansion, if f(x) is a
polynomial function in & = (z1,--- ,x,) of total degree d, since by grading in
terms of degrees, we can canonically write

f(@) = fo(®) + fr(®) + - + fa(@)

where f;(x) is the homogeneous polynomial of degree j. Then
d7f(0,z) = j!f;(x)

is the j-th differential of f at 0.

(2) With the uniqueness of the Taylor’s expansion, it sometimes will simplify
the computation. As the example we have seen in class to find the Taylor’s
expansion at (0,0) of

fla,y) = (2® +y)siny
we can actually use the 1-dimensional Taylor’s formula for siny and multiply
with the polynomial term (2% + y).

Example 14.2. i) Similarly, to find the 5th differential of
flz,y) = (@® +y)e

at (0,0) we can write

1[:2 1.3 $4
f(x,y)(z2+y)<1+z++3'+4'+ )
5
_ 2 (= 7y -
=y+ (z° +2y) + +(3|+4|>+

and d°f(0, ) = 5! (g——i— )
ii) Consider
f(w,y) = e sin(z + ).

Since )
v =14 oy + 4 By
and X
sin(z +y) = (z +y) - % + Rs(z,y)

by the uniqueness of expansion, the third degree Taylor polynomial of

f(z,y) at (0,0) is

x4+ y)°
Pylay) = (o4 9) + oyl +y) — CEOE
1
:(x—l—y)—i—g‘( o + 32y + 3ay® — o).
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We can even conclude from the expansion that

&f, . 0f o f o f

Z20) = = ———(0) = ——(0) = 1.
5.3 (0) 82/3( ) ; 8x28y( ) awyg( )
Now let us consider one estimation problem using Taylor’s expansion.

Example 14.3. Consider an old example

f(z,y) = (2% +y)siny = (v°) + (%) + <gj) + (xzzll?)) e

on the unit square D; = [0, 1] x [0, 1]. For simplicity, we denote (8z,0y) = (xo,yo)
throughout.
e If using the least order of terms to estimate, there exists some 6 € (0, 1) such
that

f(x,y) = d' f((z0,0), (x,9)) = Vf(z0,%0) - (x,y)
= (2wosinyo)x + (sinyo + (7 + o) cosyo)y-

Over D1, this gives a not so good estimation
(2, y)] < 2z] + 3yl
e Now consider the order one estimation, we get for some 6 € (0,1) such that

F(a.y) = 30 (0, 00), (2,3)

[(2 sin yo)x2 + 2(2xg cos yg)xy + (2cosyp — (m% + yo) sin yo)yﬂ .

N~

Thus on D1, we have
1
Flo,y) < 5 [209° + 42%y + 2+ (0 + y)y°)]

1 1
§y2+3x2y+§y4+§x2y3.

If restricting on Dy = {(z,y) | 0 <z <y < 1} C R?, then

Foy) — Pl <35+ syt 4 Lyp < g,
2 2

e But if using siny =y — %3 cos(fy) for some 6 € (0,1), we get

3

flz,y) = (2° +y) (y - % cos(@y)) =y? + 22y — (yt + x2y3)M_

6
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Thus on D5 the estimation turns out to be

cos(fy
f(z,y) —y°| = 2%y — (y‘“rfﬂy?’)i((3 )
4 5
Yty 4 4
<P+l 7 <=
SVt T S35y

which is a better estimation comparing to 4y3.

15 MARrcH 10

One application of the Taylor’s expansion is to give necessary/sufficient conditions
for a point being local min/max.

Recall that given a real-valued function f: A — R where A C R", a point a € A
is called a critical point of f is when f is differentiable at @ with vanishing gradient,
i.e., Vf(a) = 0, or equivalently, all partials vanish at a, or equivalently, the first
order differential df(a, h) = 0 for all vector h € R™.

For a differentiable function, the critical points are the points which might be a
local extremum or a saddle point (a critical point which is not a local extremum).
Let us first recall the sufficient condition for local extrema/saddle points:

Theorem 15.1. Suppose that f is k times differentiable at a and
df(a7h’) = de(aah) == dk_lf(aah) =0

for all h € R™ and d* f(a, ho) # 0 for some hg € R™. If k > 3 is odd then a is a
saddle point. If k is even then

e d¥f(a,h) > 0 for all h # 0 implies a is a strict min;

e d*f(a,h) <0 for all h # 0 implies a is a strict maz;

e d*f(a,h) changes sign implies a is a saddle point.

The situations not included are called ambiguous cases, meaning that the result
is inconclusive from above theorem.
Here are some toy examples:

Example 15.2. e The examples we have seen in class fi(x,y) = 22 + y* and
fa(x,y) = 22 — y*. They both have the origin (0,0) as the only critical point,
and both have the same degree 2 Taylor’s polynomial 22, and moreover, they
both have vanishing Hessian at (0,0) which leads to the ambiguous case. It
is easy to see that fi(z,y) is always nonnegative, thus it has (absolute) min
at (0,0). But fa(x,y) has a saddle point at (0,0) by considering two paths to
(0,0) parametrized by (¢,t) and (t3,1).
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e (Monkey saddle — three up/three down) The example f(x,y) = 2% — 3zy>.
Again we have the gradient Vf = (322 — 3y?, —62y) thus the only critical point
is the origin (0,0). We can check that

df(0,h) =d%f(0,h) =0

for any h € R? and d®f(0, h) is not constantly zero. Thus the origin is a saddle
point.

e (Dog saddle) Consider the function defined by f(z,y) = x3y—xy>. The gradient
can be computed as Vf = (32%y — y3, 2% — 3xy?) and one can check similarly
that the only critical point is the origin (0,0). This is also a saddle point by
taking paths parametrized by (¢,t/2) and (¢, —t/2).

Now consider the following examples using the sufficient condition:

Example 15.3. (1) Consider the function

2

f(z,y) = Pye ™ V",

First find the critical points by setting all partials to be zero:

0

a—f = Z:Eyeﬂﬁfy2 - x2y2x67x27y2 =2zy(1 — 172)67127?’/2 =0
x

0

a—; =(1- 2y2)x267127y2 =0

Thus the critical points are

(i) (0,b) where b € R: the entire y-axis. When b > 0, near (0,b), we have
f(z,y) > 0 thus (0,b) is a local min. When b < 0, near (0,b), we have
f(z,y) <0 thus (0,b) is a local max. When b =0, f(x,y) changes sign
near the origin, thus it is a saddle point.

(ii) (41,£1/4/2) are local extrema, to see this one can check the second
differential at those points.

(2) Consider the function

flay) =2 +y* = (x+y)>

Firstly set partials to zero to find the critical points:

of _ s _
895741: 2(x+y) =0
of _ 3 _
9 =4y° —2(x +y) =0.

Then the critical points are
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(0,0). Near (0,0), along z = y, we have f(x,z) = 2z* — 42% < 0; along
x = —y we have f(z,—x) = 2z* > 0. Thus the origin is a saddle point.
(1,1). Compute the second differential, since

(i)
(i)

0% f 0% f 0% f 0% f

Z 12272 - =-2, 5 =122

Ox2 . T Oxdy  Oyox T Oy? Y ’
we have

d?f((1,1), (hy, ha)) = 10hT — 4hyhg + 10h3
=2(hy — ho)*> +8(hi +h3) >0
for any nonzero (hq,h2) # (0,0). Thus (1,1) is a local min.

(iii) (—1,—1). This is similar to (1,1).
(3) Discuss that whether (0,0) is a saddle point for the function

fla,y) = 2*)° +a'y™.
First check whether (0,0) is a critical point:
of

%(07 0) = 2xy° + 423y* =0,
0
8—5(07 0) = 52%y* + 4zty® = 0.

Moreover f(0,0) = 0 with

flzy) = 2yt (y + 2%).

The term 22y is nonnegative, and y + 2 changes sign in some small neighbor-
hood of the origin. Thus (0,0) cannot be a local extremum, and it must be a
saddle point.

The following examples show the ambiguous case.

Example 15.4. (1) First consider the function

flz,y) = (y —x)* — .

By setting partials to be zero, we get

%:2(m—y)—4x3:0
0
a—i:Z(y—x)zO
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which yield (0,0) being the only critical point. Then since

A T
oxdy  oyox T Oy

>*f 2
@:27121},

the second differential is d2f(0, h) = 2h3 — 4h1hgy + 2h3 = 2(hy — hy)? > 0. Or
one can check the Hessian at origin has vanishing determinant. Thus this is
the ambiguous case. Along the path parametrized by (¢,t) we have

ft,t)=—t* <0
near 0; along the path parametrized by (t,2t) we have
ft,2t)y =t —t* >0

near 0. Together with the fact that f(0,0) = 0, the origin is a saddle point.
Now consider the function

flay) = (y—2)* +a* +9°,

and it is easy to see the origin (0,0) is a critical point. Now we want to
check whether (0,0) is a local extremum or a saddle point. Again, the second
differential

d*f(0,h) =2(hy — h2)* >0

for any h € R2. Thus it also falls into an ambiguous case. We set t =y — x
and thus y = x + ¢ and consider

glx,t) =t> +2* + (x +t)°

at the origin (0,0). The natural guess is that near the origin t? + z* is the
dominant terms, thus we should have (0,0) to be a local min. And we only
need to consider locally when = + ¢ < 0 since by taking fifth power, the term
(x +t)® will have negative contribution. Note that

x < |$| < (374 _’_752)1/47
t< |t < (a* 4+ 12)V/2

Now we will consider (x,t) in B(0, €) for € > 0 sufficiently small. Let z = 2% +#2
then in such neighborhood z is sufficiently small, and thus

SU/5 _ 14 _ L1/2 z1/5(1 _ 54 z5/2) > 0.
It means that

4t < |z 4 [t < (@ + )V 4 (@t )Y < (ot )Y
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which implies
|z +t° < 2t + 2.

Therefore in a sufficiently small neighborhood of the origin,
242t — |z +1)° > (t* +2?) - (2 +1*) =0.

In particular, back to the original coordinate (x,y) from the current (x,t) we
only need to restrict to a smaller ball, for example B(0,¢/2). Since when
(z,y) € B(0,€/2), it guarantees that |t| = |z — y| < € as well. It shows that
(0,0) is indeed a local min.

16 MARCH 17

A special case for the above sufficient condition is when we have two variables, i.e.,
n = 2, and d?(a, hg) # 0 for some hy € R?, i.e., k = 2. In this case, the sufficient
condition can be reinterpreted in the following way. Let hg = (h1, h2) and a be a
critical point, then the second differential can be realized as a quadratic form in
terms of hq, ho:

d*(a, ho) = Qs(a, hy) = Ah? + 2Bhyhy + Ch}

where o o f o
= @(0;)7 = axay(a) = ayam(a’)7

and the Hessian matrix of f at a is precisely given by
A B
Hf (a) = (B C) :
Thus

(1) If Qs(a, hy) is indefinite, i.e., det Hy(a) < 0 then a is a saddle point;
(2) If Qs(a, hy) is positive definite, then a is a strict local min. Or one can check
if A> 0 and det H¢(a) > 0, then it also implies a is a local min;
(3) If Q¢(a, ho) is negative definite, then a is a strict local max. Or one can check
if A <0 and det H¢(a) > 0, then it also implies a is a local max.
Note that this is nothing different from the original sufficient condition, we only
use different terminology to describe the sign of d%f(a, h). Here is an example:

_ &t
- 5

(a)

Example 16.1. Consider the function
flz,y) = (14 ¢eY)cosx — yev.

Find all the critical points, and determine whether they are local extrema or saddle
point.
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First set all partials equaling zero:

of _ V) sinz —
e (14 €Y)sinx =0,

Thus the critical points are (i) (2kw,0) and (ii) ((2k + 1), —2). Now let us compute
all the second partials:

of
0y

=eY(cosz—1—y)=0.

0% f Y

9 —(1+eY)cosz,
Fr _0f _ —eYsinx
0xdy  Oydx ’
82

a—yjzc =eY(cosz — 2 —y).

It can be checked easily that (I am going to use the same notation A, B,C as above
for simplicity):
e At a = (2km,0):

or in other words
d*f(a, (h,k)) = —2n%* —k* < 0

for nonzero (h, k) # 0. Thus (2k7,0) are local max.
e At a = ((2k+ 1)m,—2):
A=1+4e? B=0, C=—¢?
and det Hy(a) = —e %(1 4+ e?) < 0. Thus ((2k + 1)m, —2) are saddle points.
Recall that

Proposition 16.2. Let D C R" be closed and bounded, and f : D — R be differen-
tiable on D°. Then the absolute extrema of f are attained at either a critical point
of f or a boundary point of the domain D.

In practice, to locate absolute extrema over a compact set for a “nice” multi-
variable function, we first find all critical points. And find the boundary 9D of its
domain D. For example if the ambient space is R?, the boundary of a region D in
R? is just some 1-dimensional pieces, so that we can apply the method of finding
extremal values in one variable calculus. Finally we compare the evaluation of f at
those points and determine the greatest and least values among those.

Let us start with an easy example:

Example 16.3. Consider the function f : R? — R defined by

flay) =y’ (y — 1+27).
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Let’s find the critical points first. Set

of

7:2 3:0 7:24—3 3220.

s = 2 =0 5 Yy~ (4y — 3+ 327)

Then the critical points are (i) all the points on z-axis, i.e., y = 0; (2) point (0, 3/4).
All the points on the z-axis are saddle points. But if we restrict the domain to the
compact set

then all the points on the boundary 9D are absolute max. Since f is continuous on
the compact set D, it must attain its absolute min and max on D. We already know
f attains its max on the boundary, so it attains its min at some interior point of D.
And the point where f attains its min has to be a critical point, therefore (0,3/4) is
an absolute min of f on D.

Now let us consider the function to be

flay) =9v*(y— 1+ %)%

The graph has been shown as above. In this case the points lying on the parabola
are also critical points. Since
of

% = 4$y3(y_ 1 _xg) = 07

of _

3 y*(y — 1+ 2?)(by — 3+ 32%) = 0

the critical points are (i) points on z-axis; (ii) points on the parabola given by
y =1—?; (iii) (0,3/5). In this case, all the points on the x-axis are saddle points;
points on parabola with y > 0 are local min; points on parabola with y < 0 are local
max. Restrict to the compact region D, the points on the boundary are absolute
min, and the critical point (0,3/5) is an absolute max, by the same argument as
above.

A slightly complicated example is

Example 16.4. Consider the function f : D — R defined by

f(z,y) = day — 22° — y*
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on the compact domain
D =1[-2,2] x [-2,2].

Since f is continuous defined on compact set D it attains its max and min on D.
First find interior points where the function f has vanishing partials:

= =4y —4dr =0, — =4z—4y>=0.

The critical points are (0,0), (1,1) and (—1,—1). Restricting to the boundary, we
only need to consider four one-variable functions

f(l’,2), f(xv 72)7 f(2ay)7 f(727y)
I will only do f(z,2) here and the other three follow similarly. Consider
f(2,2) =8z —22% — 16, z€[-2,2].

Since 8 — 222 — 16 = —2(2? — 4z +4) — 8 = —2(z — 2)? + 8, f(x,2) attains its
max at z = 2 and min at & = —2. Thus we need also take (2,2) and (—2,2) into
account. For f(2,y) = 8y — 8 — y* on y € [~2,2], we can also find the critical point
by setting 8 — 4y® = 0 thus we have the only critical point y = /2. Together with
the boundary point of [~2,2] we need to compare f(2,2), f(2,—2) and f(2,/2)
to get the absolute extrema for f(2,y) on y € [—2,2]. One can check that f(2,y)
attains its max at y = ¥/2 and its min at y = —2. Completing the discussion we
could get the absolute max and min of f(z,y) on the closed square D.

For more general constraints, one may need to apply Lagrange multiplier which
we are not going to cover here (maybe later).

17 MARCH 22 & 23

Now we move on to Inverse and Implicit Function Theorem. The Inverse Function
Theorem tells us that under which circumstances a function is locally a diffeomor-
phism. Namely, recall that

Theorem 17.1. Let f : V — R™ where V C R" is open and f € C*(V) (1 <k < 00).
Let a € V with f(a) = b and Df(a) is invertible, i.e., det D f(a) # 0, then
o there exists an open set W C V containing a such that f is one-to-one on W
and f(W) is open in R";
o f7Lif(W) = W is also C* on f(W),
where the above two mean f : W — (W) is a C* diffeomorphism, and moreover,
e Df1(b)=Df(a)".
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Note that in the lecture we proved the theorem by constructing a contraction
map and apply the contraction principle. But it can also be proved by applying
Implicit Function Theorem to F' : V' x R™ — R™ defined by F(x,y) =y — f(x) at
(a,b) where f(a) =b in order to solve variables « in terms of y.

The theorem stated as above is only a local result. Even if we have D f(x)
invertible everywhere, the result is still local, i.e., it does NOT mean that f has a
global inverse on the entire domain V. We have already seen one classical example
in class, namely f(z,y) = (e cosy, €® siny). There are other examples such as polar
coordinate transformation. The other essential condition for using Inverse Function
Theorem is the dimension of the ambient space of the domain and codomain must
be the same since otherwise we cannot talk about the invertibility of the Jacobian.

In order to get a global version of the Inverse Function Theorem, we can add
conditions on the function f being one-to-one on its domain V' and det D f(x) # 0
for any x € V.

Note that the Jacobian matrix is a linear operator on tangent spaces. We can
define what is called an immersion: Given a differentible function f : U — V
where U C R™ and V' C R™ are open sets, we call f an immersion if the rank of the
Jacobian matrix is constant n, i.e., D f has full column rank everywhere, which is
equivalent to say that that the linear map D f is everywhere injective on U.

Example 17.2. Give a C* function f : U — V. Assume f is a bijection and also an
immersion, then we immediately get the relation on the dimension: n < m. Moreover
n < m cannot happen, since if it happens, for any a € V since rank D f(a) = n the
Jacobian D f(a) must contain an invertible n X n minor, say

a(yilﬂ"' ayin,)
det D, ) # 0.

By the Inverse Function Theorem, there exists some open neighborhood of a such
that zy,--- ,x, can be locally considered as C* functions in terms of y;,,--- , ¥, .
But since n < m there are different points (y1,- -, ym) corresponding to the same
point (z1,- - ,x,) which contradict the assumption that f being one-to-one. Thus
we must have n = m.

Let’s do some computation:

Example 17.3. Consider the function f : Ri’y — wa given by

f(l’,y) = (I2 - y2,2l'y)
where we write u = f1(z,y) = 2% — y? and v = fo(z,y) = 2xy.

(1) Show that there exists a neighborhood U of (2,1) € R? such that f: U — f(U)
has an inverse f~1: f(U) — U.
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First compute the Jacobian of f(z,y):

oh of
| oz o _(2z -2
prew =55 o= (5 o)
or Oy

And thus
Df(2,1) = (;1 _42) , det Df(2,1) #0.

By Inverse Function Theorem, there exists some open neighborhood U of (2,1)

on which f has an inverse.

Compute ¢'(1) where g(t) = h(f~1(3t2,4t)) with f~!isin (1) and h(x,y) =
2

xy“©.

By Inverse Function Theorem, locally we have

fﬁl(uvv) - (F(U,U), G(u,v))

i.e., locally x = F(u,v),y = G(u,v) and we are solving z,y in terms of w, v,
with Jacobian

O
Df Hu,v) = Df(z,y)"' = 4(22 + 32) <2ggj 2xy> - 37& gﬁ
Ju Ov

It implies that
OF x or y oG —y oG x

du 2@ +y?) v 22 4¢2) du 2@ +y?) v 222 +4?)
Now we can compute the derivative ¢’ (t) with g(t) = h(f~1(3t%,4t)):

oh OF OF
r 19,2 2 2
gt) = pe (£ (3t%,4t)) <5‘u (3t%, 4t)6t + 5 (3t ,4t)4>
oh

"oy

(f1(3t%,4t)) ((Zs(i’)tQ,élt)Gt + %(3#,4&4) )

Now set ¢ = 1 then £71(3,4) = (2,1) because f(1,2) = (3,4). Notice that we
only have formula for these partials in terms of =,y (not u,v). Thus

') = (5 { T O '4}
g)=(y )|(2,1) 2(x2 + 12) 2(z2 + y?) (2,1)

—y xT
+ (22y)l 2,1 {2@2 +12) + 2(z2 +y?) }(2,1) 5
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The Implicit Function Theorem tells us that when the variables y is (locally)
implicitly defined by an equation f(x,y) in terms of . Geometrically, suppose we
have a hypersurface defined by z = f(x,y), take a level set by setting z = 0, we
want to know around a given point (a, b), whether there exists a function g(«) such
that y = g(x) solves the equation f(x,y) =0, i.e., the graph of g agrees with the
zero set of f locally near (a,b).

Before getting into the standard local version of the Implicit Function Theorem,
we have seen one of the global versions in class,

Theorem 17.4. Suppose that f : A x I — R where A C R™ is open and I =
(b1,b2) C R is an interval. For any fized x € A, suppose
e the one-variable function f(x,—):y — f(x,y) is differentiable with respect to
y and g—i(m,y) >0 forally €1, and
o lim ¢ f(z,y) <0 while lim, _, - f(z,y) >0,
then there exists a unique function g : A — I such that y = g(x) is implicitly defined
by f(z,y) = 0.

The key point for proving this global theorem is to apply the Intermediate Value
Theorem to the continuous function f(x,—). The strict monotonicity together with
the limit condition guarantee that there exists a uniquely y associated to any fixed @
to make f(x,y) = 0 and such correspondence precisely constructs the function g(x)
as we want. Therefore we can use the same idea, to get another global version,

Theorem 17.5. Suppose that f : A x I — R where A C R™ is open and I =
(b1,b2) C R is an interval. For any fized x € A, suppose there is a positive ¢ > 0
such that

of

@(xvy) >c

for any y € I, then there is a unique function g : A — I such that y = g(x) is
implicitly defined by f(x,y) = 0.

This is a direct consequence of the following lemma in one-variable calculus:

Lemma 17.6. Suppose that f : R — R is differentiable and there exists a positive
real number ¢ such that f'(x) > ¢ for any x € R, then f has a unique root in R.

Proof. First notice that f is strictly increasing, thus it has at most one root. Consider
the value f(0). If f(0) =0 then we are done, and = = 0 has to be its unique root. If
f£(0) > 0, apply the MVT to f on the interval [—f(0)/c, 0], then there exists some ¢
in between such that

(0)

FO0) = f(=f(0)/e) = f'() == = f(0)

which implies that f(—f(0)/¢) < 0, meaning that there is at least a root in
[-f(0)/c,0]. Likewise we can prove for f(0) < 0. O

54



Let us see one example about the global implicit function theorem. There are
several more examples with analysis on the extreme values of the implicit function
in the lecture notes and homework.

Example 17.7. Consider the function f : R? — R defined by

f(z,y) = 2y’ + 2y — cosy.
For any fixed z € R, view f(z,y) as a function in terms of y, then

g(az,y) =322y +2+siny > 1

Ay
for any y € R. Thus there exists a unique y € R with f(z,y) = 0 for the fixed z. It
then defines a function g : R — R with y = g(x) implicitly defined by f(z,y) = 0.
We can further compute

_ —2xy3
© 322y? + 2 +siny

y =g (z)

it has only one critical point at = 0. This is because y = g(x) > 0 for any = € R.
Let us now prove this claim. Firstly, the implicit function y = g(x) is symmetric
about z = 0, thus we only need to consider x > 0. Secondly, y = g(x) # 0 for any
x € R since

f(z,0) = —cos0 # 0.

Since g(z) is continuous it is either positive or negative by Intermediate Value
Theorem. Moreover, if = 0, then yy = g(0) must satisfy

J(0,90) = 2yo —cosyp =0

thus yo = ¢g(0) > 0. Therefore y = g(x) > 0 for all z € R. Furthermore, g(z) attains
its absolute max at x = 0 because

> _ oSy =2y

meaning that cosy — 2y > 0 which implies that y = g(z) < yo = ¢(0) for any z € R.
Another example goes:

Example 17.8. Consider f(z,y) = 2* +y*+ 2% +y?+1. Then there exists a unique
y = g(x) implicitly defined by f(z,y) =0 on R X (—o0,—2/3). But there is no such
¢ implicitly defined on R x (0, c0).
For any fixed x € R, we have
of

(.Ty(fc,y) =3y’ +2y=y(By+2) >0
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for y € (—o0,—2/3). Tt is also easy to see that f(z,y) is continuous in y for any
fixed z € R. We also have

Jim fley)=—o0,  lm_ f(w,y) = (@' +2? + 1)+ 9 (y+ 1) 25 > 0

9—
y—=—35 1

hold for any fixed = € R. By the global implicit function theorem there exists a unique
g(z) such that y = g(z) is implicitly defined by f(z,y) =0 on R x (—o0, —2/3).
On R x (0,00), by way of contradiction, if there exists such function g(x), since
again for any fixed x € R
of

— 2
9y y(By+2)>0

for any y > 0. It means that f(z,y) is strictly increasing in terms of y for any fixed
x. Moreover,

lim f(z,y)=2*+2>+1>0, lim f(z,y) = oco.
y—0+ Yy—>00

Together with the fact that y — f(z,y) is continuous on (0,00), we cannot have
f(z,y) =0o0n R x (0,00).

For the local Implicit Function Theorem, we can roughly interpret as following:

22[(‘(_‘/0"0

4

oty bt aned 40

7 @ Aogh 50w =2y

Pauar 320 oA ¢

for instance, consider a surface z = f(x,y) in R? with the level set cut out by the
hyperplane z = 0. The theorem tells us that at which point, in the xy-plane, can
the curve locally be viewed as a graph of some function y = g(x). It is to see that
locally the curve cannot have vertical tangent line, which is precise when the gradient
direction has zero y contribution, i.e., % =0.

18 APRIL 5

The local version of implicit function theorem is stated as follows:
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Theorem 18.1. Suppose f : Q — R™ where Q C R™ x R™ is an open subset is
of class C' on Q. And (zo,y0) € Q satisfies f(xo,yo) = 0 and Dy f(xo,yo) is
invertible. Then there exists an open neighborhood U C R™ of zy and a unique
function g : U — R™ which is implicitly defined by f(x,y) = 0 such that yo = g(xo).
The function g € C*(U) and

Dg(x) = —(Dy f(z,g(2))) ' D f(x, g(x))
forany x € U.
Let’s see some examples:

Example 18.2. Consider a function f : R?> — R given by
flx,y,2) =2+ 2% +az+y> + 25

(1) There exists a function g : R? — R such that z = g(z,y) is implicitly defined
by f(z,y,2) = 0 which is of class C' in some neighborhood of (0,0) € R2.
First of all of of of

=242, =3y L=1 322
oz T+ Oy LA tatee
all of which are continuous on R? thus the function f is of class C'*. Also notice
that f(0,0,0) = 0 now since
0]
D.f(0,0,0) = —f(0,0,0) =1>0
0z
by implicit function theorem we get the existence of such g : R?> — R which is
of class C! in some neighborhood of (0, 0).

(2) We can also compute the partial derivative of the implicit function g(z,y).
For example, near (0,0) we have f(z,y,g(z,y)) = 0 thus by Chain rule to
differentiate with respect to x:

of af Jdyg B
%(xayag(xay)) + @(xayv‘g(xay))%(xvy) =0
together with g(0,0) = 0 we get

dg B
52(0.0) = 0.

Differentiate with respect to z one more time, we get

0% f 0%f Og 0% f 0%f og\ Og Of 0%g
axﬁazam*(axaﬁazaax)+

dr = 0z 0a?
for which we can compute %(O, 0) =—-2.
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(3) But the origin (0,0) is not a local extremum for g.

Consider the sign of g(0,y) around the origin. The implicit function theorem
says that f(0,y,z) = 0 with z = ¢(0,y) around the origin, then

f0,y,2) =2+ +22=0

and thus z(22+1) = —y3. Thus z = ¢(0,y) changes signs around y = 0 because
22 4+ 1 > 0 and the sign of ® changes around y = 0. Thus (0,0) cannot be
a local extremum for g. (It is a critical point since one can check it has zero
gradient, so it has to be a saddle point.)

Consider another example:

Example 18.3. Given an equation

(1)

F(x,y) = 2° +y +sin(xy) = 0

In some sufficiently small neighborhood of (0,0), there is a unique continuous
function y = g(x) which is implicitly defined by the equation such that g(0) = 0.
This is simply due to the fact that

2—5(0,0) =1+ zcos(zy)|,0 =1#0
and F(0,0) = 0. Thus by the implicit function theorem, locally near the origin
there is a unique function y = g(z) implicitly determined by the equation and
0 = g(0). Moreover since F; and F} are both continuous the implicit function
y = g(z) has to be C! as well. And we can compute the derivative of the
function g:
F, 2z +ycos(zy)

/
gz)=—"==—"7-———".
F) 1+ x cos(zy)

Now let us discuss the monotonicity of the continuous implicit function y = g(x).
Consider the sign of ¢’(z). Near the origin, the denominator

1+ zcos(zy) > 1—|z| > 0.

Thus the monotonicity depends on the sign of —(2x + y cos(xy)). As g(0) =0,
we have ¢’(0) = 0. This means that y = o(z) as  — 0. Therefore |y cos(zy)| <
lyl = o(z) near x = 0 and thus the sign of ¢’(x) is the same as —2z. In
conclusion, if z > 0 then ¢'(z) < 0 thus y = g(z) is decreasing; if z < 0 then
g'(x) > 0 thus y = g(z) is increasing. So the implicit function y = g(z) attains
its absolute maximum at x = 0.

In general there will be no way to see if x can be explicitly written as a function
in terms of y which is implicitly defined by F = 0 near the origin (0,0). This

is because
oF
%(070) = (21’ + yCOS(I’y))(Qo) = 0
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But from the result in (2), we know that the function y = g(x) attains its
absolute max at = 0 thus near (0,0), when y < 0 there are at least two x
with F(z,y) = 0; but when y > 0 there is no such z such that F(z,y) = 0.
Therefore near (0,0), there is no function = h(y) which is uniquely and
implicitly defined by F(z,y) = 0 with F'(0,0) = 0.

19 APRIL 6

One more example:

Example 19.1. Verify the system

e +3x—cosy+y=0
e —zrz—z4+y—1=0

defines implicitly around (0,0,0) a curve in R with parametrized equations z =
t,y = y(t) and z = z(t). Find the equation of the tangent line at (0,0, 0).

Let fi(x,y,z) = €*+3x —cosy + y and fo(x,y,2) = e* —x —2z+y — 1 and
f = (f1, f2). Note that £(0,0,0) = (f1(0,0,0), f2(0,0,0)) = (0,0). Moreover

%:3,%:Siny+l,%zez,%:ez—l,%zl,%:—l
which imply f is C' and
ofi 0f
Dy.f - 597{2 59?2 :<siny1+1 i)'
dy 0z

It is easy to check that D, . f(0,0,0) is invertible. Thus by implicit function theorem
there are functions y = y(z) and z = z(z) which are uniquely and implicitly defined
by the system f(0,0,0) = 0 with y(0) = 0, 2(0) = 0. Therefore locally near (0,0, 0),
the system has a parametrization (¢, y(t), z(t)).

To compute the tangent line at (0,0,0) we only need to compute y'(0) and 2’(0).
Since

(D, £(0,0,0))"t = _% <j —11>

D, £(0,0,0) = <€z3 1)z_0 = (g) )
(W) -0 )6~ ()
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Thus the tangent line at (0,0,0) is given by © = t,y = —3t/2,z = —3t/2.

Alternatively, since the tangent line lies on the tangent planes of the given two
surfaces, we only need to compute the intersection of two tangent planes at (0,0,0).
Since the normal vectors are

(3aSiny + 176Z)(0,0,0) = (35 17 1)7 (69: - 17 17 71)(0,0,0) = (05 17 71)a

the tangent line is given by the solution of the linear system

3x+y+2=0
y—z=0

which is given by (¢, —3t/2, —3t/2).

Another application of implicit function theorem is to find constrained extrema,
i.e., Lagrange multiplier. The question is formulated in the following: Given f :
A — R where A C R" is an open set, and h : R — R™. Find the extrema of f
subject to the constraints h(x) = 0.

In some special cases, we don’t need to use the Lagrange Multiplier. For example

Example 19.2. Find the extrema of f(x,y) = ¢’ =¥ where (z,y) satisfies the
relation z2 + y? = 1.

In this case, under the relation, i.e., the points are chosen on the unit circle, we
can write y2 = 1 — 22. Thus ¢ %" = ¢2°~1 attains its min at x = 0 (then y = £1),
and max at © = =1 (then y = 0).

Now let us consider a simple case: Find the extreme of f(z,y) over A subject to
the relation h(z,y) = 0. Suppose that Vh # 0 everywhere in A, i.e., rank Vh = 1,
and suppose the point (xg,yo) is an extremum of f(z,y) with h(xo,yo) = 0. Since
Vh(xo,yo) # 0 then by the implicit function theorem, there exists a unique function
y = y(z) around z( which is implicitly defined by h(z,y) = 0. Precisely, we have
h(z,y(x)) =0 for & € (xg — d,x0 + §) for some § > 0. Differentiate with respect to x
we get

oh oh ,

il il =0

or (20, Y0) + oy (z0,Y0)y' (7o)
and since (zg, yo) is an extremum of f thus

0 0
(’Ti(xo’yO) + %(xo,yo)y'(mo) =0.

It implies that the following linear system with indeterminants «;, 53:

oh oh
g?(ﬂfo,yo)a + g?(fﬁoayo)ﬁ =0
%(l’o,yo)a + a*y(xovyo)ﬁ =0
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has a nontrivial solution (1,4'(z¢)). In other words, the coefficient matrix must
have zero determinant, i.e., V f(xo,y0) = AVh(xo, yo), which means that (xg,yo) is
a critical point of f — Ah.

Above discussion gives a necessary condition for constrained extrema, just as
the Fermat theorem for the non-constrained case. It requires further discussion on
whether the critical points we obtained are indeed extrema values. Redo the example
above, first of all let h(z,y) = 2% + y? — 1 and thus Vh = (2,2y) # 0 on the unit
circle. Now consider

F(z,y) = f(e.y) = Mz,y) = ¢ = Ma® +y° - 1).
To find critical points of F, setting 0, F = 0yF = 0 we get

226"V’ — 2\g = 0,
23/6””2_3/2 + 2 \y = 0.

The points should also be on the unit circle, thus if z = 0 then y = £1, in this case
A= —e ! if y = 0 then x = #1, in this case A = e. Thus possible candidates for the
extrema are (0,41) with f(0,+1) = e~ ! and (+1,0) with f(£1,0) =e.
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The Lagrange Multiplier Theorem (necessary condition for constrained extrema)
allows us to determine the absolute extrema of a multivariate real-valued function
f(x) subject to the constraint g(x) = 0. We introduce a new variable A and try to
find solutions to

Vf(z) = AVg(x) =0, g(x)=0.

If we can ensure that f indeed has an absolute extremum on the vanishing set of g
(for instance the zero set of g is closed and bounded, and f is continuous), then the
absolute extremum of f is also a local extremum and it is attained at the solution xg
of above system for which Vg(xg) # 0 or at a point where the hypothesis does not
hold. Thus we need to check both the solutions to the system, and some exceptional
points in the zero set of g at which either Vf or Vg does not exist or at which
Vg=0.

Example 20.1. Given a quadratic form
f(xl, xo, 3?3) = wAIBT = allx% + (122.’1’5% =+ aggIg + 2a1221T2 + 2a93T9T3 + 20137173

determined by some 3 x 3 symmetric matrix A = (a;;). Find the extrema on the
sphere h(z) = 22 + 23 + 23 — 1 = 0.
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The function f must attains its max and min because S? is compact in R3.
Consider the function

F(x) = f(x) — Ma? + 22 + x% -1)

which has critical points on S? (thus nonzero) as solutions of the following linear
system:

(a11 — N)z1 + 1222 + a1323 = 0,

a2171 + (a2 — A\)z2 + agzrs =0,

az1r1 + asprz + (azs — A\)xg = 0,

23+ a3+t =1

In order to make the system have nontrivial solution the coefficient matrix should
have zero determinant. It is easy to see that the determinant is just the characteristic
polynomial and the solutions to the polynomial is the eigenvalues of the matrix A.
Thus for any eigenvalue A of A, the linear system has a nonzero solution, which
can be rescaled to be on S2. Let (1,22, 23) be such a solution, with respect to
the eigenvalue A\. Then by multiplying the equations by x1, x2, x3 respectively and
summing them up, we get

fla) = Mai + a3 +a3) = f(x) A =0

thus f(x1,z2,23) = A. In other words, the max of f is the max eigenvalue of A while
the min of f is the min eigenvalue of A.

The next example show that condition Vg # 0 cannot be dropped in the Lagrange
Multiplier Theorem.

Example 20.2. Take a cuspidal cubic curve defined by 32 — (x — 1) = 0. We want
to find the minimal distance from the origin (0,0) to the point on the cuspidal cubic.
In other words, we want to find the minimum value of the function f(z,y) = 22 + 3>
with constraint g(z,y) = y? — (r — 1)3 = 0. It is easy to see from the picture that
the minimum is attained at the cusp (1,0) with shortest distance /f(1,0) = 1. But
we can compute

Vf(1,0)=(2,0), WVg(1,0)=(0,0).

Therefore we don’t have V f(1,0) and Vg(1,0) are collinear. Thus we can see from
this example that the conclusion may not hold if we drop the nonvanishing of the
gradient of g from the Lagrange Multiplier Theorem.

The method can also be used to prove some classical inequalities.

Example 20.3. Find the constrained minimum for the function

flz,y,z) =zlnz+ylny+zIlnz
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subject to the constraint g(z,y,2) =z +y+ 2z — 1.
First, the domain for the function f is x > 0,y > 0,z > 0. Together with the
constraint « + y + z = 1, we should look for the minimum over the set

E={(z,y,2) ER® |0 < 2,y,2 < 1}.
Moreover, it is easy to see that f(x,y,z) < 0 and supg f(z,y, z) = 0 since

lim z,y,2) =0.
(z,y,z)%(l,0,0)f( Y )

In order to find the constrained min, using the Lagrange Multiplier. Define
L(z,y,z,\) = (xlnz +ylny+ zlnz) = ANz +y+ 2 —1).
Thus we should search for the solutions to the following system of equations:

Inz4+1—-X=0
lny+1—-X=0
Inz+1-XA=0
r+y+2—1=0.

The only solution to this system is
Tr = y =z =

and this is where the function f attains its absolute min with constraint g = 0,
which is f(1/3,1/3,1/3) = —In3. Therefore we have on the hyperplane given by
r+y+z=1,

zlnz+ylny+zlnz > —In3.

This can also be deduced from the Jensen’s inequality, by considering the convex
function h(z) = —Inz, since z +y + z = 1, we have

1 1 1 1 1 1
h (:c +y- +z> <zh () +yh () +zh ()
T Y z T Y z

which is exactly what we have obtained from Lagrange Multiplier. And it can be
easily generalized to n variables.
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Let us consider one more example related to multiple constraints.
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Example 21.1. Let us find the point on intersection of two hyperplanes given by
r+y+2z=1and 3x + 2y + z = 6 which has the shortest distance to the origin
(0,0,0). Denote

hl(xay>z) = a:+y+z— 1;

ho(z,y,2,) =3z +2y+ 2 — 6.

We want to find the absolute min of f subject to the constraints h; = hy = 0.
Consider the function

L(x,y,z,)\,,u) = f - )‘hl - ﬂh27

and we need to solve the system VL = 0, h; = ho = 0, more precisely.

20— A—3u=0
2y —A—2p=0
2z—A—p=0
r+y+z=1

3z +2y+z2=6.

It yields

CA3u A+2u A+

T2 VT T T
by plugging into the constraints, we could get A = —22/3 and p = 4 and thus the
point (7/3,1/3,—5/3) is the solution to the above system.

Now the function f must attain its absolute constrained minimum. Although the
intersection of two hyperplanes is not bounded, and function f is continuous and
the r-ball is always compact in R? for some r? = 23 + y2 + 22 where (20, yo, 20) is
some point on two hyperplanes. Therefore the constrained absolute min is attained.
Moreover we can check that Vh; = (1,1,1) and Vhy = (3,2, 1) and they are nonzero
everywhere and not collinear. Thus the point (7/3,1/3,—5/3) has to be point we
are looking for.

The integrability of multivariable functions is unlike the single variable case since
the region for integration in R™ is more complicated than intervals. Let us start
with integrability on n-rectangles in R™ and then introduce the notion of Jordan
region, i.e., a subset which is Jordan measurable. Then we can define the Riemann
integrability over Jordan regions.

Recall that given an n-rectangle @@ C R™ and a bounded function f : Q — R. We
say the function f is Riemann integrable on @, denoted by f € R(Q) if

/Qf=sgpL(f, G) = wfU(f.G /f
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where G = {Ry, -+ ,R,} is a grid of @ and U(f,G), L(f,G) are upper and lower
sum defined in the similar way in single variable integration.

Similarly, we also have the Darboux epsilon condition for integrability. Namely if
f:Q — Ris bounded over @ then f € R(Q) if and only if for any € > 0 there is a
grid G of @ such that U(f,G) — L(f,G) < e.

Example 21.2. The function given by

1 if y > x;

is Riemann integrable on unit square [0, 1]2.

First of all f is bounded on R2. For any e > 0, partition the rectangle [0,1]2
evenly by dividing each side into n intervals each of length 1/n. Call this grid G and
compute the upper and lower sum of f with respect to the grid G as follows

U(.6) = Y My() oy = "D e L,

2 n2 21,2
L(f,G) = Zm](f)% — (1+n—22)(n_2)% _ %
j=1
Thus ) )
n

U(va)iL(faG) (4n72)<ﬁ:;<6

T w2

and we can take n be any natural number greater than 2/e.

Using the integrability over rectangles, one can defined a set being Jordan
measurable, in other words, a set over which the constant 1 function is integrable.
To be precise, let Q C R™ be a bounded subset, with  C @ for some n-rectangle @,
then 2 is said to be Jordan measurable if the characteristic function xq is integrable
over (. In this situation, we define the Jordan content |2 of the set  as

|Q|:/de:/QXQ(x)da:.

The definition for the Jordan region is well-defined, i.e., it does not depend on
the choice of rectangle ). This is because if @), Q" are two rectangles containing €2,
we can prove using definition that

/XQ:/ XQ:/ XQ-
Q QNQ’ Q’

The main reason we consider integration over a Jordan region is because we
want the boundary of the region to have arbitrarily small contribution to the sum.
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This intuitively gives the characterization of a bounded set 2 C R™ being Jordan
measurable: if and only if the boundary |02 has Jordan content zero. Moreover, we
can also characterize Jordan content zero sets using finite cover of closed rectangles.
Namely, a bounded set 2 C R™ is Jordan measurable with content zero if and only

if for any € > 0 there exists a finite collection of closed rectangles Ry, - -+, Ry such
that
N N
QC (JRr, Y |Rkl<e
k=1 k=1

Let us consider several examples of Jordan content zero sets:

Example 21.3. e Line segments in R? have Jordan content zero. Note that
they do NOT have content zero as subsets in R, and thus the concept of Jordan
content zero heavily relies on the ambient space.

For simplicity, let us consider the line segment

L={(z,z) eR? |z € 0,1]}.

For any € > 0, take N = [1/¢] + 1 and cover L by N rectangles {R;,--- , Ry}
each of which has side length 1/N. Thus

N
N 1

and hence L has Jordan content zero.
e Unit circle S* € R? has Jordan content zero.
Divide 27 evenly into 2™ angles, i.e., 8 = 3—2 = sa=7. Cover each circular
sector by a rectangle with side lengths sin(572) and 1 — cos(5~7). Thus S*
is covered by 2™ rectangles with total volumes
no. 0 T
2 Sln2n7_1 (1—COSW> —0
as n — 0.
e Every finite set in R™ has Jordan content zero. But there are also infinite sets
which also have content zero. For instance the set

1
E:{
n

(For higher dimensional example, one can take {(1/n,1/m)} similarly.)
For any e > 0, take the first interval Iy = [0,¢/2]. Then all but finitely
many points in E are in I;. But finite set has content zero so we are done.
Alternatively, to be explicit, say {1,1/2,---,1/m} are not in I;. Take

neN}cR.

L =[1,14¢/2?], -, Lni1 = [m,m +¢e/2m1,
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then
m+1
Z|I|_E 1+ b ) <
2 2m

In general, we have a convergent sequence in R™ has Jordan content zero.
There are also examples(for sure!) of infinite sets which are not even Jordan
measurable. For example, £ = [0,1]* N Q™ C R™. This is because

/ xe=1#0= / XE-
[0,1]" J o1

Thus Jordan measure is not countably additive for nonoverlapping content zero
sets, (but Lebesgue measures is).

e Later we will see any curve in R™ which has a lipschitz continuous parametriza-
tion 7 : [0,1] — R"™ is of Jordan content zero.
But note that images of parametric curves in R™ are not necessarily of content
zero. More precisely, there can be continuous functions z(t), y(¢) from [0, 1] to
R such that {(x(t),y(t)) | t € [0,1]} C R? is not of content zero. For example
the space-filling curves, which can be the entire unit square.

e It can be easily deduced from the characterization that if @ C R™ has content
zero, then every subset of (2 is of content zero; Finite union of content zero
sets has content zero.
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Let us extend a little bit about the argument above regarding to the parametrized
curves. It is true that

e if v : [0,1] = R" is C!, i.e., continuously differentiable, then ~([0,1]) has

Jordan content zero;

e if v:[0,1] — R™ is Lipschitz continuous, then ([0, 1]) has Jordan content zero.
But, note that it is NOT true that the image of any continuous curve is of content zero,
or even Jordan measurable. Moreover, there are examples of continuous functions
(z(t),y(t)) : [0,1] — R? such that the image

{(z(®),y(t) | t € [0,1]} C R?

is not of content zero or not even a Jordan measurable set. Let’s consider a special
curve in the following examples starting with a one dimensional example of “compact
sets are not necessarily Jordan measurable, (but they are Lebesgue measurable)”,
called Fat Cantor set.

Example 22.1 (Fat Cantor set). This is an example of compact set in R which is
not Jordan measurable. The fat Cantor set is a slight modification of the standard
Cantor set, i.e., the proportion removed in each step is not a constant 1/3.
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Recall that the Cantor set C' is compact uncountable with measure zero (thus
it is also of Jordan content zero). Moreover, it has empty interior, i.e., it contains
no intervals, every point in C' is a boundary point, i.e., 0C = C, and it is nowhere
dense C* = 0.

Peano and Jordan noticed that there is a set even in R, with empty interior, but
still cannot be covered with finite intervals with total volume zero. The idea is to
start with the construction of Cantor set but try to make it slightly fatter.

The fat Cantor set is constructed as follows, start with the interval [0, 1]:

1) Remove the middle (open) 1/4 from [0,1], i.e., remove I; = (2, 2) from [0, 1],
we have the following union left

o]

2) Remove the middle (open) subintervals of length 1/4? from the remaining
2! intervals in the previous step, i.e., remove Iy = (35, 55) U (32, 2), the
remaining union becomes

0 3107 3]0 (8.3 2 4],
' 32 3278 8732 32777
n) Remove the middle (open) subintervals of length 1/4™ from the remaining 27!

intervals in the previous step n — 1. Call the removed interval I,, as used above.
Continue this process inductively, the fat Cantor set is defined by

Cr =[0,1]\ [jln.

n=1

The fat Cantor set C'r has the followings properties:

e We remove a sequence of open sets {I,,} each being a finite union of disjoint
open intervals. Thus CF is closed since it is a complement of an open set, and
it is bounded, thus compact.

e The total length removed is

> I & 2 11 1

n—1 _ _ _
22 4n7222n+27122n7§'
n=1 n=0 n=0

Thus C'r has positive measure.

e Similar to the Cantor set, the fat Cantor set C'r has empty interior, i.e.,
O0Cr = Cr. And it is nowhere dense as well.

e But the fat Cantor set Cr is not Jordan measurable. Let P be any partition
of [0,1] and let @,, be the partition given by the n-th step of iteration. Thus
P, = PUQ, is finer than P thus

1
5 < U(XCF7P7L) < U(XCpap)
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It implies that the outer Jordan measure is bounded below by 1/2 but the
inner Jordan measure is zero (it contains no interval) thus it is not Jordan
measurable.

Example 22.2 (Osgood curve). A Osgood curve C' is a plane curve which is not
self-intersecting, i.e., it is the image of a continuous injective function [0,1] — R2,
compact, and has empty interior, i.e., 9C = C, but has positive area (positive
Lebesgue measure). Therefore it cannot be Jordan measurable. The construction can
be obtained as a two dimensional version of fat Cantor set on triangle, by removing
open wedges with base as the middle 1/4™ on each sub-triangle. I am attaching a
graph from Wikipedia as below.

Note that open set may not be Jordan measurable. One example is the complement
of the fat Cantor set in R, it is bounded open but one can check it is not Jordan
measurable. Also open dense sets are not necessarily Jordan measurable.

Example 22.3. Consider the rationals in the interior of @ = [0,1] x [0,1], i.e.,
Q2N (0,1)2. Tt is countable so that we can enumerate as {r, }. For each r,, let R, be
a small open square inside @ such that > ° | |R,| = 1/2. For instance one can take
the side length for R, to be 1/2". Then the set A =J,_, R,, is open and dense,
and moreover by density we know that A = Q. But A is not Jordan measurable.
The reason is the following. Consider the characteristic function x4 on Q. Take any
grid G = {Gy, - ,G} of @, then the upper sum is

Ulxa,G) = Y |Gi|=1.
GiNA#D

Now set G' = {G; | G;N(Q\ A) =0} = {G,; | G; C A} C G. Then the lower sum is

L(xa,G) = Y |Gi|.

G;eG’
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Note that Ug, e G is compact and admits { R, } as an (infinite) open cover, there

is a finite subcover, i.e.,
N
U G clJr.
GieG’ i=1
Hence
N 1 1
) _ 4 _ -
L(XAaG) < Z‘Rz‘ < 1-1 "3
i=1 4
Therefore x 4 is not integrable over (), which means that the open dense set @) is not
Jordan measurable.

There is another example of Thomae function.

Example 22.4 (Thomae function). Consider the function g : [0,1] — R given by

1 if z = 0
g(xz) =141/q if x € Q and = p/q in the reduced form;
0 otherwise.

Consider Q4 = {(z,y) | £ € [0,1],0 <y < g(z)}. Then Q, has Jordan content zero.
The reason is as follow. Take any € > 0 we may assume ¢ < 1. Then there are only
finitely many of « € [0,1] such that f(z) > ¢/2. In other words, the set

F={zel0,1]]f(z) >¢/2}

is finite containing # = 0. Now we take the a big rectangle [0, 1] x [0, €/2] to cover the
lines corresponding to x € F°. What remain are finitely many line segments each of
length at most 1 —e€/2. Therefore we can cover them by finitely many rectangles with
total volume < €/2. Put everything together we can cover €}, with finite number of
rectangles with total volume at most e. Thus {2, has Jordan content zero.
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The Fubini’s Theorem gives us a way to compute multivariable integrals by computing
the corresponding iterated integrals, and sometimes it also allows us to interchange
the order of integrations to make the computation easier to carry out.

Theorem 23.1 (Fubini’s Theorem). Let R = [a,b] x [c,d] be a 2-rectangle in R2.
Let f : R — R? be a Riemann integrable function over R. Suppose
e For any x € [a,b] the one variable function f(x,—):y— f(x,y) is integrable
on [c,d], and
e For any y € [c,d] the one variable function f(—,y) : x — f(z,y) is integrable
on [a,b],
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then

/R f = / b / " y)dyde = / ' / " f(ag)dady.

Note that it can happen that both iterated integrals exist but they are not the
same, or even two iterated integrals equal but the function is not Riemann integrable.
Even we assume two sections f,, f¥ are continuous we may still have that different
iterated integrals.

Firstly, we want to construct a function f(z,y) such that f, and f¥ are both
integrable, but the iterated integrals are not the same. The idea is the following:

%+
\ BE: lmcﬁmko_ «lma %0 fust ;
O TR L tdy=o
= ! l\)\*u‘)mk.b alnv\od Y-anis bt
0 \
c |+ : > j:&o-('d\féd- >b(;w<03
K

To build up examples following the above idea we need to manipulate the values
for each +/— block area.

Example 23.2. Consider the following setup. Each time when we move to the
adjacent block we switch the sign of the value but double the absolute value with
area shrinked into halves.

3/

32| b

o

>
K

2%n if (z,y) € [2%7 271.1—1) X [2%7 211171);
flo,y) = ¢ =221 if (2,9) € [g5r, 50) X [57) 521
0 otherwise.
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First consider, for any fixed y € [0, 1],

1
/ f(z,y)dz =0
0

since for any horizontal slice, f has only two nonzero values, and the lengths is
differed by a multiple of 1/2. Thus

/01 /01 f(z,y)dzdy = 0.

Now consider the other iterated integral. It is easy to see that

1 : .
/Of(x’y)dy_{o if 2 € [0,1/2);

3 ifze(1/2,1).

[ temae= [ [ st =

Therefore these two iterated integrals are not equal. Moreover, the function f is not
even bounded on [0, 1]? so it cannot be Riemann integrable.

Thus

This example can be further modified to a function f : [0,1]?> — R satisfying

e f., fY are continuous on [0, 1] (not just integrable);

e one iterated integral is zero the other is positive;

e f is not integrable over [0, 1]°.
To make f,, fY continuous, we cannot take piecewise constant functions anymore.
To modify this, we take each rectangle as a base of a rectangular equilateral pyramid
with the value of the function given by the height.

q
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Even if both iterated integrals exist and equal, the function itself may not be
Riemann integrable. Here is an example.
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Example 23.3. Define a function f : [0,1]> — R by

1 if () € (£ 55) € Q%
fy) = {0 otherwise.
q

For each fixed y € [0, 1], if y is of the form % then there are only finitely many z’s

such that f(z,y) =1, namely o = 55, 2, -+, 2;;1. If y is not of the form 5%, then
f(z,y) =0 for any x € [0, 1]. Thus for any y € [0, 1], the section f¥ differs from the
the constant zero function only at a finite set of points (content zero). Thus f¥ is

Riemann integrable on [0, 1] and

1
/ f(z,y)dz = 0.
0

Similarly, we get

1
/ f(z,y)dy = 0.
0

/o1 /o1 f(@,y)dedy = /01 /01 f(z,y)dydz = 0.

But f is NOT Riemann integrable on [0, 1]%. Since the set of rationals with denomi-
nator a power of 2 is dense in R, we have

Hence

E:{(%,%)’p,qéZ,nEZzo)} C R?

is dense in R? as well. And the complement E° is also dense in R? by the density
of irrationals. Thus given any grid G on [0, 1]? any subrectangle R; € G contains
points in F and also points in F¢. Thus U(f;G) =1 and L(f; G) = 0. Therefore f

is not Riemann integrable.
One more computational example of application of Fubini’s.

Example 23.4. If the region of integration D is Jordan measurable but is not closed,
and the function can be continuously extended to D, then

RN

because |0D| = 0.
Consider the double integral

2
/smy dzdy
D Y
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where D = {(z,y) e R? |0 <z <y? 0 <y < +/m}. Since

siny® 0

lim
y—0 Y

so we can extend f to the boundary of D, by defining

S iy £ 0
T,Y) = v
f@y) {0 ify=0.

We can express D as type I and type II region:

D={(z,y) |0<z<y*0<y <7}
={(z,y) |0 <z <7 Vo <y<r}

T IVZ 2
/f:/ dx/ siny dy
D 0 Nz Y

it is not easy to compute; As a type II region,

VT v* sin g2 VT sin g2 1
y siny =
/Df:/o dy/O ; dx:/O y2 ; dy:—gcosygt‘)r

is doable.

As a type I region

24  APRIL 28

Computing double integrals with or without using Fubini’s theorem depends on
different situations. The followings are two easy examples.

Example 24.1. e Consider the double integral where D = [—1,1] x [0, 1]:

// 1:622+92dxdy.
D

First notice that | ey’ dy has no closed form, thus

2 1
// xew2+y2dxdy :/ dy/ ze” T dy =0
D 0 -1

where the last equality is due to the fact that 2e®° ¥ is an odd function in
terms of x and the interval for integration is symmetric about = = 0.
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e Consider the double integral where D = [0,2] x [0, 2]:

//D |z + y|dzdy.

We can of course rewrite the function by dividing the domain D and use the
Fubini’s theorem by computing iterated integrals. But it is easy to compute
the double integral directly since the function is constant on certain regions:

\ \ N N ‘L-k‘1—..t(
0 N

' e X

Thus the double integral can easily be computed as

[ (=g ea(og) ey

There is also an n-dimensional Fubini’s theorem similar to the 2D case. In
particular, for visualization purpose, for triple integrals, we have integration by
threads and by layers as follows:

& b\7 Hovand”

h (va¥o)

* by Laogers™
* W %
A av= Moty jm e Aeat= o [[ramray
v D Uy Y LS

It is formulated as the following Cavalieri’s principle:

Proposition 24.2 (Cavalieri’s Principle). Let V be a bounded subset of R® and
f:V = R a Riemann integrable function. And let I denote the triple integral of f
over V.

e Suppose V. ={(z,y,2) | a <z <b,(x,y) € D,} where for each z € [a,b], D, is
a subset of R? whose boundary is of content zero in R? i.e., Jordan set, and
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for each fized z € [a,b] the double integral fsz f(x,y,2)d(z,y) exists. Then

/ab @ //D [y, 2)d(,y) = I;

e Suppose V. = {(z,y,2) | (z,y) € Do, z1(x,y) < z < zo(x,y)} where Dy is the
subset of R? in the xy-plane which is Jordan measurable, z1,z : Dy — R
are integrable functions such that zy < zo and for each fixed (x,y) € Dy, the

integral fz2( Y) f(x,y,z)dz exists. Then

(z,y)
22(%7/)
// :vy/ f(z,y,2)dz = 1.
Dg z1(z,y)

Example 24.3. One application for Cavalieri’s Principle is to compute the volumes
of rotations in R3, i.e., f(z,y,2) = 1.

e Let f:[a,b] — R be a positive continuous function. Denote by € the set in R3

obtained by revolving the graph of f about the z-axis. Thus the volume of €2 is

0] = / "0 = / ()

e Let T be a solid torus in R? obtained by revolving the circle (y — a)? + 22 < b2
in the yz-plane about the z-axis. The the volume of T' can be computed as

b
IT| = / 0 [(a—|— b2 —22)% — (a — Vb2 — 22)2] dz
b
b
= 47ra/ Vb2 — 22dz = 2m2ab’.
b

For triple integral by threads, consider the following example.
e Consider the triple integral

=] ary e

where Q = {(z,y,2) |z +y+2<1,z,y,2 > 0}.

76



Then by threads, the integral can be written as

l—-z—y
Do 0 (I+z+y+2)?

where Do = {(x,y) € R? | 2,y > 0,z +y < 1}.
By layers, we can write

I:/Oldz//Dz md(x,y)

where for each fixed z € [0,1], D, = {(z,y) |z +y <1—z,2,y > 0}.

For change of variable formula, let us first recall the definition of coordinate
transformation. Let V' C R"™ be an open set and ¢ : V,, — R a vector-valued
function such that

e pisl—1onV;

e ¢ is of class C! on V;

e for any u € V the Jacobian D¢(u) is invertible.

Such ¢ is called a coordinate transformation.

Now if E C V with E C V (compact), then ¢ preserves the Jordan measurability

and

| @iz [ o] det Dotw)jdu.
P(E) E

Remark 24.4.

e In practice some of the assumptions can be relaxed. For example ¢ can be
1 — 1 with invertible Jacobian aways from a Jordan content zero set.

e The 1 — 1 is essential. It guarantees that ¢(F) is only traced out exactly
once. For instance, consider the polar transformation ¢ : R? — R2 given by
(r,0) + (rcosf,rsinf) which is C* with Jacobian of determinant r. So the
Jacobian is invertible when r # 0 (but since if » = 0 the origin has Jordan
content zero so it is okay). Now we take E = [0, 1] x [0, 27] for (r, @) which is a
Jordan region in R? and ¢(E) = B1(0) is also Jordan measurable.

Note that ¢ isnot 1 —1 on E = [0, 1] x [0, 27] since

&(r,0) = ¢(r,2m), for all r € [0,1].

But we can still apply the change of variable formula since the set on which ¢
fails to be 1 — 1 is two line segments in R? which has content zero.

But if we take E = [0,1] x [0, 47] the image ¢(FE) does not change. Now the
change of variable formula cannot apply and indeed,
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but

4 1
// rd(r, ) :/ d9/ rdr = 2m.
E 0 0

This is because ¢ fails to be 1 — 1 when r € [0,1] and 6 € [0, 27| since

o(r,0) = ¢(r,0 + 27).

and [0,1] x [0,27] does not has Jordan content zero in R%.  Geometrically
allowing 6 to vary from 0 to 47 the unit disc is traced out twice (thus the area
is getting doubled).

25 MAyY 3

Recall the Change of Variables formula:

Theorem 25.1. Let 2 C R™ be an open set and g : Q — R™ be a C'-diffeomorphism
on Q. Then for any bounded E C R™ such that E C (Q,
e F is Jordan measurable if and only if g(E) is Jordan measurable;
e If E is Jordan measurable then f is Riemann integrable on g(E) if and only if
(f og)|det Dg| is Riemann integrable on E. In this case we have the change
of variables formula

| f@aa= [ figtw)lae Dgtulau.
g(E) E

Remark 25.2. The conclusion is still true if the C' mapping g : Q@ — R" is
only assumed to be a C! diffeomorphism on the interior of E, instead of on the
entire neighborhood 2 of E. This extended version has been used in most practical
situations. For instance the polar coordinate transformation, spherical transformation
etc.

Example 25.3. Let 2 be a “cone” bounded above by unit sphere and below by a
cone with vertex angle &. Use the spherical coordinate transformation g : R3 — R3
given by

g(r,,0) = (rsinpcosf, rsin psin b, r cos v).

Therefore the cone €2 is the image under the transformation g of the cube

Q={(r,p,0) cR*|rc|0,1],¢ € [0,7/12],6 € [0,2n]} :
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The transformation map is not 1 — 1 on the entire Q but it is a C' diffeomorphism
in the interior of ), together with the Fubini’s theorem we have

2n  pm/12 pl
/f:/ / / f(rsingocos@,rsingpsin@,Tcosgp)TQsin<pdrd<pd9
Q o Jo 0

due to the fact that |det Dg(r, p,0)| = r?sin .

We use the change of variables formula to simplify not only the expression of
the integrand, but also the region for integration so that other techniques such as
Fubini’s theorem may apply.

Here is another example of cylindrical coordinate transformation.

Example 25.4. Consider the following triple integral:

///Q eIQ“’Qd(m,y,z)

where Q = {(z,y,2) € R3 | 22 +y? < R%,0 < 2z < h} for some fixed position R, h € R
is a cylinder region in R3 with base radius R and height h.
We use the cylindrical coordinate transformation g : R? — R? given by
g(r,p,z) = (rcosp,rsingp, z).
Therefore the region € is the image under the transformation g of the cube

Q={(r,p,2) eR®|rc[0,R],p€[0,2n],z € [0,h]}.

Hence by Fubini’s theorem, we can compute

J[[ e awpn = [[[ e ratp
Q Q
h 2m R )
:/ dz/ dgp/ e’ rdr
0 0 0

1
= 27rh§er2|é% = 7rh(6R2 —-1).
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Other transformation as

Example 25.5. Compute the double integral

[ @0 2@

where (2 is the region in the first quadrant which is bounded by the axes and the
parabola \/z + ,/y = 1.

Consider the substitution u = \/z,v = |/y thus the transformation mapping is
g: (u,v) = (u?0?)

with Jacobian matrix

Dg(u,v) = (25 200) = det Dg(u,v) = 4uv.

Then together with Fubini’s theorem

//Q(x + )Y 2d(x,y) = 4//Q wv(u® +v?)V2d(u,v) = 4/01 dv /0171 wv(u? 4 v?)du.

The other commonly used transformation is the orthogonal transformation or
rigid rotation.

Example 25.6. Consider the triple integral

/ / /Q cos(z + 2y + 3z)d(z, y, 2)

where € is the unit ball in R3.

The idea is using some rotation to make the hyperplane given by x + 2y + 3z to
be either the plane spanned by any of the two axes directions. Or in other words,
rotate the normal vector (1,2, 3) to either (0,0, 1) or (0,1,0) or (1,0,0). For example
to rotation (1,2,3) to (0,0,1) we can compose two rotations
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. (s fvfkfu(.(alnut‘%\ 5'1 N ) Ttafion (ool WX ‘.,1 [
& '%; ° -% \ J‘D 0
1
g R > h
? a ‘a o 0 ;ﬁa 0 f};{ %
% L‘Ill-&-]

Hence the transformation matrix is
1

3
7w Y Tm
2 VI 6
\/1140 RV 1240 \/3140
vsr SV v S v

From the third row we can rewrite the original integral as

///Q cos(V14w)d(u, v, w).

To proceed one can apply another spherical transformation as follows

1 ™
2m / / cos(V/ 147 cos ¢)r? sin pdrde.
0o Jo
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