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1 Integral calculus

In Analysis I we have learned the operation of differentiation. Let us recall that if f is a
function defined on an open interval I C R then the derivative f'(x) at any point z € [

is defined by

The differential of f is the expression
df = f'(z)dx

where dz is the increment of the argument x. We have also learned how to evaluate the
derivative of a function and to use it for investigation of the function.

Now we start discussing the inverse problem: given a function f, how to find a func-
tion F' such that F = f in I. This question as well as more general questions leading to
differential equations, occur in vast variety of problems both inside and outside Mathe-
matics. We mainly focus on the mathematical aspects of the problem but at some point
will give also examples of applications.

1.1 Indefinite integral

Definition. If F/ = f on I then the function F is called an antiderivative of f or a
primitive function of f (Stamm function) on the interval I.

As we know, not every function has the derivative. Similarly, not every function has
a primitive. Later in this course, we’ll prove the following statement.

Theorem. Any continuous function on an interval I C R has a primitive on this inter-
val.

What about uniqueness? Can it happen than a function has two different primitives?
Yes, this can happen. For example, if F'(z) = C - a constant function, then F’ = 0.
Hence, any constant function is a primitive of f = 0. However, it is easy to describe the
degree of non-uniqueness of a primitive function.

Theorem 1.1 If F is a primitive of f on an interval I C R then all other primitives of
f have the form F (xz) 4+ C, where C is any constant.

Proof. If F' = f then also (F + C)' = F' = f. Hence, F'+ C'is also a primitive of f.
Conversely, if F' and G are two primitives of f then F' = G’ = f whence (G — F)' =0 on
I. By the Constant Test (Theorem 4.10 from Analysis I), the function G — F' is constant
on I. Denoting this constant by C, we obtain G (z) = F (z) 4+ C for all z € I, which was
to be proved. m

Definition. The family of all primitive function of f (z) is denoted by

/f (x) dx.



This expression is called also the indefinite integral of f. By Theorem 1.1, [ f (z)dx is a
function up to an additive constant.

The reason for this notation and terminology will become clearer later in the course.
Here we only make the following simple observations. By definition, we have

([r@ar) = s,

which in terms of differential amounts to

d/f (x)dr = f(x)dz. (1.1)
On the other hand, by Theorem 1.1, we have the identity

/F’ () dz = F (z) + C, (1.2)
which can also be written in the form

/dF () = F(z) + C. (1.3)

Comparing (1.1) and (1.3) we see that the operations d and [ are almost inverse each to
other.

The process of finding the primitive is called (indefinite) integration. A significant
part of the integral calculus consists of the methods of integration. The simplest way of
integrating is to reverse the identities obtained by differentiation. For example, since

n+1 \ '/
(a:+1) =", n# -1,
n

(1.2) yields the following identity on (—o0, +00)

:L.n+1
/x"dx = + C.
n+1

In particular, we have

2
1.3/2
/\/EdlB = 3—/2+ C,
1
d_l’ — ___|_C’

Since (Inz)" = on (0, +00), we obtain

d
X a4+ Con (0, +00)
T



and, more generally,

/d—; =In|z|+C|on (0,400) and (—00,0).

Indeed, In|z| is an even function and, hence, its derivative is odd (see Exercise 1). Since

the function 1 is also odd, the identity (In|z[)’ = 1 extends from (0, 400) to (—oc,0).

Reversing differentiation of the exponential function, we obtain the following identities:

/eXp () dx = exp (x) + C,

/axdx: a +C|ifa>0, a#1,

Ina

Using the derivatives of trigonometric and hyperbolic functions (see Exercises 57 and
59 from Analysis I and Exercise 4 from Analysis II), we obtain the following identities:

/sinxdm = —cosz +C

/cosxdw =sinx + C|,

d
/ x =tanx + C|,

cos?

on any interval where cos x does not vanish,

d
/ I = —cotx +C

. )
SlIl2 T

on any interval where sin x does not vanish,

/sinhm =coshz +C

/cosh xdx = sinhx + C

1
/ =tanhxz + C

cosh?

1
/T :COthI+C
smmn- x

Using the derivatives of the inverse trigonometric and hyperbolic functions (see Exercises
57 and 59 from Analysis I and Exercises 2-4 from Analysis II) we obtain

=arcsinz + C|on (—1,1),

o=




1+ 22

d
/ L arctanz + C

/ dx
Vaz+1

:sinh’1x+C’zln(m—l—\/x2+1)+C’,

|

zcosh*1x+C’:1n<x—|—\/x2—1>—I—C’ on (1,+00).

The latter identity extends to a more general one

:ln|x+\/x2—1‘+0

e

on (1,400) and (—o0,—1),

which follows from the fact that the function

In ’x + 22 — 1} is odd whereas \/% is

even. The function In |ac + Va2 — 1‘, which is called the long logarithm, has the following

graph:

Finally, we have

1
/ d =tanh 'o +C =

1 — 22

1

n
2 1—=z

1+z

+Con (—1,1),

and this identity extends to any of the intervals (—oo, —1), (—=1,1), (1,400) as follows:

1+
1—=x

+C|

/ dx 1
=—1In

1—a2 2

Here is the graph of the tall logarithm In ?Lfﬂ

y 4T

3+

ot




The above boxed formulas form a simplest table of integration. In general, integration
may be a difficult operation. Moreover, it is not always possible to express the integral
of an elementary function in terms of elementary functions. There are extended tables of
integrations containing thousands of indefinite integrals. Nowadays there are also software
that are capable of evaluating indefinite integrals.

Our next purpose is to learn the basic methods of integrations. They use the table of
integration and some rules of reduction of the given integral to a table integral.

1.2 Linearity of indefinite integral

Theorem 1.2 If f and g are two functions on an interval I such that the integrals [ fdx
and [ gdx exist on I then, for all a,b € R,

/(af+bg)dx:a/fdx+b/gdm. (1.4)

Proof. Let F be a primitive of f and G be a primitive of g so that F' = f and G' = g.
Then, by the linearity of differentiation (Theorem 4.3 from Analysis I), we have

(aF +bG) = aF' +bG' = af + bg

whence

/(af+bg)dx:aF+bG+const:a/fdx—i-b/gdx,

where in the last identity the constant is absorbed by one of the integrals. m

2
Example. 1. Evaluate f (ac—i- ﬁ) dx. We have

R R RSP T BPRNp
r+—=| ==z rT—+—=ux e
VT NZI z’

1\? ) 1
— — 9 1/2 -
/(m—l—ﬁ) dx /x dx + /90 dx~|—/xdx

whence

a3 432
= —+ +In|z|+ C.
3
2. Evaluate [ —%——. Observing that
SIn“ r Cos< T
. 9 2
1 sin“ x + cos“ x 1 n 1
. - . - . b
sin? z cos? sin? z cos? cos?x  sin’zx

and using Theorem 1.2 and the table integrals, we obtain

dx dx dx
IEC I 2 + —5 =tanx —cotx + C.
SN~ X COS“ T COS“ T S~ r
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1.3 Integration by parts

If u (x) and v (z) are two functions then it makes sense to consider the expression [ udv,
provided the derivative v" exists. Indeed, we have dv = v’ (x) dx so that

/udv = /u (x) v (z)dux.

We say that a function u is continuously differentiable on an interval I if its derivative v’
exists on this interval and is a continuous function. Recall that if u is differentiable then
u is continuous (Theorem 4.2 from Analysis I).

Theorem 1.3 (Integration-by-parts formula) If u,v are two continuously differentiable

functions on an interval I then
/udv =uv — /vdu. (1.5)

Proof. The hypothesis of the continuous differentiability of v and v is needed to
ensure that the both integrals in (1.5) exist. To prove (1.5), it suffices to verify that the
derivatives of the both sides of (1.5) are the same. We have

(/udv)/ _ (/uv’d:r)l -
<uv _ / vdu)l A —

Using the product rule (Theorem 4.3(b) from Analysis I), we obtain

and

(wv) — v’ = (wv' +u'v) — vu' = ',

whence (1.5) follows. =

Example. 1. Evaluate f In xdx. Taking v = Inx and v = x, we obtain
1
/ln:z:dx =zrlnr — /:z:dln:c =zrlnzx — /x—dx =zlnx—x+C.
x

2. Evaluate [2?e"dx. Note that e*dx = de”. Hence, taking u = 2% and v = €”, we

obtain
/xZezdx = /:c2de” = g2e” — /e“”dac2 = z2e” — 2/956"”(136.

To evaluate [ ze”dx, apply Theorem 1.3 again, this time with « = z and v = e*:

/xexdx:/xdex :xex—/e”’dx:xex—equC.



Hence,
/x%”dx = 226" — 2xe® + 2" + C.

3. Evaluate [ v/1+ 22dx. Taking u = /1 + 22 and v = z, we obtain

V1+a22de = xvV1+ 22— *
/ \/1+:B2

(1+ 2?)
— TP /
1+:c2 \/1+x2

=z 1+:C2—/\/1—|—x2dx+ln(x—|—\/x2+1>+0.

As we see, the same integral appears both in the left hand side and in the right hand side.
Moving the latter to the left and dividing by 2, we obtain

1 1
/\/1+x2dx:§xv$2+1+§ln <x+\/902—i—1) +C.

1.4 Change of variable in the integral

Theorem 1.4 Let u be a continuously differentiable function on an interval I and u (I) C
J where J is another interval. If f is a function on J, which has a primitive F' on J then

/f (u(x))du=F (u(zx)) + C. (1.6)

Note that the composite functions f (u (x)) and F' (u (z)) are defined on I. The identity
(1.6) can be viewed as follows. The fact that F is a primitive of f can be written as

/f(u)du:F(u)+C,

where u here is an independent variable (the argument of f and F). The identity (1.6)
says that the independent variable u can be replaced here by a function u = u (z). The
formula (1.6) is referred to as a change of variable (or substitution) in the integral.

Proof. Note that
[rwaa= [ i

Hence, all we need to prove is that

(F (u(@)) = f (u(@) v ().

Using the chain rule (Theorem 4.4 from Analysis I) and F’ = f, we obtain

F(u(2) = F (u(@)v (z) = f(u(@) (2),

which was to be proved. m



Example. 1. Evaluate [ (az + b)" dz where a # 0. Note that
1
dx = ad(am—l—b).

Setting u = ax + b, we obtain

/(ax+b)"d33:l/(a:ﬂ-l—b)nd(a:ran):l/u”du.

a a

Considering u as an independent variable, we obtain
un+1 _
wdy={ i " 7 -1
Injul, n=-L1

(az+b)"H!
/(a[p + b)n dr = { a(n+1) n 7é ]-7

$Injaz 40|, n=—1.

Hence,

2. Evaluate dz_  Although this is a table integral, we give here an independent

r2-1"
derivation using the linearity of integral and change of variable. We have

1 1 1/ 1
2—1 (x—1D(x+1) 2\z—-1 x+1

whence
/ dx B 1/ dx 1/ dx
2—1  2) =1 2] z+1
1 fd@-1) 1 [d(@+1)
) x—1 2 r+1
Lnjr— 1= imjet1)+C
= —lnlz—-1|—-=In|z
2 2
1 r—1
= —1 C.
2nx+1‘—l—
3. Evaluate

/ xdx
14+ 22

x? 1
xdx:d(g) =5d(1+2%).

Hence, the given integral can be written in the form

1/d(1+x2)_

2 1+ a2

Observe that

2

xdx _1 du
1+22 2/ u’

10

Setting u = 1 + 22, we obtain



In the right hand side, we can consider the integral as if v is an independent variable. By
the table integral, we have
d
/ & lu| + C,
u

xdx 1 1
/ :§ln\u(x)|—|—C’:§1n(1+a:2)—|—C.

1+ 22
dx
sinz’
We have, using u = cos z,

dx B sin zdx B dcosx B dcoszx B du
sinx sinfx siny ) cos?2z—1 ] u2—1
1 -1 1 1-—
= —In 4 —i—C’z—lnﬂ
u+1 2 1+cosz

whence

4. Evaluate

2

In fact, the following trigonometric identity takes place:

1—cosx 0T
——— —tan® —
1+coszx 2
so that q
/ - x :ln‘tanf‘ +C.
sin x 2
5. Evaluate

/ arcsin xdzx.

Using the methods described above, we obtain

/ arcsinzdr = warcsinx — / xdarcsinz  (integration by parts)

. T
= garcsiny — | ———dx
V1—a2

1 [d(1—2?%

= garcsinz + = | ———" (change u=1—2?
2 i (s )
1

= xarcsinx + 3 /u_l/gdu (table integral)

rarcsinz + u*/? + C

rarcsinz + V1 — 22+ C.

1.5 Integration of rational functions

A rational function is a function of the form




where P and () are polynomials of x. Integral of any such function can be found using
the following statement, which we state without proof.

Theorem. (a) Any polynomial Q (x) with real coefficients can be uniquely represented in
the form

Qr)=A(x— rl)kl (= rl)kl (902 +pir+ ql)ml (:U2 + ppx + qn)m" , (1.7)

where the numbers A, ry, pr, qx are real, k;,m; are natural, n,l are non-negative integers,
and the polynomials x® + pyx + q, have no real roots; also, the numbers ry, are distinct
and the couples (py, qr) are distinct.

(b) Any rational function % can be uniquely represented in the form

k;

l n
P(x) by T + Cmj
)+ -+ , (1.8)
Q) jz;kl (z—ry)" ;; (&2 + pjx +45)"

where Q (x) is as in (1.7), Py (z) is a polynomial, and ay;, byj, ¢n; are real.

The numbers 7, are obviously the roots of @ (x), that is, @ (r) = 0. If complex-valued
roots were allowed then, due to the Fundamental Theorem of Algebra, one could always
represent @) (x) as a product of the linear terms only:

Qx)=A(—r)" .. (z—r)". (1.9)

Note that the complex roots of a real polynomial come in conjugate couples: if r =
a+if € Cis aroot of Q) then 7 = a —if3 is also a root because @ (T) = @ (r). Moreover,
the roots r and 7 have the same multiplicity. Obviously, we have

(x=r)(z-7) = (z—a—if)(z—a+ib)

(z— ) + B
z® + px + g,

where p = —2a and ¢ = o + 3%; note that 22 + pz + ¢ has no real roots. Hence, replacing
in (1.9) the terms with conjugate roots by the corresponding quadratic polynomials, we
obtain (1.7).

Formula (1.8) means that each rational function can be represented as a sum of a
polynomial and some number of elementary rational functions of the form

a bx + ¢
(x—r)k” (ac2—|—px—|—q)k7

For practical applications, one does not really need the proof of this Theorem, since the
splitting (1.8) can be found in each case using some algebraic manipulations rather than
a general theory.

12
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Recall that a rational function is a ratio of two polynomials. As was explained in
the previous lecture, each rational function can be split into a sum of a polynomial and
elementary rational functions of the form
a br +c

(x—r)’“ (x2+px—|—q)k7

It is easy to integrate a polynomial because it is a sum of the terms az”. Let us explain how
to integrate the elementary rational function. A function of the type —%— is integrated

(xfr)k
as follows:
d(x —
/Lkdx = a/(x—rk):(changeu:x—r)
(x —r) (x =)
1—k

_ L k#£1

_ k:d _ 1—% )

“/“ T ), k=1,

(iE—T‘)17k
I
Injz—7r|, k=1

bete . ig somewhat more

Integrating the elementary rational function of the type ipetaf

involved. Representing 22 + px + ¢ in the form
22+ pr+q=(x+p/2)°+ (¢ —p*/4) = u? + %

where u = z + p/2 and s = /q — p?/4, we obtain
b b/ /
/ THE g - /Lckdu
(2% + px + q) (u? + s?)
_ b’/ udu k+c,/ du _
(u? + s?) (u? + s2)
Hence, we have to handle the following two integrals:

udu du
% and PSRN
(u? + s?) (u? + s2)

The first of them is taken easily as follows:

d 1 [d(u?+ s
_uaw 2 d(”+5%) = (change v = u? + s?)
(u? + s2)* 2/ (u?+s2)"

_ 1/@:1 S kAL
2) vk 2| Injy|, k=1,

1 u?+s2 1ok
= - %7 k 7£ 17
2| m(®+s?), k=1

The second integral will be evaluated inductively in k. Set

Fk(u):/w;iriusg)k

13



and notice that

d d 1 d 1
Fl(u):/%:/ u2 :—/M:—amtang—{—a
u? + s 52 ((u/s) + 1) sJ) (u/s)"+1 s s
Integrating by parts in Fj, we obtain
U 1
Fouy = ———— [ ud——
k(1) (u2 + s2)" / (u2 + s2)"

_ u N 21{:/ w?du
(u? + SQ)k (u? 4+ 52)k+1

u u? + 52 du
_ —+2k/—du—2ks2/—
(u? + s2)" (u2 + s2)"! (u2 4 s2)F

Uu
- m + 2]{3Fk - 2]{382Fk+1.

It follows that

1 U
Fk+1 - Ok 52 <(u2 n 32)k + (2]{7 — 1) Fk:) ,

which allows to evaluate Fj, by induction in k, starting with F}.

/ dx
x3—x

The denominator is factorized as follows:

Example. 1. Evaluate

P —r=z(@—-1)(x+1).

1
x3—x

Hence, function splits into the sum of elementary rational functions as follows

1 aq a9 as
——— 1.10
-z x+x—1+x—i—1’ ( )

where the constants ai, as, ag are to be determined. To find a;, multiply the equation by

T )
o az as
x2—1_a1+x<x—1+x—l—1)

and notice that this identity is true for all x # 0,1, —1 but by continuity it extends to
x = 0. Setting x = 0, we obtain

ay = —1.

Similarly, multiplying (1.10) by  — 1 and setting = 1 in the resulting identity

:a2+(:c—1)(ﬂ+ “ )

z(x+1) r  x+1

we obtain

N —

a9 =

14



Finally, multiplying (1.10) by  + 1 and setting z = —1 in the resulting identity

1 aq (25)
- - 1) [ =
x(x—1) ag + (v + )<x+x—1)’
we obtain 1
CL3—§.
Therefore,
- 1+1 1 +1 1
B—z oz 2r—1 2z+1
whence
d 1 1
/ﬁ = —ln|x|+§1n|x—1\+§ln|x+1|+0
1. |a?2—1
= 5111 ;C2 “i‘C

2. Evaluate

/ (22 + 16)&;:5 —1)*

Let us split the function f(x) = m into a sum of elementary rational functions
in the form . b+
a a x+c
=+ =4 (1.11)

(x2+1)(x—1)2_(90—1)2 r—1 z2+1

where the coefficients a;, b, ¢ are to be found. Multiplying the both sides by (x — 1)2, we
obtain

—a4ay(x—1)+ (z—1)°R(x),

2 +1
where R (z) = i’;—ﬁ Substituting z = 1, we obtain
1
ap = 5
Subtracting in (1.11) the term %ﬁ, we obtain
1 1 1 as
N = R
((x2—|—1) 2> (x—1)2 x—1+ (z)
1 x2 -1 asg
—= = + R (x
2224 1) (x —1)° r—1 ()
1 z+1 (05}
_Z = R ) 1.12
I NGE-D - -1 fW@ (1.12)

Multiplying by = — 1, we obtain the identity

15



and setting here x = 1, we obtain

N | —

a9 — ——.
It follows from (1.12) that

1 r+1 1 1

SN @oD a1 W

whenee R 12?2 41—(z+1) 1 z@@-1) 1 =z
@) =@ D) 2@T0G-1) 2211

so that R () indeed has the form Zfi‘i Hence, we have

1 11 +1 T
r—1)7 2zx-1 22241

F =3

Now let us integrate each term separately:

/(gcci’ffil)2 _ /%:(changeu:x_l)

-1
= / 72dU—u_—1—|—C

1
= +C,

11—z

1 -1
/ dx:/len\x—lH—C,
r—1 r—1
2

24+1 2

Combining all the lines together, we obtain

1 1 1 9
/f T=570 21 \x—l\—l—zln(x +1)+C.
3. Evaluate
/ dx
(22 +x+1)%

s is already an

The polynomial 22 4+ = + 1 has no real root. Therefore, function m

elementary rational function. Using
+r+1 . 2 +2
“+x =lz+= —
2 4
and making change u = = + % we obtain

e e

16



Recall that

/diu—iarctaDQ—u—l—C
w+ioV3 V3o

On the other hand, integrating the above integral by parts, we obtain
/ du u / J 1
3 = 3 | U 3
u? + 1 u? + 1 u? + 1
u . / 2u d
= — U————=du
A L
u? + 3 —
= % + 2 / 743du
v (u? +%)

u 1 3 1
= +2 7du——/7du.
u? + 3 /u2+§ 2) (u2+32)°

Nl eo

It follows that

3/ LR Y +/ L L2 aetan 2t i
= | Y/ au=—F= U= arctan ,
2) (u2+3)° u? + 3 u? 4 2 w432 /3 V3

whence
/ 1 J 2u N 4 : 2u L
U = arctan — ,
(u? + 3)? 3u2+2 33 V3
and
/ dx 20 +1 . 4 arcta 2x—i—1+C
— I 1 .
(224+z+1)°% 3@2+z+1) 33 /3

In conclusion, let us mention a method for obtaining the coefficients ay; of the expan-

sion of ggg in (1.8). Fix one of the roots, say r, of @ (z), and let k be its multiplicity.

Then rewrite (1.8) in the form

P(x): a; N a9 — aj
Q) z-—r (;c—r)2 (ac—r)k

+R(z), (1.13)

where R (z) is the remainder term containing other roots of () (x) as well as the quadratic
terms. Note that R (z) has a finite value at 2 = r. Multiplying (1.13) by (z —r)*, we
obtain

P (x)
Q(x

(=7 = ge+apa(z—r)+. .. Fa(c—r"+@-r)"R(2)

~—r

= aptaa(@—r) . Fa(e—r)""+o@—rFf"asz—r

Hence, by Theorem 4.14 of Analysis I, we conclude that the coefficients ay, ..., a; are the

Taylor coeflicients of the function f (z) = gég (z — )" at & = r, whence it follows that
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1.6 Separable differential equations

An ordinary differential equation (ODE) is an equation containing an unknown function,
say ¥y = y (x) and its derivatives. A general ODE has the form

F (x7y7 y’? "'7y(n)) = O

where F'is a given function of n + 2 arguments, x is an independent variable, y = y ()
is an unknown function to be found. The order of an ODE is the maximal order of the
derivative of y that is contained in this equation, which in this case is n.

Consider the following ODE of the 1st order:

y =1y,

where [ is a given function of two arguments and y = y (z) is unknown. As we already
know, the simplest differential equation

is solved by integration:

yszwwm

Consider another example of the 1st order ODE:

y = ay,
where a is a constant. One solution is easy to guess: y = e**. Clearly, a function y = C'e®

is also a solution, for any constant C'. It turns out that this formula gives all solutions.

Claim. Any solution to the equation iy’ = ay in any open interval is given by the formula
y () = Ce™ where C is a constant.

Proof. Let y (z) be a solution on an interval I. Assume first that that y (z) does not
vanish in a certain open interval I, C I. Then we can divide by y and obtain in /; the
equation

= =a.
y

Observing that % = (In|y|)’, we rewrite the equation in the form
(Infy) = a,
which implies

1n|y]:/adx:ax+0,

jyl = e

Therefore, y (r) = e“e® or y(z) = —e%e®. In fact, y (x) must have the same sign on

the entire interval Iy because otherwise, by the intermediate value theorem (Theorem 4.3
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from Analysis I), function y would have take also the value 0. Renaming e or —e® by
C, we obtain that, for all x € I,
y(z) = Ce™. (1.14)

Consider now an arbitrary solution y(x) in I. If y(z) = 0 on [ then we can write
y (x) = Ce™ with C' = 0. Let us show that the following two cases exhaust all possibilities:
either y is identical zero on I or y does not vanish on /. Then the Claim will be proved
since in the both cases we have proved (1.14). Assume from the contrary that y (zo) # 0
for some x¢ € I but y(x) = 0 for some = € I. Without loss of generality, assume that
T > xo9 and set

ry =inf{z >z : y (x) = 0}.

By the continuity of y, we have also y (z1) = 0. On the other hand, in the interval
Iy = (xg, x;) function y does not vanish, which implies by the first part of the proof that
y = Ce® in this interval, with C' # 0. Again by continuity, the same formula extends to
x = x1 whence we conclude that y (x;) # 0. This contradiction finishes the proof. m

In applications, a differential equation frequently comes with additional requirement
that y (zg) = yo for some given zy and 7y, which is called the initial condition. For
example, in the family of solutions y (z) = Ce® (where C' is any real number), for all
Z0,Y0 € R there is exactly one solution such that y (z¢) = yo. Indeed, substituting these
values, we obtain yy = Ce®° which holds for C' = yye™*". Hence, we obtain the unique
function y (z) = yoe®®~20) which satisfies the equation 4’ = ay and the initial condition
y (z9) = yo. This solution is called a particular solution as opposed to the general solution
y = Ce™.

Consider the graphs of all solutions y (z) to the equation 3y = ay. It follows from the
above argument that, for any point (z¢,yo) on the plane, there exists a unique graph of
the solution that goes through this point. The graphs of the solutions of an ODE are
called the integral curves of this equation. Below are shown some integral curves of the
equation y = ay with a = 0.3:

w

¥\
AN

Similar argument can be used to solve more general equations having the form
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Any equation of this form is called a separable ODE, because the variables x and y are
separated on the right hand side. A separable ODE can be solved as follows. If g (y)
vanishes at some point yo then y = g is a constant solution. In the domain where
g (y) # 0, we can write

Y
=f(x
9 () fa)
or, multiplying by dx,
dy
—— = f(x)dx.
9()

Integrating the both sides and using the change of variable in the left hand side (namely,
considering y in integration as an independent variable), we obtain

J .

After evaluating these integrals, we obtain an explicit relation between y and x. Resolving
it with respect to y, we obtain y (z). This method is called the method of separation of
variables.

Example. 1. Solve 3/ = —%. Separating the variables, we obtain the equation
yy =—=
whence
/ ydy = — / xdx.

After integration, we obtain
y2 = —1'2 + Ca

which can also be written in the form 22 + y* = C. The integral curves of this equation
are semi-circles y = +/C' — 22

2. Consider the following physical problem. A heated body is cooling down in a media
of constant temperature 7' (say, in air or in water). Let us find out the temperature u (¢)
of the body at time ¢ using the Fourier law of heat conductance: the rate of decrease of
u (t) is proportional to the difference u (t) — 7', that is,

where k > 0 is the coefficient of thermoconductance of the body. The above equation is a
separable ODE. Its obvious solution is u (t) = T, but we are interested only in solutions
with u (t) > T. Assuming that, we can divide by v — T" and obtain

whence

du
[ fa

In(u—T)=—kt+C,
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w=T+ Ce ™.

It is clear from this formula that u (t) — T as t — +o0.
The constant C' can be found from the initial condition u (0) = ug, which gives uy =
T + C, whence C' = uy — T" and, hence,

w(t) =T+ (ug — T)e ™.

In fact, the coefficient k can also be found if we have one more measurement of the
temperature u (t) at some time ¢ > 0.

3. Consider the following mechanical problem. A body falls down along a straight
line in a viscous media such as a gas or a liquid. Denoting by z (¢) its coordinate at time
t on the vertical axis directed downwards, let us find the function z (¢) under reasonable
physical assumptions. The are two forces acting on the body: the gravity mg directed
downwards (where m is the mass of the body and g is the acceleration of the gravity) and
the friction force kv? directed upwards, where v = v (t) is the velocity of the body and k
is the viscosity coefficient. Denoting by a (t) the acceleration of the body at time ¢, we
obtain by the second Newton’s law

ma = mg — kv

For simplification, take ¢ = 1 and m = k (which can always be achieved by appropriately
changing the units of length and time) and rewrite the equation in the form

v =1-1% (1.15)

where we also have used that a = ¢'. This is a separable ODE, which can be solved
by separation of variables. Note that by the physical meaning function v (t) must be
non-negative.

First, notice that (1.15) has a constant solution v = 1. If v (¢) does not take value 1
then we separate variables as follows:

UI

=1
1 — 2 ’
dv
= [ dt
/1—U2 / ’
1 14w
—1 =t+C
el s R

1+wv — 2420
1—w

Renaming e2¢ or e2¢ by C, we obtain
l+v Ce2t
1—v ’
Ce* —1

Note that C'is (1.16) is any real number except for 0. For example, we can see from (1.16)
that v (f) — 1 as t — +oc.
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The integral curves v (t) of the equation in question look as follows:

As we see, those integral curves that are below v = 1, have the domain of the form
(to, +00) where v (tp) = 0 (this occurs when C' > 0). This corresponds to the physical
situation that the body starts falling at time ¢, with the initial velocity 0 and accelerates
to the terminal velocity 1 (when ¢t — +00). The curves that are above v = 1 (which occur
for C' < 0) correspond to the case when the initial velocity of the body is higher than 1
and it slows down (decelerates) so that its terminal velocity is again 1.

Next, notice that 2’ (t) = v (t) whence

If v(t) =1 then z(t) =t + Cy. If v (t) is given by (1.16) then

Ce? —1 —Ce? — 14 20e*
2 = Ce? + 1dt N / Ce? +1 dt
20e?
= /dt+ Ot 1 dt
(Ce*t + 1)
b+ / Ce? +1
= —t+In|Ce” +1|+Ch. (1.17)

The actual values of the constants C', C; can be found using the initial data v (¢y) and
z (to) at the initial time to. For example, let us impose the initial conditions

2(0) =v(0) =0. (1.18)
Then setting ¢ = 0 in (1.16), we obtain
~C0-1
O+ 1

whence C' = 1. Setting ¢ = 0 in (1.17), we obtain 0 = In2 + C}, whence C} = —1In2.
Hence, the solution satisfying the initial conditions (1.18) is
e +1 el +et

z(t)=—t+1n 5 = In 5 = Incosht.
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2 Riemann integral

2.1 Definition of the Riemann integral

Let f (z) be a function defined on a closed interval [a,b] where a < b are real numbers.
Our purpose is to define the notion of the definite integral

/abf(ac)dx

which is a number that can be interpreted as the area under the graph of function f. The
procedure for that is due to Riemann and, hence, this notion is called also the Riemann
integral.

A partition (Unterteilung) of the interval [a, b] is any finite strictly increasing sequence
{xi};_, such that xy = a and z,, = b, that is

a=Top < Ty < Xg... < Tp_1 < Ty =b.

Normally we denote a partition by p, that is, p is just a sequence {z;};_, as above. For
any partition p = {zy},_, define the mesh of partition (Feinheit) by

m (p) = max {Azy},_,
where
A.l“k =T — LTk—1-

A tagged partition is a partition {z;},_, together with another sequence {¢,};_, such
that &, € [xx_1,xx] . The points £, are called tags (Stutzstellen). In other words, on each
of the intervals [xj_1, zx] we mark one point &,. We denote a tagged partition by (p, &)
where p is a partition and & is the sequence {£,},_, of tags.

With any tagged partition (p, &) we associate the Riemann sum of f defined by

S(f,p,6) =Y [ (&) Axg.
k=1

Geometrically, S (f,p,&) is equal to the sum of the areas of rectangles with the base
[z_1,z1] and the height f (&), which approximates the area under the graph of f (x) as
on the picture below.

Ay

S)

-~
[

AN

e

L

v

a Xe1 & Xk b X
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Now we consider the limit of the integral sums when the mesh of the partition tends
to 0. Namely, we write that

lim S(f,p,&)=A
im, (f,p,6)

where A € R, if, for any € > 0, there exists § > 0 such that for all tagged partitions (p, &)
with m (p) < 0 we have

1S(f;p, &) — Al <e.

Definition. A function f on [a,b] is called Riemann integrable if the limit

lim 5 (f,p,¢)

m(p)

exists. The value of the limit is called the Riemann (definite) integral of f and is denoted

by b
/a f(x)dz.

b n
/f(x)dm: lim > f (&) Ay (2.1)
@ k=1

m(p)—0 4=

In other words,

The notation fab f (x) dz was invented by Leibniz and was chosen to be reminiscent of

Zzzl f (&) Ay

The following questions arise in relation to this definition:

1. What functions are integrable and if a function is integrable then how to find the
Riemann integral?

2. What the Riemann integral is useful for?

3. What is the relation to the indefinite integral [ f (z) da?

These questions will be answered in due course. So far we give two examples.

Example. 1. Let f(z) = ¢ be a constant function. Then f is Riemann integrable
because for any tagged partition (p, §)

S(£,0,6) = f(&)Azg=c) Awmy=c(b—a)
k=1 k=1

and, hence, the limit in (2.1) exists and is equal to ¢ (b — a). Hence, we can write

/abcdx:c(b—a).

2. Let f be the function



Then f is not Riemann integrable on any interval. Indeed, whatever is the partition
p = {xr}_,, we can choose tags {, to be rational so that f () = 0 and, hence

S(f.p, &) =0.

On the other hand, we can choose the tags to be irrational so that f (§,) = 1 and, hence,

S(f7p7£) =b—a.
Hence, the limit lim,, o S (f,p,§) does not exists.

2.2 Ciriteria of integrability

Define the notion of Darbouz sums of f as follows: for any partition {x;},_,, the upper
Darboux sum is defined by

n

S*(f,p) =) sup f(x)Awy

k=1 [Zk—1,7k]

and the lower Darboux sum by

n

S, (f,p>=§j[ inf  f () Az

Tp_1,T
Pl L k]

Note that the Darboux sums do not depend on the choice of tags. Geometrically, S* (f,p)
is the sum of the areas of the rectangles that cover the area under the graph of f:

Ay

Jx)

»
»

a X1 X b x

and S, (f,p) is the sum of the areas of the rectangles that are contained under the graph
of f:

Ay

S)

N

v
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Since for any &, € [xg_1, Tl

inf f(]?) < f(fk) < sup f(l“),

[Tp—1,%k] [k—1,78]

we obtain from the comparison of the Riemann and Darboux sums that, for any choice
of tags &,

Definition. A function f is called Darbouz integrable if,

lim (S (f,p) — S« (f,p)) = 0.

m(p)—0

In other words, for any € > 0 there exists 6 > 0 such that, for any partition p with
m (p) <9,

Theorem 2.1 (Darboux criterion of integrability) Function f is Riemann integrable if
and only it is Darbouz integrable.

Proof. Assume that f is Riemann integrable and let

A:/abf(x)dm.

Then, for any € > 0 there exists § > 0 such that for any tagged partition (p,&) with
m(p) <6
|S(f7p7€) - Al <é&.

Note that this is true for any choice of the tags £. The tags &;, € [xx_1, xx] can be chosen so
that f (&) is arbitrarily close to supy,, . .1 f (z). Then S (f,p,§) can be made arbitrarily
close to S* (f,p), which implies that also

15" (f,p) — Al <e.

Similarly, we obtain

|S* (fap) _A| <¢g,

whence
1S* (f,p) = S« (f.p)| < 2e.

Renaming 2¢ to e, we obtain that f is Darboux integrable.

To prove the opposite implication, we need some properties of Darboux sums. We say
that a partition p’ is an extension (or refinement) of partition p if, as a set of points, p
is contained in p’, that is, p C p’. One can also say that p’ is obtained from p by adding
more points to the partition p.

Claim 1. If p' is an extension of p then

S*(f,p') < S*(f,p)
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and
S, (f, p/) > Sy <f7 p/) :

In other words, when refining the partition, the upper Darbour sum decreases and the
lower Darbouzx sum increases.

Let p = {z3},_, and p' = {x%}zlzo Since p C p/, any interval [z)_1, z;] of partition p
coincides with some interval [z}, 2/ | so that

Tpo1 =2 < Tpyq < .. < Ty, = Ty
Therefore,
sup f(2) (te —axa) = > sup f(x) (2 —ai )
[Tk—1,2k] i t1 [TE—1,7k]
> 3w o) (-
i=i11 [y

Adding up such inequalities for all k, we obtain S* (f,p) > S*(f,p’). For the lower sums
the proof is similar.

Claim 2. For any two partitions p' and p”,

S* (f7 p/) S S* (f7 p") . (23)

In other word, any lower Darbouz sum is at most any upper Darboux sum.

Let p be the partition that is obtained by merging p’ and p”, that is, as a set of points,
p=p Up". Then p is an extension of both p’ and p”, and we obtain by (2.2) and Claim
L,

S (f,0) < Sc(fip) <57 (f,p) < S™(f,0"),

whence the claim follows.
It follows from Claim 2 that

Claim 3. If f (z) is Darbouz integrable then

sup S, (f,p) = inf S*(f,p)-

Indeed, set
A=supS,(f,p) and B =infS*(f,p) (2.5)
» P

so that by (2.4) A < B. On the other hand, by definition of the Darboux integrability,
for any € > 0 there exists § > 0 such that, for any partition p with m (p) < 9,

In particular, this implies that B — A < . Since this is true for any ¢ > 0, we obtain
A= B.

27



10.11.06 Prof. A. Grigorian, Analysis I, WS 2006-7
Now we can prove that if f is Darboux integrable then f is Riemann integrable. In
fact, let us prove that

lim S (f,p,&) = A,
m (f,p,6)

where A is defined by (2.5). Indeed, for any ¢ > 0 there exists 0 such that, for any
partition p with m (p) < 6,

By definition of A and B and by A = B, we have

Se(fip) A< S*(f,p).

By (2.2) we have

Therefore, both numbers A and S (f, p, ) belong to the same interval [S, (f,p),S* (f,p)],
which implies that

‘S<f>p7£)_A‘ SS*(f?]?)_S*(f?p) <é€

and which finishes the proof. m
Hence, being Riemann integrable or Darboux integrable is the same. In the future,
we’ll simply say that a function is integrable if it is Riemann or Darboux integrable.

Corollary. Function f is integrable if and only if both limits

m S*(f,p), m%}f)rio S (f.p) (2.6)

li
m(p)—0

exist (as real numbers) and are equal. Moreover, if [ is integrable then

m(p)—0

b
lim S°(f,p) = lim S.(fp) = / f(@)dz=supS. (fp) =i §"(fp). (27

Proof. If the limits (2.6) exist and are equal then the limit of their difference is 0,
which means that f is Darboux integrable. If f is integrable then we have

lim (S*(f,p) — S« (f,p)) =0

m(p)—0

and
lim S (f,p,&) exists.
m(p)—0

Since

S« (f,p) and S* (f, p) must have the same limits as S (f, p, €) . Since the latter is f; f (z)dx,
we obtain the left identities in (2.7). The right identities were verified in the proof of The-
orem 2.1. m

Corollary. (Necessary condition for integrability) If a function f is Riemann integrable
on |a,b] then f is bounded from above and below on this interval.
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Proof. Indeed, if supj,; f = +oo then for any partition p, there is an interval
[2x—1, 1] such that supy, ., f = +00, which implies that

S (f,p) = +oc.

On the other hand, S, (f,p) < 400, which makes the inequality

S*(fup)_s*(f7p) <é

impossible. Therefore, supy,; f/ < +00. In the same way, inf(,p f > —oo, which proves
the claim. m

Theorem 2.2 (Sufficient conditions for integrability)
(a) Any continuous function f (x) on |a,b] is integrable on this interval.
(b) Any monotone function f(x) on |a,b] is integrable on this interval.

For the proof of part (a), we need a notion of uniform continuity (Gleichmdifig
Stetigkeit).

Definition. A function f (x) on an interval [ is called uniformly continuous if, for any
e > 0, there exists § > 0 such that

ryye€land |z —yl<d = |[f(x)— f(y)| <e.

Recall that f is continuous on [ if f is continuous at any point x € I, that is, for any
x € I for any € > 0 there exists o > 0 such that

yeland [z —y|<d = [f(z) - f(y)l <e

In the definition of the continuity at z, the parameter 6 may depend on z, while in the
uniform continuity 0 must be the same for all x, which explains the term “uniform”.

Example. The function f (z) =  is continuous in (0, 1) but is not uniformly continuous.

Indeed, whatever is 6, choose 0 < < § and y = z/2 so that |z —y| < ¢ whereas the
difference

1f (@) = f (W)l =

can be made larger than ¢ just by taking x small enough.

Lemma 2.3 If f (z) is a continuous function on a bounded closed interval I then f is
uniformly continuous on 1.

Proof. Fix some € > 0. For any point « € I there exists ¢ (z) > 0 such that
ly—x[ <d(x) = |f(y) - f(2)] <e/2.
Denote by J, the open interval (z — 30 (z),z + 26 (z)). Obviously, the family of all

intervals {J,},.; covers I. By the compactness principle (Theorem 1.10 from Analysis
I), any family of open intervals covering of a closed bounded interval I contains a finite
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subfamily that also covers I. Hence, select finitely many intervals J,,, ..., J;, that cover

I. Set ]
== min {6 (zx)}

2 1<k<n

and prove that
yoy'€land [y —y'| <6 = |f(y) - F (") <e, (2.8)

which will prove the uniform continuity of f. Indeed, the point 3’ belongs to some of the
intervals J,, so that

1
Iy — x| < 55 (zk) .

Since ]
v~ o/ <6< 36 (w),

we obtain also
1y — x| < 0 (x).

Hence, by the choice of § (xx), we have
If (@) = f(z)] <e/2

and
1f (") = f(2)] <e/2
whence (2.8) follows. =

Proof of Theorem 2.2(a). By Lemma 2.3, function f is uniformly continuous on
[a, b] that is, for any € > 0 there exists § > 0 such that

[z —yl <0 = |f(x) - fy)l <e.

Consider now any partition p = {z}},_, of [a,b] with m (p) < d. Then, for any two points
T,y € [Tg_1, 7] we have |z — y| < § and, hence

[f () = f(y)l <e

In particular, this implies that

sup f— inf f<e¢

or-rar] [Eeo]

whence

S*(fap)_s*(fap) = ( sup f_ inf f) (:I:k_:rk:—l)

el (A M O

I
_

< €Y (vp— k1)

\E

1

—a).

Renaming € (b — a) by e, we obtain that the function f is Darboux integrable, which
implies by Theorem 2.1 that f is Riemann integrable. m

/N
S

= £
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Proof of Theorem 2.2(b). Assume for simplicity that f is monotone increasing.
Obviously, we have for any partition p = {z)};_,

sup f = f (k)
[mk—l,ﬂfk}
and
in f = f (.kal)
[l’kflvl’k]
so that

S*(fap)_s*(fap) = Z( sup f_ inf f) (:I:k_xk:—l)

=1 \[Tk—1,7] [Tr_1,7k]

n

= ST (@) = (@r-1) (n — 24a)

k=1

Hence, if m (p) < § then
S (fip) = S (fip) <0 (f(b) = f(a)).

If ¢ is small enough then the right hand side here is < ¢, which means that f is Darboux

integrable. m

2.3 Further properties of the Riemann integral

The next theorem establishes the relation between indefinite and definite integrals.

Theorem 2.4 (The fundamental theorem of calculus — Fundamentalsatz der Dif ferential-
und Integralrechnung). Let f(x) be a continuous function on a bounded closed interval
la,b] and let F () be its primitive on this interval. Then

/ F(@)de = F(b) - F(a). (2.9)

This formula is also called the Newton-Leibniz formula, and it is a cornerstone of
Analysis. It can also be written in the form

b
/ F'(z)dz = F (b) — F (a).
To describe yet another form of (2.9), let us introduce the following notation:

[FIL = F (b) - F(a).

Then, using the fact that F' = [ f (z) dz we can write

/abf(x)dx: [/f(x)dx}:
3

1



This formula explains why the notation for the definite and indefinite integrals are so
similar, despite the fact that the notions are entirely different.
Proof. By Theorem 2.2, the function f is integrable. Recall that, by definition,

b
/ f(x)de = lim S(f,p¢).
a m(p)—0
Fix a partition p = {z}},_, of the interval [a, b] and choose tags { = {{,},_, as follows.
By the mean value theorem (Theorem 4.9 from Analysis I), there exists &, € [zx_1, Tx] so
that
F(ay) = Fzp-1) = F' (&) (xp — 25-1) -

Taking &, as tags, we can evaluate the Riemann sum for the tagged partition (p,&) as
follows:

S(f,p,§)

> (&) (@ —wi4)

= D F'(&) (an — xpa)

= 3 (F(aw) ~ F (2:0))

— F(b)—F(a).

Therefore, the only possible value for limy,,)—0 S (f,p, ) is F' (b) — F' (a) whence the claim
follows. m
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Example. 1. Let f () =1 — z2. Then

/_11(1—m2)dm: U(l_xa)dxrl: {x_%?’]:%

Geometrically the above computation means that the area bounded by the parabola
y =1— 22 and the z-axis is 4/3.

In particular, it is 2/3 of the area of the bounding box [—1, 1] x [0, 1]. The rule that the
area under the parabola is 2/3 of its bounding box was first discovered by Archimedes,
who, in the modern terms, was able to evaluate the definite integral directly by definition

as the limit of the Riemann sums, without knowing the Newton-Leibniz formula.
2. Let f(x) = <. Then, for a > 1,

/@:l/%l = [Inz]} =Ina.
LT T |,

This formula can be used as an independent definition of the natural logarithm, which
then leads to definition of exp ().

3. Let f(x) = Hlxg. Then, for a > 0,

¢ dx de 1¢ a
= = 5| = larctan z; = arctan a.
0o 1+ 1+a2%],

This formula can be used for an independent definition of arctan x, which then leads to
definition of tan x.

Note that we did not write the usual constant C' in integration because it always
cancels out when taking the difference F'(b) — F'(a).

Theorem 2.5 (Linearity of integral) If functions f and g are integrable on [a,b] then
also \f + pg s integrable where \, pv are constants, and

/ab()\erug)dx:)\/abfderu/abgda;. (2.10)
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Proof. Let (p,&) be a tagged partition of [a, b]. Then

n

SO +ug.p.€) = Y (Af+ng) (&) Ay

k=0
=AY FG) An+ Yy g(&) Aw,
k=0 k=0

and when m (p) — 0, the above expression tends to

)\/abf(m)dx—l—u/abg(x)dx.

By definition, this means that A\f + pg is Riemann integrable and (2.10) holds. m
Theorem 2.6 (Monotonicity of integral)

(a) If [ is integrable on [a,b] and f > 0 then

b
/ fdxz > 0.

(b) If f and g are integrable on [a,b] and f > g then

b b
/fda:Z/ gdx.

Proof. (a) Indeed, all Riemann sums of f are non-negative, which implies that their

limit is also non-negative, which finishes the proof.
(b) Since by Theorem 2.5

/fd:v—/gd:c—/ (f —g)d

and f — g > 0, the claim follows from part (a).
Corollary. If f is integrable on [a,b] then

b
(b—a)inffg/ fdz < (b—a)sup f.

[a,0] [a,b]

Proof. Let ¢ =supy,; f. Then f < c on [a,b] whence by Theorems 2.6 and 2.5

b

abfdxﬁ/abcdx:c/abdx:c{/dx} =c(b—a).

The lower bound is proved similarly. m

Theorem 2.7 If f is integrable on [a,b] then |f| is also integrable and

/ fda| <

/ |fldz. (2.11)
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Proof. We claim that, for any interval I C [a, b],
sup /| —inf [ f] < sup f —inf f (2.12)
Denoting the right hand side of (2.12) by M, we have, for all z,y € I,
f @ =1 <|f(@) - fyl<M

Taking sup in x € I, we obtain

sup [ f ()] = [f (y)| < M,

zel

and taking sup in y € I, we obtain

sup | f| —inf | f| < M,

which proves (2.12).
It follows from (2.12) that, for any partition p = {z)},_, of [a, D],

S*(If1,p) = S (If],p) = Z( sup |f| = inf }|f|> Ay

=0 \[Tr—1,2k] Th—_1,Tk
< Y | sup f— inf f] Az
=0 \[Zk—1.2k] [Tr—1,7k]

Since
S*(f,p) = S« (f,p) — 0as m(p) — 0,

we obtain the same property for |f|, which means that |f| is Darboux integrable.
To prove (2.11), observe that f < |f| and —f < |f|, which implies by Theorem 2.6

/abfdxs/ablflda:
—/abfdxé/ablﬂdff

whence (2.11) follows. Alternatively, for any tagged partition (p, &) of [a, b],

and

1S (f.p,6)] =

> F(&) Axy
k=0

<D I () A = S (If1.p,6).
k=0

Passing to the limit as m (p) — 0, we obtain (2.11). m

Theorem 2.8 (Additivity of integral) Let f be an integrable function on [a,b]. Then, for
any c € (a,b), f is integrable on |a,c] and [c,b], and

/abfdx:/:fdx+/cbfdx. (2.13)
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Proof. Let p’ and p” be partitions of [a, c] and [c, b], respectively. Obviously, the set
p=p Up" is a partition of [a, b],

m (p) = max (m (p') ,m (p"))

and

S*(fip) =57 (f.0)+5(f.p"), (2.14)
and the similar identity holds for S,. Since f is integrable on [a, b], we have

Jim (5° () = S, () = 0. (2.15)
Since

S*(fip) = Su(fip) = (S*(f,0)) = S (£:0) + (5™ (f,1") = S (£, 0"))
this implies that

lim (5" (f,p) = S« (f,1))) =0=_Tlim (5*(f,p") = 5. (f.,p")).
m(p")—0 m(p")—0
Hence, f is integrable on [a, ¢| and [c,b] . Passing to the limit in identity (2.14) and using
(2.7) (see Corollary to Theorem 2.1), we obtain (2.13). m

Corollary. If f is integrable on [A, B] then f is integrable on any interval [a,b] C [A, B].

Proof. Indeed, by Theorem 2.8 f is integrable in [A,b]. Since a € [A,b], applying
this theorem again, we obtain that f is integrable on [a,b]. m
So far the notion of integral
b
/ fdx

was defined only for the case when a < b. Numbers a and b are called, respectively, lower
and upper limits of the integral. Now we define the integral for an arbitrary combination
of the lower and upper limit as follows: if a = b then set

/aaf (z) dz = 0, (2.16)
/ e —/af(x) iz, (2.17)

assuming that f is integrable on [b,a]. The operation of swapping a and b is referred to
as change of the order of integration. Hence, changing the order of integration changes
the sign of the integral.

Observe that the Newton-Leibniz formula and the linearity of integration remain true
for arbitrary upper and lower limits, whereas the monotonicity property requires a specific
order (see Exercise 17).

if a > b then set

Corollary. If f is integrable on [A, B] then, for any three points a,b,c € [A, B], we have

/ab fdx = /ac fdx + /cb fdx (2.18)



Proof. By the previous Corollary, all three integrals (2.18) are defined.
If ¢ = a or ¢ = b then (2.18) holds trivially by (2.16). If a = b then (2.18) is equivalent

Oz/acfd:c+/cafda:,

which is true by (2.17). If a, b, ¢ are distinct then there are 6 cases of their mutual location,
which can be split into two groups:

to

l.c<a<b a<c<b, a<b<c(in this group a < b),

2. c<b<a,b<c<a,b<a<c(in this group b < a).

The case a < ¢ < b was proved in Theorem 2.8.
If ¢ < a < b then rewrite (2.18) in the form

/fdx— /fdx+/fd:v (2.19)

Since a € (¢, b), we have by Theorem 2.8

b a b
/ fdx:/ fdx—i—/ fdz,
whence (2.19) follows.

If a < b < ¢ then rewrite (2.18) in the form

/fdx—/fdac—/fdx. (2.20)

Since b € (a, c) we have by Theorem 2.8

c b c
/ fd:z':/ fdx+/ fdx,
a a b
whence (2.20) follows.

The cases of the second group are considered similarly or obtained from the cases of
the first group by changing the order of integration. m
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Before we proceed, let us briefly list (without precise conditions) the main properties
of the Riemann integral that we have proved so far.

e The Newton-Leibniz formula:

/ F(@)dz = F (b) — F (a).

/ab()\erMg)dx:)\/abfdx+u/abgdx.

e Monotonicity: if f > g and a < b then

b b
/fdxz/ gdzx.

As a consequence, we have proved that

e Linearity:

b
(b—a)[iar}bf]f S/a fdx < (b—a)sup f .

[a,b]

The latter implies the following estimate of the absolute value of the integral

/abfda:

which is true also when a > b. Inequality (2.21) is frequently called LM-inequality
(or M L-inequality). Here L stands for “Length” that is, [b — a|, and M stands for
“Maximum”, which refers to sup | f|.

/abfdx:/acfd:v—l—/cbfdm.

Using these properties, we are now in position to prove that any continuous function
admits a primitive as was promised in section “Indefinite integral”.

<|b- a!TuglfL (2.21)

e Additivity:

Theorem 2.9 (Existence of a primitive for a continuous function) If f is a continuous
function on an interval I C R then, for any c € I, the function

F(x):/xf(t)dt

is a primitive of f. In particular, f has a primitive on I.
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Let us emphasize that I is here an arbitrary interval.
Proof. Since f is continuous, the integral fcx f(t)dt is defined by Theorem 2.2. We
need to prove that F (z) = f (z) for any = € I, that is,

F(y) = F(x)

= —f(z) = 0asy —x (2.22)

(assuming that y € I). We have, using additivity of integral,

P -F@ = [faa- [ ro
- /Cyf(t)dtJr/:f(t)dt
_ /jf(t)dt

Using the fact that ff dt =y — x, we obtain

PO ) = = [0 -

y—x y—x

- _x/f 1yt - _x/f

_ /(f(t) f () dt,

y—x

y
/dt

where in the last computation we have used the linearity of the integral. Observe that
the variable of integration is ¢ and, hence, f (z) can be regarded as a constant, which can
be moved inside the integral.

Next, using L M-inequality, we obtain

Fy) - F (@) S U P
U jw)| - | v
< ——(y—o) sw |F ()~ (@)
Yy telz.y]
= [£(0) -1 (2)

Finally, by the continuity of f at =z,

sup |f(¢) — f ()] = 0asy — u,
telz,y

whence (2.22) follows. =

With Theorem 2.9 at hand, we can restate Theorem 2.4 (the fundamental theorem
of calculus) as follows: for any continuous function f on an interval [a,b], a primitive
function F' exists on [a, b] and

/ f(x)dr =F(b) — F(a).
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If one ignores the question of existence of a primitive then one can end up with wrong
results. For example, consider the following computation:

1 1
- |[%] —mpi-o
1 T X 1

What is wrong here? Firstly, the function & is unbounded on [—1,1] (in fact, it is not

defined at 0 but this can be helped by extending it to 0 somehow) and, hence, it is not
integrable on [—1, 1] . Secondly, the primitive In |z| is defined away from 0 and, hence, not
in the full interval [—1,1] as required by the Newton-Leibniz formula. Hence, the latter
is not applicable here.

2.4 Techniques of definite integration

This techniques include the Newton-Leibniz formula as well as integration by parts and
change of variable for the definite integral.

Theorem 2.10 (Integration by parts for the definite integral) If u, v are two continuously
differentiable functions on a bounded closed interval [a,b] then

/a iy =[] — / vl (2.23)

Proof. By Theorem 1.3, we have

/ wdv = uv — / velu (2.24)

Note that both integrals here exist by Theorem 2.9. For example, the integral

/udv = /uv’dx

exists because uv’ is continuous (the existence of these integrals was used in Theorem 1.3
without proof).
It follows from (2.24) that

Uudv]zz [uv)” — {/vdu}:.

By the Newton-Leibniz formula, we have

[t~ fua]

and a similar identity for the second integral in question. Combining these identities, we
obtain (2.23). m
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Example. Let us evaluate the integral fow e’ cos xdx. Noticing that e*dr = de® and
applying (2.23) with u = cosz and v = €”, we obtain

/7r e’ cosxdr = [e"cosx]) — /7r e“dcosx
0 0
= —e”—l—l—/ﬂexsinxdx
0
= —(e”—|—1)—|—/7rsinaz:de:C
0
= —(e"+1)+[e"sinx]j — /7T e’ cos xdz.
0

Moving the integral to the left hand side and dividing by 2, we obtain

/” - em+1
e’ cosxdr = — .
0 2

Alternatively, one can first evaluate the indefinite integral [e”cosz and then use the
Newton-Leibniz formula.

Theorem 2.11 (Change of variable for the definite integral) Let w be a continuously
differentiable function on an interval I = |a,b] and f be a continuous function on the

interval u (I). Then
b u(b)
[ rwana= [ sy (2.25)
a u(a)

Recall that the left hand side of (2.25) is a shorthand for

/f () do.

Formula (2.25) can be memorized as follows. When making a change y = u (z) in the
integral, one has to replace also the limits a and b of integration in variable x by the limits
u(a) and u (b) of integration in variable y. Note that u (a) and u (b) do not have to be
the endpoints of the interval u (7).

A

u(a) %u(b)

= >y
——
u(l)
I=[a,b]
A
Ja ~ >
a b
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Frequently, one uses letter u instead of y writing

u(b)
/ fu(z))du= f(u)du

u(a)
Such notation should be used cautiously since in the integral on the right hand u is an
independent variable while the notation u (a) (and w (b)) hints that u is still considered
as a function of z.
Proof. Note that the image u (I) is a closed bounded interval (Theorem 3.8 from
Analysis I). Since f is continuous on u (I), by Theorem 2.9 it has a primitive on this
interval, say F'. By Theorem 1.4, we have

/ f (u (@) ol (2)de = F (u(2)) + C,

in particular, F'(u (z)) is a primitive of f (u(x))w (z) on [a,b]. In fact, this identity is
just a simple application of the chain rule because

(Fou) (z) = F'(u(2))u (z) = f (u (@) ().

Hence, by the Newton-Leibniz formula,

/ f (@) o (z) de = F (u (b)) — F (u(a)). (2.26)

On the other hand, applying again the Newton-Leibniz formula, we obtain, for any A, B €
u(l),

/f )dy = F(B) - F(A),

which implies for A = u (a) and B = u (b), that

/ f @) dy = F () - F (u(a)). (2.27)

Comparing (2.26) and (2.27), we obtain (2.25). =
Example. 1. Find | ° do_

e(L‘
the form f (u) du where u = u (). If the choice of u () is not obvious then one can try to
use as u (x) some expression that occurs under the integral. In this case, it is reasonable

to take u = ¥ — 1. Then du = e*dx whence

du
u+1

dr = e “du =
Therefore,
dr du
et —1 u(u+1)
By (2.25), we have

so that we can take f (u) = u(u+1)

/2 dv / /“<2> L1y,
Lee—1 u+1 w1y \u  u+1 "
u(2) 2
_ [ln ] (e 1)6_1n€+1
u(1)

=In (1+e_1).

u+1 ne2(e—1)_ e
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2.5 Improper integrals
2.5.1 Definition and basic properties of improper integral

So far the notion of the Riemann integral was defined for functions defined on a closed
bounded interval [a, b]. Assume now that f is defined on a semi-open interval [a,b). Then
the integral of f can be still defined as follows.

Definition. If f is defined on an interval [a,b) where a < b < 400 and if f is Riemann
integrable on any interval [a, c] with a < ¢ < b then set

b c
de = i d
[ 1@de= tim [ i

provided the limit exists, finite or infinite. If the limit is finite then one says that the
: b . :
integral [’ f (x) dx converges at b. If the limit exists and is 400 (or —oco) then one says
that the integral diverges at b to +oo (resp. —oo). If the limit does not exist then one
says that the integral diverges at b.

The integral fab f (z) dx defined in this way, is called an improper (Riemann) integral
(the proper Riemann integral is the Riemann integral defined as the limit of the Riemann
sums). Similarly, if f is defined on (a,b] then one defines the improper integral by

/abf(x)dx: lim /cbf(x)dx.

c—a,c>a

Example. Consider function f (z) = 2 on [1,+00). Consider first the case p # —1. We
have, for any ¢ > 1,

c c p+1 ¢ p+1 1
/ 2Pdx = {/mpdx] = lx 1 = £ — .
1 1 p+1f, p+1 p+1

If p > —1 then the above expression goes to +00 as ¢ — 400. Hence,

+oo
/ xPdr = 4o0if p > —1.
1

If p < —1 then ¢! — 0 as ¢ — +o00, and we obtain

400 1
/ xPdr = — if p<—1,
1 p+1

so that in this case the integral converges.
In the case p = —1, we have

“d
/ —x:[lnx]‘izlnc—>+ooasc—>+oo
L

so that
—+o00
/ x ldr = +00.
1

Hence, the integral f;roo xPdx converges if and only if p < —1.
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Definition. We say that a function f is locally integrable on an interval I if f is defined
on I and is Riemann integrable on any bounded closed subinterval of I.

For example, if f is continuous or monotone then f is locally integrable (Theorem
2.2).

Recall that in order to define an improper integral fab f () dx of a function f defined
on a semi-open interval [a,b), the function f must be locally integrable on [a,b). Then
we set

/f Yo =tim [ f (@) d

provided the limit exists. The Riemann integral fa f (x) dx exists due to the local integra-
bility of f and because [a, c] C [a,b). In this case, we say that the limit of integration b is
improper. Similarly, if f is locally integrable on (a, b] then one can consider an improper
integral f; f (z) dz with improper limit a.

Most properties of a proper Riemann integral can be extended to improper integral
by passing to the limit. For example, let us show the extension of the Newton-Leibniz
formula.

Theorem 2.4 (The Newton-Leibniz formula for improper integrals) Let f (x) be a con-
tinuous function on [a,b) where —o00 < a < b < +o0 and let F' be its primitive on this
interval. Then the improper integral fab f (z) dx ezists if and only if lim, ., F' (z) exists,
and the following identity holds:

/fmm=ggm—mm

Proof. By the definition of improper integral and the Newton-Leibniz formula for the
proper integral,

/f dm—hm/f da:—hm(F(c)—F(b)):limF(c)—F(a).

c—b

We see from this argument that the integral f; f () dx exists if and only if lim. ., F'(c)
exists. W
Let us extend the notation [F]" as follows: if F' is defined in [a, ) then set

[F, = lim F (z) = F (a),

r—b

and similarly in the case when F' is defined in (a,b]. Then the Newton-Leibniz formula
can be written in the same way as before:

l?wmamsz{

Similarly one obtains extension of integration by parts and of change of variable to im-
proper integrals. The linearity, monotonicity, additivity are also proved by passing to the
limit.
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In the same way one treats the case when the limit a is improper, that is, when f is
locally integrable on (a, b].

Example. 1. Evaluate fol d—\/“%. By the Newton-Leibniz formula, we obtain

1@ = [/wlﬂdxr = [2x1/2]1 = 2.
0o VT 0 0

2. Use integration by parts to evaluate f;roo r 2Inzdxr. We have

+o00 400 1 1 400 400 1
/ x?lnxdr = —/ Inzd— = — [— lnx} +/ —dlnzx
1 1 x T 1 1 T

+001 L +oo 11400
= 1 ﬁdx: T dxl :—[x }1 =1.

2. Use change of variable to evaluate f:oo xligxda:. We have

o g oo dl
/ de = / i (change y = u(x) = Inx)

zln’z In® z
u(e) y?, 1 2 1 2

Let us consider now improper integral with both improper limits.

Definition. If f is locally integrable on an open interval (a,b) where —oo < a < b < +00
then define the improper integral f; f (z) dx with improper limits a and b by

/abf(a:)d:rz/acf(x)dm+/cbf(a:)dx, (2.28)

where ¢ € (a,b), provided the both integrals in the right hand side exist as improper
integrals with one improper limit, and their sum is defined.

Claim. The value of fab f(x)dz in (2.28) does not depend on the choice of c.
Proof. Indeed, if ¢ is another point in (a, b), then by the additivity integral with one

improper limit,
/QCIfdx+/dbfdx (/acfdxjt[lfdx)+</c/cfda:+/cbfdx>
/acfda:+/cbfda:+ (/Cledx+/dcfdx>

= /acfder/cbfdx.
|

All the properties of improper integrals, mentioned above remain true with appropriate
changes also in the case of two improper limits. For example, to state the Newton-Leibniz
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formula, let us extend the notation [F ]Z to the case when F'is defined on an open interval
(a,b) as follows:
[F] = lim F () — lim F' (),

z—b T—a
provided the both limits exist, finite or infinite, and the difference of the limits is defined.

Theorem 2.4” (The Newton-Leibniz formula for improper integrals with two improper
limits) Let f (z) be a continuous function on (a,b) where —oo < a < b < 400 and let F
be its primitive on this interval. Then the improper integral f; f () dx exists if and only
if the expression [F ]Z is defined, and the following identity holds:

[ r@aw=im

Proof. Indeed, using the definition (2.28) and Theorem 2.4, we have

/Gf(aj)dx = /f da:+/f

- (hmF() )) (hmF() F(c))

r—a

= [F]..

a

Example. 1. Consider f xdx. By the Newton-Leibniz formula we obtain

+o00 xz +o00
/ xdr = l?] = +00 — (400),

o0 —0o0

which is undefined.

2. Consider f_+11 \/ldf—2 ﬁ is defined and continuous in (—1,1) (but
not at +1) so that this integral has two improper limits. Using the Newton-Leibniz
formula, we obtain

:1 — = U my = [arcsinal!, = 5= (=5) =

Here are the graphs of functions ﬁ and arcsin x (thick).
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3. Consider f:/r 32 tan z. We have

w/2 T/2 /2 d
/ tan zdr = / ST e = —/ 8T _ [In |cosac|]7i/7r2/2 = —(—00— (—0)),

—n/2 —n/2 COST —x/2 COST

since cosm/2 = 0 and Iny — —oo0 as y — 0. Since the difference —oco — (—o0) is not
defined, the value of the integral f:{ 32 tan z is not defined either. Here are the graphs of
functions tanz and — In |cos x| (thick):

2.5.2 Convergence of improper integrals

We start with the following simple observation.

Lemma 2.12 If f is a non-negative locally integrable function on an open interval (a,b)
then the improper integral f; f () dx exists, finite or infinite.

Proof. Fix some ¢ € (a,b) and consider function

:/;f(t)dt

We claim that the function F' (x) is monotone increasing. Indeed, if y > = then

F(y)—F(:z:):/Cyfdt—/cxfdt:/:fdtzo.

Hence, both limits A = lim, ., F' (z) and B = lim,_,;, F' (x) exist, finite or infinite (Theo-
rem 2.6 from Analysis I). By definition, we have

/abf(x)dx = /f dx+/f / dx—i—/f

= —lim F (x) +11mF (x) =

r—a
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We have only to make sure that the difference B — A is defined, that is, A and B cannot
be simultaneously +oo or —oo. Note that F'(z) < F(z) =0if x < ¢ and F(z) > 0 if
x > c¢. Therefore, A < 0 and B > 0, which finishes the proof. m

Hence, if f > 0 then the integral fab f () dx converges if and only if

/abf(x)dx<—|—oo.

Recall for comparison that if Y - | ay is a series of non-negative numbers then it always
has a value, finite or infinite, and it converges if and only if

o
Z ap < +00.
k=1

The following theorem provides a relation between convergence of series and integrals.

Theorem 2.13 (The integral test for convergence of series) Let f (z) be a non-negative
monotone decreasing function on [1,+00). Then

- (x)dr < 00 = if(k)<oo.
k=1

1

Proof. Since f > 0 and f is locally integrable, both f1+o° f(z)dz and Y -, f (k) are
defined as extended reals. We need to prove that one of them is finite if and only of the
other is finite. Since f (z) is decreasing, on any interval [n — 1, n] we have

k
fk)= inf f< | fl)de< sup f=[(k-1),

[k—1,k] k—1 [k—1,k]

whence

3

[ r@ar=3" [ f@dr <Y f -1 =J @)+t )

and

/lnf(x)dxzz | f@de =} SR = f @)+t ()

Passing to the limit as n — oo, we obtain

Zf(k)—f(l)S/loof(:v)deZf(k)- (2:29)

)
k=1 k=1

Hence, [ f (x) dz is finite if and only if Y77 | f (k) is finite. m

48



Lecture 10 24.11.06 Prof. A. Grigorian, Analysis II, WS 2006-7

Example. Let us prove that the series > °°  -L converges if and only if p > 1 (cf.

’fL 1 nP
Exercise 41 from Analysis I). If p < 0 then — does not do to 0 as n — oo so that the

series diverges. Let p > 0. Then the function f(z) = % is continuous and monotone

P
decreasing on [1,+0c). Therefore, by Theorem 2.13, the series > °° . L converges if and

n=1 npP
only if
T dx
— < Q.

~+o00 +00 1—p 7t
[w=le] ==
1 TP 1 L—=p],

. . . . 1 - .
which is finite and is equal to o1 if 1 —p <0, that is, p > 1. If p =1 then

+o0 d
/ & [In 2] = +o0.
1

If p # 1 then

T

Definition. We say that an improper integral ff f () dx converges absolutely if

b
/ \f (2)] da < +oo.

Of course, here f (z) is assumed to be a locally integrable function. Then, by Theorem

2.7, |f (z)| is also integrable. Since |f| > 0, the integral f |f ()] dz exists by Lemma
2.12.

Theorem 2.14 If an improper integral f; f () dx converges absolutely then it converges

and ,
s/iﬂmMm

Proof Assume for simplicity that the given integral has one improper limit b. Let

= [ f(t)dt and G (z) = [; |f (t)|dt. We need to prove that if function G (x) has

hmlt as r — b then so does F (x). Suffices to prove that lim, .., F'(x,) exists for any

sequence z,, — b. For that, let us show that the sequence {F (z,)} is Cauchy. Indeed,
assuming for simplicity that =, > z,, and using Theorem 2.7, we obtain

x)dx

nat— dt’ _

a

iF(xn)_F(xm)i =

t) dt‘

< /“vawﬁzcuw—G@m.

Since by hypothesis G (z,,) — G (z,,) — 0, it follows that also |F' (x,) — F (z,,)] — 0,
which finishes the proof. m
For the next Statement, we need the following notation:
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Definition. For functions f (x) and g () > 0 defined on (a, b), we write that

~g(r)asxr —b 1 1mf($)
/(@) ~g() bt

=1

(f (z) is equivalent to g (x) as x — b).
If f is also positive then f ~ ¢ implies g ~ f. Also, if f ~ g and g ~ h then f ~ h
because
f_Jg
h gh
Also, if f1 ~ g1 and f3 ~ g9 then fifs ~ g1g2 and % ~ %.
—lasz—0.0Or

sinz
T

For example, sinx ~ x as x — 0 because

2

x2+:vwx as r — 400

because xiﬁ“ =1+ % — 1 as x — +00. On the other hand,

P +r~z asx—0
2
because & =+ 1 — 1 as x — 0.
Recall for comparison also notation o:

F@)=0(g(®) asz—b if lm )

=0.
b g ()

Then we have
f~g 1isequivalent to f(x) =g (x)+o0(g(z))

because § = 1—1—@ — 1.

Definition. We write

|/ ()]

fx)=0(g(x)) asx — b if limsup ~—— < 400
r—b g (I)

(f (z) is big O of g (x) as  — b). Equivalently,

f(x)=0(g(x)) if [f(x)] <Cg(x) for large enough z.

Clearly, if f ~ g then f =0 (g).
Theorem 2.15 (Comparison test) Let f (x) and g (x) > 0 be two locally integrable func-

tions on [a,b).
(a) If f () = O (g (x)) as x — b then

b b
/ g(z)dr < o0 = / f (x) dzx converges absolutely.

(b) If f(x) > 0 and f(z) ~ g(x) as v — b then the both integrals fabf(x) dx and

fab g (z) dz converges or not simultaneously.
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Proof. (a) The fact that f (z) = O (g(z)) as © — b means that there is C' > 0 and
¢ € (a,b) so that |f (z)] < Cg(x) for all ¢ < x < b. By the additivity of integral, we have

/ab|f(x)|dx:/aclf(x)|dx+/cb|f(x)|d$

By the local integrability of f, the integral f |f (z)| dx exists as proper. For the second
integral, we have

/Cb|f(x)]dx§0/cbg(x)dx<+oo.

Therefore, f; |f (x)] dz < oo and, hence, f; f (x) dx converges absolutely.
(b) If f (z) ~ g (z) then f (z) = O (g (x)) so that by part (a)

b b
/g(m)dm<—l—oo —= /f(x)dx<+oo.

For the opposite inequality note that f ~ ¢ implies g ~ f so that we can interchange f
and ¢ in this implication and obtain the converse implication. m

Example. 1. Investigate the convergence of fl \/@ We have

f($): = N—::E_?’/Zasa:—>+oo.

Aro oveitl | @

Therefore, f () ~ 273/ as 2 — 400 and since

+o0
/ 232 dx < 400,
1

we conclude by 2.15 that
+o00 \/_dili'
1 V1+ CL’4

2. Investigate the convergence of fl Si{%dm. Indeed, we have

sin x
2

_ 2
" _O(:C )asac—>—|—oo,

and since [° z72dz < +o00, the integral floo Si“dw converges absolutely.
3. Investigate the convergence of fo \/7 where 0 < a < /2. The improper

COSxTr—cCosa

limit is a. We have by the Taylor formula

cosx —cosa = —sina(r —a)+o(x—a)~ (sina) (e —z) as r — a,
whence
1 1
~ .
Veosx —cosa  +/sinava —x
Since

¢ dx dy
/Om =il =2va<

we conclude that the given integral converges.
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2.5.3 Gamma function

Definition. Define function I' (z) for any x > 0 by
+o00
[(z) = / t"te~tdt. (2.30)
0

The function I' (z) is called the gamma function.
Here we consider some properties of I' (x) related to properties of improper integrals.
Claim 1. The integral in (2.30) converges for any x > 0.
Proof. Note that the both limits 0 and +oc0 are improper (to be precise, 0 is improper
if z < 1). Setting
fly=t"le,
we need to prove that

—+00

/1f(t)dt<—|—oo and f(t)dt < 4o0.
0 1

Consider the first integral. Since f (x) < t*~! and

1 1
to 1
/ 7t = [—] = — < 00,
0 |y <X

we conclude that also fol f(t)dt < .
Consider the second integral. If z < 1 then ¢*~! <1 for all ¢ > 1 whence f () <e™".

Since
—+o0
/ e ldt = et < o0,
1

we obtain f1+°° f(t)dt < co. If x > 1 then we use the inequality
71 < Cest for all ¢ > 1,

where C'is a constant that depends on z. Indeed, the expansion of el into a power series

contains the terms % (%t)n with any n € N. Choose n > x — 1. Then we have

> L (L) Zom s o1,
n! \ 2

where C' = nén. Therefore, it follows that

fOy=t"let < Ce 2",

Since [ e 3'dt < 0o, we obtain that also [ f(t)dt < cc. m

Claim 2. For allx >0, I'(x + 1) = 2T (2).
Proof. We have using integration by parts

+o00 +o0 n +o0
Cz+1) = / tre tdt = —/ t'de”" = — [t:‘e—t]ooo +/ e tdt”
0 0 0
+o0
= / ot" e tdt = 2T (z).
0
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| ]
Note that

+o0
ra)= / e tdt = 1.
0

Using Claim 2, we obtain by induction that I' (n + 1) = n! for any non-negative integer
n.
Here is the graph' of ' (z):

y 10T

757

507

257

.

2.5.4 Conditional convergence

Example. Let us show that the integral f0+°° Si%dx converges but not absolutely. Note
that the function *2* has limit 1 as # — 0. Hence, it can be extended to 0 as a continuous
function so that the limit of integration 0 can be considered as proper. We need only to
investigate the convergence at +o00. To prove the convergence, it suffices to prove that the

. + : . .
integral ["°° 2L 2 converges. Use integration by parts:
1 T y
T ginx T dcosx cos x+o° 00 1
dr = — = — + cosx d—
1 e 1 s X 1 1 s
T cosz
= cosl— 5 dzx.
1 T

The last integral converges because

—+oco —+oo 1
/ )COSQI) dr < / —2dx < 400.
1 T 1 r

+00 gi
Hence, fl E2Zdx converges, too.
xX

n fact, I’ (z) can be extended as an analytic function to complex x so that it is defined for all complex
x except for non-positive integers.

53



Lecture 11 29.11.06 Prof. A. Grigorian, Analysis II, WS 2006-7

Now let us prove that

+00 |3

/ el oo, (2.31)
1 x

which will show that the integral f;roo Si%dm is not absolutely convergent. Here are the

graph of function @

y 17

0.75T

057

0257

0 5 10 15 20 25 30
X
Note that
E+1 . k+1 . k+1
™ |sin 2| ™ sin?x 1 EE R
—dx > dx > —iT sin® zdx
2k x ok xXr w2 + 2k
k+1
1 5] — cos 2x d
= T
7T2k+1 ﬂ.Qk 2
k+1 k+1
1 T2 d 1 w2 2 d
= — r— — cos 2xdx
T2kt | o, T2kt2 [
w2kt — ok 0 1
TOk+2 4

Since for any n € N

/+°° |sinx]dx S /”2n ]sin:r\dx _ nz_l/ﬂkﬂ |Sinx’dx o
1 x I x = Jron x — 47

we obtain (2.31).

It is possible to prove that f0+°o Sig’”dx = %W.

Definition. If an improper integral fab f () dx converges but does not converge absolutely
then we say that it converges conditionally.

Hence, we have proved that f0+ Si%dx converges conditionally.
The next theorem provides useful test for convergence without proving the absolute
convergence.
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Theorem 2.16 Let f (x) be a continuous function on [a,+00) and g (x) be a continuously
differentiable monotone function on [a,+00). Then the integral

—+00

f(x) g (z)dx

a

converges provided one of the following two conditions is satisfied:

(a) (The Abel test) Integral f;oo f (z) dx converges and g (x) is bounded..

(b) (The Dirichlet test) The function F (z) = [ f (t) dt is bounded and lim, ., g (z) =
0.

Proof. Consider the function F'(z) defined above, which is a primitive of f. Then
we have, using integration by parts:

+oo

+o0 +o0
f@o@d= [ g@aF@=Fli~ [ Fag@dn (23
We need to show that the both terms in the right hand side are finite.
Let us first prove that the integral f:oo F (z) ¢ (x) dx converges absolutely. Observe
that in the both cases function F' is bounded. Indeed, in the case (b) this is an assump-
tion, while in the case (a), the convergence of f;oo fdx means that F' (z) has a finite limit

as x — +o00, which together with the continuity of F' implies that F' is bounded. Let
|F'(x)] < C. Then

/;OO |F (x) ¢ (z)]dx < C/:oo () da.

In the both cases, ¢ (x) has a finite limit as x — +o00. Indeed, in the case (b) this is an
assumption, while in the case (a) it follows from the monotonicity and boundedness of g.
Since ¢ is monotone, we have that always either ¢’ (x) > 0 or ¢’ () < 0. Assuming that
g () > 0, we obtain

+o0 +oo
[ @ie= [y @de= g™ = tim o)~ g(a) < +o0,

whence the claim follows. Similarly one handles the case ¢’ (z) < 0 using |¢'| = —¢'.

To prove that the expression [F g]jc’o has a finite value, consider two cases separately.

(a) In this case, F'(x) has a finite limit at +00. Since ¢ (x) has also a finite limit, the
expression [Fg]7> is defined and is finite.

(b) If F'(x) is bounded and g (x) — 0 as x — +oo then Fg(z) — 0 as x — 400 so
that [Fg]"* is finite (in fact, it is 0). m

Example. 1. Consider f1+°° S;“j’ dz where o > 0. Let us show that this integral converges

for any @ > 0. Consider function f(x) = sinx and g (z) = 2. The primitive F' (z) =
[ f (t) dt is bounded because it is cos z + C, while g () — 0 as 2 — +o0. Therefore, by
the Dirichlet test, the given integral converges.

: sinz 1.
Below are the graphs of the functions VG and NGk
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The area under ix is +0o whereas the signed are under % is finite, which is due to a
huge cancellation of the positive and negative parts of the area.

2. Consider ;roosi%arctanxdx. Set now f(z) = ®2% and g(z) = arctanz. The
function ¢ is bounded and monotone increasing, while f1+°° f (x)dz converges by the
previous example. Hence, by the Abel test, the given integral converges.

3 Sequences and series of functions

3.1 Uniform convergence

Let {fi},—, be a sequence of real-valued (or complex valued) functions on a set S. We
say that fi converges to f pointwise on S if fy (x) — f(x) as k — oo for any x € S. We
say that fi converges to fi uniformly (gleichmissig) on S if

sup | fx — f| — 0 as k — 0.
S

Notation for the uniform convergence: fi, = f.

Claim. If fy = f on S then fi. (z) — f(x) pointwise on S.

Proof. Indeed, supg|fy — f| — 0 implies that |fx () — f ()| — 0 for any = € S,
which exactly means that fi (x) — f(z). m

The converse is not true: a sequence may be convergent pointwise but not uniformly.

Example. 1. Let f; (z) = ¥ on (0,400). If k — oo then f; (2) — 0 for any 2 but not
uniformly because sup, | f| = co.

2. A more complicated example shows that the same can happen on a closed bounded
interval. Indeed, consider on [0, 1] functions

kx, OSxS%
fe@) =1 ~k(z—%), gsz=sy
0, 2<r<l

The graph of f5 is plotted below:
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The function fj is continuous and sup f = 1 so that { fx} does not converge uniformly
to 0. However, for any x € [0,1], fx () — 0. Indeed, if = 0 then it is obvious from
fx (0) = 0. If z > 0 then for large enough k we have 2/k < x so that fi (z) = 0.

A major property of the uniform convergence is as follows.

Theorem 3.1 If {fi} is a sequence of continuous functions on an interval I C R such
that fr, = f on I then f is also continuous on I.

Proof. Fix a point € I and prove that f is continuous at x, that is, for any ¢ > 0
there exists 0 > 0 such that

yel, ly—z|<d = |fly) - f2)l <e
For that, first choose k so big that

Sbllp|fk — f] <¢/3.
Since f, is continuous at x, there exists ¢ such that
yel, ly—a|<d = |fu(y) — fu(@)] <e/3.
Therefore, for such y, we have

1f ) =@ < 1f @) = Fe @I+ e () = fr (@) + [fx (2) = f (2)]
< €/34+¢/3+¢/3=c¢.
[

Example. It can happen that fj are continuous, fi(x) — f(x) pointwise while f is
discontinuous. Indeed, let

hw={ JH

so that fi (x) is a continuous function on [0, 1]. If
fr (0) — 1 so that the limit function

1, =0,
f(‘”)_{o, <<l

— o0 then fi () — 0 for z > 0 and

is discontinuous at 0.
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3.2 Uniform convergence of series

For any function f defined on a set S, define the norm of f on S by
1flls == sup|f ()]
€S

Or we just write || f|| skipping subscript S if it is clear from the context that the sup is
taken over S. Then the uniform convergence f,, = f on S can be stated as follows:

| fe — fll = 0as k — oo.

For comparison recall that for numerical sequences x;, — x is equivalent to |z, — x| — 0.
Consider now a series >~ fi (z) of functions fj defined on a set S, and let

Fy (@)=Y fi(2)

be the partial sums of the series.

Definition. We say that a series Y fi converges pointwise/uniformly if the sequence
{F,} of partial sums converges as n — oo pointwise/uniformly.

Theorem 3.2 (Weierstrass convergence test) If {fx} is a sequence of functions on a set

S such that -
D ISl < o0
k=1

then the series Y ,, fi (x) converges on S absolutely and uniformly.

Hence, this test reduces the question of the uniform convergence of a functional series
to the question of the convergence of a numerical series.
Proof. Obviously, for any = € S,

IIAGIES AR
k=1 k=1

so that the series > fx (x) converges absolutely for any « € S. In particular, the series
converges pointwise so that we can set

Fla)=3 fi(a).

We need to prove that the above series converges uniformly, that is, F,, = F as n — oc.
Let us prove that
|F — F,|| — 0as n — oo.
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Indeed, we have, for any x € S

SUf@I< DY A

> (@) <

k=n+1

|F () =

Since the right hand side is independent of x, taking sup of x in the left hand side, we
obtain

IF = Fell < D Il
k=n+1
The right hand side tends to 0 as n — oo because it is a tail of the convergent series
S re 1 Ifx]l, whence the claim follows. m

Example. Let us prove that the series > -, 2%¢™* converges uniformly on [0, +00).

Function f;, (r) = 2%~ is positive for z > 0 but vanishes at z = 0 and tends to 0 at
x — +00. Therefore, it has a maximum at some point x > 0. On the next diagram, see
the plots of functions f (x) for k =1,2,3:

y

057

03757

0257

01257

At the point of maximum, we have f/ (z) = 0, which is equivalent to (In f;)' = 0 that is,
(2Inz — kx)' =0

whence x = % Hence,

2 2\ ., 4de?
| fell i 100) = [ﬂa;j)fk = fr (E) = (E) et =g

Since the series ) 1%2 converges, we conclude by the Weierstrass test that the given series
converges absolutely and uniformly on [0, +00).

Example. Consider a power series Y o, cpa® (with coefficients ¢, € R) and assume
that it converges for some z = zy # 0. We claim that the series converges absolutely in
(—R, R) where R = |xy|, and converges uniformly in any interval [—r, r] where 0 < r < R.
Indeed, we have, for any x € [—r, 7],

. k
CkZL’IS ([L’ )
0

The fact that the series >, crz* converges implies that cpzf — 0 as k — oo. In
particular, the sequence {ckajo} is bounded, say, ‘ckxo‘ < (' for all k and some constant
C. It follows that

jexa] =

Hckka[_m] <C <}%>k for all z € [—r, 7],
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Since + < 1 and, hence, the geometric series ), (%)k converges, we conclude by the

Weierstrass test that ., cxa® converges absolutely and uniformly on [—r,7]. Conse-
quently, the sum of this series is a continuous function on (—R, R).

3.3 Integration under uniform convergence

Theorem 3.3 Let {fi} be a sequence of continuous functions on a closed bounded interval
la, b], which converges uniformly on [a,b]. Then

b b
/ lim fi (z)de = lim [ f (z)dz. (3.33)

k—o0 k—oo a

Hence, the operations lim and f; are interchangeable provided the convergence is
uniform.
This theorem can be stated as follows: if f = f on [a,b] and f; are continuous then

[ wwar— [ rwa.

Proof. Indeed, function f = limy_,., fx is continuous by Theorem 3.1 (and, hence, f
is Riemann integrable). By the properties of the Riemann integral, we have

[ wwar- [ r@a

Since sup | fx — f| — 0, we obtain
b b
/ I (x)dx—/ f(x)dx

Example. The uniform convergence in Theorem 3.3 is essential. Indeed, consider the
following functions on [0, 1]:

<sup|fy — f|(b—a).

/ab<fk—f>d:r

— 0,

which was to be proved. m

K2z, 0<z<+
fo@)=9 —K(x—-3), <<,
0, 2<zr<l

Obviously, limy_,q fr = 0 pointwise. However,
1 1/k 2/k 9 {1
/fk(x)da::/ l{:2xdx—|—/ k2(——x)dm:—+_:1
0 0 1/k k 2 2

1 1
lim / fr(@)de=1#0= / klim frdx.
0 0 T

k—o0

so that
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Corollary. If the series > oo [ (z) of continuous functions on [a,b] converges uniformly

then
A @mm) dx:g:/abfk(fv)dx-

Proof. Indeed, let

F,=) frand F =) fp
k=1 k=1
Then F,, = F' and, by Theorem 3.3,

b b
/Fndx—>/ Fdzx.

Using the linearity of the integral, we obtain

o0 b n b b b b 0
> / frdz = lim >~ / fydr = lim [ F,dz = / Fdx = / (Z fk> dz,
k=179 "= Ja " Ja a a k=1

which was to be proved. m

Example. Consider a power series f(z) = Y ;- cxz” that converges in (—R, R) for
some R > 0. As we already know, it converges uniformly in any interval [—r,r] where
0 <r < R. For any y € (—R, R), integrating the series from 0 to y, we obtain

Yy . Y ©° Cr
f(z)dx = / craidr = Y
/0 (@) kz_; 0 kz—% k+1

Hence, a primitive function of f can be obtained by term-by-term integration of the series.
Consider a geometric series

k=0
whence ) . .
) Y Y
—In(l—y)= i i el S
n(l—y) y+g gt
Or, changing ©x = —y, we obtain the following formula:
x> 2 ot
In (1 =r——4+—=———+.. .34
n(l+z)==x 2—1—3 4—i— , (3.34)

where the series converges for x € (—1,1). Note that the partial sums of this series are
the Taylor polynomials of the function In (1 + z).

It is possible to prove that (3.34) extends to the borderline value = 1 so that
1 1

m2—1_1++ +
ne=iTo T3]
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Example. Consider fol ¢**dz. The function ¢** has no primitive in terms of elementary
functions. Let us evaluate this integral numerically using expansion

o _2n 2 4

2 x ¥
Since this series converges for any x, it converges uniformly on any bounded closed interval,
as was shown in Example in the previous section. By Corollary to Theorem 3.3, we can

integrate the series term-by-term, that is,

L 2+l 1
/ edr = / —dx = —
0 (2n + 1) n!

= — =1+ + + + ...
1! .91 . 3!
« (2n + 1) (n!) 3-11 5.2 7.3!

n—

. . . . . . . 1 .2
Partial sums of this series can be considered as numerical approximations to fo e” dx. For
example, one can compute

14

1
T ~ 1.462651745907 16
— (2n+1)nl

15

1
T ~ 1.46265174590718
— (2n+1)nl

2
1
E — ~1.46265174590718
“(2n+1) (n!)

whence )
/ e dx ~ 1.462 65174590718
0

3.4 Differentiation under uniform convergence

Definition. We say that a functional sequence {fx} converges locally uniformly to a
function f on in interval I if f;, = f on any bounded closed subinterval J C I. We write

loc
in this case fy =% f on I. The same definition applies to a functional series: it converges
locally uniformly if the sequence of its partial sums converges locally uniformly.

Remark. The relation with the other types of convergence is obvious:

loc
h=f = fi=f = [fr— [ pointwise.
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Remark. It follows from Theorem 3.1 that if a sequence {f;} of continuous functions
converges locally uniformly then the limit is also continuous function, because the limit
is continuous on any bounded closed subinterval.

Example. Consider the sequence fi (x) = z/k on R. Obviously, fx — 0 pointwise but

loc
fx 72 0 because || fx|]|[g = 0o. Let us show that f, = 0. Indeed, in any bounded closed
interval J, function |z| is bounded, say, by a constant C;. Then || fx|l; < C;/k whence

loc
| fxll; — 0 and, hence, fr = 0in J. We conclude that f;, = f on R.

Theorem 3.4 Let {fi} be a sequence of continuously differentiable functions on an in-
terval I C R. Assume that

1. fi — f pointwise on I,

loc
2. f1 =2gonl.
Then " = g.

Equivalently, this theorem can be stated as follows: if the sequence f; converges
pointwise and f; converges locally uniformly then

/
(lim fi) = tim f,

that is, the operations of differentiation and limit are interchangeable.
Proof. By the Newton-Leibniz formula, we have for all z,c € I:

Fo (@) — fu(c) = / o (3.35)

Since the convergence of f; to g is locally uniform, function g is continuous on /. Since
fi. = g on [z, ¢], we have by Theorem 3.3 that

/jf,é(t)dte/jg(t)dtaskﬁoo.

Then, letting in (3.35) k — oo, we obtain

By Theorem 2.9 we conclude that ' = g, which was to be proved. m

Remark. Note that the statement of Theorem 3.4 is about the derivatives, but the proof
uses quite seriously integration.

Corollary. Let {f} be a sequence of continuously differentiable functions on an interval
I C R. Assume that

1. 3772 fr (@) converges on I,

2. % 02, fi(x) converges locally uniformly on I.
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Then .
(z fk> S
k=1 k=1

The proof is the same as the proof of the Corollary to Theorem 3.3: just apply Theorem
3.4 to partial sums of the series in question.

As an example of application of this Corollary, we prove the following theorem, which
is important by itself.

Theorem 3.5 Let the series >, cxa® converge in (—R, R) , where R € (0,+00], and
let F'(x) be the sum of the series. Then function F (z) is differentiable on (—R, R) and

o0
= E cpka L.
k=1

That is, the power series can be differentiated term-by-term.

For example, consider the series

e
exp (z —

which converges on (—oo, +00). By Theorem 3.5, we have

Lk S gt ©_n
exp (z) :Z(H) :;ngmzexlﬂ)(m),

k=0

so that the derivative of exp () coincides with the function itself. Of course, we already
know this from Analysis I.
Proof of Theorem 3.5. By Corollary to Theorem 3.4, we can write

o0 / o0
(chxk) :; ckx Zc kat— L

provided the series Y, c,z* converges, which is given, and the series >, cxkz"~! converges
locally uniformly. It suffices to prove that this series converges uniformly on any interval
[—r,r] where 0 < r < R. To prove the latter, observe that, for all r < @ < R and for all
indices k,

H’fﬂfk*lﬂ[fm = krt™t < Ca*

where C'is a constant depending on 7, a only. Indeed, write ¢ = 1+ ¢ where ¢ > 0. Then,
using Bernoulli’s inequality, we obtain
an k
(—) = (14¢)f > ke
,
whence
krk—l < r=le7lab = CdF,
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with C' = r~1e71. It follows that

chkxk’lﬂ[im] < Clex| a.

By Example considered above, the series > cra® converges absolutely, that is,
Z x| a* < o0
k

whence

Z [ kera® |- < 00
k

By the Weierstrass test (Theorem 3.2), the series Y kcyz®~! converges uniformly on
[—r, 7], which was to be proved. m

Example. Knowing that the series Y ;- cxkz*~! converges in (—R, R), we can apply

Theorem 3.5 to this series, to obtain that F’ is differentiable and

F” Z Ckk?

Continuing by induction, we obtain that F' is differentiable infinitely many times on
(—R, R) and its derivative is obtain by term-by-term differentiation of the series.

Example. Consider again the identity

o0
=)

Differentiating it, we obtain

1—3:

kak ! i (k+1)2"
k=0

Differentiating again,

ikﬂ i(k—l—?)(k—l—l)xk

1—91:

etc. All these identities hold for |z| < 1 and are particular cases of a binomial series.

3.5 Fourier series

3.5.1 Fourier coefficients

A Fourier series is a series of the form
a 0
?0 + kz_: (ag cos kx + b sin kx) (3.36)

1
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where x € R and ay, by, are the coefficients of the series. Partial sums are

Sn () = % + Z (ay cos kx + by sinkz) ,
k=1

and they are called a trigonometric polynomial for the obvious reason.
In this section, we consider the question whether a given function can be represented
as a sum of the Fourier series. We start with the following lemma.

Lemma 3.6 Let the Fourier series (3.36) converge uniformly on R to a function f(z).
Then, for all k,

27 27
ap = — f (z) coskzdr and by = 1 f () sin kzdz. (3.37)

™ Jo ™ Jo

Proof. Note that the integrals in (3.37) are defined because function f (x) is continu-
ous as the uniform limit of continuous functions. Fix non-negative integer n and multiply
the identity

f(x)= % + Z (ag cos kx + by sin kx) (3.38)
k=1

by cosnz. The resulting series still converges uniformly (because |cosnz| < 1), whence
by Theorem 3.3

27

2w
(x) cosnxdr = %/ cos nxdx (3.39)
0

oo 27 2
+ Z ay cos kx cos nxzdx + by, sin kx cosnxdx | .
k=1 0 0

0

Using the identity
1
cosacosb = 5 (cos(a —b) + cos(a+1)),

we obtain
2m 1 2 1 2m
/ cos kx cos nxdr = 5 / cos(k —n)x dx + 3 / cos(k + n)z du. (3.40)
0 0 0
Now, use the following formula: for any integer [,
2m
2r, =0
coslz dr = ’ 3.41
/0 { 0, [#0, (3-41)
because in the case [ # 0 the integral is proportional to [sin lac]g7r = 0. It follows from
(3.40) that
2 2, k=n=0
/ coskrcosnrdr =< m, k=n+#0,
0 0, k#n.

Next, similarly we have, for all &, n,
27 1 27
/ sin kx cos nxdx = 5 / (sin(k + n)z + sin(k —n)x)dxr =0
0 0
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because o
/ sinle dv =0 for all | € Z. (3.42)
0

It follows from (3.39) that the only non-zero term in the right hand side is the one with
k =n. If n = 0 then we obtain
2w ao

f(z)de = =27 = may.
0 2

If n > 0 then )

(x) cosnxdr = mwa,
0

so that in both cases we have (3.37).
The coefficients by are found similarly by multiplying (3.38) by sinnz. =
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Note that all the terms in the Fourier series are 2w-periodic functions on R. Therefore,
whenever the sum exists it will be also 27m-periodic. In what follows we’ll deal with either
functions defined on [0, 27| or 27-periodic functions on R.

Lemma 3.6 motives the following definition.

Definition. For any Riemann integrable function f on [0, 27], define its Fourier coeffi-
cients by

ak:ak(f):%/oﬂf(x)coskx dx|and bk:bk(f):%/oﬂf(x)sinkx dr| (3.43)

for all integers & > 0. The Fourier series of function f is the series

[e.e]
) .
5 1 Z (ap cos kx + by sin k) .
k=1
Since we do not know yet whether this series converges and if so then whether its sum
is f (x), we’ll write

f(z) ~ 2+ Z (ay, cos kx + by sin kx) (3.44)

k=1

meaning that the coefficients a; and by are those associated with f. We are going find
out under what conditions of f the sign ~ can be replaced by = and in what sense the
series converges.

Example. 1. If f(x) = 1 then we obtain from (3.43), (3.41), and (3.42), that ag = 1
while a, = by, = 0 for all £ > 1. Hence, in this case the Fourier series of f (x) is identically
equal to 1 and, hence, coincides with f (x).

2. Consider on [0, 27] a step function

1, =z <m,
f(x):{() T > T.
Then
1 ™
ag = —/ dr =1,
T Jo
1 ™
ap = —/ coskx dr =0, k>0,
T Jo
1 (7 . 1 [coskx]™ 1 K 0, k even,
by = ;/0 smkxdm——;l ? 10—%0—(—1))—{%, E odd.

Hence, the Fourier series has the form
1 — 2 12 2 2
[~ 3 —l—lz_:msin(%—l—l)x: 3 +;sinx+3—ﬂsin3x+5—ﬁsin5x+...

It is not obvious at all whether one has equality here. Below are the graphs of the partial
sums with [ < 5 and [ < 50 (thick) of this series that do suggest that there is convergence
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excepts for the points z = 0, w, 27:

y
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0 1.25 25 \/ 3% 5 25
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For what follows it is useful to consider a complex form of the Fourier series. First of
all, note that the Riemann integral f: f (z) dx can be defined when f is a complex valued
function simply by

/abf(m)dx:/abRef(aj)dx—l—i/abImf(x)dx,

provided both Re f and Im f are integrable. Most properties of integration are eas-
ily transferred to the complex values functions (in particular, linearity, additivity, L M-
inequality, the Newton-Leibniz formula, integration-by-parts).

Definition. For any complex valued integrable function f on [0, 27|, define its complex
Fourier coefficients for all k € Z by

c=cr(f) =5 /07T f(z) e *odx|. (3.45)

The complex Fourier series of f is the series

f(x)~ che““.

Claim. The complex Fourier series coincides with the Fourier series provided the both
converge.

Proof. Indeed, the complex Fourier series is a double series, that can be written down
as follows:

oo oo
§ Ckezkr = ¢ + § :ckezkx + § C,keizkx
k=1 k=1

[e o]
= ¢+ g (cke””” + c,ke’””) .
k=1
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Using definitions of ay, by, ¢, and the Euler formula e = cos z + i sin , we obtain

1 27 ao
€ =5 f(z)de = D)
and for k >0
1 2 1 27 —1b
_—/ f(x)coskxdx—i—/ f(x)sinkxdmzak Zk,
1 2 . b
=g [T et = BT
Therefore,
, . 1
et e etk — 3 (ay, — ibg) (cos kx + isin kx)

1
+3 (ax + iby) (cos kx — isin kx)

= apcoskx + bysinkz.

It follows that -
che EO_'—Z (ay, cos kx + by sin kx)

keZ k=1

which was to be proved. m

3.5.2 Bessel’s inequality
Theorem 3.7 (Bessel’s inequality) For any integrable function f on [0, 27]

S e () < —/ﬂ|f(x)|2dx. (3.46)

kEZ

Remark. Since function |f|” is integrable, it follows from (3.46) that the series Y okez loe (f ))?
converges.

Remark. If f is real values then we have for £ > 0

1
|Ck|2 = |C,k|2 Z (ak + b2)
so that by (3.46)
ag - 2 2 1 [ 2
iy @)=t [l
k=1

This is a version of Bessel’s inequality for real Fourier series.

Remark. In fact, under the conditions of Theorem 3.7 one has the equality

S e () = o= Owlf(:v)de, (3.47)

21
keZ
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which will be proved later on under some restriction.

Proof. It suffices to prove that, for any positive integer n,
2 1 [ 2
Slal <y [ 1 @P s
™ Jo
k[<n
Consider first a function

g= § :Ckezkw

k|<n
which is a partial sum of the Fourier series.
Claim 1. We have the identity

S e = / lgf? d.

|k|<n
The proof is based on the fact that
2
ko —i 0, k#I
ikx —ilx _ ) )
/0 ©° d"’j_{ or, k=1
Indeed, the case k = [ is trivial, while in the case k # [ the integral in question is equal to
2w 2
/ cos(k—1)x dx+i/ sin (k — 1) z dz,
0 0

which vanishes by (3.41) and (3.42).

Next, using
yzzwzz—f%z Z—lem

|k|<n [k|<n [I|<n
we obtain
= gg = § c ezk:x§ :ce ile _ § § Ckc—lez(k:fl)x7
|k|<n ll]<n [k[<n |l]<n
whence
27 ) 2
/ lg|”dx = E E ckcl/ (k=D 4y (restricting summation to [ = k)
0 k|<n |I|<n
_ 2
= E CLCE2T = 27 E lex]”,
Ik|<n lk|<n

which was to be proved.
Claim 2. We have the identity

27 27
/ fgdx = / |g|2 dx.
0 0
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Indeed, using the definition of g and Claim 1, we obtain
/27r 2 27 Z 2 .
fgdx = / f(z) cretrdr = c_k/ f(z)e " dx
0 0 [kl <n ki<n 70

27
g ()" du.
0

- 27TZc_kck:27rZ|ck]2:/

[k|<n k|<n

which was to be proved.

Claim 3. We have inequality
2 2
JRE T (3.49)
0 0

Indeed, setting h = f — g, we obtain by Claim 2

2 2 2 2
/ hgdx = / (f —g)gdx = / fgdx — / lg|* dz = 0. (3.49)
0 0 0 0

Noticing that
[fI*=lg+hl* = (g+ 1) (G +h) = lgI° + 2Re (hg) + [h|"

and integrating this identity using (3.49), we obtain

27 27 27 2 27
/ P de = / g2 de 42 / Re (hg) + / WP > / 19 da,
0 0 0 0 0

which was to be proved.
Finally, combining Claims 1 and 3, we obtain

) 1 2w ) 1 27 )
Slal = [ lode< o [ 15
k| <n 0 0

which finishes the proof of the theorem. m

Corollary. (Riemann’s lemma) For any integrable function f on [0, 27],

27 27
/ f(x)coskx dx — 0 and / f(x)sinkz de — 0 as k — oo,
0 0

where k is a positive integer.
Proof. Since

ikx + 671‘1650 eik:x . efikx

kr = ————— and sinkr = ——
cos kx 5 and sin kz 5 ,

it suffices to prove that
2m )
/ f(x)e ™ dr — 0 as |k| — oo
0

72



where k € Z. The latter is equivalent to ¢, — 0 as |k| — oo, and this is true because by
Bessel’s inequality the series ), , |cx|® converges. m

In fact, the statement of Riemann’s lemma is true when k takes all real values but the
proof in this case is more complicated and does not follow from Bessel’s inequality. We'll
need the following version of Riemann’s lemma.

Corollary. For any integrable function f on [0,27],
2 1
/ f(x)sin(k + §)xdx — 0as k — oo,
0

where k is a positive integer.
Proof. Indeed,

1
sin(k + 5)3: = sin kx cos g + cos kx sin%

whence
27

1 2m 2m
(x)sin(k + =)zdz = / <f (x) cos f) sin kxdr + / <f (x) sin f) cos kxdz.
0 2 0 2 0 2
Since the functions f (x)cos§ and f (z)sin 5 are integrable, applying the previous Corol-
lary, we obtain that the both integrals in the right hand side tend to 0, which finishes the

proof. m

3.5.3 Uniform convergence

Theorem 3.8 Let f be a 2mw-periodic function on R which is continuously differentiable
on R. Then the Fourier series of f converges absolutely and uniformly on R.

So far, we do not claim that the Fourier series converges to f (z) - we just claim that
it converges and, moreover, uniformly. Later on we’ll prove that the sum of the Fourier
series is indeed f ().

Proof. We start with the following claim that relates the Fourier coefficients of f to
those of f.

Claim. We have for any k € Z,

Indeed, using integration by parts and 27-periodicity of f, we obtain
1 2 "
AV / —ikz g
a(f) = 5 | r@eta
1 27

= 5 [ @)
1 —ikx i k o —ikx
- @l g [ S @t

=0 ‘f‘ikck (f),

which was to be proved.
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Since function f’ is integrable on [0, 27|, we obtain by Bessel’s inequality
g

S e () < ox.

k€EZ

whence by (3.50)
Z |kex (f)]* < oo.

keZ

Using the inequality |ab| < a? 4 b%, we obtain

S e () = 3 ke (f) |—,1€| < Sl (NE+Y 5 < oo,

k0 k0 k0 k0

which proves that

S e (/)] < o,

keZ

Finally, since |ci, (f) €™**| = |ex (f)], we conclude by the Weierstrass test that the series
> wez Ck (f) € converges absolutely and uniformly on R. m
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3.5.4 Pointwise convergence

To state the next theorem, we need the following notation. We say that a function f on
R has the left limit at point z if the limit

lim f(y) exists and is finite.
y—zy<e

In this case, we denote the value of the limit by f (z—) so that

fle=)= lim_f(y).

Yy—x,y<rx

Similarly one defines the right limit f (x+) replacing above y < x by y > x.
Let a function f have the left limit at x. We say that f is left differentiable at x if

the limit
i @)~ fla-)
y—x,y<rT y—x
The value of this limit is called the left derivative of f and is denoted by f’ (z—). Similarly

one defines the right differentiability from the right and the right derivative f’ (z+).
For example, for the function

e” x>0,
ro={ 5 120

sin @,

exists and is finite.

we have f (0+) =1, f(0—) =0, f'(0+) = -1, f'(0—) =1.

-2.5 -1.25 0 1.25 2.5

2

Of course, if f is differentiable at x then f is left and right differentiable.

Theorem 3.9 Let f be an 2m-periodic integrable function that is right and left differen-
tiable at some x € R. Then the Fourier series of f at x converges to w In

particular, if f () is differentiable at = then the Fourier series of f at x converges to

f ().
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Example. Let f (x) be a 2r-periodic function on R, which is defined on [0, 27) by

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

As we have seen in the previous lecture, the Fourier series for this function is

Pty 2 @ e= 2t Zene s Zeindet Zsindo
~ = —————sin r=—+—sinz+ —sin3z + —sinbz + ...
2 —w(24+1) 2 3 5t

If x = 7 then the sum of the Fourier series is %, which coincides with w = 1—;0 =

%. At all other points in (0,27) the function f is differentiable; therefore, the Fourier
series converges to f (x). For example, take + = 7/2. Replacing ~ by = and using

sin (2l +1)% = (—1)", we obtain

whence

Proof of Theorem 3.9. Let

|k|<n
We need to prove that
Sn(x) — f(x—)—;—f( +) as n — oo.
Substituting
1 2m )
a=5= [ f(H)e ™t
2w Jo

into S, (z), we obtain

S, (x):% 3 /0 Ftyerevar = — [ pe) [ S0 e | ar

2m Jo
[k|<n |k|<n

Let us compute the sum in the brackets setting u = x — t. Denoting this sum by D (u)
(it is called the Dirichlet kernel) we obtain for u # 0, using the formula for the sum of a
geometric series,

n n 2n
D (U) _ Z eiku _ Z (ezu)k _ e—inu Z (ezu)k
k=—n k=—n k=0
inu (ei“>2n+1 —1 em<"+%) — eiiu(nJr%) sin (n + %) u
= € e — 1 ci/2 _ o—iu/2 - ip u

2
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If w =0 then D (u) = 2n + 1, which is equal to lim, o D (u). Hence, D (u) is continuous
function of u, and we obtain

Sy (z) = % 0% f (@)D (x—t)dt (change u =z —t)
1 T—27 1 T
= —5- ’ f(xr—u)D(u)du= el (x —u) D (u) du.

Since the functions f and D are 2w-periodic, the integral in the right hand side is the
same over any interval of length 27. Therefore,

S, (z) = %/_ﬂf(x—u)D(u)du(usingD(u):D(—u))
- o Oﬂ(f(x—u)%—f(ac—l—u))D(u)du.

Applying this formula for function f =1 and using that S, (z) = 1 we obtain

1 ™
— D =1
7T/0 (u) du

Therefore,
i) - LELET ) iﬁ/oﬂ[f(x—u)—i—f(x—ku)]D(u)du
S EVIES Y
~ 5 [ @=0-f@-)

Define function F (u) for u > 0 by
[z tu) = flet)

Fy (u) = W

so that F'; is locally integrable in (0, +00). By the hypotheses, lim, .o F'; (u) exists and
is finite so that F, can be extended by continuity at v = 0. This implies that F, is
integrable on any interval [0,a], in particular, on [0, 7] (see Exercises). Similarly, define
for u > 0 the function

[z —u)— f(z—)

u

F_(u)=

and observe that F_ is integrable on [0, 7].
Next, we write

(F (=) = £ @)+ () = @] D) = B G 2y,

= G (u)sin(n+ =)u,

7



where

Fo(w) + P ()

)
SlIl2

G (u) =

Function G (u) is integrable on [0, 7] because so are functions F_ (u), F, (u) while the
function —* 75 can be considered as continuous on [0, 7]: its is obviously continuous on
(0, 7] and extends continuously to u = 0 since it tends to 2 as u — 0. Since

L@l 1
2 2m

S (z

T 1
/ G (u)sin(n + §)udu,
0

we conclude by Riemann’s lemma that the both sides of this identity go to 0 as n — oo,
which finishes the proof. m

78



Lecture 16 15.12.06 Prof. A. Grigorian, Analysis II, WS 2006-7

3.5.5 Uniform convergence revisited

It follows from Theorem 3.9 that if f (z) is 2m-periodic and differentiable at all x € R
then the Fourier series of f converges to f pointwise on R. On the other hand, if f is in
addition continuously differentiable then by Theorem 3.8 the Fourier series of f converges
uniformly. Combining these two results, we obtain that in this case the Fourier series
converges to f uniformly.

This result will be extended in the next theorem to the case when f may be not
differentiable at some points.

Theorem 3.10 Let f be a 2w-periodic continuous function on R. Assume that f is
differentiable in [0,27] \ A where A is a finite set, and that the derivative f' is continuous
in [0,27]\ A and has finite left and right limits at the points of A. Then the Fourier series
of f converges to f uniformly on R.

Example. Consider function f (z) = (x — 7)* on [0, 2] that is extended 2m-periodically
to R — see the graph below.

This function satisfies the conditions of Theorem 3.10: Function f is continuous, differen-
tiable in [0, 27] \ A where A = {0, 27}, the derivative f’ is continuous away from 0 and 27
and has right and left limits at these points. Let us compute the real Fourier coefficients
of function f:

1 27
ag = —/ (z — m)° dx = (change y = z — )
T Jo
1 [" 1273 22
= = dy — =21 _ 21
W/ﬂy Y713 3’
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and for k > 1

27 T
ar = —/ (x—7r)2coskxdx:l/ y?cosk (y + ) dx
0 T

m —Tr
1 ™
= (—l)k—/ y? cos kydz.
m

The latter integral is evaluated by twice integrating by parts:

T 1 T 1 . 9 T
/ y? cos kyde = E/ v dsin ky = z [y2 sin ky} L E/ y sin kydy

—T —T

9 [T p A
= 0+ﬁ 3 ydcos ky = E[ycosky]_w— 5 7Trcoskydy
A7
whence
4
ap — ﬁ
Finally,
1 27 5 . L 1 s 5 .
by = — (x —m)"sinkxdr = (=1)" = [ y*sinkydx =0
T Jo -

because the function y?sin ky is odd (obviously, the integral of an odd function over a
symmetric interval [—a, a] is zero). Hence, we obtain the Fourier series

2

5 2. coskx
(z — ) ~?+4Z : (3.51)

By Theorem 3.10, we have here equality for all z and, moreover, the convergence is
uniform (the pointwise convergence holds also by Theorem 3.9).
For example, setting z = 0 we obtain a remarkable identity

il 1+ 5 +1+1+
i EENE

Setting x = 7, we obtain

Proof of Theorem 3.10. Let S, be as before the n-th partial sum of the complex
Fourier series of f. It suffices to prove the following two statements:

1. S, (x) — f (z) pointwise in R

2. The sequence {S,, ()} convergences uniformly in R.

Then S,, converges uniformly to its pointwise limit f.

By Theorem 3.9, to prove the first statement, it suffices to prove that f is right and
left differentiable at any point = € [0,27]. If = ¢ A then f is differentiable at x. Let
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x € A. Then, for y close enough to z, the interval (z,y) contains no points from A so that
f is differentiable in (z,y). Since f is continuous, in particular, on [z,y], we can apply
the Lagrange mean value theorem, which say that there is a point £ € (z,y) such that

If y — 2 from the left or from the right then also ¢ — x from the same side and, hence,
f' (&) has the limit. Therefore, also quotient % has the limit, which means that f
is right and left differentiable.

The proof of the second statement, that is, of the fact that the Fourier series of f
converges uniformly, will follow the same approach as the proof of Theorem 3.8. For that
we need to consider the Fourier coefficients of the derivative f’ while f’ is not yet defined
in A. So, we are going to extend f’ to A, and to do so, we need the following simple
property of the integrable functions.

Claim 1 If a function g is Riemann integrable on some interval [a,b] and a function h is
equal to g everywhere except for a single point, then h is also Riemann integrable in [a, D]

and
b b
/ gdx = / hdzx.

Consequently, the same is true if h is equal to g everywhere except for a finite set.

Indeed, renaming h— g by h it suffices to consider the case when g = 0. Then h (z) =0
for all = € [a, b] except for some = = ¢, and the integrability of h follows from Exercise 21.
Alternatively, we can argue as follows. For any partition p = {x}} of [a, ] and any tags
¢ = {&,} associated with p, the Riemann sum S (f,p, &) is either 0 when ¢ ¢ € or it is

S (f,p,€) =h(c) (wp-1 — k)
for some interval [x_1,zx] of the partition. Since h (c) (zx—1 — xx) — 0 as m (p) — 0, we
obtain that A is integrable and f; h(x)dx = 0.

Let the set A ordered in the increasing order be {a;},~,, and let ag = 0 and a,, = 27
(clearly, we can add to A any point). Extend the derivative f’, which is initially defined
outside A, to any point a; arbitrarily, so that the function f’ () is now defined on [0, 27].
Let us show that this function is integrable on [0, 27].

Indeed, within any interval (a;_1,q;) function f’(z) is continuous and has limits at
the endpoints of the interval. Obviously, f’ can be extended to [a;_1, ;] as a continuous
function, and the continuous extension of f’ is Riemann integrable in [a;,_1, ¢;]. The global
extension of f’ defined above, may be different from the continuous extension only at the
endpoints a;_1, a;. Therefore, it is also integrable on [a;_1, @;] by Claim 1. By Exercise 18,

function f’ is integrable in the whole interval [0, 27]. In particular, the Fourier coefficients
of [’ are defined.

Claim 2. Forallk € Z
c (f') = ikey (f). (3.52)

Recall that this identity was used in the proof of Theorem 3.8 when f’ was continuous
on [0, 27|. To prove it in the present setting, we split the domain of integration as follows:

2y (') = - f(z) e *dy = zm: /az f'(x) e dx.
=1 Y %=1

0
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Since in any interval [a;_1, ;] function f’ can be replaced by its continuous modification,
we obtain by the the integration by parts formula:

/al fl (:13) e—ik:xdx _ /az efikxdf (:IJ) _ [67ikxf( Zi + Zk‘/ f fzk:rdaj

ar—1

Therefore, summing up these identities and using the 2m-periodicity of e~**f (x), we
obtain
m
2mer () = D [e ™ f (@) 1+zk2 / f(x)e ™ dx
=1
2

= [e*f (:JC)}O7T + Zk‘/ f(z)e*dr = 04 ik2mcy, (f),
0
whence (3.52) follows.

Now we can finish the proof as in Theorem 3.8. The identity (3.52) together with the
Bessel inequality yields

Slatl £ 3 (Rla )l +5) = Xla i+ Y

k#0 k#0 k#0 k#0
1 2m . 9 1
o |, |f (2)] dx+zﬁ < 0.

k0

Then by the Weierstrass test the series Y, _, cxe’™* converges absolutely and uniformly.
|

3.5.6 Parseval’s identity

Theorem 3.11 (Parseval’s identity) Let f be an integrable function on [0,2x]. If the
Fourier series of f converges to f uniformly on [0,2x] then

1 2w

Do la(NF =g | 1f @) do.

Remark. In fact, the Parseval identity holds for any integrable function f on [0, 27},
without the assumption that the Fourier series converges to f uniformly, but the proof is
more complicated and will not be presented here. Theorem 3.11 applies to any function
f satisfying the hypotheses of Theorem 3.10.

Proof. Denote again by S,, the partial sum of the Fourier series, that is,

Sy () = Z et

lk|<n

and recall that by Claim 1 from the proof of Theorem 3.7,

2 1 o 2
>l =g [ 18 @) de

Jke|<n
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Since S, =3 f, it follows that also |S,|> =% | f|* because
18al* = LF(| < NSl = LA I1Sal + LA < 1180 = FIFAISall + (A1) — 0 as n — oo

(see Exercise 31 for the properties of the norm used above). By Theorem 3.3, we obtain

27 27
/ |Sh, (x)|2dx—>/ |f (2)]> dz as n — oo.
0 0

Therefore,
1 2
2 . 2 2
Sl = lim - fal =52 [ 1@ de
keZ |k|<n 0
which was to be proved. m

Remark. If function f is real-value then as we have shown in the previous lectures, the
relation between the complex and real Fourier coefficients is as follows:

2 o
a
22|Ck|2:30+;(az+b§).

keZ
In this case, the Parseval identity takes the form

CL2 [ee) 1 21
EONCETE /0 1 (@) de. (3.53)

™

Example. For the function f (z) = (z — 7)? on [0, 27] extended 27-periodically, we have
the expansion into Fourier series (3.51), that is,

T 2. cos kx
(x—m)? = 3—1—427.

Substituting the values of a; and by into (3.47) and noticing that
2w s 2
| raran= [ yay=2e
0 -7 D

2 , =16 2,
PRIV
k=1

we obtain

whence
S

4 —_— .

— k 90

In conclusion let us mention yet another type of convergence, which is called the
convergence in quadratic mean and which means the following: f. — f in quadratic
mean on [a, b] if

b
/ \f— fIPde — 0 as k — oo.

Of course, the uniform convergence implies the convergence in quadratic mean, but not
vice versa. The following theorem is presented here without proof.

Theorem. For any integrable function f on [0,2w], its Fourier series converges to f in
quadratic mean on [0, 27].
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4 Metric spaces

Our aim here is to develop necessary tools for analysis of functions of several variables.
The crucial role in analysis of functions of a single variable was played by the notion of
the distance between two reals x, y, that is | — y|. An analogous notion will be developed
here in an abstract context.

4.1 Notion of a distance function

Definition. Let X be an arbitrary set. A distance function (or a metric) on X is a
function d (z,y) of two variables x,y € X such that the following properties are satisfied:

1. Positivity: d(z,y) is a non-negative real, and d (z,y) = 0 if and only if z = y (hence,
d(z,y) > 0if x #y).

2. Symmetry: d(x,y) =d(y,x) for all z,y € X.

3. The triangle inequality: d (z,y) < d(x,z) +d(y, 2) for all z,y,z € X.

If d(z,y) is a metric on X then the couple (X, d) is called a metric space.

Example. 1. Let X = R. Then d (z,y) = |z — y| is a distance function on R.

2. Let X be an arbitrary set and define d (z,y) = 1if x # y and d (z,y) =0 if x = y.
Then d (z,y) is a distance function. This particular d (x,y) is called the discrete metric
on X.

Our main example of a metric space will be the set R™ = R x R x ... x R that consists

n times
of all n-tuples (x1,...,x,) — sequences of n reals. The elements of R" are also referred to

as vectors.
If © = (%1, 22, ..., 2,) € R™ then we refer to x; as the components (or the coordinates)
of the vector x. For any two vectors x,y € R" their sum is defined as follows:

T+y= (xl + Y1, T2 + Y2, .. T +yn)
For any real A and any vector x, the product Az is defined by
Az = (Azy, Axg, ..., Axy,) .

The set R™ with these two operation becomes a vector space. Recall the definition of
a vector space with the scalar field R. Real numbers will also be called scalars.

Definition. Let V be a set where two operations are defined: addition x +y € V for all
x,y € V and multiplication by scalar Az € V for all scalars A € R and vectors z € V.
The set V' with these operations is called a vector space (or a linear space) if the following
properties are satisfied:

1. Neutral element: there exists 0 € V such that x +0=0+4+ 2z =x forall z € V.
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2. Negative element: for any x € V there is a vector denoted by —x € V such that
r+ (—x)=(—x)+2=0.

3. Associative law for addition: (z +vy) + 2z =2+ (y + 2)

>

Commutative law for addition: z +y =y + =
Neutral element for scalar multiplication: 1x = x.

Associative law for scalar multiplication: (Au)x = A (ux) .

N o

Distributive law for addition of scalars: (A + )z = Az + pz.

8. Distributive law for addition of vectors: A (z +y) = Az + \y.

Example. 1. It is straightforward to check that R™ with the above operations is a vector
space. Note that the neutral element is the zero vector 0 = (0,0, ...,0) and the negative
toxis —x = (=21, ..., —Tp).

2. Let S be any set and F' (S) the set of all real valued function on S. For any two
functions f,g € F (5), addition f + ¢ is defined by

(f +9) () = f(z) +9(x),

and the multiplication by scalar by (\f) (x) = Af () where A € R. Zero element is f = 0.
Clearly, F'(S) is a vector space.

If S=1{1,2,...,n}, that is, S consists of n elements, then any function f on S can be
identified with the sequence {f (1), ..., f (n)} of its values on S. Considering this sequence
as an element of R", we see that R” is identical with the vector space F'(.5).

A natural way to introduce a distance function on a vector space is to use the notion
of a norm.

Definition. A function N on a vector space V is called a norm if it satisfies the following
properties:

1. Positivity: N () > 0and N (x) = 0if and only if z = 0 (hence, N (z) > 0 if x # 0).
2. The scaling property: for any A € R, N (Az) = |A| N ()

3. The triangle inequality: N (z +y) < N (z) + N (y) .

A vector space V' endowed with a norm N, is called a normed space.

Example. 1. Function N (z) = |z| is a norm in R. To resemble |z|, the norm in arbitrary
vector space is normally denoted by ||z||.

2. Let V = B (5) be the set of all bounded functions on S, which is obviously a vector
space. The following is a norm in B (S):

If[l = sup|f (x)|
zesS

(see Exercise 31). To distinguish this norm from other norms, let us call it the sup-norm
and denote by || f/||sup-
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3. Let V = R". Considering R™ as the space B (S) with S = {1,2,...,n} and using
the sup-norm, we obtain the following norm in R":

l#llsup = sup ] = max o]

Another norm in R”, which is called the 1-norm, is given by

||£EH1 = |1‘1’ + ’ZEQ| + ...+ |:En|

Claim. If (V,N) is a normed space then d(x,y) = N (z —y) is a distance function on
V.

Proof. Let us check the three properties of a metric:

Positivity: d(z,y) = N(x —y) > 0 and N (z —y) = 0 if and only if x = y, follows
from the positivity of the norm.

Symmetry:

d(z,y) =Ny —z)=N((-1)(z—-y)=N(@x-y)=d(yz),

where we have used the scaling property of the norm.
The triangle inequality:

d(z,y) =N(r—-y)=N(z-2)+(-y) <N@-2)+N(E-y) =dz,2)+d(zy),

where we have used the triangle inequality for the norm. =
Hence, any normed space is a metric space.

Example. Consider examples of a metric defined via a norm.
1. For V = B(S) with the sup-norm

dsup (f,9) = 1S = gllswp = Sup [f (z) —g(z)].
2. For V' = R" with the sup-norm

o (2.9) = 1 = yllup = 10235 {J1 =}

and for V = R"™ with 1-norm:

dy (z,y) = e =yl =D lox — il -
k=1

Theorem 4.1 For any 1 < p < 00, define the p-norm in R™ by

n 1/p
2|l = (Z !l’k!”) :
k=1

Then || - ||, is a norm in R™.
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Proof. If p = 1 then we already know that ||||; is a norm. Let us assume in the sequel
that p > 1.

Positivity. Obviously, ||z, > 0 and the equality takes places if and only if all zj, =0
that is, when x = 0.

The scaling property:

n 1/p
[Azl, = (Z AP \%!”) = Al [|]-
k=1

The triangle inequality is much more involved and will be proved after some prepara-
tion.

Claim 1. (The Holder inequality) For any reals p,q > 1 such that
-+-=1 4.1
» g (4.1)
the following inequality holds for all x,y € R":

[2llpllylly = |219n] + [22y2] + - & [20yn] . (4.2)

If z =0 or y = 0 then (4.2) holds trivially. Assume further that both z,y # 0. Notice
that the inequality (4.2) does not change if we multiply by a scalar A, since the both
sides multiply by |A|. Therefore, multiplying z by A = and renaming A\r by x, we

1
=l
can assume that ||z|, = 1. Similarly, we assume that [|y||, = 1.

Next, we use the Young inequality which was proved in Analysis I: for all non-negative
a? b7

Applying it with a = |zx| and b = |yx| and summing up in k = 1,2, ..., n, we obtain

- |$k|p |yk|q -
S (- D) > S -
p q k=1

k=1

Using the hypotheses that ||z||, = ||y|l, = 1 and (4.1) we obtain that the left hand side is
equal to

— E p_|_ — § q __ D q
i | | 9= | | p H HP qH Hq p q - H Hp” Hq

whence (4.2) follows.
For any two vectors x,y € R", set

r-y= Zﬂﬁkyk
k=1

The expression z -y is called the dot product (or the inner product) of x and y. Note that
x -y is a real number. The obvious properties of the dot product are:
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1. symmetry: z-y=y-x

2. linearity in each argument:
(Az) -y =A(z-y)
and
(x+y)-z=z-2+y- =z

Also, it follows from (4.2) that

lzlpllylly = @ -y

(4.3)

whenever p and ¢ satisfy (4.1). Positive numbers p, ¢ satisfying (4.1) are called

Holder conjugate.

Claim 2. If p and q are Holder conjugate then, for any x € R”,

|2]l, = sup -
yern {0} 1Yllq

It follows from (4.3) that
lall, > —2
"yl

whence
x|, > Sup

o lly ||q

Let us prove the opposite inequality. If = 0 then it is obvious. Otherwise, choose y as

follows:
k= |oiP

n
y= lul” = |allf
k=1

so that

and, using ¢ = p%l,

p—1

n 1/q n 7
—1)—2- —
lyllg = <Z|yk|q> = (Zm!‘p )”1) = |||l
k=1 k=1

Therefore, for this v,

ooy lely
ylle [l g
It follows that
sup = > [zl
y#0 H ||q

which finishes the proof of this claim. This argument implies that sup in (4.4) can be

replaced by max.
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Now we are ready to prove the triangle inequality. By Claim 2, we have

x + -z X -z A
lz+yll, = sup¢: up<—+y—>
=20 ||zl =20 \lz[l4 Iz

x'z+ Y-z
sup sup
=20 (|27 2z0 |2]|

=l +1yllp,

which was to be proved. m
A special role is played by the 2-norm:

n 1/2
2
]2 = (j{:!wk!> :

k=1

which is obviously related to the dot product as follows:
-z = ||zl
The Holder inequality in this case becomes

vy < |lzll2llyll-

This particular case of the Holder inequality is called the Cauchy-Schwarz inequality. Let
us give an independent proof of the Cauchy-Schwarz inequality. Note that x -z > 0 for

any z € R”. In particular, for all z,y € R” and A € R,

(x+ Ax) - (z+ Ay) > 0.

Expanding the left hand side using the linearity of the dot product, we obtain

zox+2\(r-y)+ N (y-y) >0.

Since this quadratic polynomial of A is non-negative for all A € R, its discriminant must

be non-positive, that is,

(w-y)* < (z-2) (v ) = |2lBlylI3,

whence the claim follows.
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Let us show how the sup-norm is related to the p-norm.

Claim. We have

||pr - ”stup as p — OQ.

Proof. Let m = ||z||sup so that |xzx| < m for all k =1,2,...,1 but |z;| = m for some
m. Then

n
lzllp =D lawl” = m?
k=1

and
|z]l; < nm”
whence

m < |lzf], < n*Pm.

Clearly, n'/? — 1 as p — oo whence |||, — m, which was to be proved. m
For this reason, the sup-norm is also called the co-norm and is denoted by ||z||s so
that

[£]loo = l2llsup = lim {l2][.
p—-+oo
Note that p = oo and ¢ = 1 are Holder conjugate because é + % = 1, and the Holder
inequality extends to this case as follows:

lzllellylls = -y,

because

n n
k=1 k=1

Summarizing the above, we can say that R™ possesses the following family of distance
functions: for any p € [1, +o0]

n p\1/p
d, (x = ||l — = (Zk:1|xk_yk| ) , P <00,
(ey) = |z —yll, { (il )™ p <00

4.2 Metric balls

In any metric space (X, d) one can consider metric balls defined as follows.

Definition. For any xzy € X and r > 0 define the ball B (z,r) of radius r centered at xg
by
B (xzg,r)={r e X :d(z,z0) <7r}.

Example. In R with the distance d (z,y) = |x — y| the ball B (zg,r) is the symmetric
open interval (zg — 7,20 + 7).

Example. Consider R? with the metric d, where 1 < p < oo and describe the metric
ball B (0,r) for various p.
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If p=1 then
B(0,r) ={z e R*: ||z]ly <7} = {(21,22) € R*: |z1] + |22 <7}

Hence, the metric ball B (0,r) is a rhombus (rotated square) as on the diagram below:

If p =2 then
B0,r)={z e R*: ||z[lz <7} = {(21,22) € R* : 2] + 2} < r*}

which is the circle:

If p =4 then
B0,r) ={z e R*: ||lzlls <7} = {(z1,22) € R : 2} + 25 <1},

which is shown on the diagram:
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If p = oo then
B(0,r)={z e R*: ||zl <7} = {(21,22) € R* : max {|z1], |z2|} <1},

which is the square:

Let us prove the following general property of metric balls, which will be frequently
used.

Lemma 4.2 Let B (x1,71) and B (x2,1r2) be two metric balls in a metric space (X, d).
(a) If r1 + 1o < d(x1,22) then the balls are disjoint.
(b) If 1y — 19 > d(x1,22) then B (xq1,71) D B (x2,73) .

Proof. (a) If z belongs to the both balls then d (z,z1) < r1 and d (z,22) < r2 whence
by the triangle inequality

d(z1,22) < d(z,z1) +d(z,29) <71+ 12

which contradicts the assumption.
(b) For any x € B (x2,72), we have

d(z,x1) <d(x,z9) +d(r1,22) < 1o+ d(x1,22) <1

whence = € B (z1,71). Hence, B (x9,75) C B(z1,71). ®

4.3 Limits and continuity

Definition. Let (X, d) be a metric space. We say that a sequence {z,} -, of points in
X converges to a point a € X if d (z,,a) — 0 as n — oo. The point a is called the limit

of {z,,} and we write in this case lim,, ., x, = a or z,, — a or z, AP indicating that the
convergence relates to the distance function d.

Equivalently, x,, — a if, for any € > 0, there exists N € N such that
n>N = z, € B(a,¢),

because the latter is equivalent to d (z,,a) < e.
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Claim. Any sequence in a metric space can have at most one limit.

Proof. If x, — a and z,, — b then z,, € B(a,¢) and x, € B(b,¢) for any ¢ > 0
and for large enough n. But we can choose € = 1d (a,b) so that by Lemma 4.2 the balls
B (a,e) and B (b,¢) are disjoint. Hence, x,, cannot belong to both balls. m

Definition. Let (X, dy) and (Y, dy) be two metric spaces and f : X — Y be a function
(a mapping) from X to Y. We say that f (z) converges to b € Y as z — a € X and write
f(x) —=bor

lim f(x) =b

r—a

if, for any ¢ > 0, there exists 6 > 0 such that

dx (r,a) <9, v #a = dy (f(x),b) <e.

Denoting by Bx and By the metric balls in X and Y, respectively, rewrite the above
condition in the form

x € Bx (a,6) \{a} = f(x) € By (b,e).

Claim. If the limit of a function exists then it is unique.
The proof is the same as for sequences.

Definition. Function f: X — Y is called continuous at a € X if lim,_, f () = f (a).
In other words, for any € > 0 there is 6 > 0 such that

r € Bx (a,0) = f(x) € By (f(a),e). (4.5)

Function f : X — Y is called continuous if it is continuous at all points of X.

Example. Fix a point 29 € X and consider a function f : X — R defined by f (z) =
d (z,x9). We claim that this function is continuous on X. For that, we need to check that
for any a € X and any € > 0 there exists 6 > 0 such that

d(z,a) <0 = |d(z,z0) — d(a,x0)| < e.
It follows from the triangle inequality that
|d(l’,$0) - d(a7$0)| < d(x,a) :

Therefore, it suffices to take § = .

4.4 Open and closed sets

Let (X, d) be a metric space.

Definition. A set U C X is called open if for any x € U there exists r > 0 such that
B(z,7) CU. A set F' C X is called closed if its complement X \ F' is open.

For example, the empty set () and the full set X are open. Hence, their complements,
that is, X and (), are closed.
In R the open intervals are open sets and the closed intervals are closed sets.
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Theorem 4.3

(a) The union of any family of open sets is open.

(b) The intersection of a finite family of open sets is open.

(¢) The intersection of any family of closed sets is closed.

(d) The union of a finite family of closed sets is closed.

(e) A set U C X 1is open if and only if U is the union of a family of metric balls.
(f) A set F C X is closed if and only if any convergence sequence from F' has the
limat in F.

Proof. (a) Let F be a family of open sets. To prove that the union U = Jg.z S is
open let us verify that for any x € U there is r > 0 such that B (z,r) C U. Indeed, x
must belong to some set S € F. Since S is open, we have B (z,7) C S for some r > 0.
Hence, B (z,r) C U, which was to be proved.

(b) Let S1,Ss,...,.S, be a finite family of open sets and set U = (,_, Sg. If x € U
then x € Sy, for any k. Then, for any k, there is r;, > 0 such that B (z,r) C Sk. Set

r = min (1,79, ...,7) > 0.

Then B (z,r) C Sy for any k, whence B (x,r) C U.

Remark. The intersection of infinitely many open sets may be not open. For example,

the intersection of all open intervals (—%, %) in R, where n € N, is {0} which is not open.

(c) If F is a family of closed sets then the set

(0 -ys

SeF SeF

is open by part (a). Hence, [\gcz S is closed.
(d) If Sy, ..., S, is a family of closed sets then

(U Sk> =S
k=1 k=1

is open by part (b) . Hence, | J;_, Sk is closed.

(e) If U is open then for any = € U there is r, > 0 such that B (x,r,) C U. Clearly,
U is the union of all balls B (z,r,) as = varies in U.

To prove the converse statement, it suffices to prove that any metric ball is open (and
then use (a)). Let us show that the metric ball B (a,r) is open for any a € X and r > 0.
Indeed, for any = € B (a,r) set

e=r—d(a,x)>0.

Then r—e = d (a, x), which implies by Lemma 4.2 that B (x,¢) C B (a,r). Hence, B (a,r)
is open.
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(f) Let F be closed and let {x,} be a sequence in F' that converges to a € X. Let us
show that a € F'. Assuming the contrary, that is, a belongs to the open set ¢, we obtain
that there is > 0 such that B (a,r) C F°. Since z,, € F, it follows that =, ¢ B (a,r).
The latter means that z,, /~ a, which contradicts the assumption.

Assume now that F' contains the limits of all its convergence sequences and prove that
F' is closed. We need to show that F¢ is open, that is, for any a € F* there is r > 0
such that B (a,r) C F°. Assume from the contrary that F° is not open, that is, for some
a € F° no ball B(a,r) is contained in F°. This means that, for any n € N there is
z), € B (a,7) such that x;, ¢ F¢, that is, z;, € F. Hence, we obtain a sequence {x;} of
points in F' such that d (z3,a) < ¢ whence zj, — a as k — oo. By hypothesis, we must
have a € F', which contradicts the assumption a € F°. m

Remark. One can start with definition of the family of open sets in an axiomatic manner.
Namely, consider a set X and a family O of subsets of X that are called open sets, which
satisfies the following axioms:

l.feOand X € O.

2. The union of any family of sets from O is in O

3. The intersection of any finite family of sets from O is in O.

Any family O with such properties is called a topology in X, and the couple (X, O)
is called a topological space. The topology in X can be used to define the notion of
convergent sequences, continuous functions, etc.

In this course, we consider only the topology in a metric space, which is defined via
the distance function.

Example. As we already know, and metric ball is an open set. This implies that the
complement of any ball is a closed set. Consider the notion of a closed ball

B (zo,7) ={r € X :d(x0,2) <1}

and prove that a closed ball is a closed set. It suffices to prove that the complement of
the ball
C={xre X :d(xg,z)>r}

is open. Let x € C and let us show that C' contains a ball B (x, ¢) for some € > 0. Indeed,
just take
e=d(zg,z)—1>0

so that
r+¢e=d(zg,x),

which implies similarly to Lemma 4.2 that the balls B (z,7) and B (w,¢) are disjoint. It
follows that B (z,e) C C, which proves the openness of C.

As a consequence, we obtain that a closed ball contains limits of all convergent se-
quences from this ball.

Theorem 4.4 Let X,Y be metric spaces and f : X — 'Y be a mapping.

(a) The mapping f is continuous if and only if f~1(U) is open in X for any open
subset U C Y.
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(b) The mapping f is continuous if and only if f~* (F) is closed in X for any closed
subset FF C Y.

(¢) The mapping f is continuous at a € X if f (z,) — [ (a) for any sequence {z,,} C X
such that z,, — a.

Proof. (a) Assume that f is continuous and prove that the inverse image f~!(U)
is open in X for any open set U C Y. Take a € f~*(U). Then f(a) € U and by the
openness of U there exists ¢ > 0 such that By (f (a),e) C U. By the continuity of f at
a, there is 0 > 0 such that

x € Bx (a,6) = f(x)€ By (f(a),e). (4.6)

This implies that f (Bx (a,d)) C U whence By (a,6) C f~!(U), which proves the open-
ness of f~1(U).

Assume that f~1 (U) is open for any open set U C X and prove that f is continuous.
To prove the continuity of f at a € X, we need to show that, for any ¢ > 0 there is
d > 0 such that (4.6) holds. Consider the ball By (f (a),e), which is an open subset of
Y. Hence, its inverse image is open in X. Since a belongs to the inverse image, there is
d > 0 that also Bx (a,0) is contained in the inverse image, which implies that

f(Bx (a,0)) C By (f (a) ),

which is equivalent to (4.6).
(b) Let f~'(F) be closed in X for any closed set F C Y. Then f~! (U) is open for
any open U C Y, because U° is closed, f~! (U°) is closed, and

U =),

The converse statement is proved similarly and, hence, the result follows by (a).
(c¢) Assume that f is continuous at a and prove that f (z,) — f (a) for any sequence
r, — a. By the continuity, for any € > 0 there is 6 > 0 such that

xr € Bx (a,0) = f(x) € By (f (a),¢).
The hypothesis x,, — a implies that, for any 6 > 0 there is N € N such that
n>N = z, € Bx(a,9).
Combining the two statements, we see that for any € > 0 there is N € N such that
n>N = f(z,) € By (f(a),¢),

which means that f (z,) — f (a).

Conversely, assume that f (z,) — f (a) for any sequence x,, — a and prove that f is
continuous at a. Assume the contrary that f is not continuous at a, that is, there exists
e > 0 such that for any 0 > 0 there is © € Bx (a,d) such that

f(z) & By (f(a),e).
Applying this with § = % where k € N, we find z;, € By (a, l) such that

f(xr) & By (f (a),¢)
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Therefore, xy — a while f (x;) 4 f (a), which contradicts the hypothesis. ®

Corollary. If f: X =Y and g : Y — Z are two continuous mappings of metric spaces
then the composite mapping go f : X — Z s also continuous.

Proof. Indeed, for any open set U C Z, we have

(go W) =f1 (g (V).

Since g~ (U) is open in Y and, hence, f~! (¢~ (U)) is open in X, we conclude that
(go f)~"(U) is open in X. Therefore, g o f is continuous by Theorem 4.4. m

Corollary. If f,g : X — R are continuous mappings from a metric space X to R then
f+g, fg,f/g are also continuous (in the case f/g assume that g # 0).

Proof. Let us, for example, prove that f+ ¢ is continuous at any point ¢ € X. Indeed,
for any sequence x, — a we have by Theorem 4.4 f (z,) — f(a) and g (z,) — ¢ (a).
Therefore, by the properties of convergent sequences, f(x,) + g(x,) — f(a)+ g(a)
which implies again by Theorem 4.4 that f + ¢ is continuous at a.

]

Consider now R™. As we know there are many choices of distance functions in R"™ even
among those induced by a norm.

Definition. Let N’ and N” be two norms in R™. We say that N’ and N” are equivalent
if there are positive constants C7, Cs such that, for all x € R",

CoN' (2) < N" (2) < CiN' (2). (4.7)

It is easy to verify that the equivalence of norms in an equivalence relation.

Claim. Let the two norms N' and N" be equivalent and let d' and d” be the distance
functions of the norms N' and N" respectively. Then:

1. Convergence in d' and in d’ is the same.

2. Continuity in d' and in d” is the same.

3. Open sets in d' and in d’ are the same.

Proof. 1. If 2, -* a then d’ (xr,a) — 0 as k — oo, that is, N’ (z;, —a) — 0. By
(4.7), we have also N” (z;, — a) — 0 whence d” (xy,a) — 0 and xy 2
2. The continuity amounts to convergence of sequences by Theorem 4.4.

3. The closed sets are characterized in terms of convergent sequences by Theorem 4.3
and, hence, are the same, which implies the identity of the open sets. m

Claim. All p-norms in R™ with p € [1,4+00| are equivalent.
In the sequel, we always assume that the topology of R" is defined using a p-norm.
Proof. It suffices to prove that any p-norm is equivalent to co-norm (=sup-norm).
Indeed, for any 1 < p < oo, we have

n 1/p
|z]l, = (Z |frk|p> > (max { |z })"? = ||zl

k=1
and

n 1/p
zll, = (Z \$k|p> < (nmax {|z; )" = n'/?||z|

k=1
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whence
|zlloo < [l2llp < 2MP)|2]| oo,

which was to be proved. m
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4.5 Complete spaces
Let (X, d) be any metric space. A sequence {z,,} C X is called Cauchy if

d(zp, x,) — 0asn,m— oo.
If z,, — a then
d(Tp, Tm) < d(zp,a) +d(zm,a) — 0as n,m — oo,

which means that any convergent sequence is Cauchy. The converse is true in R but not
in general.

Example. Let X = (0, 4+00) be the half-line with the distance function d (z,y) = |x — y|.
Then (X, d) is a metric space. Consider a sequence z,, = +, which is obviously Cauchy.
However, this sequence does not converge in X (although it converges to 0 in a larger
space R).

Definition. A metric space (X, d) is called complete (Vollstinding) if any Cauchy se-
quence is convergent. Otherwise, the metric space is called incomplete.

The above example shows that the open half-line is incomplete.

Theorem 4.5 Let S be an arbitrary set and let X = B(S) be the vector space of all
bounded functions on S endowed with the sup-norm. Then X is a complete metric space.

Proof. Recall that the sup-norm is defined by
If]] = sup | f].
S

Let {f.} € X be a Cauchy sequence, that is,
| fo — fimll — 0 as n,m — oo,
and let us show that the sequence {f,} converges. For any = € S, we have

|fo () = fn ()] <sup|fo — finl = | fu — fol — O

which means that the numerical sequence { f,, (z)} is Cauchy, for any fixed z. By Theorem
2.4 from Analysis I, the sequence { f, ()} converges. Denote its limit by f (z) so that

fn(x) — f(x) asn — oo, for any x € S.

We have obtained a function f (z) on S. Let us show that f is bounded and that f,, — f
in the sup-norm. By hypothesis, we have that, for any € > 0 there exists N € N such that

n7m2N - Sup|fn_fm| <é.
It follows that, for any = € S,
[fu(2) — fin (2)] <.
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Passing to the limit as m — oo, we obtain

[fn (@) = f2)| <e

whence
sup|fn — f| <e.

It follows that f is bounded and that f,, — f in the sup-norm asn — oco. m

Corollary. The space R™ is complete with respect to any p-norm.

Proof. Indeed, we have R" = B(S) with S = {1,2,...,n}. By Theorem 4.5, R"
is complete with respect to the sup-norm, that is, co-norm. Then R" is complete with
respect to the p-norm because the two norms are equivalent. m

Consider a metric space (X, d) and a mapping f : X — X. We say that a point a € X
is a fized point (Fizpunkt) if f (a) = a. Many problems in Analysis amount to obtaining
a fixed point of a certain function or mapping.

Example. Let us show that any continuous mapping f : [0, 1] — [0, 1] has a fixed point.
Indeed, the function f (x) — z is non-negative at x = 0 and non-positive at z = 1, which
implies by the intermediate value theorem that it vanishes at some point x, which is hence
a fixed point. On the other hand, the mapping f () =  + 1 on R has obviously no fixed
point.

The next theorem ensures the existence of a fixed point under certain assumptions of
the space and the mapping. We say that a mapping f : X — X is a contraction mapping
if there is 0 < ¢ < 1 such that

d(f (x), f(y)) < qd(z,y)

for all x,y € X.

Theorem 4.6 (The Banach fixed point theorem) Let (X, d) be a complete metric space.
Then any contraction mapping f : X — X has exactly one fixed point.

Proof. Choose an arbitrary point € X and define a sequence {z,} -, by induction
using
xg =2 and T,41 = f (z,) for any n > 0.

Our purpose will be to show that the sequence {z,} converges and that the limit is a
fixed point of f. We start with the observation that

d(@ni1,20) = d(f (20) , [ (2n-1)) < qd (Tn, Tn1).
It follows by induction that
d(Tpi1,%n) < q"d(x1,20) .
Claim. If {z,} is a sequence of points in a metric space such that, for some C' > 0 and

q € (0,1),
d (anrla xn) < an fO’l" all n,

then {x,} is Cauchy.
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Indeed, for any m > n, we obtain using the triangle inequality

d(xma mn) S d(xn7$n+1> + d(xn+17$n+2> + ...+ d(xm—bxm)
< C("+ ¢+ 4+
< Cq .
= 1= q

Therefore, d (z,,,z,) — 0 as n,m — oo, that is, the sequence {z,} is Cauchy.
Applying this Claim and the hypothesis that the space (X, d) is complete, we conclude
that {x,} converges, say to a. Then

d(f (xn), f(a)) < qd(zn,a) =0

so that f(z,) — f(a). On the other hand, f(z,) = x,11 — a as n — oo, whence it
follows that f (a) = a, that is, a is a fixed point.
If b is another fixed point then

d(a,b) =d(f(a),f (b)) <qd(a,b),
which is only possible if d (a,b) = 0 and, hence, a = 0. =

Example. Fix ¢ > 0 and consider a function f(z) = (z+ <), z > 0. It is easy to see
that a unique fixed point of this function is x = /c. It is the contents of Exercise 49 to
show that f is, in fact, a contraction mapping in X = [\/¢, +00). The procedure of the
proof of Theorem 4.6 applies in this case and gives a sequence {z,} converging to /c,
which can be used for numerical approximation to /c.
Let us give a numerical example. Set ¢ = 2 and, hence, f(x) = % (ac + %) Define
{z,} by 2o =1 and
1 2
Tpt1 = [(xn) == <xn + —> )

2 n

Then z; = f (1) = %7 T2 = f (%) = %, x3=f (%) = %, ry=f (Z%;) = iggggg and
_ ¢ 665857\ 886731088897
° 7\ 470832) ~ 627013566 048

~ 1.41421356237309505,

which is already a very good approximation for v/2 (all the displayed digits are correct).

4.6 Compact spaces

Let (X,d) be a metric space and K be a subset of X. We consider families of open sets
that covers K. Namely, a family F of sets is called an open cover (of fene Uberdeckung)
of K if all members of F are open sets and the union of these sets contains K, that is

U U>DK.
UeF

Any subfamily of F that also covers K is called a subcover.

Definition. A subset K of a metric space X is called compact if any open cover of K
contains a finite subcover.
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Any finite set is obviously compact. Also, a closed bounded interval in R is a compact
set, as follows from Theorem 1.10 from Analysis I (later on we will obtain an independent
proof of this fact), while R itself is not compact.

Any non-empty subset Y C X of a metric space X can be considered itself as a metric
space, with the same distance function d. The metric space (Y, d) is called a subspace
of (X,d). In general, the properties of a subset K C Y may depend on whether K is
considered as a part of (Y, d) or (X,d). A certain property of a set K is called intrinsic
if it does not depend on the choice of the ambient space Y. For example, the property to
be open (or closed) is not intrinsic because if we choose K =Y then K is always open in
Y whereas K does not have to be open in X.

Claim. The compactness of a set K is an intrinsic property.

Proof. We need to prove that if K C Y C X then K is compact in a metric space
(X, d) if and only if it is compact in (Y, d). Assume that K is compact in (Y, d) and let
F be an open cover of K in X. For any set U, which is open in X, the set U' =UNY is
open in Y, which simply follows from

By (z,r) = Bx (z,r)NY.

Therefore, taking intersections of sets U € F with Y, we obtain the family F' that is an
open cover of K in Y. By the compactness of K in Y, there is a finite subcover of F’.
Taking the corresponding members of F, we obtain a finite subcover of F.

Conversely, let K be a compact in (X, d) and F be an open cover of K in Y. Any set
U € F is open and, hence, is a union of balls in Y. Taking the union of the corresponding
balls in X, we obtain an open set U in X such that U = U NY. The union of all sets U
is an open cover F of K in X. By the compactness of K in X, there is a finite subcover
of F, which yields the corresponding finite subcover of 7. m

One of the important features of compactness is the following relation to continuous
mappings.

Theorem 4.7 Let (X,dx) and (Y,dy) be two metric spaces and f : X — Y be a con-
tinuous mapping. If K is a compact subset of X then the image f(K) is compact in
Y.

Hence, a continuous image of a compact set is compact.
Proof. Let F be an open cover of f (K) so that

f(K)c U U

UeF

Taking inverse image of these sets, we obtain that

Kc U o).

ueF

The sets f~! (U) are open in X by Theorem 4.4. Hence, the family {f~' (U)}, .5 is an
open cover of K in X. By the compactness of K, there is a finite subcover { f~! (Uk)},]jzl :
Then the family {Uk}gzl is a finite subcover of F, which finishes the proof. m
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Definition. A subset K of a metric space X is called sequentially compact (Folgenkompact)
if every sequence in K contains a convergent subsequence with the limit in K.

For example, a bounded closed interval in R is sequentially compact by the theorem of
Bolzano-Weierstrass (Theorem 2.3 from Analysis I), while R is not sequentially compact.

Definition. A subset K of a metric space X is called totally bounded if, for any & > 0,
there is a finite cover of K by balls of radii e.

The latter means that for any ¢ > 0 there is a finite sequence {z1,...,2;} of points
in X such that the union of the balls B (z;,¢) contains K. Any sequence {z;} with this
property is called an e-net of K in X. One can regard a finite e-net as an approximation
of the set K by a finite set with error < ¢.

Clearly, any bounded interval in R is totally bounded, while R is not totally bounded.

It is easy to see that both sequential compactness and total boundedness are intrinsic
properties of K (cf. Exercise 50). We use these notions for the following useful criteria
for compactness.

Theorem 4.8 Let (X,d) be a metric space. Then the following are equivalent:
1. X s compact.
2. X 1is sequentially compact.
3. X 1is totally bounded and complete.

Proof. 1 = 2. Let {z,} be a sequence in X and let us show that there is a
convergent subsequence. Assume the contrary, that is, no point x € X is a limit of a
subsequence of {z,}. This means that for any € X there is ¢, > 0 such that the ball
B (z,e,) contains only finitely many terms of the sequence {z,} (indeed, if B (x,¢) con-
tains infinitely many terms for any € > 0 then setting ¢ = % and choosing z,, € B (x, %)
we obtain a subsequence {z,, } that converges to x). The family of balls {B (z,e,)},.x
is an open cover of X, whence it follows that there is a finite family of such balls that
covers X. Since each ball contains only finitely many terms of {x,}, it follows that the
whole sequence {z,} contains only finitely many terms, which contradicts the definition
of a sequence.

2 — 3. Let us first prove that X is complete. Let {x,} be a Cauchy sequence in X.
By the sequential compactness of X, {x,} has a convergent subsequence. Then use the

following general fact.

Claim. If a Cauchy sequence {x,} has a convergent subsequence then {x,} is also con-
vergent.

Indeed, assume that a subsequence {z,, },., converges to a € X and prove that also
{xn},2, converges to a. By the fact that {x,} is Cauchy, for any ¢ > 0 there is N € N
such that

n,m>N = d(x,,x,) <ec.

Choose k so big that ny > N and d(x,,,a) < . Then, for any n > N,
d(Tn,a) < d(Tp, Tn,) +d(Ty,,a) <2

which implies that z, — a as n — oo.
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Let us prove that X is totally bounded, that is, for any € > 0 there is a finite e-net
for X. Assume from the contrary that for some ¢ > 0 there is no finite e-net. Let us
construct a sequence {z,} -, C X as follows. Choose z; arbitrarily. If zy, ..., 2,1 have
been already constructed, then choose x, as follows. The balls { B (z;, )}~ do not cover
all X by hypothesis. Therefore, there is a point in X that does not belong to any of these
balls; denote this point by x,,. By construction, we obtain that d (z,, z,,) > € for any two
distinct indices n, m. This implies that the sequence {z,} is not Cauchy; moreover, any
subsequence of it is not Cauchy either. Hence, no subsequence of {x,} converges, which
contradicts the sequential compactness of X.

3 = 1. Let F be a family of open sets that covers X and let us show that it
has a finite subcover. Assume from the contrary that no finite subfamily of F covers X.
Choose a finite 1-net {x1, ..., 1} and notice that one of the balls B (z;,1) admits no finite
subcover of F (indeed, if every ball B (z;,1) admits a finite subcover then X does t0o0).
Let this ball be B (ag, 1) (where ag is one of the points 1, ..., z;). Choose a finite 3-net,
say {y1,...,y} and notice that at least one of the balls B (y;,3) that intersect B (ag, 1)
admits no finite subcover of F; let this ball be B (al, %)

1 B4y | .-

Continuing this way, we construct a sequence of balls { B (a,,27")} ~, such that

(1) any two consecutive balls in this sequence has a non-empty intersection

(74) none of the balls admits a finite subcover of F.

Indeed, if B (an_l, 2’(”’1)) is already constructed then choose a finite e-net {z1, ..., 2, }
with e = 27", Then one of the balls B (z;,2™") that intersect B (an_l, 2*("*1)), admits
no finite subcover of F; let it be B (a,,27").

The fact that B (an_l, 2’(”’1)) and B (a,,2~") intersect each other, implies by Lemma
4.2 that

d(an,an_1) < o-(n=1) 4 9=n ~ 9=(n=2)

It follows that the sequence {a,} is Cauchy (cf. the Claim in the proof of Theorem 4.6).
By the compactness of X, the sequence {a,} converges, say to a € X. The point a
belongs to one of the sets from F, say to U € F. Since U is open, there is » > 0 such
that B (a,r) C U. For a large enough n, we have

d(a,a,)+2"<r
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because d (z,a,) — 0 and 27" — 0 as n — oo. This implies B (a,,2™") C B (a,r) and,
hence B (an,27") C U, which contradicts the assumption that B (a,,27") admits no finite
subcover of 7. m

Definition. We say that a set K in a metric space is bounded if it is contained in a metric
ball.

For example, any bounded interval in R" is a bounded set. It is easy to prove that in
general any totally bounded set is bounded, while the converse may not true (see Exercise
50). Now we can give a simple characterization of compact sets in R™.

Theorem 4.9 A subset K € R™ is compact if and only K is bounded and closed

Proof. First note that a compact set K in any metric space X must be closed and
bounded. Indeed, if K is not closed then by Theorem 4.3 there is a convergent sequence
in K whose limit is outside K. Clearly, this sequence has no convergent subsequence in
K so that K is not sequentially compact and, hence, is not compact, by Theorem 4.8. If
K is not bounded then K is not totally bounded and, hence, not compact by Theorem
4.8.

Conversely, let now K be a bounded closed subset of R™ and let us prove that K is
compact. Since R™ is a complete space (by Theorem 4.5) and K is a closed subset of R"
K is a complete space itself (cf. Exercise 47). In R™ any bounded set is totally bounded
because any ball can be covered by finitely many balls of arbitrarily small radii. This
particularly easy to see with the oo-norm since in this norm a ball has a shape of a box:

B(a,r)={zeR":a, —r <z < ap+r},

and any box can be covered by a finite family by arbitrarily small boxes. By Theorem
4.8, we conclude that K is compact. m

Corollary. (The maximal/minimal value theorem) Let f be a continuous function on a
closed bounded set K C R™. Then both maxy f and ming f exist.

Proof. Indeed, since K is a compact set by Theorem 4.9, f (K) is also compact by
Theorem 4.7. Hence, f (K) is bounded and closed subset of R. In particular, sup, f and
infy f are finite. Since sup, f and infx f are the limits of some sequences in f (K), they
must belong to f (K) by the closedness of this set. Hence, f (K) has both max and min.
[ ]

Corollary. All norms in R™ are equivalent (see Exercise 51).
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5 Differential calculus of functions in R"

We consider functions f : 2 — R™ where () is an open subsets of R"” and define what is
means to differentiate such a function.

5.1 Differential and partial derivatives

Let us use the following notation for the components of = and f () :

x = (21, ..., Ty)

and
f(ll‘) = (fl (x)7vfm (‘T))a

where each fj (z) is a real valued function from €2 to R. Each component f; (z) can also
be written in the form fy (1, ...,x,) and can be considered as a real valued function of n
real variables.

We can use the notion of the derivative of a function of a single variable to obtain
derivatives of fj as follows. Fix some index j = 1,2,...,n and consider z; as a variable
while all other z; with i # j are fixed. Then fj (1, ..., x,) can be considered as a function
of z; alone so that we can take the derivative with respect to x;:

Ofk (2) = lim fr (@1, .xj+h,.xy) — f (21, ..., 25, ,xn)
Oz h—0 h

This derivative is called a partial derivative of f of the 1% order. Note that in the

0
notation j one uses a round 0 instead of a straight d to indicate that f; has also other

ox j
arguments apart from x;. The term “partial” refers to the fact that only one argument
varies while the others remain constant.
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Sometimes one uses also the notation 0, f;, or D; f;, instead of %. The set of all partial
J

derivatives of the 1% order can be arranged as a m X n matrix

9fi 9N af
Ox1 Oxo Oz
of, op o of
_Jr — Ox1 Oxo Oxn
Ofm  Ofm Ofm
ox1 Oxe 7 Oxzp

where £ = 1,...,m is the index of rows and j = 1,...,n is the index of columns. This
matrix is called the Jacobian matriz of f and is denoted by J; (or J; (z)), so that

0
()

Example. Consider a function f (z) : R* — R! given by

_ [ @y o70
f (l.l’mZ) { O, x=0.

It any point = # 0, this function is obviously differentiable both in x; and x5 and

Of  wo (2} +a3) —mxo2ay 25 — o}

Oy (22 +a3)° (2?2 +ad)’

and a similar identity holds for %%. Let us show that the partial derivatives exist also at
x = 0. Indeed, by definition,

ﬁ (0) = lim f(h7 0) - f (0,0)

0xy h—0 h

=0

because f (h,0) = 0. Similarly, g—af; (0) = 0. Hence, f has partial derivatives of the first
order at all points in R2.

However, the function f is not continuous at 0. Indeed, if x; = 5 then f (z1,25) = %
so that the limit of f (z) at 0 along the line 21 = x5 is equal to 3, whereas f (0) = 0.

So, one needs a better definition of differentiability.
Definition. We say that the function f is differentiable at a point x € €2 if there exists
a linear mapping A : R” — R™ such that

fx+h)—f(zr)=Ah+o(h) ash — 0. (5.1)

Let us explain all the entries here. A vector h € R” is an increment of the argument z.
Fix some norm || - || in R™ and consider the metric balls with respect to the corresponding
distance function. By the openness of €2, there is a ball B (x,¢) that is contained in €.
Therefore, if ||h]| < & then x + h € Q and f (z + h) makes sense.
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Next, Ah means the action of the linear mapping A at h so that Ax € R™. Finally,
o (h) stands for any function ¢ (h) with values in R™ such that

e (Rl

——— —~0as h—0.
|7l

Shortly, the identity (5.1) means that the increment f (x + h) — f () of the function f for
small i can be split into two terms - the leading linear term Ah and a small term o (h).

The variable h is also called the differential of z and is denoted by dz (so that dz € R”
is an independent variable). The function h — Ah is called the differential of f at the
point x and is also denoted by df (x) so that df = Adx. The mapping A is called the
(full) derivative of f at the point x and is denoted by % (x) or by f"(x). We can rewrite
(5.1) in the form

flet+h) = f(z)=f(x)h+o(h).
Recall that the differentiability of a function f : R — R is equivalent to

fx+h)—f(z)=ah+o(h)

for some a € R and f’ () = a. Obviously, this is fully compatible with the more general
definition above since in this case A is a linear mapping from R to R that is given by
multiplication by a real number a.

Recall that any linear mapping A : R™ — R" is represented by a m x n matrix, which
will also be denoted by A. Consider h as a column vector in R”, that is, a n x 1 matrix.
Then Ah is the product of m x n and n x 1 matrices, which results in a m x 1 matrix,
that is, is a column vector in R™, as expected. Hence, f’ (z) can be considered as a m xn
matrix.

Example. Let f: R"™ — R™ be a linear mapping given by f (z) = Az. Then we have
f(x+h)—f(x)=Ah
so that f (z) is differentiable at any point = and f’(z) = A.

Lemma 5.1 If a function f is differentiable at x then f is continuous at x.

Proof. Since
fx+h)—f(z)=Ax+o0(h)
as h — 0 it suffices to prove that the right hand side here goes to 0 as h — 0. The fact
that o (h) — 0 is obvious. That Ah — 0 follows from the following claim.

Claim. For any m x n matriz A there is a constant C' such that
|AR|| < C||k]| for any h € R". (5.2)

(Exercise 46). =

Remark. The best constant C' such that (5.2) is called the norm of the mapping (or
matrix) A and is denoted by ||Al|. Equivalently, we have

[ AR

IA[l =
nern\fo} ||

(note that the norms in R™ and R™, which are used here, are arbitrary but fixed). Then
the above Claim means that ||A|| < oo for any linear mapping.
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Lemma 5.2 Let €2 be an open subset of R". If function f : Q — R™ is differentiable at

x € Q then all partial derivatives & (z) exist and
J

fi(w) = Jg (x).

Note that both f’ (x) and J; (z) are m x n matrices. This lemma implies, in particular,
that the derivative f’ (z) is uniquely defined.

Proof. Let f'(z) = A = (ax;) where k is the index of rows and j is the index of
columns. In the identity

f(x+h)—f(z)=Ah+o(h) (5.3)
set h = (0, ..., hj,...0) so that h has the only non-vanishing component h,. Then
iy ... QA1 ... Qip 0 aijh;
Ah = g1 . Q5 ... Qkp hj | = ak'j‘-'hj
Ami - Qmj - Omp 0 amjh;

Taking in the identity (5.3) the k-th component, we obtain
fr(x+h)— f(z) =agh; +o(h;).
Dividing by h; and passing to the limit as h; — 0, we obtain

O )
81’j 7

which was to be proved. m

Evaluating the partial derivatives is relatively easy since it amounts to familiar dif-
ferentiation of functions of single variable. Lemma 5.2 suggests that the full derivative
f' (z) can be evaluated via the partial derivatives, although one has to know a priori that
f is differentiable. Our next purpose is to state a condition of differentiability in terms of
partial derivatives.

Theorem 5.3 Let €2 C R" be an open set and assume that a function f : € — R™ has
all partial derivatives of the first order at all points of Q. If all partial derivatives % are

0
continuous at a point x € ) then f is differentiable at x. ’

Proof. Consider first the case when m = 1, that is, f is a real valued function on 2.
For simplicity of notation, assume that the point x where the partial derivatives of f are
continuous, is the origin 0. Note that the Jacobian matrix J; is a 1 X n matrix, that is,
a row

Jr = (0f1,....,0fn).
Let us prove that f'(0) = J;(0), that is,

f(h)—f(0)=Js(0)h+o0(h) as h — 0.

We assume that ||h||. < & where ¢ is chosen so that B (0,¢) C 2 (where the ball is also
taken in the co-norm). Consider a sequence of points {ay},_, defined as follows:

A — (hl, hg, ceey hk, O, ceey O) .
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That is, ag = 0, a; = (h4,0,...,0),..., ay = (hq, ..., hy,) = h. Clearly, ||ak||co < ||h]|oc < € sO
that all points a; are contained in €). Then we have

n

F(h) = £(0)=f(an) = f(ao) =D (f (ax) — f (ak—1))-

k=1

To estimate the difference f (ax) — f (ar_1), consider the function
g (t) = f (hl, ceey hk—l; t, 0, ceey O)

so that ¢ (0) = f (ax—1) and g (hx) = f(ag). Clearly, g (t) is defined for any ¢t € [0, hy]
and is differentiable in ¢ because

g' (t) = 8kf (hl, cey hk_l,t,O, ceny 0) .

Applying the mean value theorem to function g, we obtain that

flar) = fax-1) = g () = g (0) = ¢' () hye = Ok f (i) hue
where ¢ € (0, hy) and
bk - (hl, ceey hkfl,f, O, ceey O) .
Note that ||bk|lco < ||2]|co- Therefore, we have

F(R)=f(0) = > Of (br) hw

= D S (0) hx+ Y (Onf (br) — Oif (0)) hu,
= J_h+0(h), )

because b, — 0 as h — 0 and, hence, Oy f (bx) — Oxf (0) — 0 by the continuity of the
partial derivatives at 0.

Consider now the general case when m is arbitrary. By the above argument, we obtain
the differentiability at x of all components f; separately so that

fu(@+h)— fr(x) = Agh+o0(h)

where Ay = f; (x) is an 1 X n matrix, that is, a row. Combining together all rows Ay into
a matrix A, we obtain

fx+h)—f(z)=Ah+o(h),

which means that f is differentiable. m
We say that a function f : Q — R" is continuously differentiable in €} if all the partial
derivatives of f of the first order exist in €2 are are continuous in 2.

Corollary. If f is continuously differentiable in Q then f is differentiable in Q0 (that is,
at any point in ).

Proof. Indeed, if f is continuously differentiable in €2 then Theorem 5.3 applies to
any point of €2 and gives the differentiability in 2. m
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5.2 The rules of differentiation
5.2.1 Linearity

Theorem 5.4 (The linearity of differentiation) If f,g : @ — R™ are two functions that
are differentiable at a point x € Q then also their linear combination af + bg (where
a,b € R) is differentiable at x and

(af +bg) (x) = af' (x) + by’ (x).
Proof. We have
f@+h)—f(@)=f(x)h+o(h)

and
gx+h)—g(x)=g(@)h+o(h),

whence it follows that the function F' = af + bg satisfies
F(z+h) = F(z) = (af (x) +bg' (x)) h + o (h)

whence F' (z) = af' (x) +bg' (z). m

5.2.2 The chain rule

Theorem 5.5 (The chain rule) Let U C R"™ and V' C R™ be open sets and let a function
f:U —V be differentiable at x € U and g : V — R! be differentiable at y = f (z) € V.
Then the composite function go f : U — R! is differentiable at x and

(go f) =g () [ (x).

Note that

so that the product (composition) ¢’ (y) f’ (z) is a linear mapping from R™ to R!, and so
is the derivative (g o f)".
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Proof. We have
fx+a)—f(z)=f(z)a+p(a),

where ¢ (a) =0 (a) as a — 0 and

gy+b)—gW) =g Wb+ (),
where 1 (b) = 0 (b) as b — 0. Set here y = f (x) and y + b = f (z + a), that is,

b=f(z+a)—f(z)=f(r)at+¢(a), (5.4)
we obtain
gof(x+a)—gof(z) = g yb+v(b)
= ¢ W f(@)a+d ) ela)+v0). (5.5)

We are left to prove that

9 W) e (a)+ ¢ (b) =o(a) as a — 0. (5.6)

Using the finiteness of the norm of the matrix ¢’ (y) and we obtain, for some constant C,

19" (W) (a) || < Clle(a) || = o(|all)
whence
g () w(a) =0(a) asa— 0.

To handle the term ¢ (b) in (5.6), note that by (5.4) and the finiteness of the norm of the
matrix f’ (x), there exists a positive constant C, such that

bl < (/" () all + [l (a) || < Cllall,
whence
[ (0)I = o ([bll) = o (llall)
and ¢ (b) =o0(a) asa— 0. =

Corollary. (The chain rule in terms of partial derivatives) Under the conditions of The-
orem 9.9,

d(gofy 3gk (9fz
891,’] Zayz Ox; (@),

where y = f (x).

Proof. By Lemma 5.2, the partial derivative % is the (k, j)-entry of the matrix
J

(go f). Since this matrix is the product of the matrices

/0= (5)

= (5,
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the result follows by the rule of multiplication of the matrices. m

Corollary. (The derivative of the inverse mapping) Let U C R" and V' C R"™ be open sets
and assume that the function f : U — V has the inverse g : V — U. If f is differentiable
at x € U and g is differentiable at y = f (x) then

gy =r"

Note that both mappings f’ (z) and ¢’ (y) are from R™ to R™ and, hence, are repre-

sented by n X n matrices. Therefore, to compute ¢’ (y) one needs to evaluate the inverse

matrix f (z)7".

Proof. The composition g o f is the identity mapping I : U — U. This mapping is
obviously differentiable and I’ (z) is the identity mapping id : R®™ — R™. Therefore, by
the chain rule,

id=1"(z) = (g0 f) (z) =¢'(y) [ (2),

whence the result follows. m

Example. Let F' be a mapping making the change of the polar coordinates to Cartesian:
F(r,0) = (z,y) = (rcosf,rsinf),

that is, F' maps some open set U C R? (any set where the polar coordinates are defined)
to R2. Its full derivative exists and equal to the Jacobian matrix

cos@ —rsind
> - ( sinf rcosf )’ (5.7)

because Jr is continuous in (r,6). If G is the inverse to F, that is, G makes the change
of the Cartesian coordinates to polar G (x,y) = (r,0) then

) -l cosf sin 6 _ x/ry/r
G (x) = (F) = ( —2sinf %cos > B ( —y/r* x/r* )"

P e

SIS

@_x
i
00

Since
or  Or
cw-(% )
ox Oy
we obtain
o x Or y
dr  r’ Oy r (58)
@M _ y B _=z
oxr  r2 9y r?

Of course, this can also be found directly using that r = y/22? + y? and tan = y/z.
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5.2.3 Change of variables

Let f = f(y) be a real-valued function of y € V' where V' is an open subset of R". Let U
be another open subset of R” and assume that we have a function y = y (z) that maps U
to V. We consider y = y (x) as a change of coordinates

=y (21,..., Tn)
Yo = Yo ('rla"';xn)
Yn = Yn (T1, ..y Tp)

so that f (y) can be considered as a function of z as follows: f (y (z)) . In fact, this function

is just composition of the two mappings U v LR By the chain rule, we then have

Af O Oy

8% i1 8—%81’3'7

provide the both functions f (y) and y (z) are differentiable.
Consider again the change of the Cartesian coordinates (x,y) in R? to the polar coor-
dinates (r,#). Using (5.7), we obtain
of .

of _ofor ofoy_of ., o
or  Ox Or + oy or  Ox cos 6 + dy sind
and of 0fdr 0fd of of
_gror di9y (9] 'l
0~ Bz 00 + Dy 00 r( axsm9+ By cos«9>.

For the inverse change, we obtain using (5.8),

0F _0l0r 0fn _ofs 0y
dr  Ordx  000x Orr 0012

and

of _ofor o0 _ofy s s
oy ordy 000y Orr 00r
For example, if f = r*sin b then

of = ar"Lsinb0> — r®hcosbd L = roL (asinbf cos @ — bcosbf sin0) .
Oz r 72

5.3 Mean value theorem

Definition. Let f be a real valued function on an open set U C R". For any x € U and
any vector v € R", define the directional derivative % (x) by

of . flatt)—fv)  df (z+t)
gy ) =l t T at |,

where t is a real valued variable. Alternative notation: 0,f = D, f = g—v.
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Note that the partial derivatives are particular cases of directional derivatives. Let e;
be the unit vector in the direction of z;, that is,

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

where the only 1 is at position j. We claim that % = gi Indeed,

€j

Of _ yyflatte)—flz) _
aej t—0 t
_ hmf(xl,...,xj +ty ey my) — f (21,0 x0) _ af.
t—0 t 8Qj‘J

Lemma 5.6 If f is differentiable at x then all directional derivatives of f at x exist and,
for any v € R™,
of

L w=r@o
where the right hand side is the product of 1 X n and n x 1 matrices.

Proof. Indeed, by the definition of differentiability,
f(x+tv)— f(x)=f (z) (tv) +o(tv).

Dividing by ¢ and passing to the limit, we obtain the claim. m
As a consequence, % (x) is a linear functional of v, which is not obvious from the

definition.

Definition. If x,y are two point in R™ then denote by [z, y| the closed interval between
x,y, that is,
[z y] ={(1 -tz +1ty:0<t <1}

Theorem 5.7 (Mean-value theorem) Let f be a differentiable function in an open set
U and let x,y be two distinct points in U such that the interval [z,y] is contained in U.
Then there ezists a point £ € [x,y] such that

f—f@) =1 Wy—2).

Proof. Set v = y — x and consider a function ¢ (¢) = f (z + tv) so that ¢ (0) = f (x)
and g (1) = f (y). Then g is differentiable in [0, 1] as composition of functions ¢ — x + tv
and f. By the mean value theorem from Analysis I, there exists s € [0, 1] such that

9(1) = g(0) =g (s).
Set £ = x + sv so that £ € [z, y] and notice that

_ df (& +tv) df (x + tv)

= =——— =4

0.1 (€) =

t=0

Using Lemma 5.6, we obtain

FW) = f@)=91)=g0)=4(s)=0f (&) =f ()v=[f () (y — ),

which was to be proved. =
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5.4 Higher order partial derivatives
5.4.1 Changing the order

Let U C R™ be an open set and consider a function f : U — R. If the partial derivative

g L exists then we can try to differentiate it considering the its partial derivative:

0o
dxj 0x;

If this derlvatlve exists then it is called a partial derivative of the second order and is
denoted by =2 T om; OF by 0;;f or by Dj; f. If i = j then one uses notatlon = 0;if = Dy f.

If i # j then a 6 is called a mized derivative.

Similarly, one can consider partial derivatives of an arbitrary order k € N:

0 0 of _ o f _ B
0z, (8@2 (&U%))  Ox4,074,..01;, Onia.cin] = Diiz.in ]

Theorem 5.8 (Hermann Schwarz’s Theorem) If a function f : U — R has in U both
partial derivatives 0;;f and Ojf and they are both continuous at a point x € U then

Oijf () = 0; f ().

Proof. Assume for simplicity that © = 0 is the origin of R” and also that ¢ = 1 and
J = 2. In the course of the proof, we will not vary the variables zs, ..., x,, so that we can
consider them constantly equal to 0. Therefore, f can be regarded as a function f (x1,x2)
of two variables x; and x9, defined for |z1] < € and |23 < € for small enough ¢ > 0.
Consider an auxiliary function

F(z1,29) = f(x1,22) — f(21,0) — f(0,22) + f (0,0)
= @ (x1) —(0)

where
p(t)=f(tx2) - [(t0).

By hypothesis, function ¢ is differentiable on [0,z]. By the mean value theorem, there
exists s; € [0, z1] such that

o (21) = @(0) = ¢ (s1) 21 = (OLf (51, 72) — O1f (51,0)) 71
The function
U (t) = 0uf (s1,1)
is differentiable in ¢ € [0, x5] so that we obtain that there exists so € [0, 22| such that

) (w2) = 1 (0) = ¢’ (s2) 2

that is,
Oif (s1,22) — O1f (51,0) = 0201 f (51, 52) 2.
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Combining the above lines, we obtain
F($1;$2) = 001 f (51,52)$1$2.
If we represent F' in the form

F(z1,22) = f($1,$2)~_ f(0,29) — f (21,0) + £(0,0)

= 9(w2) —»(0)
where
@ (t) = f(x1,t) = f(0,1)

then a similar argument shows that there are 57 € [0, z1] and 55 € [0, 5] such that
F (21, 72) = 0102f (51, 82) 2172.

Assuming that x; and z5 are # 0, we obtain from the comparison of the two expressions
for F', that

020, f (81,32) = 0102f (3’173’2).
Note that all variables s, s9, 51, So are functions of x1, z5 and by construction they all go

to 0 as x1, x5 — 0. Passing to the limit in the above identity and using the continuity of
the mixed derivatives at 0, we obtain

8281f (0, 0) - alan (07 0) )

which was to be proved. m
Without the continuity assumption, the derivatives 0;;f and 0;;f can be different as
it is shown in the next example.

Example. Consider the function in R?
2 2

vy, (z, 0,
fy) = S 07
0, r=1y=0,

and evaluate 012 f (0) and 091 f (0). By definition,

alan (0’ O) _ glgli% 82f (ZL‘, 0) - 82f (07 O) )

x
Let us find Oy f (x,0):
. f(xay)_f(x70) . I2—y2
0 0)=1 =1 =z.
2f (.T, ) yg}% y yEI(I)xQ]2 +y2 z
Since also 0o f (0,0) = 0, we conclude
. x—0
Similarly, we have
 flay) = f0y) . 2=y
0f (0,y) = lim . = limy— Y
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and

Y y—0 Yy

y=0_ 4

O f (070) = zl/l—%

Hence, 012 f (O) # O f (O)

Definition. We say that a function f : U — R belongs to the class C* (U) (where k is
a non-negative integer) if all partial derivatives of f of the order < k exist in U and are
continuous in U.

Note that if & =0 then C° (U) is the class of all continuous functions in U.

Corollary. If f € C* (U) then the value of any partial derivative of f the order < k does
not depend on the order of differentiation. More precisely, if i1, ...,%; a sequence of | < k
indices and ji,...,J; 18 a permutation of i1, ...,% then Oy i f = 0. [

Proof. By Theorem 5.8, any two neighboring indices in the sequence i1, ...7; , say iy,
and 7,,,1, can be interchanged without changing the value of the derivative:

ai1~--imivrz+l-~~ilf = a'L'lmimfl (aimai'rrz+1) ai'rrz+2~~-~ilf
= Onimr (0510) Dot
- ail...ierlim...ilf'

Now the claim follows from the fact that the sequence ji,...,J; can be obtained from
i1, ...,%; using finitely many interchanging of neighboring indices. m

5.4.2 Taylor’s formula

The previous Corollary allows to introduce another notation for higher order derivatives:
if f € C*(U) then any partial derivative of the order [ < k can be written as

of
0r {1 0xs?...0xom’
where a; + ... + a,, = [. This notation means that we differentiate f a; times in z1, as
times in x5, etc (while the order of differentiation does not matter), that is,

o f 9 s
axllllangmax%n = v1..1 2\/2 o n.nd oo
aq ag an
Definition. A multiindex « of dimension n is any sequence a = (v, ...., ;) of non-

negative integers. For any multiindex «, define its order
la] =aq + ... +

and factorial
ol = aql...a,).

For any vector x € R", set

a

= at.ann.

n

For any function f € C* (U) where U is an open set in R” and for any multiindex o of
dimension n and order < k, set

ol

T 0270232 0x0n

DO f
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Theorem 5.9 (Taylor’s theorem) Let U be an open subset of R™ and f : U — R be a
function of the class C* (U), where k > 0. Then, for any x € U,

flz+h)= Z Dail(x) h*+o (|A]*) as h — 0. (5.9)

la] <k

Here « is a multiindex of dimension n. Note that if ||k is small enough then z+h € U
by the openness of U. Hence, f (x + h) is defined for sufficiently small ||A]|.

The function
Z Dozf (QZ) ha
ol

lo| <k

is called the Taylor polynomial of the order k of function f at point x. This is obviously
a polynomial in the variables hq, ..., h,.

If U is an interval in R, that is, n = 1, then we obtain the Taylor formula from Analysis
I:
f

k
flx+h) = h“+o<|h|>
a=0
where « is a non-negative integer.
For an arbitrary n, let us expand the terms in (5.9) with |o| < 2. If |a| = 0 then

a=(0,...,0) and
Def (@), o _
If || = 1 then « has the form (0, ...,0,1,0,...,0) with one term 1 and all others 0. If the
term 1 is at position ¢ then
DO[
[ @),
al

and

3 Dail(x) he =" 0f () hy = 01f (2) by + .. + O f () By

|a|=1

If || = 2 then there are two possibilities: either o has the form (0, ...0,2,0,...,0) with
the term 2 at some position ¢ or o has two terms 1 at positions ¢ < j, and all other 0. In

the first case,
D f (x) O f (x)

R = 2 h2
al 2
and in the second case Do f ()
“f(x
a! ha = @]f (l’) hlhj

Therefore,

o] n a n
Z D £l<$) he — f l’) th + Z@ij (l’) hzhj = % Z az]f (q;) hzh]

la|=2 i=1 i<j i,j=1

Hence, the Taylor formula for £ = 2 can be written in the form

Floth) = +Z@f h~+%28¢jf(x) hat; + o (]2 - (5.10)

ij=1
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5.4.3 Local extrema

Postponing the proof of the Taylor formula, let us first show that, similarly to Analysis
I, the Taylor formula can be used to investigate local extrema of functions.

Definition. We say that a function f : U — R has a local mazimum at a point x € U if
there is a ball B (z,r) C U such that

f(x) = f(y) for any y € B(x,7),

that is, f (z) is the maximal value of f in B (z,r). A local maximum is strict if

f (@) > f(y) for any y € B (x,7)\ {x}.

Similarly one defined a local minimum and a strict local minimum A local extremum is
either a local maximum or a local minimum.

In order to state the conditions for the local extrema of a function, we will use the
notions of the gradient and the Hessian of a function. For a function f : U — R, the
gradient grad f (z) is defined for any x € U as a vector in R with components

grad f () = (0. f (), 02 f (x) .., Onf (7)),

provided the corresponding partial derivatives exist. The gradient grad f (z) looks identi-
cal to the Jacobian matrix J; (x) but the difference is that grad f is a vector in R™ while
J¢ (z) is a matriz of dimension 1 x n although with the same components as the gradient.

Assuming that all second order partial derivatives of f exists in U, we can consider at
any point x € U the matrix called the Hessian of f :

anf(l’) 812f(x) ﬁlnf(x)
821f(l’) 322f(x) agnf(l')

Onif () Oaf (z) - Ounf(x)

It follows from Theorem 5.8 that if all the second order derivatives are continuous then
Hess f (x) is a symmetric n X n matrix.
Recall that with any n x n matrix A = (a,;) one associates the quadratic form

Hess f () = (0;; f (95))?,]‘:1 =

Q(h) = Z aijhih;,

1,7=1

which is defined as a function of h = (hq, ..., hy,) € R". The matrix A (and the form Q) is
called

e non-negative definite if Q) (h) > 0 for all h € R"; in this case, write A > 0;
e non-positive definite if Q) (h) < 0 for all h € R™; in this case, write A < 0;

e positive definite if Q (h) > 0 for all h # 0; write A > 0;
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e negative definite if QQ (h) < 0 for all h # 0; write A < 0;

e indefinite if Q) (h) takes both positive and negative values.

For example, if A =1id then @ (h) = h? + ... + h2 is positive definite. Hence, id > 0.

0 1
Ifn—ZandA—(l 0>then

Q(h) = allh% + aighihg + azihaohy + azzhg = 2h1hs.
Since @ (h) can be both positive and negative, the matrix A is indefinite.

Theorem 5.10 Let U C R™ be an open set and [ : U — R be a function on U.

(a) (Necessary condition for a local extremum) Let = € U be a local extremum of f. If
f is differentiable at x then grad (z) = 0. If f € C?(U) and x is a point of local mazimum
then Hess f (x) < 0; if x is a point of a local minimum then Hess f (x) > 0.

(b) (Sufficient condition for a local extremum) Let f € C?(U). If, for some x € U,
grad f (x) = 0 and Hess f (z) > 0 then x is a point of a strict local minimum of f. If
grad f (x) = 0 and Hess f (x) < 0 then x is a point of a strict local maximum of f.

Proof. (a) We need to prove that 0;f (x) = 0 for all i = 1,...,n. Consider function
f(x1,...,x,) as a function of x; only, with fixed z; for j # ¢. Then this function as
a function of z; still has a local extremum at the given point z. Using the necessary
condition for a local extremum from Analysis I, we conclude that 0;f (z) = 0.

Without using Analysis I, we can argue as follows. Assume that x is a point of a local
minimum. By the definition of the differentiability,

fx+h)—f(x)=f (x)h+o0(h) =cithi + ...+ cyhy, +0(h) as h — 0,

where ¢; = 0;f (x). We need to prove that all ¢; = 0. If some ¢; # 0 then set h =
(0,...,0,t,0,...,0) where t is at position i. For this h, we obtain

flx+h)—f(z)=ct+o(t) ast — 0.

If f has a local minimum at x then f (x + h) — f () > 0 for sufficiently small ||h]|, that
is, ¢;t + o (t) > 0 for small enough |¢|. For small enough |¢|, the term o (¢) is smaller than
|cit] (because ¢; # 0). Therefore, the sign of ¢;t + o (t) is the same as the sign of ¢;t. But
we cannot have ¢;t > 0 for all small enough |t| because changing t to —t we change the

sign of ¢;t. This contradiction shows that all ¢; must be 0.
Assume now that f € C? (U). We have by the Taylor formula (5.10)

Fam)=f@) = D00 @hi+3 > 0 @) by +o (AP

= 2 +o(InlP), (511)

where we have used that 0;f () = 0 and @ (h) is the quadratic form associated with
Hess f (z). Let = be a point of a local minimum and let us prove that Hess f (x) > 0, that
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is, @ (h) > 0 for all ~ € R™. Indeed, if @ (h) < 0 for some h then replace h by th where
t € [0,1]. Then we obtain

f(x—l—th)—f(x):%Q(h)t2+o(t2),

and the right hand side is negative if ¢ is sufficiently small. However, at a point of minimum
the left hand side is non-negative. This proves that @) (k) > 0 and, hence, Hess f (z) > 0.
The case of a local maximum is treated similarly.

(b) If grad (x) = 0 then we have the expansion (5.11). Assume that Hess f (z) > 0,
that is, the function @ (h) is positive for all h € R™\ {0}. We need to prove that

SQ ) +o (A1) >0

provided ||h|| is small enough but h # 0. Function @ (k) is a continuous function on R"
being a linear combination of continuous functions h;h;. Consider a set

S={heR": ||h|=1}

where ||h|| = N (h) is any norm in R™. Then S is bounded (obviously, it is contained is
any ball B (0,r) with r > 1) and closed (because S = N~ ({1}) and N is a continuous
function from R"™ to R). Hence, by the minimal value theorem, function @) (k) has the
minimum on S, let ming () = m. Since Q|s > 0, we have m > 0. For any h # 0, we have

1A
Q (k) > ml|A|*.

On the other hand, if ||h]] is sufficiently small, then o (||k||?) < ¢]||h||* for any given & > 0.
Therefore, we obtain that, for sufficiently small ||h]| # 0

and

Pl ) = £ = 5Q0) +o(IAl) = (Gm—c ) 11 >0

provided ¢ is chosen small than $mn. This means that f (z +h) > f(z) in a small ball
around x unless h = 0, that is, x is a point of a strict local minimum of f.
The case Hess f () < 0 is similar. m

Example. Let us find local extrema of the function

f(z,y) =zyln (x2 + y2) )

Firstly, let us find all the critical points, that is, the points where grad f = 0, which in
this case amounts to the equations 0, f = 9, f = 0. Since

222y

Oof = yln (22 +4°
f yIn (z +y)+x2+y2
21>

Oyf = zln (2 +4°
y f zln (z +y)+x2+y2
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Figure 1: Function f (z,y) in the domain |z| <1, |y| < 1.

solving the equations 0, f = 9, f = 0 we obtain the following roots:

aLilL(iliD,(i:%g,i;%z>,(;;%z,i;%g>.

The points (0, £1), (1, 0) cannot be points of local extrema because f (z,y) is odd with
respect to x and y separately, and an odd function cannot take a local extremum at 0.
Finding the second derivatives, we obtain

6 43
aajmf = 2xy2_ xy 2
2y (@2 +y?)
4x2y2
Owf = In(2?+¢%) +2—- —F—
v ( v°) (22 + 42)°

6y 4y

2y (@7 +y2)

ayyf =

At point <:|:\/L2—e, :l:\/%—e> we have

Ovaf Ouyf ) ( 2 0 )
Hess f = - Y =
f ( Owyf Oyyf 0 2
and this matrix is obviously positive definite, whence it follows that these two points are
the points of a strict local minimum. Similarly, (:F\/—lz_e’ j:\/%) are points of a strict local
maximum.

Remark. In order to decide whether a given symmetric matrix A is positive definite one
can apply one of the following approaches, known from Linear Algebra:

1. A > 0if and only if, for any 1 < k <mn,

det (az‘j)szl > 0.
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2. A > 0if the corresponding quadratic form @ (z) = szzl

in the form y? + ... + y2 for some linear change of the variables.

a;j7;x; can be represented

3. A > 0 if all the eigenvalues (Figenwerte) of A are positive.
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5.4.4 Proof of Taylor’s formula

Proof of Theorem 5.9. Let U be an open subset of R” and f € C* (U). Denote by
Ty (h) the Taylor polynomial of function f at a point x € U of the order k, that is,

Ty =3 2 aj; (). (5.12)
la|<k )
We need to prove that
Ry (h) == f(x+h) =Ty (h) :0(||h||k) as h — 0. (5.13)

Use induction in k. If £ = 0 then (5.13) becomes

fle+h)—f(z)=o0(1),

which is true by the continuity of f. Let us prove the inductive step from k£ — 1 to k

assuming k£ > 1. Fix some index ¢ = 1,...,n and consider the derivative 0;f which is of

class Ck=1 (U).

Claim. The Taylor polynomial of the function O;f of the order k—1 is equal to 0;T}. (h).
We have from (5.12)

OTi(h) =" D ai ,(@aiha.
|| <k '

If a; = 0 then h® does not depend on h; and J;h® = 0. Hence, all o with a; = 0 can
be omitted in the above sum; in other words, we can restrict the summation to those «
with a; > 1. Denote = (0,...,1,...,0) where the only 1 is at position i. Then o — [ is a
multiindex of order |a| — 1 and the following identities take place:

Oih® = a; (K" .h{ b)) = ah P,
al = ol aglan! = a; (gl (o — D)) = a; (o — B)
Daf — DO&—,BDﬁf — Da_ﬁﬁif-
Therefore,
a=Bp, Y (.

. _ | |
o cila—p) Mkt 1
a;>1

where «; has cancelled out and we have changed v = a — . This identity proves the
claim because the right hand side is the Taylor polynomial of the function 0; f of the order
kE—1.

Applying the inductive hypothesis to the function 9;f € C*~* (U), we obtain

Oif (x4 h) =0T (h) +o(||h]""") as h — 0.
Using the function Ry (h) defined by (5.13), we can rewrite this as

OBy, (h) = o (|[h]|*") as h — 0. (5.14)
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Since k > 1, the function Ry (h) belongs to C! in a small ball around 0 and, hence, is
differentiable in this ball. Applying the mean value theorem to this function and using
Ry, (0) = 0, we obtain

Ry, (h) = Ric(h) = Ry (0) = Ry, (€) h = Y _ 0:FRi (&) h
i=1
where ¢ is some point in [0, h]. Then ||£]| < ||k|| and we obtain from (5.14)

R ()] <) 0B ()] Ihlloo = o (IIENF) 2llse = 0 (I1211*)
i=1
which was to be proved. m

5.5 Implicit function theorem

Consider the following problem: how to find y as a function of x if its known that they
are related by some identity F'(x,y) = 07 Here z,y are so far real variables and F' (z,y)
is a function in an open subset W C R2%. Function y = f (z) defined in this way is called
an implicit function.

For example, if 22 + 4% = 1 then one can explicitly solve this to find two continuous
functions y = ++/1 — 2. Consider another example without explicit solution:

x+cosxr+y+5siny = 0. (5.15)

Here y cannot be explicitly expressed via x, but nevertheless one may hope to prove the
existence of the function y = f (x) that satisfies this relation. Here is the plot of the set
of points (x,y) that satisfies (5.15):

I I
625 175

I I I I I
-5 625 -5 -3.75 -25  -1.25
-1.257T

This curve is not a graph of a function but it can be split into a number of graphs if
we restrict the domain of x to the intervals between the turning points.

Consider now a more general situation when z is a point in R”, y is a point in R™ and
the couple (z,y) is considered as a point in R with components

(X1, ey Ty Y1y ooy Yrm) -
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Let W be an open set in R"*™ where a mapping F' : W — R™ is defined, and we would
like to solve the equation F'(z,y) = 0 with respect to y in order to obtain a function
y = f(x). In the coordinate form, using the components F; of F', we obtain the system
of m equations

Fi(x1, oo Ty Y1y oy Ym) =0

Fo (21, oo Ty Y1y ooy Ym) = 0

Fo (21, s Ty Y1y ooy Ym) = 0
which need to be solved with respect to m unknown v, ..., 4, considering x1,...,x, as
given parameters.
To get some flavor of what can happen consider a simple case when F' is linear functions
of y:
Fz,y) = Az) + B(2)y,

where A (x) € R™ and B (z) is a m X m matrix, both depending only on z. Then the
equation F'(z,y) = 0 becomes

Az)+ B(z)y =0,
which is solvable provided the matrix B (z) is invertible, and we obtain
y=—-B""(z)A(x).

Consider an arbitrary differentiable mapping ' : W — R™ where W C R"*™ is open.
Denote by 0, F the Jacobian matrix of F'(x,y) considered as a function of z € R"™ only,
that is,

O F = (0,F;), i=1,...,n, j=1,...m

that is, 0, F is an m X n matrix (j is the index of rows and i is the index of columns).
Similarly, the Jacobian matrix in y

Oy F = (ayiF’j)Z;:I
is an m x m matrix. The full Jacobian matrix of F'(z,y) is m x (n + m) matrix that can

be presented in the form
Jp = (0. F | 0,F). (5.16)

In the case F' = A (z) + B (z) y, we have 0,F (x,y) = B (z). Hence, the solvability of the
equation F (z,y) = 0 in the linear case is equivalent to the fact that the matrix J,F is
invertible. It turns out that the same condition will be used in the general case.

In order to state the result, we need some terminology.

Definition. Let U be an open set in some R¥ and f : U — R™. We say that function f
belongs to class C! if, for any component f;, all the partial derivatives D*f; of the order
|a| <1 exist and are continuous functions in U. If [ = 0 then f belongs to C° just means
that f is continuous.

Notation: f € C' or f € C'(U,R™). The latter notation indicates also the domain of
f and the target space.

Lemma 5.11 The arithmetic operations on C' functions result in C* functions. Compo-
sition of C' functions is a C' function.
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Hint for the proof. For the case [ = 0, this was proved in Corollaries to Theorem
4.4. For the general case, one uses induction in [ and the chain rule (see Exercises). m
The next theorem is one of the main results of multivariable Differential Calculus.

Theorem 5.12 (The implicit function theorem) Let W be an open set in R"™™™ and
F e CYW,R™), | > 1. Assume that, for some (a,b) € W,

F(a,b) =0 and 0,F (a,b) is invertible.

Then there are open sets U C R™ and V € R™ such thata € U, beV, U xV C W, and
a function f : U — V of the class C' such that

F(z,y)=0 & y=f(x) forxelUyecV.

Moreover, for any x € U,

f (x) = —(0,F) " 0,F. (5.17)
JeR" A
w
.
b

Fxy)=0 & y=flx)

S

U

= n
xeR

Figure 2: Illustration to Theorem 5.12

Example. Consider again the function (5.15), that is,

F(z,y) =2+ cosz+y+5siny
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where z,y € R. We have
F,=1+5cosy

and this is non-zero if cosy # —%. Hence, for any point (a,b) € R? such that F (a,b) =0
and cosb # —2, the equation F' (2,y) = 0 can be solved in a neighborhood of (a,b) and y
can be represented as a function of z. In other words, in a neighborhood of such a point
(a,b), the set {F (z,y) = 0} is a graph of a function.

, , , , , ,
f f f f f f f
=75  -625 -5 =375 25 -125 |0 125 25 > 5 625 7.5
.125/_/ X
-l T

At the plot above, we have two sets in R?: {F (x,y) = 0} and

(0,F (z,y) = 0} = {y = + arccos (—é) +ork, ke Z} , (5.18)

the latter being a collection of the horizontal lines. It is easy to see that the turning
points of the curve {F' = 0} are contained in the set (5.18).

Finally, let y = f (z) be a function that satisfies F'(x,y) = 0. Then it follows from
(5.17) that
sy O F 1 —sinz 1 —sinx
J'(w) = 9,F  1+5cosy  1+5cosf(x)

Although the function f () is not known explicitly, (5.17) allows to compute its derivative.

Remark. In general, formula (5.17) can be memorized as follows. If f is a function as
in the statement of Theorem 5.12 then, for any = € U, we have

F(x, f(z))=0.
Differentiating the function g (z) = F (z, f (z)) in x and using the chain rule, we obtain
0=4g' () = 0F + (0,F) f' (x),

whence (5.17) follows. This argument also proves (5.17) provided the differentiability of
f is already known. However, in the actual proof, the differentiability of f is comes in a
bundle with (5.17).

Proof of Theorem 5.12. For simplicity of notation, assume that ¢ = 0 in R™ and
b=0in R™. Also, choose in R™, R™, R"*™ the oo-norm.
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Set A= 0,F (0) and B = 0,F (0). The we have the identity
F(z,y) = Az + By + ¢ (z,y) (5.19)

where ¢ is a function from W to R™ such that ¢ (z,y) = o (||(x,y)]|) as (z,y) — 0 (indeed,
by (5.16), Az + By is the differential of F' at 0). Identity (5.19) can be considered as the
definition of ¢. We need the following properties of ¢:

p € C'(W,R™), ©(0)=0, 9y (0)=0.
The first two are obvious. To obtain the third one, let us differentiate (5.19) in y so that
Oy F = B+ Oyp.

It follows that
dyp (0) = 0,F (0) — B=0.

In the same way one shows 0, (0) = 0 but we do not need this.
The equation F' (z,y) = 0 can be written as

Ax + By + ¢ (z,y) =0
or, since the matrix B is invertible,
y=-B""(Az+¢(z,y)) = G (2,y).
Hence, the equation F'(z,y) = 0 is equivalent to
y=G2,y).

The idea of the proof is to show that, for any fixed x close enough to 0, G (z,-) can be
considered as a contraction mapping in some neighborhood of 0 in R™ so that it has a
unique fixed point y, which then satisfies the equation y = G (x,y), that is, F (x,y) = 0.
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Note that the function G (z,y) has the following properties:

G e C'(W,R™), G(0)=0, 9,G(0)=0,

which trivially follow from those of .
Set U and V' to be the following balls

U={zeR": |z <o}, V={yeR": |yl <&},
where positive constants € and § will be chosen to satisfied the following conditions:

1. Since the partial derivatives 0,,G; are continuous and vanish at 0, for any ¢ > 0 (to
be specified later), there exists € > 0 so that

[zl <& llyll <& = (x,y) € W and |0,,G; (z,y)| < c. (5.20)

2. Since the invertibility of the matrix 9, F (0) means that det 9,F (0) # 0 and det 0, F'
is obviously a continuous function of (z,y), € can be chosen so small that in addition

to (5.20)
|lz]| <e, |yl <e = 0,F (x,y) is invertible. (5.21)

3. Since function G (z,0) is continuous in z, for any € > 0 (in particular, for the ¢
defined above) there is 6 € (0, ] such that

el <6 = G(@0)] < 5. (5.22)
Note that the condition § < ¢ ensures that in the above line (z,0) € W.
Consider also the closed balls:
U={zeR":|lz| <0}, V={yeR": |yl <c}.

It follows from the choice of € and § that U x V C W.
Claim 1. For an appropriate choice of ¢, we have for allx € U and y,y/ €V,

IG (2,9) — G (@) < =y — /Il (5.23)

Indeed, by the mean value theorem, for any component G; of GG, we have, for some
§€ly.y],

G (2,y) = Gy (2,9)] = 10,G (,€) (y = ¢) = D 8, G (.€) (s —y)| < emlly = |,

=1

1

where we have used (5.20). Hence, (5.23) follows if we choose ¢ = 5-.

Claim 2. If x €U andy € V then G (x,y) € V.
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Indeed, we have by (5.23) and (5.22)
1 1
G (@ 9) || < 116 (@) = G (2,0) | + |G (2, 0) [| < llyl + 5e < &

Hence, for any fixed 2 € U, we can consider the mapping G (z,-) : V — V. The set V
is a closed subset of R™ and hence is complete as a metric space. By (5 23), this mapping
is a contraction. Hence, by Theorem 4.6, there is a unique point y € V' that G (x,y) = .
Since such y exists for any # € U, we can define a function f (z) = y that maps U to
V. It follows from the construction of f that y = f (z) is equivalent to G (z,y) = y and,
hence, to F (z,7) = 0 (assuming that x € U and y € V).

Let us show that function f is continuous in U. Moreover, we prove the following
stronger statement.

Claim 3. There exists constant C such that

If (z) — f @) || <C|lo— 2| for all z,2" € U. (5.24)

Indeed, we have

1f () = f ()] |G (2, f () = G (@, f («)]
< G (@, f (@) = G f @)+ 1G @ f (@) = G @ f (@))H-25)

The second term in (5.23) is estimated by (5.23):

IG (@, £ (@) = G (£ @I < 51 (@) = £ )]

To estimate the first term, let us consider each component G, separately and use the
mean value theorem: there is € [z, 2] such that

Gj(z, [ (2)) = G; (2, f (z)) = 0:G; (&, f (x)) (x — 2) Z(%G (&0 f (@) (@i — 7).

Since 9,,G (7, y) is a continuous function on a bounded closed set U x V, by the maximal
value theorem it is bounded on this set, say, by a constant C'. Therefore, |8IZG (§ o f(x ) ‘ <
C and we obtain

|G (z, f (x)) = G (2, f ()] < Cnllz — 2|

whence

IG (@', f (x)) = G (&, f (&) < Cnllz —2'|.
Hence, it follows from (5.25) that

If () = f @) | < Cnllz — 2| + %Hf (z) = f (@)l

Moving the term 3| f (z) — f (') || to the left hand side and renaming the constant C, we
obtain (5.24).

Claim 4. The function f: U — R™ is differentiable in U and
f(x) =—(0,F) " 0,F, (5.26)
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where the right hand side is evaluated at the point (x, f (x)).
For any point (x,y0) € W, we have by the differentiability of F,

F(xz,y) = F(x0,50) = A(x — x0) + By — o) + ¢ (z,9) (5.27)
where A = 0, F (%o, y0), B = 0,F (x0,v), and
¢ (z,y) = o(llz — ol +Ily — woll) as @ — z and y — yo. (5.28)
Fix zo € U and prove that f(z) is differentiable at xo. Set yo = f(z0), y = f () for
x € U and observe that
F(z,y) = F(x0,y0) = 0.
Recall that by (5.21), the matrix B is invertible. Hence, (5.27) yields
fx) = f(xo) = =B A(x —x0) = B¢ (2, f (2)).
We are left to prove that
B¢ (@, f () = o(llz — xoll) as z — 0.
Since the matrix B! has a finite norm, it suffices to prove that
p(z, f () = o(lz — xol]) as z — . (5.29)
Using (5.28), we obtain

(2, [ (2)) = ol = wol| + If () = [ (o) [|) as & — o,
whence (5.29) follows because by (5.24)

1f () = f (o) || < Cllar — ol

Claim 5. Function f belongs to C' (U, R™).
Induction in /. Inductive basis for [ = 1. By (5.26), we have

(0uf (@))]oy = = (O, F) 7 0 F (a, f (). (5.30)

The partial derivatives of F' are continuous and so is f (z). Hence, all the components
in the right hand side of (5.30) are continuous, whence the continuity of the partial
derivatives 0, f; follows. Hence, f € C.

Inductive step from [ — 1 to [. Assuming that F' € C' let us prove that f € C'. By the
inductive hypothesis, we have f € C'~!. Since the partial derivatives 9,F and 9,F are
of the class C'!, it follows by Lemma 5.11 that the right hand side of (5.30) is in C*1,
that is, any partial derivative 9, f; is in C'*~! (U). This implies that f € C'(U), which
was to be proved. m

Theorem 5.13 (The inverse function theorem) Let Q2 be open subset of R™ and f : Q —
R™ be a mapping of class C', | > 1. Assume that f'(a) is invertible for some a € Q, as an
n X n matriz. Then there are open sets U and V in R"™ such that a € U C ), f(a) € V,
and fly is a bijection from U onto V. Moreover, the inverse mapping f~' : V. — U
belongs to class C' and

(F) ) = @) (5.31)
for ally € V, where z = f~1 (y).
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Remark. Let f: I — R be a C! function on an open interval I C R such that f’(z) # 0
for all € R. Theorem 5.12 ensures the invertibility of the function f (z) locally, that is,
in a neighborhood of any point in its image. However, in this case a stronger statement is
true. Indeed, since f’ () is a continuous function, by the intermediate value theorem we
have either f'(z) > 0 for all x € I or f'(x) < 0 for all z € I. Then Theorem 4.12 from
Analysis I yields that the inverse f~! exists globally, that is, on the entire image f (I). In
higher dimensions, the existence of the global inverse require additional conditions, which
we do not consider here.

Proof. The equation y = f (x) is equivalent to the equation

F(z,y):=y— f(z)=0.

Note that function F' (z,y) is defined for x € 2 and y € R™ and takes values in R", that
is, F : Q@ x R" — R". Obviously, F' € C'. Let us apply Theorem 5.12 with respect
to the variable x. For that, check condition 0,F # 0. Indeed, 0,F = —f'(x) and by
hypothesis this is non-zero at the point (a, f (a)). Therefore, by Theorem 5.12, there
are open neighborhoods U and V' of the points a and f (a), respectively, and a function
g:V — U of class C" such that

F(z,y) =0 2x=g(y) forx e U andy €V,

that is,
y=f(x)er=g(y) forr e U andy e V. (5.32)
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However, this does not mean yet that f maps U to V' (although g maps V to U). To
achieve that, we need to reduce U. Consider the set

U=f1(V)NnU

which is open by the continuity of f. Clearly, a € U,.

Let us show that f maps Uy into V' and g maps V into Uy. If © € Uy then f(z) € V
by definition of Up; hence, f maps Uy into V. If y € V then z = g (y) € U whence by
(5.32) y = f(x) and x € f~1 (V). Tt follows that = € Up; hence, g maps V into Uy.

The both compositions fog and go f are defined by (5.32) are the identity mappings.
Hence, f: Uy — V and g : V — Uy are mutually inverse. We are left to rename Uy to U
to match the notation of the statement of the theorem.

To prove (5.31), differentiate the identity g o f = I where I : U — U is the identity
mapping. Using the chain rule, we obtain

id=(gof) =g f(x)
for all y = f (), whence ¢’ (y) = f'(z)”". =

Example. Consider the mapping f : R? — R? defined by

f(@,y) = (2 =%, 22y) .

The full derivative is given by the Jacobian matrix
8 fl 8 fl 2x —2y
! .:C, g J 1" g z Y = s
[ (z,y) 7 (z,9) Oufo Oyfs 2y 2
and this is invertible if and only det .J; = 4(2? + y?) # 0 that is, when (z,y) # 0. By
Theorem 5.12, the mapping f is invertible in a neighborhood of any non-zero point in its
image.
Using complex numbers z = x + iy, observe that f (z) = 2z2. This makes it clear that
the full image f (R?) is R? because any complex number w has a square root z, that is,
2z = w? Furthermore, if w # 0 then there are two distinct roots 21, z; of this equation

such that 25 = —2;. This means that there is no global inverse f~! even in R?\ {0} where
the derivative f’ is invertible at any point.

5.6 Surfaces in R"

5.6.1 Linear subspaces

Consider the following two ways of describing a subspace of R".
1. For any linear mapping C' : R® — R*, the kernel

kerC' ={veR": Cv =0}

is a subspace of R"”. Hence, for a given subspace S, one may try to find a linear mapping
C' so that S = ker C'. In this case one can also say that S is given by the equation Cv = 0.
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2. For any linear mapping A : R™ — R", the image
image A = {Au:u € R™}

is a subspace of R™. For a given subspace S, one may try to find A so that S = image A.
In this case, we obtain the parametric equation of S: v = Au, meaning that every vector
v € S is represented in the form v = Au where u € R™ is a parameter.

Our aim here is to develop two similar approaches for describing surfaces in R™.

Some remarks about dim S. By definition, the dimension of image A is the rank of
A. Equivalently, rank A the maximal number of linearly independent rows of A and the
maximal number of linearly independent columns of A (see Linear Algebra). Hence, if S
is given in the parametric form S = image A, then

dim S = rank A.

In the case when S is given by the equation S = ker C' we have by a theorem from Linear
Algebra,
dim S = dimker C' = n — rank C.

5.6.2 Parametric equation of a surface

Definition. A parametric surface in R" is any continuous mapping f : U — R" where
U is an open set in R™, m < n. The image of f, that is, the set S = f (U) is called a
surface. That is, S is defined by the parametric equation x = f (u), u € U.

The surface S is said to be differentiable if f is differentiable, and S is of class C' if
f € Cl. A surface S of class C! is said to be immersed if the n x m matrix f’(z) has
the maximal rank m at any point x € U. The number m is called the dimension of the
immersed surface.

The set U is called the set of parameters of the given surface. Denoting by wuy, ..., U,
the coordinates in R™ and by x4, ..., x, the coordinates in R"”, we obtain the parametric
equations of the surface S in the coordinate form:

T = fl (ulu "7um>
T = [ (U1, ey Upy) -

Example. (Planes) Let U = R™ and f (u) = Au for some n x m matrix A. Then the
linear subspace S = f (U) is surface, and if rank A = m then this surface is immersed.
Let f be an affine mapping, that is, f (u) = Au + b where A is as above and b € R".
Then the surface S = f (R™) is called a plane. If rank A = m then the plane is immersed
of dimension m.

Example. (Curves) Let U be an interval in R and consider a continuous mapping
f : U — R". By definition, this is a parametric surface, but in the case m =1 it is also
called a path, and its image is called a curve. Denoting the parameter by ¢ (instead of
u) we obtain the equations of the path in the form z; = f; (). The parameter ¢ can be
interpreted as a time and the equation z = f (¢) describes the movement of a point in
time in the space R™. The derivative f’(t) has the meaning of the velocity of the point
at time ¢.
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Example. (Graphs) Let U be an open subset of R™ and f : U — R* be an arbitrary
function. Consider the graph of f that is, the set

S={(u,w) eR":w=f(u),uecU}.

Here n = m + k, and the couple (u,w) with u € R™ and w € R* is considered as a point
in R™. Of course, this is a generalization of a familiar notion of the graph of a function
f: I — R where [ is an interval in R. B

Since S = {(u, f (u)) : u € U}, the graph S can be regarded as the image f (U) of the

mapping f : U — R" defined by
f ) = (u, f(u)).

Lemma 5.14 Under the above notation, if the mapping f is of class C', | > 1, then the
graph S of f is an immersed surface of dimension m of class C'.

Proof. Since f € C!, the set S = f(U ) is a surface of class C! by definition. The
derivative f’ is the n X m matrix

5. (T
f'(u) = 7arl) (5.33)

where id is the unit matrix m x m and f’(u) is the k X m matrix. Since the first m

rows of this matrix are linearly independent, it follows that rankf’ (u) = m. Hence, the
surface S is immersed of dimension m. m

5.6.3 Tangent plane

Definition. (A tangent plane) Let f : U — R"™ be a parametric surface and S = f (U).
If f is differentiable at a point v € U then the tangent plane at point u to S is the plane
in R™ given in parametric form by

T (h) = f (u)+ f () h,

where h € R™ is a parameter.

Note that T : R™ — R" is an affine mapping and, hence, determines a plane. Note
that 7' (h) is the first Taylor polynomial of f which is the best affine approximation to
f(u+nh).

The tangent plane is denoted by T,S or, by some abuse of notation, by 7,5 where
x = f(u). It follows from the definition that

T.S = = + image f (u).

In particular, dim 7,5 = rank f’ (u). It follows that if S is an immersed surface of dimen-
sion m then dim7,S = m for any x € S.
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For applications, it is convenient to write the parametric equation of the tangent plane
in the form

where the parameter hy, ..., h,, take all real values. Note that 9, f, 7 = 1, ..., m, are vectors
in R™. If rank f (u) = m then these vectors form a basis in image [’ (u).

Example. Consider the mapping f : R?> — R? given by in the parametric form by
f (u,v) = (coshucos v, coshusinv, u)

where v € R and v € [0,27]. This surface is called the catenoid and its is shown on the
picture:

The parametric equation of the tangent plane at (u,v) is

T(t,s) = f(u,v)+to.f~+ sO,f

= f(u,v)+t(sinhucosv,sinhusinv, 1) + s (— coshusinv, coshucosv,0),

where ¢ and s take all real values. For example, at the point v = v = 0 we have
f (u,v) =(1,0,0), and

T(t,s) = (1,0,0) +£(0,0,1) +5(0,1,0) = (L,¢,5).

This tangent plane is shown on the plot:
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5.6.4 Surfaces given by the equation F'(z) =0

Theorem 5.15 Let Q) be an open set in R" and F : Q — R¥, k < n, be a function of
class C', 1 > 1. If F'(a) has the rank k at some point a € ) then there is an open set
V C Q containing a such that the set

S={zxeV:F(x)=0}

is an immersed surface of the class C' of dimension m = n—k. In particular, dim T, S = m
forallx € S.
Furthermore, we have
T.S =x+ker F' (x).

In other words, X € T,.S is equivalent to X — = € ker F' (x), that is
F'(z) (X —x)=0.

This is the equation of the tangent plane T,.S.

Proof. Note that F’ (z) is an k x n matrix. The fact that rank F” (a) = k means that
there is k& columns of the matrix F” (a) that form an invertible k£ x k matrix. Without loss
of generality, assume that these are the last £ columns. Denote

w=(x1,....;z7) €ER™ and w = (Tpy1,...,Tn) € R".

Then equation F () = 0 can be written in the form F' (u,w) = 0 with the condition that
the matrix 0,,F (a) is invertible. By the implicit function theorem, there are open sets
UcCR™ W C R such that a € U x W C Q, and a C' function f : U — W such that

Fuyw)=0 <& w=f(u) foruec U and w e W. (5.34)
Set V. =U x W. Then the set
S={zeV:F(x)=0}={(v,w) e UxW:F(u,w) =0}

is the graph of the function w = f (u), u € U. By Lemma 5.14, S is an immersed surface
of class C! of dimension m, and S is given in the parametric form by = = f(u) where
f(u)=(u, f(u) and u € U.

Since the tangent plane at point x = f(u) is given by

T,S = x + image f’ (u)

it remains to show that N
image f’ (u) = ker F' (x) .

By (5.34), we have F' (u, f (u)) = 0 for all uw € U, that is, F' o f = 0. Differentiating this
identity and using the chain rule, we obtain

F' () f (u) = 0,

which implies _
image f’ (u) C ker F' (z). (5.35)
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Since rank F’ (z) = k (we can assume that choosing U and W small enough), we obtain
dimker F' (x) = n — rank F' () = m,

while by Lemma 5.14 B N
dimimage f’ (u) = rank [’ (u) = m.

Hence, the subspaces ker F’ (z) and image f (u) have the same dimension, and the inclu-
sion (5.35) implies that they are identical. m

Example. Consider the equation z? + ... + 22 = 1 that defines a unit sphere in the
2-norm. Then F (z) = 2? + ... + 22 — 1 and

F' () = (04 F, .., 02, F) = 2 (21, ..., T0)

whence the equation of the tangent plane is
i=1

In other words, X — x is orthogonal to x as one expects.
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