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1 Riemann integration

Throughout these notes the numbers ¢ > 0 and § > 0 should be thought of as very small
numbers. The objective of this section is to provide a rigorous definition for the integral
ff f(z)dz of a bounded function f(x) on the interval [a,b]. We will see that the real number

f; f(x)dzx is really the limit of sums of areas of rectangles.

1.1 Partitions and Riemann sums

Definition 1.1 (Partition Ps of size 6 > 0). Given an interval [a,b] C R, a partition Pj
denotes any finite ordered subset having the form

P5:{a2x0<x1<~'xN,1<$N=b}7

where
0 =max{x; —z;—1 | i=1,...,N}

denotes the mazximum distance between any two adjacent partition point x;,—1 and x;, and
where N denotes the number of subintervals that [a,b] is partitioned into, with N depending
on § so that N = N(6).

The simplest partitions have uniform spacing between partition points, in which case
) b_Ta or conversely,
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In order to build good intuition for partitions, there is no harm in considering our partitions
to have uniform spacing between adjacent points, even though this is not the most general
case.

Given a bounded function f : [a,b] — R, we are going to use a partition Ps to define
a piecewise constant approximation of the function f(x) on the interval [a,b]. (The idea is
that the integral of a piecewise constant function is the sum of the areas of a finite collection
of rectangles.) We get to choose how we form this piecewise constant approximation to f(x).
The partition width & > 0 tells us how wide each rectangle will be, and what remains to be
chosen is the height of each rectangle; this height depends on where we evaluate the function
f(z) over each subinterval [x;_1, z;], and since there are an uncountably many points in the
interval [x;_1, z;], there are an uncountable many choices that we can make.

Definition 1.2 (Selection of evaluations points z;). The evaluations points z; are a collec-
tion of N points in the interval |a,b] such that

{ro<zn1 <z <zp<as<---<ay_1<zy<zn}.

Having a partition Ps of the interval [a,b] and having chosen the set of N evaluation
points 21, 23, ..., 2y, we can now define the so-called Riemann sum.

Definition 1.3 (Riemann sum for the function f(z)). Given a function f : [a,b] — R, a
partition Ps, and a selection of evaluation points z;, the Riemann sum of f is denoted by

N
Ss(f) = fzi) (@i — wi1).
=1

Again, note that since the choice of the evaluation points z; is arbitrary, there are
infinitely many Riemann sums associated with a single function and a partition Ps.

Definition 1.4 (Integrability of the function f(x)). The function f : [a,b] — R is Riemann
integrable if Ss(f) — S(f) as 6 — 0. Equivalently, f : [a,b] — R is Riemann integrable if
for all € > 0, we can choose § > 0 sufficiently small so that

155(f) = S(Hl <e

for any Riemann sum Ss(f) with maximum partition width J.
Whenever the limit S(f) exists we say that S(f) is the integral of f(x) over the interval
[a,b] and write

b
[ fads = s() = lim 55(6).

Thus, ff f(x)dzx is just a limit of Riemann sums Ss(f) whenever such a limit exists.
Definition 1.5 (Notation for integrable functions). We let
R(a,b) ={f :]a,b] = R | f is Riemann integrable} .
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1.2 A criterion for integrability

Having provided a “rigorous” definition for the integral of a function, we must ask under
what conditions is a function f : [a,b] — R integrable. We will derive a few different criteria
to ensure that fab f(z)dz is a well-defined finite real number. We begin with a fairly general
test.

Theorem 1.6 (Integrability criterion). Given f : [a,b] — R, if for every e > 0, there exists
6 > 0 sufficiently small so that

1S5(f) = S5(f)] <e (1.1)
for any two Riemman sums S}(f) and S2(f), then f € R(a,b).

Proof. For simplicity, lets take [a,b] = [0,1], the unit interval. We take a sequence of
Riemann sums {5}, (f)}n2; with each S, ,(f) having partition width 1/n. Since 1/n — 0
as n — 00, we see that for any & > 0 given, we can choose N such that 1/N < 4, so that

according to ((1.1)),
‘Sl/(n—l—m)(f) — Sl/n(f)| <e Yn>N,m=1,2,3,...

This shows that {5}/, (f)} is a Cauchy sequence in R. Since R is complete, S /,,(f) — S(f)
as n — oo. It follows that for any € > 0, we can choose N > 0 sufficiently large so that

1S1/ (f) = S(f)l <e Yn>N. (1.2)

It remains to show that the limit S(f) of our Cauchy sequence is indeed the integral of
f- In particular to show that f; f(x)dx = S(f), we must show that for any € > 0, we can
choose § > 0 small enough so that

155(f) = S(f)l <€
for any Riemann sum Ss(f). For this, we write
1Ss(f) = S =1Ss(f) = Si/n(f) + Sim(f) = S,
and by the triangle inequality we see that
[1S5(f) = SN < 185(f) = SN+ 151 () = SU)I-
If we choose n so large so that n > max(N, N) then we see that
1S1/n(f) = S(f)l <€
by the inquality , and that
195(f) = S1/m(f) <€

by the inequality (1.1) (we are using the 6 > 0 given in the statement of theorem). This
shows that |Ss(f) — S(f)| < 2, so we let € = 2¢ to complete the proof. O
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Theorem is sometimes called the Cauchy criterion for integrability. The converse to
Theorem [L.6] is much easier to establish.

Lemma 1.7. If f € R(a,b) then for any € > 0, there exists 6 > 0 such that

1S5(f) = S3(f)] < e
for any two Riemman sums S}(f) and S3(f).

Proof. Since f € R(a,b), given € > 0, by Definition we can choose ¢ > 0 small enough
so that

EHE /f d:];\<f and |SZ(f /f da;\<f
Then, by the triangle inequality,

SH(f) — S3(f)| /f M+/f )z — S2(f)

<|S}(f /f )dx| + |S3(f /f )dzx| < €.

1.3 Upper and Lower Riemann Sums

The integrability criterion given by Theorem is a bit too general, and we can refine it so
as to make it more practical. This leads us to the notion of the upper and lower Riemann
sum, known also as the upper and lower Darboux sum. The idea is to fix the selection points
z; so as to select two particular Riemann sums: the lower sum is based on the piecewise
constant approximation to f(z) whose graph lies just below the graph of f(z), and the
upper sum is based on the piecewise constant approximation to f(x) whose graph lies just
above the graph of f(x).

Definition 1.8 (M; and m;). Given a partition Py, for i =1,..N (), we set
M;= sup f(x)

r€[ri-1,24]

and
m; = inf  f(x).

T€[Ti_1,24)

Definition 1.9 (Upper and Lower Riemann (or Darboux) Sums). Given a partition Py, we

let
ZM —xi_1) andL(;ZmZ XTi— Ti—1)
i=1

denote the upper and lower Rzemann sums, respectively.
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Figure 1: The shaded region is the area represents the upper Riemann sum, while the
shaded area with diagonal lines represents the lower Riemann sum

Definition 1.10 (Upper and Lower Darboux Integral). We set
U(f) = inf Us(f) and L(f) = sup Ls(f) .
550 5>0

U(f) and L(f) are sometimes called the upper and lower Darbouzx integrals, respectively.

We will see that the inf and the sup in this definition amount to passing to the limit as
0 — 0. We will also see, that an equivalent criterion for integrability is the following:

Definition 1.11 (Integrability of f(z) in terms of L(f) and U(f)). f € R(a,b) if L(f) =
U(f). In this case,

b
/ f(@)dz = L(f) = U(f).

While this definition may not look exactly the same as our original Definition we will
show that the two are indeed equivalent; on the other hand, Definition is, in practice,
much easier to compute with.

Example 1.12 (Compute fol xdx). We subdivide [0,1] into N subintervals, with partition
width 6 = 1/N. It follows that fori=1,...N, m; = x;—1 = (i — 1)/N and M; = z; = i/N.
Then,

. N-1
i-1 1 1 . (N=1)N
L= N N~ w2~
i=1 i=
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and

I
M-
=l

N
Il
—

. N
Us(f) i %7 Z N+1)

Since L(f) = lims_oLs(f) = 3 and U(f) = lims_oUs(f) = 3, we see that folxdx =

L(f)=U(f) =3

(Note, that the computation in this example used the identity Zfi 1= %N (N +1). Also,
note that the limit as § — 0 is the same as the limit as N — oo since 6 = 1/N.)

N[

Example 1.13 (Compute fol x?dx). We use the same partition as the previous example;
then, fori=1,..,N, m; =22 | = (i — 1)>/N? and M; = 2? = i>/N?, so that

N 1) B )
La(f)zz( o) .1:LZZ.2:(N 1)6NN(32N 1)

and

N . N
Ud(f)zzﬂ‘lz1Zi2:N(N+61])\[(32N+1).

Passing to the limit as 6 — 0, we see that U(f) = L(f) = % so that fol ?de = 1.

Example 1.14 (A function f(z) that is not (Riemann) integrable). Consider the function
f(z) on the unit interval [0, 1] given by

1 =z s rational
)=

0 x s irrational

Now, for any partition Ps of [0,1], we see that each m; = 0 and each M; = 1. It follows

that
N

Z i —xi—1) =0 and Us(f ZM i —xi—1) =1,

=

so that 0 = L(f) # U(f) =1, so that the Riemann mtegml does not exist.

1.4 The refinement of a partition

Recall that a partition Ps is a collection of points {xg,x1, ..., x,} with maximum width ¢§
between any two adjacent points.

Suppose that P(;ll and P522 are two different partitions of the interval [a, b]. Then Pél1 UP(?2
is usually a larger collections of points and usually has a smaller maximum partition width
(the only way that this does not occur is if P(Sl1 = P522). We can write this as

Pj C P§, UP; and P;, C P5, UP;,.
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Definition 1.15 (Refinement of partitions). If P511 C P(;Qz, then P522 s a refinement of P(;ll
and 52 S 51.

Again, this notion becomes much easier to understand if we consider uniform partitions.
For example, consider the unit interval [0, 1], and let
1 1 1 3

P — — = — = — = — :1
01 {:I"O Oa X1 4, T2 27 x3 4, T4 }

so that 0; = 1/4. Consider the refinement

1 1 3

P2 = {9 =0, TL=g T2 = 3

2 p—
Notice that d; = 1/8 and that P(;ll C P622.

1.5 Properties of upper and lower sums

The conceptual idea of the lower Riemann sum Lgs(f) is that we are underestimating the
value of the integral ff f(x)dx, while with the upper Riemann sum Us(f) we are overes-
timating the value of the integral fab f(z)dz. In particular, if we fix some & > 0, then we
expect that Ls(f) < ff f(z)dz. As we make § smaller and smaller, we hope that

b
Lslf) /[ fla)de as 30,

Thus, we expect a certain monotonic behavior of the lower Riemann sums Ls(f) as 0 gets
smaller and smaller. We can now make this idea precise.

Lemma 1.16. If f : [a,b] — R is bounded and P(;ll and P522 are two partitions of [a,b] such
that P(sl1 C P622, then
Ls, (f) < Lo, (f) < Us, (f) < Us, (f) - (1.3)

Proof. Since Ls,(f) is formed using the m; and Us,(f) is formed using the M;, then by
definition the middle inequality in holds. The first and third inequalities hold via the
same argument, so we will provide it for the first inequality. In particular, we will show
that

Ls, (f) < Ls,(f) whenever Pj C P} . (1.4)

By an induction argument, it suffices to assume that P522 has only one more point, z*,
than P§11~ If
Pf ={a=z9g<m < - <an}
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then we can assume that
P622:{a=x0<x1<---<xk_1<x*<xk<...<xN}

for some k =1,2,..., N. In this case, the difference between Ls, (f) and Ls,(f) occurs only
over the interval [z}_1, zx], and we have that

Lol = La(f) = __int @) (o" —er) +_jnf (@) (an ")
— inf  f(z) (xp — k1) - (1.5)

TE€[TK—1,Tk]

To prove that ([1.4]) holds, we must show that the right-hand side of (1.5]) is greater than or
equal to zero. Since P(;l1 - PQ27 we know that inf P622 <inf P511 so that

inf (@) (o — o) = inf f(@) (o —2") + (@ = w))

TE[TK—1,Tk] TE[TK—1,Tk]
< b f@)e—a)+ inf f(@) (0" — ),
T€[TRp_1,7*] r€[x*,x)]
which completes the proof. O

Lemma 1.17. If f : [a,b] — R is bounded, then for any two partitions P(SI1 and P522,

Lél(f) < Uéz(f)'

Proof. The set P11 LJP522 is also a partition of [a, b] and since P(Sl1 UP(SQ2 C ]3511 and P(;l1 UP(?2 -

P§22, Lemma shows that
L51(f) < L512(f) < U512(f) < Udz(f)

where Ls,, denotes any lower Riemann sum associated to the partition P(;l1 U P(SQ27 and Us,,
denotes any upper Riemann sum associated to the partition Péll U P622. O

Theorem 1.18. If f : [a,b] — R is bounded, then L(f) < U(f).

Proof. 1f we fix an arbitrary partition P5 of [a, b], then Lemma shows that
Ls(f) < Us(f) ¥6>0.

It follows that

Ls(f) <U(f), (1.6)
Since (1.6) holds for all partitions P; with partition width § > 0, then it follows that
L(f) < U(f). 0
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Theorem 1.19 (Cauchy criterion for integrability in terms of upper and lower sums). A
bounded function f € R(a,b) if for each € > 0, there exists § > 0 such that

Us(f) — Ls(f) < c. (1.7)
Proof. Suppose that § > 0 is so small that ((1.7)) holds. Then we have that
U(f) < Us(f) = Us(f) — Ls(f) + Ls(f)
<e+Ls(f) <e+ L(f).
Since € > 0 is arbitrary, we conclude that U(f) < L(f). Since Theorem [1.18] gives us the
reverse inequality, L(f) < U(f), we must have that L(f) = U(f) so that f € R(a,b). O
1.6 Definition [1.4] implies Definition [1.11

Finally, let us show that if f is integrable according to our first definition (Definition
then it is also integrable according to our second definition (Definition .

Suppose that f € R(a,b) in the sense of Definition so that given any ¢ > 0 there
exists § > 0 so that

ss(h) - [ o] <.
For each i = 1, ..., N (), we select the evaluation points z; so that
f(zi) <mi+e,
so that
Ss(f) < Ls(f) +e(b —a).

Hence,
b
L) 2 Ls(f) 2 S5() b= ) > [ fla)do— e~ clb—a).

Since € > 0 is arbitrary, we see that L(f) > fab f(z)dz. A similar argument shows that
U(f) < f;f(x)da:, and since we know that L(f) < U(f), we must have that L(f) =

U(f) = J) f(x)de.

1.7 Monotonic and piecewise continuous functions are integrable

In this section, we will show that functions f : [a,b] — R which are either piecewise
monotonic or piecewise continuous are integrable.

Recall that f : [a,b] — R is increasing if f(x) < f(y) whenever z < y for any z,y € [a, ].
Similarly, f : [a,b] — R is decreasing if f(x) > f(y) whenever z < y for any z,y € [a,b].
The function f : [a,b] — R is called monotonic if it is either increasing or decreasing.

10
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Theorem 1.20. If f : [a,b] — R is monotonic, then f € R(a,b).

Proof. We will prove the theorem for the case that f is increasing, as the argument for the
case that f is decreasing is almost identitical.

Since f is increasing, by definition, f(a) < f(z) < f(b) for all z € [a,b]. It follows that
f is bounded on [a,b] by the value f(b). In order to prove that f € R(a,b), we will show
that the Cauchy criterion of Theorem is satisfied. To this end, for € > 0, we choose

f@) = fla)”
and choose any partition Ps. Then

N(5)
Us(f) = Lo(f) = > (M; —my) - (w; — wi1)
=1
N(5)
= (f(xs) = f(wo—1) - (w5 — 25-1)
=1
N(6)

< ;(f(%’) — f(@g-1) - m

O
Theorem 1.21. If f : [a,b] — R is continuous (denoted by f € C([a,b])), then f € R(a,b).

Proof. Once again, we will use the Cauchy criterion of Theorem Since [a, b] is closed

(hence compact), f is uniformly continuous on [a, b]; therefore, for any e > 0, we can choose
d > 0 such that

|f(z) — f(y)| < % whenever z,y € [a,b] and |r—y|<J. (1.8)

Let Ps denote any partition of [a,b]. Since f is continuous, we can replace the inf and
sup with min and max, respectively, in the defintions of m; and M;, so that for each
i=1,..,N(9),

m; = min f(z) and M;= max f(z).
TE€[Ti—1,25] TE[Ti—1,m4]

11
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According the inequality (1.8)), for each i = 1, ..., N(),

€
Mi_ Z< )
m b—a
so that
NG
Us(f) — Ls(f) < - (i — i-1)
=1
. N(9)
= b_a ;(wz xz—l)
:bfa(b—a):e.

1.8 The Riemann integral is linear

Since the Riemann integral is defined as the infinite limit of a sequence of finite sums, and
as summation is linear operation, we expect that limiting integral should also be linear.
This is indeed the case.

Theorem 1.22 (Linearity of the integral). Suppose that f,g € R(a,b). Then
(a) f+9 € R(a,b) and [} (f(2) + g(x))dx = [} f(2)dw + [} g(x)de;
(b) Ve € R, ¢f € R(a,b) and ffcf(:l;)dm = cf;f(:n)dat.

Proof. We begin with the proof of part (a). Since f and g are in R(a,b), for any € > 0, we
can choose 61 > 0 (for f) and d2 > 0 (for g) so that

b c b c
S5, (f) —/ f(z)dz| < 3 and |Ss,(9) —/ f(x)dz| < 3
Let § < min(d1,02) and let Py be any partition. It follows that
b . b ¢
Ss(f) —/ f(z)dz| < 3 and [Ss5(g) —/ f(z)dz| < 3

We must show that the difference between Ss(f + g) and f;(f(x)dzv + f: g(z)dz is less than
€ whenever 0 is sufficiently small. In other words, we wish to show that

b b
lim §5(f + ) = / (f(x)dz + / o(x))dz. (1.9)

12
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Since by definition, ff(f(x) + g(z))dzx = lims_o Ss(f + g), the proof will be complete when

we establish (L.9). Notice that
=:‘[ss(f>-—»jﬁb<f<x>dm] +»[E%(9)‘—‘/£bg(x)dx]

b b
Awﬁ—/uwm: &@—/gmm

b b
suf+m—¢/<ﬂwmwy/gWMﬂ

< + <e€,

which proves (1.9)), and hence part (a).
To prove part (b), we can assume that ¢ # 0, for otherwise the conclusion trivially holds.
For € > 0, choose § > 0 sufficiently small so that for any partition Ps, we have that
€
< —.
]

b
&m—/fmm

It follows that

b b ¢
S(;(cf)—c/ f(z)dz| = |c| - S(;(f)—/ f(z)dz| < M.ﬂze_

O]

Remark 1.23. Note well, that in both parts of the above proof, we crucially relied on the
linearity of Ss(f); namely, we have used the fact that for any § > 0, Ss(f+g) = Ss(f)+Ss(g)
and that ¢Ss(f) = Ss(cf).

1.9 Further properties of the Riemann integral

Theorem 1.24. If f,g € R(a,b) and f(x) < g(x) for all x € [a,b], then f; f(x)dx <
fabg(x)dac.
Proof. We let h = g — f. According to Theorem h € R(a,b). Since h > 0, any lower

Riemann sum Ls(h) > 0 for all § > 0. Hence, [’ h(x)dz > L(h) > 0. Now, we apply
Theorem [1.22] once again to find that

/abg(x)dx — /abf($)dx — /abh($)d$ >0,

Theorem 1.25. Suppose f : [a,b] — R. Let ¢ be any point in (a,b). If f € R(a,c) and
f € R(e,b), then f € R(a,b) and

/abf(x)dx = /acf(x)da:+ /be(x)da:.

13

O]
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We leave the proof as an exercise for the student.

Definition 1.26 (Piecewise monotonicity). f : [a,b] — R is piecewise monotonic if there
exists a partition

Ps ={a=z0,21,...., sN 1, TN}

such that f is monotonic on each subinterval [z;_1,x;] for i =1,..., N. If the partition can
be chose such that f is continuous on each subinterval [x;_1,x;] fori =1,...,N, then f is
piecewise continuous.

Theorem 1.27. If f : [a,b] — R is either piecewise continuous or a bounded piecewise
monotonic function, then f € R(a,b).

In order to state our next theorem, we recall the intermediate value theorem for functions.

If f € C([a,b]), then for every point y such that f(a) <y < f(b), there exists at least
one x € (a,b) such that f(x) =vy.

Theorem 1.28 (The intermediate value theorem for integrals). If f : [a,b] — R is contin-
uous, then there exists at least one point ¢ € [a,b] such that

b
fe) =5y [ fla)da,

Proof. Since f is continuous on [a, b], a compact set, we let m and M denote the minimum

and maximum of f, respectively. It follows that m(b — a) < f;f(:n)dx < M(b—a) and
hence that

m < b_la/abf(x)d:ngM. (1.10)

Applying the intermediate value theorem for continuous functions to (1.10]) yields the result.
O

Remark 1.29. Theorem states that whenever f : [a,b] — R is continuous, there is
always some point x in [a,b] for which f(x) is equal to average value of f over the entire
interval [a,b].

Theorem 1.30. If f € R(a,b), then |f| € R(a,b) and

/a ’ f(z)dz

< [y,

14
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Proof. Let Ps be any partition. Then for each i = 1,..., N(¢),
sup | f[(z) - inf ]!f\(x) < sup f(x) - inf f(z)

[ —1,24] Ti—1,T4 [Ti—1,7] Ti—1,T4

from which it follows that

Us(|f1) = Ls(|f]) < Us(f) — Ls(f) -
This shows that whenever f € R(a,b), then |f| € R(a,b).

Next, since
b b b
- [r@las < [ sayin < [ i)
then Theorem [1.24] finishes the proof. O

1.10 Interchanging limits with integrals
Theorem 1.31. Let {f,} be a sequence of continuous functions on [a,b], and suppose that

fn — f uniformly on [a,b]. Then

lim fn dx—/f

n—oo

Proof. The limit f is continuous, so the functions f, — f are integrable on [a,b]. Since
fo—f uniformly, for € > 0, there exists N sufficiently large such that |f,(z) — f(z)] < 35
for all z € [a,b] and n > N. Hence

b

dw—/f )dx

which proves the theorem. O

In fact, it is not necessary that the sequence of functions f, be continuous on [a, b].

Theorem 1.32. Let {f,} be a sequence of bounded (Riemann) integrable functions defined
on [a,b]. Suppose that f, — f umformly. Then f is integrable on [a,b] and

lim fn dx—/f

n—oo

There are at least two ways to prove this theorem. The first is to show that the uniform
limit of integrable functions is integrable and then use the argument of Theorem |1 The
second involves showing that the sequence of integrals fa fn(x)dz is a Cauchy sequence. The
reader will be asked to supply a proof of Theorem [1.32] in the exercises using the second
approach.

15
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1.11 The fundamental theorem of calculus

Having characterized a large class of integrable functions, we return our focus to the actual
computation of integrals. For integrals of 1-D intervals, the most practical approach relies
on the use of so-called antiderivatives and the fundamental theorem of calculus. For a
function F' which is differentiable at x, we will denote F’(x) = fl—i(x).

Definition 1.33 (Antiderivative). For f : [a,b] — R, the antiderivative of f is a continuous
function F : [a,b] — R such that F is differentiable on the open interval (a,b) and F'(x) =

f(z) for x € (a,b).

Theorem 1.34 (Fundamental Theorem of Calculus). Let f : [a,b] — R be continuous.
Then f has an antiderivative F, and

b
F(b)—F(a):/ f(z)dz . (1.11)

If G is any other antiderivative of f, then the identity G(b) — G(a) = f; f(z)dz also holds.
Remark 1.35. According to Deﬁm’tion since F' = f on (a,b), we can equivalently

write as
b
F(b)—F(a)—/ F(a)da . )

This shows that differentiation and integration are inverse operations, and in particular, we
see that the integral of the derivative of a function is the function itself.

Remark 1.36. To gain intuition for the fundamental theorem of calculus, let us suppose

that f(x) > 0. We define
F)= [ rwy.

so that F(x) represents the area under the graph of f from a to x. Recall that F'(x) =

area ~ f(x) Ax

limagz 0 W. Now, the fact that F'(z) = f(x) follows from looking at the figure:

notice that f(x) is the rate at which the area is increasing, since F(z+Ax)—F(x) ~ f(z)Ax.

16
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Example 1.37. fowﬂ sinxdx =1, since %(— cosx) = sinz and — cos(mw/2) — (—cos(0)) =
1.

An important question to ask is the following:

Let F(z) = [ f(t)dt. Must F be differentiable if f is merely integrable (but
not continuous)?

The answer is NO! Continuity in Theorem is necessary. To see this, let

y y

0, 0<xz<1,
f(x)_{ 1, 1<z<2.

and
0, 0<z<1,

F(x):{ r—1, 1<z<2.

We see that F' is continuous, but not differentiable at x = 1.

Proof of Theorem (Fundamental Theorem of Calculus). We define F : [a,b] — R by

F@) = [ 1wy (1.12)

We begin by showing that F' is the antiderivative of f. We let z € (a,b) an we choose
d > 0 sufficiently small so that the open interval (z,z 4+ §) C (a,b). Next, we consider the
following difference quotient:

z+h T
Fla+8) = Fa) _ J," f@)dy — [y fy)dy _ 1+
= 5 =5 f(y)dy.
For € > 0, since f is continuous, we take § > 0 even small, if necessary, so that

|f(z) — f(y)| < e whenever |z —y| < 4.

17



Shkoller 1 RIEMANN INTEGRATION

It follows that
" fy) — flx)
2L T
L 5

z+6 . 5
IR

Thus, passing to the limit as § N\, 0, we see that

. F(z+6) - F(x)
f@®) = lim 5 :

Similarly, we find that
_ . F(zx)—F(x—9)
=1 .
fa) = lim p—

It follows that F'(z) exists and that F'(z) = f(z). But F'(z) = 4 [* f(y)dy by (1.12) so

that p -
i (P~ [ o) =0

Hence for some constant ¢ € R,

Fo) - [ fdy=c.

On the other hand, faa f(y)dy = 0 (since we are integrating the function over an interval of
zero width) so that F(a) = ¢ and it follows that F(z) — F(a) = [ f(y)dy. Letting z = b,
we obtain the claimed identity that

b
F@—ﬂ@=/f@@-

We must now show that F' is also continuous = a and x = b. Since f is continuous on
[a, b] it has a maximum value, say M. Then

a+d
«ma+®—Fwﬂs/‘ F)ldy < oM ,

which shows that F' is continuous at x = a. A similar argument shows that F' is also
continuous at x = b.

Next, suppose that G is any antiderivative of f. Since G'(x) = F’(x) and hence %(G -
F)=0on (a,b), we see that G—F = ¢ for some constant ¢ € R. It follows that G(b)—G(a) =
f; f(y)dy for any antiderivative G. O

18
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Example 1.38. If f(x) = 3;::11’ then f'(x) = P so by the Fundamental Theorem of
Calculus, as long as p > 0,
b +1 +1
bP P
/ 2Pdr = _ e .
a p+1 p+1

In particular, fol 2?dx = 1/3, which is much easier than our previous computation of this
integral in Example which relied on the limit of Riemann sums.

An extremely useful corollary to the Fundamental Theorem of Calculus is the integration
by parts formula.

Theorem 1.39 (Integration by parts). If f,g are continuous on [a,b] and differentiable on
(a,b), and if ', g’ are integrable on [a,b], then

b b
/ f(2)g (@)da + / f'(@)g(@)dz = FB)g(b) — F(a)g(a).

Proof. Let w = fg. By the product rule, w’ = f'g + f¢’, and Exercise shows that w’ is
integrable. By the Fundamental Theorem of Calculus,

which completes the proof. O

1.12 Improper integrals

In previous sections, we have developed the theory of the Riemann integral for bounded
functions f(x) on a bounded interval [a,b]. We now develop the extension of this theory to
unbounded functions or integrals over unbounded regions. This extension is known as the
theory of improper integrals, which lead to convergence problems similar to those that are
often encountered for infinite series.

It is customary to define the improper integral over an infinitely-long interval [a, +o0]

o) L
|t = fim [ @y,

and for unbounded functions near the z = 0 by

[ =ty [ s

as

19



Shkoller 1 RIEMANN INTEGRATION

We must be extremely careful, however, when we try to extend such definitions to odd
functions such as sin(z) over intervals that extend to both —oo and +o00. In particular, we

will not define .
[ e [ s

for in the case that f(x) = x, the above definition would lead to fix;o xdr = 0. This is

extremely problematic, as fooo xdx = oo and ff)oo xrdxr = —oo, and in order to retain the
linearity of the integral, we must be extremely careful. The solution, which avoids this
issue of “cancellation of infinities,” consists of the decomposition of the function f(z) into
its positive and negative parts. In the following, we shall explain this process in great detail.

1.12.1 Improper integrals over unbounded domains

We set A = [a,0), and begin by studying functions functions f(z) > 0 for all z € A. We
then extend f to all of R by setting f = 0 on (—o0,a).

y

Definition 1.40. Define [, fdx = [ f(x)dx to be limj .o f_LL f(z)dx whenever this
limit exists. Here f should be bounded and integrable on each closed interval [—L,L]. If
faoo f(z)dz exists (and is finite), then we say that f is integrable.

Theorem 1.41. For f > 0, bounded and integrable on any closed interval [—L, L], f is
integrable on A if for any nested sequence of intervals {B;}°, such that (i) B; C Biy1,
and (ii) for any closed interval C, we have that C C B; for i taken sufficiently large, then
lim; oo [ f(x)dw exists. In this case, [, f(x)dx =lim; o [ f(z)dz.

This theorem is checking if for f > 0, (a) f is Riemann integrable on any finite interval
[-L, L], and (b) if the limit of the integrals (as the interval length becomes larger and
larger) is converging. When both (a) and (b) are verified, then the non-negative function f
is called integrable over the unbounded interval A.
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Note that if f > 0 is integrable, and g : A — R is another functions such that g > 0 is
Riemann integrable over any finite interval [—L, L] and

0<g<f,

then g is also integrable over the unbounded domain A. This follows since for any bounded
interval [—L, L], Theorem asserts that

/_ LL o(@)dz < /_ LL f(@)de

L
/ g(x)dx = lim da:<hm/ f(z dw—/f
A L—oo L L—oo

This is known as the comparison test.

and hence

1.12.2 TUnbounded functions on possibly unbounded regions

We next consider the notion of integral for arbitrary functions f > 0 which are unbounded
and defined on possibly unbounded intervals in R.

Definition 1.42 (Cut-off for an unbounded function). For each M > 0, let

[ f@), flx)<M,
fM(x)_{ 0, flz)>M.

The function fj; is bounded by M from above, and bounded from below by zero, since
we assumed that f > 0. Hence, we can define [, fysdz as in Definition Note that
S 4 Jmdx increases as M increases and once again, 0 < fj; < f. We then define

/A fla)de = lm_ /A fr(@)da
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whenever this limit exists and is finite, in which case we say that f is integrable on A.
Once again, we may invoke the comparison test: if f > 0 is integrable on the (possibly
unbounded) interval A, and if 0 < g < f, then g is also integrable on A. (Of course, we are
again assuming that g is Riemann integrable over any finite interval [—L, L].)

Having discussed the improper integral of functions f > 0, we now turn our attention to
the general function f : A — R which may also take negative values. We treat the case of
the general function f by decomposing f into its positive and negative parts.

Definition 1.43 (f = f* — f7). For a general function f: A — R, we set

_ f(x)v f(x)ZO, — _ —f(flf), f($)§0,
f+($)_{0’ ) <0, and f (1:)—{0’ He) >0,

Definition 1.44 (Integrability for general f : A — R). If both [, f*dx and [, f~dx eist,

we define
/Afdxz/Afwx—/Af—dx,

and say that f is integrable on A.

Notice that not only is f = f* — f~ (by definition), but that |f| = f* + f~. Hence, f
is integrable on A if | f| is integrable on A since

/AfdargI/AfdxlS/Af+dx+/Af_da::/A|fda:.

Conversely, if fA | f| exists, then both fA ftdz and fA f~dx must be finite, since they are
nonnegative and
0<f"<|fl and 0<f" <|fl|.

Thus, f is integrable on A iff |f| is integrable on A.
This leads us to the notion of absolute convergence for an improper integral.
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Definition 1.45 (Absolute convergence). We say that fA fdx is absolutely convergent if
Jalfldz < oc.

For integrals of functions defined over intervals in R, i.e. for integrals in one space
dimension, there is a more practical means of computing the improper integral, and the
following theorem is in many ways more useful than Theorem In particular, it is
based on the Fundamental Theorem of Calculus.

Theorem 1.46 (Improper integrals in 1-D).

1. (Unbounded interval) Suppose that f : [a,00) is continuous and f > 0. Let F be an
antiderivative of f. Then f is integrable on [a,o0) iff limy_oo F'(z) exists. In this
case

o0
/ f(z)dz = [nm F(m)] — F(a).
a Tr—00
2. (Unbounded function near x = a) Suppose that f : (a,b) — R is continuous and f > 0.
Then f is integrable on [a,b] iff

b
lim / f(z)dz exists.
a+e

e—0t
This limit is equal to f: f(z)dw.

As with infinite series, we must be able to test an improper integral for convergence of
divergence, and it should come as no surprise, that the tests closely resemble those used
for infinite series. The comparison test, already discussed above, is one of the most useful
tests. If faoo f(x)dx converges and f >0 and 0 < g < f, then faoo g(z)dx converges. As we

have already discussed, [ g(x)dz must converge since faL g(x)dx increases as L — oo and
is bounded above by [ f(x)dx.

We have already defined absolute convergence of an integral. There is a weaker notion
of convergence known as conditional convergence of the improper integral. Such conditional

/aoo f(z)dx = l}lilgo /aL f(z)dx

if the limit exists. For functions f which may take negative values, this is not the same as
absolute convergence. For absolute convergence, the this limit must hold for both f* and

.
sinx

Example 1.47 (Absolute vs. conditional convergence). Let f(x) = *3£. We prove that

floo f(x)dx is conditionally but not absolutely convergent.

convergence is defined by
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If f were integrable on [1,00), then |f| would also be. But then

/°°|sm:v|d >/”“!sm:p| Z/ |smx] gil
1 T m (i—1)m WiZQi’

since on the interval [(i — 1), iw],
1

> -
T

8=

and fgr_l)w |sinz|dx = 2. Then, since

n

1
- — 00 asn — 00,

1=2

we see that fl |Smx‘dw = +00, so that fl x)dx is not absolutely convergent.
On the other hand, limy_, fl S‘gxda: e:czsts. To see this, note that

Lsing L d
doe = — =t — cos xdx
1 xr 1 dl'

so that integration by parts shows that

L L
d L
—/ z 7 — coszdx = —/ 2 cos zdx + [— o8 —+ cos 1} ,
1 dx 1 L

o .
and [[* cos x/x%dx exists because

L L 1
/ 22| cos z|dx < / r%dr=1——,
1 1 L

which converges as L — oo. It follows that floo f(x)dx is conditionally convergent.

A driving theme throughout these lecture notes, has been the reduction of a difficult
problem to an easier one, whose solution we know how to obtain. One of the fundamen-
tal difficulties in analysis is the determination of the (absolute) convergence of improper
integrals. Most integrals do not have antiderivatives that can be expressed in closed-form
(i.e., explicitly computed), but the comparison test offers a means of estimating these inte-
grals, and obtaining upper bounds. In the following example, we provide a list of standard
improper integrals which can be readily evaluated by either direct integration, successive
integration by parts, or some other well-known calculus tricks. In practice, these inte-
grals are used in conjunction with the comparison test for the purpose of determining the

integrability of many large classes of functions.
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Example 1.48 (List of well-known improper integrals).

)

0 p converges if p < —1
L[ dq;{ diverges if p > —1

\S

1 _p converges if p > —1
o dm{ diverges if p < —1 7

3. floo e *xPdx converges for all p;

. foa el/raPdz diverges for all p;

[ T N

. foa log x dx converges;

floo (10;6) dx diverges.

We begin by considering 1. Here we will apply Theorem[1.46, Notice that

)

o1 |

L
p+1 1
/ 2Pdx
1

logx|1L , p=-—1.

) p#_la

Now logL — o0 as L — oo, and LP*' — oo as L — oo if p+1 >0 orp > —1. Part
2. s similar, and parts 5. and 6. can be proved in the same way also. The proof of
parts 3. and 4. will be left as exercises, but we note that convergence of these integrals
demonstrates the so-called Dirichlet test for integrals (generalizing the Dirichlet test for
series) in which a function f which decays to zero is multiplied against a continuous function
g that is integrable on all finite intervals; the result is that the product fg is integrable on
the unbounded interval.

. 00 1
Example 1.49. The integral fl de converges.

The integrand becomes unbounded as x — oo. Notice that on our interval of interest,
x > 1 and for such x, we see that

1 1 —3/2

< =x ,
Vi +1 7 Vas

and floo 32 dy converges by part 1. of Example . Hence, the comparison principle
shows that floo L_dx converges as well.

Va3+1

Proof of Theorem[1.46. Part 1. Suppose that L > a and extend f to [—L,o0 by setting
f =0on [-L,a). Then f_LL f(x)dz = faL f(z)dz, and by the Fundamental Theorem of
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Calculus, faL f(z)dz = F(L) — F(a). Hence, limy_ f_LL f(z)dz exists iff limy_, F(L)
exists, and by definition faf(x)dx = [limz o F(L)] — F(a).

Part 2. For the second part, we need an approximate to f which cuts-off the singular
behavior of f near x = a. To this end, we set

0, x € la,a+ €,

fﬁ(‘”:{ f@), z€(a+eb].

We proceed in two steps.
Step 1. First, recall the definition of the function fa; given in Definition [1.12.2] Then,
with M given by M = sup,ciqe,p) f(7), We see that fas(z) = f(x) if f(z) < M and fyr =0

otherwise; hence,
b b b
/fe(ac)d:v:/ f(ac)d:v</ fu(x)dx
a a+e a

since f < far on [a+¢€, b]. Note that fys(x) might not be zero on [a, a+ €] as in the figure.

Step 2. For any € > 0 and M,
b b
/ fM(fL')d:E—/ f(z)dx < eM ,
since fyr < M on [a,a + €], and for x € (a + €,b], far(x) = f(x), so that
b b a+te b b
de— | fo(x)dz = d dz | — dr < eM
[ tutrte [ r@s = ([ putwite+ [ ptoae) = [ putorn<e

as far < M.
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In order to prove the theorem, suppose that fb fu(z)de — I as M — oco. Notice that

since f > 0, f fu(z)dx increases as M increases. We remains to show that f f(z)dx
also converges to I as € — 0, but it clearly increases to a value which 1s bounded above
by I according to Step 1. Hence, given § > 0, choose M such that I — f faur(z)dx < 6/2.

Then if we let € = §/2M, by Step 2., f fu(z)de — f fé(z)dx < §/2. Tt follows that
I— f fé(x)dx < 6, so that hm€_>0f f6 Ydx = 1.

The converse follows in essentially the same way, again using Steps 1 and 2 to show that
it [*fe(a)de — I, then [° far(z)da — 1. .
1.13 Exercises

Problem 1.1. Give an example of a function f on [0,1] that is not integrable for which |f|
is integrable. (Hint: Modify Example|1.14}.)

Problem 1.2. Let f : [a,b] — R and suppose that |f(z)| < A < oo for all z € [a,b].
(a) Show that Us(f?) — Ls(f?) < 2A(U5(f) — L5(f)> for all partitions Ps. (Hint: Recall
the identity [(f(z) — fW)][f(2) + fW)] = f(2)* = f(y)*.)
(b) Show that if f € R(a,b), then f> € R(a,b).

Problem 1.3. Suppose that f,g € R(a,b). Using the identity (f — g)* — (f + g)® = 4fg,
show that fg € R(a,b).

Problem 1.4. Suppose that f : |a, b] — R is continuous, f(x) > 0 for z € [a,b], and
f(z) > 0 for some x € [a,b]. Thenf f(x)dx > 0.

Problem 1.5. Let )
_fsing xz#0
fle) = { 0 &=0
Show that f € R(0,1).

Problem 1.6. (a) Use integration by parts to evaluate

1
/ x arctanz dzx .
0

mt. m € niegration 0y parits jormuita, Yyou se r) = arctanxz, en X)) =
Hint. If in the int tion b t l t t th !

1
1422 )

(b) In the integration by parts formula, if you used g(x) = %2 in part (a), do the compu-
tation once again with g(x) = # for an interesting surprise.
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Problem 1.7. Prove Theorem[1.33 using the following argument:
1. Prove that f is bounded.

2. With I = f; f(z)dz, we must find a number I such that for all e > 0, there is a 6 > 0
such that
1S5(f) — 1| <.

If such an I exists, we want to show that I = lim,,_, fab fn(z)dz. Show that f; fn(z)dz
is a Cauchy sequence.

3. Use a triangle inequality argument to show that with 1/N < § for some integer N
chosen sufficiently large,

b b
18w () — 1) < 1Sun(F) — Suw ()] + ISux(fy) — / f(a)da] + / fn(@)de —1].

4. Conclude that |Ss5(f) — I| < € and hence that I = f;f(x)dx
Problem 1.8. Prove all of the assertions of Example|2.51]

Problem 1.9. Compute [;* md.@.

Problem 1.10. Is fooo xPdx convergent for any p? If so, for which p?

2 Differentiable mappings of R" to R

We consider functions f : R” — R™, called mappings, and study their differentiability
properties. A certain amount of lower-division linear algebra will be necessary, and the
reader may wish to review linear transformations and their matrix representations.

2.1 The derivative f: R" — R™

2.1.1 The one-dimensional case

We begin with a review of the derivative of a function defined over an interval in R.

Definition 2.1 (Derivative in one-dimension). f : (a,b) — R is differentiable at xo € (a,b)
if for h > 0 chosen sufficiently small such that xo + h € (a,b), the limit

df . flxo+h)— f(xo)
dz (7o) = Jimy h

exists. We often write f'(xq) for %(azo), and call f'(xo) the derivative of f at xy.
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Notice that for functions over one-dimensional intervals, the derivative is the limit of a
sequence of difference quotients, whenever this limit exists, with each difference quotient
representing the approximate slope of the line tangent to the graph of the function f at the
point zg. The formula in Definition can also be expressed as

iy 4 @0 +h) = f(@o) = f'(zo)h _
h—0 h

0. (2.1)

The number h > 0 is the interval width over which the approximate slope of the function
f is computed at xzy. We can define the point = € (a,b) to be
r=x9+h,
in which case (2.1 takes the form
lim |f(z) = f(x0) — f'(20))(z — m0)|

z—x0 |z — xo]

=0.

2.1.2 The multi-dimensional case

Let A C R™ denote an open subset. An element x of R” is an n-vector, so that with respect
to the usual basis of R", given by e; = (1,0, ...,0), e2 = (0,1,...,0), ..., e, = (0,0, ..., 1),

r = (x1,T2,...,ZTp) .

For each i = 1,...,n, z; denotes the ith component of the n-vector xz. A map f : R" — R™
can also be written in terms of its components:

f(@) = (fi(x),..., fm(x) = (filx1, .y zn)y -« oy (T, ey Tn)) - (2.2)

So, a map f : R® — R™ has m-components and each component is a function of n inde-
pendent variables (z1, ..., zp).
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Definition 2.2 (Derivative in multi-dimensions). A map f : R™ — R™ is said to be differ-
entiable at the point x € A if there exists a linear transformation, denoted D f(x) : R™ — R™
and called the derivative of f at xqg, such that

[ (x) = f(xo) — Df(xo) - (z — wo)||

lim =0.
=0 [ = o
We are using || || to denote the Euclidean norm on R™, and the notation D f(zo)-(z—x0)

denotes the value of the linear map D f(x¢) applied to the vector (z — zp) € R™. As an
example, fix n = 2 and m = 1 so that f : R? — R. Then the matrix (or vector in this case)
representation of Df(zo) (with respect to the standard orthogonal basis of R?) is given by

Df(xzo) = (ggl(xg) , aaa‘i(xo)> and the point xg € A is given by xg = (21, Zo2)

and Df(xq) - (x — o) is simply the inner-product of two vectors in R?:

of of
Df(xg)  (x —xg) = = (x01, T1 — 01| + = (x0) |T2 — 09| -
f(@o) - ( 0) 8:}51( 01:Z02) [z1 — Zo1] 0332( 0) [z2 — zo2]
(We will discuss this in much greater detail in Section [2.3])
In Definition we are taking a sequence of points x € A that are approaching the
distinguished point ¢ € A. (When we write x — x, we really mean that there is a sequence
of points {x,}°2; such that lim, . ||z, — zo|| = 0.)

¥ =f(x) + Df(x) (x - x,)

{ \

X
/ %,
. A

(@ £ R-R (b) £ R? >R

We can provide a so-called e-§ definition for the derivative which is equivalent to Defi-
nition
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Definition 2.3 (e-d). For every e > 0, there exists § > 0 such that for xg € A, if ||z —xo|| <
d, then

| f(z) = f(zo) — Df(xo) - (x — zo)| < el|z — o[ -
(We choose 6 > 0 sufficiently small so that v —xo € A).

The idea is that with the point zg € A fixed, the function

z— f(z) = f(x0) = Df(x0) - (x — x0)

is intended to be the best possible affine approximation of the function f at the point
xg € A. (In this context, an affine function is a linear functions plus a constant.)

Definition 2.4 (Differentiability over A C R™). If f is differentiable at each point x € A,
then f is said to be differentiable on A.

Theorem 2.5. Let A C R" be an open set, and suppose that f : A — R™ is differentiable
at xg € A. Then the linear transformation D f(xg) is uniquely determined by f.

This theorem asserts that as long as f is differentiable (so that it is not discontinuous),
there can be at most one best linear approzimation. In the case that f : R? — R, so that
the graph of f is a surface in R?, this means that there is a unique tangent plane to every
point on this surface, whenever f is differentiable.

Proof of Theorem[2.5. Let L; and Ly be two linear mappings which both satisfy the con-
ditions of Definition We must show that L; = Lo.

Fix a vector e € R", such that ||e|]| = 1, and let © = z¢+ Ae for A € R. Geometrically, to
get to z from xg we move in the direction e a distance A. Since L1 and Lo are both linear,
It follows that

_|[L1-Ae— Lo - Ae|

|A| = ||l — xo|| and || L1 -e — Lo - €| B

Since A is open, the point z is in A whenever A is taken sufficiently small. By the triangle
inequality,

L1 - (x — x0) — Lo - (z — z0)|

HLl-e—L2~6H =
[z — o]
< (@) = f(xo) = Ln - (x — o) n If(z) — f(x0) — L2 - (x — zo)|
B |2 — o |z — o '

Notice that by assumption, both terms on the right-hand side of the inequality converge to

zero as A — 0, so that L; - e = Ly - e. Since e was an arbitrary unit vector (i.e., |le|| = 1),
and since for any y € R", ﬁ is also a unit vector, it follows by linearity of L1 and Lo that
if L1 -e= Lo, then Li -y = Ly -y for any vector y € R". Hence, L1 = Lo. ]
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Example 2.6. Let f : R — R, f(x) = 23. We compute Df(zx) and %.
3z%. Hence, the linear mapping D f(z) is given as

In this case, we know that %(m)
h— Df(x)-h=3z h.

In particular, the linear map consists of multiplication by 3z2.

2.2 A reminder of the mean-value theorem for functions of one variable

Theorem 2.7. If f : (a,b) — R is differentiable at ¢ € (a,b) and f has a mazximum
(respectively minimum) at ¢, then f'(c) = 0.

Proof. Let f have a maximum at ¢. Then for h > 0, w < 0, so letting h \, 0
with h > 0, we find that f’(¢) < 0. Similarly, with 2~ < 0, we obtain f/(¢) > 0. Hence
f'(e) =0. O
Theorem 2.8 (Rolle’s Theorem). If f : [a,b]] — R is continuous, f is differentiable on
(a,b) and f(a) =0 and f(b) =0, then there exists ¢ € (a,b) such that f'(c) = 0.

Proof. If f(z) = 0 for all x € [a,b], then we can choose any c; hence, assume f is not
identically zero. Since f is continuous, there is a point ¢; where f achieves its maximum,
and a point co where f achieves its minimum. Since f(a) =0 and f(b) = 0, at least one of
the ¢1 or c2 must lie in the open interval (a,b). If ¢; € (a,b), we get f'(¢1) = 0 by Theorem
and similarly for cs. O

Theorem 2.9 (Mean Value Theorem). If f : [a,b] — R is continuous and differentiable on
(a,b), there is a point ¢ € (a,b) such that f'(c) = W.

Proof. Let p(z) = f(z) — f(a) — (x —a)[f(b) — f(a)]/(b—a) and apply Rolle’s theorem. [

fx) o(x)

Corollary 2.10. If, in addition, f'(x) =0 on (a,b), then f is constant.
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Proof. Applying Theoremto f on [a,z], we see that f(z) — f(a) = f'(¢)(x —a) =0, so
f(z) = f(a) for z € [a,b], and therefore f is constant. O

This partial list of theorems summarizes sum of the fundamental properties of dif-
ferentiable functions on the real line. We will generalized these ideas to multiple space
dimensions.

Example 2.11. Let f : (a,b) — R be differentiable and |f'(x)] < M. Then |f(x) — f(y)| <
M|z —y| for all z,y € (a,b). To see this, note that by the mean value theorem,

f@) = fly) = (o) —y)

for some c € (x,y); hence, taking absolute values provides the desired inequality.

2.3 Matrix representation for the derivative D f(z)

As we alluded to above, once we choose a basis, we can express the derivative for a func-
tion f of multiple variables using components of vectors and matrices to represent linear
transformations. With f : R” — R™ given by (2.2)), we can represent the derivative D f(z()
in terms of its partial derivatives. With f(z1,...,2n) = (fi(z1,..s2n), -, fm(T1, .., Tn)),
we compute the partial derivatives af L fori=1,...,n and j = 1,...,m. The notation %
means that we compute the usual derivative of 1 Wlth respect to x; Whlle keeping the other
independent variables x1,...,%;—1, Tijt1, .-, Tn, fixed.

Definition 2.12 (The partial derivative). gj} () is given by the following limit, whenever
the limit exists:

O ) = lim <fﬂ<% @i+ by >—fj<x1,...,xi,...,xn>> |

L1y « .«
81‘1‘ ’ h—0 h

For each of the m functions f; with j =1,...,m, we must compute n partial derivatives.

We have already seen that Df(x) for a function f : R — R is just the linear map
consisting of multiplication by df /dzx. This fact, which followed from the definition, can be
generalized to the following theorem.

Theorem 2.13. Suppose that A C R" is an open set, and that f : A — R™ is differentiable.
Then the partial derivatives % exist, and the matriz of the linear map D f(x) (with respect
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to the standard basis of R™ and R™ ) is given by

[ oh 9h .. Of ]
311 8%2 amn
Or1  Ox2 oz
. . . (2.3)
Ofm  Ofm Ofm
L Ox1 Oxo R P
where each partial derivative of f is evaluated at x = (x1,...,x,). This matriz of partial

derivatives is often called the Jacobian matriz of f.

An important special case is when m = 1. f is then a scalar function of n variables, and
Df is the gradient of f:

DI = (gt - @)

and the derivative applied to a vector w = (wy, ..., wy,) is

N\ Of |
Df(x) W= g 871’1(:1:17 ...,a:n)wz .

Note well that Df(z) is a linear mapping at each x € A, and that the definition of
D f(x) is independent of the basis used. In particular, if we change the standard basis to
another one, the entries in the Jacobian matrix would change, but so would the entries in
the components of the vector w, and D f(z) - w would be the same.

Another important case occurs when f : R™ — R™ is already a linear map. We denote
this by f = L. Then from the definition of the derivative, we see DL = L, as expected since
the best affine approximation of a linear map L is L itself.

It is also of interest to consider the case that f is a constant map. Since each partial
derivative must vanish, in this case Df = 0.

Example 2.14. We let f = R? — R? be given by f(x1,22) = (f1, fo, f3) = (22, 2320, 2123)
and compute Df as follows:

rofir 0fi T
Or1 O 211 0
Ofs  9fs | _ 2 3
52 s = | 3zix2 z3
dfs Ofs 3,2 4

| 52 32 daizs 2z7x2

34



Shkoller 2 DIFFERENTIABLE MAPPINGS OF RY TO RM

Example 2.15. Let L : R — R™ denote a linear map (that is, L(z +y) = L(x) + L(y)
and L(ax) = aL(z)). We show that DL = L.
Given o and € > 0, we must find § > 0, such that |z — xo|| < ¢ implies that

1L = L(xo) — DL(xo) - (z — xo)|| < €flz — zol|.

But with DL(x) = L, the left side of this inequality becomes ||L — L(x¢) — L(x — x¢)|| which
is zero by linearity of L. Hence DL(x) = L satisfies the definition for any 6 > 0.

Example 2.16. We compute the gradient of the function f : R3 — R with f(x1,22,73) =
LSRT2 - Since the gradient is Df = ( of of ﬂ), where

x3 Ox1’ Oz’ Ox3
af sin o af 1 COS T9 af 1 sin x9
0x1 x3  Oxo x3  Oxs 3

Proof of Theorem [2.13 Our proof is essentially just unwinding definitions from linear al-
gebra about the entries of a matrix. We let e; denote the standard basis of R™ and bbcr™.
The jith matrix element of D f(x) is given by the jth component of the vector D f(x)-e;.
We denote this jith component by aj;.
Next, let y = x + he; for some h € R and note that

|f(y) — flx) = Df(z) - (z —y)|
ly — ||
_ |f(x1, oz + hy oy xn) — f(21, oy @iy ooy ) — RD f () - €|
Al '

By assumption, f is differentiable at = so that the left-hand side goes to zero as y — x, which
means that the right-hand side goes to zero as h — 0. Thus, so does the jth component of
the numerator, which means that

Hfj(l‘l, e, T; + h, ,l‘n) — fj(l‘l, ey Ty ,xn) — h(lji”
Al

—0 as h—0.

Therefore, the partial derivative of f; with respect to x; exists and we have that

0 = %ir% filz1, ..,z +h,...7:1:n]1— fi(@1, oo @iy ooey T) _ gf
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2.4 Continuity of differentiable mappings and differentiable paths

Recall (from lower-division calculus) that differentiable functions on the real line are con-
tinuous. The intuition, here, is that having a tangent line (to a curve) at every point is a
stronger requirement than not having breaks (discontinuities) in the graph of the function.

For functions f : (a,b) — R, it is easy to see why differentiability implies continuity.
Specifically, if f is differentiable at zo € (a,b), then

i (7o) ~ f(ao)) = fim (D=L ooy

T—T0 T—T0 T — :L'O

= f(z0) - Ili_{go(éU —xg) = f(x0)-0=0,

so that lim, 4, [f(z) — f(x0)] = 0, implying that f is continuous at xy.
There is a natural generalization of this idea to functions f : R® — R™.

Theorem 2.17. Suppose A C R" is open and f: A — R™ is differentiable on A. Then f
18 continuous. In fact, for each xoy € A, there is a constant M > 0 and a &g > 0 such that
|z — xo|| < do implies

1f (@) = flzo)ll < M|z — xol|- (2.4)

(A function f that satisfies this inequality is called Lipschitz continuous.)

For the proof, students should recall a fundamental property of linear transformations
(matrices) L : R™ — R™, which states that there exists a constant My such that ||Lz|| <
My||z|| for all z € R™. We will employ this inequality for the linear transformation L =
Df(xp). (Note that whenever the linear transformation L has eigenvalues, then My is the
largest eigenvalue of L.)

Proof of Theorem [2.17. Continuity of f follows from the Lipschitz condition (2.4)), for given
€ > 0, we can choose § = min(dg, 17). To do this, let ¢ = 1 in Definition then, there
exists dg so that ||z — z¢| < o implies that

1 (@) = f(xo) = Df(xo) - (z — wo)|| < [l — zo|
which, in turn, shows (using the triangle inequality) that

1f () = f(xo)| < [[Df (o) - (& = wo)|| + [l# — ol -

Setting M = My + 1, we see that since ||Df(zo) - (x — xo)|| < Myl — z9]|, the proof is
complete. O
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c(t+h) -~ ()

We have already considered the special case that f : R™ — R. Another very important
case is that of a parameterized curve ¢ : R — R™, where c(t) represents a curve (or path)
in R™. In this case, the derivative De(t) : R — R™ is represented by the vector

dem

ai (1)

where ¢(t) = (¢1(t), ..., cm(t)). In this case, the vector Dc(t) is usually denoted ¢ (¢) and is

called the tangent vector (or velocity vector) to the curve c¢(t). We W111 write the row vector
(

d(t) (the proper representaion) as the column vector (¢} (t),...,c,,(t)) (which is easier to
type).

Example 2.18. With f : R — R given by f(x) = |x|, f is continuous, but f is not
differentiable at x = 0. To see this, notice that f(x) = x for x > 0, and f(x) = —x for
x < 0; hence, f is continuous on (0,00) and (—o00,0). Since lim,_o f(x) = 0 = f(0), f
is also continuous at x = 0, and so continuous on all of R. On the other hand, f is not
differentiable at x = 0, for if it were, then

g 01O _ g 16

z—0 T — Xo z—0 T

would exist. But, for x > 0, f(z)/x =1 and for x <0, f(z)/z = —1, so the limit cannot
exist.
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Example 2.19. The derivative of a function need not be continuous. A simple example is
given by
2 .
[ x*sin(1/z), x#0,
ﬂ@_{o, x=0.

In order to show that f is differentiable at x = 0, we must prove that

@HO as x— 0.
T

Indeed, |f(z)/z| = |xsin(l/z)| < |z] — 0 as & — 0. Thus f'(0) exists and is equal to zero,

so that f s differentiable at x = 0. However, from basic calculus, we have that

f(x) = 2xsin(1/x) — cos(1/z) for x#0.

As x — 0, the first term on the right-hand side converges to zero, but the second term
oscillates between +1 and —1, and thus lim,_,o f'(x) does not exist. This proves that f”
exists but is not continuous at x = 0.

Example 2.20. Let ¢ denote a parameterized curve in R3, given by c(t) = (t2,t,sint). To
find the tangent vector to c(t) at ¢(0), we compute ¢'(t) = (2t,1,cost) and evaluate this
expression at t =0, to find ¢ (0) = (0,1,1).

2.5 Ceriteria for differentiability

From a practical viewpoint, we would like to know if the existence of all of the partial deriva-
tives of a function f : R™ — R™ implies the existence of the derivative D f. Unfortunately,
this is not true in general as the following example demonstrates.

Example 2.21. Let f : R? — R be defined by f(x1,22) = 1 when x5 = 0, f(x1,22) = 2
when x1 = 0, and f(x1,x2) = 1 elsewhere. Then both Of/0x1 and Of /0xo exist at x = (0,0)
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and are equal to 1. However, f is not continuous at (0,0), so the derivative D f cannot exist
at (0,0).

It is not very difficult to understand the failure of the existence of the derivative in
the above example. The partial derivatives df/dx; and 9f/0xe are only checking the
convergence of the difference quotients in two particular directions: namely, the two axes
{z1 = 0} and {z2 = 0}, whereas the definition of derivative requires checking convergence of
difference quotients in every possible direction (not just lines). Essentially, what is missing
in the above example, is continuity of the two partial derivatives that we computed.

Theorem 2.22. Let A C R™ be an open set and f : A C R™ — R™, so that f = (f1, .., fm)-
If each of the partial derivatives 0f;/0x; exists and is continuous on A, then f is differen-
tiable on A.

Proof. By Theorem if Df(x) exists, then its matrix representation is given by (2.3).
We will show that for = € A fixed, and for € > 0, there exists 6 > 0 such that ||y —z| < ¢
(with y € A) implies that

1f(y) = f(x) + Df(x) - (y — )| < elly — =] (2.5)

Recall that for an m-vector F' € R™, [|[F|| = /377" [Fj|?. Since |[F| is a sum of m

nonnegative terms, it follows that if | F||*> < C for some constant C, then each component
also satisfies |F}|? < C, and conversely, if |Fj|> < C/m then ||F||> < C. Hence, it suffices
to prove for each component of f, and we choose to start with the first component f;.

To avoid too many subscripts in our notation, we will denote fi; by ¢g. Then for y =
(y1,Y2, .-y Yn) and & = (x1, 2, , ..., Ty), two points in A, we write

g(y) - g(.fU) = g(ylay27 7yn) - g(xlvy% ayn) +g($17y27 ayn) - g($1,$2, 7y7l)
+ (1,22, Y3, s Yn) — 9(T1, T2, T3, 0y Yn) + - - -

+ 9($1a$27 ey Tp—1, Z/n) - g($1a$27 ....,l’n,h.’ﬂn) .

By the mean-value theorem (and with ys, ys, ..., y, fixed), there exists u; € (x1,y1) such
that
0

g
aixl(ulay27 "‘7y’fL)(y1 - .'13'1) - g(y17y27 7yn) - g($1,y2, "'7yn)7

and we can obtain similar expressions for the other n-1 intervals (x;,v;), i = 2,...,n. It
follows that

) )
g(y) —g(x) = aTi(“l’y?’ o Yn) (Y1 — 21) + 8752(@/1,102, s Yn) (Y2 — T2)

4+t aajn(yl,yg, ooy Un) (Yn — Tn) -
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Since

Dg(x) - (y—z) =) 6:3 (@1, @25 -y Tn) (Yi — T4)
the triangle inequality shows that
l9(y) — g(x) = Dg(z) - (y — =)

g 9g
< — - —
>~ {‘8271 (uluyza 7yn) 85[71 (xlaxza 71"71)

0
NI '8i(x1, oy L1, Yn) — a—;l(ml, ey Tp—1, Tp)

Since dg/0x1 = Of1 /0 is assumed to be continuous, if ||y — z|| < & for § > 0 taken
sufficiently small, we have that

‘ dg dg

} -l (26)

€ .
< — foreach i=1,2..n.
m?2

87%(3/1, Y2, ~-~>yn) - 67%@1@2, ---,xn)

Since each wu; lies between z; and y;, we see that the terms in braces in (2.6 are bounded
by €/v/m and hence we see that

1f(y) = f(z) = Df(x) - (y —z)|| < elly — ||
as desired. ]

2.6 The directional derivative

In multiple space dimensions, it is of great interest to be able to measure the rate-of-change
of functions in any given direction.

Definition 2.23 (Directional Derivative). Let U denote an open neighborhood of x¢ € R",
and suppose that f : U — R. Let e € R" denote a unit vector (so that ||e|]| = 1). Then

d J—
@f(flfo + te) = lim flzo + tet) f(@o)

is called the directional derivative of f at xq in the direction e.

From the definition and the figure, we see that the directional derivative is indeed the
rate of change of f in the direction e.

In particular, we claim that the directional derivative of f at xg in the direction e is,
in fact, Df(xg) - e. To see this, we need only examine the definition of derivative with the
nearby point x taken to be x = x¢ + te. We find that

Hf(fﬂo + te) — f(xo)

— Df(xg)-e|]| <¢€lle]|| foranye>0

t
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flx, +te)

slope of £
= tanf
= directional
derivative

if || is sufficiently small. Thus, whenever f is differentiable at xg, then the directional
derivatives also exist and are given by

lim f(zo +te) — f(z0)
t—0 t

= Df(xzg) - €.

Specific examples of the directional derivative are the partial derivatives: for each ¢ =
1,...,n, 0f/0x; is the derivative of f in the direction of the ith coordinate axis e; =

(0,0,..., 1 ,..,0,0).
~~
ith slot

Notice that for a function f : R? — R, the directional derivative D f(xg) - e can be used
to determine the plane tangent to the graph of f. Namely, the line [, z = f(xo)+ D f(x0)-te,
is the tangent to the graph of f since as in the figure, D f(x¢) - e is just the rate of change
of f in the direction e. Thus, the tangent plane to the graph of f at (xq, f(z¢)) is given by
the equation

z= f(xo) + Df(xo) - (x — o).

This equation can be used to provide a rigorous definition of the tangent plane to a surface.
Again, it may be tempting to believe that the existence of all directional derivatives at
a point might imply differentiability at that point, but this is not the case.

Example 2.24. Suppose that f : R?> — R is given by

— z2+y’ € 7é _yJ
f(:E?y) { 0, 1’2:—3/.
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z=f(x,) + Df(x) + (x —x,)

X

Then if e = (e1,e2) and ea # 0, then

1 t2eqey _ e1e
t12e? +tey  te? +eo

%f(tel,teg): —e as t—0,

while if e = 0, then %f(tel,teg) — 0 ast — 0. Hence, each directional derivative exists at
(0,0), but f is not continuous at (0,0) since for % near —y with both x,y small, f is very
large.

Given 6 > 0 and M, choose (x,y) such that 2> = —y + ¢ and ||(z,y)|| < 6. Then
f(z,y) = zy/e, which for € > 0 taken small, can be made larger than M. Thus f is not
bounded on the ball of radius &, {(z,y) € R? | \/x2 4+ y2 < 6}, for any § > 0. It follows that
[ is not continuous at (0,0), so by Theorem[2.17, f is not differentiable at (0,0).

This example shows that the existence of all directional derivatives of f does not even
imply continuity of f, let alone differentiability.

Example 2.25. Let f : R? — R be given by f(z,y) = x> +vy. Let us compute the tangent
plane to the graph(f) at x =1 and y = 2. Since

Df(z,y) = (0f/0x,0f/0y) = (2z,1),

we see that Df(1,2) = (2,1). Thus, the equation for the tangent plane at the point (1,2)
becomes

-1
z=3+(2,1) <‘Zj_2> =34+2(z—-1)+(y—2),
or
2r+y—2=1.
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2.7 The chain-rule and product-rule
2.7.1 Chain-rule

The chain-rule is one of the most important tools in analysis because it provides an algo-
rithm for differentiating composite functions which most commonly arise from changing (or
mapping) the independent variables and the domains over which they are defined. Some of
the most important formulas, identities, and solutions to differential equaions are obtained
by a very carefully (and clever) change of variables, and the chain-rule shows how these
various equations can be transformed.

Students may recall from vector calculus, that if u(z,y) and v(z,y) are real-valued
differentiable functions of two variables, and if f(u,v) is also a real-valued differentiable
functions of two variables, then

(e, ), 0@ 9) = 9 (ul,9), vl ) 9 9) + S (), ) o).

In order to generalize this, we define the composition of two functions.

Definition 2.26 (Composite function). Let A C R™ denote an open set, and let B C R™
denote an open set. Suppose that f: A — R™, g: B — RP | and that f(A) C B. Then the
composite function go f: A — RP is defined as

lgo fl(z) = g(f(x)).

Theorem 2.27 (Chain-rule). Let f : A — R™ be differentiable on the open set A C R™ and
g : B — RP be differentiable on the open set B C R™, and suppose that f(A) C B. Then
the composite function go f : A — RP is differentiable on A and for xg € A,

D[f o gl(wo0) = Dg(f (o) - D f(x0)-

Notice that by definition, Df(xzo) : R® — R™ and Dg(f(z¢)) : R™ — RP so that
Dg(f(x0))-Df(xo) : R™ — RP is well-defined. With respect to the standard basis of vectors
e; (for Euclidean space), we can express Dg(f(xg)) - Df(xo) as the multiplication of two
matrices. If h = g o f, then

9 .. ;. 9fh ... OfL

oY1 OYm ox1 OTn
Dh(z) =

O9p ... O Ofm ... Ofm

oy1 Oym dz1 O,
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where 0g;/0y; are evaluated at y = f(x), and 0f;/0x), are evaluated at . Thus, in order
to compute the kth partial derivative of the ith component of the vector h, we write

agz afj - o
Z 8y] 85% (x) i=1,..,p, k=1,...m

3azk

Example 2.28 (Polar coordinates). Suppose that f : R? — R, so that f(z,y) is real-valued,
and let z(r,0) = rcos@ and y(r,0)rsin@. The pair (r,0) are called polar coordinates. If we
apply the chain rule to the composite function

f((r,0),y(r,0)),

we find
of _of . of
0sf + ——sinf,
or 833 + oy sin
and of 8f of
50 = 81‘ sin 6 + a—yr cosf.
Hence, we see that the chain-rule allows us to derive the famous identities
— 00592+81n9— and — = —rsmé’g—krcose—
or Ox oy 00 Ox oy

Example 2.29. Suppose that f(u,v,w) = u?v + wv?, u(x,y) = xy, v(z,y) = sinx, and
w(z,y) = e*. If we form the composite function h(x,y) = f(u(z,y),v(z,y), w(z,y)) given
by

h(z,y) = z?y?*sinz + ®sin’ z,
then we can directly compute the partial derivative

Oh
— = 2xy2 sinzx + :162y2 cosz + e sin z + 2e%sinx cos x .

Oz
On the other hand, by the chain-rule, we can also compute that

oh 8f8u+8f8v+8f8w
dr  Oudxr  Ovdr  Owor

., Ou v H0w
= 21”“)873: + (u? +2Uw)8fx +v o

= zy’sinx + 2%y cosz + e“sin® z + 2e® sinz cos z .

Example 2.30. Let f : R — R be differentiable and F : R> — R also be differentiable. We
set

F(z,y) = f(zy).

oF
43y

By the chain-rule, §& = f'(zy)y an = f'(zy)z, which shows that 4L y%ﬁ

44



Shkoller 2 DIFFERENTIABLE MAPPINGS OF RY TO RM

Proof of Theorem [2.27(The Chain-Rule). To show that D(go f)(z¢) = Dg(f(z0))- D f(z0),
we must prove that

lg o f(z) —go f(zo) = [Dg(f(x0)) - Df(xo)] - (x — wo)]|

lim =0.
220 [l — ol
We proceed by estimating the numerator as follows:
lg o f(x) —go f(zo) — Dg(f(w0)) - Df(wo) - (x — o)l
= llg(f(z) — g(f(z0)) — Dg(f (o)) - (f(x) — f(x0))
+ Dy(f(z0)) - (f(z) — f(z0)) — Df(x0) - (z — zo)]|
< llg(f(z) = g(f(x0)) — Dg(f (o)) - (f (@) — f (o))
+ [[Dg(f (wo)) - [f(x) = f(z0) = Df(x0) - (x — zo)]|

by the triangle inequalty. Since f is differentiable, by Theorem there exists dp > 0 and
M > 0 such that ||f(x) — f(z0)|| < M||x — x| whenever ||z —xo|| < dp. By the definition of
the derivative, for € > 0 given, there exists ; > 0 such that ||y — f(x0)|| < d; implies that

lg(y) = 9(f(20) = Dy(f(@0)) - (v = Flao))l < (577) Iy = Flao)l.
Next, we set d2 = min(dp, d1). Then, for ||z — || < d2, we have that

lg(f(2)) = 9(f(20)) = Dg(f(20)) - (f(z) = F(wo))ll _

€
[ — || 2

Since Dg(f(wo)) is a linear map, we know that there is a constant M > 0 such that
|IDg(f(z0)) -yl < M|y|| for all y € R™. By definition of the derivative, there exists d3 > 0
such that ||z — z¢|| < d3 implies that

|f(x) — f(z0) — D f(x0) - (x — o)l <€
|z — o oM

Then ||z — z¢|| < 3 implies that
1Dg(f(x0)) - [f(x) = f(z0) = Df (o) - (x — o)l
[l — o

_ M |1f() = f(wo) = D (o) - (= wo)]

< €
[ = o 2
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Finally, choosing § = min(ds, d3), we see that ||z — z¢|| <  implies that

lg o f(x) = go f(zo) = Dg(f(x0)) - Df (o) - (x — 20

(e
< lg(f (=) = 9(f(x0)) — Dg(f(x0)) - (f(x) = f(z0))ll
- |z — ||
N 1Dg(f(0)) - [f(x) = f(xo) — Df(zo) - (x = @o)]ll _ € Lo,
|z — xo] 2 2

2.7.2 Product-rule

At almost the same time that Sir Isaac Newton had developed calculus in England, a German
mathematician named Gottfried Leibniz had independently developed the fundamentals of
calculus, and the product-rule of differentiation is commonly termed the Liebniz rule.

Theorem 2.31 (Product-rule). Let A C R™ be open and let f : A — R™ and g: A — R
be differentiable functions. Then the product gf is also differentiable, and for x € A the
derivative D(fg)(x) exists and is a linear transformation of R™ to R™, given by

D(gf)(x) - w = g(x) [Df(z) - w] + [Dg(x) -w] f(z) for all weR". (2.7)

Remark 2.32. Notice that while f is vector-valued (taking values in R™ ), the function g is
scalar-valued (taking values in R). We understand what it means to multiply a real number
with a vector: the real number multiplies each component of the vector. On the other hand,
multiplication of two vectors can have many meanings, with the scalar dot product and the
vector cross product being just two examples.

Remark 2.33. [t is common to abbreviate the identity as
D(gf)=9g Df+Dg [,

removing the explicit dependence on the independent variables, but the meaning is always
as given in .
Students may recall the product-rule from lower-division calculus. Expressed in terms
of the components of the vectors z and f(x), the product-rule can be expressed as
9 9f; 9y
_ ) — + == f,
al'i (g f]) g al‘z 8332 f]
so that for each ¢ = 1,...,n and j = 1,...,m fixed, we have the same identity as in the
one-variable case.
The other differentiation rules are encapsulated by the statement that D is linear, mean-
ing that
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1. D(u+v) = Du+ Dv for all u: R” — R™ and v : R" — R™ that are differentiable;
2. D(au) = aDu for all @ € R and u : R" — R™ differentiable.

Proof of the Theorem[2.31. Our objective is to show that the product gf is differentiable
at say xo € A, and that g(xo)Df(xo) - (x — xo) — [Dg(zo) - (x — x0)] f(zo) satisfies the
definition of the derivative of fg, hence showing that holds (with w given by = — zg).
In anticipation of the use of the triangle inequality, we first write some needed inequalities.

Since f and g are both differentiable, given € > 0 and zy € A, we choose § > 0 sufficiently
small so that if ||z — zg|| < J, then

(i) lg@)] < lg(xo)| + 1= A;
(i) [1f(2) ~ f(x0) — Df(xo) - (x — o) | < 557l — all;
(it) [lg(x) — g(x0) — Dg(a) - (x — x0) | < grrisayy 12 — oll;

(iv) [lg(x) = g(zo)ll < 577 -

Recall, that from linear algebra, ||Df(x) - w|| < M||w]|| for all w € R™. (The inequalities
(iii) and (iv) are needed only if f(xo) # 0 and D f(xg) # 0.)
Using the triangle inequality, we see that for ||z — x| < 9,

lg(z) f(z) — g(z0) f(x0) — g(z0) D f(20) - (x — m0) — [Dg(o0) - (x — 20)] f(0)]
< lg(x) f(z) — g(x) f(x0) — g(x) D f(x0) - (2 — o)
+ [lg(@)Df(x0) - ( — x0) — g(x0) D f(0) - (x — 20)||
+ llg(x) f(x0) — g(z0) f(20) — [Dg(x0) - (T — 0)] f(0)]
ellz — o]

M|z — zol| + m”f(l’o)ﬂ

€llx — || €
< M—-— 4
- 3M + 3M

= €|l — ]| .

2.8 The geometry of the gradient

Let A C R™ denote an open set, and let : A — R be a differentiable function. With respect
to the standard basis of R", the gradient of f can be written as

grad f(x) = Df(z) = (6851,'--, gj) )

Hence, the directional derivative of f at xg in the direction e can be written in terms of
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L9
;o

grad f(x,)

the gradient of f as follows:

p L f(xo+te) = grad f(xo) - €.

In order to understand the geometry of the gradient of f, we consider the surface S given
by
S={x€R"| f(x) = c = constant} .

For example suppose that f: R® — R and f(z) = ||z|| = /2% + 23 + 23. In this case for
every constant a > 0,

S ={x € R| ||z|| = a} denotes the sphere of radius a.

Each such surface S is called the level set of f, and denotes the set of points x € R™ on
which the function takes a constant value a.

We claim that if = € S, then grad f(z) is a vector that is orthogonal to the surface S
at the point z. To see this, let ¢(¢) denote a continuously differentiable curve lying on the
surface S. Since the curvec(t) is differentiable, there is a tangent vector de/dt(t) at every
point ¢ of the curve, which we denote by ¢/(t). Next, suppose that the point o = ¢(0); then
since ¢/(0) is a vector tangent to the curve, and since the curve is lying on the surface S,
the vector ¢/(0) is also tangent to the surface S at the point zg. With this terminology in
place, our claim can be restated as

grad f(xo) - ¢(0) = 0.
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The proof is straightforward. We consider the composite function f(c(t)) which is merely
the function evaluated along the curve c(t). Since c(t) lies on the level surface S, along
which f takes the constant value a, we see that

fle(t)) = a.
Differentiating this identity with respect to t, the chain-rule tells us that
Df(c(t))-c(t) =0 or equivalently grad f(c(t))-c'(t) =0.

Evaluating this expression at ¢ = 0, and using the fact that ¢(0) = z¢, we find that
grad f(zg) - ¢(0) = 0, which proves the claim.
Note, that we may describe the tangent plane to S at xy by

grad f(zo) - (x — x0) = 0, (2.8)

since grad f(xg) is orthogonal to S. We can write this
We also have, from the definition of the inner-product, that

grad f(zo) - e = || grad f(zo)| cos®,

where |le]| = 1 and 6 is the angle between grad f(z() and the unit-vector e. It is evident
that grad f(xg) is the direction along which the function f is changing the fastest. It is
often stated that moving along the direction of grad f is the path of steepest descent.

Example 2.34. Since grad f is a vector which is orthogonal to the level set surface of a
function f, we can compute the unit normal vector to such a surface. Suppose we consider
the sphere of radius 3 in R® given by

f(xayaz):m2+y2+z2:3a

and determine the unit normal at the point xg = (1,1,1) on this surface.
Since grad f = (2x,2y,2z), it follows that grad f(zo) = (2,2,2). This vector is pointing
in the normal direction, but it is not normalized to have unit length. The unit normal is

 grad f(x0)
N@0) = T grad f (o)l

s0 that N(xo) = (1/v/3,1/v/3,1//3).

Example 2.35. We can also compute the tangent plane to a level surface of f. Suppose
that the surface S is given by f(x1,72,73) = 23 — 3 + 1173 = 2, and we would like to
compute the tangent plane to S at the point xo = (1,0,1). Since grad f(zo) = (3,0,1), we

see that the identity (@ shows that the tangent plane is given by

0=grad f(zg) - (x —x9) =3(x1 — 1)+ 1(xz3—1) or 3x;+x3=4.
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2.9 The Mean Value Theorem

In Theorem we stated the mean value theorem for functions f : [a,b] C R — R: if
f :[a,b] — R is continuous and f : (a,b) is differentiable, then there exists ¢ € (a,b) such
that f(b) — f(a) = f'(c)(b - a).

Unfortunately, for f : R™ — R™ this version of the mean-value theorem does not hold.
As we discussed in lecture, if f: R — R? is given by f(z) = (22, 2?%), then it is not possible
to find a point ¢ € (0,1) such that f(1) — f(0) = Df(c)(1 — 0), for this would mean that
(1,1) — (0,0) = (2¢,3c?) and ¢ would have to satisfy both 2c = 1 and 3¢ = 1 which is not
possible.

On the other hand, our intuition suggests that if we consider the rate of change of
a function in a given direction, the mean value theorem should somehow still hold if we
consider the directional derivative in the direction of the line joining two points x and y in
R™. In order to proceed, we first

assume that f is real-valued, so that f: R" — R.

For intervals in (a,b) in R, we take for granted what it means for a point ¢ to be “between”
the points  and y. In higher dimensions, we must give a precise definition of this.

Definition 2.36 (c is “between” x and y for ¢, z,y € R™). We say that ¢ is on the line
segment joining x and y, or is between x and y if

c=1—-Nz+ Ay forsome 0<A<I1.

Theorem 2.37 (Mean Value Theorem for f : R™ — R). Suppose that f : A C R" — R
is differentiable on an open set A. For any x,y € A such that the line segment joining x
and y lies in A (which need not happen for any two points x,y), there is a point ¢ on that
segment such

f(y) = fx) =Df(c)- (y — ).
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Next, for vector-valued functions f : R® — R™, we can generalize Theorem to the
following;:

Theorem 2.38 (Mean Value Theorem for f : R — R™). Suppose that f : A C R" — R™
is differentiable on an open set A. Suppose that the line segment joining x and y lies in A
and f = (f1,..., fm). Then there exists a vector ¢ = (ci, ..., ) on that segment such

fity) = fi(x) = Dfj(e;) - (y—x) j=1,...,m.

Definition 2.39 (Convex sets). A set A C R™ is said to be convex if for each x,y € A, the
segment joining x,vy also lies in A.

not convex convex

() (b)

Example 2.40. Let A C R™ be an open convex set and let f : A — R™ be differentiable.
If Df =0, then we can prove that f is constant.

For z,y € A, and for each component f; of the vector-valued function f = (fi,..., fm),
there is a vector c; such that

fi(y) = fi(x) = Dfi(c;) - (y — ).

Since Df = 0, it follows that Df; = 0 for each component f;, and so f;(y) = fij(x). It
follows that f(y) = f(x), so that f is constant.

Example 2.41. Suppose that f : [0,00) — R is continuous, f(0) = 0, f : (0,00) is
differentiable, and f' is non-decreasing. We prove that the function g(x) given by g(x) = @
is non-decreasing on (0,00) as well.

According to the mean value theorem, a function h : R — R is non-decreasing if h'(x) >
0, because x < y implies that

h(y) = h(z) = h(c)(y — =) = 0.
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Now

and
fl@) = f(z) = f(0) = f(c) = < zf'(2)

since 0 < ¢ < x and f'(c) < f'(x). Thus zf'(x) — f(z) > 0, so ¢’(x) > 0, which implies
that g is non-decreasing.
Proof of Mean Value Theorem[2.37. For 0 <t < 1, we consider the segment (1 — t)x + ty
joining the points  and y. Notice that when ¢ = 0 we recover x, while when ¢t = 1 we recover
1, so the parameter ¢ moves us in a straight-line from point = to point y as t increases from
0to 1.

Consider the function h : [0,1] — R defined by

h(t) = f((1 —t)z +ty).

By the chain-rule and the assumed differentiability of f on the set A, the function A is
differentiable in ¢ on the open interval (0,1). By the mean value theorem for real-valued
functions of one space variable (Theorem [2.9), there exists a point ¢y € (0,1) such that
h(1) = h(0) = h/(tp)(1 — 0). On the other hand, h(1) = f(y) and h(0) = f(x). We use the
chain-rule to compute h'(tg). We see that

W(to) = Df((1 —t)x +ty) - (y — ),

S0t =y-a.

It follows that the desired point ¢ in the statement of theorem can be chosen as
c=(1—to)x+toy.
O

Proof of Mean Value Theorem [2.38, The proof follows by applying the proof of Theorem
to each component of f separately. O

2.10 Higher-order derivatives and C*-class functions

We begin with a discussion of higher-order derivatives for functions f : R™ — R™. This is
accomplished by iterating the partial derivative; for example, if f : R? — R, then

2 _ 0 (0,
8$18$2 N Bxl 833'2 '
More generally, the second derivative of f : R® — R™ is obtained (when it exists) by
differentiating D f.
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Definition 2.42. Let L(R™ R™) denote the space of linear transformations (or maps) from
R™ to R™. (Given a basis for R™ and R™, L(R™,R™) can be identified with the m x n
matrices, and hence with R™™.)

Recall, that if f: A C R™ — R™ is differentiable on the open set A, then
Df:ACR"— L(R",R™), (2.9)

which is merely a restatement of the fact that for each zy € A, Df(x¢) € L(R™,R™). On the
other hand, allows us to clearly understand the second derivative. If we differentiate
at the point ¢ € A, the definition of derivative shows that D(Df)(xo) is a linear map
from R™ to L(R™,R™). We write

D(Df)(z0) = D? f (x0)-
Now, since D?f(zg) : R® — L(R",R™), then for each vector u € R", D?f(xq) -u €
L(R"™,R"™). This means that if we take any other vector v € R", then

(D?f(x0) -u) - v € R™.

It is convenient to identify D?f(xg) with a bilinear map which maps R” x R® — R™ and
write

(D? f(xo) - u) - v = D?f(xo)(u,v) ¥V u,v € R,

Recall that a bilinear map B : R™ x R™ — R™ is a map which is linear in each of its variables
separately, so that for u,v € R", the map u +— B(u,v) is linear for v fixed, and the map
v — B(u,v) is linear for u fixed.

In the special case that the bilinear map takes values is real-valued, so that B : R"xR" —
R, we can associate to each bilinear map an n x n matrix (in a basis for R™). In particular,
letting e; denote the standard basis of R", the ¢jth component of the matrix representing
B is given by

Bij = B(ei, 6]‘) .

Then, if we write u = (uq,...,u,) and v = (vy,...,v,), we see that

n o n
B(U,’U) = Z ZBijuin
i=1 j=1
By --- B U1
= (UL, wery Up)
Bnl o Bnn Un,

When f: R" — R is twice differentiable at zg, we can write D?f(xg) as an n x n matrix in
the standard basis of R".
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Theorem 2.43 (D?f(z() in matrix form). Let f : A C R® — R be twice differentiable on
the open set A. Then the matriz of D*f(xo) (w9 € A) is given by

rf L. f
0x10z1 0x10Tn
o .. _9f
0Tn0T1 0Tn0zn

where each second-order partial derivative is evaluated at xg € A.

Proof. Since f : A — R, Df(z) is given in the standard basis as (0f/0z1,...,0f/0x,).
Thus, we simply apply Theorem to D f to conclude the proof. O

Each component of this matrix is written as 9% f /0x;0x; where the indices 4, j can range
from 1 to n.

For higher-order derivatives, we proceed in an similar manner. For example, if f : R" —
R™ is three-times differentiable, then D3 f(z¢) is a trilinear map: for each x,

D3f(xg) : R x R" x R" — R™.

A trilinear map is a map which is linear in each of its variables separately. We are not
able to associate a matrix with D3f(zq), but we can express it in component form as
93 f J0x;0x jOxy, where the indices i, j, k can range from 1 to n. This object has an intrinsic
meaning, and is called a tensor, but we shall not discuss tensors in this set of lecture notes.
We can now state a very important property of functions which are twice continuously
differentiable at zo € A: the bilinear map D?f(xg) is symmetric, meaning that
0’ f 0’ f

= f h i, je{l,..n}.
8$ia$j 8xj8xZ or each 1, J {7 7”}

Theorem 2.44 (D?f(x¢) is symmetric). Let f : A C R® — R™ be twice differentiable

on the open set A with D%f continuous (meaning that all of the components aﬁgzj are

continuous). Then D?f(x) is symmetric for each x € A so that

0 f O f
- hoi,je{l,..,n}. 21
aiﬁi@l‘j O:Ejaxi for each i,j € { , ,n} ( 0)

Proof. Since we want to prove that (2.10)) holds, by fixing all other variables, we can reduce
the problem to the case of two independent variables; thus, we assume that f = f(z,y), is
a twice continuously differentiable real-valued functions on A C R2.
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We form difference quotients about the point (x,y) by perturbing this point a distance
h horizontally and a distance k vertically. For (h, k) taken small enough (meaning that
||(h, k)| = V/h? + K2 is small enough) so that (z,y) + (h, k) € A, we consider

¥y
@ y+h Cc+h, y+ k)
x, ¥) (x+hy)
x

We next define the function g

gk(u) :f(u7y+k) —f(u,y),

and note that Sy, can be written in terms of g as

Shi = gk(x+h) — gr(x).

It follows from the mean value theorem that

Shk = %(Ck’,h) -h  for some c¢pp € (x,x +h).

Hence,

0 0
Shk = afi(ch,k,y + k) — (Ti(ch,k,y) “h

0 0
_ &J{?j;(ch’k’dh’k) -hk  for some dpi € (y,y+k),

where we have once again employed the mean value theorem.
Since Sj is symmetric with respect to both h,k and z,y, by interchanging the two
middle terms in (2.11]), we can derive in the identical fashion that

0 of . ~
Shk = axai(ch,ka dni) - hk.
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Equating these two formulas (and dividing by hk), we see that

2 02

(chs dng) = (Ch ks dn ) -

li —_— li —_—
(h,k)1—>m(0,0) Oyox (h,k)1—>m(0,0) oxdy

Since the second derivatives of f are assumed continuous, we find that

0% f
0yox

62
(@) = 5o (@),

O]

By a simple induction argument, it can be proven that all the higher-order derivatives
of f are symmetric as well. Furthermore, the case that f : A C R™ — R" can now be
treated also, by applying the above definition to each component of f.

The symmetry of second derivatives represents a fundamental property not encountered
in single variable calculus. Examples may shed some light on this.

Example 2.45. Suppose that f : R — R is given by f(z,y,2) = e®¥sinz + 22y cos? 2.
Then

0
ETf = e™ cosc 4 ye™ sinz + 2zy* cos? 2,
x
0
or = ze™ sinx + 4x%y® cos® 2,
dy
and )
oF = xe™ cosx + ™Y sinx + xye™ si 3 cos?
= ye'V sinx + 8zy” cos” z
oyox

which s the same as 0°f
ozxdy *

Example 2.46. Now suppose that f(z,y) = yx?cos(y?). Then

of _ 5 OPf 2 2002
D 2xycos(y”), gz 2x cos(y®) — dxy” sin(y~) ,
while of o
ZJ .2 AN 2.2 : 2 — 2\ 2 . 2
3y x“ cos(y) — 2y“x“ sin(y”) , 910y 2x cos(y”) — 4xy” sin(y~) .

As usual, we denote by A C R™ an open subset.
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Definition 2.47 (k-times continuously differentiable functions). A function f: A C R" —
R™ is said to be of class C*, k > 0 integer, and denoted by

fecr(AR™),

if the first k derivatives of f exist and are continuous on A. When f is real-valued, we often

write f € C*(A) instead of f € C*(A;R). In this case, we write f € C®(A;R™).

Definition 2.48 (k-times continuously differentiable and uniformly bounded functions).
When the closed set A is compact, we write

f e CH(A;R™)

to denote the k-times continuously differentiable and uniformly bounded functions on the
compact set A. Similarly, C*°(A;R™) denotes the space of smooth, uniformly bounded
functions on A.

Definition 2.49 (Smooth functions). A function f : A C R™ — R™is called smooth or of
class C> if f € C*(A;R™) for all k > 0.
2.11 Taylor’s theorem

We continue to let A C R™ denote an open set.

Theorem 2.50 (Taylor’s theorem). Suppose that f € C¥(A), and let x,y € A such that
the segment joining x and y is in A. Then there exists a point ¢ on that segment such that

k—1
1
=1 l vectors k vectors
where D f(x)(y — x, . ..,y — x) denotes D'f(x) as l-linear map applied to the I-tuple
(y—=, ..., y—mx).

In coordinates,

le(.%')(y—l', s 7y_x Z 8[1; . ax (yll xu)(yzl_le)
i1 i

11508 =1

Setting y = x + h, we can write the Taylor formula as

flx+h)=f(zx)+Df(x) -h+---+ DF=Yf(x) - (hy...;h) + Rp_1(x, h),

(k—1)!
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where R_1(x, h) is the remainder and satisfies

Rk_l(l‘, h)

R —0ash—0.

Lagrange’s form of the remainder is given by

(1 —t)* ok f
Ri_1(z, h) = Z / T axil”.8xik(x+th)hil~--hikdt.
B1yeey =1
In the course of proving this theorem, we will see other equivalent forms of the remainder
term. Note well that this theorem is a generalization of the mean value theorem (which is
the case that k = 1), and of Taylor’s theorem for functions of one variable that is normally
covered in lower-division calculus courses.

From Taylor’s theorem, we are led to form the Taylor series of f about the point xg:

ZDfxo T =T, ...,T—x0)

[ vectors

where we use the usual convention that DYf(zo) = f(x). This series does not always
converge, even when f is C*°; when the series does converge in some neighborhood of x,
we say the function f is real analytic at xg. To show that a function f is real analytic (and
hence that the Taylor series converges in a neighborhood of xy) amounts to showing that
the remainder term

EDkf()( y—x, ...,y—x)—0 as k—oo.

This then is used to establish the usual power series expressions for sinx, cosx, exp x, and
so forth.

Example 2.51. Suppose that f € C*([a,b]) for every closed interval ([a,b]) C R, and that
there exists a constant M such that | f®(z)| < M for all integers | > 0 and for all x € [a,b].
Then f is real analytic at each x¢ and for |x — xo| < 1,

0
= )y
1=0 )
To see this, we estimate the remainder:

‘f(l) (o)
[!

1| < M]x—xoll

I —0 as | — o0.

(z — o)
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Example 2.52. The function

0, <0

f(x) = { e—l/m, T ;0

is C*°(R) but is not real analytic. To see that f is indeed smooth, we must check its behavior
at x = 0. Notice that for x > 0,

1 —1/x
f(x) = 2° /

which converges to zero as x — 0% (by I’Hospital’s rule for example (and a change of
variables y = 1/x)). Similarly, we see that fO(z) — 0 as x — 0. Thus, fY(0) =0 and
f € CYR) for each 1 >0, so that f € C*(R). But since each derivative vanishes at x = 0,
the Taylor series is identically zero in a neighborhood of x = 0, which is not equal to f. It
follows that f is not real analytic.

Example 2.53. Let us compute the second-order Taylor expansion for f(x,y) = sin(xz+2y)
in a neighborhood of (x,y) = (0,0). We first compute f(0,0) = 0. Next, we have that

gi( 0) =cos(0+2-0) =
25(00)—2(:08@4—2'0)—2,

0% f 0% f o0 f B
g 00 =0, 5 (0.0)=0, 55.(0,0)=0.

It follows for (h,k) close to (0,0), we have that
F(hyk) = h + 2k + Ry(h, k)
where
R2(h7 k)
|(h, k)[?
Proof of Theorem[2.50. By the chain-rule,

—0 as (h,k)— (0,0).

%f(xﬂh) => of (z 4 th)h;,

0x;
i=1 v

and thanks to the fundamental theorem of calculus, we write

flz+h) - / Zax x + th)h; dt .
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The idea is to employ our integration-by-parts Theorem to the right-hand side of this

expression. Using linearity of the integral and the fact that —%(1 —t) =1, we write

8f
/ 8:1:1 x4 th)h; dt = Z/ o (x—lrth)h dt

and integrate-by-parts with respect to %:

of
/ Zaxz x + th)h; dt = ]21/ (1—1t) 8%8%( x4 th)hihg dt + 52 (2)hi.
We have thus shown that
flx+h)—flz)= i oF (x)hi + Ri(z, h)
i—1 O S
where
(2, h) Z / (1-t)5 ( -+ th)hih; dt . (2.12)

i,j=1

Since each component of h satisfies |h;| < |||, we have that

R (2, 1)] < || Z/ (1-1)

2,j=1

th)| dt| < ||h|>M
) g+ )| de| < A

for some constant M; > 0, since the integrand is bounded on the segment between z and
x + h.

If instead of estimating R;, we continue the analysis by further integration-by-parts in
, then we find that

(1-t)?2 03f 1 0*f
]zk:l/ 5 axla$jamk(x+th)hhhkdt+ amzaxj( Yhihs |

from which it follows that

1
flz+h) = +Zaxl 52 ax] x)hihj + Ra(z, h),

where

1_ 3
Z/ ' 0f (z + th)h;h;hydt .

Neynll 2 Ox;0xj0xy
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Now the integrand is again bounded on the segment between z and x 4+ h so for some
constant My > 0, we see that
| Ro(a, h)| < |[P])* Mo

In particular, note that |Ra(z, h)|/||h||*> < ||h||Ms — 0 as h — 0.

The other form of the remainder Ry_1(z, h) which generalizes the mean value theorem,
arises from the so-called second mean value theorem of integrals: there exists cin(a,b) such
that

/a bu(t)v(t)dt = u(c) / bv(t)dt

provided that u and v are continuous on [a,b] and v > 0. Returning to the Lagrange form
of Ry(z,h), we see that

( + th)hsh; dt

1(z, h) Z/l—t

:Z/ (1 —t)D?f(z + th)(h, h) dt

1,7=1

= S D f(e)(h,B),

where (1 — t) played the role of v(t) and D?f played the role of u(t) in the second mean
value theorem for integrals stated above. Here c is some point on the segment between x

and y =z + h.
One can proceed via induction to obtain the formula for the remainder at all orders,
and this then completes the proof. O

Remark 2.54. In fact, with more effort, a stronger theorem can be established: if f €
Ck(A), then

flz+h)= +Zl'Df ,h) +Ry(z,h),

k copies

where Ry(z,h)/||h||¥ — 0 as h — 0, h € R. We leave the proof to the interested student.

2.12 The minima and maxima of functions f: R" — R

Taylor’s Theorem [2.50] provides a convenient method to determine the local maxima and
minima of functions f : A C R — R, and this method involves the second derivative D?f,
the Hessian matrix.

Recall that for real-valued functions of a single variable f : R — R, if f has a local max-
imum or minimum at a point xg and if f differentiable at z, then f’(x¢) = 0; furthermore,

61



Shkoller 2 DIFFERENTIABLE MAPPINGS OF RY TO RM

if f is twice continuously differentiable and if f”(zg) < 0, then zg is a local maximum and
if f”(x¢) > 0, it is a local minimum.
We want to generalize these facts to functions f: A C R® — R.

Definition 2.55 (Local minimum/maximum). Let f : A C R™ — R with A open. If there
is a neighborhood U of xy € A on which f(xo) is a mazximum, i.e., f(xo) > f(x) for all
x € U, we say that f(xg) is a local maximum for f. Similarly, we can define the local
minimum of f. A point is called extreme if it is either a local minimum or a local mazximum
for f. A point xg is a critical point if f is differentiable at x¢ and D f(xz¢) = 0.

Theorem 2.56 (Critical Point). If f : A C R" — R is differentiable, A is open, and if
xo € A is an extreme point of f, then D f(xzg) = 0; that is, ¢ is a critical point.

Corollary 2.57 (Multidimensional version of Rolle’s theorem). With B = {x € R" :
|lz|| < 1}, let f: B C R®™ — R be continuous and let f be differentiable on int(B), the
interior of B. Suppose that f(x) = 0 for all x € OB, the boundary of B. Then there is a
point xg € int(B) for which D f(xg) = 0.

Proof. If f is identically zero, then the corollary trivially holds, so suppose that f(z) # 0
for some z € int(B). Then f attains a maximum or a minimum at some interior point,
since B is compact. Thus there is an extreme point z¢ € int(B) and hence by Theorem

The proof of Theorem m (given below) is the same as for functions of one variable,
and the result is intuitively obvious since at an extreme point, the graph of f must have
a horizontal tangent plane. However, if zg is a critical point of a function f, this is not
sufficient to guarantee that xg is also extreme. A simple example is the cubic polynomial
f(x) = 23; since f'(0) = 0, 29 = 0 is a critical point, but 2® > 0 for z > 0 and 2® < 0 for
x < 0, so 0 is not an extreme point. Another example is f(x,y) = y?> — 22, for which the
origin (0,0) is a critical point since Df = (0f/0x,0f/0y) = (—2x,2y). However, in any
neighborhood of the origin, we can find points where f > 0 and points where f < 0. A
critical point which is not a local extreme value is called a saddle point (see Figure below).

Returning to the simple case of f : A C R — R, we have already reviewed that f(xg)
is a local maximum if f’(z¢) = 0 and f”(z9) < 0. Recall that the geometric picture for
f"(zo) < 0 is that f is concave downwards. To generalize this concept to f : A C R" — R,
we define the Hessian of f at x.

Definition 2.58 (Hessian). If f € C%(A), the Hessian of f at xg € A is D?f(x0). In the
standard basis of R™, it is the n x n matriz of partial derivatives 8°f/0x;0x;. We view
D?f(z0) as a bilinear map taking R™ x R™ to R.
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Definition 2.59. A bilinear form B : R™ x R™ — R is called positive definite if B(xz,z) > 0
for all x # 0 in R™ and is positive semi-definite if B(x,z) > 0 for all x € R™. Nega-
tive definite and negative semi-definite bilinear maps are defined similarly, by reversing the
inequality.

Theorem 2.60. [Criteria for local mazimum/minimum]

(i) If f € C?(A) and xo € A is a critical point of f such that the Hessian D?f(xq) is
negative definite, then f has a local mazimum at zq.

(ii) If f € C?(A) has a local mazimum at xo € A, then the Hessian D?f(xq) is negative
semi-definite.

The case of a local minimum for f at xq is obtained by changing negative to positive. (Note
that a minimum of f is a mazimum of —f.)

When f : A C R? - R, the Hessian is a 2 x 2 matrix, and in this case it is easy to
determine when the Hessian is positive definite (or negative definite).

)

is positive definite iff a > 0 and ad — b* > 0.

Lemma 2.61. The matrix

Proof. Positive definite means that

(= v) (‘Z Z) <9y"'>>o it (2,y) # (0,0)

which reduces to the condition axz? + 2bxy + dy?> > 0. First, suppose that this inequality
holds for all (x,y) # (0,0). Setting z = 1 and y = 0 shows that @ > 0. Setting y = 1, we
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see that ax? 4 2bz +d > 0 for all z. This function is a parabola with a minimum (since
a > 0) at 2az + 2b = 0, that is, x = —b/a. Hence

2
a<—b> +2b<—b>+d>0
a a

so that ad — b?> > 0. The converse is proved in the same way. O

(@ 3)

is negative definite iff a < 0 and ad — b* > 0.

Similarly, we have that

Lemma 2.62. The matrix

Example 2.63. Consider the function f(x,y) = x> — xy + y?. This function is smooth so

we can compute partial derivatives:

af of

Yy =20—y, Ly =—z+2
e\ Y =20y, o (By) = v+ 2y,

0*f 0*f 0*f
3I2(x’y)_2’8y2(m’y)_2’8m(‘)y(:€’y)_—1

The critical point satisfies 2x =y and x = 2y and hence must be at (0,0). The Hessian of
f at (0,0) is given by
9 (2 -1
D*f(0,0) = <_1 R
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Since the conditions of Lemma are satisfied, then D?f(0,0) is positive definite so that
(0,0) is a local minimum.
Note that we can compute the eigenvalues \; and eigenvectors w; of the Hessian satis-
fying:
D?£(0,0) - w; = \jw; for i=1,2.

We find that
_V2
2
A =1 and w; = )
_V2
2
and
_V2
2
Ao =3 and wy =
V2
2

The geometric significance of the Hessian follows from the fact that the eigenvectors wi
and wo are the two principle directions of curvature for the graph(f), while the eigenvalues
A1 =1 and Ay = 3 are the two principle curvatures. If both eigenvalues are positive at the
critical point xg, then xg is a local minimum, while if both eigenvalues are negative, then
we have a local maximum. If one eigenvalue is positive and the other is negative, then xg
is a saddle point.

Proof of Theorem [2.56, Suppose for the sake of contradiction that Df(zg) # 0. In this
case, there exists © € R™ such that Df(xzg) - # 0 and for concreteness, we suppose that
for some ¢ > 0, Df(zp) - = = c.
Then, we can choose ¢ > 0 sufficiently small so that whenever ||h| < 0,
c

1]
We choose A > 0 so that A||z|| < § so that

£+ M) — f(awo) ~ Df (o) - Al <

Since D f(zg) - Ax = Ac,
1o+ Aa) = f(w0) = Al < 5

Thus,
f(zo+ Ax) — f(z0) >0

so f(zp) cannot be a local maximum.
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Similarly, by considering —(Az) instead of Az, we see that

AC
1 (wo = Az) = f(zo) + Acll = =
from which we conclude that

f(zo — Ax) — f(wo) <O,

so that f(zg) cannot be a local minimum, and hence if D f(xg) # 0, then f(x() cannot be
an extreme point. ]

Example 2.64. Consider f(x,y) = x> — 322 + y2. We compute

o _

o 322 -6z =0, — =2y=0,

so that the critical points are at (0,0) and (2,0). Since
6x—6 0
20

D2f(0,0):(—06 g) and D2f(2,0):<8 g)

It follows that (2,0) is a local minimum and (0,0) is a saddle point.

we see that

QN
AN
QAnuRe
RNTL Y
AT
Nunneet,
A“VA“““

RSN Y
S5O
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Proof of Theorem [2.60. (i) If D?f(z0) is negative definite, then D?f(z¢)(z,z) < 0 for all
x # 0 in R". As D?f(z0)(x,z) is blinear in x and since linear maps are continuous, it
follows that D?f(zg)(z, ) is a continuous function of x € R™.

Let S={x € R" | ||z|| = 1}. S is compact, so there is some point Z € S such that

D2 f(xo)(x,x) < D*f(x0)(%,7) <0 forall z€S.

Now, let 0 < € = D% f(x0)(Z,Z). Then, since D?f(z0) is bilinear,
2 2 r 7T 2 n
1202 f (o) ( ) < eal? Vee R x40,
]l [l

where we have used the fact that z/||x|| € S whenever z # 0. Since D?f is continuous on
A, there exists 6 > 0 such that ||y — zo|| < § implies that | D?f(y) — D?f(z0)|| < €/2. Here
§ > 0 is chosen so small so as to ensure that y € A. Also, for each x € A, D?f(z) is an nxn

2
matrix so its norm is given by ||D%f(z)||? = doij=1 [%aij(x)} . Since |D?f(z¢)(z, x)| <

C||D?f(xo)||||z||* for some constant C' > 0 depending only on n, we set € = Ce.
Now, by Taylor’s Theorem [2.50] there is a point ¢ on the segment between z( and y in
A such that

Fl) ~ flo) = Df (o) - (g — ) + 3 DF(e)(y 70, — 7o)
We write

D?f(c)(y—wmo, y—x0) = D? f (20)(y—z0, y—20)+D* f (¢) (y—20, y—20)—D? f (20) (y— 0, y—20)
Since ||D?f(c) — D?f(x0)| < €/2, we see that
D?f(c)(y — xo,y — w0) < D*f(x0)(y — 0,y — o)

+|D?f(e)(y — w0,y — x0) — D f(20)(y — 20,y — o)

€
< —elly — zoll* + lly — woll
— Sy — 2all?
= Sl — ol

Since D f(xzg) = 0, we find that

1

F() = (o) = D*F(e)(y — w0,y — w0) < —Zlly = wol* < 0.

It follows that f(y) < f(xo) for all points y such that ||y — x| < J, and so f has a local
maximum at xg.
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(ii) For the sake of contradiction, suppose that f has a local maximum at xy and that
D? f(zo)(x,z) > 0 for some z € R". We define g(t) = — f(x + tx). Since f is defined in a
neighborhood of xg, then g is defined in a neighborhood of ¢ = 0. By the chain-rule,

~ Of " ~ 9*f
= (xo + tz)x; and ¢"(t) = E (o + ta)ziz;,
ii=1 8$i8xj

- o0x;
i=1 ¢

g'(t)

so that
g'(0) = Df(x) -2 =0, and ¢"(0) = —D*f(x0)(x, ) < 0.

By part (i), g has a local maximum at ¢ = 0, so that for |t| < §, g(¢) < g(0) for ¢t # 0. This,
in turn, implies that f(xo+tx) > f(xo) for |t| < d so that f does not have a local maximum
at xg, and we have reached a contradiction. Thus, D?f(x¢)(z,z) < 0 for all x € R™. O]

As can be seen from this proof, Theorem [2.60] only guarantees semi-definiteness of the
Hessian at a local minimum and maximum, and the question that was asked in class was
what type of function has a local minimum (for example) at o for which D?f(x¢)(z,x) = 0
for some x € R™. The geometric interpretation of the Hessian provides the answer, for
suppose that we have a function f(z,y) which has curvature 0 in one direction and positive
curvature in another direction. The function f(z,y) = 2% does the job:

2.13 Exercises

Problem 2.1. Compute Df(x) for f: R — R with f(z) = xsinx.
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Problem 2.2. Suppose that f: R" — R™ and g : R — R™ are both differentiable. Prove
that D(f +g) = Df + Dg.

Problem 2.3. Let A = {(v1,72) € R? | 0 < 21 < 1,29 = 0}. This is not an open set.
Prove that the conclusion of Theorem is false for this set A. (Hint. Take, for example,f :
R? — R with f(x1,22) = 0 and show that both D f(x1,22) = 0 and D f(x1,z2)- (w1, ws) = wa
satisfy the definition of derivative.)

Problem 2.4. Let f : R® — R™ and suppose that there is a constant M such that for
r € R, || f(z)]| < M||z||>. Prove that f is differentiable at xo = 0 and that D f(xq) = 0.

Problem 2.5. If f : R — R and |f(x)| < |z|, must Df(0) =07%

Problem 2.6. Does the mean value theorem (Theorem apply to the function f(x) = \/z
on [0,1]? Does it apply to g(x) = +/|z| on [-1,1]7

Problem 2.7. Is the Lipschitz condition strong enough to guarantee differentiability?

Problem 2.8. Let f(z) = zsin(1/z) for x # 0 and f(0) = 0. Investigate the continuity
and differentiability of f(x) at x = 0.

Problem 2.9. Use Theorem[2.22 to show that

_@y)® o,
f(x,y)—{ Va2 (z,y) # (0,0),
0, (if,y) = (0,0)

is differentiable at (z,y) = (0,0).

Problem 2.10. Let f(x,y) = 2. Is f(x,y) differentiable at (x,y) = (0,0) if f(0,0) =
Vx24y?
0? ’

Problem 2.11. Find the unit normal to the surface x> —y? +xyz = 1 at the point (1,0,1).
Problem 2.12. In what direction is f(xz,y) = =’y increasing the fastest?

Problem 2.13. Prove l’Hospital’s rule: if f', g’ exist at xq, ¢'(xo) # 0, and if f(xo) =0 =

g(xp), then
1) _ o)

im :
v=0 g(x)  ¢'(x0)
Problem 2.14. Using Problem[2.13, evaluate

(a) lim,_o S22

(b) hmxﬁo e

xT

1
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Problem 2.15. Let f : A C R" — R be differentiable with A convex and suppose that
| grad f(x)|| < M for x € A. Prove that

|f(x) = fy)| < M||x—y| for x,yecA.

Do you think that this is true if A is not convex?

Problem 2.16. Let

Im

2?sin (1), z€(-1,00U(0,1),
z=0.
How can you apply Taylor’s theorem to f about the point x =07

Problem 2.17. Find the Taylor series representation about x = 0 for f(x) = log(l — z),
x € (—1,1) and show that this series expansion equal f(x) for each x € (—1,1). Also, show
that this series converges uniformly to f on all closed subintervals of (—1,1).

Problem 2.18. Verify that if the conditions in Example are met then we can differ-
entiate the Taylor series term by term to obtain f'(x).

Problem 2.19. Investigate the nature of the critical point (0,0) of f(x,y) = x? + 2zy +
2
y*+6.

Problem 2.20. Determine the nature of the critical point (0,0) of f(z,y) = x> + 2xy? —
y* + 22 + 3zy + y? + 10.

3 Inverse and Implicit Function Theorems

Given a system of linear equations,

anzry + -0+ amTnh =Y
an11 + -+ AQpnTn = Y1
the vector (z1,. . .,xy) of unknowns can be solved for, whenever the matrix A = (a;;) is

non-singular, i.e. det A # 0. The question that we would like to examine is the following:
given a system of nonlinear equations

fl(Il, ,$n) = U

fn(xlv 7xn) = Un
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under what conditions can we solve for the vector (x1,. . ., x,) of unknowns? Here, f should
be viewed as the mapping f : R” — R” and the object that plays the role of det A for the
linear system is the Jacobian determinant of f:

9h ... Oh

o1 OTn
det Df(x) = det

Ofn ... Ofn

oz OTn

It turns out that whenever det Df(xz) # 0, we might indeed be able to solve the vector
equation f(z) =y for . The inverse function theorem will provide us with the necessary
conditions for such a solution to exist. On the other hand, if we write F(x,y) = f(z) — v,
then we may wish to find the pair (z,y) which solves F(z,y) = 0 with y an implicit function
of x, and it is the implicit function theorem which describes those circumstances when such
an implicit solution exists.

3.1 The space of continuous functions

Let A C R™ and let V denote the set of functions f : A — R™. Then V is a vector space,
the zero element is the function f(z) = 0 for all z € A, and (f + g)(x) = f(x) + g(z),
(Af)(x) = Af(x) for each A € R, f,g € V. We let

C(A;R™)={f:A— R™| f is continuous} .

Then C'(A;R™) is also a vector space since the sum of two continuous functions is continuous,
and for each A € R and f € C(4;R™), \f € C(4;R™).

Next, let Cp(A; R™ denote the vector subspace of C(A;R™) consisting of bounded func-
tions:

Co(A;R™) = {f € C(AR™) | |[f]| < M}

for some constant M < oco. In the case that A is closed and compact, then C'(A;R™) =
Cy(A;R™).

Definition 3.1 (Norm on Cy(A;R™)). For f € Cy,(A;R™), let

| fllc,(asmmy = sup || f ()]
T€A

which exists since f is bounded. The real number || f|c,(a;rm) s called the norm of f .

The norm || f| ¢, (a:rm) is what Rosenlicht, Chapter 4, refers to as the largest distance
sup,eq d(f(x),0) from f(x) to the origin 0. It is a measure of the size of f, just as ||z|| is a
measure of the size of the vector x € R". Note that || f||c,arm) < M iff [f(z)| < M for all
z € A
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Theorem 3.2. The function f — || f||c,(arm) satisfies the properties of a norm:
(i) Ifllcy(amm) 2 0 and || fllc,arm) = 0 iff f =0;
(it) l|afllc,arm) = |l fllc,agm) for all a € R, f € Cp(A;R™);
(iti) If + glloyarm) < [ flloyarm) + l9llcyamm) (triangle inequality).
Given two functions f,g € Cy(A;R™),

1f = glle,(amm)

measures the difference between these two functions. According to (i) of Theorem[3.2] f =g
iff | f — gllc,amm) = 0.

Definition 3.3 (Convergence in Cy(A4;R™)). Given a sequence { f,} in Cp(A;R™), we say
foo = Fin Co(AR™) df lim || f = flloyamm) = 0-

When A is compact, this convergence is the same as uniform convergence of f, — f.
When a metric space is endowed with a norm, the way that Cy(A;R™) is, there is a
special name for this space.

Definition 3.4 (Banach Space). A normed vector space which is complete is called a Banach
space. Every Cauchy sequence in a Banach space X converges to a limit in X.

As is established in the second theorem of Rosenlicht, Chapter 4, Section 6, the space
Cy(A;R™) is a complete metric space, meaning that all Cauchy sequences converge. We
state this as a theorem.

Theorem 3.5. The normed vector space Cy(A;R™) is a Banach space.

Example 3.6. Let B = {f € C([0,1;R) | f(z) > 0 Vz € [0,1]}. We will prove that B s
an open set in C([0,1]; R. By definition, for any f € B, we must produce an € > 0 which is
sufficiently small so that {g € C([0,1;R) | ||f — gllc(o,m)} < €. Since [0,1] is compact, f
has a minimum value, say m, at some point of [0,1]. Thus f(x) > m > 0 for all x € [0, 1].
Let e =m/2. Then if | f — gllcoar) <€ then for any x € [0,1], [f(x) — g(z)| < e =m/2.
Hence g(x) > m/2, so g € B.

Example 3.7. The closure of the set B in the above example is B = {f € C([0,1];R) | f(z) >
0 Vz € [0,1]}. The set B is closed because if fo(x) > 0 and f, — f uniformly on [0,1],

then f(z) > 0 for all z € [0,1]. To show that B is indeed the closure of B, we must show

that for every f € B, there is a sequence of functions f, in B such that f, — f uniformly.

The sequence f, is then chosen to be f, = f + 1/n.
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Example 3.8. Suppose that we have a sequence of functions fy, in Cp(A;R™) and that

o

| fr = fllcyamm) < Ty where Z Tn CONUVETJES.

n=1

Then f, converges to some f in Cy(A;R™). Indeed, this follows by an application of the
triangle inequality, since

Ilfrn = fatklloyammy < fn = favilloyammy + [ fat1 — farallo,(amm)
+ - k1 — farrlloyamm)

<rp+Tpg1+ o+ gk
Since Y o7 | rp converges, then limy, oo Zl”;f r;p = 0. Hence {f,} is a Cauchy sequence,
and hence converges to some f in Cy(A;R™) by Theorem .

3.2 Contraction mapping theorem

Theorem 3.9 (Contraction Mapping Principle). Let T : Cp(A4A;R™) — Cy(A;R™) be a
given mapping such that there exists a constant A with 0 < X\ < 1 and such that

IT(f) = T(9)lc,camm) < Alf = glle,cammy  Vf, g € Co(A;R™).

Then T (is continuous and) has a unique fized point; that is, there exists a unique element

fo € Co(A;R™) such that T(fo) = fo-

In fact, the theorem is valid for any complete metric space, and not just Cp(A;R™).
In such a general metric space, the condition on 7' would be d(T(f),T(g)) < Ad(f,g).
Such a map is called a contraction as it shrinks distances between two functions f and g
by a factor A < 1. The method of proof is called successive approrimations or sometimes
Newton’s method. We are search for the fixed point fy for which T'(fy) = fo, so the method
begins with some guess: f € Cp(A;R™). Then we form the sequence

£, T(f), T*(F) = T(T(f)), T°(f) = T(T(T())),.-.

Remarkaby, this sequence is Cauchy with respect to the norm on Cj(A4;R™), and hence
converges to some limit function in Cy(A;R™) which necessarily is the fixed-point we were
after. This method of successive approximations is constructive, and is immensely useful
in many numerical algorithms designed to solve nonlinear equations. One successively
computes the elements of the approximating sequence T"(f), and if by some luck, the
fixed-point is obtained at some finite n < co, then the sequence “stops.”
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3.3 Proof of the Contraction Mapping Principle

In the event that the previous section skipped, we will give a proof of the contraction
mapping theorem in a slightly more general setting.

Theorem 3.10. Let X denote a complete metric space and letT : X — X be a contraction:
d(T(f),T(g)) < Xd(f,g) for all f,g € X, and 0 < X\ < 1 a fized constant. Then T is
continuous and has a unique fized-point.

Proof. Uniform continuity of T' follows immediately from the contraction property of T
namely for any e > 0, let § = €/, so that d(f,g) < ¢ implies that d(T'(f),T(g)) < \d =e.

Next, let fo € X and set fi = T(fo), fo = T(f1), -, for1 = T(fn) = T (fo). We
claim that f,, is a Cauchy sequence in X. Since

d(fn—i—h fn) - d<T(fn>vT(fn—1))
< Ad(fm fn—l)
= M(T(fn-1),T(fn—2))
< Nd(fa-1, fr—2)

< )\nd(flv fO) = And(T(fO)v fU) )

it follows that

d(fnv fn+k) d(fnv fn+1) + d(fn—i—la fn+2) +-+ d(fn—i—k—lu fn+k)

<
< ()\n + Antl 4+t )\n—l—k—l)d(T(fO)’ fO)

Because A < 1, > /2, A" is a convergent geometric series, so given € > 0, there is an N
such that n > N implies (A" + A" ... £ X0H=1) < ¢ /d(T(fo), fo). Hence n > N implies
that d(fn, fnik) < €. Thus f, is a Cauchy sequence, and by completeness of X, f,, — f for
some f € X.

It remains to prove that T'(f) = f as asserted. Since f, — fin X and T : X — X is
continuous, we see that

T(f) = lim T(f,).

On the other hand, since T'(f,) = fn+1,

T(f) = nh_{gloT(fn) = nh—{gO Jnr1=f.
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To see that f is the unique fixed-point of T', suppose that T'(f) = f and T'(g) = g. Then

d(f,g9) =d(T(f),T(g)) < Ad([.9)-

If d(f,g) # 0, then 1 < X which contradicts our assumption. It then must be that d(f,g) =0
or f =g. O

3.4 The fundamental theorem of ODEs

One of the most important applications of the Contraction Mapping Theorem (CMT) is the
construction of solutions to ordinary differential equations (ODEs). In lower-division ODE
courses such at MAT22B, explicit solutions are constructed for certain linear differential
equations; for example, the solution to fli—f = ax(t) is given by x(t) = Ce® and the solution
to % +a’z = 0is x(t) = C cos(kt — w) for some constants C' and w. For nonlinear ODEs,
it is generally not possible to construct explicit solutions, so a natural question is if these
equations always have solutions? If so, are these solutions unique? If so, do the solutions
exists for all time (¢ can be thought of as time in this context) or do they have a finite-time

"blowup,” meaning that the solution becomes unbounded in finite time.

Example 3.11. Consider the nonlinear equation ‘fl—f =2 fort > 0 and x(0) = 1. We
can directly integrate to find the solution: we write dz/2* = 1 so that —1/x = t + C
and z(t) = —1/(t + C). To find the constant C, we use the initial condition, so that

1=2(0)=-1/C and C = —1. Thus, z(t) =1/(t —1) and x(t) - —o0 ast — 1 — that is,
x(t) blows-up in finite time, and x(1) is not defined.

As this example demonstrates, even in one-dimension, it is generally not possible to find
a solution to nonlinear ODEs which exists for all time ¢ > 0; rather, there is usually a small
time interval of existence on which we have a differentiable solution.

Consider the system of ODEs
dy

E(t) = F(y(t),t) for t >0, (3.1a)

Y =10 for t=0. (3.1b)

One can think of the variable ¢ as “time”, and the solution ¢ — y(t) is a curve in R". Here
y(t) = (y1(t),y2(t), ..., yn(t)) is a time-dependent n-vector modeling the state of the system
at time ¢?.

The evolution equation defines the so-called dynamical system (or the dynamics)
for ¢ > 0, while the initial condition prescribes the initial state of the system at ¢t = 0,
in this case, we call that initial state y5. We are now ready to state the main existence and
uniqueness theorem. In the theorem we write

B(yo,r) = {z € R" | [lyo — z[| <7}
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Theorem 3.12 (Fundamental theorem of ODEs). Let F : B(yo,7) X [~a,a] — R" be a
continuous mapping, and let

M= sup | E(y,t)] -
y€B(yo,r),t€|—a,al

Suppose there is a constant K such that

|F(y1,t) — F(y2, )| < Kllyr — w2l Vy1,42 € B(yo,7),t € [—a,a]. (3.2)
Let 1
r
b i —, =1},
< min{a, i K}

Then there is a unique continuously differentiable map y : [—b,b] — B(yo,r) C R™ which is
the solution of equation .

Remark 3.13. The condition is called the Lipschitz condition, and K is called the
Lipschitz constant. Whenever F is continuously differentiable on B(yo,r) with bounds that
are uniform in t, the Lipschitz condition is satisfied. To see this, let us use DyF(y,t) to
denote the derivative of F with respect to y. Then if

I1DyF(y,t) - 2| < K|lz|| ¥V z€R",t€[~aa],yeByor),
then holds. The chain-rule verifies this claim:

LRt sy —2),0) = DyF(= + 5ly — 2,8 (y )

so integrating between s =0 and s =1,

1
F(y,t) — F(z,1) :/0 DyF(z+s(y—2),t)- (y— 2)ds.

Taking absolute values then yields the result. Thus, whenever F is of class C', we are
guaranteed to satisfy the conditions of Theorem [3.13.

By the fundamental theorem of calculus, equation (3.1]) is equivalent to the integral
equation

ym=m+AFw$$®. (3.3)

We will establish existence of the method of successive approximations: Guess yi(t) such
that y1(0) = yo, for example y;(t) = yo. Then set

Yn(t) = yo +/0 F(yn—1(s),s)ds.

The objective is then to show that as n — 0o, y,(t) converges to a (unique) solution (3.3

and hence ({3.1]).
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Proof. Consider C([—b, b]; R™) which is a complete metric space. (Note that C([—b, b]; R") =
Cp([—b, b]; R™) since [—b, b] is compact.) Let

Y ={y € C([-b,b;R") | y(0) = yo and y(t) € B(yo,7)} -

Then Y is closed, and since a closed subset of a complete metric space is complete, ) is a
complete metric space. We will apply the contraction mapping theorem to the space ).
Define the map T by

T@@—W+AFM$$%t€PM%

We must show that 7'(y) is in ) whenever y € ). To see that T'(y) is a continuous function,
let ¢, be a sequence such that t, — t as n — 0o; we show that lim, . T(y)(tn) = T'(y)(t).
But

tn

lim T'(y)(t,) = lim F(y(s), s)ds

n—oo n—oo 0
b
= lim . Lio,t,1(s)F (y(s), s)ds ,

where 1194,1(s) = 1 if s € [0,,] and 1[4, )(s) = 0 otherwise. Since
Lo, () F(y(s), ) = Lo (s)F(y(s),s) uniformly on [=b,],
then

Jm [P = [ P54

by Theorem so this establishes continuity; hence T'(y) € C([-b,b];R"). Furthermore
we see that T'(y)(0) = yo. Thus, it remains to show that T'(y) € (yo, r) which is the same
as showing that ||T'(y) — yo|| < r. Now, for all t € [-b, ],

I7() %WW/F $)ds /HF Sllds < b M <r.

since b < /M. This shows that T'(y) € Y and that T': Y — ).
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It remains to show that T : ) — ) is a contraction mapping. For yi,y2 € V,

sup [ T(y1)(t) — T'(y2)(@)[| = sup /[F(yl(S),S)F(y2(8),5)}d8

te[—b,b] te[—b,b]
_Sm>/\Fy1 ~ F(ya(s), )|l ds
te[—b,b]
< sup / Km1 )~ n(s)|ds
te[ b,b]
< Kb sup |yi(t) —yt)l.
te[—b,b]

Since Kb < 1, letting A = k B, we see that d(T(y1),T(y2)) < Ad(y1,y2) so that T is a
contraction, and hence there exists a unique fixed-point y € Y such that T'(y) = y. O

Example 3.14. Let us find b for the ODE in Example dy/dt = y?, y(0) = 1. At first,
we will keep the time-interval [—a,a] in the statement of the theorem unspecified, and we
will also keep the radius r unspecified. We compute M :

M = sup{\F(y,t)\ s te [_a7 a]? ye E(LT)}
=sup{y® : y € B(1,7)}
=(1 —l—r)2.

Hence r/M =r/(1+r)?. Also DyF(y,t) = 0F/dy(y,t) = 2y, so
K =sup(2lyl : y e B1,r}=2(1+7).

Since F' does not explicitly depend on t, a is not involved in the continuity criterion, so we
an choose it to be large enough that it does not alter the value of b. We let a = 1000. Then,
according to the FTODE, we must choose

b<mm{ul> uim}'

The largest value of b occurs for r = 1, for which we find that t € [0,b] for b < 1/4. Thus,
the theorem does not provide the optimal time of existence given by t € [0,1), which we
found by directly solving for y(t) = 1/(1 —t). On the other hand if we take t = 1/4 we see
that y(1/4) = 1/(3/4) = 4/3, and we can apply the theorem again, this time with t = 1/4
playing the role of initial time, and 4/3 playing the role of initial condition. This allows us
to continue the solution fort < 1, but we cannot go past t = 1.
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3.5 Inverse function theorem

By definition, if f : R — R" is differentiable at x and det Df(z) # 0, then Df(x) is a
linear isomorphism, meaning that Df(x) is an invertible matrix. The geometric picture
here, is that f : R™ — R" is some nonlinear function, and at the point z € R", the best
linear approximation to f, given by D f(z), is invertible, so perhaps (at least locally near
x) the nonlinear function f is also invertible.

To gain intuition, consider a function f : R — R, draw the graph(f) by plotting the
points y = f(x), and then rotate the graph by 90°. This rotated picture, now viewed as a
function over the y-axis, is a graph only if over each point y the curve has only one value.
If f is of class C*', and if f’(x¢) # 0, then f is invertible (one-to-one) in a small enough
neighborhood of xy. Geometrically, this is very clear, since f'(x¢) # 0, means that f has a
non-zero slope at xg and hence a nonzero slope nearby xg.

We will focus on local invertibility of the function f, meaning the invertibility of f(x)
for x near xg and for y near yy = f(xg). Suppose that the inverse function exists so that
r = f~!(y). In this case, we can employ the chain-rule to compute the derivative of f~!.
Observe that

@) ==.
e d(f~'of) df of
T(x) = Ty(f(x)) %(ﬂf) =1,
so that
df 1 1
Ty y=f(z) - W

To actually verify that f~! is differentiable requires a good deal more care.

If f'(zg) = 0, then f may or may not be invertible near xo; in the above figure, f is
not invertible near 1, but f(z) = 23 is invertible near zo = 0. In the case that f'(zo) = 0,
further analysis is required to determine invertibility. Furthermore, the condition f’(zg) # 0
does not guarantee that we can solve f(z) =y for all y. For example, looking at the above

79



Shkoller 3 INVERSE AND IMPLICIT FUNCTION THEOREMS

figure, we see that there does not exist any point z such that f(z) = y;. Even when
solutions to exist, they need not be unique. The above figure shows that f(zg) = f(z2).
Thus, we can only expect to have a unique solution in a sufficiently small neighborhood of
Zo

In general, f is only invertible near f(zp), that is, only for y close to f(z¢) can we
uniquely find some z near xy such that f(z) =y.

Theorem 3.15 (Inverse Function Theorem). Let A C R™ denote an open set, and let
f € CH(A;R™). Suppose that for xo € A, det Df(xq) # 0. Then there exists a neighborhood
U of x9 in A and an open neighborhood W of f(xo) such that f(U) =W, and f has a C!
inverse f~1: W — U.

Moreover, fory € W, z = f~(y), we have

Df~Hy) = [Df()] ™",

the inverse of D f(x) meaning the inverse of the linear mapping (corresponding to inverting
the matriz).

Whenever the inverse function f~! of f exists, we can uniquely solve the nonlinear
equation f(x) =y € W with some z € U.

Example 3.16. Consider the equations (z* +y*)/x = u(x,y), sinx +cosy = v(x,y). Near
which points (z,y) can we solve for (x,y) in terms of (u,v)?

Here the nonlinear functions are given by fi(z,y) = (z* +y*)/x and fo(z,y) = sinz +
cosy and we have

fl(xvy) =u
folz,y) =v.

The domain of the function f = (f1, f2) can be taken to be A = {(x,y) € R? | x # 0}. We
compute the 2 X 2 matrix D f(z,y):

ofi  9fi 3x47y4 4y3
ox oy 22 T
Df(x,y) = = :
% %—];2 cosr —siny
so that 5
i 4
det Df(x,y) = sm2y(y4 —3z%) — Y cosz.

T T

According to the inverse function theorem, we can solve for (x,y) in a neighborhood of points
(z0,y0) € A where det D f(xg,y0) # 0. Thus, we are looking for points (xg,yo) such that
zo # 0 and siny(y* — 32%) # 4xy3 cosx. In general, one cannot explicitly solve for all such
points, but, for example, (xo,yo) = (7/2,7/2) does the job.
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Example 3.17. Let f = (f1, f2) with fi(x,y) = e®cosy and fao(x,y) = e*siny. Then f is
invertible locally, but not globally.
First, we compute
e*cosy —e'siny
Df(z,y) =

e*siny e®cosy

so that
det Df(z,y) = e**(cos® y +sin y) = e** # 0.

Then, using the inverse function theorem, we see that f is locally invertible. On the other
hand, f cannot be globally invertible on R? since f is not a one-to-one map; in particular,

fl(xvy—i_zﬂ'):fl(xvy)a fz(m,y+27r)=f2(x,y).

Note that for functions f : R — R, if f is differentiable and if f'(z) # 0 for all z € R,
then f’(x) is either strictly positive or strictly negative (since f'(z) satisfies the intermediate
value theorem; hence, f must be globally one-to-one as f is always increasing or decreasing.
An example is f = tanh : R — R is one such example. Example shows that this need
not be the case in R?.

Before proceeding with the proof of the inverse function theorem, we will need an im-
portant technical lemma.

Definition 3.18. Let L(R™;R™) denote the set of all n x n matrices (or linear maps from
R™ to R™, and let GL(R™;R™) denote the subset of all invertible n x n matrices (or invertible
linear maps of R™ to R™). Thus,

GL(R™R") ={B € L(R";R"™) | det B # 0}.
The space GL(R™;R™) is called the general linear group.

Definition 3.19. LetInv : GL(R™; R™) — GL(R™; R™) be the map that takes B € GL(R™;R™)
to its inverse B!, so that Inv(B) = B™1,

Lemma 3.20.
(i) GL(R™;R™) is an open subset of L(R™;R");
(i7) Inv : GL(R™;R") — GL(R™;R") is a C*° mapping.

Proof. (i) The determinant mapping det : R x - - - x R"” — R is an n-linear map (recall that
—_—————

n times
the determinant is linear in the rows of the matrix). Since multilinear maps are continuous,

the determinant map is continuous. Furthermore, just as we showed in Example
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that the derivative of a linear map is equal to the linear map, so too is the derivative of a
multilinear map the multilinear map itself, so that the determinant map is also differentiable.
Because the set consisting of the singleton {0} is closed, we have that det™!({0}) is closed.
Hence L(R™;R™)\{0} is open, and this open set is exactly equal to GL(R™; R"™).

(i) Given B € GL(R™R"), the inverse matrix B~! = (det B)~![Cof(B)]?, where
Cof (B)]T denotes the transpose of the matrix of cofactors of the matrix B, where

COf(B)lJ = (—1)i+jMij,

where M;; is the determinant of the minor matrix formed by removing the i¢th row and jth
column from B. As the function B + (det B)~! is differentiable, it suffices to show that
the mapping Cof : L(R™;R™) — L(R™;R"), which takes a matrix to its cofactor, is C'*°.
Since each component of the cofactor matrix is just the determinant mapping, and as the
determinant mapping is C'°°, being a multi-linear map, we see that Cof is C*° as well. [

Proof of Theorem [3.15,
Step 1. Simplification to the case that Df(z¢) = Id. In this step, we show that we

can reduce the analysis to the special case that D f(xg) is the identity matrix, Id.
Let T = Df(x0); then T~! exists and by the chain-rule,

D(T™" o f)(wo) = DT (f(x0)) Df(x0) = T~ Df (o) = 1d .

Now if the theorem is true for 77! o f, then the theorem is also true for f, for if ¢ is an
inverse of for T~! o f, then the inverse for f is goT~!.

It is convenient to make one further simplification; namely, we can assume that xqg = 0
and f(zg) = 0. Suppose that we have established the theorem for this particular case that
xo = 0 and f(xzo) = 0; to see how the general case is obtained from this special case, let
h(z) = f(x + x9) — f(xo). Then h(0) = 0 and Dh(0) = Df(xg), so Dh(0) is invertible.
Then if A has an inverse near = = 0, the required inverse for f near x( is given by

FH ) =h" (y — f(z0)) + 0.
Thus we have shown that it suffices to consider g = 0, f(xo) =0, and D f(x¢) = Id.

Step 2. Local inverse for f via the contraction mapping theorem. With the
simplification of Step 1, we wish to find an open neighborhood Y of f(xy) = 0 and an open
neighborhood X of x¢p = 0 such that given any y € ), there exists a unique z € X with
f(xz) =y. In order to do so, we consider the function

gy(x) =y+a— f(x), (yisa parameter for the function g).

The idea is to show that ¢ is a contraction mapping, in which case there exists a unique
fixed-point « € & such that g,(x) = = which is the same as x = y + « — f(z) which is the
same as y = f(x), which is desired.
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We begin by first defining the function g(z) as
g(@) =z — f(z), (3.4)
which implies that g(0) = 0 and that
Dg(0) =0.

Since f is assumed to be C! in a neighborhood of zg = 0, then g is also C! on this
neighborhood, and hence Dg is continuous on this neighborhood; therefore, for r > 0 small
and with ||z|| < r, ||[Dgi(z)] < 1/(24/n) where g = (g1, ..., gn). By the mean value theorem,
Theorem [2.38] given z € B(0,r) = {x € R" : ||z|| < r}, there are points c1, ca, ..., ¢, such
that

gi(x) = gi(x) — ¢i(0) = Dg;(¢;) - (x = 0) = Dgi(¢;) -z 1=1,...,n.
We have that
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n n n
]2
lg@)* = > 1gi(@)]* = > |Dgilci) - x> <Y [ Dgalea)||” ||| < 1 <1
i=1 i=1 =1

so that ||g(z)|| < /2. Hence, we have shown that
g:B(0,r) — B(0,r/2).

Next, let y € B(0,7/2); then, g, : B(0,7) — B(0,r). To see this, note that for ||y|| < r/2
and z € B(0,r), we have that

r T
lgy @)1 =Ny + g(@)Il < ly + llg@)l < 5 + 5 =7

Now let 1 and @3 be any two points in B(0,7). Then ||g, (x1)—gy(z2)|| = llg(z1)—g(z2)]|
and by the mean value theorem,

1
llg(x1) — g(x2)|| < §||331 — x2]| .

This shows that g, is a contraction on the complete metric space B(0,7), and hence that
f(x) =y for any y € B(0,r/2). This means that f has an inverse f~!: B(0,7/2) C R" —

B(0,r) C R™.
Step 3. f~! is continuous. Let x1,29 € B(0,7). From (3.4)), we see that

[z1 = zo| <[ f (1) = f22)ll + [lg(21) — g(@2) || < |[f(21) = fla2)] + %le — x|,
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so that [|z1 — z2|| < 2||f(z1) — f(x2)|. It follows that if 31,92 € B(0,7/2), then

17 ) = F )l < 2lly1 — w2l

and hence f~! is continuous.

Step 4. f~! is differentiable on B(0,7/2) for r > 0 sufficiently small. By assumption
Df(0) is invertible, Df : A C R® — R is continuous, and by Lemma GL(R™;R")
is open in L(R™;R™). Thus, for = in a sufficiently small neighborhood about 0, [Df(x)]~*
exists If this neighborhood does not contain B(0,7/2), then we take r > 0 even smaller.
Hence, we can assume that that [Df(z)]~! exists for all z € B(0,7/2). Moreover, since D f
is continuous and since inversion is a smooth operator according to Lemma |3.20] we see
that [Df(z)]~! is continuous on B(0,7/2) and hence uniformly continuous so that

IDf(@)] "yl < Mllyll V x€B(0,r/2),y € R".
Now for y1,y2 € B(0,7/2), x1 = f_l(yl) and xo = f_l(yg),

1/ ) = f~H (y2) — [DF(@2)] ™ - (11 — 1)
lyr — ol
_ Nz =m0 — [Df(22)] 7" - (f(21) — f(=2))]
1f (1) = f(z2)]]
_ 21 — @2 I[Df(z2)] " - {Df(22) - (w1 — w2) — (f(z1) — f(z2))} |
I1f (1) — f(z2)]] 1f (1) = f(z2)]] '

Since ||z1 — x2|| < 2||f(z1) — f(x2)| together with ||[Df(z)]! - y|| < M|y|| shows that
1/~ ) = (y2) — [Df(z2)] - (31 — o)
ly1 — 2|
[Df(x2) - (w1 = 22) = (f(21) = f(22))]

|22 — 22|

<2M

I

which converges as ||x1 — x2|| — 0 by the assumed differentiability of f at xo. This shows
that ! is differentiable at y, with derivative

[Df(z2)] ™ = [DF(fH(y2)) "
To complete the proof, we set W = B(0,7/2) and U = f~1(W). O

3.6 Exercises

Problem 3.1. (a) Letu(z,y) = 22—y?%, v(x,y) = 2zy. Show that the map (z,y) — (u,v)
is locally invertible at all points (z,y) # (0,0).
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9z Oz Oy Oy
(b) ComPUte ou’ v’ Ou’ Ov

Problem 3.2. Let f(x) = x + 22%sin(1/z) for x # 0 and f(0) = 0. Show that f'(0) # 0,
but that f is not locally invertible near x = 0. Why does this not contradict Theorem |3.157

Problem 3.3. Let L : R™ — R" denote a linear isomorphism (invertible linear transfor-
mation), and let f(z) = L(x) + g(x), where ||g(x)| < M||z|? and f € CL(R™;R"). Show
that f is locally invertible near x = 0.

Problem 3.4. Investigate whether the system
u(z,y,z) =+ xyz

v(z,y,2) =y +ay
w(z,y,2) = 2 + 2z + 32°

can be solved for (x,y, z) in terms of (u,v,w) near (x,y,z) = (0,0,0).

Problem 3.5. Solve % =1+192, y(0) = 0 by the method of successive approxvimations. Is
y(t) defined for all t > 02 Compute the b in Theoremfor this equation.

Problem 3.6. Show that % =Y, y(0) = 0 has two solutions:

0 t<0
t)=0 dy(t) = ) - .
v =0amdy) {3 5y
Does this contradict Theorem [3.13?

Problem 3.7. Consider the equation % = te¥’ sin y, y(0) = 1. Obtain an estimate on the
time interval for which y(t) is defined.

Problem 3.8. Let B denote an n X n matriz and consider the linear system

dy_ n
= =B-y(t), yt)eR

Show that a solution is
tB B — B"
y(t) = €e”y(0), where e” = Z e
n=0

The solution exists for all t > 0; can this fact be derived from Theorem[3.19?
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