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Chapter 1

Functions on Euclidean Space

1.1 Norm and Inner Product
Problem 1-1. Prove that

n .
2] < 3ol
=1

Solution. Let x; = (0,...,0,2%,0,...,0), i.e. #; € R™ such that the ith component is x?, while
the remaining are all zero. Then, by repeated (but finitely many!) applications of the Triangle
inequality, we have

n n
ol = D w| <]+ D mi| <o <l o+ )
i=1 i=2
Since |z;| = |x’], the desired result follows.

Problem 1-2. When does equality hold for the following, where =,y € R"?
|z 4yl < |z] + [yl

Solution. Clearly, equality holds when at least one of x,y = 0. Otherwise, we have equality
whenever x = Ay for some real A > 0: this is because the proof uses the inequality

(z,y) <z ly|.

Cauchy Schwarz gives |(z,y)| < |z| - |y|, with equality whenever x = Ay for some A € R. For
(x,y) = |(z,y)], we also demand (x,y) > 0, i.e. A(y,y) > 0, hence A > 0.

Problem 1-3. Prove that |z — y| < |z| + |y|. When does equality hold?
Solution. Use |y| = | — y| in the Triangle inequality to obtain

[z = (=y)l < fz| + [ =yl = [z] + |y.

Equality holds whenever at least one of x,y = 0, or when = = Ay for some A\ < 0.

Problem 1-4. Prove that
2| = lyl| < |z —yl.
Solution. Note that the Triangle Inequality gives

z| =z —y+y| < |z —yl+yl yl =y —x+z| <[y —z[ + |z
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Rearranging and using |x — y| = |y — z|, we have
[z =yl <lz—yl, =zl =ly)) =yl = |z < [z —yl.
Together, this givesﬂ
2| = lyl| < |z —yl.
Problem 1-5. Prove and interpret geometrically the “triangle inequality”
|z — x| < |z —y[+ |y — x|

Solution. Set a =z —x, b=z —y, c =y — x, and note that a = b + ¢ so we immediately have
|a| = [b+c| < [b] +|c].

Consider a triangle whose vertices in R™ are represented by the position vectors z, ¥y, z. The
quantities |z — x|, |z — y|, |y — x| are the lengths of the three sides of the triangle, hence the
inequality guarantees that the sum of the lengths of any two sides of a triangle is always at least
the length of the remaining one.

Problem 1-6. Let f and g be integrable on [a, b].

[oo=(L2) - ([9)

(b) If equality holds, must f = Ag for some A € R? What if f and g are continuous?

(a) Prove that

1/2 1/2

(c) Show that
|Z$ 1 < Ja| -yl

is a special case of (a).
Solution.

(a) Examine the polynomial in A,

b b b b
Oé/(f—kgfzﬁ/ 92—2)\/f-g+/f2:A)\2—2B)\+C.

Clearly, A,C > 0. If both A,C' =0, then —2BX > 0 for all A € R forces B = 0, hence the
inequality is trivial. If A = 0, we see that —2BX + C > 0 for all A forces B = 0 again.
Finally, if C' = 0, swap the roles of f and g to argue that B = 0 yet again.

Thus, we can assume that A,C > 0, hence the polynomial has non-zero roots if any.
Rewrite the polynomial inequality as

0< (VAN —B/VA)? - B?/A+C.

Choosing A = B/A immediately gives B? < AC, which is the desired inequality.

When B2 = AC, this polynomial actually has a root at A = B/A. Otherwise, when
— AC < 0, the polynomial has negative discriminant, and thus admits no real root.

!Note that ||| — |y|| is at least one of |z| — |y| or |y| — |z].
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(b) Equality does not demand f and g to be linearly dependent. Define the functions

ug: [a,b] = R,
1, ift=
ua(t) = 4 1 i x,
0, ift#uwx.

Then, setting f = uq, g = up gives equality; indeed, we can choose any two such functions
with point discontinuities at distinct points within [a, b].

If f and g are to be continuous, then equality does force the linear dependence of f and
g. Either A, C = 0 forcing the corresponding f, g = 0; if not, we have equality precisely
when

b
0=/ (f — Bg/A).

By setting h = f — Bg/A, we must have h = 0. We have used the elementary fact that
for continuous functiond?]

/abf2:0 = f=0.

(c) For z,y € R™, consider the functions s,: [0,n] — R,
s.(t) = z* where i = [t],

and s,(0) = 0. It is clear that

JEETED Y A DY - S A
0 i—1 Ji—1 i—1 B i=1
This immediately gives

n
1> "ty < x| |y
=1

Problem 1-7. A linear transformation 7': R"™ — R”™ is norm preserving if |T'(x)| = |z|, and
inner product preserving if (Txz,Ty) = (x,y).

(a) Prove that T is norm preserving if and only if 7" is inner product preserving.

(b) Prove that such a linear transformation 7" is 1-1, and T~ is of the same sort.
Solution.
(a) If T is inner product preserving, then |x| = /(z,x) immediately shows that 7" is norm
preserving.

If T' is norm preserving, then the identity
4+ yl* = [ + |y* + 2z, y)

shows that T is inner product preserving. To see this, note that replacing = +— T,
y— Ty, ©+y — T(x+y) does not change the normed quantities, hence subtracting
directly gives (z,y) = (T'z, Ty).

(b) We claim that T is bijective and invertible, i.e. T" has full rank. It is sufficient to show
that its null space is trivial: the Rank-Nullity Theorem will guarantee the rest. Indeed,
suppose that Tx = 0; taking norms gives |z| = 0 forcing z = 0.

Given any z € R”, denote 2/ = T 'z, hence the norm preserving nature of T gives
|2'| = |Ta'|, i.e. [T~ 12| = |z|.
If f(a) # 0 at some point, then there is a non-empty neighbourhood of o on which f(z)? > 0, making the
integral of f2 strictly positive.
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Problem 1-8. If z,y € R™ are non-zero, the angle between x and y, denoted Z(z,y), is
defined as
(z,9)

] - [yl
The linear transformation 7: R™ — R"™ is angle preserving if T is 1-1, and for x,y # 0 we have
L(Tz,Ty) = £L(x,y).

Z(x,y) = arccos

(a) Prove that if T is norm preserving, then T is angle preserving.

(b) If there is a basis z1,...,z, of R™ and numbers Aq,..., A, such that Tx; = \;z;, prove
that T is angle preserving if and only if all |\;| are equal.

(¢) What are all angle preserving 7': R™ — R"?
Solution.

(a) This follows immediately from the fact that if 7' is norm preserving, it is also inner product
preserving, hence all the terms in the angle formula are invariant under 7.

(b) First suppose that all Tz; = £Az;, then
n . n .
T[> =) " |(T2)'? = |+ 2 = NP,
i=1 i=1

hence |Tz| = |\z|. Additionally,

(Tz, Ty) =Y (FA') - (EAy) = Y Ny’ = Xz, y).
i=1 i=1
This gives
(T2, Ty) Nz, y) (z,y)
L(Tz,Ty) = arccos —————=— = arccos ————— = arccos = L(x,y).
Tz| - [Ty [Az] - [yl ] - |yl

Next, suppose that T is angle preserving, and that all Tx; = \;x;. Clearly, all \; # 0 since
T is 1-1. Without loss of generality, let all |x;| = 1 (normalize the given basis and observe
that the same relations hold). Examine the angle between some z; + z; and x; — x;: note
that (z; + zj,7; — x;) = |z1]? — |zj|* = 0 by expanding, so

(i + 25,2 — ) T

L(x; +x;,x; — ;) = arccos = —.
(@it @j @i = ) lz; + 2] - |o — x| 2

<>\15L'z + )\jl‘j, NiL; — )\j$j>
|)\Z'.CI}7; + )\jZCj| . ])\zxz — )\jlbj‘ .

Z(T(x; + x5), T (x; — x;)) = arccos

Thus, we demand
<)\1x1 + )\jIju Alﬂfl - )\jxj> = O,

This immediately gives )\? — )\JZ = 0, hence \; = £A; as desired.

(c) In the standard basis ey, ..., ez, the angle between any two distinct basis vectors is /2,
thus we demand (T'e;, Tej) = 0 for all i # j. Thus, the columns of the matrix repre-
sentation of 7" in the standard basis are normal. We also want |Te;| = |Te;|: note that
Z(ei,ei + ej) = m/4, thus cos(r/4) = 1/1/2 gives

1 \(Tei,Tei +T€j>’2

2 |Tei|? - |Te; + Te;|?’
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which expands to

2 |Tej|' = |Tesf” - (|Teil* + |Tes ),
hence |T'e;| = |Te;|. Thus, the matrix representation of 7" is an orthogonal matrix mul-
tiplied by a non-zero scalar, i.e. T is a non-zero scalar multiple of a norm preserving
map. This is both necessary and sufficient to ensure that 7' is angle preserving (note that
without the scalar multiple, 7" is norm preserving hence angle preserving).

Problem 1-9. If0 <6 <, let T: R?> — R? have the matrix

cosf  sind
—sinf cosf /)’
Show that T is angle preserving and if x # 0, then Z(z, Tz) = 6.

Solution. Note that det T = cos? 6 + sin? @ = 1, hence T is 1-1.

The map T is also norm preserving, hence angle preserving. To see this, it is sufficient to show
that it preserves the norms of the basis vectors, and indeed |Te;|? = |Te2|? = cos? §+sin? 6 = 1.
This means that 7' is inner product preserving, hence (T'e;,Tes) = 0. Now, for any z =
zle; + x%eq, we have

Tz = (x1)? + ()2 + 22'2%(Tey, Tez) = ()2 + (2%)? = |22
Finally, we can calculate
Tx = (2! cos§ + x*sinf)ey + (—2' sin + 2% cos f)ea,
(x,Tx) = (x1)? cos  + z'z?sin @ — 2z sin 6 + (2%)2 cos O = |z|? cos b,

(x,Tx)

———" = arccoscosf = 0.
2| - [Tz

Z(z,Tx) = arccos

Problem 1-10. If 7: R™ — R" is a linear transformation, show that there is a number M
such that T'(h) < M|h| for h € R™.

Solution. Let a;; be the entries of the matrix representation of 7" in the standard basis, and let
h = (h',...,h") € R". Then,

(Th) = agh? <|h| > |ayl.
=1 j=1

This is because each component |h/| < |h|. Using |z| < "% | |2, write

IThI <> 181D lagl | = (1D lag!-
i=1 j=1 i,

Thus, setting M = 3, - |a;j| completes the proof.

Problem 1-11. If z,y € R" and z,w € R™, show that

((z,2), (y,w)) = (,9) + (zw),  |(2,2)] = V]z[* + [2]*

Solution. We have

1 n 1 m
ey xi 2z 2™,

(37,2) = (33
(y,w) = (y*,...,y" w ... w™),
((z,2), (y,w0)) = 'y + -+ 2"y + 2w+ + 20" = (z,y) + (z,0),

(@, 2)* = (@) 4 4 (@) + ()2 -+ () = o + |2
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Problem 1-12. Let (R™)* denote the dual space of the vector space R™. If x € R", define
€ (R")* by pz(y) = (x,y). Define T': R™ — (R™)* by T'(x) = ¢. Show that T is a 1-1 linear
transformation and conclude that every ¢ € (R™)* is ¢, for a unique z € R™.

Solution. First, show that T is injective. If some Tx = 0, then ¢, (y) = (z,y) = 0 for all y € R™,
hence x = 0 (we can successively set y = e; to deduce this).

Next, show that T is surjective. Let ¢ € (R™)* be a linear functional on R™. Then, set
7' = @(e;), and note that for any y € R", we must have

()p(y) = gp(ylel 4+ 4 ynen) — ylxl 4+ 4 yngjn = <;L‘7y>

Thus, we have found z € R™ such that T'(z) = ¢.
Now, if this ¢ = ¢, = ¢, for some z,z € R", then

0=0a(y) —p=(y) = (z — 2,9)

for all y € R™, hence x — z =0 or = = z.

Problem 1-13. If z,y € R™, then = and y are called perpendicular or orthogonal if (x,y) = 0.
If x and y are perpendicular, prove that

|z +y? = |z* + |y|*.
Solution. Calculate

2ty =(z+y,2+y) = (z,2)+2x,y) + ©y) = [z]*+ [y*.

1.2 Subsets of Euclidean Space

Problem 1-14. Prove that the union of any (even infinite) number of open sets is open. Prove
that the intersection of two (and hence of finitely many) open sets is open. Give a counterex-
ample for infinitely many open sets.

Solution. Let {U,} be a collection of open sets, and let = be a point in their union. Thus,
x € U, for some «, hence there is an open rectangle A around z contained within U,. This
immediately means shows that A is contained within the union of the open sets.

Let Uy, Us be open, and let « be a point in their intersection. Find open rectangles A; and
Ag around z, each contained within Uy and Us respectively. Enumerate

Al = [a%abﬂ X X [(I?,b?],

Ag = [a%ab%] X X [ag?bg]

By definition, we have af <2l < sz for all coordinates. Define a/ = max(a{,ag) and b =
min(b],b3) for each j, and define the closed rectangle

A=[a',bY] x - x [a™,D"].

We now have x € A C A1 N Ay C Up N U as desired. It follows that the finite union of closed
sets is closed.

Examine the closed intervals [0, 1—1/n] C R. Their intersection is the set [0, 1), which is not
closed because the complement (—o0,0) U [1,00) is not open (there is no open interval around
1 contained within this set).
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Problem 1-15. Prove that {x € R": |z —a| < r} is open.

Solution. Note that this set is precisely {z + a € R™ : |z| < r} by definition, so without loss of
generality suppose that a = 0 (or redefine x — a — x). Pick arbitrary = within this set, hence
set

e=r—|z]>0.

Define the open rectangle around x as follows.

A= (z' —¢e/\/n,zt +e/v/n) x - x (2" — €/v/n,z" + €//n).
Then, for any y € A, we have

vn vn’
which when summed over i gives |y — z|? < €2. Thus,
yl=ly—z+az[ <l|y—a|+]z] <et|z| <.

Problem 1-16. Find the interior, exterior, and boundary of the sets

(a) {z eR": |z| < 1}.
(b) {zx e R™: |z| =1}.

(c) {z € R": each 2 is rational}.
Solution.

(a) We have seen by the previous exercise that the set {x € R™ : |x| < 1} is open, and hence
is part of the interior of the given set. Now, we show that there are no more points in the
interior. Note that the remaining points in R™ can be partitioned into those satisfying
|z| =1, and |z| > 1. The latter do not belong to the given set, so we need only concern
ourselves with the former. Pick z € R™, |z| = 1. Then, let A be an arbitrary open
rectangle around =,

A= (a',b') x - x (a", b").

Define
r=min(z! —a,... 2" —a", bt — 2, ... " —2") > 0,

and define y = (1 4 r/2)z. It is clear that y € A, but |y| =1+ /2 > 1. Note that each
R S B N S i i i i i
y' == —1—57@ <z +§T"$|§SU +r<az'4+ 0 —-2") =10,

and ) .

yi:$i+§rasi Z:L‘i—§r|xi] >at—r>a - (2' —ab) = d.
We have chosen r as the radius of the largest sphere centred at x inscribed within the
rectangle A.

We claim that the exterior is {z € R™ : |z| > 1}, i.e. this set is the interior of the
complement of the given set, which happens to be {x € R" : |z| > 1}. To show that
this set is open, we perform a construction identical to that in Exercise 1-15, except with
e =|z| —1>0, whence |y| = |z —x+y| > |z| — |y — 2| > |z| — e = 1. Again, we are
not concerned with points |z| < 1 since those lie outside the set whose interior we are
examining.
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We claim that the boundary is {x € R™ : |z| = 1}. We have already shown that if |z| =1
and A is an open rectangle around z, we can define r > 0 as before whence (1 4+ r/2)x
and (1 — r/2)z are points from the exterior and the set itself respectively. Any point
|| < 1 lies in the open interior and |z| > 1 lies in the open exterior, hence there are
open rectangles around such points which do not intersect the other set (the exterior and
interior respectively).

(b) We claim that the interior of the given set is empty; to see this, we invoke the previous
construction yet again, whereby given any point satisfying || = 1 and any open rectangle
around it, there exists points within that open rectangle such that |y1| < 1 and |ya| > 1.

The previous constructions also suffice to show that {x € R™ : |z| # 1} is the exterior of
the given set; given a point satisfying |x| < 1, this is in the interior of {x € R™ : |z| < 1}
and hence there is an open rectangle around z contained within {x € R™ : |z| < 1}. There
is an analogous case for when |z| > 1.

The boundary of the given set is {x € R™ : |z| = 1}. Again, we cannot choose any point
from either the interior, nor the exterior which are open. Also, given any point satisfying
|z| = 1 and an open rectangle A around z, we have x € A from the set itself and some
point from the rectangle such that |y| > 1, i.e. not from the set.

(c) We claim that the interior and exterior are both empty. This is because given any open
rectangle whatsoever, each of the component intervals (a,b) will contain at least one
rational point and one irrational point. Thus, any open rectangle will contain a point
from the set (all coordinates rational), and a point not from the set (at least one irrational
coordinate). This also shows that the boundary of the given set is all of R™.

Problem 1-17. Construct a set A C [0,1] x [0, 1] such that A contains at most one point on
each horizontal and each vertical line but boundary A = [0, 1] x [0, 1].

Solution. As suggested, divide the rectangle into its four quadrants (splitting it evenly along the
x =1/2 and y = 1/2 lines), and pick one rational point (both coordinates are rational numbers)
from each of them: this can be done without repeating any of the = or y coordinates since there
are infinitely many of them to choose from, and we are only choosing four at this step. Now,
repeat the same procedure on each of the four quadrants, and keep going. At any stage, we have
4™ sub-rectangles, and choose 4"*1 new points all without their coordinates colliding: again,
this is possible since there are infinitely many choices, and we have only exhausted finitely many
of them. The set A is the union of all the intermediate sets obtained at each stage.

We can show that the boundary of A is the entire rectangle [0, 1] x [0, 1]. Pick an arbitrary
point = from this rectangle, and consider an arbitrary open rectangle B containing it. Now,
since every subdivided rectangle of side 1/2™ always contains a point from A by construction,
and B must entirely contain such a rectangle for sufficiently large n, we see that B must contain
a point from A. In addition, B must also contain some irrational point, hence a point outside
A. This shows that x is in the boundary of A.

Problem 1-18. If A C [0,1] is the union of open intervals (a;,b;) such that each rational
number in (0,1) is contained in some (a;, b;), show that boundary A = [0,1] — A.

Solution. First, let z be a point from the boundary of A. We know that every open interval
around z contains some point from A, some point outside A. This forces x € [0, 1] since if < 0,
the interval (—2x,0) has an empty intersection with A; there is an analogous case ruling out
x > 1. Furthermore, if x € A, then x belongs to some open interval (a;, b;), and this interval
has an empty intersection with A¢. Thus, z € [0,1] — A.
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Next, let z be a point from [0, 1] — A; we claim that z is in the boundary of A. Pick a non-
empty open interval I = (x — §,z + ). Note that I must contain at least one rational number
from (0, 1), and every rational number from (0, 1) is contained within A; this gives a non-empty
intersection of I with A. On the other hand, = ¢ A, i.e. I has a non-empty intersection with
A€,

Problem 1-19. If A is a closed set that contains every rational number r € [0, 1], show that
[0,1] C A.

Solution. Suppose not, i.e. there exists z € [0,1], z ¢ A. Since A is closed, its complement is
open; since x € A, we can choose a non-empty interval (x — §,z + 0) which does not intersect
A. However, every interval around z must contain some rational number from [0, 1] (indeed
from (0,1)), and hence must intersect A.

Problem 1-20. Prove that every compact subset of R™ is closed and bounded.

Solution. Let K C R™ be compact, and pick x € K¢ For each y € K, note that |z —y| > 0, so
set 6y = |z — y|/3 and define the open balls Uy = {z € R" : |z — x| < 0,} and V,, = {z € R" :
|z —y| < d,}. It is clear that U, NV, = (. Furthermore, the collection of all V;, form an open
cover of K, whose compactness guarantees that we can extract a finite subcover V,,,,...,V,,.
Set U = Uy, N---N Uy, which is non-empty and open. Now, x € U, and

UNKCUN(V,U---UV,)=UnV,)Nn...(UNV,)=0.

The last inference follows from the fact that each U,, N'V,, = (). This shows that x € U C K¢,
hence K¢ is open, i.e. K is closed.

Next, given y € K, construct the open rectangles 4, = (y' — 1,y +1) x---x (y" —1,y" +1).
Since all such A, form an open cover of K, we can extract a finite subcover A,,,..., Ay, .
For each index i, set a’ = min(yi,...,y:) — 1 and b* = max(yi,...,y.) + 1, and set A =
(a*,b') x --- x (a™,b"). This is a bounded open rectangle which clearly contains K, hence K is
bounded.

Problem 1-21.

(a) If Ais closed and x ¢ A, prove that there is a number d > 0 such that |y — z| > d for all
y € A

(b) If A is closed, B is compact, and AN B = (), prove that there is d > 0 such that [y —x| > d
forall y € A and z € B.

. R . B . .

(a) Since A is closed, A€ is open. This means that for x ¢ A, there exists an open rectangle
around z which does not intersect A. Let U = (a!,b!) x --- x (a™,b"), and set d =
min(z! —al,... 2" —a™ b — !, ..., b" —2") > 0. Then, if |z — y| < d, we have each
|#* — 3’| < d, hence each y* € (a’,b") so y € U. In other words, if y € A, then y ¢ U so

|z —y| = d.

(b) We see that B is compact, hence closed and bounded. Given y € B C A° we use the
previous construction to obtain d, > 0 such that |z —y| > d,, for all z € A. Thus, the open
set By = {z € R" : |z —y| < dy} has an empty intersection with A. Since the collection of
all such B, forms an open cover of B which is compact, we can extract a finite subcover
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By,,...,By, . Each By, has an empty intersection with A, which means that their union
By, U---UB,, also has an empty intersection with A. In fact, given any x € Aand y € B,
we must have y € By, for some i; but By, N A = () means = ¢ By, so |z —y| > d,,. Setting
d = min(dy, . ..,dx) > 0 completes the construction.

(c) Let A = {(x,y) € R? : y = 0} and B = {(z,y) € R? : * > 0,2y = 1}. Indeed, the
distance between (x,0) € A and (x,1/z) € B when x > 0 is just 1/x, which can be made
arbitrarily small.

Problem 1-22. If U is open and C' C U is compact, show that there is a compact set D such
that C' C interior D and D C U.

Solution. Since U€ is closed and C is compact with U¢ N C = (), we can pick d > 0 such that
|z —y| > d for all x € U¢, y € C. Define the set D = {z € R" : |z —y| < d/2 for some y € C}.
Clearly, D N U°¢ = () (any point x € D NU*® satisfies |x — y| < d/2 for some y € C, as well as
|x —y| > d for all y € C, which is impossible), hence D C U. Also, given any point y € C C D,
the open set U = {z € R" : |z — y| < d/2} is contained within D by definition, hence C' C
interior D. We further claim that D is compact; it is sufficient to show that it is closed and
bounded, after which the Heine-Borel theorem guarantees the rest.

To see that D is closed, pick x € D¢ Then, |z —y| > d/2 for all y € C. Also, we have
x € D¢ C C° and C° is open, so there exists an open set V around x such that VN C = (.

1.3 Functions and Continuity

Problem 1-23. If f: A — R™ and a € A, show that lim, . f(z) = b if and only if
lim, ,, fi(z) =0 fori=1,...,m.

Solution. First, suppose that lim,_,, f(x) = b. Then, given € > 0, there exists 6 > 0 such that
for all z € A with |z — a| <, we have |f(x) — b| < e. This immediately gives

|[f{(2) = b < | f(z) b <

for each index i = 1,...,m, hence we have the limits lim, ., f*(z) = b'.

Next, suppose that each lim, ,, f(z) = b’. Thus, given an index i and ¢ > 0, there
exists d; > 0 such that for all € A with |z — a| < &, we have |fi(z) — b’| < ¢/n. Set
d = min(dq,...,0,) > 0, whence for all z € A, |x — a| < J, we have

[f(z) =0 < Zn: () = b'] < ié/n =e
i=1 i=1
This gives lim,_,, f(x) = b.
Problem 1-24. Prove that f: A — R™ is continuous at a if and only if each f? is.
Solutz'on.‘ First, let f be continuous at a, whence lim; 4 f(z) = f(a). This immediately gives
lim, o f'(z) = (f(a))" = f*(a), hence each f* is continuous at a.

Next, let each f? be continuous at a, whence each lim,_, f*(x) = f*(a). This immediately
gives lim, . f(z) = (f!(a),..., f*(a)) = f(a), hence f is continuous at a.
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Problem 1-25. Prove that a linear transformation 7: R™ — R™ is continuous.

Solution. Recall that we can find M > 0 such that |Tz| < M|z| for all z € R™. Thus, given
a € R™ and € > 0, set § = ¢/M > 0, whence for all x € R™ with |x — a| < §, we have

|Tx —Ta|=|T(x —a)| < M|z —a| <M -¢/M =e.

Problem 1-26. Let A= {(z,y) € R?:2 >0and 0 <y < z%}.

(a) Show that every straight line through (0,0) contains an interval around (0,0) which is in
R? — A.

(b) Define f: R? - R by f(z) =0if 2 ¢ A and f(z) = 1if 2 € A. For h € R?, define
gn: R — R by gn(t) = f(th). Show that each gy, is continuous at 0, but f is not continuous
at (0,0).

Solution.

(a) Note that the vertical line = 0 is entirely contained in R? — A, as is the horizontal line
y = 0. Otherwise, consider a line parametrised by the points (¢, At) for some fixed A # 0.
Again, if A < 0, we trivially see that the line is in R?> — A (given a point (¢, At), either
t <0,ort>0s0 At < 0; either case excludes the point from A). Thus, assume that
A > 0. Then, for all t € (—\, \), we either have t < 0, or ¢t > 0 and At > t2, hence this
interval of our line lies in R™ — A.

(b) Given h = (x,y) € R?, the points th for t € R define a line (unless h = 0 in which case go
is the constant zero function which is clearly continuous). If y = 0 or = 0, we have seen
that the line is either vertical or horizontal, making g; the constant zero function again.
Otherwise, the point th = (tz,ty) = (tz,tx - y/x), which can be parametrised as the line
(t',At") for A = y/x. Using the previous result, the points corresponding to t' € (—A, \)
all lie outside A, so gx(t) = f(th) = 0 for all [¢'| < A, i.e. [t| < |y|/2%. This immediately
shows that g, is continuous at 0.

On the other hand, the limit lim,_,o f(x) does not exist. This is because along the
sequence of points (0,1/n) — (0,0), we have f(0,1/n) = 0 but along the sequence of
points (1/n,1/2n?) — 0, we have f(1/n,1/2n?) = 1. Thus, f is not continuous at (0, 0).

Problem 1-27. Prove that {z € R™ : |z —a| < r} is open by considering the function
f:R" — R with f(x) = |z — a.

Solution. We claim that f is continuous, from which it follows that the pre-image of the open
interval (—r,r) which is precisely the given set is open.
Given b € R" and € > 0, set = € > 0. Then for all x € R" with |z — b|] < §, we have

[f(@) = fO) = [lz —al = [b—al| <[(z —a) = (b—a)| = |z - b] <e.

This gives the continuity of f at every b € R™.

Problem 1-28. If A C R" is not closed, show that there is a continuous function f: A - R
which is unbounded.

Solution. Since A is not closed, i.e. R™ — A is not open, there exists some zg € R™ — A such that

every open set around z( intersects A. Thus, for any = € A, we have |z — xg| > 0; however,
given any 0 > 0 open ball B around z, there exists z € AN B hence |z — 2| < §. Thus, define
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fi A= R, x— 1/|x — x¢|. This is well defined and unbounded on A since given arbitrary
M > 0, we can find x € A such that |z — z¢| < 1/M, hence f(z) > M.

To see that f is continuous on A, pick a € A and examine lim,_,, f(z). Note that we have
already shown that lim,_,, | — 29| = |a — z9| > 0. This immediately gives lim,_,, f(z) =
1/]x — a|, via results from real analysis (the reciprocal of a non-zero real continuous function is
continuous).

Problem 1-29. If A is compact, prove that every continuous function f: A — R takes on a
maximum and a minimum value.

Solution. Since the continuous image of a compact set is compact, we see that f(A) C R is a
compact set, which means that it is closed and bounded. In other words, its supremum and
infimum exist: furthermore, these are contained within f(A). Let o = sup f(A), and suppose
that a ¢ f(A). Since R — f(A) is open, there is an open interval (o — d, @ + §) which does not
intersect f(A). Thus, the number o — § is also an upper bound for f(A) (if x € f(A) such that
x> a—9,then v ¢ (o — 0, + 9) forces x > o + § > «, a contradiction). This contradicts the
fact that « is the lowest upper bound of f(A). Thus, a € f(A), so there is some = € A such
that f(x) = a. We can also show that 8 =inff(A) € f(A) analogously.

Problem 1-30. Let f: [a,b] — R be an increasing function. If x1,...,z, € [a,b] are distinct,
show that

n

> o(f,xi) < f(b) — f(a).

i=1
Solution. Without loss of generality, let a < z1 < z9 < --- < x, <b. Note that f maps [a,b] to
a compact interval, hence f is bounded. Now, for some x;, examine the set

Ais={f(z):x€la,bl],|r—x;] <}

Since f is increasing, this set is bounded above by f(x; + d) and bounded below by f(z; — §)
(for this to make sense, extend f by setting f(z) = f(b) for all x > b, and f(z) = f(a) for
all x < a). Furthermore, as § decreases to 0, f(x; + J) decreases and f(z; — §) increases, thus
the limit of the supremum remains at most f(z; + ) and the limit of the infimum remains
at least f(xz; — ¢). Thus, the oscillation o(f,z;) is at most f(x + ) — f(z — §). Now, set
r =min(xe — 1,23 — X2, ..., Tn — Tn—1), 0 = r/2, and y; = z; + 0; the latter immediately gives
yi < ;41 — 0. This gives the inequalities

o(f,z1) < f(z1+6) — f(z1 —9)
o(f,x2) < fz2+6) — f(w2 —9)

f(y1) — f(a),
fy2) — f(y1),

IN A

o(fyzn-1) < f(Tn-1+0) = f(Tn-1—0) < f(Yn-1) — f(Yn-2),
o(f,an) < flan +6) — flan —6) < f(b) = f(yn—1)-
Adding them up gives the desired inequality,

n

> o(f, i) < f(b) = f(a).

i=1
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Chapter 2

Differentiation

2.1 Basic definitions

Problem 2-1. Prove that if f: R” — R™ is differentiable at a € R", then it is continuous at a.

Solution. We have
o /@) = £(@) = Df (@)@ — a)

r—a |x — a|
Since D f(a) is a linear transformation, there exists M > 0 such that |Df(a)(h)| < M|h| for all
h € R™. Thus, given € > 0, there exists 0 > 0 such that for all 0 < |z — a| < dy, we have

|f(z) = f(a) = Df(a)(z — a)|

|z — al

=0.

<& |lf(x) = fla)] = [Df(a)(x — a)|| < elz — al.
Thus,

[f(z) = f(a)l < [Df(a)(x = a)| + el —a| < M|z —a| + e|lz —al.
Choose § = min(dp, €/(M + €)), whence for all |x — a| < d, we have

€

|f(z) — f(a)] <(M+€)'M+e —e.

Problem 2-2. A function f: R? — R is independent of the second variable if for each = € R,
we have f(x,y1) = f(x,y2) for all y1,y2 € R. Show that f is independent of the second variable if
and only if there is a function g: R — R such that f(z,y) = g(z). What is f’(a,b) in terms of ¢’?

Solution. First, suppose that f is independent of the second variable. Define g: R — R,
x +— f(x,0). Then, we can see that f(x,y) = f(x,0) = g(z) for all z,y € R.
Next, suppose that g: R — R such that f(z,y) = g(z). Then, given any z € R and
y1,y2 € R, we have f(x,y1) = g(x) = f(x,y2), hence f is independent of the second variable.
We claim that f’(a,b) = ¢’(a). To see this, note that if f is differentiable, we have

i @) = f(a.b) = (@ b)(z —ay = b)
|

=0.
(:v,y)—>(a,b) |(I' - CL, y - b)

Since the limit lim, ) (0 [(7 — @,y — b)| = 0 also exists, we can multiply and write

lim |f(x,y) = f(a,0) = f'(a,b)(x — a,y = b)| = 0.
(2y)=(a.0)

Using f(z,y) = g(z), write

lim  |g(x) - g(a) = f'(a,0)(z —a,y = b)| = 0.
(z.9)=(a.b)

14
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Now, if ¢ is also differentiable, we repeat the same process as above to write

im z) —g(a) — ¢'(a)(x —a)| =0,
L dmla(e) — g(a) - g/ (@) - a)

nothing that the additional y — b does not affect the result. Thus, the linear transformation
(z,y) — ¢'(a)x satisfies the role of f'(a,b); since the derivative of a function is unique, this
means that this is the only choice of f'(a,b).

Problem 2-3. Define when a function f: R? — R is independent of the first variable and find
f'(a,b) for such f. Which functions are independent of the first variable and also of the second
variable?

Solution. A function f: R? — R is independent of the first variable if for each y € R, we have
f(@1,y) = f(z2,y) for all z1, 22 € R.

The functions which are independent in both variables are precisely the constant functions.
Given such a function, we see that f(z,y) = f(z,0) = £(0,0) for all z,y € R.

Problem 2-4. Let g be a continuous real-valued function on the unit circle {x € R? : |z| = 1}
such that g(0,1) = ¢g(1,0) = 0 and g(—x) = —g(x). Define f: R? — R by

~Jlzl-g(x/|z]), ifxz#0,
f(x)_{o, if 2 =0,

(a) If z € R? and h: R — R is defined by h(t) = f(tz), show that h is differentiable.
(b) Show that f is not differentiable at (0,0) unless g = 0.
Solution.

(a) This is trivially true when z = 0 since h = 0. Otherwise, set g(z/|z|) = «. This gives
h(0) = f(0) = 0; for t > 0 we have h(t) = f(tz) = |tz|- g(tz/|tx|) = t|z| - g(z/|z|) = at|z],
and for ¢t < 0 we have h(t) = —t|z|-g(—x/|z|) = t|z|-g(x/|z|) = at|z|. Thus, h(t) = (a|z|)t,
which is linear and hence clearly differentiable, with h'(t) = az|.

We can verify that indeed,

lim h(t+ h) — h(t) — a|z|h — lim alz|(t + h) — alz|t — a|x|h _

h—0 || h—0 || 0

(b) Tt is clear that f = 0 when g = 0. If not, then g(x) = ap # 0 for some x¢ € R?, |x¢| = 1.
Since ¢g(1,0) = ¢g(0,1) = 0 and g(—1,0) = ¢g(0, —1) = 0, we can say that neither coordinate
of xy = (w1, x2) is zero. Suppose that f is indeed differentiable at (0,0); then

lim |f(h,k)—f(0,0)—Df(0,0)(h,k)|

—0.
(h,k)—(0,0) |(h, k)|

Note that f(0,0) = 0. We can choose specific sequences along which to take this limit:
first, hold £ = 0, h — 0T, and note that f(h,0) = |h|- g(1,0) = 0. This gives

[Df(0,0)(R, 0)|

Df(0,0)(1,0)| =1l = 0.
D5(0.0)1,0)] = fiy 2L
Similarly, holding h = 0, k — 07 yields
Df(0,0)(0,k
DF(0,0)(0.1)] = lim 2IOOOPI_,
h—0 ‘k‘
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Using the linearity of Df(0,0), we see that Df(0,0) = 0 identically. Now note that as
t — 0, txrg — 0 so we should also have

lim |f(txg) — Df(0,0)(txo)|

= 0.
t—0 |t£C0|

We have shown that Df(0,0)(txg) = 0, however f(tzg) = [txo| - g(txo/|tzo]) = at # 0
when ¢ # 0. Thus, the limit

t t
Fltmo)l _ . Jot]

li — = .
] m Ty = el £ 0

This is a contradiction, this f cannot be differentiable at (0, 0).

Problem 2-5. Let f: R?> — R be defined by

f(x):{:v!yl/\/x“r 2 if (z,y) #0,

0, if (x,0) = 0.

Show that f is a function of the kind considered in problem 2 — 4, so that f is not differentiable
at (0,0).

Solution. We construct the continuous real-valued function g on the unit circle g(x,y) = x|y|.
This is indeed continuous since the desired limits are trivial. Then, ¢g(1,0) = ¢(0,1) = 0, and
g(—z,—y) = —g(x,y). In addition, f is defined exactly as described in problem 2-4. This
directly shows that f is not differentiable at (0,0).

Problem 2-6. Let f: R? — R be defined by f(x,y) = /|zy|. Show that f is not differen-
tiable at (0,0).

Solution. Suppose that to the contrary, f is differentiable at (0,0). This means that there exists
Df(0,0) such that

lim ‘f(hvk) —f(0,0)—Df(0,0)(h,k)|

—0.
(h,k)—(0,0) [(h, k)|

Now, f(0,0) = 0. By holding £ =0, h — 0, we get f(h,0) =0 so
[Df(0,0)(h,0)|

D 1 =1 =0.
Similarly, holding h = 0, k& — 0 gives
Df(0,0)(0,k
|Df(0,0)(0,1)] = lim —| 1(0,0)(0, k)| =0.
h—0 ’k‘

Thus, Df(0,0) = 0 identically. On the other hand, note that (¢,t) — 0 as ¢ — 0, hence we must

have
t—0 |(t,1)]

However, this actually evaluates to

=0.

VAL

lim YV— = —

=0 V212 V2

which is a contradiction.
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Problem 2-7. Let f: R® — R be a function such that |f(x)| < |z|?>. Show that f is differen-
tiable at 0.

Solution. We claim that the zero function gives the derivative of f at 0. To verify this, first
note that |f(0)| < 0 forces f(0) = 0; we now calculate the limit

0 < tim LW =SOL _ ) @ PE ) Ih| = 0.

" h—0 ’h‘ - h—0 \x| ~ h—0 |h| - h—0

The squeeze theorem guarantees that this limit exists, and is equal to zero.
Problem 2-8. Let f: R — R%. Prove that f is differentiable at a € R if and only if f! and
f? are, and that in this case
(f1)(a)
f'(a) = < .
W= (1Y)
Solution. First suppose that f is differentiable at a. Then,
L f(a+h) ~ f(a) = Df(a)(h)

h—0 |h

=0.

Write D f(a) = (d',d?), and recall that |2?| < |z| for each component, thus the squeeze theorem
applied to

|[f'(a+h) — f'(a) — d'(R)| [(f(a+h) — fa) —d(h)|

< 1i < li =
0= lim 7] = 5o 7] 0
gives ' ' '
Lo i@t h) = Fil@) —di)] _
h—0 |h|

This immediately shows that f! and f? are differentiable, with (f?)’(a) equal to the ith com-
ponent of Df(a).

Now suppose that each f* is differentiable, hence we have the limits
| fa+h) — fi(a) — d'(h)|

lim

70 11| =0

Recall that |z| < 3. |2%], thus the squeeze theorem applied to

0 < lim =0

h—0 |h

[f(a+h)— f(a) —d(R)| _ <~ |fi(a+h)— fia)—d(h)|
= ;%ﬁ% 4]

gives

o @ 1) = f(@) — d(h)
h—0 |h|

Here, we have denoted d = (d',d?) = Df(a).

=0.

In short, we have used the squeeze theorem on the chain of inequalities

0<[af] <] <) Ja'].

(]
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Problem 2-9. Two functions f,g: R — R are equal up to nth order at a if

lim fla+h)—gla+h)

= 0.
h—0 h™

(a) Show that f is differentiable at a if and only if there is a function g of the form g(x) =
ag + a1(z — a) such that f and g are equal up to order first order at a.

(b) If f'(a),..., f™(a) exist, show that f and the function g defined by

are equal up to nth order at a.
Solution.

(a) First suppose that f is differentiable at a. Set g(z) = f(a) + f'(a)(x — a), and calculate

fo F@t D)~ [F@ + @B | flath) = fla) = f(@h _

h—0 h h—0 h

0,

with the last inference following directly from the definition of the derivative f’(a). Thus,
f and g are equal up to the first order at a.

Next, suppose that there exists g(x) = ag + a1(z — a) which is equal to f up to the first
order at a. This means that the limit
fla+h)—ag

lim flath) — lag + arh] =0, lim ———— = a;.
h—0 h h—0 h

Since limy_,g h = 0, we can multiply this with the first limit and get
lim f(a+h) —ap—arh =0, lim f(a+ h) = ao.
h—0 h—0

This is not enough to ensure that f is differentiable at a! We also require f(a) = g(a) at
minimum. As a counterexample, define f,g: R — R, f(0) =1, f(z) = 0 for all = # 0,
g(x) = 0. Then, we indeed have equality up to the first order since

i fOHR) —g0+h)
h—0 h

:(:)7

but f is not differentiable at 0.

Assuming that f(a) = g(a), we immediately have f(a) = ag, hence f is continuous at a,
and also differentiable at a by the existence of the second and first limits, with f'(a) = a;.

(b) First note that we have f(a) = g(a), f'(a) = ¢'(a), ..., f™(a) = g™ (a). This is simply
because

dt ;
o (x —a)' =1l

When the power of x — a is lower than 7, the term vanishes, and when it is higher than 7,
a factor of  — a remains hence this term vanishes as well at x = a.

As suggested, examine the limit

o @) = 2 fP (@)@ — a)' /it

z—a ({L‘ — a)”

18 Updated on October 21, 2021



Calculus on Manifolds Differentiation

Note that the numerator and denominator are differentiable n — 1 times at a, all of them
continuous (recall that f(™ (a) exists). Also, after differentiating the numerator up to n—1
times, the limit of this numerator as  — a collapses to 0 — we have f®(z) — f)(a) by
the continuity of the derivatives, and the constant term in the polynomial on the right is
precisely f (i)(a), with the remaining terms vanishing because of the still present factors
of x — a. Thus, we can apply L’Hopital’s rule by differentiating n — 1 times, after which
we have reduced this limit to

@)~ ) )
z—a nl(x —a) n!

What we have shown is that

i fla+h)—gla+h)+ f™(@nr"/n! _ f™(a)
11 = .
h—0 hn n!

Separating the final term from the left hand side and cancelling, we have

lim fla+h)—gla+h)

=0
h—0 h™

as desired.

2.2 Basic theorems
Problem 2-10. Find f’ for the following.

(a f(xmya z) =zV.

)
(b) fz,y,2) = (2%, 2).
(c) f(z,y) = sin(zsin(y)).
(d) f(z,y,z) = sin(zsin(ysin(z))).
(e) flz,y,2) =a¥
() f(z,y,2) =2¥=.
(8) fz,y,2) = (z +y)*
(h) f(z,y) = sin(zy)
(i) f(z,y) = [sin(zy)]c=?.
(J) f(z,y) = (sin(zy), sin(z sin(y)), z¥).

Solution.
(a) We rewrite this as f(z,y,2) = exp(yInz), so f = expo(n? - (Inor')). Thus,

f'(a,b,¢) = exp/(blna) - [Ina- (72) (a,b,¢c) + b- (Inoxt) (a, b, c)]
=exp(blna) - [Ina- (0,1,0) +b-1n'(a) - (7')(a,b, )]

=exp(blna) - [(0,Ina,0) +b- % -(1,0,0)]

= (ba’1,a’Ina,0).

(b) We write f = (expo(r? - Inon?),7%). Calculating derivatives component-wise, using
(73)(a,b,¢) = (0,0, 1) together with the previous result gives
ba® ' a’lna 0
/ —
f (a7 b7 C) - < 0 0 1/
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(c) We write f = sino(w! - sin on?). Thus,
f'(a,b) = sin’(asinb) - [sinb - (71)(a,b) + a - sin’(b) - (7%)'(a, b)]
= cos(asinb) - [sinb- (1,0) + acosb- (0,1)]
= (cos(asinb) sin(b), a cos(asin b) cos(b)).
(d) We write f = sino(n! - sino(7? - sin or3)). Thus,
f'(a,b,c) = sin’(asin(bsinc)) - [sin(bsinc) - (7')(a, b, ¢)+
a-sin’(bsinc) - [sine - (72)(a,b,¢) 4+ b-sin’(c) - (73) (a, b, )]
= cos(asin(bsinc)) - [sin(bsinc) - (1,0,0)+
acos(bsinc) - [sinc- (0,1,0) + bcosc - (0,0, 1)]]
= (cos(asin(bsinc)) sin(bsinc),
a cos(asin(bsin c¢)) cos(bsin ¢) sin ¢,
ab cos(asin(bsin ¢)) cos(bsin ¢) cos ¢).
(e) We write f(z,y,z) = exp(exp(zIny)Inz). Since f(x,y,z) = z¥"), we can reuse our work
from (a): define g(z,y) = 2%, s0 f = go (7!, go (7%, 7%)). Thus,
f(abye) = ¢'(a,6%) - () (a,b,¢), 4" (b, ¢) - (7°)'(a, b, ), (7°) (a, b, €)))
= (°%a” 7, a" Ina) - ((1,0,0), (b, bInb) - ((0,1,0),(0,0,1)))
= (b°a” 1, 0" Ina) - ((1,0,0), (0,1, b€ In b))
= (

ba® 1 a" Ina- b a" Ina- b°n b).

(f) We write f(x,y,z) = 2¥- 27, hence f = go (n!,72) - go (7!, 73). Thus,
f/(a, b, C) = g/(a, b) : ((17 070)’ (07 L, 0)) : g(a, C) + gl(av C) : ((1’ 0, 0)7 (0’ 0, 1)) ’ g(“? b)
= (ba"',a’Ina,0) - a® + (ca®1,0,aInc) - a®

= ((b+c)a"™ 1 a" Ina,a1na).

(g) We write f = go (! + 7%, 7%). Thus,
f'(a,b,¢) = g'(a+b,c) - (7" 4+ %) (a, b, ¢), (%) (a, b, c))
= (c(a+ )" (a+b)In(a + b)) - ((1,1,0),(0,0,1))
= (c(la+0)" e(a+ b, (a+b)In(a +b)).
(h) We write f = sino(r! - 72). Thus,
f'(a,b) = sin’(ab) - [a- (0,1) +b- (1,0)]
= cos(ab) - (b, a)
= (bcos(ab), a cos(ab)).
(i) Let the function from the previous exercise be labelled h; then we write f = g o (h, cos 3).
Thus,
f'(a,b) = ¢g'(h(a,b),cos3) - (h'(a,b), (0,0))
= (cos 3(sin ab)©*3) =L (sin ab)®*3 Insin ab) - ((bcos(ab), a cos(ab)), (0,0))
= ((cos 3)b cos(ab)(sin ab)“> =1 (cos 3)a cos(ab)(sin ab) (<33 1),

(j) We combine the previously computed derivatives of the components to write

bcosab acosab
f'(a,b) = | cos(asinb)sin(b) acos(asinb) cos(b)
bab~1 a’Ina
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Problem 2-11. Find f’ for the following, where g: R — R is continuous.
() flz,y)=["g.
(b) fz.y)=["9g.

(c) f(z,y,2) = f;;n(xsin(ysjnz))g'

Solution. Define h: R — R,

whence we can deduce that h' = g.
(a) We write f = ho (7! 4+ 72), whence
F(he) = Kb+ ) (1,1) = (g(b+ ), g(b + ).
(b) We write f = ho (n! - 7?), whence
f'(b,¢) = K/ (be) - (e,b) = (cg(be), by(be)).
(c¢) In general, for some f = ho s, we have

fi@) = (W os)(x) - §'(z) = g(s(x)) - &' ().

sin(z sin(y sin z))
o [ [

hence we can reuse our previous work to write

We write

f'(a,b,c) = —(bg(ab), ag(ab),0) + g(sin(asin(bsinc))) - fi(a,b,c),

where f/(a,b, c) refers to the derivative computed in problem 2-10(d).

Problem 2-12. A function f: R™ x R™ — RP is bilinear if for x,z1, 25 € R™, y,y1,y2 € R™,
and a € R, we have

flaz,y) = af(x,y) = f(=, ay)
f(@1 +22,y) = f(w1,9) + f(22,y
f(@,y1 +y2) = fo,p1) + f(x, yz)

(a) Prove that if f is bilinear, then

. fthR)])
o k)

(b) Prove that D f(a,b)(z,y) = f(a,y) + f(,b).

(¢) Show that the formula
Dp(a,b)(z,y) = bz + ay

where p(x,y) = x - y is a special case of (b).
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Solution. Let {e1,...,ey} and {ey,...,e,} be the standard bases of R™ and R™. Then, given
any z € R", y € R™, we have

:Zmzf(euy)zzz yfez;ej
=1 i=1 j=1

Thus, a bilinear map is completely determined by the values of all f(e;,e;). By setting M' =
max | f(e;, e;)|, we see that

(z,y)| < ZWIZ\?J |- M < M'ZWI (mlyl) < M - (n|z]) - (my|).
=1 7j=1
In other words, we can always choose M > 0 such that
|flz,y)| < M - |z] - [yl
(a) Recall that when evaluating the limit
|f(h, k)|

y
(k)0 (B, k)|

we can write |f(h, k)| < M|h||k] < M(|h|? + |k|?) (we have applied a loose AM-GM
inequality). Thus,

0< 1im LRI ln MUPE+ER) 0 T RE =0
(hk)—0 [(h,K)| ~ (hk)—0 \/|R|? + [K[? (h,k)—0

hence the desired limit exists and is equal to zero by the squeeze theorem.

(b) We claim that

=0.

lim |f(a’+h7b+k) _f(a’b) B [f(a7k)+f(h’b)”
(hk)—0 |(h, k)]

Expand
fla+hb+k)=f(a,b+k)+ f(h,b+ k)= fla,b) + f(a k) + f(h, D) + f(h, k).

This means that our claim is equivalent to

| f (k)
1 2 =
mBo0 (k)

which is indeed true.

(¢) This follows directly from the fact that p is bilinear: note that

plaz,y) = ar -y = ap(z,y) = v - ay = p(z, ay)
p(x1 + x2,y) = (1 + 22)y = 21y + 2y = p(21,y) + p(x2,¥),
p(x,y1 +y2) = (Y1 + y2) = vy1 + 2y2 = p(x,y1) + (2, 92).
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Problem 2-13. Define IP: R" x R” — R by IP(z,y) = (z,y).
(a) Find D(IP)(a,b) and (IP)'(a,b).

(b) If f,g: R — R™ are differentiable and h: R — R is defined by h(t) = (f(t),g(t)), show
that

W(a)=(f'(a)", g(a) + {f(a).g'(@)").
(c) If f: R — R" is differentiable and | f(t)| = 1 for all ¢, show that (f'(t)T, f(t)) = 0.

(d) Exhibit a differentiable function f: R — R such that the function |f| defined by |f|(t) =
|f(t)] is not differentiable.

Solution.

(a) Note that IP is bilinear, hence
n . . n . .
DIP)(a,)(x.4) = IP(a,y) + IP(x.b) = Y ba' + 3 a'y'
i=1 i=1

Thus,

(b) Write h = 1P o(f, g), thus

(c) Note that by setting f = g, we have h(t) = (f(t), f(t)) = |f(t)|* = 1, thus the derivative
of this constant function must be 2'(¢t) = 0. On the other hand, we know that

() =2(f(t). /() "),
which immediately gives (f(t), f'(t)") = 0.

(d) Set f(t) =t, whence |f| is not differentiable at 0.

Problem 2-14. Let E;, i = 1,...,k be Euclidean spaces of various dimensions. A function
f: By x -+ x B, — RP is called multilinear if for each choice of x; € Ej, j # i the function
g: E; — RP defined by

g9(x) = f(z1,.. ., Ti1, %, Taq1, .-, k)

is a linear transformation.

(a) If f is multilinear and ¢ # j, show that for h = (hy, ..., hg) with h; € Ej, we have

hm \f(al,...,h,-,...,hj,...,ak]
h—0 |h

=0.

(b) Prove that

Df(al,...,ak)(xl,...,xk) :Zf(al,...,a:i,...,ak).
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Solution. Like before, a multilinear map is completely determined by the values of f(ej,,...,€j.),
where each set e;, forms a basis of Ej.

flxy,. ... xk) = Z ot ey, eg,).

J1seesJk

Thus, by setting M’ as the maximum of the norm of these ‘base vectors’ of the range and using
the triangle equality like before, we can again pick M > 0 such that

(a)

|f@r,. . me)| < M- o] oy
Again, write

\f(al,...,hi,...,hj,...,ak)\ < M\a1|]hz]\h3\|ak|

0< <
1] |(hi b))

Take the limit A — 0, and note that we already know that as h;,h; — 0, we have
|hi| - |hj|/|(h1,hj)| = 0 from our work on bilinear functions. Thus, the squeeze theorem
gives the desired limit.

Denote the target expression on the right hand side by d(a)(x) for short. Then, we claim

that
lim \f(al 4+ hi,...,a + hk> — f(al, ... ,ak) — d(a)(h)\

=0.
h—0 |h’

Expand

f(a1+h1,...,ak+hk) :f(al,ag—i—hg,...,ak—l—hk)—i—f(hl,ag—i—hg,...,ak—i—hk)

= Z f((X=61)ar + 01k, ..., (1 = bp)ag + Sxhy).
61'6{071}

In other words, we have all 2F possible terms with either a; or h; in the ith parameter.
Coming back to the numerator of our limit, we have subtracted away the (single) term
with all 6; = 0, and those (k) terms with exactly one J; = 1. Using the triangle inequality,
we see that our limit expression is bounded above by

|f((1=é1)ar + 01ha, ..., (1 — &)ak + dkhi)|
2 Al

8;€{0,1}
At least 2 of §;=1

Take the limit A — 0. Now, we already know that for those terms with exactly 2 of §; = 1,

lim |f(a1,...,hi,...,hj,...,ak]

70 Ih| =0

For those terms with 3 or more of §; = 1, we perform exactly the same process as in (a),
using the fact that with j > 3,
- Jhi |

hi|..
OglimL

o B =0

< gy sl iy - o =

The latter follows because the individual limits exist and are zero. Thus, all the terms
in our sum vanish as h — 0. The squeeze theorem now guarantees that the desired limit
also exists, and is equal to zero.
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Problem 2-15. Regard an n X n matrix as a point in the n-fold product R” x --- x R™ by
considering each row as a member of R™.

(a) Prove that det: R™ x --- x R™ — R is differentiable, and

ai

D(det)(al,...,an)(xl,...,xn):Zdet x;
i=1 :
an

(b) If ajj: R — R are differentiable and f(t) = det(a;;(t)), show that

au(t) . a1n<t)
F1(t) = det a;;(t) . a;.n'(t)
Jj=1 : :

s (8) o am(®)

(c) If det(a;;(t)) # 0 for all t and by,...,b,: R — R are differentiable, let s1,...,5,: R = R
be functions such that si(¢),...,s,(t) are the solutions of the equations

D ait)s;(t) =bi(t),  i=1,...,n.
Jj=1

Show that s; is differentiable and find s/(t).
Solution.

(a) There is nothing to prove, since det is a multilinear map in the rows of a given matrix by
construction. The rest follows directly from the formula for the derivative of a multilinear
map, derived in the previous exercise.

(b) Denote a; = (aj1,...,aj,), where each a1,...,a,: R = R" is a row of the matrix; this
also gives a; = (a}l, el a;-n). Then, f = deto(ay,...,ay), so the chain rule directly gives

al(t)
() = (det) (a1 (t), - .., an(t)) (@) (t), ..., a,(t) = Z det ag-.(t)
j=1 :

an(t)
(¢) Note that we can write this system of equations as

all(t) e aln(t) Sl(t) bl (t)

i (®) oo am(®) \sn(t) b (1)

Denote this as
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The matrix on the left is given to be invertible. Thus, we can write the vector s(t) =
A~L(t)b(t), which when expanded gives each s;(t) as a polynomial expression of all a;;(t)
and b;(t). Applying the summation, product, quotient, and chain rules shows that each
5;(t) must be differentiable.

By differentiating each equation, we have
Z a]z S] + al]( ) (t) = b;(t)7

which we can concisely write again as
Al(t)s(t) + A(t)s' (t) = ' (t).

This immediately gives

S'(t) =A@ () — A'(t)s(t)]
= AT (1) — A'(B)[ATL)b(D)]]
= A7) (1) — AL A'(H) AT (1)b(t)

Problem 2-16. Suppose f: R" — R" is differentiable and has a differentiable inverse f~!: R® —
R, Show that (f~1)'(a) = [f'(f ()] .

Solution. Use f o f~! = x (the identity function, whose derivative is itself). Thus, the chain
rule gives

FF @) - (f) (@) =1,
the right hand side being the identity matrix. Left multiplying by [f'(f~1(a))]~! immediately
gives the result.

2.3 Partial Derivatives

Problem 2-17. Find the partial derivatives of the following functions.

cos 3

) f(
(b) flz,y,2) ==
(c) f(z,y) = sin(zsin(y))
(d) f(x,y,z) =sin(zsin(ysin(z)))
(e) f(z,y,2) =aY
() f(z,y,2) =2v*
) f(,y,2) = (z +y)°
) f(
)

z,y) = [sin(zy)]

Solution. Note that we could simply reuse our work from problem 2-10, with the knowledge
that the partial derivatives are merely the entries of the Jacobian. Here, we apply the product
and chain rules in one step each.

For brevity, denote D; f(z) = d;.

(a)

di = ya¥~1, do = 2¥1ny, ds = 0.
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(b)
di =dy =0, ds = 1.
()
dy = sin(y) cos(x siny), dy = z cos(y) cos(z siny).
(d)
dy = sin(y sin z) cos(x sin(y sin 2)),
dy = zsin(z) cos(y sin z) cos(z sin(y sin z)),
ds = zy cos(z) cos(y sin z) cos(x sin(y sin 2)).
©) : : :
dy = yFa¥ L, dy = 2¥" In(z) - 271, ds =¥ In(z) - y* In(y).
(f)
dy = (y+ z)avT 1, dy =¥ Inz, dz =2 Inz.
(8)
di=z@+y)7  d=zc+y)T dz=(r+y) I +y).
(h)
dy = ycos(zy), dy = z cos(zy).
(i)
dy = cos(3)(sin(zy)) 31 .y cos(zy), dy = cos(3)(sin(zy))*®) 1. 2 cos(ay).

Problem 2-18. Find the partial derivatives of the following, where g: R — R is continuous.
(a) flz,y)=[""g.
(b) fl=y) =g
() fla.y)=/."g

Y
(d) flay) = [Fg.
Solution. Define h.: R — R,

whence we can deduce that h., = g.
(a) We compute
Dif(w,y) = Dih(z +y) =W (z +y) - Di(z +y) = g(z + ),
Daf(w,y) = Daoh(z +y) =W (z+y) Doz +y) =g(z+y)
(b) Write
x y
faw) == [ g+ [ o=t~ hia)
Thus,
Dif(z,y) = —=h'(z) = —g(z),  D2f(z,y) = h'(y) = g(y).
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(c)
D1 f(z,y) = Dih(zy) = B'(xy) - Di(xy) = g(zy) - v,

Dof(2,y) = Dah(zy) = h'(zy) - Da(zy) = g(xy) - z.

(d) Write f(z,y) = ha(hs(y)). Thus, D; f(z,y) =0, and
Dafe.9) = o) i) = ([ 0) o0

Problem 2-19. If

=Y

f(z,y) =z + (logz)(arctan(arctan(arctan(sin(cos zy) — log(z + ¥))))),

find Dy f(1,y).

Solution. Since we are evaluating the partial derivative with respect to the second variable at
points (1,y), we can restrict our attention to the line x = 1, along which we have f(1,y) = 1.
This means that Do f(1,y) = 0.

We have to justify this carefully by nothing that Dy f(a,b) gives the derivative of the function
‘sliced’ along the z = a line, at the point £ = a,y = b. The given function is constant along the
x = 1 line, which means that the partial derivative along this line is zero.

Problem 2-20. Find the partial derivatives of f in terms of the derivatives of g and h.

(a) f(z,y) = g(x)h(y)
(b) f(z) = g(x)h®)
(c) flx,y)=g(z).
(d) f(z,y) =g(y).
(e) f(z,y) =gz +y)
Solution.
(a)
Dif(z,y) = ¢ (z)h(y),  Daf(z,y) = g(x)h'(y).
(b)
Dif(z,y) = h(y)g(x)"W =1 g'(z),  Daf(w,y) = g()"@logg(z) - B (y).

(c)

Dif(z,y) =g¢'(x),  Daf(z,y) =0.
(d)

Dif(z,y) =0,  Daf(x,y) =g (y).
(e)

Dif(z,y) =g (x+y),  Daf(z,y) =4 (z +y).
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Problem 2-21. Let g1, ¢g2: R? — R be continuous. Define f: R? — R by

flz,y) = /Oxgl(t,o) dt + /yQQ(x,t) dt.

0
(a) Show that Dy f(z,y) = g2(z,y).
(b) How should f be defined so that Dy f(z,y) = g1(z,y)?

(c) Find a function f: R? — R such that D f(z,y) = # and Dof(z,y) = y. Find one such
that D f(z,y) =y and Daf(x,y) = x.

Solution.

(a) Note that the first term is purely a function of x, and hence vanishes upon applying
D,. Differentiating the second one with respect to the second variable while holding
x constant, we see that go(x,t) = ga(t) is really a function of one variable ¢, so the
Fundamental Theorem of Calculus (regarding antiderivatives) gives us

d Y
Daf(x,y) = / g2(x,t) dt = ga(x,y).
dy Jo
(b) We may have defined
@ y
fla,y) = / 91(t,y) dt +/ 92(0, ) dt.
0 0
(¢) The required maps are
Lo 2

Problem 2-22. If f: R? — R and Dyf = 0, show that f is independent of the second vari-
able. If D1f = Dy f = 0, show that f is constant.

Solution. Fix x € R, and let hy: R — R, y — f(x,y). Then, we can see that hl(y) =
Dy f(x,y) = 0 by definition, hence h, is a constant function. Thus, h(y;) = h(ys2) for any

y1,y2 € R, de. f(z,91) = f(z,92).

An analogous argument can be made to show that if D1f = 0, then f is independent of its
first variable. Thus, when both D f = Do f =0, f is independent of both its variables, and we
have shown that such a function must be constant, with f(z,y) = f(0,0) everywhere.

Problem 2-23. Let A= {(z,y) € R*:2 <0, or z >0 and y # 0}.
(a) If f: A—> Rand D;f = Dof =0, show that f is constant.

(b) Find a function f: A — R such that Daf = 0 but f is not independent of the second
variable.

Solution.

(a) It is clear that the function g(y) = f(—1,y) is constant for all y € R, since ¢'(y) =
Dsf(—1,y) = 0 is well-defined everywhere. Thus, all f(—1,y1) = f(—1,y2). Given
(z1,41), (x2,y2), there are three possible cases.
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Case I: Both y; = y2 = 0. Thus, we must have both z1,z9 < 0. Since D f(z,0) =0
along the entire line joining (z1,0) and (x2,0), we must have f(x1,0) = f(x2,0).

Case II: Exactly one of y1,y2 = 0, say y1 = 0. Then, z; < 0, so repeating the process from
the previous case, f(z1,y1) = f(z1,0) = f(—1,0). Since yo # 0, we have Dy f(z,y2) =0
for all z € R, hence f(z,y2) is constant. This gives f(z,y2) = f(—1,y2) = f(—1,0).
Together, f(z1,y1) = f(z2,92).

Case III: Neither y1,y2 = 0. Then, we repeat the same process as in the previous case to
write f(z1,91) = f(=1,91) = f(~1,0) and f(22,y2) = f(—1,42) = f(—1,0) to conclude
that f(z1,y1) = f(22,y2).

(b) Define f: A — R,

0, ifx<0,
fley) =41, ifz>0,y>0,
2, ifx>0,y<O0.

It is easily checked that Dyf =0, yet f(1,1) =1# 2= f(1,—1). Note that in the region
x < 0, we have f(x,y) = 0 so Daf(z,y) = 0 there. In the region z > 0 and y > 0, we
have f(x,y) =1 so Dyf(x,y) = 0 there; similarly when x > 0 and y < 0, Dsf(x,y) = 0.

Problem 2-24. Define f: R? = R by

oy —y?) /(@ +y?), i (z,y) #0,
fay) = {O, if (x,y) =0.

(a) Show that Dsf(x,0) = z for all x and D; f(0,y) = —y for all y.
(b) Show that Dl,gf(o,()) 7é D271f(0, 0).
Solution.

(a) When (z,y) # 0, we can calculate by brute force,
(2° = 32y?)(2® + y*) — (2°y — 2y°) (2y)

Dyf(x,y) = (@2 + )2
3 2
D2f($70) = (x2)2 =,
322y — ) (22 + 02 — (23 — 24°)(2
Dy flay) = (Bz%y —y°) (@ (mZer)yQ)(;c y —zy”)(2)
3.2
le(07y) = (yyg);y =Y.

At (0,0), we use the basic definition to calculate

f(h,()) — f(0,0)
h

D1 f(0,0) = }111;% =0,
and similarly Daf(0,0) = 0.
(b) We simply iterate
D1,2f(0,0) = D2(D1f(x,9))(0,0) = D2(D1(0,))(0,0) = —1,
D31 £(0,0) = D1(D2f(x,y))(0,0) = D1(D2f(x,0))(0,0) = +1.

In the first case, we can restrict our attention to the line x = 0 while calculating the
outermost Do, since we are interested in the variation of D f(z,y) only along that line.
The second case is similar.
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Problem 2-25. Define f: R — R by

—2
e ™ ifx#£0,
fm_{o, ifz =0

Show that f is a C* function, and £ (0) = 0 for all 4.
Solution. 1t is clear that when x # 0, we can choose an arbitrarily small neighbourhood around

x such that it does not contain 0; then, the derivatives of f can be simply evaluated via the
chain rule,

f(@) = exp(—a
f'(x) = exp(—z~2) - 2273, 23 f'(x) = exp(—z72) - 2
23 f"(x) + 32° f(x) = exp(—a2) - 2077, 25" (x) = exp(—z72) - (2 — 62?)

It is clear that f is infinitely differentiable on this neighbourhood, because at each stage, we
have a composition of exponential and polynomial functions, each of which are differentiable.
Suppose that

23 £ (2) = exp(—272) - pa(x)
for some polynomial p,. Then,
2 D (2) 4 30?1 ) (1) = exp(—272) - (9l () + 22 pa(2)),
¥ FD (1) 4 3na? - o5 ) (2) = exp(—a2) - (%9, (2) + 2pa(),

whence
22" [0 () = exp(—27?) - (2°p},(x) — 3na®pu(x) + 2pa ().
It is clear that the degree of p, jumps up by 2 at each step, thus the degree of each p,, is precisely
2n — 2. To verify this, if the leading term of p,, at any stage is a,z?" 2, then the new leading
term must be 2(n — 1)a,2*" — 3na,2®® = —(n + 2)a,z?". In other words, the leading term is
never ‘cancelled out’, and the leading coefficient is always (—1)"T! . (n + 1)!.
Now, the series definition of exp gives

9 1 1 1
hence
0 < exp(—z~2) < nla?,
for all £k € N.
First, we show that f’(0) = 0 by evaluating the limit
_ 2 2
i £ = FO) _ e 2
z—0 T z—0 T z—0 T

hence the result follows by the squeeze theorem. Now if f(™(0) = 0, then we can show that
f@+1(0) = 0 by evaluating
f" (@) = ) _ . exp(=a7?) - pa(w)

lim = lim 3
z—0 T z—0 x - xo"

Here, we choose k = 3n, whence

exp(—z %) - [pa()| < (3n)12%" - |py ()|
’x . 1‘3”| |.7}3"+1|

0<

The numerator has degree 6n + (2n —2) = 8n — 2 > 3n + 1 for all n > 1. Thus, taking limits
x — 0, we see that f("*1)(0) = 0 by the squeeze theorem.
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Problem 2-26. Let
) = e @D em @D i g e (=1, 1),
0, ifx ¢ (—1,1).
(a) Show that f: R — R is a C*° function which is positive on (—1,1) and 0 elsewhere.

(b) Show that there is a C* function g: R — [0, 1] such that g(z) = 0 for < 0 and g(z) =1
for x > e.

(c) If @ € R™, define g: R™ — R by
g(z) = f([z' —a'l/e) -+ f([2" — a"]/e).
Show that g is a C'*° function which is positive on
(a' —€e,al +€) x - x (a" —€,a" + €)
and zero elsewhere.

(d) If A C R™is open and C' C A is compact, show that there is a non-negative C* function
f:+ A — R such that f(z) > 0 for x € C and f = 0 outside of some closed set contained
in A.

(e) Show that we can choose such an f so that f: A — [0,1] and f(z) =1 for x € C.

Solution.

(a) Consider the function h: R — R defined by

-2
- if 0
h(x): e , x> "
0, if x <0.

The proof that this is C*° is identical to the previous problem. Now, observe that
f(z)=h(1—2)-h(1+2x)

The product and chain rules now guarantee that f is C°°, with all (") (£1) = 0; the latter
fact can be shown directly from

n

F @) =>" <7Z> (=)' (1 = )" (1 + ).

=0
Furthermore, note that exp is always positive, hence f is positive on (—1,1).

(b) Define f(z) = f(2z/e—1); then f is also C™, strictly positive on (0, €), and zero elsewhere.

Now, set
€ 1 T
a=[Fro. gw=y [
0 @ Jo

for z > 0, and g = 0 elsewhere. Then, observe that g is also € — the first derivative is
simply f/«, which is also C*°. Furthermore, when x > ¢, the integral sees no contribution
from e <t < z, since f(t) =0 there. Thus, g(z) = a/a =1 for z > e.

(¢) Since f is C°°, any partial derivative of g is a product of terms of the form f®([z7 —a’]/¢)
(along with some constant factors of €), all of which are continuous and differentiable
(indeed, all C*°). This shows that g is also C*°.

Note that if any component 27 ¢ (a/ — €,a’ + €), then either (27 — a/)/e < —1, or
(27 —al)/e > 1. In either case, f([z7 — a’]/€) = 0, so g(z) = 0 outside the rectangle A.
Otherwise, all the contributions by f in the product are positive, so ¢ is positive within
the rectangle A.
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(d) Choose an open cover of the compact set C' using non-empty open rectangles (say, open
rectangles of side 1, with each point in C' getting its own rectangle); from this, extract
a finite subcover of open rectangles Aq,..., Ax. Construct functions g1, ..., gy as in the
previous part such that each g; is positive on the corresponding A;, and zero elsewhere.
Finally, set f: A - R, f = g1 + -+ + gx. This is clearly positive on C, and zero outside
the union of Aq,..., Ag; this union is open, hence its complement within A is closed.

Note that f is continuous, hence maps the compact set C' to a compact interval. In other
words, f attains its minimum on C; this minimum cannot be 0 since f is positive. Thus,
f>e>0o0nC.

(e) Let g: R — R be C*, g(z) = 0 for z < 0, g(x) > 0 on (0,¢), and g(z) =1 for z > €
(we can do this via part (b)). Also choose f from the previous part, and have f > €
on C (simply rescale if necessary). Then, set F = g o f, whence we have normalized
F(z)=g(f(x)) =1 when z € C, and F = 0 wherever f = 0.

Problem 2-27. Define g,h: {r € R?: |x| <1} — R3 by

g(:n,y) = (CL’,y, \% 1 —a? _y2),
h(‘rvy) = (x,y,— \% 1 —a? _y2)'

Show that the minimum of f on {x € R3 : |z| = 1} is either the maximum of f o g or the
maximum of foh on {z € R?:|z| < 1}.

Solution. Suppose that f attains a maximum at (zg,%o, 20); then, 23 + y2 + 22 = 1, s0 29 =

++/1 — 2§ —y3. Thus, the point (zg,yo, 20) is one of g(xo, yo) or h(xo,yo). In this way, note
that the collection of all possible points g(z,y) together with h(z,y) gives precisely the unit
sphere {x € R? : |z| = 1}: no more (clearly each output point has unit norm), no less (we
have just shown that every point on the unit sphere satisfies 2 + y? 4+ 22 = 1, and hence has a
pre-image either in g or h). Thus, the maximum f(zg,y0,20) = « is at least as large as every
possible value f o g(z,y) or f o h(z,y). This shows that the maximum of f is attained at the
maximum of at least one of fog or foh.

2.4 Derivatives

Problem 2-28. Find expressions for the partial derivatives of the following functions.
(a) F(z,y) = f(9(x)k(y), 9(z) + h(y)).
(b) F(z,y,2) = f(9(z +y), h(y + 2)).
(c) F(z,y,2) = f(a¥,y7, 2").
(d) F(z,y) = f(z,9(x), h(z,y)).
Solution.

(a) Set a = (g(x)k(y), g(x) + h(y)), whence

D1F(z,y) = D1f(a) - ¢'(x)k(y) + Daf(a) - ¢'(x),
DaF(z,y) = Dif(a) - g(x)k' (y) + Daf(a) - I'(y).
(b) Set a = (g(x +y),h(y + 2)), whence
D1F(x,y,z) = D1f(a) - ¢'(x +y),
DoF(x,y,2) = D1f(a) - ¢'(x +y) + Daf(a) - h'(y + 2),
DsF(z,y,2) = Daf(a) - W (y + ).

Q
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(c) Set a = (2Y,y?, 2%), whence
D1 F(x,y,2) = Dfi(a)-yzY"' + D3f(a) - 2% log z,
DyF(2,y,2) = Dfa(a) - 24° ' + Dy f(a) - ¥ log x,
D3F(x,y,2) = Dfs(a) - x2°"' + Dof(a) - y* logy.

(d) Set a = (z,g(x),h(x,y)), whence
D1F(z,y,2) = Dfi(a) + D2f(a) - g'() + Dsf(a) - Dih(x,y),
DyF(z,y,2) = D3f(a) - Doh(z,y).

Problem 2-29. Let f: R”™ — R. For x € R™, the limit

L flat o)~ fla)
t—0 t
if it exists, is denoted D, f(a), and is called the directional derivative of f at a, in the direction
x.

(a) Show that D¢, f(a) = D;f(a).
(b) Show that Dy f(a) =tDyf(a).
(c) If f is differentiable at a, show that D, f(a) = Df(a)(z) and therefore

D:Jchyf(a) = Dxf(a) + Dyf(a)'

Y

Solution.
(a) Note that the definitions directly give

fla+te;) — f(a) flat,...,a" +t,...,a") — f(a) B

g0 = iy LD t - it
(b) Note that
Dy fla) = }Lli% fla+ ht}a:) —fla) _ hltigo f(a —|—h§jht)a:) = Dof(a) t.

(c) If f is differentiable at a, then we know that Df(a) is the unique linear transformation

satisfying
o (@) = fa) = Di@)(®)] _
h—0 |h

Specifically, tx — 0 as t — 0, so

o Iflat t) — f(a) - Df(@)t2)] _
t—0 |t]|x] ’

Now, we know that

g PO = (@) (@t te) = f(0) = Daf(a)

=0.
-0 t 0 |t]

Thus,

0 <[Df(a)(x) — Dy f(a)l
_ [Df(@)(t2) — Duf(@)t
2|
< flattx) = fla) = Df(@)(tz)] | |fa+te) — f(a) - Dafla)t]
- I I '
Taking the limit ¢ — 0, the right hand side vanishes, hence Df(a)(x) = D,f(a). The
linearity of D f(a) immediately gives

Da:erf(a) = D, f(a) + Dyf(a)-
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Problem 2-30. Let f be defined as in Problem 2-4. Show that D, f(0,0) exists for all z, but
if g # 0, then D4, f(0,0) = D, f(0,0) + D, f(0,0) is not true for all  and y.

Solution. Without loss of generality, let = € R?, || = 1 (this will later give the existence of all
remaining Dy, f(0,0) = tD, f(0,0)). Then, we compute the limit

0 — f(0 .
D, (0,0) = tim TOHEDZIO) _ i WL 9] _ oy 00y — g ),

Note that here, we have successfully ‘cancelled’ the factors of ¢ because g(—z) = —g(z).
Suppose that g # 0: we already know that this forces some g(x) = a # 0 where neither
z!, 22 = 0. Now,
Delf(oa()):g(el):()? De2f(0?0):g(62):0'
Write
Dmlel—i-xzegf(ov 0) = Dxf(0,0) =« 7& 0,
and
D1, £(0,0) + D,z2,, £(0,0) = 2' D, £(0,0) + 2> D, £(0,0) = 0.

This demonstrates that D, f(0,0) is not linear in = in this case.

Problem 2-31. Let f: R? — R be defined as in Problem 1-26. Show that D, f(0,0) exists
for all x, although f is not even continuous at (0, 0).

Solution. We have shown in 1-26 that given any straight line through the origin, there is an
interval around (0,0) on that line which is in R? — A, i.e. f = 0 on that interval. Thus, given
any vector z € R?, we have shown that there is an interval (—6,§) on which f(tz) = 0 for all
t € (—=9,9). This immediately shows that the limit

Do) =t 10121 = SO

=0.

On the other hand, we recall that f was not continuous at the origin.

Problem 2-32.

(a) Let f: R — R be defined by

_Ja?sin(1/2), ifz #0,
f("r)_{o, if 2 = 0.

Show that f is differentiable at 0 but f’ is not continuous at 0.

(b) Let f: R?> — R be defined by

B {(ﬁ +y2)sin(1/y/a2 1 y2), if (z,y) £ 0,
flz,y) = .
0, if (z,y) = 0.

Show that f is differentiable at (0,0) but D;f is not continuous at (0,0).

Solution.
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(a)

We compute the limit

o M) = £ _ | [#2sin(1/h)

= lim |hsin(1/h)| < lim |h| = 0.
h—0 |h| h—0 |k hﬂ)' sin(1/ )|_hli>%‘ =0

The last inference follows since sin is bounded. Thus, we see that the first limit exists and
is equal to zero, hence f'(0) = 0.

We compute f’(x) where 2 # 0 using the chain rule, thus obtaining

;o J2xsin(1/x) —cos(1/z), if x#0,
f(w){o, if z =0.

Clearly, as x — 0, we have already established that

li in(1/z) = 0.

xlg(l)xsm( Jx) =0

However, the limit lim,_,o cos(1/x) does not exist: along the sequence x,, = 1/2nm — 0, we
have cos(2nm) = 1 but along the sequence z,, = 1/(2nm+m/2), we have cos(2nm+7/2) = 0.
Thus, f’ is not continuous at 0.

We compute the limit

_ 2.
o k) = FO.0)] L [hfsinl/|A)
(h,k)—0 |h| h—0 |h

o e . o
Lim |A] - |sin(1/[A[)] < lim [A] =0

We have written the function f in terms of the norm and proceeded similar to the previous
part here. Thus, we have shown that Df(0,0) = 0.

We can compute the partial derivatives at (0,0) by examining the limits

f(h,0) — £(0,0) .. h?sin(1/h)
h A

D1£(0,0) = lim =0,

and similarly Dy f(0,0) = 0. Elsewhere, we use the chain rule to write

2xsin(1/y/22 + y2) — x/\/22 + y2 - cos(1/\/x2 + y2), if (z,y) # 0,

0, if (z,y) =

2ysin(1//x? + y?) — y/\/m cos(1/y/2? +y?%), if (z,y) #0,

0, if (z,y) =

le(x7y) = {

DZf(‘Ta y) = {
In the first case, look at the restricted function

2zsin(1/|z|) — x/|x| - cos(1/|x|), if x #0,

Dij(z,0) = {0, if 2 = 0.

This is very similar to the previous part: note that lim;_,oxsin(1/|z|) = 0, however the
limit lim, 0 x/|z|- cos(1/|x|) does not for exactly the same reasons as given before. Thus,
D f cannot be continuous. An analogous argument shows that D f cannot be continuous.
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Problem 2-33. Show that the continuity of Dy f? at a may be eliminated from the hypothesis
of Theorem 2-8.

If f: R® — R™, then Df(a) exists if all D;f*(z) exist in an open set containing a
and if each function D;f? is continuous at a.

Solution. We proceed exactly as in the proof given in the book, breaking f(a + h) — f(a) —
>.; Dif(a)h’ into n terms. However, we need not apply the Mean Value theorem to control the
first term, because we already have

lim ’f(al—i_hlana"'van) _f(al’”"an) _le(a)h1|

=0
h—0 ‘h‘

by definition.

Problem 2-34. A function f: R™ — R is called homogeneous of degree m if f(tx) = t" f(x)
for all z. If f is also differentiable, show that

Solution. As suggested, set g(t) = f(tz) = t™f(x), and note that ¢'(t) = mt™ 1 f(z). On the
other hand, we have

n
g(t)=ftx) -x=> a'Dif(tx).
i=1
Simply set ¢ = 1 to retrieve the desired formula.

Problem 2-35. If f: R" — R is differentiable and f(0) = 0, prove that there exist g;: R -+ R
such that

=1

Solution. As suggested, set h,(t) = f(tz), then hl(t) = f'(tx) -z =, 2'D; f(tx). Now,

/01 hl(t) dt

I
>
8
—
~
|
>
8
—~~
(=)
~
I
~
—~~
8
~
|
~
—~~
N~
I
~
—~~
8
~

Simply set
1
gi(z) = / D, f(tz) di,
0

whence

1 n 1 . n .
f(x) :/O B (t) dt = Z;/O &' D f(tx) dt = Z;x gi().

2.5 Inverse Functions

Problem 2-36. Let A C R” be an open set and f: A — R™ a continuously differentiable 1-1
function such that det f/(x) # 0 for all . Show that f(A) is an open set and f~!: f(A) — A
is differentiable. Show also that f(B) is open for any open set B C A.

Solution. Pick y € f(A), corresponding to which there is one z € A, f(z) = y. Now, f
is continuously differentiable on A, and det(f’(x)) # 0. Thus, the Inverse Function theorem
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guarantees the existence of open set V.C A, W C f(A) where x € V, y € W, such that the
restriction f: V — W has a continuous inverse. Thus, f(A) is indeed open. Indeed, the same
process can be applied to any open set B C A, by considering the restriction of f to B and
proceeding exactly as before; thus f(B) is also open.

Now, we have been given differentiable f~': W — V, hence the inverse function is differ-
entiable at every y € f(A). (Note that the inverse function is of course unique since f is 1-1,
thus the seemingly different inverses on the open sets W corresponding to each choice of y are
in fact just restrictions of the inverse f=1: f(A) — A).

Problem 2-37.
(a) Let f: R? — R be a continuously differentiable function. Show that f is not 1-1.

(b) Generalize this result to the case of a continuously differentiable function f: R® — R™
with m < n.

Solution.

(a) As suggested, suppose that f is 1-1, hence we cannot have Df = 0 identically on any
open set. In other words, we cannot have D;f = 0 or Daf = 0 identically on any open
set. Pick some (a,b) such that D;f(a,b) # 0; since f is continuously differentiable, Dy f
is also continuous, hence there is an open set A around (a, b) where Dy f(z,y) # 0. Define
g(z,y) = (f(x,y),y) on A, and note that

o) = (P PED) ey (o) = Duste 20

Furthermore, g is continuously differentiable on A, and g is 1-1 because if g(x1,y1) =
g(x2,y2), we must have f(z1,y1) = f(x2,y2) hence (x1,y1) = (z2,y2) from the 1-1 nature
of f. Thus, the previous exercise guarantees that g(A) is open. Now, examine g(a,b) =
(f(a,b),b); pick an open rectangle around this point contained in g(A), and pick b #
b from the second coordinate. Thus, the point (f(a,b),b’) € g(A). However, this is
impossible since

g(z,y) = (f(a,b),b)) = y=b=10"
Thus, f cannot be 1-1.

(b) We proceed as before: suppose that f is 1-1, hence all its partial derivatives cannot be
zero everywhere. Pick a € R™ such that D;f!(a) # 0 (WLOG) in a neighbourhood A
around a. Then, define g: A — R",

g(z) = (fl(z),2%,....a").
Like before, we can show that det ¢'(x) = D;f!(x) # 0 on A, g is continuously differen-
tiable on A, and g is 1-1 on A. Like before, g(A) must be open, hence we ought to be able
to pick (g(a),a’) € g(A) where a’ # (a?,...,a"), but this would contradict the fact that
g is 1-1.
Problem 2-38.
(a) If f: R — R satisfies f'(a) # 0 for all a € R, show that f is 1-1 (on all of R).

(b) Define f: R? = R? by f(z,y) = (e® cosy, e* siny). Show that det f'(z,y) # 0 for all (z,y)
but f is not 1 — 1.

Solution.
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(a) Suppose that f is not 1-1, i.e. f(a) = f(b) for some a # b. Then, we can apply the Mean
Value theorem to find ¢ between a and b such that 0 = f(b) — f(a) = f'(¢)(b — a). This
forces f'(c) = 0, a contradiction.

(b) Note that this corresponds to the complex function z — exp z, which is its own derivative
but is in fact periodic, with period 2mi.
We simply compute
etcosy —evsiny
e*siny e®cosy

fa,y) = <

On the other hand, f(0,0) = f(0,27) = (1,0).

> , det f'(z,y) = e** cos? y + 2T sin y = ¥ > 0.

Problem 2-39. Use the function f: R — R defined by

_Jx/2+2%sin(1/z), ifx#0.
Jw) = {o, if 2 =0,

to show that the continuity of the derivative cannot be eliminated from the hypothesis of The-
orem 2-11 (the Inverse Function theorem).

Solution. We show that f satisfies the remaining hypotheses: using our previous work on
x?sin(1/x), we directly compute the derivative

;o J1/242zsin(1/z) — cos(1/x), if x #0,
fla)= {1/2, if z=0.

Note that this is not continuous at 0: recall that cos(1/x) is not continuous there. However, we
do have f'(0) =1/2 #0.

We can check that f is not invertible on any neighbourhood of 0: note that any neighbour-
hood of 0 will always contain points of the form 2/2n for sufficiently high n, and thus all points
between that and 0. Now,

1 B 1 1
f <2n7r—7r/2) T dnm—m (2nm — 7/2)2’

; 1 o 1
2nm+7/2)  dnm+m o (2nm 4+ 7w/2)2

Call these values x and y, so that x > y > 0. Now, calculate

1 1
f(x)—f(y)=§($—y)—(x2+y2)=§(x—y)—(:v—y)2—2xy.
Calculate
I -1
VT g 2 /4’ W e —72/4

Set a = zy = 1/(4n*n? — 72/4). Then, x — y = ma, so

flz)— fy) = %ﬂa —n%a? — 2a = (g - 2) a—n?a* < 0.
This means that f(z) < f(y). On the other hand, f(z) > 0 because f(z) = /2 — 2% =
x(1/2—2) >0 when 0 < z < 1/2.
Now, 0 < f(x) < f(y), so the continuity of f and the Intermediate Value theorem guarantee
that f(z) = f(x) for some 0 < z < y. Thus, we have found z < z, f(z) = f(z) which means
that f cannot be invertible in any neighbourhood of 0.
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2.6 Implicit Functions

Problem 2-40. Use the implicit function theorem to redo Problem 2-15(c).

Solution. Set f: R x R® — R"”,
Filt) = az(t) a7 — bi(t),
j=1

in other words,

f(t,x) = A(t) - — b(t).
We have been given det(a;;(t)) #0, and this is precisely the determinant of the last n columns
of the Jacobian of f, i.e. the matrix [Dy1;f?] for 1 <1i,j < n. We also know that f(¢,s(t)) =0,
i.e. setting & = s(t) gives a solution for any ¢. Assuming that f is continuously differentiable,
we are guaranteed the uniqueness of the solution x corresponding to some given ¢, hence the
uniqueness of s: R — R", as well as its differentiability by the implicit function theorem.

40 Updated on October 21, 2021



	Functions on Euclidean Space
	Norm and Inner Product
	Subsets of Euclidean Space
	Functions and Continuity

	Differentiation
	Basic definitions
	Basic theorems
	Partial Derivatives
	Derivatives
	Inverse Functions
	Implicit Functions


