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1. Notation
YV means “for all”
J means “there exists”
3! means “there exists a unique”
: means “such that”
:= means “denote by”
N is a set of all natural numbers, N = {1,2,3,...}
Z is a set of all integer numbers, Z = {...,-3,-2,-1,0,1,2,3,...}
Q is a set of all rational numbers, Q = { |lmeZ, ne N}
R is a set of all real numbers
an interval (a,b) C R is the set of all real x such that a <z < b
an interval [a,b] C R is the set of all real x such that a <z <
tgx := tan x is the tangent of x, ctgx := cotx is the cotangent of x

arctgy := arctany is the arctangent of y, arcctgy := arccoty is the arccotangent of y



1.1

One-dimensional calculus

Basic concepts

. Logic

e Logical operations: and, or, negation, implication, equivalence.
e Negation of “and” and “or”. Negation of an implication.

e Equivalence of the implication to the contrapositive. Necessary and sufficient condition.

. Proof by contradiction

EXAMPLE. /2 is not rational.

PROOF. By contradiction, assume /2 is rational. Then there exists integers n, m € Z:
n
V2 =—, greatest common divisor of n and m is 1.
m

Taking a square of this relation we obtain

2

2=— — n?=2m?

2m? is even and hence n? even. But then n itself even, i.e.
n =2k for some k € Z.
Then we obtain

2

n? =2m?

= (2k)?=2m? <= 4k’ =2m’ <= 2*=m’

Then m? is even and hence m itself is even. As both n and m are even, this contradicts to
the assumption that the greatest common divisor of n and m is 1. Hence our assumption
that v/2 is rational can not be true. Hence v/2 is irrational. [J

Quantifiers

e sentences and predicates
e VV, 3, 3! (there exists a unique)

e Negation of the statement with quantifiers

ExaMPLE. Construct the explicit negation of the statement
(Vn eN Jze(1,400) Vye[0,1] x+y>n2>

Determine which of the statements (the original one or its negation) is true.



4. Proof by induction

(P(l) is true ) A (Vn eN P(n) = Pn+ 1)> = VneN P(n)is true

EXAMPLE.
1) For any n € N the number 5" + 62"*! is divisible by 31
2) Prove by induction that foranyn € N 14+2+...4+n = %

Proor.

1) Base of the induction P(1). Let us verify that for n = 1 the statement is true. Indeed,

572 4621 = 5% 4+ 6% = 125 + 216 = 341 — is divisible by 31 (341 : 31 = 11)

Inductional step P(n) = P(n + 1). Let us take some arbitrary n € N and let us assume

52 4 62"t is devisable by 31 we assume that this is true
Basing on this information, let us try to derive that
542 | g2ntDHL — 543 4 62043 g divisible by 31 we want to prove this
Indeed, we have

n-+3 2n+3 _ & | Ent+2 . 2n+1: . En+2 . R2n+1 . R2n+1
5" 4620 = 5. 5" £ 36 6 55" 466"+ 316

is divisible by 31 is divisible by 31

So, we see that if the statement P(n) is true then the statement P(n+ 1) is also true. Hence
by induction all statements P(n) are true for all n € N. O

2) Base of the induction P(1). Let us verify that for n = 1 the statement is true. Indeed,

1-(1+1
1 = (—H — s true
2
Inductional step P(n) = P(n + 1). Let us assume that for some n € N
1
14+24...4+n = @ we assume that this is true

and basing on this information let us try to derive that

(n+1)((n+1)+1)

2
Indeed, using the inductional assumption we can transform
n(n+ 1)
2

I1+2+...+n+(n+1) = — we want to prove this

n n+1)(n+2
1424 . +n+(n+1) = §+1>_( )2( )

_ n(n+1)
2

+(n+1) = (n+1)(

So, we see that if the statement P(n) is true then the statement P(n+1) is also true. Hence
by induction all statements P(n) are true for all n € N. O



5. Sets

e r € Aand B C A — elements and subsets

Barber paradox, universal set X
Equality of sets: A=B < (AC B)A (B C A), proofs of set identities
Operations with sets: AUB, ANB, A\ B, A =cA=X\A

Infinite union and intersection

e (Cartesian product

ExXAMPLE. For any an indexed family of subsets { A; }sc; of some universal set X the following
equalities hold:

X\Ja=x\4)  x\[A=Jx\4)

el el iel el

6. Relations

ea beA a Kb
e Examples: a < b (real numbers), a : b (integers), a L b (lines on the plane) etc

e Reflexive, symmetric, transitive relations

Equivalence relation is a relation which is reflexive, symmetric, transitive

Formally: relation R is some subset of A x A. Then a & b < (a,b) € R

7. Functions
DEFINITION. Let A and B be any non-empty sets.

e A function (or a map) f: A — B is a rule which associate with each member of A a
unique element of B.

e A is called the domain of f (we denote the domain D(f)), and B is called codomain.
e Functions f and g are called equal if D(f) = D(g) and Ya € D(f) f(a) = g(a).
e g is an extension of f if D(f) C D(g) and Ya € D(f) f(a) = g(a).

8. Domain and range of a function
DEeFINITION. If f: A — B is a function then

D(f) := A is the domain of f
R(f) == {beB | Ja€A: b= f(a)} is the range of f

If f(a) = b then we say b is the image of a and a is a pre-image of b.



10.

11.

12.

13.

14.

. Injection, surjection and bijection functions

DEFINITION. Let f: A — B be a function.
e fisan injection <= [ is one-to-one <= Vay, as € Aif a1 # ay then f(a1) # f(az)
e fisa surjection <= fisonto <= R(f)=B <= Vbe B JacA: f(a)=0b

e fis a biyection <= f is both an injection and a surjection

Countable sets

e The set A is countable <= 3 a bijection A <> N

e The set of all rational numbers Q is countable

Inverse function

DEFINITION. A function f : A — B is invertible on A if f is an injection on A. If f is
invertible on D(f) then the inverse function to f is defined by

g=f" Dl =R(f), gb)=a <= b=f(a), YaeD(f), Vbe R(f)

Composition of functions

DEFINITION. Assume functions f : A — FE and g : B — C satisfy R(f) C B. A composition
of f and g is the function h : A — C defined by

h:=gof, — DMh)=D(f)=A4,  ha) = g(f(a)), a€A
Real numbers

e Common sense concept: infinite decimal fractions

e More formal: the real number can be associated with certain sequences of rational
numbers {r,} which “approximate” (in a certain sense) this real number.

e The set of all real number R is non-countable.

e Axioms of R: operations x + y and z - y possess commutativity, associativity, existence
on neutral element, existence of inverse, distributivity, relation x <y

e Intervals (a,b), [a,b), [a,b], (—o0,b), [a,+00) etc

Bounded sets, lower and upper bounds
DEFINITION.

e M € Risan upper boundof aset ACR <= VexeA <M

e m e Risalower boundofaset ACR «— VazecA x>m

e A C R is bounded from above <= 3 at least one upper bound of A

e A C R is bounded from below <= d at least one lower bound of A

o ACRis bounded <= A is bounded both from above and from below



15. Supremum and infimum

DEFINITION.
M € R is the supremum of aset ACR <=
1) M is an upper bound of A
2) if M’ € R is some other upper bound of A then M < M’

m € R is the infimum of aset ACR <=
1) m is a lower bound of A

2) if m’ € R is some other lower bound of A then m > m/’

NOTATION.
sup A is the supremum of A, sup A =400 <= A is not bounded from above
inf A is the infimum of A, infA=—-00 <= A isnot bounded from below

16. Characterization of supremum and infimum using quantifiers

THEOREM.
M € R is the supremum of A CR <=
)VeeA <M
2)Ve>0 dz.€ A2 M—-—e<uzx.
m € R is the infimum of ACR <=
)Vee A m<z
2)Ve>0 dz.€ A z.<m+e¢

PrOBLEM. Find the supremum and the infimum of the set { 2 ‘ n, meN } CR

n2+m?2
17. Least upper bound axiom

AXIOM OF THE SET R.

A C R is bounded from above = 3 the number M € R which is the supremum of A
A C R is bounded from below = 3 the number m € R which is the infimum of A

REMARK. The least upper bound axiom does not hold for the set of rational numbers Q:

A={reQ: r <2}, Aisbounded from above, BUT ZqecQ: ¢g=supA

18. Functions of a real variable
DEFINITION. f:D(f) CR—R

e Admissible set (maximal domain) of an algebraic expression

9



e Graph of a function of a real variable

e Range of a function of a real variable

19. Monotone functions
DEFINITION. Assume f : [a,b] — R.
o [— Sonab] < Vri, 1€ ab] x1 <z = flx1) < f(22)
e f— Tonlab < Vi, xs€ab] x1<z0 = f(z1)<f
o f— N\ onab] < Vri, 1€ a,b] x1 <z = f(x1)> f(22)
o f— lonab < Vi, zs€a,b 1<z = f(r1)> f(22)

20. Invertibility of strictly monotone functions

THEOREM. A strictly monotone function f : D(f) C R — R in invertible on the interval of
its monotonicity and the inverse function f~! is strictly monotone in the same sense to f,

i.e.
o f—tonD(f) = f'—1onR(f)
e f—lonD(f) = ft—onR()

10



1.2 Limit of a sequence

1. Definition of a sequence

DEFINITION. A sequence {z,}>°, is a map (a function) f: N = R, z, := f(n)

2. Informal notion helping to understand quantifiers in the definition of a limit

We say an interval (o, 3) is a “feeder” for {z,}5°, <= VN € N3In > N: z, € (o, )

(i.e. the sequence {z,}22, “returns” to the interval (o, #) infinitely many times).

We say an interval (o, 8) is a “catcher” for {z,}:2, <= IN € N: Vn > N: z, € (o, )

(i.e. once entering the interval («, /3), the sequence {x,}>°, can never get out of it).
We say the sequence {z,,}°°, is bounded <= I M >0: |z,| <M VneN.
(i.e. there exists at least one “catcher” for a sequence {z,,}°,).
3. Limit of a sequence

DEFINITION. a € R is the limit of a sequence {z,}>°, (equivalently, the sequence {x,}>,
converges to a € R) iff

Ve>0 IN=N(): ¥Vn>N |z, —a|] <e
i.e. for any € > 0 the interval (a —e,a + ¢) is a “catcher” for a sequence {x,}>2 .

NOTATION. a = lim z, or x, — a.

n—oo n—oo
4. Infinitesimal sequences
DEFINITION.

A sequence {a,}2°, is called infinitesimal <= lim «a, =0
n—oo

A sequence {z,}> is called infinitely large <= lim |z,|=+c0 <<=
n—oo

VM >0 3IN=NM): Vn>N |z,|>M

5. Characterization of a limit in terms of infinitesimal
THEOREM. Assume {z,,}5°, C R, a € R. Then

Jlim z, =a <= 3 an infinitesimal {a,}o>, such that Vn e N z, =a+ «,

n—0o0

11



6. Properties of infinitesimal sequences
1) {32, {Bn}22, are infinitesimal — {a, + 5,22, is infinitesimal
2) {a, }22, is infinitesimal, {z,}°°, is bounded — {a,z,}22, is infinitesimal

3) {a,}22, is infinitesimal, o, # 0, Vn € N <= {t}ff:l is infinitely large

7. Basic properties of limits

THEOREM 1. The limit of a sequence, if exists, is unique.

THEOREM 2. 3 lim z,, = a (a is a finite real number) — {z,}>2, is bounded.

n—oo

THEOREM 3. d lim z, =a, d lim y, =b, VneN =z, <y, = a<b
n—o0

n—oo

THEOREM 4. VneN z, <y, <2z, dlimz,=a, dlim 2, =0 = dlimy, =a

1
— 00 n—oo n—oo

COROLLARY. {3,}5%, is infinitesimal, |a,| < |6, = {@,}32, is infinitesimal.
8. Arithmetic operations with limits

THEOREM 1. 3 lim 2, =a 3 lim y, =b = Flim (z, Ly, =axb

n—oo n—oo n—o0

THEOREM 2. 3 lim 2, =a 3 lim y, =b = 3 lim (z,y,) = ab
n—00 n—00

n—oo

LEMMA. Jlimy,=bandy, #0,0#0 = {yin}ffz1 is bounded.

n—oo

THEOREM 3. Ellim:(;n:aEIlimyn:bamdynséo,b;«ré0:>EIlimZ—”:2
n—oo

n—oo n—oo Jn b

9. Monotone sequences

DEFINITION.
o {z,}°, — N <<= VneN z, <z,
o {mE, N\ = VneN @, >
THEOREM.

1) {x,}0y— A IMeR: VneN z, <M = Flimz, <M

n—o0

2) {x )00, —N\  dmeR: VneN z,>m = Jlimz, >m

n—o0

12



10. Important examples

11.

1) ¢>1 = lim =0

n—oo

2) geR = lim £ =0

n—oo

3) lim Yn=1

n—oo

4) a>0 = lim Ya=1

n—oo

Euler’s number e

LeEMmMA 1. For all non-negative ay, as, as, ...a, € R

ay +ao+az+...+ay,

Vajagas - ... -a, <
~ (‘ V (. W J/
eometric mean . .
g ¢ Arithmetic mean

LEMMA 2. Assume a > 0, b > 0. Then

a—+nb
n+1

n+1 ab” <

LEMMA 3. Denote z,, := (1 + l)n, Zp 1= (1 — %)n, Yp 1= (1 + %)nﬂ. Then

n

VneN &, <xpy, Zn < Zn+1, Yn+1 < Yn

LEMMA 4. The following limits exist and coincide

lim x, = lim vy,
n—oo n—o0

DEFINITION. Euler’s number e is defined by

e=lim (1+2)",  (c~2,718281828450045. )

n—oo

13



1.3 Subsequences

1. Definition of a subsequence

DEFINITION. Assume f : N — R is a sequence and assume ¢ : N — N is strictly increasing.
Denote by h := f o the comosition h(k) = f(¢(k)). Then the sequence h : N — R is called
a subsequence of the sequence f: N — R.

T, = f(n), Tp, = h(k), ni, := p(k), np<ng < ...<ny<...

NOTATION. {z,, }?2, is a subsequence of {z,}22, <= {x, }2, C{z.}>2,

2. Any subsequence of a convergent sequence converges to the same limit

THEOREM. {z,, }72, is a subsequence of {z,}>°,, 3 lim z, =a = 3 lim 2, =a
n—00 k—o00

3. Nested interval theorem
THEOREM. Assume a sequence of closed intervals [a,, b,] C R satisfies the properties
1) VneN [ani1,bns1] C [an, by

2) bp—a,—0 as n—

Then FlceR: ce () |an, by

n=1
4. Bolzano—Weierstrass theorem
THEOREM. Each bounded sequence has a convergent subsequence:

{zn}o2, is bounded = 3 {z,, }io, C {xn}te, suchtaht Ja€R: a= lim xz,,

k—ro0
5. Cauchy sequence
DEFINITION. {z,}>, C Ris a Cauchy sequence (or a fundamental sequence) if

Ve>0 dN()eN: Vn,m> N(e) |Ty — 2| < e

THEOREM. Every fundamental sequence is convergent:

{z,}o2, C R is a Cauchy sequence <= Jae€R: =z, — a

n—oo

14



1.4 Limit of a function

1. Definition of the limit of a function according to Cauchy
DEFINITION (C). Assume f : (a,b) = R, zy € (a,b), yo € R. We write
Jm f@) =0 or f@) 2w

and say yo is the limit of f(x) as = tends to xq iff

Ve>0 30=46(e) >0: Vxe(a,b) (x#z0) N l|r—a0]<d = |f(x)—yo|<e
The set (O](;(xo) = (zo — 6,20+ 0) \ {zo} is called a deleted neighbourhood of x.

2. Definition of the limit of a function according to Heine
DEFINITION (H). Assume f: (a,b) = R, zy € (a,b), yo € R. We write
im f(z)=yo or  f(z) — u
T—T0 T—XT0o

and say yo is the limit of f(x) as z tends to xq iff

VA{x,}o0, C (a,b) \ {zo}: li_>m Ty, =290 = lim f(x,) = yo

n—oo

3. Equivalence of definitions

THEOREM. Definition (C) <= Definition (H)

4. Arithmetic operations with limits of functions

THEOREM 1. 3 lim f(z), 3 lim g(z) == 3 lim (f(z)+g(x)) = lim f(z)+ lim g(x)

T—T0 Tr—T0 T—T0 Tr—T0 T—T0

THEOREM 2. I lim f(z), 3 lim g(x) = 3 lim (f(z)-g¢(z)) = lim f(z)- lim g(z)

T—T0 T—T0 Tr—x0 T—T0 Tr—T0

LEMMA. lim g(z)>0 = 30>0: |r—x¢/<d = g(x)>0

T—T0
HEOREM 3. xLI?O f(SL’), azgla:log(m) # 0 — aclg:lo @ W

5. One-sided limits

DEFINITION. Assume f : [a,0] = R, xq € [a,].
3 lim f(z)=y <= Ve>0 3F6>0:z¢€ (x9g—6,x0) = |f(z)—w|<e

x—x0—0

3 lim+0f(x):yo <— Ve>0 35>0: z€ (xg,xz0+9) = |f(x)—yo| <e
THEOREM. Jlim f(z)=y, <= 3 lim f(z)= lim f(z)=yo

T—x0 r—xo—0 rx—xo+0

15



1.5 Indeterminate forms and important examples

1. Types of indeterminate forms

0

=, E, oo—oo0 1%, oo, 0°
0 o0

2. Auxiliary inequalities

THEOREM.

) 0<r<i = sinz<z<tgr, rcR = |[sinz|< ||
2) x1, 19 € R = |[sinz; —sinzy| < |x; — 29|, |coszy — cosxa| < |z7 — 29

3) limsinz =0, limcosz =1
z—0 z—0

3. Properties of a” and log, * which are postulated for now

We postulate the properties of the exponential and the logarithmic functions which actually
come together with the definition of the exponential function and its inverse. We will return
to discussion of these properties in the section “Continuity”. These properties also allowed
to use without further explanation when you solve homework problems.

THEOREM. Assume a > 0 and a # 1. Then

1) V{In}gozl cR Ty — Lo — a*r — %o

2) V{z,}°y CR z, >z, x>0 = log,z, — log,xo

4. Important examples

1) lim®2f —1]

z—0 %

: l—coszx 1
2) iy = = )

1 l-/I:: 1 ll‘: 1 %:
9w (edr=e  lm(edr=c  Imi+oti-c

4) lim 20—
z—0 z

5) lim “= =1Ina
z—0 T

6) lim =t —

x—0 z

16



1.6 Infinite limits and asymptotes

1. Infinite limits, vertical asymptotes

DEFINITION.
YM>0 46 > 0:

Zo —57%

YVM>0 30>0: z¢€

_Iél_
[

€ ( ) =
(g, ko +6) =
VM <0 36>0: z€(zg—9,z9) =
VM <0 36>0: z€ (rg,20+0) =

DEFINITION. The line x = xq is a vertical asymptote of the function f : R — R if at least
one of the four statements is true:

lim f(z) =400, lim f(zx)=+oc0, lim f(z)=+oc0, lim f(x)=—oc0

x—xo+0 rx—x9—0 r—xo—0 x—x9—0

2. Behavior of functions at infinity

DEFINITION.
lim f(z)=+o0

T—>+00

YVM>0 d4R>0: >R
VM>0 dR<0: z< R
VM<0 dR>0: 2> R

glglr
[
¢

VM<0 dR<0: <R

3. Limits at infinity, horizontal asymptotes

DEFINITION.

lim f(zr)=yy <= Ve>0 3IJR>0: >R = |f(x) =yl <e

T—+00

EIP flx)=yo <= Ve>0 IJR<0: z2<R = |f(x)—y|<e

DEFINITION. The line y = yq is a horizontal asymptote of the function f : R — R if at
least one of the two statements is true:

lim f(z)=y or lim f(x)=

r——+00 T——00

17



4. How to remember definitions of finite/infinite limits?

Values of f(z) | Values of When is used?

Yo = lim f(x)
T—T0
Small number Ve>0 36 >0 For a finite value
2o is finite or infinite
Yo is finite or infinite
Large number VM >0 dR >0 | For an infinite value

5. Oblique asymptotes

DEFINITION. The line y = kz + b is an oblique asymptote of the function f : R — R if at
least one of the two statements is true:

lim (f(x)—lm—b) =0 or lim (f(x)—ka:—b) =0

r—r—+00 T——00

REMARK. A horizontal asymptote is a particular case of an oblique asymptote with k£ = 0.

THEOREM. y = kx + b is a horizontal or an oblique asymptote of f : R — R as x — +oc iff
the following two limits exist:

1) 3 lim & =

T—>+00
2) 3 lim (f(z)—kx) =0

r—-+00

The similar statements hold as £ — —o0.

18



1.7 Continuity

1. Continuity of a function at a point

DEFINITION. f: (a,b) — R is continuous at a point zg € (a,b) <= lim f(x) = f(xo)

Tr—xTQ

REMARK. The following statements are equivalent:

1) f:(a,b) = R is continuous at
2) Ve>0 3d(e) >0: |z—xo|<d = |f(x)—f(zo)|<e
3) V{z,}oo, C(a,b): xp— 20 = f(zn) — f(z0)

DEFINITION. f : (a,b) — R is continuous on (a,b) <= Vo € (a,b) f is continuous at zg

2. Stability of sign theorem

THEOREM. f is continuous at xg, f(zo) >0 = 36 >0: Vo € (xg—0,20+9) f(z) >0

3. Arithmetic operations with continuous functions
THEOREM.

1) f, g are continuous at xy = f £ g are continuous at xg
2) f, g are continuous at ry = f - g is continuous at z

3) f, g are continuous at xg, g(zg) #0 = f/g is continuous at x

4. Left and right continuity

DEFINITION.
f:]a,b] = R is left continuous at zp <= lim Of(x) = f(xg)
T—T0—
f i la,b] = R is right continuous at ry <= lim+0f(x) = f(wo)
T—T0

f is continuous on (a, b)
f i la,b] — R is continuous on [a,b] <= f is left continuous at a
f is right continuous at b

THEOREM. f is continuous at xy € (a,b) <= f is left and right continuous at x.

5. Types of discontinuity
DEFINITION. Assume zg € (a,b), f:(a,b)\{zo} - R

e 1 is a removable discontinuity <= I finite lim f(z), lm f(z)= lim f(x)
x—x0E0 rx—x9—0 r—xo+0
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6.

10.

e 1 is a jump discontinuity <= 3 both finite limiof(x), lim . () # lm f(x)
0

T—T r—x0— r—xo+0

o 1 =1 is a vertical asymptote <= 3 limiof(x) = to00 (at least one of limits)
T—T0

e 1y may be a discontinuity of no above type <= 7 miigglio f(x)  (f(z) =sini)

Continuity of some elementary functions

e f(x) =2" is continuous on R, n € N

e f(x) = - is continuous on R\ {0}, n € N

e f(z)=ap+ax+ ayx® + ...+ a,x™ is continuous on R

e f(z)=sinz, g(x) = cosz are continuous on R

o f(x) =tgx is continuous at x # 7 + 7k, g(x) = ctgx is continuous at x # 7k, k € Z
e f(x)=2aP, pe€ (0,400) is continuous on [0, +00)

e f(z) =a" a>0,is continuous on R

Continuity of a composition of functions
THEOREM. f:(a,b) =R, g:(c,d) = R, zg € (a,b), f(xo) € (¢,d)

f is continuous at zp, ¢ is continuous at f(ry) = go f is continuous at z

. Two intermediate value theorems (Bolzano—Cauchy theorems)

THEOREM 1. f is continuous on [a,b], f(a) <0, f(b)) >0 = 3Jcea,b]: f(c)=0

THEOREM 2. f is continuous on [a,b], f(a) =y1, f(b) =vo, 11 < ya = [y1,92] C R(f)

Continuity of the inverse function

THEOREM. Assume f : (a,b) — R is continuous and strictly monotone on (a,b). Then f is
invertible on (a,b) and f~!is continuous on R(f).

Continuity of some elementary inverse functions

e f(z) = {/x is continuous on D(f), n € N

e f(x)=1log,x, a>0,a1,is continuous on (0, +00)

e f(x)=arcsinz, g(x) = arccosz are continuous on [—1, 1]
e f(x)=arctgz, g(x) = arcctg z are continuous on R
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11.

12.

13.

Two extreme value theorems (Weierstrass theorems)

THEOREM 1. [a,b] C R is a closed bounded interval, f : [a,b] — R is continuous on [a, b]
— [ is bounded on [a, b], i.e.

dM >0: V€ [a,b f(z) < M

THEOREM 2. [a,b] C R is a closed bounded interval, f : [a,b] — R is continuous on [a, b]
— f achieves on [a, b] its maximum and minimal values, i.e. 3 ¢1, ¢z € [a, b] such that

fler) = inf f(z)  and  f(cz) = sup f(2)

vefa] welad]

Uniform continuity

DEFINITION. A function f: D(f) C R — R is uniformly continuous on D(f) iff

Ve>0 3d(e)>0: Vay,xe € D(f) |z — 29| <6 = |f(z1) — f(xe)| <&

Heine—Cantor theorem

THEOREM. [a,b] C R is a closed bounded interval, f : [a,b] — R is continuous on [a,b] =
f is uniformly continuous on [a, b].
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1.8 Differentiability and derivatives

1. Main definition

DEFINITION. Assume f : (a,b) - R, z¢ € (a,b). A function f is differentiable at a point
To iff there exists a finite limit

(o) = tim L&) = S(@0)

T—x0 r — T

The number f’(z¢) is called the derivative of a function f at xo. Another notation

df o
@(%) = f'(wo)

o We say f is differentiable on (a,b) if for any xy € (a,b) the function f is differentiable
at xg.

e We say f is continuously differentiable on (a,b) if f is differentiable on (a,b) and the
function f’ is continuous on (a, b).

2. Physical and geometric meaning of the derivative

e From a physical point of view the derivative of a function is the instantaneous speed
(or the rate of change) of the function.

e From a geometrical point of view the derivative of a function f at a point z( is equal
to the slope of the tangent line to the graph of the function at the point z.

3. Differentiable function is continuous
THEOREM. f : (a,b) — R is differentiable at zy € (a,b) = [ is continuous at zg

REMARK. The inverse is false: f(z) = |z| is continuous but non-differentiable at 0.

4. Basic properties of derivatives

THEOREM. Assume f, g : (a,b) — R are differentiable at x € (a,b). Then f + g and fg are
differentiable at x. If additionally g(z) # 0 then f/g is also differentiable at x. Besides,

) (f+9)(x)=[f(z) +d(z)
") =cf'(z), ceR
3) (f9)(z) = f'(x)g(x) + f(x)d (x)

_ ['(@)g(x) — g'(2) f(2)
(9())?
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5. Derivatives of elementary functions

(
(
3. (z™) =ma™', meZ xR (x#0 if m<0)
(
(

4. (") =rz" ', reR, x>0
5. (%) =e*, (@) =a"Ina, a>0, zeR
6. (nlel) =, & £0,  (log, Jol) = — >0, a#l
. (In|z)) ==, = og, |z]) = a a
x’ ’ Ba zlna’ ’
7. (sinz) =cosz, (cosz) = —sinx
8. (1g2) = (etga) = ——
' cos? z’ sin®
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1.9 Chain rule

1. Equivalent condition of the differentiability of a function
THEOREM. Assume f : (a,b) — R and zy € (a,b). Then
1) If f is differentiable at xy then there exists § > 0 and oy, : (—6,0) — R such that
f(xo+h) = f(xo) + f'(xo)h + a(h)h, VI|h| <4, lim a,,(h) =0

|h|—0
2) Converse, if there exist k,, € R, ¢ > 0 and ay, : (—9,0) — R such that

flzo+h) = f(xg) + kuyh + a(h)h, V|h| <9, Vlli‘mo Qg (h) =0
—

then f is differentiable at zq and f'(zq) = ky,-
2. Differential and the “best affine approximation” of a function
If f:(a,b) — R is differentiable at zy € (a,b) then the following representation holds:

fx) = f(zo) + f(xo)(x —x9) + “small error”, |z — 20| <9

[ J/
-~

affine approximation of f near zg
DEFINITION. Assume f : (a,b) — R is differentiable at x¢ € (a,b). Then the linear map
lo: h— f'w)h, VheR
is called the differential of f at xy. The differential is denoted by df (xq) := I, i.e.
df (zo) : R - R is a linear map such that df (zo)(h) = f'(xo)h, VheR

3. What is the difference between the derivative f'(zy) and the differential df(z()?

e The differential df (zo) is a linear map df(zp) : R — R which implements “the best

affine approximation” of f at the neighbourhood of x

e The derivative f’(xq) is a real number which is a slope coefficient of df (xy)

e We write df (xo) = f'(x¢)dx meaning that f’(zg) is a slope of a linear function df (x)

and dz stands for the identity linear map, i.e. dx(h) = h.

4. Chain rule

THEOREM. Assume f : (a,b) CR —- R, g:(¢,d) = R, R(f) C (¢,d), zg € (a,b). If fis
differentiable at zy and ¢ is differentiable at yo = f(xg) then the composition ¢ := go f is

differentiable at xy and

@' (z0) = g'(y) . f' (o)

24



5. Inverse function rule

THEOREM. Assume f : (a,b) — R is strictly monotone and continuous (so the inverse
function f~! exists, f~! is strictly monotone in the same sense to f and continuous on
R(f)). Assume additionally f is differentiable at xq € (a,b) and f’'(zg) # 0. Then the
function g := f~! is differentiable at yy := f(zo) and

, 1
g (w0) = f'(x0)

6. Derivatives of inverse trigonometric functions

1 1

9. (arcsinz) = ———, arccosr) — — ——
(aresina)l = ——L{arceonz) =~
10 (arctg l‘)/ = ; (arcctg 1‘)’ —— 1
’ 14 22’ 1+ 22
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1.10 The basic theorems of differential calculus

1. Fermat’s theorem (or Fermat’s lemma)

THEOREM. Assume f : (a,b) — R has an extremum (maximum or minimum) on the interval
(a,b) at some internal point ¢ € (a,b), i.e.

either fle) = xrél(%)é)f(x) = Vo e (a,b) f(z) < f(e)
or  flo)=min f(z) <= Vre(ab) fl@)= fl)

If f is differentiable at ¢ then f’(c) = 0.

2. Rolle’s theorem

THEOREM. Assume f : [a,b] — R is continuous on [a, b] and differentiable on (a, b). Assume
that f(a) = f(b). Then there exists ¢ € (a, b) such that f'(c) = 0.

3. Lagrange’s theorem

THEOREM. Assume f : [a,b] — R is continuous on [a, b] and differentiable on (a,b). Then
there is a point ¢ € (a, b) such that

4. Cauchy’s theorem

THEOREM. Assume functions f, g : [a,b] — R are continuous on |[a, b] and differentiable on
(a,b). Assume ¢'(z) # 0 for any = € (a,b). Then there is a point ¢ € (a, b) such that

5. Functions with identically zero derivatives are constants

THEOREM. Assume f : (a,b) — R is differentiable on (a,b) and f'(x) = 0 for any x € (a,b).
Then f is equal to a constant, i.e.

Jyo e R: f(z) =wo Vz € (a,b)
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1.11 Investigation of functions using derivatives

1. Investigation of the monotonicity of functions

THEOREM. Assume f : (a,b) — R is differentiable on (a,b). Then

1) f'(x) >0 Vz € (a,b) < f— 7 (is non-decreasing) on (a,b)
2) f'(z) <0 Vz e (a,b) <= f— "\, (is non-increasing) on (a,b)
3) f'(x) >0 Vx e (a,b) = f—1 (is strictly increasing) on (a, b)
4) f'(r) <0 Vx € (a,b) = f— ] (is strictly decreasing) on (a,b)

2. Conditions for extreme in terms of the first derivative

THEOREM. Assume [ : (a,b) — R is differentiable on (a,b). Then and assume ¢ € (a,b)
satisfies f’(¢) = 0. Then

1) if f'(z) <0Vx € (a,c) and f'(z) >0V € (c,b) then ¢ is the point of minimum of f
2) if f'(z) > 0Vz € (a,¢) and f'(z) <0Vzx € (¢,b) then ¢ is the point of maximum of f

3. Higher order derivatives

DEFINITION. Let f : (a,b) — R be differentiable on (a, b). If the function g = f’: (a,0) = R
is differentiable at z¢ € (a,b) then the function f is called twice differentiable at xy. In this
case the derivative of the function g = f’ at xq is called the second derivative of f at x.

f”(l'o) = g/(ZL’()) = lim M

T—T0 T — T

The higher-order derivatives are defined similarly:

f/// _ (f”),, e f(k) — (f(k_l))/,
ALTERNATIVE NOTATION.
& 3 d*
Hw=rw. L= .. Lw=oe

4. Conditions for extreme in terms of the second derivative

THEOREM. Assume f : (a,b) — R is differentiable on (a,b). Let f be twice differentiable
at ¢ € (a,b) and f'(c) = 0. Then

1) f"(¢) >0 = cisapoint of a local min of f < 35> 0: f(c) = ( mi6n 6)f(x)
r€(xzo—9d,z0+
2) f"(¢c) <0 = cisapoint of alocal max of f < 36 >0: f(¢)= max  f(z)

x€(xo—0,x0+9)
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5. Convex functions

DEFINITION. f : [a,b] = R is conver on (a,b) <= V 1, 22 € (a,b), V X € [0, 1]
F(L =Nz + dag) < (1= A)f(z1) + Af(22)

i la,b] — R is strictly convez on (a,b) <= ¥ a1 # x5 € (a,b), ¥ A € (0,1)
F(L =Nz 4+ Aza) < (1= N)f(z1) + Af(22)

f:]a,b] = R is concave on (a,b) <= V x1, x5 € (a,b), V X € [0,1]
FI =N+ Azg) = (1= N)f(z1) + Af(z2)

f:[a,b] = R is strictly concave on (a,b) <= YV x1 # 29 € (a,b), V X € (0,1)

FIL =Nz + Aza) > (1= N)f(z1) + Af(z2)

6. Inequalities for slopes of secants
THEOREM.
1) fisconvex on (a,b) <= V x1, 23 € (a,b), x1 < 2, ¥V € (v1,22)

fx) — f(z1) < f(z2) — f(x)

T — I - Tog — I

2) f is strictly convex on (a,b) <= V xi, 22 € (a,b), x1 < x2, V x € (71, x2)

f(z) — f(z1) < f(z2) — f(2)

r — T To — X

3) Let f be differentiable on (a,b). Then f is convex on (a,b) <= V x1, x2 € (a,b)

f(za) — f(z1)

s f'(x2)

1 < T2 = f/(xl) <

7. Investigation of convexity using the first derivative
THEOREM. Let f: (a,b) — R be differentiable on (a, b).

1 is convex on (a,b) <= f — " on (a,b)

3
4

is strictly convex on (a,b) <= f'— 1 on (a,b)

) f

2) fis concave on (a,b) < f — \, on (a,b)
) f
) f

is strictly concave on (a,b) <= f'— | on (a,b)
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8.

10.

11.

12.

Investigation of convexity using the second derivative
THEOREM. Assume f : (a,b) — R is twice differentiable on (a,b).
1) Yz € (a,b) f'(x) >0 <= fis convex on (a,b)

2) Vxe
3) Vaxe
4)

a,b) f"(x) <0 <= f is concave on (a,b)

(a,b
(a,0) f"(x)
(a,b) f"(x) >0 = f is strictly convex on (a,b)
Ve (ab) fe)

a,b) f"(x) <0 = f is strictly concave on (a,b)

. Inflection points

DEFINITION. Assume f : (a,b) — R. The point ¢ € (a,b) is called the inflection point of
the function f if 3 § > 0, such that on the intervals (¢ — d,¢) and (¢, c + 0) the function f
changes convexity (was convex, became concave, or vice versa).

Necessary condition for an inflection point

THEOREM. Let f : (a,b) — R be twice differentiable on (a,b) and let ¢ € (a,b) be the
inflection point of f. Then

f"(c)=0.

Tangent line to the graph of a function

DEFINITION. Assume f : (a,b) — R is differentiable at zq € (a,b). The straight line given
by the equation

y = f(xo) + f'(w0)(x — w0)
is called the tangent to the function y = f(x) (or to the graph of f) at the point z.

Convexity and tangent lines

THEOREM. Assume f : (a,b) — R is differentiable on (a,b).

1) f is convex on (a,b) <= for any xy € (a,b) the graph of the function f lies above
the tangent to f at the point g, i.e.

Vo € (a,b) f(x) > f(wo) + f'(z0)(z — 20)

2) f is concave on (a,b) <= for any xy € (a,b) the graph of the function f lies below
the tangent to f at the point xzg, i.e.

Va € (a,b)  f(x) < f(xo) + f'(20)(x — o)
3) f is strictly convex on (a,b) <= V ¢ € (a,b), V = € (a,b),
v#xg = f(x)> f(xo) + ['(w0)(x — o)
4) f is strictly concave on (a,b) <= V x € (a,b), ¥ z € (a,b),

r#zg =  f(x) < f(zo) + f'(x)(x — x0)
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1.12 Primitive function and indefinite integral

1. Primitive function (antiderivative)

DEFINITION. F' : (a,b) — R is called a primitive function (or an antiderivative) of the
function f : (a,b) — R on the interval (a,b) if F' is differentiable on (a,b) and

F'(z) = f(z), Vz € (a,b).

2. Which functions possess antiderivatives?

This is a non-trivial question. In the section “Riemann integral” we will show that at least
any continuous function possesses antiderivatives on the interval of its continuity:.

Discussing antiderivatives below we will always assume that all functions involved in the
formulas possess the corresponding antiderivatives by assumption and we will focus only on
the derivation of relations between these antiderivatives.

3. Properties of primitives

THEOREM. Assume f : (a,b) — R has a primitive on (a,b). Note that in this case f has
infinitely many other primitives on (a,b), but any two primitives of f can differ only by a
constant:

1) if F(x) is a primitive of f(z) on (a,b) then for any ¢ € R the function F'(x) + ¢ is also
a primitive of f(z) on (a,b)

2) if F} and F; are two primitives of f on (a,b) then there exists ¢ € R such that
V€ (a,b) Fi(z) — Fy(x) =c

4. Indefinite integral

DEFINITION. The set {F'(z) + C} of all primitives of the function f : (a,b) — R, defined on
the interval (a, b), is called the indefinite integral of f on (a,b) and is denoted by

/f(:v) dx

5. Properties of the indefinite integral

THEOREM.

/(af()—l—ﬁg /f dx—i—ﬂ/ dz, Va,B €R

/f @ [d@ds = gw)+C
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6. List of simplest antiderivatives

n+1

1. fx"dm— T +C

2. fdea::TZ:—I—C (r#—1)

3. [E =In|z|+C

4 [a"de = +C (a>0,a#1)

D. f81na:dx——cosx+C’ [ cosz de =sinz +C
6. [%-=tga+C, [ % =—ctga+C

7. fag‘fo =LlarctgZ+C  (a#0)

S.I\/ﬁj:amsing—i—c (a>0)

7. Antiderivatives computed by standard methods (see the next section)

. Jtgx de =—In|cosz|+C, [ctgar de=In|sinz|+C
A = +llna? 2%+ C

1
2
3. [ A =2Val 2+ 0 (a>0)
4.f\/xdz—xwzln‘x+\/x21a2|+0 (a>0)
5

6.

S ZEs =2 |+ C (a#0)
JInz de=z(lnz—-1)+C

7. f(l x23/2:\/1 mz—f-O

8.fsm vdr =% -2 4 O [cos’wdr =%+ 522 4 C

9. ln‘th{—i-C

sinx

8. Non-elementary integrals (can not be computed in terms of elementary func-
tions)
1. Bi(z) = [ < (exponential integral)
2. Si(z) = [#22 dz, Ci(z) = [ =% dz (sine and cosine integrals)
3. (x [sina? de, C(z)= [cosa® dz (Fresnel integral)
4. ®(z) = [e® dr (Gaussian integral)
5

li(z) = [ 92 (logarithmic integral)

Inz
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1.13 Basic methods for finding primitives

1. Notation for the differential of a function

df(x) = f'(z)dz

2. Change of variables

THEOREM. If f: (a,b) —» R and ¢ : (a, ) — (a,b) is differentiable on (a,

[rempewm = [ /2500 ] = o

du

ABBREVIATED NOTATION.

[ fe@nas = [ sy

y=p(z)

EXAMPLES.

1 Ha =Injz+a|/+C

)

2) [cos(az)dx = I sin(az)+ C, a#0

3) [tgx de=— ln|cosac|+C’, [ctgx de =In|sinz|+ C
)
)
)

N

[ #=de = 3In|a® +a| + C, a€eR
[ F=dv=Va?+a+C, a€eR
6) [ A= =In|r+Va2+a|+C, aeR

ot

PROOFS.
1.
/ dx _ /d(x+a) _ ;q%ﬁ+f1 _ /@ O =
T+ a r+a dy = dx y
=|y=z+a] =Inlz+a+C
2.
cos(ax)dr = E cos(ax)d(az) = g _1 cosydy = 1 siny +C =
a dy = adx a vy a Y
1
= [ Yy = ax } = a sin(ax) +C
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sinx d(cos x U — oS 1
/tgxdx_/ dx__/( )dx_{ Y (\,(-)w }_
cosw cos T dy = —sinx dx

dy

- _ — _ln]yH-C’ = [y:cos;z?} = —ln|cosx\+0
Y
4.
x 1 [d(z*+a) y=2x%+a 1 [dy 1
d - —_— = ‘ = - -_— = —1 C:
/a:2+a v 2/ 2 +a {dy—%dl’ 2) 2 nlel +
1
=[y=2*+a] :iln]xz—i-aH—C
5.
T 1 [d(z*+a) y=12*+a 1 [ dy
d = - _— = h = — _— = O:
/\/m v 2/1/302_4_@ {dy-?;z?d:z: 2) VY s
=|y=s'+a| =vVa2+a+C
6.

z+vVri+a

dx 1 1 T
— = dr = —_— (1 4+ —— ) dx =
/\/:U2+a /x+\/a:2+a Vai+a /:U+\/:1:2+a( \/:zc2—|—a>

y=x+Vr?+a dy
= X " = - = ln |y| _'_ C =
dy = <1 + ,1:2+a,) dx Yy

=|[y=0+Vai?lta] = n@z+Va2+a)+C

. Decomposition of an integrand into a sum of elementary functions

THEOREM. If f = f; + f5 on (a,b) then

/f(a:) i = /fl(a:) dr + /f2<x) dx

EXAMPLES.
1) [5de = 2+ (a—b)Infz+ b+ C
2)fa2d—x12:iln2+_§+o’ CL%O

PROOFS.

1.
T+ a r+b—b+a ] a—>b

r+b r+0b +x+b

33



/x+adx:/d:v + (a—b)/ d r+ (a—b)Injz+0+C

T+ b T+0

1 1 (@a—z)+(ataz) 1( 1 1 )

a? — g2 2a a? — z? 2a \a+x a—=x

dx 1 1 1 1
e dr = —(1 “ja—g))+C =
/aQ—x2 o <a+a:+a—x> T 2a(n\a+m| nla—z|) +

1
= —ln‘
2a

a+zx

‘+0

a—x

4. Integrations by parts

THEOREM.

[ t@g@ s = s@@) ~ [ Fagle)da
/fdg=fg—/gdf

1) [lnz de=2(lnz—1)+C

ABBREVIATED NOTATION.

EXAMPLES.

)
2) [z cosz de =zsinz + cosz + C
3) [ze* dv=uae® —e"+C
4) fxlnxdxz%lnx - "%2—1-0
)

5) [e"sinzdr = 4(sinz —cosx)e” +C, [e"cosxdr = i(sinz + cosz)e” + C,

PROOFS.

1.

1
/lnxdm = [ by parts } =zxzlhz — /xd(lnx) =xlnzr — /x—d:v =zher—-—2+4+C
x
2.

/x cosx dxr = /:Ed(sinx) = [ by parts } = assinx—/sinmd:v = xsinx + cosx + C

/xez dx = /xd(ex) = [ by parts | = xe’:—/exdx = xe’ —e"+C
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2 $2 SL’2
xInze de = lnxd<%> = [ by parts } = —Inz — [ —d(lnz) =
2 2 ~——
%d:z:
x? 1 x? x?
= Z lnz — = - Yy - =
5 nx 2/3:(1:1: 5 nx 1 +C

/em sinxdr = /sinxd(em) = | by parts | = sinze” — /em d(sinx) =
——

cosx dx

= sinze’ — /egC cosrdr = sinxe® — /cosxd(e‘”) = [ again by parts } =

= sinxex—cos:vex%—/ex d(cosz) = sinze” —cosze® — /exsinqzd:v
———

—sinz dx

So, we obtain

. sinx — cosx
/e“smxdm = T—FC’

. Method of substitution

THEOREM. Assume f : (a,b) - R and ¢ : (a, ) — (a, b) is differentiable and invertible on

(cr, B). Then
x = (t)
/f { dx = ¢'(t)dt } /f t=p—1 ()

EXAMPLES.

f = x2 372 — \/fixz +C

PROOFs.
1. |
/ dr o ‘““f ., / cost___ dt

——————— = | dx = costa = - _dt = —

1 — x2)3/2 . 1 — sin? ¢)3/2 cos? t

= P (=’

= tgt+C = |t =arcsine | = tglarcsinz) + C =
tgf — sint "L‘
= 1—sin?t - +O
elzD | T e
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6. Using trigonometrical formulas

Power-reduction formulas:
9 1 —cos2z 9 1+ cos 2z
sin“r = ——, cos’y = ———

Double angle formulas:
sin 2a = 2 sin a cos «

EXAMPLE.
) fsin2xd:p:£—M+C’ [cos? xdr = £ 4 2 4

2) =In|tg%| +C, e — _Inltg (£ —¢)|+C

CcCos T

sinx

PROOFS.

1 —cos2z 1 1 z 1
)
= | —dr = = — - 2vdr = = — — sin2
/sm z dx / 5 dx 2/Olzzc 2/COS r dx 5 "1 sin2x + C

/d:z:_/ dx _1/ dx _1/ dx B
sing ) 2sinZcosf 2 %wos?% 2 ) tgZ-cos?t

y=tgZ N
—[df/— s ] /— = Injy[+C = [;?/:tg§]=ln’tg§‘+(7

2 cos? L

1.

. ™
COST = Ssln 5—32'

dx dx y=745—x / dy Y
/ cos / sin (2 — x) { dy = —dx } siny SR *
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1.14 Definite integral

1. A partition of an interval
A partition of an interval [a,b] is a finite sequence of numbers T' = {z;}¥, such that
Aa=Tg< T <Xy <...<zxTy_1<xZNny=0b
The mesh A\(T) of a partition 7' is the length of the longest interval in this partition:

/\(T) ‘= Inax AZB,’, AZBZ =T — Ti—1
1,...,.N

Let T = {z;}¥, be a partition of [a,b]. Choose a finite set of points £ = {&}¥; so that
§i € [Ti1, w4, i=1,....,N

The pair (T, ¢) is called a partition with distinguished points or a tagged partition of |a, b].

2. Riemann sum
DEFINITION. Assume f : [a,b] — R and let (7€) be a tagged partition of [a, b], where
T= {xz‘}f\im §= {fz‘ f\;p & € [%’-1,%‘].

The Riemann sum of the function f corresponding to the tagged partition (7', €) is the sum

N
O'(T, 5) = Z f(fz) A.ﬁlj‘i, Al’l =T — X1
i=1

3. Riemann integral

DEFINITION. A function f : [a,b] — R is called Riemann-integrable on [a,b] if there exists
a finite limit

N
d7€R: I = 1 N Az,
€ )\(:ggo ;f(&) i,

as the mesh A(T") of the partition tends to zero, and this limit does not depend neither
on the method of partitioning the interval [a, b] by points T = {z;}Y, nor on the choice
of points §; in the intervals [z;_,z;]. If such limit exists, then the number [ is called the
definite integral (or the Riemann integral) of the function f over the interbal [a,b] and is

denoted by
b
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4. Refinement of the definition of the Riemann integral

The definition of the integral above is an informal one: we know only the definition of a
function depending on some variable. But the Riemann sum is not a function of a mesh of
the partition, since it also depends on the choice of points x; and §;. The rigorous definition
of the integral can be done only using - formalism: the function f is called integrable on
[a, b] if there exists a number I € R such that for any € > 0 there exists d(¢) > 0 such that
for any partition (7', €) of the interval [a, b] with T' = {z;}, and & = {& Y, & € [xi 1, 14,
the following implication holds:

N

MT) <6 = ’I—Zf(&)Ami

=1

< €

5. The geometric meaning of the definite integral

e For a non-negative function f, the Riemann sum is the sum of the areas of rectangles
with bases [z;_1,x;] and heights f(&;).

e For a non-negative function f, the definite integral is equal to the area of the figure
bounded by the graph of the function f, the axis OX, and the parallel lines z = a,
x=Db.

e For an sign-indefinite function f, the definite integral is equal to the algebraic sum of
the areas of the figures formed by the parts of the graph f lying above the axis OX
(taken with a “plus” sign) and the ones lying below the axis OX (taken with a “minus”

sign).
6. Example of a non-integrable function

In the next section we will show that any continuous or piecewise-continuous function is
integrable. A typical example of a non-integrable function is the following function (which
is discontinuous at every point):

7. Integral with “upside down” limits

a b

a<b = /f(x)dxd:ef—/f(x)dx

b a

8. Integrable functions are bounded

THEOREM. f is integrable on [a,b] = f is bounded on [a, b]
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9.

10.

11.

12.

Darboux sums

DEFINITION. Assume f : [a,b] — R is bounded on [a,b] and T = {x;})_, is a partition of
the interval [a, b], i.e.

Aa=20<T1 <Tog<...<Iny_1<TN=0Db
Denote

m; = inf  f(x), M;= sup f(z), j=1...,N.

«TE[in—l,ifj] xE[{L‘jfl,.’E]’]

The lower and the upper Darboux sums corresponding to the partition 7" are

N N
j=1 j=1

Refinement and common refinement of partitions

DEFINITION. A partition 7' = {y;};L, is the refinement of a partition T' = {z;}}*, if all

points included in 7" are also included in 7', i.e. x; = y,, for some n; < ny < ... < Nyy,.

The partition T} - T5 is the common refinement of partitions T} and 75 if it is formed by all
points included in 77 or T5.

The common refinement of two partitions is a refinement of each of the original partitions.

Properties of the Darboux sums
1) for any tagged partition the Riemann sum o(7,¢) is in between the corresponding
Darboux sums s(T') and S(T): VT = {x;}), VE={§HL,  s(T) <o(T,€) < S(T)
2) if T is a refinement of T then  s(71) > s(T), S(T1) < S(T)
3) V partitions 77 and T, = s(11) < S(T3)

4) for any fixed partition 7' = {z;}}_, the infimum and supremum of all possible values of

Riemanns’ sums o(T’; &) are equal respectively to the lower and upper Darboux sums
s(T) and S(T)
s(T) =info(T;¢),  S(I) =supo(T;¢)
3

where the infimum is taken over all sets of points £ = {¢; §V21 such that &; € [z;_1, ;]

The basic condition for Riemann integrability

THEOREM. Assume f is bounded on [a,b]. Then f is integrable on [a,b] if and only if
Ve >0 3d(e) > 0 such that for any partition T of [a, b] the following implication holds

MNT)<d = S(T)-s(T)<e¢,

where A\(T) is the mesh of the partition T
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13. Oscillation and the Darboux sums

NOTATION. For any partition T of the interval [a, b] we have

N
S(T) — s(T) :sz(f) Ax;, w;(f) == M; —m;, Axj:=x; —xj

j=1

The number w;(f) is called the oscillation of f over the interval [x;_1,z;].
14. Continuous functions are integrable

THEOREM. Assume f is continuous on [a,b]. Then f is integrable on [a, b].
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1.15 Properties of definite integrals

1. Basic properties

1. f, g are integrable on [a,b], a, f € R = «af + B¢ is integrable on [a, b],

b

/ (af(2) + Bg(x)) do = a / f(z)dz + B / g(z) d

a

2. a<c<b = f isintegrable on [a,b] < f is integrable on [a, ] and [c,b],

/bf(x) dr = /Cf(:p) dr + /bf(x) dx

3. f, g are integrable on [a,b], f(z) < g(x), Vz € [a,b] =

/bf(x)dx < /bg(x)dx

4. f is integrable on [a,b] = |f]| is integrable on [a, b] and

| /bf<x>da:] < /b\f(x)|dx

5. f is integrable on [a,b], m < f(x) < M, Vz € [a,b] =
b
m(b—a) < /f(x)dx < M(b—a)

6. f is continuous on [a,b] = T ¢ € [a,b]:

1

fle) = —

b
/ f(z)dx (Mean value theorem)
7. f is continuous on [a,b], g is integrable and non-negative on [a,b] = ¢ € [a, b]:

[ f@lg@rds = 10 / g(w) de

a
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2. Fundamental theorem of calculus

THEOREM. Assume f : [a,b] — R is integrable on [a, b]. Define ® : [a,b] — R,
O(x) = /f(t) dt, x € [a,b] — the integral with variable upper limit.

If f is continuous on [a, b] then ® is differentiable on [a, b] and

Vo € (a,b) ' (x9) = f(xg).

COROLLARY. f:[a,b] — R is continuous on [a,b] = f has a primitive on (a,b).

3. Newton—Leibniz formula

THEOREM. Let f be continuous on [a,b] and let F' be any primitive of f on (a,b). Then

/f@;) dx = F(b) — F(a).

4. Integration by parts in a definite integral

THEOREM. Let f, g be differentiable on [a,b] and f’, ¢’ be continuous on [a,b]. Then

b

[ t@g@ s = f0)90) - falgta) - [ £@)g(e) de

a

ABBREVIATED NOTATION.
b b
b
[tdde=so| = [ 1

5. Change of variables in the Riemann integral

THEOREM. Let ¢ : [, 8] — [a,b] be differentiable on [a, 5] and ¢’ be continuous on [«, 5.

Assume f : [a,b] — R is continuous on [a, b]. Then the function (f o) - ¢ is continuous on
[a, B] and
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1.16 Applications of definite integrals

1. Area of a plane figure

DEFINITION. A subset of the plane F' is called Jordan measurable if for any € > 0 there
exist two polygons F} and F; such that

FiLCFCEF and S(FQ\F1)<€

(here for every polygon P on the plane we denote by S(P) its area). For the Jordan
measurable figure F its area is defined

S(F) = sup S(Fy) = inf S(F)

1
FCF FCF>

where the supremum is taken over all polygons F) contained in F', and the infimum is taken
over all polygons F» containing F'. (These supremum and infimum are equal, since the figure
is Jordan measurable).

2. Area of a curved trapezoid
THEOREM.
1) f:]a,b0] > R, f(x) >0, Vz € [a,b], and assume F C R? is given by
F={(zyeR veab], 0<y< f(a)}
Then

Sy = /bf(x)dx

2) f,9:[a,b] > R, f(z)>g(x), Vz € [a,b], and assume F C R? is given by
F={(zyeR:zeal] gx) <y< fl2)}

Then

3. Polar coordinate on the plane

Converting from the polar coordinates r and ¢ to the Cartesian coordinates x and y:

T =T CoSp r € [0, +00)
y = rsing @ €10,2m)

Converting from the Cartesian coordinates z and y to the polar coordinates r and ¢:

r=Vattyt o gefon], i y>0

tggp:% p € (m2m), if y<O0
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4. Area of a curved sector
THEOREM. f : [, 3] = [0,+00), 0 < a < <271, and assume F C R? is given by

F={(re):¢clapl, 0<r<flp)}

Then

5r = 5 [(e)?de

5. Curves on the plane
DEFINITION. Let v : [a,b] — R?, ~(t) = (71(t), %2(t)) be continuous on [a, ]

e The mapping v : [a,b] — R? is called a parameterized plane curve.

e v is regular if 7 is differentiable on [a, b], 7 is continuous on [a, b] and

V()] = VR0 ()2 £0, V€ [ab].

o If T'= {t;}/L, is some partition of [a,b], i.e. a =ty <t <ty <... <ty =Db, then a
broken line consisting of segments [y(t;_1),7(¢;)] is said to be inscribed in the curve .
The length of a broken line corresponding to the partition 7" is

where

(t) = 1(t-0)] = (i t) = M (E-0)? + (alty) = 2(t-1))?

e A curve 7 is called rectifiable if there is a limit on the lengths of all broken lines inscribed
in this curve as the mesh of the partition tends to zero. In this case, the length is

AT)—0

N
L= dim S () - a(to)
j=1

e More precisely, a curve is called rectifiable if there is a number [, € R such that for any
e > 0 there is 0 > 0 such that for any partition T' = {t;}’_, of the segment [a,b] the
implication is true

AT <6 = | L= hit) — o)l | < e

=1

Here \(T') = 'maXN(tj —tj_1) is the mesh of the partition 7.
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6. Length of a curve
THEOREM.

1) Length of a parameterized curve

Any regular parameterized curve v : [a,b] — R? is rectifiable and its length is

b b
b = /Iv’(t)ldt = /\/(%(t))“(vé(t))?dt

where y(t) = (71(t),72(t)) and 7'(t) = (71(£),72(1))-
2) Length of the curve that is the graph of the function

f i [a,b] — R is differentiable on [a,b] and f’ is continuous on [a, b],

D= {(z,y) eR: x€ab], y=f(z)}

Then
b

I = /\/1+(f’(x))2dx

a

3) Length of the curve, specified in polar coordinates

Let (7, ) be polar coordinates on the plane R?, let f : [, 8] — [0, +00) be continuously
differentiable on [«, 5], 0 < a < < 27, and

= {(r,p): pela,pl, r=f(p)}
Then

B
I = / VI@P+ (@) de

7. Generalized Cavalieri’s principle (1635)

For any solid of revolution (such as a barrel)

Volume of the barrel =~ Z (Area of a crossection of a barrel)

J

. (Vertical height) ‘

J

J

Area of a side surface =~ Z (Length of a crossection of a barrel)
J

. (Vertical length>

J

J
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8. The volume of a solid of revolution

THEOREM. Assume f : [a,b] — R is non-negative and continuous on [a, b] and
Q= {@y)eR: aclal, v+ < )]

Then the volume V() of a solid of revolution {2 is equal to

V() = /b £ (x) dz

9. The area of the side surface of a circular cone

THEOREM. The side surface of a circular cone whose base radius is R and height H:
SR,H = WRVR2+H2

For a truncated cone:
R
Sps — Sun = /1 + tg2a - (RH —rh) = 21/1 + tg2a - 2” (H = h),

where tga =

T

h
10. The area of the side surface of a solid of revolution

THEOREM. Assume f : [a,b] — R is non-negative and differentiable on (a, b), f’ is continuous
on [a,b] and
Y o= {(m,y,z) cR: x€lab], y*+2°= f2(x)}

Then the area of the side surface S(X) the corresponding solid of revolution is equal to

b

() = 2 / f(@) VIt (F@)?da

a
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1.17 Comparison of infinitesimals and Taylor’s formula

1. L’Hépital’s (actually Bernoulli’s) rule for an indeterminate form 8

THEOREM. Let f,g: (a,b) — R be differentiable on (a,b), ¢'(z) # 0, Vz € (a,b) and

1) 3 lim f(z) =0, 3 lim g(x) =0 ( I®) ig an indeterminate form of type% )

z—a+0 z—ra+0 9(z)
!
2) 3k €R (including the cases k = +00) such that 3 lim J'w)
x—a+0 g’(m)

Then there exists the limit

3 lim @ = k.
r—a+0 g(l’)
2. Important limits with Inx and xP
THEOREM. Assume p € R, p > 0. Then
1
lim (2 Inz) = 0, lim — = 0
z—+0 r—+oo P

3. Other versions of the L’Hopital rule

There are also versions of the LL’Hopital rule which suit to the following cases:

e Indeterminate form § asa — +oo:  f,g:[a,400) = R, lim f(z) = lim g(z)=0,
T——+00 T——+00
JkeR: 3 lm L8 =k = 3 lim & =%

23400 9 (%) 23400 9(%)

e Indeterminate form 2 as x — +o0: f,g: (a,+00) = R, lim f(z) = lim g(z) = +oo,

T—00 r—+0o0
JkeR: 3 lim L@ — g — 3 lim & — g
z=5+oo 9'(@) z—+oo0 9(2)

e Version of the above statements with + — b — 0 instead of x — a + 0

e Version of the above statements with £ — —oo instead of z — +oo

All these statements can be proved similarly to the proof of the first statement and we omit
their proofs in our course. Informally we can summarize the L’Hopital rules as follows:

The limit of a ratio of functions is equal to
the limit of the ratio of their derivatives
if the latter exists.
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4. Taylor’s formula

THEOREM. f : [a,b] — R is differentiable (n + 1) times on (a,b) = Vuz,x¢ € (a,b)

"1 " (n) T
f(x) = f(zo) + ! (1,0) (z — zo) + / ;, J (z —20)* +... + / n(' 0>($ — 20)" + Rpp1(2),
where .
1 the integral form
o (n+1) _ \n o g
R (@) = n! /f (B)(@—1)" dt of the remainder
zo

If f(+1) is continuous on [a, b] then there exists ¢ € [z, x] such that

the Lagrange form

1
(n+1) . n+l
| f (&) (@ — o) of the remainder

Roi1(z) = m

COROLLARY. [a, b] is bounded, f"*Y is continuous on [a,b] = R,.1(7) = O(|z — zo[")

5. O— asymptotic notation

Assume f, g : (a,b) — R (we allow here a and b be infinite), xy € (a,b). Then

e g=0(f) as z€ (a,b) <= IM>0: Vzre(ab): |gz) < M|f(x)

e g=0(f) asx— 9y < IM>0,0>0: Va € (xg—0,x20+0): |g(x)] < M|f(x)|
¢ g=0(f) as t >400 < IM>0,R>0: Va>R: |g(z)] < M|f(x)]

¢ g=0(f) as 1 > —00 <= IM>0,R<0: Ve <R: |g(x)] < M|f(x)|

6. o— asymptotic notation
Assume f, g: (a,0) > R, —0o <a <xy < b < 400.

e g=o0(f) as =2y <= FJa:(a,b) >R lim a(z)=0 and g(z) = az)f(x)

T—rx0

7. Properties of O— and o— symbols
THEOREM. Assume f, g: (a,b) > R, —o0 <a <1z <b< +o00.

1) for x € (a,b) we have

e O(f)+0(f)=0(f)
e O(f)-0(9) = 0O(fyg)
2) for x — xy we have
e g=o(f) = g=0()
o o(f)+olf) =olf)
e o(f)-O(g) = o(fyg)
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3) in particular, for x — 0 we have
e O(x™)-O(x™) = O(z"™)
e o(z")-O(x™) = o(x"™)
o O(z")=o(z™), if n>m

8. Asymptotics of the reminder in Taylor’s expansion

THEOREM. Assume f : (a,b) — R is differentiable (n + 1) times on (a,b) and f"V is

continuous on (a,b). Then for any z( € (a,b)
Roi1(z) = O ((x —xo)"H) as T — T,

where we denote by R,,;1(z) the reminder in the Taylor formula for f.

9. Taylor expansions of some elementary functions

THEOREM. The following asymptotics holds as z — 0:

2 3

1) e?=1+24+2 42+ . +2Z +o(z")

2) Sinx::r;—%—1—%_1-__.4_(_1)”—1%_’_0(1.%)

3) cosx = _§+%+~--+(—1)"(§:§!~|—0(x2”+1)

4 (Qta)y=1+%c+200 24 7"(7"—1?3!(7"—2) o R r(r—l)..r’.t(!r—n-i-l)
5) m(l+a)=o—2 +2 2 4 4 (=1)"12 4 (™)
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1.18 Improper integrals

1. Improper integral of an unbounded function

DEFINITION. Assume f : [a,b) — R is unbounded near x = b and integrable over [a, ] for
any ¢ € [a,b). We say the improper integral of f over [a,b) is convergent if there exists a
finite limit

b c
[tz = tim [ 7o) d.

Otherwise we say the corresponding improper integral is divergent. For f : (a,b] — R which
is unbounded near x = a the improper integral is defined in a similar way:

c—a+0

/b f(z) de = lim /b f(a) d,

2. Improper integral over an unbounded interval

DEFINITION. Assume f : [a, +00) — R is integrable over |[a, | for any ¢ € [a, +00). We say
the improper integral of f over [a,+00) is convergent if there exists a finite limit

+/Oof(x) dz = lim / f(a) d,

c——+o00

Otherwise we say the corresponding improper integral is divergent. For f : (—oo,b] — R the
improper integral is defined in a similar way:

b b

/ f(z) dr = lim f(z) de,

c——00
c

3. Cauchy’s criterion for convergence of improper integrals
THEOREM.
1) Assume F': [a,b) — R. Then
3 lim F(¢) <= Ve>0 36>0: Ve,e0e(b—10,b) |F(a)—F(e)| <e.

c—b—0

2) In particular, for f:[a,0) = R
b co
/f(x)d:vis convergent <= Ve >0 36>0: Vcp,c0 € (b—0,b) ’ /f(x)dx’ < e.

a
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3) Assume F': [a,+00) — R. Then

3 lim F(¢c) < Ve>0 IR>0: Ve, €[R,+00) |Fla) — F(e)| <e.

c—+400

4) In particular, for f :[a,0) = R

+00 c2
/f(x)dxis convergent <= Ve >0 3R >0: Ve, € [R,+00) )/f(a:)dx’<5.

4. Absolute convergence of improper integrals

DEFINITION. Assume f : [a,b) — R is integrable over [a, c] for any ¢ € [a,b) and either the
interval [a,b) is finite and f is unbounded near = b or b = +00. We say the improper
integral of f over the interval [a,b) converges absolutely if the improper integral of |f| over
[a,b) is convergent:

b
/|f(x)|dx < +0.

5. Absolutely convergent improper integral is convergent

THEOREM. If the improper integral of f over [a,b), b < 400, converges absolutely then it
converges:

b b
/ |f(z)|dx is convergent = / f(z)dzx is convergent.

6. Necessary and sufficient condition for absolute convergence of improper integrals

THEOREM. The improper integral of f over [a,b), b < 400, converges absolutely if and only
if the primitive of |f| defined by

F(c) = /|f(x)|dx, ¢ € [a,b)

is bounded on the interval [a, b).

7. Comparison test for absolute convergence of improper integrals

THEOREM. Assume f, g : [a,b) — R are integrable over [a, ¢] for any ¢ € [a,b) and either
the interval [a,b) is finite and f is unbounded near x = b or b = +00. Assume

0 < flz) <g(x) Vazelab)
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10.

If the improper integral of g over [a,b) is convergent then the improper integral of f over
la, b) is also convergent:

b b
/ g(x) dx is convergent = / f(z) dz is convergent

b b
/ f(z) dz is divergent = / g(x) dz is divergent

a

. Dirichlet—Abel test for non-absolute convergence of improper integrals

THEOREM. Assume f, g : [a,+00) — R satisfy the conditions

1) f is continuous on [a,+00) and its primitive F' is bounded on [a, +00)
2) g is non-negative, non-increasing, differentiable on [a, +00), ¢’ is continuous on [a, +00)

3) [lim g(z) =0

Then the improper integral of fg over [a,400) is convergent:

400
/f(x)g(:c) dx is convergent.

. There are improper integrals that are convergent, but not absolutely convergent

+0o0 “+o0o
sinx cos T
dx, dx are convergent non-absolutely,
x x
1 1
[ Isinal [ lcosal
sin CoS T )
—— dux, —— dx are divergent
x x
1 1

Improper integrals with more than one singularity

o If f: (a,b) — R is unbounded near both ends of the interval (a,b) then we split the
interval (a,b) by some point ¢ € (a,b) so that f possess only one singularity on each
of the intervals (a, c] and [c,b) and define the improper integral of f over (a,b) as the
sum of improper integrals of f over (a,c| and [c, b).

o If f: (a,+00) — R is unbounded near z = a then we split the interval (a,4o00) by
some point ¢ € (a,400) and define the improper integral of f over (a, +00) as the sum
of improper integrals of f over (a,c| and [c, +00).

e If f: (a,b) — R is unbounded near an internal point ¢ € (a,b) then we define the
improper integral of f over (a,b) as the sum of improper integrals of f over (a,c) and

(c,b).
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1.19 Infinite series

1. Convergent and divergent series

DEFINITION. Assume {a,}2%; C R is a sequence. We say

o0 n

Z a, is convergent <= 3SeR: S = lim Z a;
n—oo
n=1 7j=1
o0 n
Z a, is divergent = there is no finite limit of Z a; as n— 0o
n=1 7j=1

2. Cauchy’s criterion for convergence

THEOREM. The following conditions are equivalent:

n=1

Zan is convergent <= Ve>0 IN=N(e): Vn>m> N(¢) Zaj<€
j=m

3. A necessary condition for convergence of a series

x
THEOREM. Y a, is convergent — lim a, =0
n=1

n—oo
4. Absolute convergence of series

o oo
DEFINITION. > a, is absolutely convergent <= > |a,| is convergent.
n=1

n=1
5. Absolutely convergent series is convergent

THEOREM. If the series converges absolutely then it converges:

oo o0
g la,| is convergent = E a, is convergent.
n=1 n=1

6. Comparison test for series with non-negative terms

THEOREM. Assume 0 < a, < b, Vné&N. Then

oo o0
1) > b, isconvergent = > a, isconvergent
n=1 n=1

2) > a, isdivergent = > b, is divergent
n=1 n=1
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7. M-test (majorant test) of convergence
THEOREM. Assume {b,}22; is non-negative and {a, }2, satisfies
la,| < by, VneN

Then
[e.e] oo
Z b, is convergent — Z a, is absolutely convergent.

n=1 n=1

8. Cauchy’s test for the absolute convergence

THEOREM. Assume {a,}°; C R and assume there exists a finite limit

o = lim <
n—oo

-
Then

(o]
1) a<1l = > a, isabsolutely convergent;

n=1

2) a>1 = > a, isdivergent;

n=1

3) there exist both absolutely convergent and divergent series with a = 1.

9. D’Alembert’s test for the absolute convergence

THEOREM. Assume {a,}2%; C R and assume there exists a finite limit

. la
£ = lim ntl)

n—oo

G

Then

1) <1 = > a, isabsolutely convergent;

n=1

2) B>1 = > a, Iisdivergent;

n=1

3) there exist both absolutely convergent and divergent series with 5 = 1.

10. Leibniz’s test for alternating series
THEOREM. Assume {a,}>°; C R satisfies

1) 0 < apy1 < ap, YneN
2) lima, =0

n—o0
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11.

12.

Then

o0

Z(—l)” a, is convergent.

n=1

Integral test for the absolute convergence
THEOREM. Assume f : [1,4+00) — R is continuous on [1, +00) and

1) f >0 on [1,+00)
2) f—, on [1,4+00)
Then

(o ¢] +OO
Z f(n) and / f(x) dz  converges or diverges simultaniously.
n=1 1

There exist infinite series that converge but do not converge absolutely

=, (-1 =1
Z ———— is convergent, Z — is divergent
n=1 n n=1 n
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2.1

Matrices and determinants

Gaussian elimination method

. System of linear equations

We consider the m x n system of linear algebraic equations of the following form:

a1 + a12T9 + a13%3 + ...+ A1nTy, = bl
(911 + A99x9 + 933 + ...+ A9p X, = bg
a31%1 + azeTo + a33x3 + ... + az3pT, = b3 (%)
A1 T1 + Qa2 + A3z + .+ ATy = by,
Here z1, @9, 23, ..., ¥, are unknowns, ajx, j = 1,...m, k= 1,...,n and by, by, b3, ..., by,

are given (real or complex) numbers.

By a solution of an m x n system, we mean an ordered n-tuple of numbers (x1, s, ..., z,)
that satisfies all the m equations of the system.

We say the system (k) is consistent if there exists at least one solution to this system. We
say the system (x) is inconsistent if there is no solutions to this system.

Geometrical interpretation of a 2 x 2 system

Consistent, inconsistent and uniquely solvable systems:
I1+x2:3 $1+$2:2 $1+I2:2
T1—To =1 2x1 4+ 229 =06 201 + 229 =4

Overdetermined and underdetermined linear systems

A linear system (x) is said to be overdetermined if there are more equations than unknowns
(i.e. m > n). Overdetermined systems are usually (but not always) inconsistent.

A linear system () is said to be underdetermined if there are fewer equations than unknowns
(i.e. m < n). Although it is possible for underdetermined systems to be inconsistent, they
are usually consistent with infinitely many solutions.

Equivalent systems

DEFINITION. Two systems of equations involving the same variables are said to be equivalent
if they have the same solution set.
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5. Elementary operations with linear systems

THEOREM. Applying any of the following operations with the equation of a linear system
we obtain the new linear system which is equivalent to the original one:

I. Interchange equations in the system.
IT. Multiply both sides of some equation by a nonzero number.

ITI. Replace some equation by its sum with a multiple of another equation.

6. The systems in the strict triangular form are easy to solve

We say an n X n systems is in strict triangular form if in the k-th equation the coefficients
of the first k£ — 1 variables are all zero and the coefficient of zj, is nonzero (k =1,...,n).

The systems in the strict triangular form are easy to solve by the back substitution:

$1—3$2+2$3 = 7 $1—3$2+2£I§'3 = 6
I3 = 3 I3 = 3
1 = 743-8-2-3=25 r1 = 25
- T2 = 8 - To = 8
r3 = 3 r3 = 3

So, our strategy is: applying the elementary operations with the equations I, II and III to
try to reduce our system to the equivalent system which has the strict triangular form.

7. Coefficient matrix, augmented matrix

To avoid extra writing we organize the coefficient of the linear system (x) as an m X n array

@13 Q2 Az ... dip
Q21 Q22 A23 ... A2y
31 Gz2 A3z ... d3zp
Am1 Am2 Am3 ... Qmp

We will call this array the coefficient matriz of the system (x).

To include the right-hand side of the system (x) into consideration we can build an augmented
matriz corresponding to the system (x):

a;; Qa2 aiz ... G, | b
a1 Gz Qg3 ... Qg | by
asi Qs Az ... a3, | b3
Am1 Qm2 Am3 ... Amn bm
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8. Elementary row operations with matrices

10.

Now the elementary operations I, IT and III with the equations in the linear system (x)
corresponds to the following elementary operations with the rows of the augmented matrix
of the system (x):

L.
IT.
I1I.

Interchange rows.
Multiply a row by a nonzero real number.

Replace a row by its sum with a multiple of another row.

Gaussian elimination

We want to try to the linear system (%) to an equivalent system in a triangular form.

)

etc)

Assume the first column of the coefficient matrix contain at least one non-zero entry.
We can fix this element and refer to this element as a pivot element of the first column
of the coefficient matrix. The row of an augmented matrix containing the pivot element
is referred as the pivotal row.

Interchanging (if necessary) the rows of the augmented matrix (i.e. applying to the
augmented matrix the elementary row operation I) we can move the pivotal row as the
new first row.

Multiplying the pivotal row of the augmented matrix by an appropriate nonzero number
and subtracting the results from each of the remaining m — 1 rows (i.e. applying to the
augmented matrix the elementary row operation III) we can obtain zeros in the first
entries of all rows from 2 to m.

At the second step, a pivot element is chosen from the nonzero entries in column 2,
rows 2 through m (if there are no non-zero entries in among them then we just switch
to the next column an look for a pivotal element there).

The row containing the pivot is then interchanged with the second row of the matrix
and is used as the new pivotal row.

Multiples of the pivotal row are then subtracted from the remaining m — 2 rows so as
to eliminate all entries below the pivot in the second column.
The same procedure is repeated for all the rest columns of the coefficient matrix until
either there is no more rows under the next pivotal row or
all rows of the coefficient matrix below the next pivotal row consist on zero entries.

Note that at the second step row 1 and column 1 remain unchanged, at the third step
the first two rows and first two columns remain unchanged, and so on.

What we obtain at the end is we reduce the original augmented matrix to some matrix which
has the row echelon form (see the definition below). The algorithm described above is called
Gaussian elimination.

A matrix in the row echelon form

DEFINITION. A matrix is said to be in the row echelon form if
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11.

12.

13.

14.

e The first nonzero entry in each row is 1.

e If row k£ does not consist entirely of zeros, the number of leading zero entries in row
k + 1 is greater than the number of leading zero entries in row k.

e If there are rows whose entries are all zero, they are below the rows having nonzero
entries.

A matrix is said to be in the reduced row echelon form if additionally

e The first nonzero entry in each row is the only nonzero entry in its column.

Solving of the linear systems by the Gaussian elimination method

THEOREM. With the help of row operations I, II, and IIT any linear system (x) can be to
transformed to an equivalent linear system whose augmented matrix is in the row echelon
form.

Analysis of consistency and the unique solvability of a linear system from the
row echelon form

THEOREM.

1) The system () is consistent if and only if after the Gaussian reduction of the augmented
matrix of the system () to a row echelon form the non-pivotal rows of the coefficient
matrix (i.e. those rows of the coefficient matrix whose all entries are zeros) have also
zero entries in the right-hand side column.

2) The system (x) is uniquely solvable if and only if after the Gaussian reduction of the
augmented matrix of the system (%) to a row echelon form and elimination of those
rows of the augmented matrix which are identically zeros (both in the coefficient matrix
and in the right-hand side column) the coefficient matrix has a strictly triangular form.

Lead variables, free variables

DEFINITOIN. If the matrix of a linear system is in the row echelon form then the variables
corresponding to the columns containing the pivotal elements are called the lead variables
and the variables corresponding to all other columns are called free variables.

Gauss-Jordan reduction

If the system in the row echelon form is consistent and contains free variables, it is convenient
to continue the elimination process and simplify the form of the reduced matrix even further.

1) First we take the last pivotal row and using the elementary row operation III transform
into zeros all entries above in the pivotal element in this row.

2) Then we take the previous pivotal row and do all the same with the entries of the
column of the pivotal element in this row.
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etc) The same procedure is repeated for all the rest pivotal rows until the first one.

What we obtain at the end is the reduced row echelon form of the augmented matrix of the
system. The process of using of elementary row operations I, II, and III to transform a linear
system into reduced row echelon form is called Gauss-Jordan reduction.

15. Solving of the underdetermined consistent linear systems

THEOREM.

1) If the linear system in the reduced row echelon form is consistent and contains free vari-
ables then we can assign arbitrary values to free variables and represent lead variables
in the unique way via right and sides and free variables.

2) Underdetermined consistent linear systems have infinitely many solutions.

3) Any solution of such system can be specified by the particular choice of the values of
parameters corresponding to the free variables.

16. Example

PROBLEM. Solve the following underdetermined system:

\)

1+ Trxe + 923 + 424y =
2$1 + 21172 + 31’3 + 51’4 = 4
5$1 + 3%2 + 5.T3 + 12:64 = 10

SOLUTION.
179 4] 2 use 1 as a pivotal entry
22 3 5| 4 multiply the 1st row by —2
5 3 5 12|10 and add to the 2nd row
1 7 9 4] 2 use 1 as a pivotal entry
0 —-12 —-15 —=3| 0 multiply the 1st row by —5
5) 3 5 12110 and add to the 3rd row |
1 7 9 4|2 intermidiate step: 1
0 —-12 —-15 =310 multiply the 2nd row by —%
0 —32 —40 —-810 multiply the 3rd row by —é ]
179 412 use 4 as a pivotal entry
045 110 multiply the 2nd row by —1
045 10 and add to the 3rd row
L7942 intermidiate step:
0 45 110 eliminate the identically zero row
00000 SHHHHHAe PHEAdenteatly 20
1 79 49 1.I1tc1~1nld1atc step: 1
multiply the 2nd row by >
045 1]0 . A
to obtain the row echelon form
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Gauss—Jordan reduction

< (1) I g il g ) multiply the 2nd row by —7
4 4 and add to the 1st row
10 i f—i 2 this is the reduced
0 1 % }l 0 row echelon form

. correspond to 1st and 2nd columns
Lead variables: xq, xo

containing pivotal elements

. correspond to 3rd and 4th columns
Free variables: 3, x4

which do not contain pivotal elements

ry = 2-— %‘:cg — %:@ represent lead variables
To = —21173 — %13;4 as functions of free variables
r3 = « assign arbitrary values (parameters)
ry = S to the free variables
ry, = 2-— ;1104 — % I5; represent lead variables
Ty = —;‘r;oz — %B as functions of arbitrary parameters

ANSWER. Any solution of the system is given by

5 4
Ty = —Sa— % .

4 i’ where «, § € R are arbitrary
r3 — «
ry = B

17. Homogeneous systems
DEFINITION. The system (k) is said to be homogeneous if all right-hand sides are zeros, i.e.

by =by=...=b, =0

THEOREM.

1) Homogeneous system are always consistent.

2) Underdetermined homogeneous system of always has a nontrivial solution.
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2.2 Matrix algebra

1. Matrix, augmented matrix

In general, a m X n matriz is the m X n array whose entries are numbers (real or complex).
The entry denoted by a; stands in the j-th row and k-th column of the array:

a1;; Q12 @13 ... Qip
Q21 Q22 A23 ... dgp
a31 Aaz2 AaAzz ... dA3zp
Am1 Am2 Am3 ... Amn

Given a m x n matrix A = (a;;) and a m X r matrix B = (b;) we can always build a
m x (n+ 1) augmented matrix (A|B) which is

a;; a2 @3 ... Qip biy bz ... by
a21 Q22 Q23 ... Q2p bay  bay ... er
az;  Qsy Qs ... G3p | b3y bz ... b3
Am1 Am2 Qm3 ... Qmp bml bm2 cee bmr

Two m x n matrices A and B are said to be equal iff a;; = b;; for each 7 and j.

2. Row vectors and column vectors

A scalar is a 1 x 1 matrix. We identify this matrix with a number which is the only entry
of this matrix (so, essentially a ‘scalar’ means a ‘number’):

(a) = a, acR
A row wvector of order n is a 1 X n matrix:
a = (al,ag,ag,...,an), CL]'ER

A column vector (or just a vector) of order m is a m x 1 matrix:

b = b3 , bjER

We denote by R™ the set of all column vectors of order m with real entries.
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3. Linear operations with matrices
DEFINITION. Assume A = (a;;) and B = (b;;) are m X n matrices and a € R is a scalar.
e The sum C'= A + B is the m x n matrix C' = (¢;;;) whose entries are
Cjk = aji + bk, j=1,...,m, k=1,...,n.
e The product C'= a4 is the m x n matrix C' = (¢;;) whose entries are
Cjk = QQjg, j=1...,m, k=1,...,n.

e The zero m x n matrix O is the matrix whose all entries are zeros.

e We denote by —A := (—1)A the additive inverse of A and define A — B := A+ (—B)
4. Properties of linear operations with matrices

THEOREM.
)
)
)

4) A+(-A)=0
)
)
)

8) a(A+ B) =aA+aB
Further properties:

9)0-A=0
10) a-0=0

5. Matrix product
DEFINITION.

e [f a is a row vector of order n and x is a column vector of the same order n then the
product of a row vector by a column vector is a scalar

T
T2
a-x = (ajagas ... a, ) | w3 = a1 + axy + asxsz + ...+ apx,

Tn
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e Assume A is an m X n matrix and x is a column vector of the order n then the product
of a matrix by a column vector is a column vector of order m

a1 a192 Ce A1p al a111 + a12T9 + ...+ A1nTy
Ax — 21 Q22 ... Q2q T N 2171 + A22T2 + ... + A2 Ty,
Am1 Om2  --- Qmn T, Am1T1 + Qoo + ...+ Gy Th

In other words, the product of a matrix A = (a;i;) by a column vector x = (xy,) is the
column vector b = (b;) whose entries are the products of rows of the matrix A by the

column x
n

b, = Zaikxk = (i-throwof A )-x
k=1

e Assume A is an m xn matrix, B is an n x [ matrix. The the matrix product of A = (a;)
by B = (bi;) is the m x [ matrix C' = (¢;;) whose entries are

Cij = Z ajxbg; = (i-throw of A ). ( j-th column of B )

e Just as in ordinary algebra, if an expression involves both multiplication and addition
and there are no parentheses to indicate the order of the operations, multiplications are
carried out before additions. This is true for both scalar and matrix multiplications.

6. Properties of matrix product

THEOREM.

1) a(AB) = (aA)B
) (AB)C = A(BC)
)
)

N}

3) A(B+C) = AB+ AC
4) (A+ B)C = AC + BC

7. Transpose of a matrix

DEFINITION. An n X m matrix B is called a transpose of an m x n matrix A if b;; = aj;
forany i =1,...,n and j=1,...,m. A transpose of A is denoted by AT.

THEOREM.
1) (AT =4
2) (aA)T = AT
3) (A+B)T = AT + BT
4) (AB)T = BT AT
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2.3 Square matrices

1. Algebra of matrices

The product AB of two n x n matrices A and B is again a n X n matrix. So, the matrix
product of two square matrix returns a matrix of the same type. Attention! To the contrast
to scalars, the matrix product in general is not commutative:

In general: AB # BA

2. Commuting matrices
DEFINITION. The commutator of two n x n matrices A and B is the matrix
[A,B] := AB — BA

Matrices A and B commute if AB = BA or, equivalently, [A, B] = Q.

3. Power of a matrix

DEFINITION. For a n X n matrix A we can define the k-th power of A:

AP = A A . A
N———
k

THEOREM. For any n x n matrix A and for any k, m € N

4. Identity matrix

DEFINITION. The n X n identity matrix I is a n X n matrix whose diagonal entries are equal
to 1’s and all other elements are zeros.

1 0 0 0
0 1 0 0
I = 0 1 0
0O 0 0 1
Note that for any n x n matrix A
Al = TA = A
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. Inverse matrix

DEFINITION. An n X n matrix A is called nonsingular (or invertible) if there exists an n x n
matrix B € M™*" such that
AB = BA =1

The matrix B is called an multiplicative inverse (or simply inverse) of A and is denoted A",
An n x n matrix A is called singular if it does not have a multiplicative inverse.

THEOREM. If BiA =1 and ABy; = I then By = B,.

. Properties of inverse matrices

THEOREM. A and B are invertible =— AB and A~! are invertible and

(AB)™t = B7tA™! (AhHt=24

. Symmetric and skew-symmetric matrices

DEFINITION. An n X n matrix A is called symmetric if

AT = A

An n x n matrix A is called skew symmetric if

AT =—A

. Upper triangular, lower triangular and diagonal matrices
DEFINITION. Assume A is n x n matrix whose elements are A = (a;;)

o Ais called upper triangular if a;; = 0 for any 7 > j
o Ais called lower triangular if a;; = 0 for any @ < j
o Ais called diagonal if a;; =0 for any 7 # j

THEOREM. Assume A and B are n X n matrices. Then

e A and B are upper triangular — AB is upper triangular
e A and B are lower triangular =  AB is lower triangular

e A and B are diagonal =—  AB is diagonal

. LU factorization of a matrix

DEFINITION. The factorization of a square matrix A into a product
A=LU

of a lower triangular matrix L and an upper triangular matrix U is called an LU factorization.
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2.4 Matrices and linear systems

1. Linear system in the matrix form

Using the notion of matrix multiplication we can rewrite the linear system (x) in the form

a1, + a199 + ... + AipnTy — b1
911 + Q999 + ... + Qopx, = bg
e ~— Ax=b (%)
Am1T1 + ApmaZ2 + .o+ QpnTp = bm

where A is a given m x n coefficient matrix, b € R™ is a given vector and x € R" is the
unknown vector.

2. Linear combination of the vectors

DEFINITION. If aj,ag,...,a, are (row or column) vectors of order m and ¢y, ¢, ..., ¢, are
scalars, then the vector
ci1ay + ckas + ...+ Ccpan

is said to be a linear combination of the vectors a;, as, ..., ay,.
3. Consistency for linear systems
THEOREM. Let A be m X n matrix whose columns are a;, ag, ..., ay:
A = (al‘az‘...‘an)
Then for any x € R™ the product Ax is the linear combination of columns of the matrix A:
AX = a3 + 208 + ... + Tpan

COROLLARY. A linear system Ax = b is consistent if and only if b can be written as a liner
combination of the column vectors of A.

4. Equivalent systems

THEOREM. A is a m X n matrix, b € R”™ and M is a m X m non-singular matrix. Then the

systems
Ax = b and MAx = Mb

are equivalent, i.e. if x € R" is a solution of one of these systems then it is also a solution
of the another one. In the matrix form:

(Alb) = (MA|Mb) if M is non-singular
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5. Elementary matrices

DEFINITION. We define elementary m x m matrices of the following types

1) Type I elementary matrix is a m X m matrix obtained from the m x m identity matrix
by interchanging of some its two rows;

o= o
oo
— o o
I
w

2) Type II elementary matrix is a m X m matrix obtained by multiplying some row of the
m x m identity matrix by a nonzero constant.

a#0

o O =
o 0 O
—_— o O

3) Type III elementary matrix is a m X m matrix obtained from the m x m identity matrix
by adding a multiple of one row to another row.

1
0 acR
0

S = O
_ o O

6. Multiplication by an elementary matrix

THEOREM. Assume A is an m X n matrix and F is an m X m elementary matrix. Then
multiplication of A by E from the left has the effect of performing the same operation with
rows of A, i.e.

1) if E is the elementary matrix of type I obtained from the m x m identity matrix
by interchanging its i-th and j-th rows then the matrix E'A is obtained from A by
interchanging its i-th and j-th rows;

2) if E is the elementary matrix of type II obtained from the m x m identity matrix
by multiplication of its i-th row by « then the matrix EF'A is obtained from A by
multiplication of its ¢-th row by «;

3) if E is the elementary matrix of type I obtained from the m x m identity matrix by
adding a multiple of j-th row to i-th row then the matrix F A is obtained from A by
adding a multiple of j-th row of A to i-th row of A.

Moreover, if E is an n X n elementary matrix then multiplication of A by E from the right
has the effect of performing the same operation with columns of A.
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7. Inverse of an elementary matrix

8.

10.

THEOREM. If E is an elementary matrix then F is nonsingular and E~! is an elementary
matrix of the same type. So, the product of finite number of elementary matrices is invertible.

Type EA Algebraic form of F E1
Interchange Obtained from [
. . _1 .
Type 1 fwo Tows of A by {n:cerchanglng of E—=F
1t’s two rows
Multiply 1 00 1 00
Type 11 a row of A 0 a O é 0
by a scalar 0 0 1 0 0 1
by s | (100 10 0
Type III SOV IEE 010 0 1 0
with a multiple
0 a1 0 —a 1
of another row

Row equivalent matrices

DEFINITION. Let A and B be m x n matrices. We say the matrix B is row equivalent to A
if there exists a finite sequence F4, Es, ..., E; of m x m elementary matrices such that

B = EyEi,...FA

REMARK. Row equivalence is an equivalence relation on the set of m x n matrices.

. Matrix form of the Gaussian—Jordan elimination

THEOREM. Every m x n matrix A is row equivalent to some m x n matrix U in the reduced
row echelon form:

d elementary m x m matrices FEi, Es, ..., E} : E.E._1...E1A = U,
Ax = b <~ UX:EkEkflElb

Equivalent conditions for nonsingularity
THEOREM. Assume A is a square matrix. Then the following conditions are equivalent:

1) A is nonsingular.
2) Ax = 0 has only trivial solution 0.

3) A is row equivalent to .

69



11. Equivalent conditions for the unique solvability of linear systems

12.

13.

THEOREM. Assume A is an n X n matrix and b € R"™. The system of n linear equations in
n unknowns Ax = b has a unique solution if and only if A is nonsingular.

Finding the inverse matrix by the Gaussian method
THEOREM. Assume A is nonsingular and E,, E», ..., Ej, are elementary matrices. Then
if EkEk,1 Ce ElA =1 then EkEk,1 c. E1[ = Ail,

i.e. the same series of elementary row operations that transform nonsingular A into I will

transform also I into A~1:
(AlI) — (I]AT)

Example

PROBLEM. Find the matrix A~! inverse to the matrix

1 00
A = 1 1 3
2 01
SOLUTION.
100|100 use 1 as a pivotal entry
11 3]0 10 multiply the 1st row by —1
2011001 and add to the 2nd row
1 0 0 1 00 use 1 as a pivotal entry
01 3| -1120 multiply the 1st row by —2
2 01 0 0 1 and add to the 3rd row
100 1 00 use 1 as a pivotal entry
01 3 -1 1 0 multiply the 3rd row by —3
0 01 -2 0 1 and add to the 2nd row
1 00 1 0 O 10 0
010 5 1 =3 — Al = 5 1 -3
00 1| -220 1 —2 0 1
Verification:
10 O 1 00 1 0 0
ATIA = 51 -3 113 =(010 0K
-2 0 1 2 01 00 1
1 0 O
ANSWER. Al = 5 1 —3
-2 0 1
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14. Finding LU factorization of a square matrix

15.

THEOREM. The n x n matrix A can be transformed into the matrix U in the row echelon
form with the help of lower triangular elementary matrices Ey, Fs, ..., Ej of Type III only
(i.e. without interchanging rows and multiplication of rows by non-zero numbers):

EvEy ... E4A=U

Define the matrix
L=FE"'E;'. .. E!

Then the matrix L is lower triangular with all diagonal entries equal to 1 and the matrices
L and U provide an LU—factorization of the matrix A:

A= LU,

where L is lower triangular and U is upper triangular.

Solving of consistent underdetermined systems

THEOREM. Assume the linear system Ax = b is consistent and row equivalent to the
undetermined system

Ux = c¢ ()
where U is m x n matrix (m < n) in the reduced row echelon form. Assume the system
(%*) contains k = n — m free variables and denote by u™, u®, ... u® the columns of the
matrix U corresponding to free variables (i.e. each u” € R™). Then any solution of the
equivalent systems (%) and (x%) can be represented in the form

x =& —a W — aia® — . — qpa®

J/

-~
general solution
of homogeneous system

where

e ¢ € R" is the extended column corresponding to ¢ € R™, i.e. € is a column vector of
order n whose entries matching to free variables are all zeros and entries matching to
lead variables are equal to the corresponding entries of c

e i) € R" is the extended column corresponding to u) € R™, i.e. @ is a column vector
of order n whose entry matching to i-th free variable is equal to —1, entries matching
to other free variables are zeroes, and entries matching to lead variables are equal to
the corresponding entries of u®

® (y, g, ..., a are arbitrary scalars.

EXAMPLE. Solve the underdetermined linear system

12304 0] 10
(Ule) =] 00015 0]11
00000 1]12
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SOLUTION.
21, Ty, g — lead variables

To, T3, 5 — free variables

Represent lead variables via free variables:

T = ].0—2!132—31'3—41'5
x4 =11 — Sy
.1’6:12

Solution in the algebraic form: «, 3, v € R are arbitrary parameters.

(21 =10 — 2o — 35 — 4y
o = Ty =
g =
— r3 = f
Ty =1 — 2a =11 — 5y
= Ts =7
.176:12

\

Solution in matrix form: column vectors u® u® u® ¢ in the augmented matrix (U | c)
corresponding to the right hand side and free variables:

2 3 4 10
u = | 0 ) u® =1 0 , u® =15 , c=1 11
0 0 0 12

Extended columns are column vectors of order 6 (number of unknowns in the system). The
positions, corresponding to the lead variables, are black (we put the corresponding entries
of u) in this positions), and positions, corresponding to the free variables, are marked in
red (the entry matching to i-th free variable is equal to —1, entries matching to other free
variables are zeroes).

9 3 4 10
_1 0 0 0
0 1 0 0

S(1) _ S(2) _ S(3) _ A _
u o> o> 5 |0 € 11
0 0 1 0
0 0 0 12

The solution in the matrix form (we represent the vector od unknowns as a linear combination
of given vector with arbitrary parameters «, 3, 7:

T 10 2 3 4

To 0 —1 0 0

—a_ A(l)_ A(2)_ A (3) T3 _ 0 . 0 . —1 . 0
x = ¢—al'"/—pa'"" —yi — ) 1 o 0 Ié] 0 ¥ 5
T5 0 0 0 —1

Tg 12 0 0 0

72



2.5 Determinants

1. Determinant of 2 x 2- matrix
DEFINITION. For any 2 x 2 matrix A define its determinant by

@11 a2
Q21 A22

det A =

= Q11022 — Q12021

For a 1 x 1 matrix A = (a) we formally define det A = a.

2. Motivation for the determinant of 2 x 2- matrix

Assume aq; # 0. Then we can use a;; as a pivot element and reduce the matrix A to the
row echelon form:

use aq; as a pivotal entry

ap; a : ‘
Tz multiply the 1st row by —22t
a1 G2 H

and add to the 2nd row

(11 ai2 ) -
0 a asials [ row echelon form ]
22 4L

We see that
a1 a a11a99 — Q120
gy — 21 127&0 — 11022 12217&0 — det A # 0
ai 11
Conclusion:

The row echelon form of a 2 x 2 matrix is strictly triangular
if and only if the determinant of the matrix is non-zero.

3. Determinant of 3 x 3- matrix

DEFINITION. For any 3 x 3 matrix A define its determinant by

L] o L ] L ] L ]
@11 Aiz2 13
d - (11022033 F Q12023031 + G13021032— TN X
et A = a921 Q929 Q923 =
—Q13022031 — A12021G033 — (11023032 N\ Y
a31 Q32 a3z
+ -

4. Motivation for the determinant of 3 x 3- matrix

Assume aq; # 0. Then we can use a;; as a pivot element and reduce the matrix A to the
row echelon form:

ay1 Az Q13 use aq; as a pivotal entry

I P 4 row hy 921
G21 G2 A3 multiply the 1st row by P
asy asz as33 and add to the 2nd row
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an ad al?@ a - a13a a { use ap; as a pivotal entry -‘
11022 — Q12021 11023 — 13021 . .
0 multiply the 1st row by —%
a11 11 { ‘
and add to the 3rd row
asy ago ass c e
ai a2 a13
0 a11a22 — G12021 A11Q23 — A13A21
ai ai
0 a11a32 — A12a31 A11033 — A13431
a1 an
We see that
a11Q20 — A12G21 Q11023 — Q13021
a au 0 — d
et A#£0
11032 — Q12031 A11033 — A13031 7A 7&
a1 aii
Conclusion:

The row echelon form of a 3 x 3 matrix is strictly triangular
if and only if the determinant of the matrix is non-zero.

. Minors and cofactors

DEFINITION. Let A = (a;;) be an n x n matrix, and let M;; denote the (n — 1) x (n — 1)
matrix obtained from A by deleting the row and column containing a;;. The determinant of
M;; is called the minor of a;;. We define the cofactor A;; of a;; by

Aij = (—1>i+j detMi]‘

. Cofactor expansion of the determinants with respect to the first row

Note that for a determinant of 2 x 2 and 3 x 3 matrices the following formulas hold:

@11 a2
= Q11 G22 — Q12 Q21
21 A22
ail aiz Az
o Q22 (23 21 Q23 21 Q22
Qo1 G2 Q23 | = a11 — a2 + a3
az2 as3 a3; Aas33 a31 a3z

azy az2 ass
These formulas are called the cofactor expansion of the determinant with respect to the first
row. It turns out that similar expansions hold with respect to any row or a column of any
2 X 2 or 3 x 3 matrices (we will verify it in the next sections). The interesting feature of
these formulas is that they allow us to reduce the computation of the determinant of 3 x 3
matrix to the computation of 3 determinants of some 2 x 2 matrices. This makes it possible
to consider recursive approach to the definition of the determinant of n X n matrices for
arbitrary n.
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7. Recursive approach to the definition of determinants

DEFINITION. The determinant of an n x n matrix A, denoted det A, is a scalar associated
with the matrix A that is defined inductively as

a1 if n=1
det A = :
© { (IHAH + a12A12 + ...+ alnAln, if n>1

where .
Alj = (—].)H_j detMlj, j:17...,n

are the cofactors associated with the entries in the first row of A.
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2.6 Properties of determinants

1. Determinant of the transposed matrix

THEOREM. For any n X n matrix A

| det(A7) = det A

PROOF. See §2.10. 0

2. Interchanging any pair of rows or columns changes the sign of the determinant

THEOREM. If the matrix B is obtained from the n x n matrix A by the interchange of its
two rows or two columns then

det B = —detA

PROOF. See §2.10. [

3. Properties of determinants
THEOREM.

1) If A has a row/column consisting entirely of zeros, then det A =0

aq a9 Qp
0 0 0] =20
wy W2 Wn,
2) A has two identical rows/columns then det A =0
aq a9 Qp,
Tr1 To Tn
=0
L1 X2 Ln
wy  ws Wn,

3) If some row/column of A is the sum of two vectors x and y then det A is the sum of

two corresponding determinants:
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ai a2 ap, a1 Qg Ay, a1 Qg Qp,
T1+Y1 T2+ Y2 Tn+Yn | = | T1 X2 T Y1 Yo Yn
wq Wa W, w; Wa Wp, w; W2 Wp,




4) Scaling a row/column of A by a € R multiplies the det A by «

ay ag . Qp ay a ... Qp
axry ary ... ATp = Try X2 ... XTp
w1 Wa C Wnp, wy w2 ... Wy

5) Adding a scalar multiple of one row/column to another row/column does not change
the value of the determinant.

aq (05} c. Qp aq Ay ... Qp
T ) C In ry T2 ... Tp
Y1 +CY 1 Y2 +a T2 Yn +CY Tn y1 y2 ?/n
'lUl Wo W, w, W2 ... Wp

6) The determinant of a diagonal matrix is the product of its diagonal elements:

d 0 ... 0
0 dp o 0|
0 0 ... d,

In particular, the determinant of the identity matrix I is equal to 1.

4. Determinant of an elementary matrices

THEOREM. If E is an elementary matrix then

det(FA) = det(AE) = det E - det A

where

1) If E is of Type I then det £ = —1.
2) If E is of Type II then det £ = «.
3) If E is of Type III then det £ = 1.
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5. Criterion of non-singularity

THEOREM. An n X n matrix A is singular if and only if det A = 0:

Ais invertible <= detA # 0 ‘

PROOF. For any A there exist elementary matrices Fy, Fs, ..., Ej such that
EkEk’fl o ElA - U

where U is the n x n matrix in the reduced row echelon form. As det(EA) = det E - det A
we obtain

det B, -det Ej,_q-...-det By -detA = detU
40
The matrix A is non-singular if and only if U = I. As det [ = 1 we obtain the result.

6. Multiplicativity property

THEOREM. If A and B are n X n matrices then

det(AB) = det A-det B

PROOF.

1. Assume B is singular, i.e. det B = 0. Let us prove that AB is also singular. Indeed,
from the equivalent conditions of non-singularity we conclude that there exists a non-trivial
solution to the linear system Bx = 0. Then x # 0 is also a non-trivial solution to the system
(AB)x = 0. Hence the matrix AB is singular and hence det(AB) = 0. So, we conclude

det(AB) = detA-_detB
~—

————
-0 0

2. Assume now that B is non-singular. Then it is row equivalent to the identity matrix.
Hence there exist elementary matrices Fy, Es, ..., Ej such that

EvEyy...E\B =1 = B=FE'E;'...E!

As det(AE) = det A - det E for any elementary matrix E and the matrices, inverse to
elementary matrices, are elementary matrices themselves, we obtain

det(AB) = det(AE;'Ey'...E;!) =
= det A-det(E;") - det(Ey")...det(E, ") =
= det A-det(E;'Ey'...E.") = detA-detB

-~

oyl
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2.7 Cofactor expansion of the determinant

1. Cofactor matrix

DEFINITION. Remind that for a nxn matrix A = (a;;) we denote by M;; the (n—1) x (n—1)
matrix obtained from A by deleting the row and column containing a;;. The determinant of
M;; is called the minor of an element a;; and the cofactor A;; of a;; is defined by

Aij = (—]_)H_j detMZ-j

The cofactor matriz of a matrix A = (a;;) is the n x n matrix whose entries are (A;;)

Ay A o0 A + - +
AQl AQQ P AQ - + -
Cof A = " . .
A A ... A
. Example
- 11 Qa2 Cof A — Q22 —G21
Q21 Q22 —Q12 11
Q22 Q23 | @21 Qg3 Q1 A2
a3z A33 ag1p ass azyp ass
Q12 A13 aixp a3 ailp aig

air G2 413
A = ag1 Q22 Q923 Cof A = —'

azz (33 a31 ass a31 432
az1 G32 (33

12 413 | G a3 ann i

Q22 A3 a21 Q23 G21 Q22

. Cofactor expansion of the 2 x 2 and 3 x 3 determinants

We have already came across the cofactor expansions of 2 x 2 and 3 x 3 determinants with
respect to the first row. Using the formulas for 2 x 2 and 3 x 3 determinants it is not difficult
to verify that the similar expansions hold also with respect to any row or any column of the
matrix. Namely, the row expansions of the 2 x 2 and 3 x 3 determinants are

a11 A1 + a12hi2 + a13As3
a1 Ay + apA
det A = 1L 12712 det A = CL21A21 + a22A22 + (1231423
ag1 Ao + agaAg
az1 Az + asgAss + azzAss

The corresponding column expansions are

n=2 n=3
ap1 A + agAg + azi Az
aj1Ai + anA
det A = He e det A = a12A19 + a9 Ags + asa Aso
a12A12 + aga Az
a13A13 + aggAgz + azzAss
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It turns out that the similar relations hold also in the case of arbitrary n.

. Cofactor expansion of the determinant with respect to arbitrary rows and columns

THEOREM. Assume A is an n x n matrix whose elements are (a;;) and denote by A;; the
cofactor associated with the element a,;. Then for any i, j =1,...,n

n
det A = Z a;rA;r  — the cofactor expansion with respect to i-th row
k=1

det A = Z ax;Ar; — the cofactor expansion with respect to j-th column
k=1

PROOF. See §2.10. [

. Determinants of upper and lower triangular matrices

THEOREM. If an n X n matrix A is either upper or lower triangular then determinant of A
equals the product of the diagonal elements of A.

PROOF. For a lower triangular matrix (for example) at each step we are doing the cofactor
expansion of the corresponding determinant with respect to the first row:

a1 0 0 0 0 (2 0 0 0

91 Q292 0 0 0 a a 0 0 ass 0 0
32 (33
a1 aszx azxz 0 0 | = ap; g | = @u-az2-| a3 G 0 | =
0 Qg2 Q43 QAq4q
Q41 Q42 Q43 A44 53 054 Q55

Q51 ds2 Q53 As4 QG55

= a1 - A2 - A33 "
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2.8 Inverse matrix and cofactor matrix. Cramer’s rule

1. Basic property of the cofactor matrix

THEOREM. For any n x n matrix A the product of the transpose of A by the cofactor matrix
Cof A equals to the n x n identity matrix I multiplied by the scalar det A:

A(CofA)" = det AT

In other words, for any ¢, j =1,...,n

det A, 1=

anAj + aipAjo + ...+ appAj, = { 0 Y

PROOF.

1. In the case ¢ = j this formula is just a cofactor expansion of the determinant with respect
to the i-th row that was already proved in the previous section.

2. Now consider the case i # j (in our example i = 4 and j = 2). Consider the matrix A
which is obtained from matrix A by replacing the elements in 2-nd row by the elements of

4-th row:
a1 @12 Q13 414 Q15 a1 @12 13 Q14 Gi5
Q21 Q22 Q23 Q24 Q25 B 41 Q42 Q43 Q44 A45
A= az1 (32 az3 aAz4 A35 — A= 31 a3z az3 az4 0a3zs
Aq1 Q42 A43 A44 Q45 Q41 Q42 A43 A44 Ag5
51 G352 (as53 As4 G55 51 Gs2 (A53 (As4 G55

Denote elements of the new matrix A by (a;;).
3. As the matrix A contains two identical rows we conclude

det A = 0

4. Now we can write the cofactor expansion of det A with respect to 2-nd row:

0=detA = &2112121 + (12212122 +...+ &271,121271 = (L411‘~111 + 614212122 +...+ (1471,121271

5. Note that the cofactors of all elements in 2-nd rows of matrices A and A are the same:
Ay = 12121, Agy = 12122, coo Ay = Ay,

Hence we obtain
ag1Aor + agploo + ...+ agnAsy = 0
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2. Computing the inverse matrix using determinants

THEOREM. Assume an n X n matrix A is non-singular. Then

-1 1 T
= detA(COfA)

PrRoOOF. We obtain .
A (CofA) =detA ]

As A is non-singular we can multiply the last relation by the matrix A=! from the left:

ATTA(Cof A) = detAATTT = (CofA)" = detA A

3. Adjugate matrix

DEFINITION. For the n X n matrix A its adjugate matrix Adj A is defined by
AdjA == (Cof A)"

Hence for a non-singular matrix A we obtain the formula

1
-1 Adi A
detA Y

4. Cramer’s rule

THEOREM. Let A be an n X n non-singular coefficient matrix, and let b € R™ be the given
column vector

11 a2 13 by
A= Q21 dg22 (23 b = by
a31 Q32 as3 b3

Denote by A® the matrix obtained from A by replacing the i-th column of A by b:

by ap a3 apy by ag apy ap by
AW = by a2 ass ) AP = az by ass ) A® = az Az by
by asp ass az1 by ass asz asp b3
Then the unique solution x = (21,79, ...,7,)T to the linear system
Ax = Db
is given by the formulas
det A®)
xT; = m, Z:1,2,...,7’L.
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PROOF. Using the formula A~ = - (Cof A)” we obtain

1
— A ln — T
x = A7 = ——(Cof 4)D
Note that (Cof A)” has the entries
Ay Ay oo An
(Cof A)T = Az Ay oo App
Aln A2TL R Ann

where A;; is the cofactor of the element a;; of the matrix A. Hence for the ¢-th entry of x
we obtain the formula

1

The expression in the brackets is nothing but the cofactor expansion of det A®) with respect
to the i-th column of the matrix A®:

det A(z) = Ah‘bl + Agibg + ...+ Ambn
Hence we arrive at

. det A®
T detA
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2.9 Combinatoric definition of determinants

1. Group of transformations
DEFINITION. Assume X is some set and denote
S(X) :={f:X — X: fisa bijection }
A family of maps G C S(X) is called a group of transformations on the set X if

1) feG,geG = gofeG, foged
2) id € G, where id is the identity map, i.e. id(z) =z, Ve € X
3) feG = [fled

2. Permutations of n elements
DEFINITION. A permutation of n elements is a bijection of the set {1,2,...,n} onto itself:
fAL2,...n} = {1,2,...,n}, f is a bijection.

Any permutation of set elements can be characterized by the array of by the row vector

1 2 3 ... n . .
f_(il . Zn) — f= (i1, 42, 03 ... 10,)
3. Group of permutations

DEFINITION. We denote by S, the set of all permutations of n elements.

THEOREM. The set S, consists of n! permutations.

EXAMPLE. The set S5 of permutations of three elements {1, 2,3} consists of 6 permutations:

f1:(17273) f3:(271’3) f5:<2a371)
f2:(173a2) f4:<37172> f6:(37271)

4. Inversions in a permutation

Assume f = (iq, 19,13, ...,1,) is some permutation of n elements. Consider the set consisting
of ordered pairs

(i1,92) (i1,73) (i1,%4) .. (G1yip—2)  (i1,0n—1)  (41,%n)
(i2,13) (d2,%4) ..  (i2y0n—2)  (i2y0p-1)  (i2,in)
(i3,74) ... (i3,%p2) (13, 0p-1) (i3,1n)

(in—Sa in—?) (Z'n—?n Z‘n—l) (in—?n Zn)
(in—27 in—l) (in—Qa Zn)
(Z‘nfla Zn)
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The pair (ig, ;) in this table is called the inversion in the permutation f if the first element
in this pair is greater than the second one. The total number of such pairs in the table above
is called the number of inversions in the permutation f.

ExaMPLE. Let f = (2,6,4,1,3,5) be a permutation of 6 elements. Then the table above is

(2,6) (2,4) (2,1) (2,3) (2,5)
(6,4) (6,1) (6,3) (6,5)
(4,1) (4,3) (4,5)

(1,3) (1,5)

(3,5)

The inversions in f are marked in red. The number of inversions in the permutation f is 7.

. Signature of a permutation
DEFINITION. Sign or signature of a permutation f € S, is the number

sign f = (—1), where k is the number of inversions in f

. Composition of a permutation with a transposition

THEOREM. If the permutation g = m;; o f € S, is obtained from the permutation f € 5,
by the transposition 7;; of its i-th and j-th elements then

signg = —sign f

PROOF. Assume f = (2,6,4,1,3,5) and assume g = (2,3,4,1,6,5) is obtained from f by
transposition of elements 6 and 3. Then

(2,6) (24) (21) (23) (2,5) (2,4) (23) (2,1) (2,6) (2,5)
(6.4) (6,1) (6.3) (6,5) (3,4) (3,1) (3,6) (3,5)

f: (4,1) (43) (4,5) g (4,1) (4,6) (4,5)
(13) (1,5) (1,6) (1,5)

(3,5) (6,5)

We see that the total number of elements in the table which are affected by a transposition
is odd (these elements are colored). Assume that among colored elements in the first table
there are = pairs which are inversions and y pairs which are non-inversions. Then in the
corresponding (colored) elements of the second table we have vice versa y pairs which are
inversions and x non-inversions. As z+y is odd we conclude that x and y have different parity.

Hence the total number of inversions in f and g have different parity. Hence sign g = — sign f.
O
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7. Group of permutations S

Let us compute signatures of the elements of Sj:

=23 | L2 gg; sign f, = (~1)° = 1
he(32 | 13 gg; sign fo = (—1)! = —1
=) | B g = (-1 = 1
=) | Y00 = (-2 =1
=31 | 33 83 sign f5 = (=1)2 = 1
fo= G2y | BP0 g gy = (-1 = -1

8. Combinatoric interpretation of the determinant of 3 x 3 matrix
The expression for the determinant of a 3 x 3 matrix A

@11 a2 i3
Q21 Q22 Q23 | = Q11022033 + G12G23031 + A13A21032 — Q13022031 — Q12021033 — Q11023032

431 sy Qa3 f1=(1,2,3) f3=(2,3,1) f4=(3,1,2) fo=(3,2,1) f3=(2,1,3) f2=(1,3,2)

is the linear combination of the products ay, , Gk, j, @ksj, Of elements of the matrix A, taken one
from each row and each column. By rearranging elements in each product we can re-write
each product in the form

Q141 A2 A3
Then the 3-tuple (i1, 4s,43) form some permutation of three elements. Note that the sign in
front of the product coincide with the signature of the corresponding permutation. So, we
can interpret the expression of the determinant of a 3 x 3 matrix as a sum taken over all
possible permutations of 3 elements:

det A = Z sign f - A1f(1)a2f(2)A3f(3)
fESs

This definition can be easily extended in for arbitrary n x n matrices.
9. Combinatoric definition of the determinant of n x n matrix

DEFINITION. The determinant of an n X n matrix is the scalar

det A = Z sign f - ayp(1)az2f2) - - - Anf(n)
fESH

where S, denotes the set of all possible permutations of n elements (so, the sum contains
n! terms) and sign f = £1 is the signature of the permutation f (equal to the —1 power to
number of inversions in the permutation f).
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2.10 Justification of properties of determinants

1. Determinant of the transposed matrix

THEOREM. For any n x n matrix A

det(A") = det A

PROOF.

1. det A = 11022033 + G12G23031 + A13021032 — Q13022031 — Q12021033 — Q11023032
113421032 f = (3; 1, 2)

= a1£(1)02£(2)A3£(3) = Gg(1)10¢(2)20q(3)3

2. Let us show that g = f~!
f_123 (1 23\ (312
“\31 2 9=\231)7 12 3)
of_123 123\ (312 123)_(123)_
ger =19 3 1 312) \123 312) \123)7"

fESn — g:f_l

3. Let us show that the sets {f™'}jcs, and {f} es, are the same.
fi=(123) A =(123)

f2*<17372> 21:(1,3,2)

f _<27173> fﬁ :(2,1,3) _ .
fi=(3,1,2) fz‘l:(z:%,l) — {flfeS}t={f"1f€sS}
f5=1(2,3.1) fol=1(3,1,2)

fo=3.21)  fi'=321)

4. Let us show that sign f~! = sign f

sign f{ ' =sign f; =1
sign f; 1 = sign fo = —1
siin ;zl = siin }03 =—1
sign f; 1 = sign fs = 1
sign fs ! =sign f, = 1
sign f; ! = sign fg = —1

—  signf ! =sign f

5. Use the definition of the transposed matrix: (A”);; = (A4);i

def . {:f71 .
det A = g sign f - ayp1)azp2)ass ) = E sign f - ag(1)10g(2)20(3)3 =
~——
fesSs fess =signg

= ) signg- aganagepdgss = Y signg - (A )iy (AT )age) (A )se = det(A”)

gES3 gESs
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2. Interchanging any pair of rows or columns changes the sign of the determinant

THEOREM. If the matrix B is obtained from the n x n matrix A by the interchange of its
two rows or two columns then

det B = —detA

PROOF.

1. Assume, for example, that we interchange the 1st and the 2nd rows:

11 Az ... Q1n (21 Ag2 ... Q2
A — (21 Q22 ... QA2p B— aj;p a2 ... Qip
Ap1 Ap2 ... Qpp Ap1 QAp2 ... QApp

2. Let us show that g = m;; 0 f

det A = Z sign f - aip(1ya2y(2)a35(3)
feSs

det B = Z sign f - asp(1)a1f(2)a35(3) Z sign f - a1f(2)a27(1)a35(3)
f€Ss fESs

Denote by g the permutation obtained from f by interchanging its 1st and 2nd elements.

det B = Z sign f - a14(1)@29(2)@34(3)
f€Ss

3. Let us show that the sets {m;; o f}fes, and {f}ses, are the same.

=(1,2,3) g1 =1(2,1,3)
f2= (1,3,2)  g2=1(3,1,2)
?ii%%ii ﬁiiﬁjijgg — {flfeSsy={glfeSs}
f5 =(2,3,1) gs=1(3,2,1)

=(3,2,1)  gs=1(2,31)

4. Use the property sign(m;; o f) = —sign f

sign g = —sign f

5. Use combinatoric definition of the determinant.

det B =) signf- aip@)aapyaspa) = D, _Sign [ - ig(1)aag(2)sg(s) =
f€Ss fESs

=—signg

= — Z signg . alg(g)agg(l)ag,g(g) = —det A
gES3
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3. Determinant is a linear function of elements of a certain row or column

THEOREM. Assume x € R"” is a row vector and [ : R® — R is the function

aq s ... Qp
by by ... b,
[(x) = det e : X = (21,%2,...,Ty,)
1 2 n
wr Wy ... Wy

where the variable vector x forms the i-th row of the matrix and the elements in all other
rows are considered to be fixed coefficients. Then there are coefficients Ay, Ay, ..., A, € R
which are independent of x1, xo, ..., x, such that

l(X) = A1{L’1—|—A2$2+...+Anl‘n, Vx e R"

PROOF.
det A = Zsignf-alf(l)agf(g)...anf(n) =
J€Sn
= Zsignf-af(l)bf(g)...m...wf(n) =
S
:atl(...>+x2<...)+...+xn(...>
—— ~—— ——

=: A4 =: A =: A,

4. Cofactor expansion of the determinant with respect to arbitrary rows and columns

THEOREM. Assume A is an n X n matrix whose elements are (a;;) and denote by A;; the
cofactor associated with the element a;;. Then for any i, j =1,...,n

n

det A = Z a;rA; — the cofactor expansion with respect to i-th row
k=1

n

det A = Z ap;Ax; — the cofactor expansion with respect to j-th column
k=1

PROOF.

1. We already know that the determinant of the n x n matrix is the linear function od the
elements of some row. This means that for the i-th row there exists coefficients x&i), xg),
- ng) € R which are independent of the elements a;1, a;s, ..., a;, of the i-th row of A and
such that

det A = :cgi)ail + :cg)aig + ...+ xﬁf)am
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Our goal is to show that

2. Let us show first that :I;;n) = A,,,. Remind that in the combinatoric expression for det A
all terms containing a,, have the form

14, Q245 « - - An—14,,_1 Ann,

where (iq,1s,...,0,_1) is some permutation of numbers (1,2,...,n — 1). In other words,

xgn) — Z Slgnf . alf(l)a2f(2) e an—lf(n—l)
feG

where G := {f € S, | f(n) = n} is the set of all permutations of n elements which do not
permute the last element.

3. Obviously, the set G is in one-to-one correspondence with the group S,,_; of all permu-
tations of n — 1 elements. Hence we obtain

gESnfl

where f, € S, is a permutation of the form
f= 1 2 ... n—1 n
! 9(1) 9(2) ... gln—=1) n
4. Since the number of inversions in f, and in g is the same, we obtain

sign f, = signg

5. So we obtain
o) =Y signg iz - Gnotgne)
g€S7L71
The last expression if nothing but the combinatoric definition of the determinant of the
(n — 1) x (n — 1) matrix obtaiend from A by the eliminating of its last row and column.

Hence we arrive at
2 = det My, = Any

6. Consider now the element a;;. Let us introduce the matrix B, which is obtained from
the matrix A by the following operations: first, we interchange the rows sequentially so that
the i-th row of the matrix A goes to the last place (these are n — i interchanges of rows),
and then interchange the columns of the resulting matrix so that the j-th column of this
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matrix goes to the last column in the matrix B (this is another n — j column rearrangement
operations).

aijy Q2 13 Q14 QAis 11 a2 Q14 Aais 13
Q21 Q22 23 A24 A2s 31 a3z A34 AaAzs UA33
A= | a3 ase asz ass ass — B =\ an ag a4 as5 (43
aq1 Q42 (43 Q44 Q45 Q51 ds2 G54 As5 (53
as51 Qs2 053 As4 Az Q21 dAg22 Q24 Ag5 23
Note that
B _ ajA
Mnn = Mz-j

7. As B is obtained from A by (n — i) + (n — j) = 2n — (i + j) interchange of rows and
columns from the properties of determinants we conclude

det B = (—1)*"""7det A = (—1)"" det A.

8. We know that det A is a linear function of the elements of its i-th row and det B is the

linear function of elements of its last row. Hence there exists coefficients xgi), xéi), e 7
(independent of the elements of i-th row of a matrix A) and coefficients ¢\”, 43, ..., y?

(independent of the elements of the last row of a matrix B) such that

det A = xgi)aﬂ + xéi)aig + ...+ x(i)alj +...+ xﬁf)am

J
det B = yMan + 5 ai + ... +yiV 100 + M ay;

9. We know that the coefficients xﬁi), :Egi), ey 2 and y%n), yén), e yq(q,”) do not depend
on the elements of the corresponding rows of the matrices A and B. Consider a matrix A
whose entries in all rows, except the i-th row, coincide with the elements of the matrix A,
and in the i-th row all entries are zeros, except for the element a;; = 1. Then for this matrix
we obtain 3 A A A A ‘

det A = x§”-0+x§”-0+...+x§”-1+...+x§;>-0 = xy)
Now transform that matrix A by interchanging its rows and columns into the matrix B in
the same way as we transformed before A into B. Then

det B = y§”>-0+y§”>-0+ +y7(f_)1-0+y,(1")-1 =y

As the matrix B is obtained from A by 2n — (i 4 j) interchange of rows and columns from
properties of determinants we conclude

det B = (~1)™detA = a2l = (~1)"Hy"

10. We already know that
yi" = det M7 = det M}
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Hence we conclude that , o
x;” = (=1)"" det M} = Ay

]

Finally we arrive at
det A = Ajja; + Apap + ...+ Ajpin

Theorem is proved. [

END OF SEMESTER 1
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