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1. Lesson 1

1.1. The Space R"

In this book N denotes the set of positive integers and Ny denotes the set of nonnegative
integers:

N={1,2,3,...} and Ny={0,1,23,...}=NuU{0}.

In Linear Algebra we have studied the vector spaces and their special type, the
Euclidean spaces. As you remember, R was an important example for real Euclidean
space. So every definition and theorem in connection with Euclidean spaces is valid for
R™.

Why R” is important in the multivariable analysis? , Multivariable” means, that a
multivariable function has a finite number of real variables - say n variables. Thus its
domain can be regarded as a collection of ordered n-tuples, and forms a subset of R".
The Reader can consider that how connects the case n = 1 to the one-variable analysis
studied in the subjects Analysis-1 and Analysis-2.

We review shortly the most important properties of R™.

For a fixed n € N R" is the set of all possible ordered n-tuples whose terms (com-
ponents) are in R:

R" :={x = (x1, z2, ..., Tp) | z; € R}.

Notice that in the case n = 2 the notation (z, y) is often used instead of (z1, x2).
Similarly in the case n = 3 the notation (z, y, z) may be used instead of (z1, x2, 3).

We have the following operations in R™:
Let z, y e R", A € R.

o Addition: x +y:= (z1 +y1, T2+ Y2, -, Tn +Yn) (x, y € R?);

Scalar Multiplication: Az := (Ax1, Aze, ..., A\x,) (x € R", A € R);

n
Scalar Product (z, y) := z1y1 + xoy2 + ... + Tnyn = Y. 2y (x, y € R™);
i=1

Norm (length):

n
lell = i @) = VA ¥ B+ FaR= | a? (@ EeR;
=1

We have learnt the properties of the above operations in Linear Algebra, and we
have proved that R™ is a real Euclidean Space. Consequently it is a Normed Vector
Space (see Linear Algebra).
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We have defined the distance in R™ as follows

Az, y) = llz —yl = V(@1 —91)? + (w2 — 12)2 + ... + (&0 — Yn)? =

Z(l’l —y)? (x,y€eR").

i=1

1.1. Theorem [the properties of the distance] Let X be a linear normed space with
norm ||.||, especially X = R™ with the above defined norm. Then

1. d(x,y) >0 (x,y € X). Furthermore d(x, y) =0z =y
2. d(x, y) =d(y,z) (z,y€X)
3. d(z, y) <d(z, z) +d(z, y) (x,y, z € X) (triangle inequality)

Proof. The first and the second statements are obvious by the axioms of the norm.
Let us prove the triangle inequality:

d(z, y) = |z =yl = Iz = 2) + z =)l <z = zll + |z = yll = d(=, 2) +d(z, y)

O

1.2. Remark. If we define a mapping d : V x V — R which satisfies the above
properties on a nonempty set X, then X is called metric space and the above properties
are called the axioms of the metric space. So we have proved that every linear normed
space is a metric space with the metric indicated by the norm d(z,y) = ||z — y||.

A lot of properties of R™ and of functions defined on R™ are based on the metric
structure of R™, so we could describe them using the notation of the metric: d(x,y). But
for simplicity we will use the normed space structure, so the distance will be denoted
by ||z — y|| instead of d(z,y). The Reader can consider that a lot of the definitions and
statements can be generalized for any metric space.

Let us review some important relations which can be deduced from the Euclidean
structure of R™ (see: Linear Algebra):

1. Cauchy’s inequality. For any elements z,y of an Euclidean space holds

[{z, ) < Nzl - llyll -

Here the equality holds if and only if the vectors x, y are linearly dependent
(parallel). Especially in R™ it is called Cauchy-Bunyakovsky-Schwarz inequality:

(11 + -+ 2pyn)? < (@3 + -+ 22) - (yi+ o+ y2) (zi, yi € R)

and equality holds if and only if the vectors (z1,...,x,) and (y1,...,yn,) are
linearly dependent (parallel).
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2. Pythagorean Theorem. If N € N and z1, ..., zy is an orthogonal system in an
FEuclidean space, especially in R™ then

N N
1Y il = Il
i=1 i=1

(The square of the hypotenuse equals to the sum of the squares of the perpendi-
cular sides.)

We will use the following consequence of the Pythagorean theorem. If x1, ..., xn
is an orthogonal system in an Euclidean space and k € {1, 2, ..., N} is a fixed index
then

N N
1S @l =3l = il
=1 =1

thus taking square root we got:

N
1> @ill > llzel -
i=1

Here equality holds if and only if x; = 0 for any 7 # k. This inequality expresses that
the length of the hypotenuse is at least the length of any perpendicular side.
Combining this result with the triangle inequality we obtain:

N N
lzell <UD @il <Y llwll (k=1,...,N). (1.1)
i=1 i=1

Let us apply this result in R™ as follows. If e, ..., e, is the standard (orthonormal)
basis
e1=(1,0,...,0), ..., e, =(0,0,...,1)
in R" and « = (21, ..., ) € R" then z can be written as the orthogonal sum
n
T = Z Ti€; .
i=1
Apply the result (1.1) with N = n and with the vectors zieq, ..., x,e, € R™. Then we
obtain on the one hand
n
| = 11Y " wiesl| > lzrerll = |znl - llexll = |x] -1 =|z|  (k=1,...,n),
i=1

on the other hand

n n n
lzll = 1) wieill < ) llwieil = il
i=1 i=1 i=1
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Thus we have the following result:

o) < ol <> |l (k=1,...,n). (1.2)
=1

Notice that these inequalities can be deduced in elementary way too:

and

1.2. k-arrays

Studying the higher order derivatives of a multivariate function it will be important
some basic knowledge about the k-arrays.

1.3. Definition Let n € N and k£ € N. The functions

A:{l,...,n}* >R

1 k
are called real k-arrays with size n x n x ... x n. Their set is denoted by R™ > x"
(the number of n-s is k) or by R}.
The function value A(j1, ..., jx) € Riscalled the (j1,. .., jk)-th entry of the k-array
and is denoted by (A)j, . j. or by aj ;..

1.4. Remarks.

1. In the definition {1, ..., n}*¥ denotes the k-times Cartesian product of the set
{1, ..., n}:
{1, ...,n}k:{l, coyntx oo xAqL o n},

that is the set of k-long finite sequences (j1, ..., jk)

where j1,..., jx € {1, ..., n}.

2. The l-arrays are the vectors in R™. The 2-arrays are the matrices in R™*"™ and
can be represented by a square in the plane with size n x n.

3. The 3-arrays can be represented by a cube in the space with size

n xn xXn. A general entry of a 3-array can be written using three indices as a;j.
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4. A general k-array can be represented by a k dimensional rectangular box whose
sides have the lengthes n. Here the length means the number of entries in the
current direction (dimension).

5. R} is a vector space over R and dimR} = n¥. It follows from the fact that
the elements of R} are functions defined on an nk-element finite set. So R? is

isomorphic with R™" as vector space.

1.5. Definition The k-array A € R} is called symmetric if for any permutation
P1, ..., pi of the index system jq, ..., jr holds

(A)plvnypk = (A).7177.]k .

Notice that here the permutation can be permutation with repetition.

1.6. Remarks. Every l-array is symmetric. The interesting case is — from the point
of view of symmetry — the case k > 2.

The symbol Az*

In the followings we will generalize the one variable monomials ax* for n-variable.

1.7. Definition Let A € R} and € R". Then the symbol Az* denotes the real
number defined as

n n n
k._ . N I C s
Ax" = E g E Qjy g " Tjy - Ty - Tj, € R
j1=1j2=1 Jk=1

The n-multiple sum on the right side can be denoted by one sum-symbol where the
indices are running — independently of each other — from 1 to n:

n

Az” = E Qjy g " Ty - Tjg - - Tj, € R
Jipeeedi=1

The mapping
R" — R, z— Az”

is called m-variable homogeneous polynomial of degree k.
1.8. Remarks.

1. Letn=1, A€ ]R}c. Denote by a the single entry of A that is (A)1,. 1 = a. Then
for any z = (z1) € R* 2 R:

k : -~ £ k
Az" = E (A)jrjn " Tjy Ty oo T, = Q- X1 T1 - ... T =ax",
JiyeJk=1

thus Az* is really a generalization of the one-variable monomial az®.
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2. The n-variable homogeneous polynomials of degree 1 are the linear functionals of
type R" — R:

n
AmzZai-xi where A= (aq, ..., a,) € R", r e R".
i=1

3. The n-variable homogeneous polynomials of degree 2 are the quadratic forms:

a1 @12 ... Qip

ag1 a2 ... a9n
Az? = E aij - x; - x; where A= ] € R™"™, zeR™.

i,j=1

n

anl Gn2 - .. Qpn
4. It is obvious that if A, B € R} and A € R then for any € R" hold

(A+ B)zF = Az* + BaF |, (MA)z" = \(Azb)
Az)E = \F . (Ah) .

Az¥ with symmetric k-array.

Let us discuss another formula for the symbol Az* provided that A € R} is sym-
metric (in the sense of Definition 1.5). In this case the sum in the definition of Ax*
contains a lot of identical terms, more precisely, the term

Ay e " Tgr " Lo - oo " Ly,
equals to the term
Apy,..op * Tpy “ Tpg -+ " Tpy,

where p1, ..., pg is a permutation of ji, ..., jg. If the index system ji, ..., ji contains
11 times the index 1, 79 times the index 2, ..., i,, times the index n where

i1, %9, ..., in € Np, iW+ia+...+1, =k,
then the number of the possible permutations (permutation with repetition) is

k! k!

MR T

where the meaning of ¢! will be given in the following definition.
1.9. Definition The n-dimensional vector ¢ = (i1,...,i,) is called multi-index if
1,12,...,i, € Ng. Thus the set of the multi-indices is Njj. If ¢ € Njj is a multi-index

and 2 € R” is a vector then the absolute value of i, the factorial of i and the power
are defined as

i

li] :=d1 +i2+ ... +in, IS R R DY A o = xy

respectively.
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Using these abbreviations, the terms of the sum of the definition of Az* can be grouped
into subsets. A subset will contain the terms whose indices are the permutations of each
other, and these terms are equal. Such a subset can be described uniquely by a multi-
index in the following way. Let ¢ € Nj, |i| = k be a multi-index and associate to this ¢
the non-increasing index system j(i) where

J@) =1, g2y sdk) = (ny..oynyn—1,...,n—1, ..., 1,... 1),
——— ~ ——
in times in—1 times 71 times

Denote by Perm (jj(i)) the set of possible permutations p = (py,...,px) of the sequence
j(i). Thus the identical terms of the above mentioned subset are

Apq,...pp " LTpy " Lpy - -+ Tpy,
where p = (p1,...,pr) € Perm(j(i)). We remind that the number of elements in

k!
Perm (j(i)) is —.
i!

After these considerations we can write the expression of Az* as follows:

n
k _ , e . . . =
Az = E , g1y~ Tir - Lja E E  Gprpi Tpy Tpy e Ty =
J1s---d=1 ZENQ pEPerm j(7)
li|=k
Ll K .
— : . o s — o as B -1 . pln
= § : GU Qg T g g e g = E : TR e U B
ieNg ieNg
li|=k li|=Fk
where j(i) = (j1,j2, - -, jx). If we use the notation a; := a;;) = aj, ..., j,, then we obtain

the following form (the so called multi-index form) for Az*:

k! -
Azkzz ﬁ'CLi-SUz. (1.3)
ieNg
li|=k
n+k—1

f > (see: combinations

Note that the number of terms in this sum equals to (

with repetition).

The norm of a k-array.

Let us introduce the Euclidean vector norm on the vector space R} (it is isomorphic
with R”k). This will be called the Frobenius-norm (or Euclidean norm).

1.10. Definition Let A € R}. Its Frobenius-norm (or Euclidean norm) is defined as

n

— 2
lAllr = 2. @i

Jise-Jre=1
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1.11. Remark. The Frobenius-norm satisfies the axioms of vector norm. Moreover
R} supplied with the Frobenius-norm and R supplied with the Fuclidean norm are
isomorphic as linear normed spaces.

The following theorem gives us an upper estimation for |Az*|.

1.12. Theorem Let A € R} and x € R". Then
|Az®| < [|A]|p - [l])* .

Proof. The proof is based on the application of the Cauchy-Bunyakovsky-Schwarz
inequality several times.

We will prove the theorem for the case k = 2. The general proof is similar to this
case and requires mathematical induction.

Suppose that k& = 2. Then we can use the indices ¢ and j instead of j; and js.

2 2
n n n
|A.CU2|2 = (A332)2 = Z aijxixj = Z$Z . Zaijmj S
ij=1 =1 j=1
2
n n n
< (o) (3 (D) ) <
i=1 i=1 \j=1
n n n
<lel®- Y doak | [ Doaf | =Nl IAIE - lel® = [ AlE - ll]*
i=1 \j=1 j=1
So |Az?|? < ||A||% - ||z||*, which implies the statement of the theorem. O

1.3. Homeworks
1. The following vectors are given in R*:
x:= (-1, 3,5, 2) y:=(2, -3, -1, 1).
Determine:

a) r+y b x—y ¢ 3z d) 2x—by
e) (zoy) f) llzll g) dz,y)
2. Let A € R% be a symmetric 3-array and = € R?. Write Az3 in the original form

(see Defininition 1.7) and in the multi-index form (see formula (1.3)) respectively,
and check their identity.
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3. Compute the Frobenius-norm of the following 2-arrays:

5 1 0 4 -1
a) A—[Bl] b) B=|-31 2
-20 -3

c¢) Compute Az? if z = (1,2) then check the statement of Theorem 1.12.

d) Compute Bx? if x = (1,1, —1) then check the statement of Theorem 1.12.

4. a) Compute the Frobenius-norm of the following 3-array:

A € R2X2x2 e =i+j— k2 (i,5,k =1, 2).

b) Compute Az3 if z = (—2,1) then check the staement of Theorem 1.12.
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2.1. Balls in R”

2.1. Definition The neighbourhood (or ball or environment) of the point a € R™ with
radius r > 0 is the set

B(a,r):={z €R"| |lz—a| <r}.

2.2. Remark. In the case n = 1 the ball is the open interval
B(a,r)=(a—r,a+r).
In the case n = 2 the ball is the open circular disk

B(a,r) = {z = (z1, 22) € R* | (z1 — a1)® + (v2 — a2)? < r*}.

One can easily prove the following basic properties of neighbourhoods:
2.3. Theorem 1. If 0 <ry <ry then B(a,r1) C B(a,r2)
2. ) Bla,r)={a}

reR+t
3. (Ty-property, separation) Let a, b € R", a # b Then there exists r1 > 0, ro > 0
such that
B(a,r1) N B(b,r3) =0

Proof. We will prove only the third statement of the theorem.
Let ry =rg=1= Ha;bH' We will prove that B(a,r) N B(b,r) = 0.
Assume, on the contrary that 3z € B(a,r) N B(b,r).
Then it holds for such an z that
lla — o la — Bl

d —-b| <
and [l — bl <

|l = al| <

Using this and the triangle inequality:

la = bl = lla =z +2z b <lla -zl + [lz = b = |z —al| + [l = b]| <
< Mla=bl | fla—b] _ 2

3 3 §”

holds which is a contradiction. O

!

We add briefly some concepts in connection with the neighbourhoods in different
dimensions:
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2.4. Definition Let k € {1,...,n} and I := {i1,...,ix} C {1,...,n}. Suppose that
1< <i9 < ... <ik <n.Denote by ¢ the index vector i = (i1, 12, ... ix). The set

CHP(i) :={zeR" |z; =0ifi ¢ [} CR"
is called i-coordinate (or: (i1, 12, ... ix)-coordinate) hyperplane.

E. g. in R? the (1, 2)-coordinate hyperplane is the zy-plane, the (2)-coordinate
hyperplane is the y-axis, etc.

Obviously the set CHP(i) is a k-dimensional subspace in R" that is isomorphic
with R¥ via the following mapping:

©:CHP(i) — RF,  o(x) = (i), ..., T,).

Thus a point @ € CHP(i) has two kinds of neighbourhoods: in R" (n-dimensional,
denote it by B(a,r)) and in R* (k-dimensional, denote it by B;(a,r)). You can easily
prove that

Bi(a,r) = B(a,r) NCHP(i).

If e. g. the point @ lies on the zy-plane in R? then this connection expresses that the
intersection of a ball with a plane is a circle.

2.2. Topology in R"

In the previous section we have defined the ball. Using this concept we can define
important classes of points in connection of a fixed set.

2.5. Definition Let ) # H C R, a € R". Then
1. a is an interior point of H, if 3r >0: B(a,r) C H.

2. a is an exterior point of H, if 3r > 0: B(a,r)NH = .
In other words: 37 > 0: B(a,r) C H.
Here H denotes the complement of H that is H =R\ H.

3. a is a boundary point of H, if
Vr>0: B(a,r)NH#0and B(a,r) N H # .

2.6. Remark. Every interior point lies in H, every exterior point lies in H. But a
boundary point can belong to H or to its complement.

2.7. Definition 1. The set of the interior points of H is called the interior of H
and is denoted by int H. So

intH:={a€eR|3r>0: B(a,r)CH}CH.
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2. The set of the exterior points of H is called the exterior of H and is denoted by
ext H. So
extH:={a€R|3r>0: B(a,r)CH}CH.

3. The set of the boundary points of H is called the boundary of H and is denoted
by 0H. So

OH:={aeR|VYr>0: B(a,r)NH#O and B(a,7)NH #0} CR.
2.8. Remark. R =int H UJH Uext H and this is a union of disjoint sets.

You can easily see that int H= H \ 0H, so we obtain the interior of a set if we
subtract from the set its boundary. If we add the boundary to the set then we obtain
the closure of the set as you see in the following definition.

2.9. Definition The set H U 0H is called the closure of H and is denoted by clos H.
SoclosH := HUOJOH.

It is obvious that clos H = int H and int H = clos H. This is based on the simple
fact that OH = OH.

2.10. Definition Let H C R™. Then
1. H is called an open set gl; OH C H.
2. H is called a closed set (d:{ OH C H.

2.11. Remarks.

1. H is open if and only if it does not contain any boundary point and it is closed
if and only if it contains all of its boundary points.

2. 0 and R™ are open and closed sets at the same time. There is no other set in R”
that is open and closed at the same time.

3. H is open < H is closed, H is closed < H is open.
4. Hisopen< HCint H & H =int H.

5. His closed < closH C H < H = clos H.

2.12. Definition Let () # H C R™. Then H is called bounded if

dM>0Vxe H: |z| <M.
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2.3. Homeworks

1. Prove the statements 1. and 2. of Theorem 2.3.

2. Let a € R™, r > 0. Prove that in R"
a) B(a, r) is an open set.
b) The set {x € R" | ||z — al| < r} (the closed ball) is a closed set.
c) The set {x € R" | ||z — a|| = r} (the sphere) is a closed set.

3. a) Prove that any ball B(a,r) contains n linearly independent vectors.
b) Prove that for any subspace W & R™ int W = ().
c¢) Prove that for any subspace W C R™ W is a closed set.

4. Determine int H, 0H, ext H and clos H if H C R? and

a) H={(r,y) eR?|1<2<3, 1<y<2}.
b) H={(z,y) eR? |z >0, 2>+ < 1}.

5. Prove that a set () # H C R" is bounded if and only if it can be covered by a ball

that is
Ja € R" and 37 >0 H C B(a,r).
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3.1. Sequences in R"
Similarly to number sequences we can define vector sequences in R™.

3.1. Definition A function a : N — R" is called a vector sequence in R™. The function
value a(k) € R™ ordered to the number k € N is called the k-th term of the sequence.
If we want to indicate the components of the k-th term then we will rather use the
notation a*) instead of a(k). If we don’t want to indicate the components then we can
use the usual notation a; for the k-th term.

3.2. Definition Let a(¥) € R (k € N) be a vector sequence in R™. Then
a®) = (agk), aék), L aP)eR" (keN).

The number sequence al(»k) € R (k € N) is called the i-th coordinate sequence of (a(*))
(i=1,...,n).
3.3. Definition The sequence a*) € R" (k € N) is called bounded if

IM>0VkeN: |[a®] <M.

It is obvious that the vector sequence (a(¥)) is bounded if and only if the real number
sequence (||a®)||) is bounded. Moreover, using the inequalities (1.2) one can prove, that
a vector sequence is bounded if and only if its every coordinate sequence is bounded.
That is

(a™)) is bounded < (a(k)) is bounded (i=1,...,n).

i

3.4. Definition The vector sequence a : N — R" is called convergent if
JAeR"Ve>03INeNVE>N: a® e B4, ¢).

The definition can be written using inequalities as follows:
JAER"Ve>03INeNVE>N: |a® - 4| <e.

A vector sequence is called divergent if it is not convergent.

It can be proved (using the Th-property of the neighbourhoods) that the vector A
in the above definition is unique. It is called the limit (or limit vector) of the vector
sequence (a*)), and it is denoted in one of the following ways:

lima=A, lima® =4, limae® =4, o® -4 (k- ).

k—o0
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3.5. Remark. If ¢ : N — R" is a vector sequence and A € R™ then lim a®) = A4 is

k—o0
equivalent with

Ve>03IN eNVE>N: o¥ e B(4,e),

or — using inequalities — with
Ve>03IN eNVE>N : [ — 4| <e.

The number N is called threshold index to .

3.6. Theorem Let a*) € R (k € N) be a vector sequence and A € R™ be a vector.
Then

lim a® =4 <  lim |[a® — 4| =0
k—o0 k—o0
Proof. The proof is obvious, if we consider that

la® — Al = [1]a® — 4]| —0].

O

In the following theorem we reduce the convergence of a vector sequence back to
the convergence of its coordinate sequences.

3.7. Theorem Let a*) € R" (k € N) be a vector sequence and A € R™ be a vector.
Then

lim o = A — limagk):Ai (i=1,...,n).

k—o0 k—oo

Proof. Applying the inequalities (1.2) for the vectors a(¥) — A we obtain
k - k
0 — Al < la® — Al <3 j — Al i=1,..m),
i=1

which implies both directions of the statement. (I

This reduction to the coordinate sequences makes it possible to prove easily some
important basic theorems: connection between the convergence and the boundedness,
between the convergence and the algebraic operations, and also to prove the complete-
ness of R"™.

Similarly to the number sequences one can prove that a convergent sequence is
bounded (using norm instead of the absolute value). The opposite direction is not true:
there exist bounded sequences in R™ that are divergent. For example if x € R™ \ {0}
then the sequence ay, := (—1)¥ - (k € N) is such a sequence.

3.8. Theorem [Bolzano-Weierstrass] Let a*) € R* (k € N) be a bounded vector se-
quence. Then it has a convergent subsequence.
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Proof. For simplicity we will present the proof in the case n = 2. The general case
can be proved in the same way.

As (a®) is bounded, its first coordinate sequence (agk)) is a bounded real num-
ber sequence. Using the Bolzano-Weierstrass theorem in R (see: Analysis-1) it has a
convergent subsequence (a(km), m € N). But the subsequence (a(km), m € N) of the

(k)

second coordinate sequence (a, ') is also bounded, so — applying once more the Bolzano-

Weierstrass theorem in R — it has a convergent subsequence (agkmS), s € N). Then the
vector sequence

k'ms kms
) = (a7 af)) - (se)

is obviously convergent. O

a

3.2. Characterization of closed sets with sequences

The closeness of a set in R™ can be described with vector sequences.

3.9. Theorem Let ) # H C R. Then H is closed if and only if
Vai € H (k € N) convergent sequence : klim ap € H.
—00

Proof. =
Let a; € H (k € N) be a convergent sequence and A := lim ag. We need to prove that
AeH. o B

Suppose indirectly A ¢ H. Then A € H. But H is open (because H is closed),
therefore o

Jde>0: B(A,e)CH.
But to this e:
INEN Vk>N: a,€B(Ae)CH.

This is a contradiction: a; € H and a; € H cannot be at the same time.

~:
Suppose indirectly that H is not closed. This implies that H is not open, thus 34 € H
that is not interior point of H. This means that

Vr>0: B(a,r)¢ H thatis B(a,7r)NH #{.

(k € N) we obtain

=

Applying this fact for the numbers r :=

1
VkeN da, € Bla, -)NH.

k
So we have defined a sequence a; € H (k € N). Since
1
lox —All < 1 (keN),
the limit of this sequence is A. So by the condition A € H. But A was chosen from the
set H. This is a contradiction. U

The intuitive content of the above theorem is that it is impossible to go out from a
closed set via convergence.
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3.3. Compact sets
3.10. Definition Let () # H C R™. H is called a compact set if
Va € H (k € N) sequence 3 (ag,, , m € N) subsequence :
(ak,,, m € N) is convergent and n}gnoo ar,, € H.

The 0 is called to be compact by definition.

Similarly to the case of compact sets in R (see: Analysis-2) the following theorem
can be proved. We need only use the norm instead of the absolute value.

3.11. Theorem Let () # H C R"™. Then H is compact if and only if it is closed and
bounded.

3.12. Remark. The theorem is not valid in infinite dimensional normed spaces. Every
compact set is closed and bounded but there exists a closed and bounded set, that is
not compact (see: Functional Analysis).

3.4. Homeworks

1. Prove by definition of the convergence, that in R?

. n+1 3n-—2 1
lim , == 3
n—oo\2n—3 n-+5 2

Determine a threshold index to e = 1073,

2. Determine the limit of the following sequence in R3:
1 1\" 2n-1
=(—,(1+—- — N).
Qn, <n7 < +7’L> ) 3n+7) (TIE )

3. Using sequences prove that the following set is not closed:

H={(z,y) eR?*|1<2<3, 1<y<2}CR?

4. Using the definition of compactness prove that the following sets in R? are not
compact:

a) H={(v,y) e R? | 2% +y? <4}

b) {(z,y) eR*|1 <z <3}
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4.1. The limit of functions of type R" — R™

As in the one variable case the concept of limits expresses where tend the function
values to if the variable tends to a certain point. The first problem is to discuss the
points where the variable can tend. These points are the so called accumulation points
of the domain of the function.

4.1. Definition (Accumulation point) Let ) # H C R" and a € R". We say that
a is an accumulation point of H if

Vr>0:(B(a,r)\{a}) NH #0.
The set of accumulation points of H is denoted by H' that is
H' :={a € R" | a is an accumulation point of H} .

The points of the set H \ H' are called isolated points of H.

4.2. Definition (isolated point) Let ) # H C R" and a € R™. We say that a is an
isolated point of H if a € H and

dr>0: B(a,r)\{a}NnH=0.
After these preliminaries follows the definition of the limit:
4.3. Definition Let f e R" - R™, a € D}. We say that f has limit at the point a if
JAeR™"Ve>036>0Vx € (B(a,0)\{a})NDys: f(z) € B(A,e).

Using the Ts-property of neighbourhoods it can be proved that the vector A in this
definition is unique. This unique A is called the limit of the function f at the point a.
The notations are:

A=limf, A=limf(2), f(@)—A@@—a).

4.4. Remark. Thus the fact lim f = A can be expressed with neighbourhoods:
a

Ve>030>0Vx e (B(a,0)\{a})NDs: f(z)e B(A,e),
and with inequalities:

¥e>030>0V2eDs0<|lz—al<d: |f(z)— A <e.
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4.5. Examples

1. (the constant function) Let f : R® — R™, f(z) = ¢ where ¢ € R™ is a fixed

vector. Then for any a € R™: lim ¢ = ¢, because for any € > 0 any ¢ > 0 is good:
r—a

Ve (B(a, 8)\ {a}) ND;: f(z)=ce Blce).

2. (identity function) Let f : R — R", f(z) := x. Let a € R™. Then lim z = a,

r—a
because for any € > 0 let d := €. It will be good, since

Ve (B(a,é) \ {a}) ND;: f(z) =2 € Bla,8) = B(a,e) .

3. (canonical projections) Let f : R"” — R, f(z) := x; where ¢ € {1,...,n} is fixed
and z = (x1,...,2p). Let a = (a1,...,a,) € R™. Then lim f(x) = a; because for
r—a
any € > 0 let 0 := e. This is good since if 0 < ||z — a|| < §, then by (1.2):
[f (@) —ai| = |zi —ail = |[(z —a)i| < |lz —al| <d=e¢.

Note, that in the case n = 1, the projection coincides with the identity.

Similarly to the one variable case it can be proved the theorem of Transference
Principle:
4.6. Theorem [Transference Principle for limits] Using the previous notations:

allowed sequence

lim f(z) =A & VapeDs\{a} (keN), limz,=a: limf(zy)=A4.

r—a

The most important corollaries of the Transference Principle are — like in the one
variable case — the algebraic operations with the limits.

For m > 2 we can speak about the limits by coordinates. To formulate this statement
we have to define the coordinate function.

4.7. Definition Let f € R” — R™, f(z) = (fi(x), ... fm(z)) € R™. Then the func-
tion f; : Dy — R is called the i-th coordinate function of f (i =1, ... m). We often
use the notation f = (f1, ..., fm).

Clearly in the case m = 1 f; = f. Using the Transference Principle and the convergence
of sequences by coordinates, one can prove the following theorem:

4.8. Theorem [limit by coordinates] Suppose that m > 2 and let
fER® - R™, a¢ D}, A= (A4,...,A,) € R™. Then

Iimf=A4 <« limfi=4; (=1 ...,m).
4.9. Remark. With short notation our theorem is:
lim f(x) = <lim fi(z),..., lim fm(x)> .

Moreover the existence of one side of the above equality implies the existence of the
other side.
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4.2. Limit along a set

Sometimes we approach a point in such way that the variable remains in a fixed given
set. In this case we speak about limit along a set. First we define the restriction of a
function.

4.10. Definition Let f € A — B, 0 # C C Dy. The function

fic:C— B, fio(r):= f(z)

is called the restriction of f onto the set C.

4.11. Definition (limit along a set) Let f € R" — R™ () # H C R"™. Suppose that
a € R" and a € (H N Dy)". Then the limit along the set H is defined as follows:

lim /() == m figzrp, (x).
zeH T

Since the definition reduces the limit along a set back to the limit of functions, all
the statements (Transference Principle, algebraic operations, limit by coordinates) are
valid for limits along a set.

4.12. Remarks.

L. If H = Dy then lim f(z) = lim f(x).

T—a
zeH

2. If n =1 then we may obtain the one-sided limits, that is

for H = (—o0, a): lim f(z) = lim f(z),
xeﬁ z—a—0
and for H = (a,+00): lim f(z) = lim f(x).
;;ﬁ z—a+0

3. If 3 lim f(x) = A, then for any set H for which a € (H NDy)’ follows that

r—a

lim f(z) = A.

xeH
The practically useful corollary of this statement is, that if we tend to a point ,,in
two different way” and we obtain two different results, then the function has no
limit at this point (two-way-method).
4. If lim f(z) = lim f(z) = A then lim f(z) = A.

r—a

zeH zeK re HUK
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4.3. The continuity of functions of type R" — R™

We can define the continuity similarly to the one-variable case:

4.13. Definition Let f € R"™ — R™, a € Dy. f is continuous at a if
Ve>030>0Vxe B(a,6)NDy:  f(x) € B(f(a),e).
Let us denote the set of functions that are continuous at a by C(a).

From the definition it follows immediately that

— if a is an isolated point of Dy then f is continuous at a.

— if a is an accumulation point of Dy then

f is continuous at a <« lim f(x) = f(a).

r—a

4.14. Definition Let f € R™ — R™. Then f is continuous if it is continuous at every

point of its domain, that is
Vaec Dy: feCla).

Using the results of Examples 4.5, the constant function, the identity function and
the canonical projections are continuous.

4.15. Theorem [Transference Principle for continuity] Using our notations:
feCla) & VapeDy (keN), limay=a: limf(zy)= f(a).
The proof of this theorem is similar to the one-variable case.

Using the Transference Principle one can easily see that

1.
figeCla),ceR = f+g, f—g, c-feCla),
2.
g€C(a), f€Cygla)) = [fogella),
3.

f=0U1, ., fm)€eCla)e fieCla) (i=1,...,m).

Similarly to the one-variable case, one can prove the most important theorems for
continuous functions defined on compact sets.

4.16. Theorem [the compactness of the image/
Let f € R" — R™ be a continuous function and suppose that Dy is compact. Then

Ry is compact.
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Before stating the following theorem, let us define the extreme values of an n-
variable function:

4.17. Definition Let f € R” — R. The minimum of f is the minimal element of its
range (if exists), that is

min f := min Ry = min{f(z) | x € Dy} = min f(x).
z€Dy

The vector a € Dy is called the place of the minimum, if f(a) = min f.

Respectively, the maximum of f is the maximal element of its range (if exists), that
is
max f := max Ry = max {f(z) | v € Dy} = max f(x).
:EEDf
The vector a € Dy is called the place of the maximum, if f(a) = max f. These numbers

are called the absolute (or global) extreme values, (absolute (or global) minimum,
absolute (or global) maximum) of f.

4.18. Theorem [the minimax theorem of Weierstrass| Let f € R" — R be a continu-
ous function and Dy be compact. Then 3 min f and 4 max f.

The definition of the uniform continuity is defined in a similar way as in the one-
variable case:

4.19. Definition Let f € R® — R™. We say that f is uniformly continuous if
Ve>030>0Va, ye Dy, lz—yl<d: |[f(z)-flll<e.

4.20. Theorem [theorem of Heine] Let f € R™ — R™ be a continuous function and
Dy be compact. Then f is uniformly continuous.

4.4. Homeworks

1. Determine the following limits if they exist:

2,2 3 2
0 lm oy LY b lm STUVTETY
(z,y)—(0,0) Tty (z,y)—(0,0) T4+ 2y
2, .2
c) lim Tty d) lim it

(@)= (0.0) /22 + 32 + 4 — 2 (@y)—(00) T —y
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. Discuss the continuity of the following R? — R type functions:

x;y if 24y#£0,
X
a) flz,y) = Y
0 if x+y=0;
-752:1/2

5 T 9 if (1‘, )7&(070)7
D) flay) =4 T Y ’

0 if (z,y) =(0,0).
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5.1. The derivative of functions of type R" — R

5.1. Definition Let f € R" — R™, a € int D;. We say that f is differentiable at the
point a (denoted by f € D(a)) if

A eRm . iy L@t~ fla)— AR

=0.
h=0 2]

5.2. Theorem The matriz A in the above definition is unique.

Proof. Suppose that the matrices A, B € R™*" satisfy the definition. In this case
(f(a—i—h)—f(a)—Ah f(a+h)—f(a)—Bh>_0_0_O

lim
[[A] [[A]

h—0

After calulations we have
. (B—A)-h
im —m———

=0.
h—0 Hh”

Let h — 0 along the rays of the unit vectors
Z
ej=(0,...,1,...,0), (j=1,...,n)

that is let h :=t - e;, where t > 0, ¢ — 0 + 0. Since

It ejll = [¢] - [legl| = ¢ - 1=,

SO
B—A)-h B—A)-t-e:
im B Ay Ly, BoA ey
h—0  ||h]] t—0+0 It - el
B—A) -t-e;
= lim M:O = (B-A)-e=0 =
t—040 t

(I

5.3. Definition The matrix A in the above definition is called the derivative (or:
derivative matrix) of f at the point a and is denoted by f/(a). So f'(a) := A.

5.4. Remarks.

1. If n =m =1, then we obtain the definition in the case R — R, that was studied
in Analysis-2.
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2. In the case n = 1 the derivative can be defined equivalently as it was present in
Analysis-2:

Fl) -ty O @) S ) fla)

h—>0 h r—a xr— a

3. In the case n > 2 we cannot use the ratio of differences because the division with
a vector is undefined.

5.5. Theorem If f € D(a) then f € C(a).

Proof.
fla+h) - f(a) = f(a+h)_ﬁ](j‘)_f(a)'h.HhH—i—f'(a).h —0 (h—0).
So }llli)l%) f(a+ h) = f(a) which implies f € C(a). O

In the following theorem we state some differentiation rules without proof.
5.6. Theorem 1. Let f,g e R®" - R™  f, g€ D(a). Then f+ g € D(a) and
(f +9)'(a) = f'(a) +¢'(a)
(in the sense of matriz addition).
2. Let f e R" = R™ NeR, f & D(a). Then \f € D(a) and
(Af)'(a) = A~ f'(a)
(in the sense of matriz scalar multiplication).

3. (Chain Rule) Let g € R" — R™, g € D(a), f € R™ — RP, f € D(g(a)). Then
foge D(a) and
(fog)(a) = f'(9(a)) - g'(a)

(in the sense of matriz multiplication).

5.2. Partial Derivatives

What are the entries of the derivative matrix? This is a natural question. In this section
we prepare the answer.

5.7. Definition Let f € R" — R™, a = (a1, ..., a,) € int Dy and j € {1, ..., n}.
Define the following auxiliary function

Ga,j() == flar, ..., aj—1, , Qj41, ..., ap) (x € B(aj, 1)),
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where r denotes the radius for which B(a,r) C Dy.

The column matrix g, ;(a;) € R™*! —if it exists — is called the j-th partial derivative
(more precisely: the partial derivative by the j-th variable) of the function f at the point
a. Its notations are:

9f(a), or fi(a), or @2) . @S))

5.8. Remarks.

1. Roughly speaking we can compute the the j-th partial derivative, if we fix every
variable except the j-th one and then differentiate the obtained one-variable func-
tion at a;.

2. By the isomorphism between R™ and R™*! we can say that the partial derivative
is a vector in R™. Especially in the case m = 1 (f is a scalar-valued function) —
because of the isomorphism between R and R'*! — we can say that the partial
derivative is a number. We will use these representations in the followings.

5.9. Definition Using the notations of the previous definition, let D C R™ denote the
set of all points of Dy where the j-th partial derivative exists. Suppose that D # (.
Then the function

0;f : D—-R", aw— 0;f(a)

is called the j-th partial derivative function of f.

It is obvious that the partial derivative function is of type R™ — R™, and in the
case m = 1 it is of type R” — R.

5.3. Homeworks

1. Using the definition prove that the following functions are differentiable at the
given point (a,b), and compute the derivatives:

a) f:R2_>]Ra f(x,y)=x3+:l:y—2y, (avb):(2a_1)7
b) f:R*—=R?*  f(z,y) = (2Py + 5y, 2* —ay)  (a,b) = (2,-1).

2. Determine the partial derivatives of the following R> — R type functions:

a) f(z,y) = x> — 5zy + 3y* — 6z + Ty + 8; b) f(z,y) = arcsing;

¢) fla,y) = —2 d) f(z,y) = V2% — 5%y + y’;

x4y

e) f(z,y) =" cosy — xlny; ) f(a;,y):arctgii”;;
2z—3 )
) I@) =i B flay) = S

2z — 3y ; ery
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6.1. The entries of the derivative matrix

In the previous lesson we have defined the partial derivatives. Using this concept we
can determine the entries of the derivative matrix.

First we will give another form of the partial derivative.

Let f € R - R™, a = (a1, ...,a,) € intDy, j € {1,..., n} and g,; be the
auxiliary function defined in the previous section. Let I’ = F, ; be the following other
auxiliary function:

F(t) := f(a+tej) (teR,a+te; € Dy),
where e; denotes the j-th standard unit vector in R". Then
F(t) =f(a+tej) =
=flar+t-0,...,aj-1+t-0,a;+t-1,aj41+t-0,...,a,+1t-0)=
= f(a1, ..., aj—1, a; +t, aj41, ..., an) = gaj(a; + 1),
and F' is defined for |t| < r, where 7 denotes the radius, for which B(a,r) C Dy.
Using the Chain Rule we deduce that
F'(t) = g, j(aj +1t) -1 consequently F'(0) = g, ;(a;) = 9;f(a).
After these preliminaries we can discuss the columns of f/(a).

6.1. Theorem Let f € R" — R™, f € D(a), j € {1, ..., n}. Then 30;f(a) and it is
identical with the j-th column of f'(a).

fla+h)—f(a) = f'(a) - h
[~

with the vectors h =t - e; where e; is the j-th standard unit vector, and ¢t € R, ¢t — 0.

Then

= 0. Apply this relation

Proof. f € D(a) implies that }llin%

flatt-ej)—fla)—[f'a)-t-e

=0 1t - el
o flatee) = fl@) — fa)es b _

=0 2] lle;l
~ lim fla+t-ej) — f(a) — (the j-th column of f'(a)) - ¢
50 ’t’

This means — by the definition of the derivative — that F' € D(0), and that
d;f(a) = F'(0) = the j-th column of f'(a).
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The following theorem speaks about the rows of the derivative matrix.
6.2. Theorem Let f ¢ R" = R™, f=(f1,..., fm) and a € intDy. Then
fe€D(@ <« fieD()(i=1,...,m).

In this case:

fl(a) = the i-th row of f'(a) (i=1,...,m).

Proof. Let A € R™*" Then the fact
fla+h)—f(a)—A-h

lim =0
h—0 12l
is equivalent with
i Jila 1) = fila) = (Ah)i _

h—0 7]

(see: limit by coordinates). But (Ah); = (the i-th row of A)- h, so the above relation is
equivalent with

lim fila+ h) — fi(a) — (the i-th row of A) - h

=0.
h—0 |2l

Using these equivalencies in both directions, the statement of the theorem follows im-
mediately. U

Using the two previous theorems we obtain:
(f'(a))ij = the j-th column of the i-th row = ;f;(a).

6.3. Remark. The derivative matrix is:

_81f1(a) 62f1(a) 8nf1(a)'

O1f2(a) O2fa(a) ... Onfa(a)
flay=| | erme

01 fm(a) Oafm(a) ... Onfm(a)]
6.4. Definition Let f € R® — R, f € D(a). The vector

grad f(a) :== Vf(a) := (01 f(a), 02f(a), ..., Onf(a)) € R"
is called the gradient vector (or simply: gradient) of f at the point a.

Obviously the gradient vector V f(a) is the vector representation of the derivative
matrix f'(a) € RY¥"
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6.2. Connection between the derivatives and the partial
derivatives
In the previous section we have proved that the differentiability of a function at a point

implies the existence of all the partial derivatives at this point. The converse statement
is not true as the following example shows.

6.5. Example
Let f: R? — R be the following function:
1 if 2y=0
fla,y) =
0 if zy#0

Then 0, f(0,0) = d2£(0,0) =0, but f ¢ C(0,0) so f ¢ D(0,0).

Using some further assumptions the existence of partial derivatives can imply the
differentiability as will be stated — without proof — in the following theorem.

6.6. Theorem Let f € R" — R™, a € int Dy. Suppose that
1. Ir>0Vz € B(a,r): 30;f(x) (j=1,...,n) and
2. 8f € C(a).

Then f € D(a).

6.3. Directional Derivatives

The partial derivatives can be regarded as the derivatives of the functions restricted to
a line through the point a, and parallel with one of the coordinate axis. If we take a
general direction instead of the directions of coordinate axis then we obtain the concept
of directional derivative.

6.7. Definition Let f € R" — R™, a € int Dy, e € R, |le|| = 1. Let F = F, . be the
following other auxiliary function:

F(t) := f(a+te) (t eR,a+te € Dy)

Then the directional derivative of f at the point a along the direction e is defined as

0.1(0) = F'0) = (G f(a+10)

t=0

In many cases the directional derivative can be computed with the help of the
derivative.
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6.8. Theorem Let f € R" — R™, f € D(a). Then for any e € R", |le] = 1:

Oef(a) = f'(a)-e

in the sense of matriz-vector product.

Proof. Let g(t) = a+te (t € R). Then ¢'(t) = e and using the Chain Rule we obtain

050) = (G a+19) = (Flatte)-d0),

t
= (f'(a+te)-e),_,=f'(a)-e.
(I

6.9. Remark. The direction is often given not by a unit vector but by another way
(see Homework 3.). In this cases we have to determine a unit vector that shows in the
given direction.

6.4. Homeworks

1. Discuss the differentiability of the function (i.e. at which point of its domain it is
differentiable, and what are the derivatives at these points):

fRP =R, f(zy) =Yy

2. Prove that the following function is differentiable, and determine its derivative:

x
f:R? - R?, f(z,y) = (arctg eI cos(z® — 4xy)).

3. Determine the directional derivatives in the following case:
f:R? >R, fz,y) = 2> 4+ zy — 243
at the point Py(2,1) along the following directions
a) v=(-2,3); b) «=330%

¢)  The direction from A(1,0) to B(4,4).



7. Lesson 7

7.1. Higher order derivatives

In this section we will study the higher order derivatives of functions of type R” — R.
Similarly to the one-variable case the second order derivative is defined as the derivative
of the derivative function.

7.1. Definition Let f € R" — R, a € int Dy. We say that f is 2 times differentiable
at a (its notation is: f € D?(a)) if

dr>0Vx e B(a,r): feD(x) and [ € D(a).

The derivative function f’ can be regarded as a vector valued function with the co-
ordinate functions 0;f (j = 1,...,n). So the equivalent definition of the 2 times
differentiability can be given as follows.

7.2. Definition Let f € R" — R, a € int Dy. We say that f is 2 times differentiable
at a if

dr>0VzeB(a,r): feD(x) and 9;f€D(a) (j=1,...,n).
Suppose that f € D?(a). Since its derivative function is
f'=(01f, 02f, ..., Ouf) : R" = R",
its second derivative is the derivative matrix of f’ at a:

(0101 f(a) D:01f(a) ... 0,01f(a)]

8182f(a) 8282f(a) 8n82f(a)
@) = () (a) = _ . € R™™,

910, f(a) 8duf(a) ... uduf(a)]

This matrix is called the Hesse-matrix of f at a. The ij-th entry of the Hesse-matrix is
(f”(a))ij :8jazf(a) (4,j=1,...,n).

7.3. Definition The entries of the Hesse-matrix f”(a) are called the second order
partial derivatives of f at a.

7.4. Remark. We have defined the second order partial derivatives only for the func-
tions that are 2 times differentiable at a. The concept of the second order partial deriva-
tive can be defined in more general case but we will use it only for 2 times differentiable
functions.
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7.5. Theorem [Theorem of Young] If f € D?(a), then the Hesse-matriz f"(a) is sym-
metric that is

ajalf(a’) = aza]f(a) (Zvj =1,..., n) :

7.6. Definition Let f € R® — R and suppose that the set
Df// = {x € int Df ‘ fe D2($)}

is nonempty. Then the function
f// . Df” N Rnxn, €T — f//(x)

is called the second derivative function (or simply: the second derivative) of f. The
functions

0;0if : Dy — R, x> 0;0;f(x) (i,j=1,...,n)

are called the second order partial derivative functions (or simply: the second order
partial derivatives) of f.

If we want to define the 3 times differentiability of f at a point a € int Dy (deno-
ted by f € D3(a)) then we have to suppose that f” is differentiable at a. Since the
coordinate functions of f” are the second order partial derivatives, so

feD¥a) & f"e€D(a) <+ 08;0,fe€D(a) (i,j=1,...,n).
7.7. Definition Suppose that f € D3(a). Then the numbers
Ok0;0if(a) (i,5,k=1,...,n)
are called the 3-rd order partial derivatives of f at a. The 3-array with entries
(f'"(a))l.jk = 0,0;0if(a) (i,5,k=1,...,n)
is called the 3-rd order derivative of f at a.

In similar way — recursively — we can define the k-th derivative and the k-th order
partial derivatives for k£ = 4,5, .... Thus these concepts are defined for any k£ € N. We
agree that the 0-th derivative is the function itself.

Some notations:

e f < D¥(a): f is k times differentiable at a.
o f®)(a): the k-th derivative of f at a.

© 0j,0j,_, ... 05,05, f(a) (1, ..., jx=1,...,n):
k

the k-th order partial derivatives of f at a. Their number is n".
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So f(k)(a) € R XX — R}V is a k-array with the entries

(1) — 03,0, - 005 f(@) Gy s de=1,..,m).  (7.1)

J1yeeer Jke

Applying several times the Theorem of Young we obtain the following theorem.

7.8. Theorem If f € D¥(a) then the k-array f*)(a) is symmetric in the following
sense.

Let j1, ..., jr € {1, ..., n} and the finite sequence p1, ..., pp be a permutation
(may be: permutation with repetition) of the finite sequence ji, ..., ji. Then
(rP@) = (/%)
Pl Pk J1yee Jk
that is

6pk8pk71 ce 81728p1 f(a) = ajkajkA s aj28j1 f(a) .

7.9. Definition Let f € R" — R, a € int Dy. We say that f is k times continuously
differentiable at a (its notation is: f € C¥(a)) if

Ir>0VzeBla,r): feD¥x) and f% eC(a).

Naturally, the definition is equivalent with the continuity of the k-th order partial
derivative functions at a.

7.2. Taylor’s Formula

7.10. Definition (Taylor’s polynomial) Let m € NU {0}, f € R" — R,
f € D™(a). The n-variable polynomial

@)z —a) _ f"(a)(x — a)? ) (@) ( — a)™
Tm(fv)::f(a)Jrf()(l! )+f()(2! LI ()ﬂ(ﬂ )" _
(k) () (x — a)k
= fay+ ) AT gy

k=1
is called the m-th Taylor-polynomial of f at the center a.
7.11. Remarks.

1. For the meaning of the terms of the above sum we remind the Reader of the
definition of the symbol Az* where A is a k-array and z is a vector (see: Definition
1.7 in Lesson 1).

2. Tt is obvious that the degree of T), is at most m and that T,,(a) = f(a).
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In the followings we will use the abbreviation h = x — a. To approximate f with the
help of its Taylor-polynomials and to prove the Taylor Formula, we need the concept of
the line segment in R™ and a theorem about the k-th derivative of an auxiliary function.

7.12. Definition Let a € R", h € R™\ {0}. The set
[a,a+h] :={a+theR"|0<t<1} CR"

is called a closed line segment in R"™. a is the starting point and a + h is the terminal
point of the line segment.

7.13. Theorem Let f € R" — R, k € NU{0}. Let the closed line segment [a, a+ h| be
a subset of int Dy and suppose that f is k times differentiable at any point of [a, a+ h).
Let

FeR—-R, F(t):=f(a+th) (teR,a+the Dy).

Then [0, 1] C int Dy, F is k times differentiable at any point of the closed interval [0, 1]
and
F® @) = f® (a4 th)hk (¢t €0, 1]) (7.2)

in the sense of the symbol Az* (see Definition 1.7 in Lesson 1).

Proof. The precise proof of this formula requires mathematical induction. For simp-
licity we will prove it only for the cases n = 1 and n = 2. One will see from these two
cases the general inductional step.

Proof of (7.2) in the case k = 1:
F'is a composition of functions f and ¢ — a + th. Using the Chain Rule we obtain:

F'(t) = f'(a+th)-h=>Y 0;f(a+th) hj=f(a+th)h'.

Jj=1

Proof of (7.2) in the case k =2 (using that it is true for k =1):

F' is an n-term sum of functions ¢ — 9;f(a + th) - hj. The j-th term is a scalar
multiple of the composition of functions 0;f and ¢t — a + th. Applying the previous
result (case k = 1) for 0;f instead of f we obtain:

d n n

F'(t) = (F'(t)) = o > 0 f(a+th) Z h - = (95 f(a+ th)) =
j=1
= zn: hj . Zn:&ajf(a + th) : hi - Z azﬁjf(a + th) . hi . hj = f”((l + th)hQ .
j=1 i=1 t,j=1
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7.14. Theorem [Taylor’s formula/
Let f e R* = R, a € Dy, h e R", h # 0, m € NU{0}. Suppose that f is m + 1
times differentiable at any point of the closed line segment

[a,a+h]:={a+theR"|0<t<1}.

(Remember that it requires [a, a + h] C int Dy ).
Then there exists 9 € R, 0 <9 < 1 such that

D (@ + 9h)RmH
fla+h)=Typ(a+h) = (1 D)
that is
(k) (g hF (m+1) 9h)pm+1
f(a+h)=f(a)+;f ]Eff) . (E:fbil)!) (7.3)

Proof. Let us define the auxiliary function
FeR—R, F(t):=f(a+th) (teR,a+the Dy).

Then — by the previous theorem — F' satisfies the assumptions of the one-variable Taylor
Formula (see: Analysis-2) at the center 0. Applying the one-variable Taylor Formula
for approximation of F'(1) we have:

J9e€(0,1): F(1)= zm: F®(0) S(1—=0)F+ M 10yt =

k! (m +1)!
k=0 n P F() (7.4)
= O T

Using
F(1) = fla+h), F(0)=f(a)

and the result of the previous theorem for F*) we have

F®0) = f® (a4 0n)n* = fF(a)hk  (k=1,...,m)
and  FH) (@) = fm+D (g 4 9p)pmtt

Substituting this result into (7.4) we obtain the statement of the theorem. O
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The multi-index form of Taylor’s Formula

Since f*)(a) and f(™+1)(a 4+ 9h) are symmetric k-arrays, we can apply the multi-
index form of Az* (see in Lesson 1). Using (7.1) we have:

0@ = Y B (W@ n =

iENg
li|=k
k! & |
= Z il (f( )(G)>n,...,n,n—1,...,n—1, R R | R —
ieNy NEERGEA N A A
li|=k in times ip—1 times i1 times
k!
=Y =010y Dy On. Oy fla) b=
P 1 N~ — N——— A
T€|§](])€ iy times iy times in times
k! . )
- Z il 0" f(a) - ',
ieNg
li|=k

where '
8’f(a) = 81...81 82...82 8n8nf(a)
—_—— —— ————
i1 times 12 times in times

fm+1)(q 4 9h) can be rewritten into similar form.
Let us substitute these results into (7.3):

f hk f m+1)(a + ﬂh)herl
flath)= *Z k' m 1 1)!

: 1 (m+1)! :
—. 9 “h . 9h) - h'.
Z i fla)-n'+ (m+1)! Z i! fla+dh)
iEND iEND
li|=k lij=m+1
Simplifying with k! and with (m + 1)! we obtain the multi-index form of Taylor’s
Formula:

U
2
k=1

m

fla+h) = fl@)+> Zaf pig Y QIR

! 7!
k=1 €Ny 1€Ng
|i|: li|=m+1

The Mean Value Theorem

As an important corollary of the Taylor Formula we state the following theorem.

7.15. Theorem [Mean Value Theorem]

Let f € R - R, a € Dy, h € R", h # 0. Suppose that f is differentiable at any
point of the closed line segment [a, a + h| (it requires [a, a + h] C int Dy ). Then

39 €(0,1):  fla+h)— f(a)= f'(a+Ih)-h.
Proof. Apply Taylor’s Formula for m = 0. ]
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7.3. Homeworks

1. Determine the all order partial derivatives of the following function and check the
theorem of Young:

f:R? SR f(z,y) = 3z + 2%y — zy.

2. Let a € R be a nonzero constant. Prove that the function

22

u(z,t) = e 4a%t (x €R, t>0)

1
2a - /7t

satisfies the following partial differential equation

82u = a2 . 6161u .

3. Using the Taylor-formula rearrange the following polynomial by the powers (x +
1) (y — 1):

flay) =2 +2%y - 222 —ay+y  ((z,y) € R?).

4. Determine the second order Taylor-polynomial of the function

BT ((wy) €R?, cosy £0).

f(xay) =

cosy

if the center is the origin.
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8.1. Local extreme values: the First Derivative Test

In connection with the Weierstrass-theorem (see: Theorem 4.18) we have defined the
(global or absolute) extreme values of a function. Now we will discuss the so called local
extrema.

8.1. Definition Let f € R" — R, a € Dy. We say that f has at a
1. local minimum & 37 > 0V € B(a,m)N Dy : f(x) > f(a);
2. strict local minimum & 37 > 0 Yz € B(a,m) N Ds\ {a}: f(x) > f(a);
3. local maximum & 3r > 0V € B(a,r)NDys: f(x) < f(a);
4. strict local maximum < 37 >0 Vz € B(a,r)NDs\{a}: f(z) < f(a);
Here a is the place of the local extremum and f(a) is the local extreme value.

8.2. Theorem [First Derivative Test] Let f € R™ — R, f € D(a) and suppose that f
has a local extremum at a.
Then f'(a) =0 (or: Vf(a) =0).

Proof. Let us introduce the following auxiliary functions for j € {1,...,n}:
gj(u) == f(ai,...,aj-1,u,aj41,...an) (weR, (at,...,aj-1,%,aj41,...a,) € Dy).

Since f has local extremum at a, then g; has the same type of local extremum at a;.
Applying the First Derivative Test for one-variable functions (see: Analysis-2) and the
definition of the partial derivative we have

8Jf(a):93(ag):0 (j:1777n)
Consequently f'(a) = [01f(a) ... Onf(a)] =0. O

8.3. Remarks.

1. The above theorem is often mentioned as the first order necessary condition of
local extrema.

2. The equation f’(z) = 0 is equivalent with the scalar equation system

8lf(xh L2y «vvy :En) =0

8nf($17 L2y - vy :I:n) =0

The roots of this system are called the stationary points of f.
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8.2. Quadratic Forms

To formulate the second order conditions of the local extrema we need a short study
of quadratic forms.

8.4. Definition Let A € R™™™ be a symmetric matrix, that is a symmetric 2-array.
The function

n
Q:R" — R, Q(w)::AxQZZaij‘wi'xj
ij=1
is called quadratic form determined by the symmetric matrix A. A is called the matrix

of Q.

8.5. Remarks.

1. The connection between the n x n symmetric matrices and the quadratic forms
is one-to-one.

2. The quadratic forms are exactly the homogeneous n-variable polynomials. This
means that they are polynomials whose each term is of second degree.

3. From the definition it follows immediately that

Q\x) =X-Q(r) (NER, zecR™).

8.6. Theorem Let () : R® — R be a quadratic form. Then there exist constants
m, M € R such that

m-fz]? < Q) < M- ||zlI*  (z€R").

Proof. The quadratic forms — because of their construction — are continuous functions.
Let us restrict ) to the compact set

H:={x e R"|[lz]| =1},

and apply the Weierstrass minimax theorem (Theorem 4.18). Thus Q) attains its

minimal and maximal values. Denote by m the minimal value and by M the maximal

value of Q. Let x € R", z # 0. Then T € H, so

(el

m§Q<|zH>§M thatis m < Q) < M

1
[ElE
which implies immediately the statement of the theorem for x # 0. The case z = 0 is
trivial. 0
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8.7. Remark. It can be proved (see: Linear Algebra) that the above defined m is the
minimal and M is the maximal eigenvalue of the matrix A.

In the next part we classify the quadratic forms by the signs of their values.

8.8. Definition Let ) : R™ — R be a quadratic form represented by the symmetric
matrix A € R"*™. We say that @ is

) positive definite if Vo € R"\ {0} :  Q(z) > 0,
negative definite if Vo € R"\ {0} : Q(z) <0,
positive semidefinite if Vo € R™ . Q(x) > 0,
negative semidefinite if Vx € R" :  Q(z) <0,
indefinite, if 3z, y e R":  Q(z) > 0, Q(y) < 0.
8.9. Remarks.

1. Since a quadratic form can be uniquely represented by a symmetric matrix, the
above classification means the classification of symmetric matrices at the same
time.

2. Every positive definite quadratic form is positive semidefinite and every negative
definite quadratic form is negative semidefinite.

3. The constant 0 function is a quadratic form (represented by the 0 matrix). It is
positive and negative semidefinite at the same time. Apart from this case the set of
n-variable quadratic forms bursts into three disjoint classes: positive semidefinite,
negative semidefinite, indefinite.

4. Tt is obvious that if @ is positive definite then both the constants in theorem 8.6
are positive: m, M > 0.

Let us study the classification of 2-variable quadratic forms. A 2-variable quadratic
form is given by a symmetric matrix of size 2 x 2.

8.10. Theorem [classification of the 2-variable quadratic forms]

Let A = [ab

b c} € R?*? and Q : R® — R be the quadratic form given by A, that is

Q(z1,2) = ax? + 2bxxo + c23 (z = (z1,22) € R?).
Then Q s
e positive definite if det A = ac —b> > 0 and a > 0,

e negative definite if det A = ac —b*> > 0 and a < 0.
(The case det A = ac — b> > 0 and a = 0 is impossible.)
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e indefinite if det A = ac — b? < 0.

o semidefinite but not definite if det A = ac — b* = 0.
The semidefinite case is in detail as follows. Suppose that det A = ac — b*> = 0. Then
Q is

e positive semidefinite but not positive definite if a > 0 or if a =0,¢ > 0,

e negative semidefinite but not negative definite if a <0 or if a = 0,¢ < 0,

e the identical O-function if a = ¢ = 0.

Proof. The proof is based on the following elementary identities:

(az1 + bx2)? + (ac — b*)x3 fa 0
a
Q(z1,20) = ax? + 2bxyxy + cx3 = { (br1 + cx2)? + (ac — b?)z? ifeo0,
c
2bx11xo ifa=c=0.
Using these identities one can easily discuss the sign of the values of Q. O

8.3. Homeworks

1. Using the first order condition of local extremum and the Weierstrass’s minimax
theorem solve the following absolute extreme value problems in R?:
a) flz,y) =2 +y’ —ay (0<2<4, 0<y <)
b) f(z,y) =22 —-2zy+2y (0<z2<2 0<y<3);
o) flzy)=2>—y*—2 (v20,y20 2°+y*<1).

2. Rotate a rectangular region around one of its sides. In which case will have the
resulted cylinder the maximal volume if the perimeter of the rectangle is a given
number a > 0. Give the sizes of the rectangle in the answer.

3. Write the matrices of the following quadratic forms. Determine in which class of
definiteness they are.
a) Q(z,y) = 3a% — day + 4y
b) Q(z,y) = 2% + 5xy + 4y
¢) Qz,y) = 2* — 2zy +y°
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9.1. Local extreme values: the Second Derivative Test

In this section we will prove two theorems — that use second order derivatives — in
connection with the local extrema.

9.1. Theorem [the definite case] Let f € R* — R, f € C?(a), f'(a) =0. Then
(a) If f"(a) is positive definite then f attains local minimum at a;

(b) If f"(a) is negative definite then f attains local mazimum at a;

Proof. It is enough to prove part (a). The part (b) can be reduced back to (a) applying
it for —f.
To prove part (a) we will show that

36>0VheR"\ {0}, ||h] <6: f(a+h)— f(a)>0.

Denote by r the radius of a ball with center a which is a subset of Dy (this r exists
because a is an interior point of Dy). Let h € R™ \ {0}, ||| < r. Then we can apply
the Taylor’s formula with m = 1. So 39 =9(h) € R, 0 < 9 < 1 such that

f@ht | f"(a+ on?

fla+h) = fla) +— o1

Since f’(a) = 0 then we have

" 2
fla+h) — () = T
Let us smuggle the term f”(;)hQ in this formula:
" 2 " o 2
that is
Flath)—fla)= 3 (AW + BWA?)  (heR", 0<[h] <)
where

A= f"(a) and B(h)= f"(a+9h)— f"(a).

Since A is positive definite so

Im>0YheR": Ah*>m-|h|>.
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Using the continuity of f” at a we obtain lim B(h) = 0 so

h—0

36>0: d<randVheR", ||hl| <4 ]|B(h)||F<%

where ||B(h)||r denotes the Frobenius-norm of the 2-array B(h) (see Definition 1.10 in
Lesson 1). Hence — using the norm-estimation in Theorem 1.12 in Lesson 1 — we obtain

m .
[BWR| < (IB()I|e - 17 < 5 - IR that is

m m
=R < B < T ).
Using the left hand side inequality and the previous results we have

for h € R, 0 < ||h]| < 9:

1 1
fla+h) = fa) =5 - (AR + B0)R?) = 5 - (mlnl? = Z0)?) = FlA]? > 0.
]

9.2. Theorem [the indefinite case] Let f € R* — R, f € C?*(a), f'(a) = 0. If f"(a)
is indefinite then f has no local extremum at a.

Proof.
The first part of the previous proof is independent of the type of f”(a). So we have

1
flath) = fla) =3 (AR* + B(h)h?) (heR™, 0 < |h| <)
where r > 0 is the radius for which B(a,r) C Dy, and
A= f"(a) and B(h)= f"(a+9h)— f"(a).

Denote by @ the quadratic form defined by A. Now A is indefinite, so
Jz,y e R":  Q(z) >0, Q(y) < 0. Naturally x # 0 and y # 0.
First we will work with . The values of @) along the line Fy = {h =tz |t € R} are

Q(h) = Qltz) = © (tna:n ~ ) — 2l Q (Hj,H) — - ]2 = s - IA]?

[E4]
where

1
my = Q < z > -Q(z) >0 independently of h .

llz ) ll=]?
Hence we can apply the considerations of the proof of the previous theorem, so
ml 2
301>0:  fla+h) = fla) 2 —=|A]" >0
that is  f(a+h) > f(a) (h € E1, 0 <||h]| <01).

Then working with y we can deduce in similar way, that along the line



9.2. Homeworks 47
Ey={h=ty|teR}:

302> 00 fla+h) = fla) < Z2[A|? <0
that is f(a+h) < f(a)  (he By, 0<|h| < &)

where

1
mo = Q <||Z?j”> = T2 -Qy) <0 independently of h.

Since any neighbourhood of a contains points on the lines F; and Fo with norm less

than min{d;, d2} and different from a, it follows that f has no local extreme value at
a. g

9.3. Corollary. (Second Order Necessary Condition) Let f € R” — R,
f € C*(a), f'(a) =0.If f has local extremum at a then f”(a) is semidefinite.

9.2. Homeworks

1. Determine the local extrema and the places of local extrema of the following
R? — R type functions:

a) f(z,y) =y* —a® — 4y + 2zy
b) f(z,y) = f(z,y) = 2* — day + y*
8 8
c) f(x“y)::c —|—xy+y + _1_,
d) flz,y) ="+ y* — 22 —296@/ y?

2. Let f:R? = R and ¢ : R> — R be the following functions:
fla,y) =2t +¢° gz, y) = 2* + ¢ ((z,y) € R?).

a) Show that f’(0,0) = ¢’(0,0) = 0.
b) Neither the theorem 9.1 nor the theorem 9.2 can be applied for f and g at
the point (0, 0).

c) f has local extreme value at (0, 0).

d) ¢ has no local extreme value at (0,0).
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10.1. Multiple integrals over intervals

In Analysis-2 we have studied the Riemann-integral over intervals in R. Now we will
follow a similar way to construct the integral over n-dimensional intervals. Since the
precise discussion requires long and complicated proofs, a lot of proofs will be omitted.

10.1. Definition Let n € N and ag, by € R, a < by (k =1, ... n). The set

I:= [al, bl] X [CLQ, bg] X ... X [an, bn] =
={z=(21,...,2n) ER" | ap <z <by (k=1,...,n)} CR"

is called an n-dimensional interval (or: n-dimensional box).
The measure (or: n-dimensional volume) of I is defined as

() =[] bk — ax).-
k1

The diameter (or: length of diagonal) of I is defined as

Remember (see: Analysis-2) that in one dimensional case the partition P of an
interval [a, b] into n closed subintervals is a finite number set {zg, x1, ..., 2, }, where

a=ro<rT1<T9<...<xTp=">0.

Let us modify a bit the notation P. Denote by P the set of subintervals instead of the
set of the divisor points. That is let the partition P be as follows:

P:={[zi-1,x] | 1=1,...,n)}.

The set of all partitions of the interval [a, b] is denoted by Pla, b].
After these review and preliminaries we can define the partition of an n-dimensional
interval.

10.2. Definition Let
I = [al, bl] X [ag, bg} X ... X [an, bn]

be an interval in R™. Let Py € Plak, bg] be partitions , along the k-th coordinate
direction” (k =1,...,n). Then the interval set

P={/ix...xJy| JyeP, (k=1,...,n)}
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is called a partition of I.
The norm of P is the longest diagonal of the subintervals that is

||P|| := max{d(J) | J € P}.
The set of all partitions of I is denoted by P(I).

One can easily see that for every & > 0 there exists a partition P ,finer” than §
that is || P|| < 4.

10.3. Definition Let I C R” be an interval and f : I — R be a bounded function and
P eP(I). Let

my = inf{f(z) |z € J}, My :=sup{f(z) |z € J} (JeP).
We introduce the following sums:

a) lower sum: s(f, P) := JZPmJ (),
€

b) upper sum: S(f, P) := JEP My - u(J).
€

10.4. Theorem If P, Q € P(I), P C Q then

s(f, P) <s(f, Q) and S(f, P) = 5(f, Q).

10.5. Corollary. If P, Q € P(I) then s(f, P) < S(f, Q). Hence follows that the set
of the lower sums is bounded above and the set of the upper sums is bounded below.

10.6. Definition The number I.(f) := sup{s(f, P) | P € P(I)} is called the lower
integral of f. Respectively the number I*(f) := inf{S(f, P) | P € P(I)} is called the
upper integral of f.

10.7. Definition A function f : I — R is called to be Riemann-integrable if it is
bounded and I.(f) = I*(f). This common value of the lower and upper integral is
called the Riemann-integral of f.

We will use simply ,,integrable” and ,,integral” instead of ,, Riemann-integrable” and
»Riemann-integral” respectively since no other integral concept occurs in our subject.

The definition can be extended easily to the case when the domain of f is wider
than I:

10.8. Definition Let f € R" — R, I C Dy be an interval. We say that f is integrable
over the interval I if the restricted function f‘ ;s integrable. The integral of f over I

is defined as the integral of f‘ ; and is denoted as follows:

/f, /f(a?) dx .
T T

The set of integrable functions over I is denoted by R(I).
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10.9. Examples
1. Let ¢ € R be fixed and f(x) := ¢ (x € I) be the constant function. Then for any
partition P € P(I) my = My = c thus
s(f, P):=> c-pJ)=c- Y () =c-u(),
Jep JeP
which implies that L.(f) = c¢- u(I).
On the other hand

S(f, P)=) c-pll)=c- > ulJ)=c-ul),

Jepr Jepr
which implies that I*(f) = ¢ u(1).
So

10.2. Properties of the integral
In this section the theorems are stated without proofs.

10.10. Theorem [Addition] Let I C R™ be an interval, f,g € R(I). Then
f+geR(I) and /(f+g)=/f+/g-
1 T T

10.11. Theorem [Constant Multiple] Let I C R™ be an interval, f € R(I), ¢ € R.
Then

of € R(I) and /cf:c-/f.
I

1

10.12. Theorem [Interval Additivity/
Letpe{l,....,n} and c € R, ap < ¢ < by. Let

I = [al, bl] X ... X [ap_l, bp_l] X [ap, C] X [ap+1, bp-‘rl] X ... X [an, bn]
and
I// = [al, bﬂ X ... X [ap_l, bp—l] X [C, bp] X [ap+1, bp—i-l] X ... X [an, bn] .

Then
feR(I) <« feRI) and feR(I").

I/fz/er/f.

I/ III

In this case:



10.3. Computation of the integral over intervals 51

10.13. Corollary. 1. Applying several times the interval additivity we obtain for
a partition P € P(I) that

feRI) & VJeP: feR(J). in this case: /f:Z/f
1

Jer;

2. If f € R(I) then for every subinterval K C I: f € R(K).

10.14. Theorem [Monotonicity/

10.15. Theorem [, Triangle” inequality] Let f € R(I). Then |f| € R(I) and

I/fé/!f!-

10.16. Theorem [Mean value Theorem]
Let f,g € R(I), g(x) >0 (x € I). Let

m :=inf{f(z) | x € I}, M :=sup{f(z) |z €I}.

m'/QSI/fQSM'/Q-

1 1

Then

Moreover if f is continuous on I then

scers [ro=1©- [o
I

I

10.17. Theorem Let I C R™ be an interval and f : I — R be a continuous function.
Then f is integrable.

10.3. Computation of the integral over intervals

In this section we will show how the integral can be computed via reduction back to
one-variable integrals.

10.18. Theorem Let

I = [al, bl] X [ag, bg} X ... X [CLn, bn]
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be an interval in R, z € R™ and p € {1, ..., n}. Define the interval I") ¢ R"! and
the vector z®) € R"1 as follows:
TP = [ay, bi] X ... X [ap_1, bp_1] X [aps1, bpr1] X ... X [an, bn]
and
2@ = (1, Tp1, Tpgl, - Tn) -

Let f € R(I) and suppose that for any fized t € [ay, b,] the functions

Opt I® LR, gom(x(p)) = f(x1,. . Zp—1,t, Tpg1, ..., Tn)

[1=f (o)
I

ap (p)

are all integrable. Then

10.19. Corollary. If the function f is continuous on I, then the assumptions of the
above theorem are satisfied. Applying the theorem n — 1 times, the integral can be
reduced into n one-variable integrals, for example:

b1 be

F@1,. .. 2n)de = F(@1s. .. o) dp . .. dzs doy .
f J]-]

al a2

The number of the possible reductions is n!. A possible reduction is named as an order
of integration. In this sense we can say that the integral can be evaluated in n! order.
If we write the equality of two possible evaluation order then we say that we have
interchanged the order of integration.

Suppose that the function f is ,, product of one-variable functions” in the following
sense

f(w1, 22, ..o, 2n) = g1(z1) - g2(w2) - - .. - gnlTn)

where the functions g € R — R are continuous on [a, by, then

/f/ (792) ...-<7gn>.

This case is called ,separable case”. We will prove the above identity only for n = 2.
The other cases are similar.

Let us see the special cases n = 2 and n = 3 of the integration process.
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’ Case n = 2 (double integral) ‘

Let I = [a,b] x

[c,d] C R? be an interval and the function f be continuous on I.
Then

| #aw) dtan) - /b /d f(,y) dy do = /d /b f(z,y) dz dy.
I a c c a

In the separable case let f(z,y) = g(z) - h(y) with continuous g and h. Then

J[ 1wy i) = [[ s@ihw) d.y -
I I

’ Case n = 3 (triple integral) ‘

Let I = [a,b] X [¢,d] x [p

,q] C R? be an interval and the function f be continuous
on I. Then

([0 e / / [ iteonr sty -
1

P
d ¢
—/ / /f(a:,y,z) dr dz dy = ... (6 possibilities).
c p a

In the separable case let f(z,y,z) = g(x) - h(y) - k(z) with continuous g, h and k.

Then
///f(fv,y,Z) (z,y,2 /// d(z,y,z) =
I

(o) (o dy)'(/q )

p
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10.4. Homeworks

Compute the following integrals

// 222 + 3xy + 4y? d(z,y) where H =[1;2] x [0; 3] C R?
H

// e“ d(x,y) where H =[1;4] x [1; 2] c R?
H

///2x—4y+62—3d(a:,y,z) where H = [0; 2] x [0; 1] x [0; 3] € R3

/// xy?23 d(x,y,z) where H =[1;2] x[0; 1] x [0; 2] € R3
H
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11.1. Integration over bounded sets

11.1. Definition Let () # H C R" be a bounded set, f € R” — R and suppose that
the restriction fiy is a bounded function. Since H is bounded then there exists an
interval I C R™ such that H C I. Define the following function:

f(x) if zeH

fz) =
0 ifzeclI\H

f is called integrable over H if ]?is integrable. In this case the integral of f over H is

defined as B
-l

One can easily see that the integrability of f over H and the value of the integral
J ;| are independent of choosing I.
The set of functions that are intgrable over H is denoted by R(H).

11.2. Definition Let () # H C R™ be a bounded set. The set H is called measurable
(more precisely: Jordan-measurable) if the constant 1 function is integrable over H. In
this case the number

(H) = /1 da
H

is called the n-dimensional measure (more precisely: n-dimensional Jordan-measure) or
simply the measure of H.

As a generalization of Theorem 10.17 it can be proved that the continuous functions
are integrable over a compact measurable set.

11.3. Theorem Let ) # H C R™ be a compact and measurable set.
Then C(H) C R(H) that is every continuous function is integrable over H.
11.2. Computation of the integral over normal regions

The normal regions are the most simple regions after the intervals. Here — as we did
earlier — we will use the notation

— n—1
2P = (1, Tp—1, Tpt1s.-.,2n) € R,

where x € R and p € {1, ..., n}.



56 11. Lesson 11

11.4. Definition Let () # T C R"! be a compact and measurable set.
Let ¢, ¥ be functions for which hold

p:T—R, ¢Y:T—-R, i) <yt (tel).
Then the set
H:={zeR"| 2P eT, pP) <z, <y@?)} cr®
is called 2(P)-normal region (sometimes it is called 2,-normal region).
11.5. Theorem Using the above notations the followings are true:

1. H is compact and measurable.

2.If feR" =R and f € C(H) then

P(zP))
/f(l‘) dx :/ / f@1, . @p—1, Tpy Tpi1, - - ., Tp) dp dz®)
H T (z(P)

11.6. Corollary. If H C R” is a compact measurable set and the nonnegative function
f € R — R is continuous on H, then let

R:={(z,t) eR"™ |z € H, 0 <t < f(x)}

be the (n+ 1)-dimensional region ,,under the graph of f”. Then R is an z-normal region
in R**! so it is compact and measurable set. Its measure is

f(z)
u(R)zR/ld(m,t):I[ 0/1dt do =
:/1‘(f(x)—0) dx:/f(a:) dx .

H H

So the value of the integral gives us the measure of the region under the graph of
the function. This is the geometrical meaning of the integral, that is familiar from the
one-variable case.

Let us see the special cases of normal regions.

’ Case n = 2 (double integral) ‘

Let T' = [a,b] C R be a closed bounded interval, ¢, ¢ : [a,b] — R be continuous
functions with ¢(u) < ¥ (u) (u € [a,b]). Then the z-normal region is:

H={(z,y) eR* |z € [a,}], p(z) <y <w(2)} C R,
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o7

and for every function f € R? — R that is continuous on H holds

b Y(x)

/ f(z,y) d(z,y) //f:vydydx

@ o(x)

Furthermore the y-normal region is:
H={(z,y) e R |y € [a,b], p(y) Sz <P(y)} CR?,

and for every function f € R? — R that is continuous on H holds

’ Case n = 3 (triple integral) ‘

Let @ # T C R? be a compact measurable set, ¢, 1) : T — R be continuous functions

with p(u,v) < Y(u,v) ((u,v) € T). Then the xy-normal region is:

H={(z,y,2) €R®| (z,y) €T, ¢(z,y) < z < p(z,y)} CR?,

and for every function f € R? — R that is continuous on H holds

// f(z,y,2) d(z,y, 2 // /7y) f(z,y,2) dz d(x,y) .
H

Furthermore the yz-normal region is:

H={(z,y,2) R’ | (y,2) € T, p(y,2) <z < (y,2)} CR,

and for every function f € R? — R that is continuous on H holds

¥ (y,2)

] 1@, do.v.» ///f:cy ) do d(y, 2).
H

Finally the xz-normal region is:

H={(z,y,2) R | (z,2) € T, o(x,2) <y <v(z,2)} CR3,

and for every function f € R? — R that is continuous on H holds

Y(z,z)

[ 1@ dwya = [[ ] s dyd.s),
H

T o(x,2)
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11.3. Homeworks

Compute the integrals of the given functions f over the given regions H:

1.

fley)=2+y?, H={(z,y) eR?|0<z <1, 2* <y< o}

1
Cf@y)=2y+2+2, H={(z,y) eR?|1<2<3, 0<y< -}
X

flzy)=a?+y, H={(z,y) eR*|0<y<1, y* <z <y}

. f(z,y,2) = x — 2y +4z, the region H is the polyhedron determined by the planes

r=0,y=0,2=0,z4+y+ 2z =1;

. f(z,y,2) = 22 +2y+ 22, the region H is the polyhedron determined by the planes

r=0,y=0,2=0,24+2=2,y=2;
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12.1. Integral Transformation

In this section we give the theorem that is the multivariate analogy of the ,, Change of
Variables” in one-dimensional integrals. The proof is complicated, therefore it will be
omitted.

12.1. Theorem [Integral Transformation] Let ) # T C R™ be a bounded measurable
set. Let ® € R” — R" be a function. Suppose that

a) @ is continuously differentiable on closT that is there exists an open set G C R™
for which closT C G and f is continuously differentiable on G.

b) The restriction of f to intT that is the function f\z’ntT is one-to-one.
Denote by @[T the picture of T by ® that is
T ={P(t)eR" |t T}.

Then ®[T] is bounded and measurable in R™ and for any function f € R™ — R which

is integrable over ®[T| holds
/f:/(foq>).\det<1>’|.
T

O[T

12.2. Remark. The above equation can be written using variables as follows:

[ f@yde = [ r@(e)-|deca'e) at
H T

where H = ®[T7.

12.2. Double integral in polar coordinates

The polar transformation in the plane is a special case of the integral transformation.
Let
®:R*—R%  ®(rp):=(rcosp, rsing)  ((r,p) €R?).

Then @ is continuously differentiable everywhere and it is one-to-one on int 7" if

T C [0, +00) X [o, o + 27]
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where « is a fixed real number. In most cases « =0 or « = —7.
Let us compute the determinant of ®’:

cosp —rsiny

' _
®'(r,p) = sinyp rcosp

‘ZTC082<,0+TSin2§0:T-(Cos2g0+sin2<p):T.

Applying the integral transformation formula we obtain:

// fz,y) d(fv,y)z// f(reosep, rsing)-rd(r, ¢)
H T

where H = ®[T].

12.3. Triple integral in cylindrical coordinates
The cylindrical transformation in the space is the following mapping;:
P :R> — R3, O(r, @, h) := (rcosyp, rsinp, h) ((r, 0, h) € R?).
Obviously @ is continuously differentiable everywhere and it is one-to-one on int 7" if
T C [0, +0) X [, a + 27] x R

where « is a fixed real number. Mainly o = 0 or a = —.
The determinant of ®’ can be computed by expansion along its last row:

cosp —rsing 0
®'(r,p,h) = |sing rcosp 0|=1-
0 0 1

cos —rsing|
sinp rcosp |

Applying the integral transformation formula we obtain:

///f(m’?/"z) d(xvyaz):///f(TCOScp,TSincp, h)-r d(r,p,h)
H T

where H = ®[T].

12.4. Triple integral in polar coordinates
The polar (or: spherical) transformation in the space is the following mapping:
P :R> - R3, O(r, ¢, ¥) = (rsind cos ¢, rsindsinp, rcos?) ((r, 0, 9) € R?).

Obviously @ is continuously differentiable everywhere and — using geometrical ideas —
it is one-to-one on int 71" if

T C [0, +00) X [, a + 27| x [0, 7]
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where « is a fixed real number. Mostly a = 0 or a = —.
Compute the determinant of ®' by expansion along its last row:

sin1 cos @ —rsin¥sinp rcos ¥ cos p
' (r,p,9) = |sind¥sinp rsindcose rcosdsing | =
cos 0 —rsind

sindcosp —rsindsing|

—rsindsin ¢ rcosd cos
sindsiny 7rsinvcosp

rsindcosp rcosdsing ' + (=rsind)-

= (cos¥) -

= (cos®) - (—r?sin? psin ¥ cos ¥ — 2 cos? @ sin v cos ) —
— (rsin®) - (rsin® ¥ cos® ¢ + rsin® ¥sin? @) =

= —(cos®) - r?sin cos ¥ — (rsind) - rsin? 9 =

= —rZsind cos® ¥ — r’sin¥sin® 9 = —r?sind .
Applying the integral transformation formula we obtain:

///f(x,y,z) d(x,y,z):///f(rsinﬁ‘cosgo,7"sin19sing0,7“c0819)-7"251n13l d(r,p, )
H H

where H = ®[T.

12.5. Homeworks

Compute the following integrals using integral transformations.

4 [ sinta® 42 d(a.)

where H C R? is given by the inequalities > 0, y > 0, 22 + 32 < 1.

///x2+y2 d(z,y, 2)
H

where H is the part of the cylinder 22 +y? = 4 which is between the planes z = 0
and z = 8.

1.
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[[[#+5# aos
H

where H is a right circular cone standing on the xy-plane. The basic circle of this
cone is the unit circle of the zy-plane, the height of the cone is 5 units.

[[f # dons
H

where H is that part of the unit ball, which lies in the
positive octant (x > 0, y > 0, z > 0) of the coordinate system.



