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Preface

Although mathematical olympiad competitions are carried out by solving prob-
lems, the system of Mathematical Olympiads and the related training courses can-
not involve only the techniques of solving mathematical problems. Strictly speak-
ing, it is a system of mathematical advancing education. To guide students who are
interested in mathematics and have the potential to enter the world of Olympiad
mathematics, so that their mathematical ability can be promoted efficiently and
comprehensively, it is important to improve their mathematical thinking and tech-
nical ability in solving mathematical problems.

An excellent student should be able to think flexibly and rigorously. Here the
ability to do formal logic reasoning is an important basic component. However, it
is not the main one. Mathematical thinking also includes other key aspects, like
starting from intuition and entering the essence of the subject, through prediction,
induction, imagination, construction, design and their creative abilities. Moreover,
the ability to convert concrete to the abstract and vice versa is necessary.

Technical ability in solving mathematical problems does not only involve pro-
ducing accurate and skilled computations and proofs, the standard methods avail-
able, but also the more unconventional, creative techniques.

It is clear that the usual syllabus in mathematical educations cannot satisfy
the above requirements, hence the mathematical olympiad training books must be
self-contained basically.

The book is based on the lecture notes used by the editor in the last 15 years for
Olympiad training courses in several schools in Singapore, like Victoria Junior
College, Hwa Chong Institution, Nanyang Girls High School and Dunman High
School. Its scope and depth significantly exceeds that of the usual syllabus, and
introduces many concepts and methods of modern mathematics.

The core of each lecture are the concepts, theories and methods of solving
mathematical problems. Examples are then used to explain and enrich the lectures,
and indicate their applications. And from that, a number of questions are included
for the reader to try. Detailed solutions are provided in the book.

The examples given are not very complicated so that the readers can under-
stand them more easily. However, the practice questions include many from actual
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competitions which students can use to test themselves. These are taken from a
range of countries, e.g. China, Russia, the USA and Singapore. In particular, there
are many questions from China for those who wish to better understand mathe-
matical Olympiads there. The questions are divided into two parts. Those in Part
A are for students to practise, while those in Part B test students’ ability to apply
their knowledge in solving real competition questions.

Each volume can be used for training courses of several weeks with a few
hours per week. The test questions are not considered part of the lectures, since
students can complete them on their own.

K. K. Phua
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Abbreviations and Notations

Abbreviations

AHSME
AIME
APMO
ASUMO

BMO
CHNMOL

CHNMOL(P)
CHINA

CMO
HUNGARY
MO
IREMO
KIEV
MOSCOW
POLAND
PUTNAM
RUSMO
SSSMO
SMO
SSSMO(J)

SWE

American High School Mathematics Examination
American Invitational Mathematics Examination
Asia Pacific Mathematics Olympiad

Olympics Mathematical Competitions of All
the Soviet Union

British Mathematical Olympiad

China Mathematical Competition for Secondary
Schools

China Mathematical Competition for Primary
Schools

China Mathematical Competitions for Secondary
Schools except for CHNMOL

Canada Mathematical Olympiad

Hungary Mathematical Competition
International Mathematical Olympiad

Ireland Mathematical Olympiad

Kiev Mathematical Olympiad

Moscow Mathematical Olympiad

Poland Mathematical Olympiad

Putnam Mathematical Competition

All-Russia Olympics Mathematical Competitions
Singapore Secondary Schools Mathematical Olympiads
Singapore Mathematical Olympiads

Singapore Secondary Schools Mathematical Olympiads
for Junior Section

Sweden Mathematical Olympiads
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Abbreviations and Notations

USAMO United States of American Mathematical Olympiad
USSR  Union of Soviet Socialist Republics

Notations for Numbers, Sets and Logic Relations

N

Ny

Z

7+

Q

Q+
QF

R

[m, n]
(m,n)
alb
a

B
(]
{x}

a =b(mod c)
(&)

n!
[0,
(a.b)
4

=
ACB
A-B
AUB
ANB
a€A

the set of positive integers (natural numbers)

the set of non-negative integers

the set of integers

the set of positive integers

the set of rational numbers

the set of positive rational numbers

the set of non-negative rational numbers

the set of real numbers

the lowest common multiple of the integers m and n
the greatest common devisor of the integers m and n
a divides b

absolute value of =

the greatest integer not greater than x

the least integer not less than x

the decimal part of z, i.e. {z} == — |z

a is congruent to b modulo ¢

the binomial coefficient n choose k

n factorial, equal to the product1-2-3-n

the closed interval, i.e. all x such thata < z < b
the open interval, i.e. all z such thata < x < b

iff, if and only if

implies

Ais a subset of B

the set formed by all the elements in A but not in B
the union of the sets A and B

the intersection of the sets A and B

the element a belongs to the set A
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Lecture 16

Quadratic Surd Expressions and Their Operations

Definitions

For an even positive integer n, by the notation {/a, where a > 0, we denote
the non-negative real number x which satisfies the equation ™ = a. In particular,
when n = 2, ¥a is called square root of a, and denoted by +/a usually.

For odd positive integer n and any real number a, by the notation {/a we
denote the real number x which satisfies the equation " = a.

An algebraic expression containing v/a, where a > 0 is not a perfect square

, —~—=, €tC.
23

number, is called quadratic surd expression, like 1 — /2

Basic Operational Rules on \/a

O  (Va)? = a, where a > 0.
a fora > 0,
a Va2=la={ 0 fora =0,
—a fora < 0.

a1 Vab=/la]- /b  ifab>0.

av) \[_\/;' ifab>0, b+ 0.
Vbl

-
V)  (Va)"=+a"  ifa>0.
(VI) a\e+by/e=(a+b)e ifc>0.

S
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Rationalization of Denominators

1 avb — evd

@ = , where a, b, ¢, d are rational numbers, b, d >
avb + evd a?b — c2d
0 and a?b — c2d # 0.

1 avb + cVd

an A~ = 2 —2d where a, b, ¢, d are rational numbers, b, d >
0 and a?b — c2d # 0.

In algebra, the expressions A + BVC and A — BVC, where A,B,C are
rational and v/C is irrational, are called conjugate surd expressions.

The investigation of surd forms is necessary and very important in algebra,
since surd forms and irrational number have close relation. For example, all the
numbers of the form v/n,n € N are irrational if the positive integer n is not a
perfect square. In other words, the investigation of surd form expressions is the
investigation of irrational numbers and their operations essentially.

Examples

a a® — 4ab + 4b?
a —2b a(2b — a)

Example 1. Simplify the expression

Solution Since a — 2b # 0, so

a? —4ab+4b*>  (a — 2b)?
a(2b—a)  a(2b—a)

>0=a(2b—a)>0.

a
a_2b<0and 2b—

a [a? — 4ab + 4b2
a—2b a

Therefore > 0, so

<2b_a) 226_“;
¢ o (2b — a) a

a) a 2b—a’

Example 2. Given that ¢ > 1 and

l\D
+
[\')
+

c+1 c+ c+1 Ve—+e—1
—Ve—1 Y= ct1—+ec ' c+2—+ec+

arrange x, y, z in ascending order.

S+
_|_
o
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Solution From

Vet2-—vVetl  [(Vet+2)? - (Vet+1)?(Vet+Ve—T)
Ve—ve—1 (Vet+2+Ve+1)[(Veo)2 = (Ve—1)%
Vet+ve—1

Vet 24+yerT1

y = Vet2—Vetl [(Vet+2)? - (Ve+1)?(Ve+1+V0)

Ve+1—y/c (Vet+2+ Vet D[(Ve+1)2 = (Vo)
Vet+1+4/c
Vet 2+ e+ 1

it follows that x < y. Further,

Ve Veml [V — (Vem Wer 2+ VerT)

T T Verr-Verl (Ver Ve DI(Ver 2P - (Ver DY)
_ Ver2+ et
Jetve—1

Since /Je++vVe—1<+Ve+1++e<vVe+24++vVe+1,thuse <y <z
Example 3. (SSSMO/2003) Let x be a real number, and let

_ 143z \/\m|—2—|—\/2—|x\
1+ |2 — x|

Prove that A is an integer, and find the unit digit of 42093

Solution Since || —2 > 0 and 2 — |z| > 0 simultaneously implies |z| = 2,
so £ = %2 only. Since the denominator |z — 2| # 0, i.e.  # 2,50z = —2.
Therefore A = 7. Then

72003 — (74)500. 73 =243 =3 (mod 10),

therefore the units digit of A is 3.

VitV3 _Vi-\3
V-3 T VT

find the value of 4 + y* +

Example 4. Given x =

(x+y)*

Solution Here an important technique is to express to 2% + y* + (z + y)*
by 4+ y and xy instead of using the complicated expression of x and y. From

(\f+f) 1o+2f) (5+W)
_?(ﬁ_ﬁf:1(10—2@):5(5—@),
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it follows that x + y = 5 and xy = 1. Therefore

iyt + (2 +y)!
= (2% + y?)? — 22%y% + 5 = [(z + y)? — 2(zy)]? — 2(zy)? + 625
=232 — 24625 = 527 + 625 = 1152.

V2+V3-V5
V2+V3+ V5

Example 5. Simplify the expression by rationalizing the denom-

inator.

Solution

VZ+V3-VE 2V5
V2+V3+V5 T V24+V3+VE
o 2(V24VB-VE) L 2(VI0+ V5 - 5)

(V2+V3)2-5 223
V10 ++15 -5 V60 + v/90 — 5v/6
V6 6
_,_ VI VIO 5V6
I T T

Example 6. Simplify S = V22 + 22 + 1 — V22 + 42 + 4+ Va2 — 62 + 9.

Solution From S = V22 + 2z 4+ 1 — Va2 +4dz+4+ V22 —62+9 =
|z + 1| — |z 4 2| + |x — 3|, there are four possible cases as follows:

) Whenz < —2,thenS=—(z+ 1)+ (x+2)— (x —3) = -z + 4.
(i) When—-2<z<—-1thenS=—(z+1)—(z+2)—(z—3)=—-3z.
(i) When—-1<z <3, thenS=(z+1)—(z+2)—(z—3)=—-2+2.
(ivy When3<uz,thenS=(z+1)—(z+2)+(x—-3)=z—4.
Example 7. (SSSM0O/2002/Q12) Evaluate

(VI0+V11+V12)(V10+v11-V12) (V10— V11+V12) (V10— V11 -V12).

Solution Let A = (v10+v11++v/12)(v10+ v11—v12)(vV10— V11 +
V12)(v/10 — /11 — 1/12). Then

A = [(VI0+V11)? — (VI2)?)[(V10 - V11)* — (V12)?]
(9+2v10-v11)(9 — 2/10 - V11) = 81 — 440 = —359.
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V15 +/35+ 2145
V3+2V5+VT

(VIS +V21) + (V35 +5) _ (VB+VB)(V5+VT)
(V3+V5) +(V5+VT)  (V3+V5)+ (V5+VT)

1 (V3+VB)+(V6+VT) 1 L1
N (V3+VB)(VE+VT)  VE+HVT  V3+VE

= S(VT-VB) + 5 (VB VE) = S(VT - V).

2 2V7T+v3) _ VT+V3
Vi3 4 2

Example 9. (Training question for National Team of Canada) Simplify

= + 4+t .
2VI+vV2 3vV2+2V3 100+/99 + 99+/100

Solution For each positive integer n,

Example 8. Evaluate N =

Solution N =

SN =

1 _ 1 Vit l-m
(n+1)y/n+nyn+1 Vnn+D)(Vn+14+yn)  /nln+1)
1 1

S Va Vet
hence

1 1 1

P - (@) R ()
ST

100 10 10°

Testing Questions (A)

1. Ifx <2 then|/(z —2)2+ /(3 — z)2| is equal to
(A)5—22 B)2z -5 ©)2 (D) 3.
1 2
2. Simplify tV2+V3 by rationalizing the denominator.

1-vV2+3

—4 3 1 2 _
3. Simplify the expression 1: 43+ (z+ )m

, where x > 3.
2?2 +4x4+3+ (x—1)vVa2 -9
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2+3vV3+5
(24 v3)(2V3 +V5)

Simplify

Evaluate

(VBE+V6+VT)(VE+ V6 — VT) (V5 — V6 + VT7)(—Vb + V6 + V7).
(SSSMO(J)/1999) Suppose that a = /6 — 2 and b = 2¢/2 — /6. Then
(A)a>b, B)ya=b (Ca<b [D)b=+2a, (E)a=+2b.

Arrange the three values a = /27 — v/26,b = /28 — /27, ¢ = /29 — /28

in ascending order.

3
The number of integers x which satisfies the inequality ——— < x <
; 8 YT V3
— s
V5 -3
(A) 2, (B) 3, (C) 4, (D) 5, (E) 6.

1 1 2
+ + .
1-V5 14V56 1++5
Givena >b>c¢>d>0,and U = Vab + Ved, V = Jac + Vbd, W =
Vad + v/be. Use “<” to connect U, V, W.

Calculate the value of

Testing Questions (B)

(CHINA/1993) Find the units digit of the expression

1993
o (—m . ¢a|—3+¢3—|a>

44+ a 3—a

3 4 3 2 3 1 -1
(CHNMOL/1993) Simplify /3 <\/; _ \/; N \/;) ,

1998 x 1999 x 2000 x 2001 + 1
1 .

(CHINA/1998) Evaluate \/

: 3 3 1
Given a = V4 + /2 + 1, find the value of = + = + —.
a a? a3
Given that the decimal part of M = (/13 + m)G is P, find the value of

M(1 - P).
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Compound Quadratic Surd Form v'a + v/b

Basic Methods for Simplifying Compound Surd Forms

@ Directly simplify according to algebraic formulas: like
Viae+b)2=la+b|, (a+b1=(a+b)? /(a+b)3=a+b,etc.

(II)  Use the techniques for completing squares to change the expression in-
side the outermost square root sign to a square, like the simplification of

2+ /3.

(III)  Use other methods like Coefficient-determining method, substitutions of
variables, etc.

Examples

Example 1. (SSSMO(J)/2003) Find the value of \/17 + 4v/13 — /17 — 41/13.

Solution

V17 + 413 — /17 — 4/13
= (VB2 - /(VB-2p2 = VI3 42— (VIB-2) = 4.

2 2
Example 2. (SSSMO(J)/2002) Find the value of — .
ple 2. ( " : \/52\/6 \/5+2\/6
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Solution Since 5 — 2v/6 = (V3 — v/2)2,5 + 2v6 = (V3 +V2)?,

2
\/5—2f \/5+2\f \/ V3 —1/2)2 \/\f+\f
V3+v2) - V2(V3 - V2)
f—\f \f+f (V3)2 - (v2)?

=(V6+2) - (V6-2) =4

Example 3. Simplify \/4—1-\/»—1— \/4 5—2\/3—

Solution Since

4+ 15 = 8 +2V15 1/f+f
\/4—\/E= /8~ = \/\f—f
V3= \/ «/ V- 1) 5—1

\/4+\/ﬁ+\/4—ﬁ—2 3—V5

VAV (VE-V3) —2(VE-1) 2
V2 V2

Example 4. Simplify M = \/2 +vV-24+2V5— \/2 —V—=2+2V5.
Solution Leta =1/24+ v -2+ 2V5,b=1/2—+/—2+ 2v/5. Then

a’>+b%> =4 and
=\/4—(—2+2V5) =1/6-2V5=V5-1.

Therefore (a — b)?2 =4 — 2(v/5—1) =6 — 2/5 = (/5 — 1)?, 50

SO

= /2.

M=a-b=+v5-1.

Example 5. Simplify \/ 9+2(1+V3)(1+ V7).
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Solution Considering that 9+2(1++/3)(1+v/7) = 114+2v/3+2/5+2/15,
where the coefficients of the terms of \/3, \/5, v/15 are all 2, it is natural to use
the coefficient-determining method, assume that

\/9+2(1+\/§)(1+f7) =Va+Vb+ /e
Taking squares on both sides yields
114 2vV3+2V5+2V15 = a+ b+ ¢ + 2Vab + 2v/ac + 2Vbe.

By the comparison of coefficients, the following system of equations is obtained:

a+b+c = 11, (17.1)
ab = 3, (17.2)
ac = 5, (17.3)
be = 15. (17.4)

(17.2) x (17.3) x (17.4) yields (abc)? = 152, i.e. abc = 15,50 a = 1 from (17.4),
b = 3 from (17.3), and ¢ = 5 from (17.1). Thus,

\/9+2(1+\/§)(1+\ﬁ):ﬂ+\/§+\/5.

x* — 623 — 222 4+ 182 + 23
22 —8x + 15

Example 6. (SSSMO(J)/2007) Find the value of

when z = /19 — 8/3.
Solution = = /1983 =1/(4—3)2 =4 — /3yields4 — z = /3.

By taking squares, it follows that
z? — 8z + 13 =0.
Hence, by long division,
at — 623 — 2% + 182 + 23 = (2% — 8z + 13) (2 + 22 + 1) + 10 = 10,
so that the value of the given expression is 10/2 = 5.

Example 7. Given that the integer part and fractional part of \/37 — 20+/3 are z
4

and y respectively. Find the value of z + y + —.
Y

Solution /37 — 20v/3 =5 — 2/3 = 1+ 2(2 — /3) implies that

x =1, and y=2(2—-3),
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hence

2
mf5—2\/§+2(2+x/§)—9.

Example 8. Given that y is the nearest integer of , / \f + /3, find the value

of \/9+4/y.
Solution Since 2 = (V/3)% — 1= (/3 - 1)(V9+ V/3+ 1),

ﬁ/\/§,1+\f \/\f+f+1+f (V3+1)2=V3+1.

It is clear that 2 < /3 + 1 < 3. Further, (1.5)% > 3 = 2.5 — (V34 1) =
15— V3> /3-3=0,502< V/3+1< 2.5 hence y = 2. Thus

VIO+ 4y =1\9+4V2=/(V8+1)2=2V2+1.

3 3
. . a+8 [a—1 a+8 ja—1
E le 9. Simplift — .
xample 1mp1y\/a+ 3 3 +1/a 3 3
la—1 8
Solution Letz = GT,thena:i%xQ—l—land%:xQ—i—?), so that

the given expression can be expressed in terms of x:

3 3
a+8 ja—1 a+8 Ja—1
\/a—i— 3 3 +1/a— 3 3

= Y322+ 1+ (22 +3)z + /322 + 1 — (22 + 3)z

4
x+y+§:5—2\/§+

=VaP+322+ 30+ 14+V1-32+322 —23 = (2 +1)3 + /(1 —2)?
@)+ (1—2)=2.

Example 10. Findthevalueof\/2 2\/2W—\/2+ \/2+ 242+
Solution Let z = {/21/2v/2V2--- V2. y = \/2+\/2+ 24+ V2 + -

Then z satisfies the equation

z? = 2x,
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and its solution is x = 2 (since x > 0). Similarly, y satisfies the equation
v =2+y.

Then (y — 2)(y + 1) = 0 and y > 0 yields the solution y = 2. Thus

Testing Questions (A)

1. Simplify \/12 — 4+/5.

2. (CHINA/1996) Simplify /2 + v/3 + v/2 — V/3.

3. (CHNMOL/2000) Evaluate /14 + 6v/5 — \/14 — 6+/5.

4. (CHINA/1998) Evaluate v/8 + v/63 — /8 — v/63.

5. Simplify V4 + V7 + V4 — V7.

6. (CHINA/1994) Simplify \/ 715 — V16 — 2/15

7. (CHINA/1998) Given z +y = v/3V5 — V2,2 —y = v/3v/2 — /5. find the

value of xy.

8. Simplify \/8 +2(2+V5)(2+ V7).

9. Evaluate \/a+3+4\/a—1+\/a+3—4\/a—1.

10. Let A = \/\/§+1_\/\/§71. Is A the root of the equation x + 2 =
VVB+1+VVE -1
Vi- VR,

V2 - V10
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Testing Questions (B)

1. (CHINA/1996) Simplify \/2v/ab — a — b, where a # b.
3 = 3 — 5
2. Simplify \/( a—1-va) +\/( a1+ va)

Va—1++/a Va—+va—-1 "
3. Simplify /1 + a? + V1 + a2 + a™.
4. Simplify\/x+2+3\/2xf f\/z72+\/2:r75.

1 2+ Vx2+4
5. Given\f:\/5——,ﬁndthevalueof:vJr rVe
Vva T4+ 2 —Vz?2 4+ 4x
1

V17— 12v2

6. (CHINA/1999) Find the nearest integer of



Lecture 18

Congruence of Integers

Definition 1 When an integer n is divided by a non-zero integer m, there must
be an integral quotient ¢ and a remainder r, where 0 < |r| < m. This relation is
denoted by

n=mq-+r,

and the process for getting this relation is called division with remainder.

Definition 2 Two integers a and b are said to be congruent modulo m, denoted
bya =b (mod m), if a and b have the same remainder when they are divided
by a non-zero integer m. If the remainders are different, then a and b are said to
be not congruent modulo m, denotedby @ Z b (mod m).

By the definition of congruence, the following four equivalent relations are
obvious:

a=b (modm)<=a—-b=km<=a—b=0 (modm)<= m|(a—b).

Basic Properties of Congruence

@ Ifa=b (mod m)and b= c (mod m),then a = ¢ (mod m).
) Ifa=b (modm)andc=d (mod m),then

(a+c¢)=((b+d) (modm), (a—c)=(b—d) (modm).

@) Ifa=b (modm)andec=d (mod m),thena-c=b-d (mod m).
(IV) Ifa=b (mod m)thena™ =b" (mod m) for all natural numbers n.
(V) Ifac=bc (mod m)and (¢, m) =1,thena =b (mod m).

13



14 Lecture 18 Congruence of Integers

The Units Digit of Powers of Positive Integers a™

Let P be the units digit of a positive integer a, and n be the positive integer power

of a. Then the units digit of a™ is determined by the units digits of P", denoted by

U(P™), and the sequence {U(P™), n =1,2,3,...} follows the following rules:

@ The sequence takes constant values for P = 0,1, 5,6, i.e. U(P™) does not
change as n changes.

(II)  The sequence is periodic with a period 2 for P =4 or 9.

(IIT)  The sequence is periodic with a period 4 for P = 2, 3,7, 8.

The Last Two digits of some positive integers

@ The last two digits of 5" (n > 2) is 25.

(II)  The ordered pair of last two digits of 6™ (n > 2) changes with the period
“36, 96, 76,56 as n changes.

(III)  The ordered pair of last two digits of 7" (n > 2) changes with the period
“07,49,43,01” as n changes.

(IV)  The ordered pair of last two digits of 76™ is always 76.

Examples

Example 1. (CHINA/2004) When a three digit number is divided by 2, 3, 4, 5 and
7, the remainders are all 1. Find the minimum and maximum values of such three
digit numbers.

Solution Let z be a three digit with the remainder 1 when divided by 2, 3, 4,
5 and 7. Then z — 1 is divisible by each of 2, 3,4, 5,7, so

z—1=k-[2,3,4,5,7 = 420k.

Thus, the minimum value of x is 420 + 1 = 421, the maximum value of x is
2 x 420 + 1 = 841.

Example 2. It is known that 2726,4472,5054,6412 have the same remainder
when they are divided by some two digit natural number m. Find the value of
m.

Solution For excluding the effect of the unknown remainder, the three differ-
ences by the four given numbers can be used to replace the original four numbers.
Then
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m | (4472 — 2726) = m | 1746. 1746 = 2- 32 97;
m | (5054 — 4472) = m, | 582. 582 =2-3-97;
m | (6412 — 5054) = m | 1358. 1358 = 2-7-97.

Since 97 is the unique two digit common divisor of the differences, so m = 97.
Example 3. (CHINA/2000) Find the remainder of 32°°° when it is divided by 13.

Solution 32 = 27 = 1 (mod 13) provides the method for reducing the power
of 3, it follows that

32000 — (33)666 .32 = 32 =9 (mod 13).

Thus, the remainder is 9.

Note: For finding the remainder of a large power of a positive integer, it is
important to find the minimum power with remainder 1, or see if the remainders
are constant as the power changes.

Example 4. (SSSMO(J)/2001) Find the smallest positive integer k such that 26° +
k is divisible by 127.

Solution 27 =1 (mod 127) implies 27™ = (27)™ = 1™ = 1 (mod 127),
hence
269 = [(27)°)(2°) =2 =64  (mod 127),

therefore the minimum value of % is equal to 127 — 64 = 63.

Example 5. (SSSM0/2003) What is the remainder when 6272 4 8273 is divided
by 49?

Solution In general, for odd positive integer n,

a" 0" = (a+b)(a"t —a" P+ a3 — Y,
so that
6273 1 8273 = (6 + 8)(6272 — 6271 . 8 + 6270 . 82 — ... 1+ 8272) = 14]M,
where M = 6272 — 6271 . 8 46270 .82 — ... 4 8272 Furthermore,

M= (-1 - (1) 4 (-1)* —... +1=273=0 (mod 7),

273 terms

therefore 7 | M, hence 49 | 14M, i.e. the remainder is 0.

72009

Example 6. Find the remainder of the number 20052%° when divided by 7.
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72009

Solution First of all 200520 = 32007 (mod 7). Since 33 = —1 (mod

7) yields 3% = (3%)2 = 1 (mod 7),
2007299 = 32999 =3 (mod 6),
it follows that 20072°%9 = 6k + 3 for some positive integer k. Therefore
20052007 = 36k+3 = 33 =6 (mod 7).
Thus, the remainder is 6.

Example 7. (SSSMO/1997) Find the smallest positive integer n such that 1000 <
n < 1100 and 1111™ + 1222™ + 1333"™ + 1444™ is divisible by 10.

Solution Let N = 1111" 4 1222™ 4 1333™ 4 1444™. Then
N=1"4+2"4+3"+4" (mod 10).
For estimating the minimum value of n, we test n = 1000. Then
N=1+029 4+ 3H?0 + (4?2 =14+6+1+6=4 (mod 10).
Hence for n = 1001,
N=1+6-2+1-34+6-4=1+2+3+4=0 (mod 10).
Thus n,;, = 1001.

Example 8. Prove that for any odd natural number 7, the number 12007 4- 22007 1.
-+ 4+ n297 is not divisible by n + 2.

Solution By taking modulo n 4+ 2, and partition the terms as groups of two
each,
12007 4 92007 4 ... 4 2007

2007 2007
:1+L22007+n2007J+...+{(T) +(n—2i—3> J

1 2007 1 2007
=1+ L22007+(_2)2007J + o+ \‘(n—i— > + (nJr >

=1 (mod n+ 2).

[\

Thus, the conclusion is proven.

Example 9. (SSSMO(J)/2001) Write down the last four digits of the number
7128
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Solution Here the recursive method is effective. Start from 74 = 2401, then

74 = 2401 = 2401 (mod 10%),

78 = (7%)2 = (2400 + 1)% = (2400)2 + 4800 + 1 = 4801  (mod 10%),
716 = (4800 + 1)2 = 9601  (mod 10%),

732 = (9600 + 1)2 = 9201  (mod 10%),

764 = (9200 + 1)2 = 8401  (mod 10%),

7128 = (8400 + 1)2 = 6801  (mod 10%).

Therefore the last four digits of 7128 is 6801.

10.

Testing Questions (A)

(CHINA/2001) Find the number of positive integer n, such that the remainder
is 7 when 2007 is divided by n.

(SSSMO/1999) What is the remainder of 123456789% when it is divided by
87

Prove that 7 | (22225555 + 55552222),
Find the remainder of 4737"" when it is divided by 11.
(CHINA/1990) What is the remainder when 9199 is divided by 11?

(CHINA/2004) n = 3 x 7 x 11 x 15 x 19 x --- x 2003. Find the last three
digits of n.

(CHINA/2002) When a positive integer n is divided by 5, 7,9, 11, the remain-
ders are 1, 2, 3, 4 respectively. Find the minimum value of n.

(IMO/1964) (a) Find all positive integers n for which 2™ — 1 is divisible by
7.

(b) Prove that there is no positive integer n for which 2" + 1 is divisible by
7.

(SSSMO/00/Q11) What is the units digit of 31999 x 72000 x 1720019
A1 B)3 (OF) D)7 E)9

Find the last two digits of 2799,
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Testing Questions (B)

1. Find the last two digits of 1414
2. Find the remainder of (25733 + 46)?¢ when it is divided by 50.

3. (SSSMO(J)/2003) What is the smallest positive integer n > 1 such that 3"
ends with 003?

4. (CHNMOL/1997) There is such a theorem: “If three prime numbers a, b, ¢ >
3 satisfy the relation 2a + 5b = ¢, then a + b + c is divisible by the integer
n.” What is the maximum value of the possible values of n? Prove your
conclusion.

5. (MOSCOW/1982) Find all the positive integers n, such that n - 2™ + 1 is
divisible by 3.
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Decimal Representation of Integers

Definition The decimal representation of integers is the number system that
takes 10 as the base. Under this representation system, an (n + 1)-digit whole
number (where n is a non-negative integer) N = a,a,_1 - - - ¢1a¢ means

N=a, x10" +an,_1 x 10" 1+ 4+ a3 x 10 + a. (19.1)

The advantage of the representation (19.1) is that a whole number is expanded
as n + 1 independent parts, so that even though there may be unknown digits, the
operations of addition, subtraction and multiplication on integers can be carried
out easily.

Decimal Expansion of Whole Numbers with Same Digits or Periodically
Changing Digits

gaa-—a=a(10" 1+ 10" 2 4. +10+1) =

n

a

—(10" -1

S (10" - 1),
abe

abcabe - - - abc = abc(103 =1 £ 103("=2) ... 1 10% + 1) = @(103“ —1).
N————

n of abc

Examples

Example 1. (MOSCOW/1983) Find the smallest whole number such that its first
digit is 4, and the value of the number obtained by moving this 4 to the last place

1
is 1 of the original value.

19
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Solution Suppose that the desired whole number N has n + 1 digits, then
N =4.10" 4 x, where z is an n-digit number. From assumptions in question

4(10x +4) =4 - 10" ie. 397 =4(10" —4) =4-99- .-
(102 + 4) 0"+, ie. 39z = 4(10" — 4) 99---96,

n—1
213z =4-33---32, and 13|33---32.
S~—— S~——
n—1 n—1
By checking the cases n = 1,2, --- one by one, it is easy to see that the minimal

value of n is 5:
33332 - 13 =2564. .. x =4 x 2564 = 10256, and N = 410256.

Example 2. (KIEV/1957) Find all two digit numbers such that each is divisible
by the product of its two digits.

Solution Let 7y = 10x + y be a desired two digit number. Then there is a
positive integer k such that
10z + y = kxy,

soy = (ky — 10)z,ie. x | y. Thus, 0 < z < y.

Ifx =y, then 11z = kx%,sokr =11 = 11-1,ie. k=1l,z =1 = y.
Thus, 11 is a solution.

If z < y, then x < 4 (otherwise, y > 10).

When z = 4, then y = 8. However, there is no positive integer k£ such that
48 = 32k, so x # 4.

When x = 3, 10z = (kx — 1)y gives 30 = (3k — 1)y. Since y < 9,3 | y and
y | 30, so y = 6. It is obvious that 36 = 2 - 3 - 6, so 36 is the second solution.

When z = 2, then 20 = (2k — 1)y. Since y < 9,2 | yand y | 20, so y = 4.
24 = 3 - 2 - 4 verifies that 24 is the third solution.

Whenz = 1,then10 = (k—1)y. Soy =2o0r5.12=6-1-2and15=3-1-5
indicate that 12 and 15 are solutions also.

Thus, the solutions are 11,12, 15,24, 36.

Example 3. (CHNMO(P)/2002) A positive integer is called a “good number” if it
is equal to four times of the sum of its digits. Find the sum of all good numbers.

Solution If a one digit number a is good number, then a = 4a, i.e. a = 0,
so no one digit good number exists.

Let ab = 10a + b be a two digit good number, then 10a+b = 4(a + b) implies
2a = b, so there are four good numbers 12, 24, 36, 48, and their sum is 120.

Three digit good number abc satisfies the equation 100a + 10b + ¢ = 4(a +
b+ c),i.e. 96a 4+ 6b — 3c = 0. Since 96a + 6b — 3¢ > 96 + 0 — 27 > 0 always,
s0 no solution for (a, b, ¢), i.e. no three digit good number exists.
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Since a number with n (n > 4) digits must be not less than 10" !, and the 4
times of the sum of its digits is not greater than 36n. For n > 4,

10"~ — 36n > 36(10" 3 —n) > 0,

so no n digit good number exists if n > 4.
Thus, the sum of all good numbers is 120.

Example 4. (SSSMO(J)/2001) Let abcde f be a 6-digit integer such that de fabc
is 6 times the value of abcdef. Find the valueof a +b+c+d+ e+ f.

Solution From assumption in the question,

(1000)(def) + abe = 6[(1000) (ab) + deJ],
(994)(@ = (5999)(7)
(142)(def) = (857)(abe).

Therefore 857 | (142)(def). Since 857 and 142 have no common factor greater
than 1, so 857 | def. Since 2 x 857 > 1000 which is not a three digit number, so
def = 857. Thus, abc = 142, and

a+b+ct+d+e+f=1+4+24+84+54+7=2T.

Example 5. Prove that each number in the sequence 12, 1122, 111222, --- isa
product of two consecutive whole numbers.

Solution By using the decimal representation of a number with repeated dig-
its, we have

1 2 1
11---1122...22 = —(10" = 1) - = (10" = 1) = = (10" = 1)(10™ + 2
TR S(107 = 1)+ 510" = 1) = 510" — 1)(10" +2)

(w S ()

()0

where A = % (1™ — 3 - 33 is a whole number. The conclusion is

proven.

Example 6. (AIME/1986) In a parlor game, the magician asks one of the partici-
pants to think of a three digit number abc where a, b, and c represent digits in base
10 in the order indicated. The magician then asks this person to form the numbers
ach, bea, bac, cab, and cba, to add these five numbers, and to reveal their sum, N.
If told the value of N, the magician can identify the original number, abc. Play

the role of the magician and determine the abc if N = 3194.
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Solution Let S = N + abc = abe + acb + bea + bac + cab + cba, then

S = (100a + 10b + c) + (100a + 10c + b) + (100b + 10a + c)
+(100b + 10c + a) + (100¢ + 10a + b) + (100c + 10b + a)
= 222(a+b+c).

3194 = N = 222(a + b + ¢) — abc implies 222(a + b + ¢) = 3194 + abc =
222 x 14 + 86 + abc. Hence

(i) a+b+c>14;

(ii) 86 + abc is divisible by 222, i.e. abc + 86 = 222n for some positive
integer n.

1085
Since 222n < 999 + 86 = 1085, so n < —— < 5, hence n may be one of

222
1,2,3,4.
When n = 1, then abc = 222 — 86 = 136, the condition (i) is not satisfied.
When n = 2, then abc = 444 — 86 = 358, the conditions (i) and (ii) are
satisfied.
When n = 3, then abc = 666 — 86 = 580, the condition (i) is not satisfied.
When n = 4, then abc = 888 — 86 = 802, the condition (i) is not satisfied.
Thus, abc = 358.

Example 7. (MOSCOW/1940) Find all three-digit numbers such that each is
equal to the sum of the factorials of its own digits.

Solution Let abc = 100a + 10b + ¢ be a desired three digit number.
7! = 5040 indicates that a, b, ¢ < 6, and further, if one of a, b, ¢ is 6, then

abc > 6! = 720 = one of a, b, ¢ is greater than 6,

so a,b,c < 5. Since 555 # 5! + 5! + 5!, so a, b, ¢ cannot be all 5.
On the other hand, 4! + 4! + 4! = 72 which is not a three digit number, so at
least one of a, b, cis 5. abc < 5! + 5! + 5! = 360 implies that a < 3.
When a = 1, then 145 = 1! + 4! 4+ 5!, so 145 is a desired number.
When a = 2, then b, ¢ must be 5. But 255 # 2! + 5! + 5!, s0 no solution.
When a = 3, then b, ¢ must be 5. But 355 # 3! + 5! 4 5!, s0 no solution.
Thus, 145 is the unique solution.

Example 8. (IMO/1962) Find the smallest natural number n which has the fol-
lowing properties:

(a) Its decimal representation has 6 as the last digit.

(b) If the last digit 6 is erased and placed in front of the remaining digits, the
resulting number is four times as large as the original number n.
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Solution It is clear that n is not a one-digit number. Let n = 10z + 6, where
z is a natural number of m digits. Then

6-10"+2 =410 +6) =392 =6-10" —24 = 13z =2 - 10™ — 8,
s0 13| (2-10™ — 8) for some m, i.e. the remainder of 2 - 10™ is 8 when divided
by 13. By long division, it is found that the minimum value of m is 5. Thus,

_2-10m =8 199992
1313
Example 9. (KIEV/1963) Find all the three digit number n satisfying the condi-

T = 15384, n = 153846.

1
tion that if 3 is added, the sum of digits of the resultant number is 3 of that of
n.

Solution Let n = abc. By assumption the carry of digits must have hap-
pened when doing the addition abe + 3, therefore ¢ > 7.
By Sp and S; we denote the sum of digits of n and the resultant number
respectively. Three cases are possible:
(i Ifa=b=09,thenSy>9+9+7=25butS; =1+ (c+3-10)<3,a
contradiction. Therefore the case is impossible.

(i) Ifa<9,b=09,thenSy=a+9+c¢,51=a+1+(c+3-10)=a+c—6.
Therefore 3(a 4+ ¢ — 6) = a + 9 + ¢, i.e. 2(a + ¢) = 27, a contradiction. So
no solution.

@ii) Ifb<9,then Sy =a+b+c¢,S1 =a+(b+1)+(c+3—-10) =a+b+c—6,
it follows that 3(a + b+ ¢c—6) = a+ b+ ¢, ie. a + b+ c =9, therefore
abe =108, 117, 207.

Thus, abe = 108 or 117 or 207.

Testing Questions (A)

1. Prove that when abc is a multiple of 37, then so is the number bca.

2. (CMO/1970) Find all positive integers with initial digit 6 such that the integer
formed by deleting this 6 is 1/25 of the original integer.

3. (SSSMO(J)/2000) Let = be a 3-digit number such that the sum of the digits
equals 21. If the digits of x are reversed, the number thus formed exceeds x
by 495. What is x?

4. Prove that each of the following numbers is a perfect square number:

729, 71289, 7112889, 711128889,
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(ASUMO/1987) Find the least natural number n, such that its value will be-
come 5n when its last digit is moved to the first place.

(CHINA/2000) Given that a four digit number n and the sum of all digits of
n have a sum 2001. Find n.

(CHINA/1988) When N = 11---11 x 11---11 , what is the sum of all
—— ——

1989 digits 1989 digits
digits of N?

(CHINA/1979) Given that a four digit number satisfies the following con-
ditions: (i) when its units digit and hundreds digit are interchanged, and
so does the tens digit and thousands digit, then the value of the number
increases 5940. (ii) the remainder is 8 when it is divided by 9. Find the
minimum odd number satisfying these conditions.

(CHNMOL/1987) x is a five digit odd number. When all its digits 5 are
changed to 2 and all digits 2 are changed to 5, keeping all the other digits
unchanged, a new five digit number y is obtained. Whatis z ify = 2(z+1)?

(MOSCOW/1954) Find the maximum value of the ratio of three digit num-
ber to the sum of its digits.

Testing Questions (B)

(CHINA/1988) Find all the three digit numbers n = abc such that n = (a +
b+ c)3.

(ASUMO/1986) Given that the natural numbers a, b, c are formed by the same
n digits x, n digits y, and 2n digits z respectively. For any n. > 2 find the
digits z,y, z such that a2 + b = c.

(CHINA/1991) When a two digit number is divided by the number formed
by exchanging the two digits, the quotient is equal to its remainder. Find
the two digit number.

(POLAND/1956) Find a four digit perfect square number, such that its first
two digits and the last two digits are the same respectively.

(ASUMO/1964) Find the maximum perfect square, such that after deleting
its last two digits (which is assumed to be not all zeros), the remaining part
is still a perfect square.
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Perfect Square Numbers

Definition A whole number 7 is called a perfect square number (or shortly,

perfect square), if there is an integer m such that n = m~=.

2

Basic Properties of Perfect Square Numbers

@

axn

(IIT)

av)

V)

The units digit of a perfect square can be 0, 1,4, 5,6 and 9 only.
It suffices to check the property for 02,12,22,...,92,

If the prime factorization of a natural number n is p{'p5? - - - p*, then

n is a perfect square < each o is even < 7(n) is odd,

where 7(n) denotes the number of positive divisors of 7.

For any perfect square number n, the number of its tail zeros (i.e. the digit
0Os on its right end) must be even, since in the prime factorization of n the
number of factor 2 and that of factor 5 are both even.

n2 =1 or 0 modulo 2, 3, 4.

It suffices to check the numbers of the forms (2m)? and (2m + 1) by
taking modulo 2 and modulo 4 respectively; the numbers of the forms of
(3m)? and (3m + 1)? by taking modulo 3.

n? = 0,1 or 4 (mod 8).
It suffices to check the conclusion for (4m +1)2, (4m)?, (4m+2)2, where
m is any integer.

25
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(VI) An odd perfect square number must have an even tens digit (if one digit
perfect squares 12 and 32 are considered as 01 and 09 respectively).
It is easy to see the reasons: For n > 3, n? = (10a + b)? = 100a? +
20ab + b*. The number 100a? + 20ab has units digit 0 and an even tens
digit. If b is an odd digit, then the tens digit carried from b? must be even,
so the tens digit of n? must be even.

(VII) If the tens digit of n? is odd, then the units digit of n? must be 6.
Continue the analysis in (VI). If the tens digit carried from b? is odd, then
b = 4 or 6 only, so b> = 16 or 36, i.e. the units digit of n? must be 6.

(VIII) There is no perfect square number between any two consecutive perfect
square numbers k2 and (k + 1), where k is any non-negative integer.
Otherwise, there is a third integer between the two consecutive integers k
and k£ + 1, however, it is impossible.

The basic problems involving perfect square numbers are (i) identifying if a
number is a perfect square; (ii) to find perfect square numbers under some con-
ditions on perfect squares; (iii) to determine the existence of integer solution of
equations by use of the properties of perfect square numbers.

Examples

Example 1. Prove that for any integer k, all the numbers of the forms 3k +2, 4k +
2,4k + 3,5k 4+ 2,5k + 3,8n = 2,8n &£ 3,8n + 7 cannot be perfect squares.

Solution 3k + 2 = 2 (mod 3), 4k + 2 = 2 (mod 4), 4k + 3 = 3 (mod 4)
implies they cannot be perfect squares.

5k + 2 has units digit 2 or 7 and 5k + 3 has units digit 3 or 8, so they cannot
be perfect squares also.

All the numbers 8n + 2, 8n + 3, 8n + 7 have no remainders 0, 1 or 4 modulo
8, so they cannot be perfect squares.

Example 2. Prove that any positive integer n > 10 cannot be a perfect square
number if it is formed by the same digits.

Solution If the used digit is odd, then the conclusion is proven by the prop-
erty (VI).
If the used digit is 2 or 8, the conclusion is obtained at once from the property
@.
If the used digit is 6, the conclusion is obtained by the property (VII).
Finally, if the used digit is 4, let n2 =44.--44 with k > 2, then n = 2m, i.e.
k
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n2 = 4m?2,som? = 11--- 11, a contradiction from above discussion.
——

k
Thus, the conclusion is proven for all the possible cases.

Example 3. (AHSME/1979) The square of an integer is called a perfect square
number. If x is a perfect square number, then its next one is
A)z+1, B)22+1, ©Oz2+2z+1, D 2?+x, E)z+2yz+1.

Solution Since = > 0, so z = (1/7)?, and its next perfect square is (/Z +
1)2 = 2 + 2y/7 + 1, the answer is (E).

Example 4. Prove that the sum of 1 and the product of any four consecutive inte-
gers must be a perfect square, but the sum of any five consecutive perfect squares
must not be a perfect square.

Solution Leta,a+ 1,a + 2,a + 3 are four consecutive integers. Then
ala+1D(a+2)(a+3)+1=[ala+3)]|[(a+1)(a+2)]+1
=(a®>+3a)(a®>+3a+2)+1=[a*+3a+1)—1][(a®*+3a+1)—1] +1
= (a? +3a+1)%,

so the first conclusion is proven.
Now let (n — 2)2,(n — 1)2,n2, (n + 1)2, (n + 2)? be any five consecutive
perfect squares. Then

(n—224+nm—-172%+n2+n+12+ (n+2)? =5n% +10 = 5(n® + 2).

If 5(n? + 2) is a perfect square, then 5 | (n? 4 2), so n? has 3 or 7 as its units
digit, but this is impossible. Thus, the second conclusion is also proven.

Example 5. (CHNMOL/1984) In the following listed numbers, the one which
must not be a perfect square is

(A)3n%2—3n+3, B)4n2+4n+4, (C)5n%—5n—5,

(D) Tn? —Tn+7, (E)11n%+ 11n —11.

Solution 312 — 3n + 3 = 3(n? — n + 1) which is 32 when n = 2;
5n% —5n —5=5(n? —n—1) =52 whenn = 3;
™m?—Tn+7="7n*>—-n+1)="72whenn = 3;

11n? +11n — 11 = 11(n? + n — 1) = 112 when n = 3.

Therefore (A), (C), (D) and (E) are all not the answer. On the other hand,

2n+1)? =4n’ +4n+1<4n® +4dn+4 <4n®* +8n+4 = (2n+2)?
implies that 4n2 + 4n 4+ 4 is not a perfect square. Thus, the answer is (B).

Example 6. (CHINA/2002) Given that five digit number 2x9y1 is a perfect square
number. Find the value of 3z 4 Ty.
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Solution We use estimation method to determine z and y. Let A% = 22:9y1.

Since 1412 = 19881 < A% and 1752 = 30625 > A2, so 1412 < A? < 1752,
the units digit of A2 is 1 implies that the units digit of A is 1 or 9 only. Therefore
it is sufficient to check 1512, 1612, 1712, 1592, 1692 only, so we find that

1612 = 25921

satisfies all the requirements, and other numbers cannot satisfy all the require-
ments. Thus,

x=2>5,y=2, sothat 3z + 7y = 15+ 14 = 29.

Example 7. (CHNMOL/2004) Find the number of the pairs (x, y) of two positive
integers, such that N = 23x 4 92y is a perfect square number less than or equal
to 2392.

Solution N = 23z + 92y = 23(z + 4y) and 23 is a prime number implies
that  + 4y = 23m? for some positive integer m, so

2392 104
N =23%m2 <2392 = m? < _ 10

<93 T g3 <%

Hence m2 = 1or4,ie. m=1or?2.

When m? = 1, then = + 4y = 23 or 2 = 23 — 4y. Since z, y are two positive
integers, soy = 1,2,3,4,5 and z = 19, 15,11, 7, 3 correspondingly.

When m? = 4, then x + 4y = 92 or x = 92 — 4y, so y can take each positive
integer value from 1 through 22, and x then can take the corresponding positive
integer values given by x = 92 — 4y.

Thus, the number of qualified pairs (z,y) is 5 + 22, i.e. 27.

Example 8. (CHINA/2006) Prove that 2006 cannot be expressed as the sum of
ten odd perfect square numbers.

Solution We prove by contradiction. Suppose that 2006 can be expressed as
the sum of ten odd perfect square numbers, i.e.

2006 = 7 + 25 + - - - + 7,

where z1, T2, ..., T10 are all odd numbers. When taking modulo 8 to both sides,
the left hand side is 6, but the right hand side is 2, a contradiction! Thus, the
assumption is wrong, and the conclusion is proven.

Example 9. (CHINA/1991) Find all the natural number n such that n? —19n+91
is a perfect square.
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Solution (i) When n > 10,thenn — 9 > 0, so
n? —19n+91 = n? —20n+100+ (n —9) = (n—10)* + (n —9) > (n — 10)?,

and

n? —19n +91 =n? —18n + 81+ (10 — n) < (n — 9)?,
so (n —10)2 < n? —19n + 91 < (n — 9)2, which implies that n? — 19n + 91 is
not a perfect square.

(i1)) When n < 9, then
n? —19n+91= (10 —n)? + (n —9) < (10 — n)?

and
n? —19n+91= (9 —n)2+10—n > (9 —n)?,

50 (9—n)2 <n?—19n+91 < (10 —n)?, i.e. n? — 19n + 91 cannot be a perfect
square.

(iii) When n = 9, then n? — 19n + 91 = (10 — 9)? = 1; when n = 10, then
n? —19n+91 = (10 — 9)? = 1.
Thus, n?2 — 19n + 91 is a perfect square if and only if n = 9 or 10.

Testing Questions (A)

1. Determine if there is a natural number & such that the sum of the two numbers
3k% + 3k — 4 and Tk? — 3k + 1 is a perfect square.

2. If (x —1)(z+3)(x — 4)(x — 8) + m is a perfect square, then m is
(A)32, (B)24, (C)98,  (D)196.

3. (CHINA/2006) If n + 20 and n — 21 are both perfect squares, where n is a
natural number, find n.

4. If the sum of 2009 consecutive positive integers is a perfect square, find the
minimum value of the maximal number of the 2009 numbers.

5. (ASUMO/1972) Find the maximal integer z such that 427 410000 4 47 jq 5
perfect square.

6. (KIEV/1970) Prove that for any positive integer n, n* + 2n3 +2n2 +2n + 1
is not a perfect square.
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7. (ASUMO/1973) If a nine digit number is formed by the nine non-zero digits,
and its units digit is 5, prove that it must not be a perfect square.

8. (KIEV/1975) Prove that there is no three digit number abc, such that abc +
bca + cab is a perfect square.

9. (Canada/1969) Prove that the equation a? + b> — 8¢ = 6 has no integer
solution.

10. (BMO/1991) Show that if = and y are positive integers such that 22 4+y% — z
is divisible by 2zy, then x is a perfect square.

Testing Questions (B)

1. Find the number of ordered pairs (m, n) of two integers with 1 < m,n < 99,
such that (m + n)? + 3m + n is a perfect square number.

2. Given that p is a prime number, and the sum of all positive divisors of p* is a
perfect square. Find the number of such primes p.

3. (CHINA/1992) If = and y are positive integers, prove that the values of 2 +
y + 1 and y? + 42 + 3 cannot both be perfect squares at the same time.

4. (IMO/1986) Let d be any positive integer not equal to 2, 5, or 13. Show that
one can find distinct a, b in the set {2,5,13,d} such that ab — 1 is not a
perfect square.

5. (BMO/1991) Prove that the number 3" + 2 x 17", where n is a non-negative
integer, is never a perfect square.
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Pigeonhole Principle

Basic Forms of Pigeonhole Principle

Principle I: When m + 1 pigeons enter m pigeonholes (m is a positive inte-
ger), there must be at least one hole having more than 1 pigeon.

Principle II: When m + 1 pigeons enter n pigeonholes, there must be one

hole having at least {TJ + 1 pigeons.
n

Principle III: When infinitely many elements are partitioned into finitely
many sets, there must be at least one set containing infinitely
many elements.

It is easy to understand the Pigeonhole Principle, and the above three forms
can be proven at once by contradiction. But it does not mean that the use of the
principle is easy. Pigeonhole principle has various applications. By use of the
principle to prove the existence of some case, essentially is to classify all the pos-
sible cases into a few or only several classes, then use proof by contradiction to
show the desired conclusion. So the central problem for applying the principle
is doing classification of the possible cases, i.e. to find out different but appro-
priate “pigeonholes” for different problems. However, up to the present, there is
still no unified method to find out the “pigeonholes”. The examples below will
demonstrate several methods for getting pigeonholes.

Examples

Example 1. (CHINA/2003) In a bag, there are some balls of the same size that
are colored by 7 colors, and for each color the number of balls is 77. At least how
many balls are needed to be picked out at random to ensure that one can obtain 7
groups of 7 balls each such that in each group the balls are homochromatic?

31
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Solution For this problem, it is natural to let each color be one pigeonhole,
and a ball drawn be a pigeon. At the first step, for getting a group of 7 balls
with the same color, at least 43 balls are needed to be picked out from the bag at
random, since if only 42 balls are picked out, there may be exactly 6 for each color.
By pigeonhole principle, there must be one color such that at least [42/7]|+1 =7
drawn balls have this color.

Next, after getting the first group, it is sufficient to pick out from the bag
another 7 balls for getting 43 balls once again. Then, by the same reason, the
second group of 7 homochromatic drawn balls can be obtained.

Repeating this process for 6 times, the 7 groups of 7 homochromatic balls are
obtained. Thus, the least number of drawn balls is 43 + 6 x 7 = 85.

Example 2. (SSSMO(J)/2001) A bag contains 200 marbles. There are 60 red
ones, 60 blue ones, 60 green ones and the remaining 20 consist of yellow and
white ones. If marbles are chosen from the bag without looking, what is the
smallest number of marbles one must pick in order to ensure that, among the
chosen marbles, at least 20 are of the same colour?

Solution When 77 marbles are chosen, there may be 19 red, 19 blue, 19
green and 20 yellow and white.

If 78 marbles are chosen at random, the number of yellow and white ones
among them is at most 20. Therefore there are at least 58 marbles of red, blue or
green colors. According to the Pigeonhole Principle, the number of drawn marbles

57
of some color is not less than {3 + 1 = 20, i.e. at least 20. Thus, the smallest

number of marbles to be picked is 78.
In this problem, a color is taken as a pigeonhole, and then a drawn marble is
taken as a pigeon.

Example 3. (CHINA/2001) If 51 numbers are arbitrarily taken out from the first
100 natural numbers {1, 2, ..., 100}, prove that there must be two numbers
drawn such that one is a multiple of the other.

Solution Let A ={1,2,3,...,100}. There are a total of 50 odd numbers in
the set A: 2k — 1, k =1,2,3,...,50. Any number in A can be written uniquely
in the form 2™ ¢, where m is a non-negative integer, and ¢ is an odd number.

When all the numbers in A are partitioned according to ¢ into 50 classes, then
each number in A must belong to a unique class. Now for any 51 numbers in A,
by the Pigeonhole Principle, there must be two of them coming from a same class,
and these two numbers must satisfy the requirement: one is multiple of another
since they have the same g.

In this problem, a pigeonhole is the set of all numbers in A with same maxi-
mum odd factor ¢, since any two numbers in the pigeonhole have required prop-
erty.
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Example 4. (SSSMO/1999) Determine the maximum number of elements of a
subset L of {1,2, 3, ...,1999} such that the difference of any two distinct elements
of L is not equal to 4.

Solution Let A = {1, 2, 3, ---, 1999}. At first, by modulo 4, we can
partition A into four subsets Ly, L1, Lo and L3, where

Li={n€A: n=i (mod4)}, fori =0, 1, 2, 3.

Then there are 500 numbers in each of L, Lo, L3 but 499 numbers in Lg.

For the set L, arrange all the numbers in an ascending order, and consider the
250 pairs formed by its numbers (1,5), (9,13), (17,21), ..., (1993,1997).

By Pigeonhole Principle, if more than 250 numbers in L; are selected out as
part of L, then there must be some two numbers coming from one of the above
pairs, so their difference is 4. Thus, any more than 250 numbers in L; cannot be
put in L. However, all numbers on odd numbered places or all numbers on even
places can be chosen. Thus at most 250 numbers can be chosen from L; as a
subset of L, and the same analysis works for each of Lo, Lo and Lg (in L all the
250 numbers which are odd multiples of 4 can be chosen to put in L). Therefore
the maximum number of the elements in L is 1000.

For applying the pigeonhole principle, the listed pairs take the role of pigeon-
holes, and the chosen numbers are the pigeons.

The congruence relation is a method commonly used for classifying integers.
This method is also often used for applying pigeonhole principle, as shown in the
following examples.

Example 5. (SSSMO/1990) Given any 2n — 1 positive integers, prove that there
are n of them whose sum is divisible by n for (1) n = 3; 2) n = 9.

Solution (1) When n = 3 then 2n — 1 = 5. Partition the five numbers
according to the remainders modulo 3 into three classes: Cy, C1, and Cs.

(i) If one of the three classes contains no number, i.e. five numbers are in
two classes, by the pigeonhole principle, there must be one class containing at
least 3 numbers, then any three numbers coming from a same class must have a
sum divisible by 3;

(i1) If each class contains at least one number, then no class contains three or
more numbers. But from each class take a number, the three numbers must have
a sum divisible by 3.

(2) Forn =9, then 2n—1 = 17 numbers are given. The result of (1) implies
that, from each five of them three numbers can be selected out such that their sum
is divisible by 3, so 5 groups (ni,n2,n3), (ng, ns,ng),- - , (N13,N14,n15) can
be obtained sequentially from the 17 numbers, such that their sums s1, s3,-- - , S5
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are all divisible by 3. Let s; = 3m;,t = 1,2,...,5 (where m; are all positive
integers). Then, still from the result of (1), three numbers, say m, ms, m3 can be
selected from the five m; such that m; + mq 4+ ms = 3k for some positive integer
k. Thus,

n1+n2+~-~+n9:sl+82+33:3(m1+m2 —|—m3) :gk,
which is divisible by 9.

Example 6. Prove that for any given 50 positive integers, it is always possible to
select out four numbers a1, as, az and a4 from them, such that (as — a1 )(as — as)
is a multiple of 2009.

Solution First of all, note that 2009 = 49 x 41. Consider the 50 remainders
of the 50 given integers modulo 49, by the pigeonhole principle, theere must be
two numbers selected from the 50 integers, denoted by a; and as, such that a;
and ay are congruent modulo 49, so as — a; is divisible by 49.

Next, by same reason, it must be possible that two numbers a3 and a4 can be
selected from the remaining 48 numbers such that a4 — a3 is divisible by 41.

Thus, 49 - 41 | (ag — a1)(as — as), i.e. 2009 | (a2 — a1)(as — as).

Example 7. Prove that in a set containing n positive integers there must be a
subset such that the sum of all numbers in it is divisible by n.

Solution Let the n positive integers be a1, as, . .., a,. Consider n new pos-
itive integers:

by =a1, bp=a1+az, - ,bp=a1+az+ - +a,

Then all the n values are distinct. When some of by, bo, ..., b, is divisible by n,
the conclusion is proven. Otherwise, if all b; are not divisible by n, then their
remainders are all not zero, i.e. at most they can take n — 1 different values. By
the pigeonhole principle, there must be b; and b; with ¢ < j such that b; — b; # 0
is divisible by n. Since b; — b; = a;41 + @42 + - - - + a; is a sum of some given
numbers, the conclusion is proven.

Example 8. (CHINA/1993) If five points are taken at random from within a square
of side 1, prove that there must be two of them such that the distance between them

. V2
is not greater than -
Solution By connecting the two midpoints of two opposite sides, the square

. . . o1 .
is partitioned into four smaller congruent squares of side 7 By the pigeonhole
principle, there must be one such square containing at least 2 points.
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Since the small square is covered by the circle with same center and a radius
of V2 /4, so the distance between any two points in the circle is not greater than
the diameter, i.e. V2 /2. The conclusion is proven.

Example 9. (HUNGARY/1947) There are six points in the space such that any
three are not collinear. If any two of them are connected by a segment, and each
segment is colored by one of red color or blue color, prove that there must be at
least one triangles formed by three points and segments joining them, such that
the three sides are of the same color.

Solution Let the six points be Ag, A1, As,
Asz, Ay and Ajs. Consider the segments joining
these points. We use a real segment to denote a
red segment and a dot segment to denote a blue
segment, as shown in the diagram.

Consider the five segments starting from Ag:
A()Al, A()AQ, AoAg, AOA4, AOA5. Each of
them is colored by red color or blue color. By Pi-
geonhole Principle, among them there must be at

~ \ .
least three with the same color. Without loss of Az N A4
generality, it can be assumed that three are red, \‘\\1.
and they are A()Al, AoAQ, A()Ag. A3

Now consider three sides of the triangle A; A; A3. When one side is red, then
there is a red triangle, i.e. its three sides are all red. Otherwise, the three sides of
A\ A1 Ay Az are all blue, then the conclusion is also true.

Testing Questions (A)

1. Prove that among any n + 1 integers, there must be at least two which are
congruent modulo n.

2. Letl<a; <ag<asz<---<apt1 <2nben + 1integers, where n > 1.
Prove that there must be two of them, a; < a;, such that a; | a;.

3. Prove that in the 2009 numbers 1, 11, --- ,111-.-111, there is one that is
[ ——

2009
divisible by 2009.

4. 19 points are taken randomly inside an equilateral triangle of area 1 mZ.
Prove that among the triangles formed by these points, there must be one

with area not greater than 9 m?.
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(CHINA/2002) Prove that among any seven distinct integers, there must be
two such that their sum or difference is divisible by 10.

(CHINA/2003) In a chess board of dimension 4 x 28, every small square is
colored by one of red color, blue color or yellow color. Prove that under any
coloring there must be a rectangular region with four angles of same color.

(CHINA/1996) Given that each of the nine straight lines cuts a square to two
trapezia with a ratio of 2/3. Prove that at least three of the nine lines pass
through a same point.

(CHNMOL/2004) When inserting n+1 points on the segment O A at random,
prove that there must be two of them with a distance not greater than 1/n.

(MOSCOW/1946) In the first 100000001 terms of the Fibonacci’s sequence
0,1,1,2,3,5,8,...,1s there a term ending with at least four zeros?

Testing Questions (B)

(PUTNAM/1978) Let A be a set formed by choosing 20 numbers arbitrarily
from the arithmetic sequence 1,4,7, ..., 100. Prove that there must be two
numbers in A such that their sum is 104.

(CHINA/2005) On the blackboard some student has written 17 natural num-
bers, and their units digits are inside the set {0,1,2,3,4}. Prove that one
can always select out 5 numbers from them such that their sum is divisible
by 5.

(IMO/1972) Prove that from a set of ten distinct two-digit numbers (in the
decimal system), it is possible to select two disjoint subsets whose members
have the same sum.

(IMO/1964) Seventeen people correspond by mail with one another — each
one with all the rest. In their letters only three different topics are discussed.
Each pair of correspondents deals with only one of these topics. Prove that
there are at least three people who write to each other about the same topic.

(IMO/1978) An international society has its members from six different coun-
tries. The list of members contains 1978 names, numbered 1,2, ..., 1978.
Prove that there is at least one member whose number is the sum of the
numbers of two members from his own country, or twice as large as the
number of one member from his own country.
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|| and {x}

Definition 1 For any real number z, the largest integer less than or equal to z,
denoted by | x|, is called the integer part of z. when x is considered as a real
variable, the function f(x) = |z |,z € R s called the Gaussian function.

Definition 2  For any real number z, the value z — |z, denoted by {x}, is called
the decimal part of z.
Some Basic Properties of |z | and {x}
* 0 <{z} < 1,and {z} = 0 if and only if  is an integer.
cr—1<|z]<z<|z]+1
e Forany n€Z, |[n+z|=n+|z|.

—|z] -1 if « is not an integer
slerl= |z if z is an integer.

* |z+y| > |x] + |y] for any z,y € R. In general, for z1,...,z, € R,

lz1 + @2+ -+ an] > 2] + (2] +- -+ [20].

e |zy] > |z] - |y], where x, y > 0. In general, for x1,xo, -, 2z, >0,

. V"J:{MJ for ne N, = €R.

37
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Theorem 1. (Hermite Identity) For any x € Randn € N,
1 2 n—1

lz]+ e+ —|+|z+ |+ -+ |2+ —]| = [nz].
n n n

Proof. Define the auxiliary function

n —

f(x)[xj+{x+iJ+{x+ZJ+“-+{x+ 1JLnxJ.

Then it suffices to show f(x) = 0 identically. Since

o+ d)

{H;J + {eriJ +--+lr+1] - [ne+1]

I
&
+
R
&
+
3|
| I
_|_
—_—
8
+
| Do
| I
+
+
—_
&
+

1
So f(z) is a periodic function with a period —, hence it is enough to show f(z) =
n

1
0 for 0 < z < —, and this is obvious from the definition of f. 0
n

Theorem I1. (Legendre’s Theorem) In the prime factorization of the product n! =
1 X2 x 3 X - Xn, the index of a prime factor p is given by

PRERER

Proof. In n! the index of its prime factor p is the sum of the indices of prime
factor p in the numbers 1, 2, ..., n. Since in the n numbers 1 through n there are

p
one factor p2, ..., S0 above sum can count the total number of factor p in n!, the

conclusion is proven. ]

{J numbers containing at least one factor p, {QJ numbers containing at least
b

Besides the problems about |z | and {z} themselves, the concepts of |z ]| and
{z} established the connection between 2 and them, so the basic problems involv-
ing |z] and {z} contain also those from x get |z and {x}, or conversely, from
|| and {z} get z, i.e. solving equations with |z | and {z} for x.

Another kind of related problems is to give some theoretical discussions in-
volving |z and {z}, as indicated in Theorem I and Theorem II. But here we will
given some examples only belonging to the first two kinds of problems.
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Examples

Example 1. Solve the equation 2|z | = = + 2{x}.

Solution To reduce the number of variables, z = |x| + {z} yields the equa-

tion
2] = z] + 3{x},
colz) =3{z} < 3.
. 12 .
When |z] = 0, 1, 2 respectively, then {z} = 0, 3'3 correspondingly, so the

solutions are 0 18
x=0,-,=.
"33

Example 2. (CM0O/1999) Find all real solutions to the equation 4x? — 40|z +
51 =0.

Solution To reduce the number of variables in the given equation, z > |z
gives an inequality in x:

0 = 42® — 40|z ] + 51 > 42 — 40z + 51 = (2z — 3)(2z — 17),

3 v .
s0 5 <z < 5 It implies that |2 | may be 1,2, ..., 8.
When |z | = 1, the equation becomes 4z2 + 11 = 0, no real solution for z.
. V29 .
When |z] = 2, the equation becomes 422 — 29 = 0, z = < which has
the integer part 2, hence it is a solution.

V69
When |z] = 3, the equation becomes 4z% — 69 = 0, z = > which has no

integer part 3, a contradiction, hence no solution for x.

V109

When |z] = 4, the equation becomes 422 — 109 = 0, x = — 5,a
contradiction, hence no solution.
v 149
When | x| = 5, the equation becomes 472 — 149 = 0, z = — > 6, hence

no solution.

V189

When || = 6, the equation becomes 422 — 189 = 0, v = — which has

integer part 6, hence it is a solution.

V229

When | x| = 7, the equation becomes 422 — 229 = 0, z = — which has

integer part 7, hence it is a solution.

V269

When |z] = 8, the equation becomes 422 -269 =0,z = — which has
integer part 8, hence it is a solution.
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V29 V189 229 V269

Thus, the solutions are , , ,
2 2 2 2

Example 3. (CHINA/1986) Find the maximum positive integer k, such that

1001 -1002 - - - - - 1985 - 1986

is an integer.

1001 - 1002 - - - - - 1985 - 1986

C then

Solution Let N =

~1000! - 1001 - 1002 - - - - - 1985 - 1986 1986!

N = .
11%(1000!) 11%(1000!)

The highest power of 11 in 1986! is

{1986J . L1986J N PSGJ — 180+ 16+ 1 = 197.

11 112 113
1000 1
The highest power of 11 in 1000! is {HJ + {(1)(1)0J =90 + 8 = 98, so the

maximum value of k is given by
k=197 — 98 = 99.

Example 4. (SSSM0/2002) Determine the number of real solutions of

HNR

Solution The given equation indicates that any solution  must be an integer.
Let z = 6q + r, where r = 0,1,2,3,4,5 and ¢ is an integer. Then the given

equation becomes
n V J + 2r
= — | =
713 3

@) r = 0 gives ¢ = 0, so x = 0 is a solution.
(i1) r =1gives ¢ = 1, so x = 7 is a solution.
(i) r =2givesq =0, so z = 2 is a solution.
@iv) r = 3 gives ¢ = 0, so x = 3 is a solution.
W) r = 4 gives ¢ = 0, so x = 4 is a solution.
(vi) r=>5givesq = 0,s0x = 5is a solution.
Thus, there are a total of 6 real solutions.
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Example 5. (SSSMO(J)/2001) Let z, y, z be three positive real numbers such that

T+ |yl +{z} = 132 (22.1)
lz] +{y} +2z = 143 (22.2)
{z}+y+1z] = 151 (22.3)

where |a] denotes the greatest integer < a and {b} denotes the fractional part of
b (for example, |5.4] = 5, {4.3} = 0.3). Find the value of .

Solution (22.1) + (22.2) + (22.3) yields 2(z + y + 2z) = 42.6, i.e.
r+y+z2=213 (22.4)

(22.4) — (22.1) gives {y} + | z] = 8.1, therefore |z| = 8 and {y} = 0.1.

Then (22.2) gives |z] + z = 14.2, so {z} = 0.2 and z = 8.2 which gives
|z] = 6.

(22.1) gives = + |y| = 13, so x is an integer, i.e. = |x| = 6.

Example 6. (CHINA/1988) Let S = [v/1] + [v2] + -+ + |/1988]. Find [ S|.

Solution For any positive integer k and x, the following relations are equiv-
e Wzl =kek <z<(k+1)? e xe [k kE + 2k,
so 2k + 1 values of x satisfy the relation. Since 442 = 1936 < 1988 < 2025 =
452 and 1988 — 1936 + 1 = 53,
S 1(3) +2(5) + 3(7) + - - - + 43(87) + 44(53)
= 2(12 422+ +43%) + (1 + 2+ -+ +43) + 44(53)
- B 4; 87, 43544 + 2332 = 54868 + 946 + 2332 = 58146.

Since 2402 = 57600 < 2412 = 58081 < S < 242% = 58564, [/S| = 241.

502

Example 7. (CHINA/1986) Evaluate the sum S = {
k=1

305k
503 |-

Solution If each of two positive real numbers z, y is not an integer but z 4y

+

k

is an integer, then |z| + |y| = = +y — 1 since {z} + {y} = 1. Since 350053

305(503 — k)
503

g 305 N 305 -2 P 305 - 502
1503 503 503

305-1 n 305 - 502 T 305 - 251 n 305 - 252
503 503 503 503

= 304251 =76304.

=305 for1 < k <502,
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1020000
Example 8. (PUTNAM/1986) What is the units digit of LONO%’)J ?
Solution Letn = 10'%°, Then
1020000 1200 (n2)100 _ (32)100 100
_— = = +
10100 + 3 n-+3 n+3 n+3
(ﬂ? __32)A4' 9100 9100
= =(n—-3)M .
n+3 + n+3 (n )M+ n+3
Since 9190 < n, we have
200 200 _ 100 120000 _ g150
n+3 n+3 10100 3

Since the units digit of 1020990 — 8150 is 9 and the units digit of 10'°° 4 3 is 3,
the units digit of the quotient must be 3.

Example 9. (MOSCOW/1951) Given some positive integers less than 1951, where
each two have a lowest common multiple greater than 1951. Prove that the sum
of the reciprocals of these numbers is less than 2.

Solution Let the given positive integers be a1, aq,...,a,. Since any two
of them have an L.C.M. greater than 1951, so each of 1,2, 3,...,1951 cannot be
divisible by any two of a1, aq, ..., ay,.

Therefore the number M of numbers in the set {1,2,...,1951} which is di-
visible by one of a — 1, as, . .., a, is given by

1951 1951 1951
e[ e )
ay az Qn
then M < 1951.
1951 1951
On the other hand, the inequalities { J > 95 —1fori=1,2,...,n
i a;
hold, so
1951 1951 1951
( 1)+(1)+~--+< 1)<1951,
ay a2 a
1951 1951 1951
+ + 4 <1951 4+n < 2-1951,
a az Qn
1 1 1
St — <2
aiq a9 QAp

Example 10. (CHINA/1992) Given that real number a > 1, the natural number
n > 2, and the equation |az| = x has exactly n distinct real solution. Fine the
range of a.
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Solution From assumptions each solution x must be an integer and = > 0.
Since
ar = |a]z + {a}zx,

so the given equation becomes
x = laz] = |a]x + [{a}z]. (22.5)
Since |a] > 1, (22.5) holds if and only if
la] =1 and {a}zr < 1. (22.6)

Since z = 0 must be a solution, so the equation |ax| = x has exactly n — 1
positive solution. Since {a}z < 1 implies {a}a’ < 1if 0 < 2’ < =z, so the
positive integer solutions of {a}z < 1 mustbe x = 1,2,...,n — 1, hence {a} <
1/(n — 1). On the other hand, since any integer > 7 is not a solution of (22.5), so
{a} > 1/n,. Thus, 1/n < {a} < 1/(n —1). Since |a] =1, so

1

1
1+ —<a<1l+——.
n n—1

Testing Questions (A)

1. (PUTNAM/1948) If n is a positive integer, prove that |/n + vn + 1] =
[V4n +2].

2. (KIEV/1972) Solve equation |23 ]| + [2%] + |z| = {z} — 1.
3. (CMO/1975) Solve equation |z |? = {z} - z.
4. (ASUMO/1987) Find all solutions to the equation z? — 8|z | + 7 = 0.

5. (SWE/1982) Given that n is a natural number, how many roots of the equation

2? — |2*] = (z - [2])?
are in the interval 1 < z < n?
1
6. (CHNMOL/1987) Solve equation |3z + 1] = 2z — > and find the sum of
all roots.

7. (ASUMO/1989) Find the minimum natural number 7, such that the equation

10m
{ J = 1989 has integer solution x.
x
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8. (AIME/1985) How many of the first 1000 positive integers can be expressed
in the form
[2z] + [4z] + [62] + [8z],

where x is a real number, and | z| denotes the greatest integer less than or
equal to z?

9. (ASUMO/1980) How many different non-negative integers are there in the

sequence
12 22 32 19802 o
1980 |7 | 1980 | | 1980 ]’ T 1980 |

10 (SSSMO0J/2000/Q30) Find the total number of integers n between 1 and
10000 (both inclusive) such that n is divisible by |\/n]. Here |\/n| de-
notes the largest integer less than or equal to 1/n.

Testing Questions (B)

1. (MOSCOW/1981) For x > 1 be the inequality { L\/EJJ = {\/\/EJ must
true?

2. (CMO/1987) For every positive integer n, show that
IVn+vn+1] = |[Van+1] = [V4n + 2] = [V4n + 3].

3. (USSR/1991) Solve the equation |z |{z} + = = 2{z} + 10.
093

4. (CHNMOL/1993) Find the last two digits of the number LO31+3

J (Write
down the tens digit first, then write down the units digit).

92 2
5. (ASUMO/1992) Solve the equation x + — = |z + 92
X

lx]
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Diophantine Equations (I)

Definitions
For a polynomial with integral coefficients of multi-variables f(z1,...,zy),
the problem for finding integer solutions (21, . .., z,) of the equation
flx1,...,2,) =0
is called the Diophantine problem, and the equation f(z1,...,z,) = 0is called

the Diophantine equation.

As usual, in a Diophantine or a system of Diophantine equations, the number
of unknown variables is more than the number of equations, so the solutions may
not be unique /finite, or say, the number of solutions is more than one as usual.
Hence, based on the uncertainty of solutions, this kind of equations are also called
indefinite equations in countries. Besides, the Diophantine problem is also
called the problem for finding integer solutions of equations.

In this chapter the discussion is confined to linear equations and the systems
of linear equations. The simplest and typical equation is

ax + by =c, (23.1)
where a, b, c are constant integers.
Theorem L. The equation (23.1) has no integer solution if gcd(a , b) 1 c.

Proof. Otherwise, if (x, y) is an integer solution of (23.1), then left hand side is
divisible by ged(a, b), whereas the right hand side is not, a contradiction. O

If (a, b) | ¢, then, after dividing by (a, b), the both sides of (23.1) becomes
dx+by="<Z, (23.2)

45
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where a’, V', ¢ are integers and (a’, b’) = 1. Therefore, below it is always
assumed that the Eq.(23.1) satisfies the condition (a, b) = 1.

Theorem II. When (a, b) = 1, the equation (23.1) always has at least one integer
solution.

Proof. Consider the case ¢ = 1 first. For the equation ax 4+ by = 1, (a,b) = 1
implies a, b # 0. Without loss of generality we may assume that b > 0.

When each of the b numbers a, 2a, 3a, ...,b - a is divided by b, then the re-
mainders are distinct. Otherwise, if ta = ja (mod b) for some 1 < i < j < b,
thenb | (j —i)a,sob | (j — i). However 1 < j — i < b, a contradiction.

Thus, there must be z € {1,2,...,b} such that za = 1 (mod b), i.e. za—1 =
—yb for some integer y. Thus az + by = 1.

When ¢ # 1 and (z¢, yo) is an integer solution for ax+by = 1, then (czg, cyo)
is an integer solution of (23.1). The conclusion of Theorem II is proven. (]

Theorem IIL. If x(, yo is a special integer solution of the Equation (23.1), then
the general solution of (23.1) is given by

{x = o+l Vi € Z. (23.3)

Yy = Yo— at7

Proof. Let (z,y) be any solution of (23.1) differ from the given solution (¢, yo).
Then

ax + by = c, (23.4)

axg + byg = c. (23.5)

23.4) — (23.5) gives a(x — x¢9) = —b(y — yo), SO T y—yo. Since
b _

a
b|a(x —xg) and a | b(y — yo) implies that b | (x — xp) and a | (y — yo), so each
side of the last equality is an integer. Letting it be ¢, it is follows that

x—x9 =0t and Yy — Yo = —at,
so the equalities in (23.3) are proven. 0

For solving a Diophantine equation based on the Theorem III, we can find the
general solution if a special solution is given or can be found easily, then determine
the range or values of ¢ according to the given conditions in question.

For solving a system of Diophantine equations or an equation with more than
two variables, substitution method can be used for simplifying the equation.
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Examples

Example 1. (CHINA/2001) Find all positive integer solutions to the equation
122 + by = 125.

Solution 12z = 5(25 — y) indicates 5 | . Let x = 5, then 5y = 65 gives
y = 13, so (5,13) is a special solution. By the formula for general solution, it is
obtained that

xr=>5+45t and y =13 — 12¢, where ¢ is an integer.

Sincex > 1,s0t > 0. Buty > 1 impliest < 1,sot =0or 1.
When ¢t = 0, the solution is z = 5,y = 13. Whent = 1, then x = 10,y = 1.
Thus, the equation has exactly two solutions.

Example 2. Find the general solution of the Diophantine equation 17z +83y = 5.

Solution It is not obvious to find a special solution. Here substitution can be
used to simplify the equation. Since

5 83y 5— 15y
= :74
v 17 vt
5— 15y 5— 17k 5— 2k 5 2k
ltk5 15}7 , then y 115 k+ 115 etm 15 , then
k=2 o e = Lett = =™ thenm = 1 — 2t. By

substituting back these relations, it follows that

k=2-7(1-2t)+t=—5+ 15t,
y=—(-5+15t)+ (1 —2t) =6 — 17t,
cox=—4(6 —17t) + (=5 + 15t) = —29 + 83t.

Example 3. Given that the positive integers x > 1 and y satisfies the equation
2007z — 21y = 1923. Find the minimum value of 2x + 3y.

Solution Simplify the given equation to 669z = 7y + 641. Changing its
form to
669(x — 1) =7(y — 4),

since x — 1 > 0, so y > 4 and the minimum positive values of x and y are given
byxr —1="7y—4=669. Thus,

2ajmin + 3ymin =2-843-673 =2043.

Example 4. Find all the integer solutions of the equation 25z + 13y + 7z = 6.
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Solution Let 25z + 13y = U, then U + 7z = 6. Consider U as a constant
at the moment to solve the equation

25z + 13y =U.
Since (—U, 2U) is a special solution for (z,y), the general solution is obtained:
x=-U+ 13t4, y =2U — 25t1, t; € Z.

Next, solve the equation U + 7z = 6 for (U, z). Since (—1,1) is a special
solution, the general solution is given by

U=—-14Tty, and z=1—1ty, ty €Z.

By substituting the expression of U into those for  and y, the general solution is
obtained:

r=1+13t; — Tte, y=—2—25t1 + 14ts, z2=1—1y, t1,t5 € Z.

Example 5. (SSSMO®)/2002) The digits a, b and c of a three-digit number abe
satisfy 49a + 7b + ¢ = 286. Find the three-digit number abc.

Solution By taking modulo 7 to both sides of the given equation, it follows
that
¢c=6 (modT).

Since c is a digit, so ¢ = 6. Then the given equation becomes 7a + b = 40 or
Ta = 40 — b. Since 31 < 40 — b < 40, alﬂhere is only one number 35 divisible
by 7 in this interval, so b = 5,a = 5, i.e. abc = 556.

4 2
Example 6. (CHINA/2007) Given that the equation gx —a = gx + 140 has

a positive integer solution, where a is a parameter. Find the minimum positive
integer value of a.

Solution The given equation produces a = 14 (1% — 10). When a is a

positive integer, then 15 | z and z > 150, therefore 2,y = 165 and @i, = 14.

Example 7. (AHSME/1989) Given that n is a positive integer, and the equation
2x + 2y + z = n has a total of 28 positive integer solutions for (x, y, z). Then the
value of n is

(A)14or15; (B)150or16; (C)16o0r17; (D)17o0r18; (E)18or19.

Solution Let u = x + y, then 2u + z = n. Consider u > 2 as a constant
at the moment for solving = and y. For the equation z +y = u, (u — 1,1) isa
special solution, so x = v — 1+ t1,y = 1 — t1,t; € Z is the general solution.
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Sincex > 1,y > 1,502 —u < t; <0,1i.e. t; has u — 1 permitted values for each
given value u > 2.
Now consider the equation 2u + z = n.

When n is even, then z is even also, the equation becomes u + 5 = 3 The
value of u can take from 2 to % — 1. Thus, the number of positive solutions is

2-D+@B-1)+---+(z—2)=28

n
2

Sincel+2+~~~+7:28,sog—2:7,i.e.n:18.

When n = 2k + 1, then w can take the value from 2 to ”51 , so the number of
positive solutions is

n—1

14244 —1)=28.

-1
From % —1="T7wehaven = 16 + 1 = 17. Thus, the answer is (D).

Example 8. Find the integer solutions of the equation 13z — 7y = 0 satisfying
the condition 80 < = + y < 120.

Solution Since 13z = Ty has integer solution (0, 0), so the general solution
is
r="Tt y=13t, teZ.
Thenx +y =20t,5080 < z+y < 120 & 4 <t < 6,i.e. t = 5. Thus,

=35,y =65
is the unique desired solution.

Example 9. (ASUMO/1988) There are two piles of pebbles, pile (A) and pile (B).
When 100 pebbles are moved from (A) to (B), then the number of pebbles in (B)
is double of that in (A). However, if some are moved from (B) to (A), then the
number of pebbles in (A) is five times more than that in (B). What is the minimum
possible number of pebbles in (A), and find the number of pebbles in (B) in that
case.

Solution Let x and y be the numbers of pebbles in the piles (A) and (B)
respectively. When z pebbles are moved from (B) to (A), then the given conditions
in question gives

2(z — 100) = y + 100, (23.6)
x4 2z=>06(y— 2). (23.7)
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(23.6) gives y = 2z — 300, so from (23.7) it follows that
11z — 7z = 1800

or
4z + 7(z — z) = 1800. (23.8)

Both sides taking modulo 4 yields 4 | (x — z), so © — z = 4¢,t € Z. Then (23.8)
implies 4z + 28t = 1800 or  + 7t = 450. Thus, the general solution for (z,y, 2)
is

x = 450—Tt, y = 2(450—T¢)—300 = 600—14¢, z = (450—T7t)—4t = 450—11¢.
.. . 450 )
From z,y, 2z > 0, it is obtained that t < TR < 41, sot < 40. When ¢ takes its
maximum possible value then x is its minimum, so
Tmin = 450 — 280 = 170.

In that case, y = 600 — 560 = 40, z = 450 — 440 = 10, so there are 40 pebbles
in (B).

Example 10. Find all triples (z, y, z) of three non-negative integers satisfying the
system of equations

Sr+Ty+5z = 37 (23.9)
6x —y—10z = 3. (23.10)

Solution By eliminating a variable from the system, the question will be-
come one with two variables. 2 x (23.9) + (23.10) yields

16z 4 13y = 77.

Since 16(x — 4) + 13(y — 1) = 0, then « = 4,y = 1 is a special solution. So the
general solution is

r=4+13t, y=1-16t, teZ.

Since y > 0,50t < 0. But z < 0 implies ¢t > 0, so ¢t = 0 is the unique permitted
value of ¢. Thus, x =4,y = 1, and z = 2 from (23.9).
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Testing Questions (A)

(AHSME/1992) If k is a positive integer such that the equation in x
kx —12 = 3k

has an integer root, then the number of such k is
A3, B4 (O35 (D)6, BT
(CHINA/1990) An integer solution of the equation 1990z — 1989y = 1991

18

(A) z = 12785,y = 12768; (B) x = 12785,y = 12770;

(C)z = 11936,y = 11941; (D) x = 13827,y = 12623.

B 17
3

A
(SSSMO(J)/2002) Two positive integers A and B satisfy — + = 333°

11
Find the value of A% + B2,

(CHINA/1997) A four digit number has remainder 13 when divided by 16,
and has remainder 122 when divided by 125. Find the minimum value of
such four digit numbers.

A dragonfly has six feet and a spider has 8 feet. Given that a certain group of
dragonflies and spiders have in total 46 feet, find the number of dragonflies
and the number of spiders.

Given that z 1-cent coins, y 2-cent coins, and z 5-coins have a total value of
10 dollars. Find the possible values of x, y, 2.

If a four digit number and the sum of its all digits have a sum 2006, find the
four digit number.

(CHINA/1997) m,n are integers satisfying 3m + 2 = 5n + 3 and 30 <
3m + 2 < 40, find the value of mn.

(Ancient Question) In an ancient chicken market, each rooster is sold for 5
coins, each hen for 3 coins and each chick for 1/3 coin. Someone has 100
coins to buy 100 chickens, how many roosters, hens and chicks can a man
purchase out of a total cost of 100 coins?

(SSSMO(J)/1997) Suppose x,y and z are positive integers such that x >
y > z > 663 and z, y and z satisfy the following:

r+y+z = 1998
20 +3y+ 4z = 5992.

Find the values of z, y and z.
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Testing Questions (B)

(RUSMO/1983) Given that a pile of 100 small weights have a total weight of
500 g, and the weight of a small weight is 1g, 10 g or 50 g. Find the number
of each kind of weights in the pile.

(ASUMO/1988) Prove that there are infinitely many positive integer solutions
(x,y, 2) to the equation « — y+ z = 1, such that «, y, z are distinct, and any
two of them have a product which is divisible by the remaining number.

a, b are two relatively prime positive integers. Prove that the equation
axr+by=ab—a—0>
has no non-negative integer solution.
Prove that for relatively prime two positive integers a and b, the equation
ar+by=c
must have non-negative integer solution if ¢ > ab — a — 0.

(KIEV/1980) Multiply some natural number by 2 and then plus 1, and then
carry out this operation on the resultant number, and so on. After repeating
100 times of such operations, whether the resulting number is divisible by
(1) 19807 (ii) by 19817
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Roots and Discriminant of Quadratic Equation
ar’+bxr+c=0

Definition 1 The equality az? + bz 4+ ¢ = 0 is called a quadratic equation,
where a, b, ¢ are real constant coefficients with a # 0, x is the unknown variable.

Definition 2 A real number « is called a root or solution of the quadratic equa-
tion ax? + bx + ¢ = 0 if it satisfies the equation, i.e. a(a)? + ba + ¢ = 0.

Definition 3 For the quadratic equation, the value A = b? — 4ac is called the
discriminant of the equation.

Basic Methods for Finding Roots of ax? + bx +c =0

b\> dac—b?
(I Basedonaz®+bct+c=a <x + 2) + ach’ the roots o and 3 can
a a
be given by
—b— VA —b+VA
a=——"—"6©H— f3=——.
2a 2a

(I) By factorizing az?+bx+c to the form a(z—ay ) (x—as), the roots then are
a1 and ay. All the methods for factorizations can be used here, including
multiplication formulae, factor theorem and observation method, etc.

(III)  For quadratic equations with absolute values, it is needed to convert them
to normal equations by substitution or by partitioning the range of  piece-
wise to remove the absolute signs.

53
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Relation between Discriminant and Existence of Real Roots

@ Use A to determine the existence of real roots without solving the equa-
tion:
(i) A > 0 < the equation has two distinct real roots.
(i) A = 0 < the equation has two equal real roots.

(ili) A < 0 < the equation has no real roots.
(II)  Geometrical explanation of the relation is as follows: since the real roots

of the quadratic equation are the x-coordinates of the points of the image
I of the function y = ax? + bx + ¢ (which is a parabola) with the x-axis,
(i) A > 0 < the curve I intersects the z-axis at two distinct points.

(i)) A =0 < the curve I' is tangent to the x-axis at one point.

(iii) A < 0 < the curve I' and the x-axis have no point of intersection.

Examples

Example 1. (CHINA/2006) Solve the equation 200622 + 2007z +1 = 0

Solution Let f(z) = 200622 + 2007z + 1 = 0. By observation, f(—1) =
2006 — 2007 + 1 = 0, so f(z) has the factor (z + 1), and it is easy to find the
second factor (by the synthetic division),

20062% 4 2007z + 1 = (= + 1)(2006z + 1),

so the two real roots are —1 and —L.
2006

Example 2. Solve the equations in z:
) (@®> - Vx+a(z?—1)=a?@* -z +1).
() 22 —2(a®+ 0%z + (a2 - 1*)? = 0.

Solution The given equations have parameters, so the discussion on param-
eters is necessary.
(6)) The given equation can be written in the form

ala —1)2? — (2a*> = 1)z +ala+1) = 0. (24.1)

Note that the equation is not quadraticif a = Oor 1. If a = 0, then z = 0
is the unique solution. If @ = 1, then x = 2 is the unique solution.
If a(a — 1) # 0, then left hand side of (24.1) can be factorized as

[ax — (a 4+ 1)][(a — )z — a] =0,

i.e. its two real roots are z; =
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(i1) By completing squares, the given equation can be written in the form [z —
a? +v*)]? = 4ab?, so
(

r=a®+b? £ 2ab = (a £ b)>.

Note: This example indicates that it is not always convenient to use the for-
mula for roots to solve an quadratic equation, in particular, if the equation contains
parameters.

Example 3. Given that the equation (x — 19)(x — 97) = p has real roots r; and
9. Find the minimum real root of the equation (x — r1)(z — r3) = —p.

Solution The problem can be solved by manipulating the left hand side of
the equation.

(x — 19)(z — 97) = p has real roots 1 and 72

< (z —19)(x — 97) — p = 0 has real root 1 and 75
= (x—19)(x —97) —p= (z — r1)(z — re) for any z
= (z—r1)(x—r2) +p=(x —19)(z — 97) for any z
= the roots of (x — r1)(z — r3) + p = 0 are 19 and 97
= the roots of (x — r1)(x — r2) = —p are 19 and 97.

Thus, the minimum root of (x — rq)(z — ro) = —pis 19.

Example 4. (CHINA/2003) Let a be the minimum root of the equation 22 —3|z|—

1
2 = 0, find the value of ——.
a
Solution I Itis clear that O isnotaroot. (—a)?—3|—a|—2 = a®?—3|a| -2 =
0 implies that —a is also a root, and ¢ < —a yields a < 0.
Thus, it suffices to find the maximum positive roots, so we solve the equation

+17

2 —-3x—-2=0. By the formula for roots, the root - > ( is obtained.
Thus,

34+ VIT
= -
hence
1 2 2(/17-3) V17-3
a 3+17  17-9 4

Solution IT  Let y = |z|, then the given equation becomes y? — 3y — 2 = 0.
By using the formula for roots,

34+V17
2

|z =1 = (the negative root is not acceptable).
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Thus, a = — , and the rest is the same as Solution 1.

3+ V17
2

Example 5. Solve the equation |2? — 3z — 4| = |z — 2| — 1.

Solution 22 -3z —4=0hastworootsz = —landz=4,andz —2=0
gives x = 2. So the number axis should be partitioned into four parts by the
partition points —1, 2, and 4.

(i) Whenz < —1, the equation becomes 2> —3x—4 = 1 —z,s0 2°—2x—5 =
0, the rootis z = 1 — /6.

(i) When —1 < z < 2, the equation becomes — (22 — 3z —4) = 1 — x, s0
2?2 — 4z + 5 = 0, no solution since A < 0.

(ili) When 2 < x < 4, the equation becomes — (2% — 3z — 4) = x — 3, so
22 -2 —7=0,2=1+42V2.

(iv) When4 < z, the equation becomes 22—3x—4 =x2-3,s02?—4x—1 =0,
z=2+/5.

Thus, the solutions are 1 = 1 — \/6, To =1+ Qﬂ, xr3 =2+ V5.

2 _ gz —3 = 0. Evaluate

Example 6. Given that a is a root of the equation x
a+1

@ —at—ad+ a2

Solution a? — a — 3 = 0 yields a®> — a = 3. On the other hand,

ad+1 = (a+1)(a®>—-a+1),
a®—a*—a*+a®> = a*@a®—a®>—a+1)=a*[(a*(a—-1)— (a—1)]
= ad*(a—1)(a®-1)=a*(a+1)(a—1)?

it follows that

a®+1 a2—a—|—1_4

a®—a*—a3+a2  (a?—a)? 32

4
5

For quadratic equations with parameters, the information on roots can con-
versely determine the range of the parameters, as shown in the following exam-
ples.

1
Example 7. Given that the equation 22 — (2a + b)z + (2a* + b* — b + 5) =0

has two real roots. Find the values of a and b.
Solution A > 0 implies that

(2a+b)?2 —4(2a> + v — b+ 1) >0,
4a? +3b% — 4ab — 4b+2 <0,
(2a —b)2+2(b—-1)2<0, ~.a=2,b=1.
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Example 8. (CHINA/2005) Given that the equations 22 — az + 3 — b = 0 has

two distinct real roots, (6 — a)z + 6 — b = 0 has two equal real roots, and 2% +

(4 — a)x + 5 — b = 0 has no real roots. Then the ranges of a and b are
(A)2<a<4,2<b<b, B)l<a<4,2<b<b,
O)2<a<4,1<b<b, Dl<a<4,1<b<b.

Solution The assumptions in question imply that their discriminants are

Ay =a*—-4(3-10b) >0,
Az =(6-a)’—4(6-b) =0,
Az=(4—a)’—4(5-b) <0,

respectively, namely,

a?+4b—12 >0, (24.2)
a’?—12a+ 12 +4b =0, (24.3)
a? —8a—4+4b < 0. (24.4)
(24.3) yields
a? +4b = 12a — 12. (24.5)

Substituting (24.5) into (24.2) yields 12a — 12 — 12 > 0, i.e. a > 2. Substituting
(24.5) into (24.4), then 12a — 12 — 8a — 4 < 0, i.e. a < 4. Thus,

2<a<4. (24.6)
(24.3) gives 4b = 24 — (6 — a)?. Applying (24.6), it follows that
24 — (6 —2)% < 4b < 24 — (6 — 4)?,

s0 8 < 4b < 20, i.e. 2 < b < 5. Thus, the answer is (A).

Quadratic equation can be applied to solve geometric problems, as shown in
the following examples
Example 9. a, b, c are positive constants such that the equation

A4 (@ = —Ar+b*=0

has no real roots. Prove that the three segments with lengths a, b, ¢ can form a
triangle.

Solution The given equation has no real roots implies that

(a% = b% — ?)? — 4b%c? < 0,
(2—b2—c —2bc)(a —b? = +2bc) <0
2@ = 0+ 0?la® = (b —¢)?] <0.
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Since a® — (b+¢)? < a? — (b—c)%,s0a® — (b+¢)? < 0,a® > (b — c)?. Thus
a<b+4+c, a>b—c, a>c—0b,

ie.a <b+c,b<a+cc<a+ b. The conclusion is proven.

In problems about quadratic equations, the relation between roots of two qua-
dratic equations is discussed often, as shown in the following example.

Example 10. (CHNMOL/2004) Given that the equation in x
ma? —2(m+2)z+m+5=0 (24.7)
has no real root, how about the real roots of the following equation
(m —6)2* —2(m+2)z +m+5=07? (24.8)

Solution The equation (24.7) has no real root implies m # 0 and its dis-
criminant is negative, SO

[—2(m 4+ 2)]? —4m(m +5) = —4m +16 < 0, ie.m > 4.

For the equation (24.8),
(i) When m = 6, (24.8) becomes —16x + 6 = 0, its solution is x = %

(i) When m # 6, then (24.8) is a quadratic equation, and its discriminant is
given by

4(m +2)? —4(m — 6)(m +5) = 4(10m +4) > 0 (.- m > 4),

so (24.8) has two distinct real roots for this case.

3
Thus, (24.8) has one root x = 3 when m = 6, or two distinct real roots when
m # 6.

Testing Questions (A)

1. (CHINA/2004) If the larger root of (20031:)2 —2002 x 2004 —1=01ism,
and the smaller root of 22 4+ 2002z — 2003 = 0 is n, then m — n is
2003 2002

2004° @

(A) 2004, (B)2003, (C) 500"



10.

Lecture Notes on Mathematical Olympiad 59

(CHINA/2003) Solve the quadratic equation z2 + |z + 3| + |x — 3| — 24 = 0.

(CHINA/2005) Solve the quadratic equation (m—2)z%—(m+3)z—2m—1 =
0.

Given that a is a root of the equation 22 — 3z + 1 = 0, evaluate

2a°® — 5a* + 2a3 — 8a?
a?+1

(CMO0/1988) For what values of b do the equations: 1988x2 + bz + 8891 = 0
and 88912 + bz + 1988 = 0 have a common root?

(CHINA/2004) Given that the equation in x
(m? —1)a? —2(m+2)z+1=0
has at least a real root, find the range of m.

Find the value of &, such that the equations 2 — kz — 7 = 0 and 2 — 6x —
(k 4+ 1) = 0 have a common root, and find the common root and different
roots.

(CHINA/1995) Given that a, b, ¢ > 0, and the quadratic equation (c+ a)z? +
2bx + (¢ — a) = 0 has two equal real roots. Determine if the three segments
of lengths a, b, c can form a triangle. If so, what is the type of the triangle?
Give your reasons.

If the equation in x
2?2 +2(1 +a)x + (3a® +4ab+4b* +2) =0
has real roots, find the values of ¢ and b.

(CHINA/1997) a, b, ¢ are real numbers with a? 4+ b% + ¢ > 0. Then the
equation
2+ (a+b+c)r+ (a®+b*+c*) =0

has

(A) 2 negative real roots, (B) 2 positive real roots,

(C) 2 real roots with opposite signs, (D) no real roots.
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Testing Questions (B)

(ASUMO/1990) Mr. Fat is going to pick three non-zero real numbers and Mr.
Taf is going to arrange the three numbers as the coefficients of a quadratic
equation

Oz% 4+ Oz + 0 = 0.

Mr. Fat wins the game if and only if the resulting equation has two distinct
rational solutions. Who has a winning strategy?

(CHINA/2004) a, b, ¢ are three distinct non-zero real numbers. Prove that the
following three equations az? + 2bx + ¢ = 0,bx? + 2cx +a = 0, and
cx? + 2ax + b = 0 cannot all have two equal real roots.

(CHNMOL/2003) a, b are two different positive integers, and the two quadratic
equations

(a—1)2?—(a®+2)x+(a®+2a) =0 and (b—1)2>—(b?+2)x+(b*+2b) = 0

ab + b

have one common root. Find the value of ————.
a~b4pa

(CANADA) m is a real number. Solve the equation in x
|z — 1| + 2% — 4| = ma.

(CHINA/1988) If p, q1 and g- are real numbers with p = ¢; + g2 + 1, prove
that at least one of the following two equations

Prr+qa=0, 2P+prt+g=0

has two distinct real roots.



Lecture 25

Relation between Roots and Coefficients of
Quadratic Equations

Viete Theorem and Newton Identity are two important results in discussing the
relation between roots and coefficients of polynomial equations. As the funda-
mental knowledge about the quadratic equation, in this chapter we only mention
Viete theorem and its some applications.

Theorem L. (Viete Theorem) If 1 and x5 are the real roots of the equation ax? +
bx 4+ c =0 (a #0), then

(E1+(E2 = —

7a
a

C
12 a

Proof. By the factor theorem, the equation ax? + bx + ¢ = 0 (a # 0) has roots
21 and x if and only if
az® +bx +c = a(r — x1)(x — x2), Vo € R.

Expanding the right hand side yields az?—a(z1+2)x+ax; 22, so the comparison
of coefficients of both sides gives the conclusion at once.
Or, the conclusion can be verified by applying the formula for roots. ]

Note: The method used here can be used also for proving the generalized
Viete Theorem for polynomial equation of degree n (n > 2).

Theorem II. (Inverse Theorem) For any two real numbers o and 3, the equation
2> —(a+B)zr+aB=0

has o and 3 as its two real roots.
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The proof is obvious since the left hand side of the given equation can be
factorized to the form

(x — a)(z — B).

When the quadratic equation ax? + bx + ¢ = 0 is given, i.e. a, b, ¢ are given,
by Viete Theorem, not only the roots x; and x> can be investigated, but many
expressions in z; and zo can be given by a, b, ¢, provided the expression is a
function of 1 + 2 and z1x2, for example, the following expressions are often
used:

2 2
2242l = (x4 22)? — 2wa0 = — =
a a
2 2 A
(l‘l — l‘g) = (331 + 332) —4dxix9 = ;;
i+i — 7{[’14—.%2:7[)/7@:79-
r1 o X2 T1T2 c/a ¢’
i+i _ 2 + 23 _ (x1 + 22)? — 23129 :b2—2ac.
z? 2l r223 (122)? 2
3+ a3 = (x1+22)(2? — 2170 + 23)
b\ be
= (.’ﬂl + xg)[(xl + $2)2 — 31’1.’EQ] = <—a) + 3@

Based on the above, it is possible to establish new equations with required roots
by the inverse Viete theorem.

Conversely, by applying the Viete Theorem, the given information on roots of
a quadratic equation with parameters can be used to determine the values or ranges
of the parameters. To construct quadratic equations by using the inverse Viete
theorem can be also used to determine the values of some algebraic expressions.
The examples below will explain these applications.

Examples

Example 1. (CHINA/1997) Given that the equation 2 + (2a — 1)z + a® = 0 has
two real positive roots, where a is an integer. If x1 and x5 are the roots, find the

value of |\/x1 — /T3|.

DO | —

Solution The two real roots are positive implies 1 — 2a > 0, i.e. a <

since a is an integer, so a < 0. Then

VI =Vl = VI = V) = e - 2ynT
- Vi—-2a+2a=1
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Note: It is not needed to determine the value of a but it is sufficient to know
that a < 0.

Example 2. (CHNMOL/1996) x; and x5 are roots of the equation 22 +2 —3 = 0.
Find the value of x5 — 422 + 19.

Solution By Viete Theorem, z; + 5 = —1, 7109 = —3. Let A = 23 —
423 +19, B = 23 — 422 4+ 19. Then

A+B = (z3+23)—4(z? +22)+38
= (@1 +x2)[(z1 + 22)? — 3z172) — 4[(21 + 22)? — 2712] + 38
= —[ +9]—4[1+6]+38=0,

A-B = $—a3) +4(2? — 23)

(1
= (551 — z9)[(1 + 22)? — 21272 + 4(T1 + 22)]
(1‘1 —332)[1+3—4] =0.

Thus, 2A = (A+ B)+ (A— B) =0,ie. A=0.

Example 3. (CHINA/1996) Given that the quadratic equation 2 — pz 4+ ¢ = 0
has two real roots o and [3.

(i)  Find the quadratic equation that takes o, 33 as its two roots;

(ii)  If the new equation is still 22 — px + ¢ = 0, find all the possible pairs

(p,q)-
Solution (i) The Viete Theorem yields o + 6 = p, a3 = ¢, so

(04)3 (8)? = (ap)? = ¢,
o + 3% = (a+ 3)° = 3aB(a+ B) = p® — 3pg = p(p* — 3q),

by the inverse Viete Theorem, the new equation is
22 —p(p* —3¢)x +¢* =0.
(ii) If the new equation is the same as the original equation, then

p(p® — 3q) =p, (25.1)
¢ =q. (25.2)

(25.2) implies ¢ = 0,1 or —1.
When ¢ = 0, then (25.1) implies p> = p, sop = 0,1 or —1.
When ¢ = 1, then (25.1) implies p = 4p, sop = 0,2 or —2.
When g = —1, then (25.1) implies p? = —2p, so p = 0.
Corresponding to the obtained seven pairs of (p, ¢) there are seven equations

22=0, 22—2=0, 224+2=0, 224+1=0,
22 —-224+1=0, 22+2x+1=0,22-1=0.
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Among them only 22 + 1 = 0 has no real roots, so the rest 6 pairs satisfy the
requirements. Thus, the solutions for (p, ¢) are

(0,0), (1,0), (-1,0), (2,1), (—2,1), (0,—1).

Example 4. Given the equation (z — a)(x — a — b) = 1, where a,b are two
constants. Prove that the equation has two real roots, where one is greater than a,
and the other is less than a.

Solution The two roots should be compared with a, it is natural to use the
substitution y = & — a. Under the substitution, the problem becomes one to prove
one root is positive and the other is negative for y.

Then the equation becomes y? — by — 1 = 0, and the conclusion is obvious:
By Viete theorem, the product of its two roots is —1, so they must have opposite
signs.

(In fact, A = b? + 4 > 0 implies that the equation in y must have two distinct
real roots, so the existence of real roots is not a problem.)

Example 5. (CHNMOL/2000) Given that m is a real number not less than —1,
such that the equation in

22 +2(m -2z +m? —3m+3=0

has two distinct real roots z; and x5.
(i) If 22 + 23 = 6, find the value of m.
ma?3 ma3

(ii)) Find the maximum value of .
— T 1— To

Solution The equation has two distinct real roots implies that A > 0, so
A=4(m—2)?>—4(m* —3m+3) = —4dm +4 > 0.

Thus, —1 <m < 1.
@) By Viete Theorem, z1 + x5 = —2(m — 2), 2179 = m? — 3m + 3, so

6 = 27+a3=(r1+x2)%— 21129
= 4(m —2)? —2(m? — 3m + 3) = 2m? — 10m + 10,
5+ V17
2

ie.m2—5m+2=0,s0m = . Since —1 < m < 1,

5—+17
m:T.
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(i ma? n ma3 _ m[r2(1 — x9) + 23(1 — 21)]
1—x1 1—um (1 —z1)(1 — x9)
_ mlz? + 23 — r122(21 + 22)]
129 — (X1 +22) + 1
m[(2m? — 10m + 10) + 2(m? — 3m + 3)(m — 2)]
m?2—-3m+3+2(m—2)+1
m(2m3 — 8m? + 8m — 2)

— — o2
= 5 =2(m*—3m+1)

m?—m
2 2
=2 mf§ —§§2 —1—§ —§:10 since —1 <m < 1.
2 2 2 2
Thus, the maximum value of UL + s is 10.
— X1 — T2

Example 6. (CHNMOL/1991) Given that the quadratic equation az?+bx+c = 0
has no real roots, but Adam got two roots 2 and 4 since he wrote down a wrong

value of a. Ben also got two roots —1 and 4 because he wrote down the sign of a

2b+3
term wrongly. Find the value of + C.
a

Solution Suppose that Adam wrote down the coefficient a as a’ wrongly.
Then

b c
7; = 67 ; = 8’
therefore —— = —. Based on Ben’s result, we have
b
Zl=3, ¢ =4
a a
. 2 c b
Since A = b* — 4ac < 0, we have ac > 0, therefore — = 4, and hence — = —3.
a a
Thus,
2b+ 3¢

—2(-3) +3(4) = 6.

a

Example 7. (CHINA/2003) Given that the equation 822 + (m+ 1)z +m —7 = 0
has two negative roots, find the range of the parameter m.

m—+1
8

Solution Let the roots be x1,x5. Then 21 + x5 = — <0, x129 =

m—7

>0and A = (m+1)% —32(m—17) > 0.
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The first inequality implies that —1 < m, the second inequality implies that
7 < m, and

(m+1)2 = 32(m — 7) = m? — 30m + 224 = (m — 14)(m — 16) > 0,

which implies that m < 14 or m > 16. Thus, the range of mis 7 < m < 14 or
m > 16.

Example 8. (CHINA/2005) If a, b are real numbers and a® + 3a + 1 = 0,5 +
3b+ 1 = 0, find the values of% + é
a

Solution From Viete theorem it follows that a and b are both the real roots
of the equation 2 + 3x + 1 = 0. If a = b then

If a # b, then Viete Theorem yields that a + b = —3,ab = 1, so

(a+b)?—2ab

9—-2="17.
ab

a L b
b a
Example 9. (CHINA/2005) If p, ¢ are two real numbers satisfying the relations

1
2p?> —3p—1=0and ¢>+3¢—2 = 0 and pq # 1. Findthevalueof}w.
q

1\? 1
Solution Change the second equality to the form 2 () -3 () -1=0,
q q

then it is found that p and 1/q are both the roots of the equation 22 — 3z — 1 = 0.
pq # 1 implies that p # 1/¢, so, by Viete theorem,

1 3 1
p+—-== and B:**,
q 2 q 2
1 1 3 1
ohatetl 1 p 3 1,
q q 2 2

Example 10. Given that a, b, ¢ are the lengths of three sides of AABC, a > b >
¢, 2b = a+c, and b is a positive integer. If a? +b? + ¢ = 84, find the value of b.

Solution The conditions a + ¢ = 2b and a? + b* + ¢* = 84 yield

1 1
ac = 5[((1 +0)? = (a* +?)] = 5(51)2 — 84).
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. . . 9 5b% — 84
By the inverse Viete theorem, the equation z* — 2bx + ———— = 0 has two
distinct roots a and c, so its discriminant is positive, i.e. A = 4b% —2(5b* —84) =
168 — 6b% > 0, which implies
168
-

Since ac > 0 implies 84 < 5b2, s0 16 < 84/5 < b2. Thus, 16 < b* < 28 yields
b=25.

b < 28.

Testing Questions (A)

1. (CHINA/1999) Given that 222 — 52 — a = 0 is a quadratic equation in z, a
is a parameter. If the ratio of its two roots 1 : 2 = 2 : 3, find the value of
To — I1.

2. (CHINA/1993) Given that the two roots of the equation 22 + px + ¢ = 0 are
1 greater than the two roots of the equation 2 + 2qx + % p = O respectively,
and the difference of the two roots of x? + px + ¢ = 0 is equal to that of
2?2 + 2qx + %p = (. Find the solutions to each of the two equations.

3. (CHINA/1993) o, 3 are the real roots of the equation 22 — px + ¢ = 0. Find
the number of the pairs (p, q) such that the quadratic equation with roots
a?, 3% is still 22 — px + ¢ = 0.

4. (RUSMO/1989) Given p+ g = 198, find the integer solutions of the equation
22 +pr+q=0.

5. (CHINA/1995) Given that the sum of squares of roots to the equation 2z2 +
1
ar —2a+1=0is 71, find the value of a.

6. Given that o and [3 are the real roots of 22 — 2z — 1 = 0, find the value of

Sat + 1232,
7. (CHINA/1997) Given that o and f3 are the real roots of z2 + 19z — 97 = 0,
1+a 1+7 m ) .
and —— = ——, where m and n are two relatively prime natural
l—-a 1-7 n

numbers. Find the value of m + n.

8. (CHINA/1997) Given that a, b are integers with a > b, and the two roots «, 3
of the equation 322 + 3(a + b)x + 4ab = 0 satisfy the relation

ala+1)+B(F+1) = (a+1)(B+1),
find all the pairs (a, b) of two integers.
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9. (CHNMOL/1999) Given that the real numbers s, ¢ satisfy 1952 +99s+1 = 0,
t+4 1
t2 499t 4 19 = 0, and st # 1. Find the value of ﬁ

10. (USSR) Prove that if o and /3 are the roots of the equation x? + px +1 = 0,
and if vy and 6 are the roots of the equation 2 + gz + 1 = 0, then

(@ =) (B =7 (a+8)(B+6)=q*—p*

Testing Questions (B)

1. (CHINA/1998) Given that «, 3 are roots of the equation 2 — 7z + 8 = 0,
2
where a > . Find the value of — 4 33 without solving the equation.
@
2. Giventhata = 8 — band ¢? = ab — 16, prove that a = b.

3. (USSR) Let v and 3 be the roots of the equation 22 + px + ¢ = 0, and v and
J be the roots of the equation 2% 4+ Pz 4+ @Q = 0. Express the product

(@ =) (B =7)(a—06)(5-19)
in terms of the coefficients of the given equations.

4. (ASUMO/1986) If the roots of the quadratic equation 22 + axz +b+1 = 0
are natural numbers, prove that a? + b is a composite number.

13z — o 13 —
5. (CHINA/1999) Solve the equation —o%—* (7 + 3372 _ 49,
rx+1 r+1



Lecture 26

Diophantine Equations (II)

The Diophantine equations to be discussed in this chapter are all non-linear al-
though, but we focus on the integer solutions of quadratic equations.

Basic Methods for Solving Quadratic Equations on Z

@

auy

(I1D)

Factorization Method. Let the right hand side of the equation be a con-
stant, zero or a power of a prime number (in the case of indicial equation),
and factorize the left hand side to the form of product of linear factors, then
discuss the possible values of the linear factors based on the factorization
of the right hand side.

Discriminant Method. When a quadratic equation with integer coeffi-
cients has integer solution(s), its discriminant must be a perfect square.
This feature will play an important role.

When the quadratic equation contains two variables x,y, by the formula
for roots, = can be expressed in terms of y, and its discriminant is an
expression in y. Since the discriminant is a perfect square and that y is an
integer, y can be found easily in many cases.

Besides the use of discriminant, the use of Viete Theorem and transfor-
mation or substitution are also useful tools for simplifying and solving
quadratic equations.

Congruence, divisibility, and parity analysis, etc. are often used in dis-
cussing the existence of integer solutions of quadratic equations.
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Examples

Example 1. (SSSMO(J)/2008) Let n be a positive integer such that n?+19n+48
is a perfect square. Find the value of n.

Solution This question can be solved by factorization method.
Let n? + 19n + 48 = m? for some m € N, then 4n2 + 76n + 192 = 4m?2, so

(2n +19)? — (2m)? = 169.
(2n —2m+19)(2n+2m +19) = 13> =1-169 = 13 - 13.

The difference of 2n — 2m + 19 = 1 and 2n + 2m + 19 = 169 yields 4m = 168,
ie. m = 42. Therefore n = m — 9 = 33. By checking, 33 satisfies the given
equation.

The difference of 2n — 2m + 19 = 13 and 2n + 2m + 19 = 13 yields m = 0,
its impossible for n > 0. So n = 33 is the unique required solution.

Example 2. (CHINA/2003)) Find the integer solutions of the equation 6zy+4x —
9y —7=0.

Solution By factorization, 6xy + 4oz — 9y — 6 = (22 — 3)(3y + 2), so the
given equation becomes
2z —3)(3y+2)=1.
If 22 — 3 = 1,3y + 2 = 1, then y has no integer solution.
If 2 —3=-1,3y + 2 = —1, then z = 1,y = —1. By checking, (1,-1)
satisfies the original equation, so it is the unique solution for (z, y).

Example 3. (SSSMO(J)/2004) Find the number of ordered pairs of positive inte-
gers (x,y) that satisfy the equation

1 1 1

z Ty~ 2000

Solution By removing the denominators, it follows that zy = 2004(z + y).
Then zy — 2004z — 2004y + 20042 = 20042, so

(z — 2004)(y — 2004) = 20042,

For any positive factor p of 20042, 20042 = p - (20042 /p) yields a solution z =
2004 + p,y = 2004 + (20042 /p). Since

20047 = (22 x 3 x 167)? = 2% x 3% x 167,

the number of positive divisors of 20042 is (4 + 1)(2 + 1)(2 + 1) = 45, so there
are 45 such solutions.
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If p is a negative factor of 20042, then so is 20042 /p, and one of them must
have absolute value not less than 2004, so one of p + 2004 and (20042 /p) + 2004
is not positive, i.e., such solutions are not required. Thus, there are a total of 45
required solutions.

Example 4. (SSSMO(J)/2009) Find the value of the smallest positive integer m
such that the equation

2% +2(m + 5)z + (100m +9) = 0
has only integer solutions.

Solution Since the equation has integer solutions,
A = 4[(m +5)% — (100m + 9)] = 4(m? — 90m + 16) > 0

and m? — 90m + 16 = n? for some non-negative integer n. Then (m — 45)? +
16 — 2025 = n?, so

(m —n —45)(m +n — 45) = 2009
=1-2009 = 41 - 49 = (—49)(—41) = (—2009)(—1).

Whenm —n —45 =1, m + n — 45 = 2009, then m = 1050, n = 1004.
When m —n — 45 =41, m +n — 45 = 49, then m = 90,n = 4.
When m —n — 45 = —2009, m +n — 45 = —1, then m = —960, n = 1004.
Whenm —n —45 = —49,m +n — 45 = —41,thenm = 0,n = 4.
Since x = —(m +5) = n, all above values of (m, n) give integral roots. Thus,
m = 1050, 90, —960, 0, and the smallest positive value of m is 90.

Viete Theorem is also used for solving Diophantine equations. Below is an
example.

Example 5. (CHNMOL/2005) p, q are two integers, and the two roots of the equa-
tion in x
22 p? +11 15

ik 16 =
5 x+4(p+q)+6 0

are p and q also. Find the values of p and q.

Solution Viete Theorem yields

ptq = ) (26.1)

pg = Z(p + q) + 16. (26.2)
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Then p + ¢ > 0 from (26.1) and pg > 0 from (26.2), so p, q are both positive
integers. From (26.2) it follows that

16pg — 60(p + q) = 167
. (4p — 15)(4g — 15) = 256 + 225 = 481.

Since 481 = 1 x 481 = 13 x 37 = (—1) x (—481) = (—13) x (—37), and
4p — 15 or 4q — 15 cannot be —37 or —481, so the pair (4p — 15, 4¢ — 15) has the
following four possible cases:

(1,481), (481,1), (13,37), (37,37).
Corresponding to them, the pairs of (p, g) are
(4,124), (124,4), (7,13), (13,7).

By checking, only the pair (13, 7) satisfies the original system: the equation be-
comes
z? — 20z +91 =0,

and its roots are {13, 7}. Thus, the solution for (p, q) is (13, 7).

Many techniques often used in number theory, like congruence, divisibility,
parity analysis, etc., can be used for solving Diophantine equations. Below a few
such examples are given.

Example 6. (KIEV/1962) Prove that the equation 22 + 32 = 322 has no integer
solution (z,y, z) # (0,0,0).

Solution First of all it can be shown that, if an integer solution (x,y, z) is
not (0, 0,0), then there must be such an integer solution with (z,y) = 1.

Suppose that (x,y,z) # (0,0,0) is an integer solution with (z,y) = d > 1,
letting

x=dzxy, y=dy1, with(z1,y1) =1,

then the original equation becomes d?(x% + y7) = 322, so d? | 3z2. Since the
indices of 3 in d? and 2? are both even, so (d?,3) = 1 and d? | 22, i.e. d | z. Let
z = dzy, then 2 + y? = 322. Thus, (1,91, 21) # (0,0,0) is an integer solution
of the given equation also, and z, y, z; are relatively prime pairwise.

Hence, it suffices to show that the given equation has no non-zero integer
solutions (x,y, z) with (z,y) = 1.

Suppose that (z,y, ) is such a solution, then x,y cannot be divisible by 3,
and 22 + 32 = 2 (mod 3) if x, y are both not divisible by 3, a contradiction.

Thus, the conclusion is proven.

Example 7. (USAMO/1975) Determine all integral solutions of

a® + b + & = v,
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Solution Let (a, b, ¢) be an integer solution. We show that a, b and ¢ must all
be even by taking modulo 4 to both sides of the equation. There are three possible
cases to be considered:

Case I:  When a, b, c are all odd, then a? +b% 4 ¢ = 3 (mod 4), whereas a?b? =
1 (mod 4), so it is impossible.

Case2: When two of a, b, ¢ are odd and the other is even, then a2 + b2 + ¢ = 2
(mod 4), whereas a2b? = 0 or 1 (mod 4), so it is impossible also.

Case 3:  When two of a, b, c are even and the other is odd, then a®> + % +¢? = 1
(mod 4), whereas a?b? = 0 (mod 4), so it is impossible also.

Thus, a, b, c are all even. Let a = 2a1,b = 2b1,¢ = 2¢y, this leads to the
relation

a? 4+ b2 4 3 = 4a%b?.
Since 4a2b? = 0 (mod 4) and each of a?, b2, c? has remainder 0 or 1 modulo 4,

ay, by, cy must all be even also. Then ay = 2ao, by = 2by, ¢; = 2¢o. This leads to
the relation

a3 4 b3 + 2 = 16a3b3.
Again we can conclude that as, ba, co are all even, so it leads to the relation
a3 + b3 + 3 = 64a3b;.
The process can be continued to any times, since we have the relation
aZ + b2 +c2 =4"a2b?

b c .
b, = 27’671 = — are integers for

for any natural number n. Hence a,, = on

on’
any natural number n,i.e. a = b =c = 0.
Thus, the equation has only zero solution.

Note: This example is one of Fermat’s method of infinite decent.

It is sometimes useful to use substitution to simplify the equation first, below
is such an example.

Example 8. (CHNMOL/2003) Given that the integers a, b satisfy the equation

1 1

" 3 (1 1> 12
1 1 1 1|\g ) 1T 1 "3
a b a+b c12—~_b2

find the value of a + b.
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1 1
Solution Letz = — y = 7 then the left hand side of the given equation
a
becomes
T Y 1
x— y T+y 22+ 2
22 + 9 1 1
=y @) s =
(z —y)(z+y) 2?4y wty
1 2
Then the given equation is simplified to = —,1l.e.
z+y 3
1 2 ab 2

L1y a+b 3
From it we have 3ab — 2a — 2b = 0 which yields 9ab — 6a — 6b + 4 = 4, i.e.
(3a—2)(3b—2) = 4.

Therefore a # b. By symmetry, we may assume a > b, so
(i) when3a—2=4,3b—2=1thena=2,b=1,a+b=3;
(i) when 3a — 2 = —1,3b — 2 = —4 then a has no integer solution.
Thus, a + b = 3.

Example 9. (CHNMOL/1995) The number of positive integer solutions (z, y, z)
for the system of simultaneous equations

63,
23

Ty + Yz
Tz + Yz

is
(A) 1 (B) 2; ©3; (D) 4.

Solution 23 is a prime, so that the second equation has less uncertainty, we
deal with it first. * +y > 2 and 23 is prime leads z = 1,z + y = 23. By
substituting y = 23 — z into the first equation, it follows that

(23 —x)(z+ 1) =63,
2% — 222 440 =0,
(x —2)(x —20) =0,

so x1 = 2,z9 = 20. Then y; = 21, yo = 3. Thus the solutions are (2,21, 1) and
(20,3, 1), the answer is (B).
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Testing Questions (A)

1260
(CHINA/2003) Given that P Sp— is a positive integer, where a is a pos-
a?+a

-6
itive integer. Find the value of a.

(CHINA/2001) How many number of pairs (x,y) of two integers satisfy the
equation
2 —y? =127

(SSSMO(J)/2004) Let z,y, z and w represent four distinct positive integers

such that

22— = 2% —w? =8l.

Find the value of xz + yw + zw + yz.

(CHINA/2003) Find the number of non-zero integer solutions (x,y) to the

. 3 2
equation —— + — — — =2
?’y  wy

(CHINA/2001) Find the number of positive integer solutions to the equation

z 14
+ — =

3y

3.

(CHINA/2001) Find the number of positive integer solutions of the equation
2 3 1

x y 4
(SSSMO0/2005) How many ordered pairs of integers (x, y) satisfy the equa-

tion
2

2?4 y? =2z +y) +ay?
(SSSMO/2003) Let p be a positive prime number such that the equation
2 —pr —580p =0
has two integer solutions. Find the value of p.
(USSR/1962) Prove that the only solution in integers of the equation
22 4% 4 2% = 22y2

isr=y=2=0.
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10. (CHINA/1993) The number of positive integer solutions (z,y, z) for the
system of simultaneous equations

Yy +x2z = 255,
zy+yz = 31

is
(A) 3; (B) 2 O (D) 0.

Testing Questions (B)

1. (IMO/Shortlist/1989) Given the equation
423 + 422y — 152y* — 18y — 1222 + 62y + 36y> + 5z — 10y = 0,
find all positive integer solutions.

1 1 1
2. (USSR) Solve, in integers, — + — = — (find the formula for general solution).
x Yy oz

3. (SSSMO/2006) Let p be an integer such that both roots of the equation
5% — 5px + (66p — 1) = 0
are positive integers. Find the value of p.

4. (RUSMO/1991) Find all the natural numbers p, ¢ such that the equation z? —
pqx + p + g = 0 has two integer roots.

5. (IMO/1994) Determine all ordered pairs (m,n) of positive integers such that

nd+1
mn — 1

is an integer.
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Linear Inequality and System of Linear Inequalities

Definition 1 An expression is called an Inequality if it is formed by two alge-
braic expressions connected by the symbols “>”, “>”, “<”, or “<”, aimed to
represent the unequal relation between the two expressions.

If use the letters a and b to stand for the two expressions in an inequality, then
a > bis called “a is greater than b”, @ > b is called “a is greater than or equal
to b”, a < bis called “a is less than b”, and a < b is called “a is less than or
equal to b”.

Definition 2 When an inequality (or a system of inequalities) has k unknown
variables (21,22, ...,2;) € Rg, the action to find the values of (z1, 2, ..., k)
such that the inequality (or the system of the inequalities) be true is called solving
the inequality (or the system of the inequalities). Any point (1, Zs, ..., 2x) € Ry
that satisfies the inequality (or the system of inequalities) is called a solution of
the inequality (or the system of the inequalities), and the set of all solutions is
called the solutions set of the inequality (or the system of inequalities).

Basic Properties of Inequalities

1)) Ifa>bandb > ¢, thena > c.
) Ifa>b,thena+c>0b+ canda— c > b— cfor any real number c.

() Ifa>bthena-c>b-cand 2> Zife> 0.
C C

b . ..
aIVv) Ifa >b,thena-c < b-cand 4 < —if ¢ < 0, i.e. the direction of the
c c
inequality needs to be changed.

Note that the property (IV) is exclusive for inequalities, but the properties (I)
to (IIT) are similar to the case of equalities.

77
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Steps for Solving a Linear Inequality

When an inequality has a unknown variable a to be solved, the steps are usually
the same as in solving a linear equation, consisting of
(i) removing denominators; (ii) removing brackets;
(iii) moving terms for combining like terms; (iv) combining like terms;
(v) normalizing the coefficient of x.

The order of (i) to (iv) can be changed flexibly, such that the inequality can be
simplified to one of the forms

axr>b, ar>b, ar<b, ax<hb,

where a, b are constants. At the step (v), a should be converted to 1 if a is given
constant, however, if a a parameter or contains parameters, then the discussion on
the possible cases of the parameters is needed.

Examples

Example 1. Given 2(z —2) — 3(4z —1) = 9(1 — ) and y < = + 9, compare the

1
sizes of y and —Oy
us 31

Solution By solving the equation in z, it follows that 12x — 2z — 9z =
1 1
—4+4+3—-9=-10,s0x = —10. Thus,y < =104+ 9 = —1. Since — < 3—(1),50
0
1 10

Example 2. (CHINA/1999) If ac < 0, in the inequalities 4 < 0; ac® < 0;
c
a’c < 0; c®a < 0; ca® < 0 how many must be true?
AL B2 ©3 D4
Solution ac < 0 implies that a and ¢ have opposite signs and a # 0, ¢ # 0,
SO 4 < 0and a? > 0and ¢ > 0. Since the signs of a and c are not determined,

&
so the signs of a®c and ac? are not determined. However, a®c = a?(ac) < 0 and

ca® = (ac)a® < 0, so there are three inequalities that must be true. The answer is

©).
Example 3. (CHINA/2006) There are four statements as follows:
1
(i) WhenO < z < 1, then
1+

<1—x+x2;
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1
(i) When 0 < z < 1, then >1—x+ 2%
1+:cl
(iii) When —1 < z < 0, then <1l—z+a2%
14+

1
@iv) When—1<x<0,then1 >1—x+22
x

Then the correct statements are

(A) (i) and (iii), (B) (ii) and (iv), (C) (i) and (iv), (D) (ii) and (iii).

Solution Under the conditions on z, 1 + x > 0, so we can move 1 + x to
right hand side without changing the direction of the inequality sign. Since

(1+2)1—2+2?) =1+2%

so (i) and (iv) are true but (ii) and (iv) are wrong. Thus, the answer is (C).

3
Example 4. (CHINA/2006) Given real numbers a and b. If a = xl— b =
2 1
x; ,b< g < 2a, find the range of the value of z.

+1 7 z+3

, SO
5 3 3 2
20+ 1 < 7 and 14 < 3z + 9, hence 3 < x < 3. Thus, the range of z is

7 2
Solution The inequalities b < 3 < 2a implies v

5
- <z <3
3 <7

Example 5. (CHINA/2004) If the solution set of the inequality (a+ 1)z > a® —1
is x < a — 1, find the solution set of the inequality (1 — a)z < a? — 2a + 1.

Solution The given conditions in question implies that @ + 1 < 0. In fact,
2
a“—1 .
€.

, 1
a+1

a + 1 < 0 leads to the solution set of the first inequality is x <

r<a-—1.
Then a + 1 < 0 implies a < —1, so 1 — a > 0. Thus, the solution set of the
second inequality is

a?—2a+1 .
r<———=1—a, ie.zx<1l—a.
1—a

Example 6. (CHINA/1998) Solve the inequality a(x — b?) > b(z + a?) for x.

Solution a(z — b?) > b(z + a?) yields (a — b)x > ab(a + b).
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ab(a +b)
a—>b

(i) Ifa <b,thenx < M_be);
a

@) Ifa > b, thenz >

(iii) Ifa = b > 0, then left hand side is zero but right hand side is non-negative,

no solution;
(iv) Ifa = b < 0, then left hand side is zero and right hand side is negative, so

any real number is a solution.

Example 7. Given that the solution set of the inequality (2a — b)z + 3a — 4b < 0
4

isz > g Find the solution of the inequality (a — 4b)z + 2a — 3b > 0.

4
Solution The solution set of (2a — b)z +3a —4b < 0is z > 9 implies that

4b—-3a 4
2a —b d = -
a <0 an Cy— 9’
2a < b, and 36b— 27a = 8a — 4b,

'.b:£a>2a—>a<0.

7 21
Then (a — 4b)z + 2a — 3b > 0 becomes (a - 2@) x+2a — 5 > 0, so

1
—iax > ga, ST > e

1
Thus, the solution set of the second inequality is z > T

Example 8. (CHINA/2001) Given that the solution set for x of the inequality

2 dmx — 1 3
mtr < In sz > T find the value of the parameter m.

3 - 2
2 4 -1
Solution From m;_ z < me it follows that
dm + 2z < 12max — 3,
2(6m — 1)x > 4m + 3.
. . 3. .. 4 3 3
The solution set is x > — implies that 6m — 1 > 0 and _Am+s = -,
4 206m—1) 4
9

< 2(4m +3) = 3(6m —1), ie (18-8)m=6+3, ~m= .

Example 9. (CHINA/2005) Given that x = 3 is a solution of the inequality ma +
2 < 1 — 4m, if m is an integer, find the maximum value of m.
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Solution By substituting x = 3 into the given inequality, it follows that

m< —1,s0m < - thus, the maximum value of m is —1.

Finding the solution set of a system of linear inequalities, means to find the set
which satisfies each of the inequality in the system. So to each inequality in the
system we can find its solution set first, then the common part of these sets is the
solution set of the system.

Example 10. Solve the system of inequalities

3xr—5 > 2x-—3,
23x+2) > 3z-—1.
Solution The solution set of the first inequality is z > 2.
The solution set of the second inequality is ©z > ——.

Therefore the solution set of the system is the common part of these two inter-
vals, i.e. the set x > 2.

Testing Questions (A)

1. Ifa,b,c>0and ¢ a4 , arrange a, b, ¢ in ascending order.
a

< <
+b b+c a+c
a b c

2. (CHINA/2005) Givena < b < ¢ < 0, arrange the sizes of , ,
b+c c+a a+b

in descending order.

3. Solve the inequality in x: ax + 4 < x + b, where a, b are two constants.

4- 3 2-3
4. (CHINA/2002) Given m = SgC,n:”'jjlr p= 5x,andm>n>

p. Find the range of z.

5. Solve the system of inequalities

z—1>-3

1 1
§x—1<fa:
3<2(z—-1)<10
1
-(3—2z) > -2.

3
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(CHINA/1996) Given that x, y, a, b are all positive numbers and a < b, r_
“ Y
b
(A)

. If £ + y = c, then the larger one of = and y is

ab ab ac be

B D :
iy i O ®o

5
Given that the solution set of the inequality (2a—b)x > a—2bforzisz < >
find the solution set of the inequality ax + b < 0.

Givena + b+ ¢ =0, a > b > c. Find the range of E.
a

(CHINA/1997) Given that the solution set of z for the inequality (2a — b)x +
1
a—>5b>0isx < 70 find the solution set of x for the inequality az > b.

(CHINA/1998) Given that a, b are two integers such that the integer solu-
tions of the system of inequalities

9r —a >0, and 8z —b<0

are 1,2, 3. Find the number of the ordered pairs (a, b).

Testing Questions (B)

(CHINA/2002) Given 0 < a —b < 1,1 < a+ b < 4. Find the value of
8a + 2002b when the value of a — 2b is maximum.

Find all the positive integer-valued solutions (z,y, z) of the system of in-
equalities
3x+2y—2z = 4,
20 —y+2z = 6,
r+y+z < T

(CHINA/2004) If = > 2,y > z, then which is always true in the following
inequalities?

Azxz+y>4z, B x+y>3z, Ox+y>2z, D)zr+y>=z

(CHINA/2003) Given that the integer solutions of the inequality 0 < az+5 <
4 for x are 1, 2, 3, 4. Find the range of the constant a.
9

a, b are positive integers. Find the fraction % satisfying % < =< 10’ and

)

(=

such that b is minimum.



Lecture 28

Quadratic Inequalities and Fractional Inequalities

In this chapter the quadratic inequalities and fractional inequalities of single vari-
able are discussed.

Any quadratic inequality can be arranged in one of the following forms
(@) f(z) > 0; (ii) f(z) = 0; (iii) f(x) < 0; (v) f(z) <0,

where f(z) = ax? + bz + ¢ with a # 0. Below for the convenience of discussion,
we assume a > 0, i.e. the curve of the quadratic function y = ar? +bxr +cisa
parabola opening upwards.

Basic Methods for Solving Quadratic Inequalities

@D When the equation f(z) = 0 has two real roots x1 < x5, the solution set
of the inequalities (i) to (iv) are

)z <xiorx > x9; () x < z1o0orx > xo;
(i) x1 <z < x9; (v) 21 <z < x9;

respectively.

Geometrically, x1, x5 are the z-coordinates of the points of intersection of
the curve y = f(x) with the x-axis, and the solution set is the range of
the x-coordinates of the points on the curve with positive y-coordinates
(for (1)), or with non-negative y-coordinates (for (ii)), with negative y-
coordinates (for (iii)), or with non-positive y-coordinates (for (iv)).
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Lecture 28  Quadratic Inequalities and Fractional Inequalities

When the equation f(z) = 0 has no real solution, then f(z) > 0 for any
real x, so the solution set of inequalities (i) and (ii) are both the whole real
axis, and no solution for (iii) and (iv).

Geometrically, the equation f(x) = 0 has no real solution means the whole
curve of y = f(x) is above the z-axis, so it does not intersect with the -
axis, hence any point on the curve has a positive y-coordinate.

For fractional inequalities of the forms
(0 g(x) > 0; (i) g(x) = 0; (iii) g(z) < 0; (iv) g(z) <0,

where g(z) = =% with a # ¢, the problems will become those dis-
x—c

cussed in (I) when multiplying both sides of the inequality by (x — ¢)?.

If there are more than one linear factors in the denominator or numerator of
the fractional expression g(z), then it is needed to discuss the sign of g(z)
by partitioning the range of x into several intervals, where the partition
points are given by letting each linear factor be zero.

Notice that, if the factor (x — a)?"*! with n. > 1 occurs in the numerator
of denominator of g(z), it can be replaced by (z — ¢) without changing the
solution set, and if (z — a)2” with n > 1 occurs in the the numerator of
g(x), it can be removed at first, and then determine if a is in the resultant
solution set. If (z — a)?™ occurs in the denominator of g(x), then remove
it first, and remove the point a from the resultant solution set if any.

Thus, the construction of g(z) to be considered can be simplified much.

In mathematical olympiad competitions, inequalities containing parame-
ters often occur. One kind of the common problems is to determine the
values or ranges of the parameters based on information contained in the
given inequality and other given conditions.

Examples

Example 1. Solve the inequality (z — 2)*(z — 5)°(z + 3)3 < 0.

Solution Since (z — 2)*(z — 5)5(z +3)> < 0 & (x — 5)(z + 3) < 0, so
the solution set is

{-=3 <z <5} —{2}, orequivalently, {—2 <z <2} U{2 <z <5}.

Example 2. Solve the inequality (2 —x — 1)2 > (22 + 2 — 3)%

Solution By factorization the given inequality can be simplified.

(2> —2-1)2>@*4+2-3)2 s (@?—2-1)2—-(2>+2-3)2>0
0.

—2r-2)(222+2) >0 (z—-1)(2?+1)<0& (z-1) <
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Thus, the solution set is {x < 1}.

Example 3. Solve the i iy L2
X . OOIVEe € 1meqguali _—_ .
P E S e I

Solution The inequality is equivalent to the systems
22 —2-2>0,22-32+1>0 or z>—2-2<0,22-3x+1<0.

xQ—x—QZO, 22 —3x+1>0

@(z—?)(a:Jrl)207(937372\/5)@73+2\/5)>0
@{{xﬁ—l}U{xEQ}}ﬂ{{x< 3_2\/S}U{x> 3+2\/5}}
efr<-1U{e> 3+2‘/5}.
22— —2<0, 22-3z+1<0
@(fo)(erl)SO,(17372\/5)(90—3+2\/5)<0
@{{—1%2}}0{{3‘2\@ <w< 32“5}}
@{372\/5<x§2}.

Thus, the solution set is {x < —1}U{3_2\/5 <z<2tU{z> 3+2\/5}.

-2
Example 4. Solve the inequality r—e > —1.
z+3

2+ 1

) o x+3 T+
solution set is

Solution >0< 22+ 1)(z+ 3) > 0, so the

(r<-3}Ufz> f%}.

(z+1)(z—2)

Example 5. Solve the inequality ( 5
T —

> 0, where x # 4.

Solution List the following table

Range of = r<—-1|-l<zx<2|2<zx<4|4<zx
1)(x—2
Signof—(x+ )z =2) — + — +
z—4
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Therefore the solution set is S = (—1,2) U (4, +00).

1
Example 6. Find the solution set of the inequality L+1 > § (x # 1 and
x— x
x #0.)
1 6 1 6
Solution Change T > — to the form rrl 0 > (0, then
z—1 =z r—1 =z
1 1)—6(z—1 2 6
rrl by o et bzl e Bl
x—1 = z(x—1) z(x—1)
— N —
(-2-3) _,
z(zx —1)
Based on the following table
Range of x (—00,0) [ (0,1) [ (1,2) [ (2,3) | (3,+00) |
— (1 —
Sign ofw + — + - +
z(x —1)

the solution set is
(—00,0) U (1,2) U (3, +00).

Example 7. Solve the quadratic inequality ax? — (a + 1)x + 1 < 0, where a is a
parameter.

1
Solution Since a # 0, ar? — (a+ 1)z +1<0 & a(z — =)(x — 1) <O0.
a
1
@) If a > 1, the solution setis — < z < 1.
a

@ii))  If a = 1, no solution.

1
@iii) If0 < a < 1,thesolutionsetis 1 < x < —.
a

1
(iv) Ifa < 0, the inequality becomes (z — —)(z — 1) > 0, the solution set is
a
1
{zr < -}u{z>1}
a

Example 8. Given that the inequality k22 — kx — 1 < 0 holds for any real x, then
(A)—4< k<0, B)—4<k<0, (C)—-4<k<0, (D)—4<Ek<O.

Solution It is obvious that the inequality holds when k& = 0.

When k < 0, the curve of y = k2% — kx — 1 is open downwards, and is below
the x axis, so the equation kx? — kax — 1 = 0 has no real roots, i.e. its discriminant
is negative.

A=k +4k <0 k> —4.
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Thus, —4 < k < 0, the answer is (A).

Example 9. Given that the solution set of the quadratic inequality ax?+bx+c > 0
is 1 < = < 2. Find the solution set of the inequality cz? + bz + a < 0.

Solution The first inequality has the solution set 1 < x < 2 implies that
a < 0,and

b
x2+ax+§<O<:)(x—1)(x—2)<0<:>x2—3x+2<0.
Therefore é = -3, ¢

a
inequality becomes

=2orb = —3a,c = 2a and a < 0. Then the second

a(22® =3z +1) <0, ie 222 -3z +1>0.

1
Thus, (22 — 1)(z — 1) > 0, and its solution set is {z < 5} U{z >1}.

Testing Questions (A)

1. Solve the inequality (2 + z)(x — 5)(z + 1) > 0.
Solve the inequality z2(z? — 4) < 0.

Solve the inequality 23 < 6z — 2.

-~ W

Solve the inequality x — 1 > (x — 1)(z + 2).
5. Solve the inequality (2> — 1)(2® + 1) > 0.

2z — 4 T+ 2

6. Solve the i lit > .
olve the inequality P %0 16

1
7. Find the solution set of the inequality T > —.
r+2 x

-1
8. Find the solution set of the inequality x—Z <0.
x

r(2z — 1)2
Gt 03— 9)

2

9. Find the solution set of the inequality > 0.

> .

10.  Find the solution set of the inequality
x
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Testing Questions (B)

(CHINA/2002) Find the positive solutions of the inequality

22+3 22-5_ 2245 22-3
2 + ) + :
z?+1 x2—-3 " x*+3 x?-1

(CHINA/2001) Solve the fractional inequality

x + 2 T S x x—2
dr+3 4dx+17 4dx—1 4dx—3°

Given that a, b are positive constant with a < b. If the inequality
A+ -2 <(a+b—2)3+m
holds for any real z, find the minimum value of the parameter m.

Given that the quadratic function f(z) = 22 —2ax +6 > afor -2 < z < 2,
find the range of the constant a.

Given that the inequality
1 2 2 2
§(2a—a )<z*—-3x+4+2<3-—a

holds for any real z in the interval [0, 2]. Find the range of the parameter a.



Lecture 29

Inequalities with Absolute Values

The most important technique for solving inequalities with absolute values is the
same as in solving equations with absolute values, i.e., it is necessary to remove
the absolute value signs, such that they become normal inequalities to solve.

Basic Methods for Removing Absolute Value Signs

@

(I
(III)
(Iv)

V)

|a] < bisequivalentto —b < a < b.

Notice that, here it is not needed to let b be non-negative, since if b < 0,
then —b < a < b has no solution for a.

la| > |b] is equivalent to a® > b?.

|a] > bis equivalenttoa < —bora > b.

For simplifying the given inequality and removing absolute value signs,
some substitutions of variables or expressions, like y = ||, is useful.
When two or more pairs of absolute value signs occur in a same layer of
the given inequality, the general method for removing the absolute value
signs is partitioning the range of variable into several intervals, so that the
values of each expression between a pair of absolute signs has a fixed sign.
For this it is necessary to let each such expression be zero, and take its
roots as the partition points. For example, for solving the inequality

o — 2| + |z — 4] < 3,

then the number axis is partitioned into three intervals (—o0, 2], (2, 4] and
(4,00), where 2 and 4 are obtained by lettingz —2 =0and x — 4 = 0.

Examples

Example 1. Solve the inequality |22 — 2z + 5| < 4.
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Solution

|22 =22 +5| <4< -4 <2’ —-6r+5<4
=S0<22—624+9 and 22 —62+1<0.

0<2?2-62x+90<(x—3)? < x+#3,and

22— 6r+1<0e3-2V2<2<3+2V2,
so the solution set is {3 — 2v/2 < x < 3 +2v/2} — {3}.
Example 2. Solve the inequality [32% — 2| < 1 — 4x

Solution

1322 —2|<1—-dr ©dr—1<32?°-2<1—4x
& 0<322—4r—1 and 322 +42-3<0

2 -7 24+7 —2—\/ﬁ< <—2+\/ﬁ
3 = Y- =

S < > d
T or x 3 an 3 T 3
—2—+/1 2 — -2+ 1 2
Since 3 < V7 < + 3 < + \ﬁ, the solution set is
3 3 3 3

—-2—4/1 2 —

73 <z < \ﬁ
3 3

r+1

Example 3. Solve the inequality ‘ ’ <1

z—1
Solution The given inequality implies that z # 1 and |z — 1| > 0, so

z+1

<lelz+l<|lz—1e (x+1)? < (z—1)?

T _
S+ 2x+1<22-2z+1e42<0<2<0.

Thus, the solution set is {z < 0}.
Example 4. Solve the inequality |22 — x| > 2.

Solution Since [2% — 2| >2 & 2? —2 < -2 or 2% —z > 2,and

2

T —x<—2(:>x2—x+2<0, z?

—rx>2 2 —z—-2>0.

The inequality 22 — 2 + 2 < 0 has no real solution since the discriminant A of
the corresponding equation 2 — = + 2 = 0 is negative:

A=(-1)*-8=-7<0,
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so the curve y = z2

— x + 2 is above the x axis entirely. However
-2 -2>0(x-2)(r+1)>0e < —lorz>2.
Thus the solution set is (—oo, —1) U (2, +-00).
Example 5. Solve the inequality 22 — 2z — 5|z — 1| + 7 < 0.
Solution Since

2?22 5|z —1|+7= (2> =22 +1) =5/ —1|+6 = (r —1)* = 5|z — 1| +6,

let y = |z — 1], the given inequality then becomes

y?> — 5y +6 <0,
(y—2)(y—3) <0,
2<y <3

Returning to z, it becomes 2 < |z — 1| < 3.

By solving 2 < |z — 1|, thenz — 1 < —2 or z — 1 > 2, so its solution set is
{x < -1}u{z >3}

By solving [z—1] < 3, then —3 < x—1 < 3, soits solution setis —2 < z < 4.

By taking the common part of these two solution sets, the solution set of the
original inequality is

{(—2<z<-1}u{3<z<4}.

3x? — 8|z| -3
_— >

Example 6. Solve the i lit
xamp olve the inequality o043

Solution Since 2% +2x+3 = (z+1)2+2 > 2 > 0 for any real z, the solution
set of the given inequality is equivalent to that of the inequality 3% —8|z|—3 > 0.
For solving it, let y = |z|, then it follows that

3y? — 8y —3>0,
By+1)(y—-3)>0,
.y >3 or 3y+ 1< 0 (notacceptable since y > 0).

Returning to x, the solution set is {|z| > 3} or equivalently, {z < —3}U{xz > 3}.

Example 7. Solve the inequality 2|z| — |z — 2| > 0.



92 Lecture 29  Inequalities with Absolute Values

Solution Since 2|x| — |z — 2| > 0 & 2|z| > |z — 2|, by taking squares to
both sides, it follows that
42% > (v — 2)?,
422 > 2% — Az + 4,
322 + 4w — 4> 0,
(3z — 2)(x +2) > 0.

2
Since the roots of the quadratic equation (3z — 2)(x 4+ 2) = 0 are 3 and —2, the

2
solution set of the quadratic inequality is {x < —2} U {x > §}
Note: This problem can be solved by partitioning the number axis into three
parts: < 0,0 < z < 2,and 2 < x.
Example 8. Solve the inequality |22 — 1| — |z + 1| > 2.

Solution It is needed to partition the real axis into three intervals by using
. . 1
the partition points —1 and 5

For z < —1, the inequality becomes (1 — 2z) + (z + 1) > 21i.e. z < 0, so
(=00, —1] is in the solution set.

1
For—1 <z < 2 the inequality becomes (1 —2z) — (z+1) > 2, the solution
2
etis -1 <o < ——.
set is xl 3
For z > > the inequality becomes (22 — 1) — (z + 1) > 2, so the solution

setis z > 4.

2

Example 9. (CHNMOL/1995) Given that the real numbers a, b satisfy the in-
equality

Thus, the solution set is (—oo, —

lla| = (a+b)] <la —|a+ b,

then
A)a>0,b>0;, B)a<0,b>0;, (COa>0,b<0; (D)a<0,b<0.

Solution There are two layers of absolute value signs in the given expres-
sion. By taking squares to both sides, the absolute value signs in the outer layer
can be removed.

llal = (a +b)| < |a — la+b]| & (Ja| = (a +b))* < (a —|a+b])*,
a’ + (a+b)? — 2lal(a +b) < a® + (a + b)? — 2ala + b,
ala +b| < |al(a + b),
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a+b . .
therefore a,a + b are both not zero, so — Since both sides have

< —.
la| " a+0b|
absolute value 1,soa < 0 and a + b > 0, thus, a < 0,b > 0, the answer is (B).

When an inequality with absolute values contains parameters, then, similar to
the case of without absolute values, the inequality can give some information on
the range of the parameters, as shown in the following example.

Example 10. (AHSME/1964) When z is a real number and |z — 4|+ |z — 3| < a,
where a > 0, then
(A)0<a<001, B)O0Ol<a<l O0<a<l,

D)0<a<1l, (E)l<a.

Solution Use 3 and 4 as the partition points to partition the real axis as three
intervals,

(i) forz <3,then|z—4|+|x—3|=4—-24+3-2=7—-22>1,

(i) for3<az <4, then|z—4|+z—3|=4—x+2—-3=1,

(iii)) ford < m,then|z —4|+ |z —3|=x—4+2—-3=20—-7>1,

so the left hand side must be at least 1. Thus, a > 1, the answer is (E).

Testing Questions (A)

1. Find the solution set of the inequality |2 + x 4+ 1| < 1.

2. Find the solution set of the inequality |3 — 22| < |z + 4].

1
3. Find the solution set of the inequality ’CEI‘ > 1.
T —

4. Find the solution set of the inequality |z + 3| > 2z + 3.

5. Solve the inequality |22 — 4z — 5| > 2% — 4z — 4.
. . 2
6. Solve the inequality |z 4+ 1] > —.
x

7. Solve the inequality |z + 1| + |z — 2| < 3z.

et
|z] +1 ’ 3|z —6

8. Solve the inequalities (i) > 0.

9. Solve the inequality il <|z% = 1| (x #0).

X
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10. (CHINA/2005) Given that the rational numbers a, b satisfy the inequality
lla| + (a = b)[ > |a+ |a —b]|.

Determine which of the following listed expressions holds.

A)a>0b>0, B)a>0,b<0; (COa<0,b>0, D)a<0,b<
0.

Testing Questions (B)

1. (CHINA/2003) Given that the real numbers a, b, ¢ satisfy a+b-+c = 2, abc =
4.

(i) Find the minimum value of the maximal value of a, b, c.

(ii) Find the minimum value of |a| + |b] + |-

a+
2

a—>b

2. (CHINA/2001) When |a| < |c|,b =
‘b —c

© bl < 2lal, S = Sy =

a —

, 83 = , then the relation of the sizes of Sy, S5, S3 is

(A) Sl < SQ < Sg, B) Sl > SQ > Sg,
(C) S < S3<8,, D) 51 > 53 > 5.

12y + |y| + 10]

3. (CHINA/2004) Solve inequality 16y + 2| | n 5| .
Y Y

4. Given (i) a > 0; (ii) |az? + bx + ¢| < 1if —1 < 2 < 1; (iii) ax + b has its
maximum value 2 when —1 < z < 1. Find the values of constants a, b, c.

5. Given that the real numbers a < b < ¢ satisfy ab 4 bc + ca = 0,abc = 1.
Find the maximum real number &, such that

la + b] > kic|

holds for any such a, b, c.



Lecture 30

Geometric Inequalities

In this chapter we discuss the inequalities that deal with lengths of segments, sizes
of angles and sizes of areas of geometric graphs. The following theorems are the
basic tools for dealing with geometric inequalities:

Theorem 1. Among the paths joining two given points, the segment joining them
is the shortest.

Theorem I1. For a straight line { and a point P outside {, if Q is the foot of

the perpendicular from P to ¢, and A, B are other two points on {, such that
AQ < BQ, then PQ < PA < PB.

Theorem III (Triangle Inequality). For any triangle ABC, let BC = a,CA =
b,AB=c thena <b+c,b<c+a,c<a+b, orequivalently, a > |b—c|,b >
lc —al,e > |a =1

Theorem IV. For a triangle, a longer side is opposite to a bigger angle, a shorter
side is opposite to a smaller angle, and vice versa.

Theorem V. For any triangle, the median to a side is less than half of the sum of
other two sides.

Examples

Example 1. Given that the point R is an inner point of AABC, prove that AB +
AC > BR+ RC.

95
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Solution Extending BR to intersect AC

at S. Then
AB+ AC = AB+ AS+SC g
> BS+SC=BR+ (RS + 8C)
> BR+ RC.
B C

Example 2. (RUSMO/1993) Let AB and C'D be two segments of length 1. If
they intersect at O such that ZAOC = 60°, prove that AC' + BD > 1.

Solution Connect AC, BD, and introduce
CBy || AB, where CB; = AB. Then ABB;C
is a parallelogram, so BB; = AC'. Connect By D.
Then AC DB, is equilateral. Applying the trian-
gle inequality to AD BB gives

AC+ BD =BBy+BD >DB, =CD =1,

as desired.

Note that when A and C coincide, then AC + BD = BD = 1.

Example 3. (CHINA/1994) In the convex quadrilateral ABCD, /BAD =
ZBCD = 90°, and the ray AK bisects the ZBAD. If AK || BC,AK L CD,
and AK intersects BD at F, prove that AE < %CD.

Solution Suppose that AK inter-
sects CD at F'and BG 1. AK atG. Then
AABG and AADF are both isosceles A
right triangles, so

BG = AG,FD = AF.

Since BCF'G is a rectangle, B G
FD=AF > AG =BG =CF,so -
1 1
FD>§(CF+FD):§CD7 P F O
K
FD 1
EF = —-BC>-BC.
CD 2
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Since BC' + CF = F D, we have
CD=CF+FD=2FD—-BC >2(FD — EF)=2(AF — EF) = 2AE,

1
ie. AE < §C'D.

Example 4. (CHINA/1990) For AABC, let a = BC,b = CA,c = AB. If

1 1
b< 5((1 + ¢), prove that /B < 5(414 + £0).

Solution Considering ZA + /B + ZC = 180°,
1
4B < 5(AAJF LC) <= 4B < 60°.

Now construct an isosceles triangle BDE by extending
BA to D and extending BC to E, such that BD = ¢ +
a, BE = a + c¢. Next, we make parallelogram ACF D
such that AC' || DF, AD || C'F, then

ABAC 2 NCFE, '.FE=AC=FD =).
From DE < DF + FE = 2b < a + ¢, it follows that
DE < BE = BD,
therefore /B < /ZF, ie. 2B < 180° — B, or /B < 60°. The conclusion is

proven.

Example 5. (KIEV/1967) Given that the longest side AC' of AABC satisfies
AC > BC. If the point M is on the extension of of AC such that CM = BC.
Prove that ZABM > 90°.

Solution ZAC > BC implies ZABC > Z/A. Connect BM. Then

LABM = Z/ABC + ZCBM

B
1 1 1
= §4ABC + §4ABC + iéACB
_ ! LABC L ZA+90° > 90°
3 TpeaAt Y =9 A C M

Thus, ZABM is obtuse.

Example 6. (MOSCOW/1951) Given that two convex quadrilaterals ABC' D
and A’B’C’' D’ have equal corresponding sides, i.e. AB = A’B’,BC = B'C’,
etc. Prove thatif /A > /A, then /B < /B',/C > £C', /D < /D'.
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Cl

B A B’

Solution In AABD and ANA'B'D',AB=A'B',AD = A'D', LA > LA’
yields BD > B'D’. In ABCD and AB'C'D’, BC = B'C',CD = C'D’ and
BD > B'D' implies ZC > £C".

Therefore /B + /D < /B’ + ZD’. Suppose /B > /B’,then /D < /D',
so by similar reasoning, /B’ > /B, a contradiction. Thus, /B < /B’ and
/D < /D', as desired.

Example 7. (USAMO/1996) Let ABC be a triangle. Prove that there is a line ¢
(in the plane of triangle ABC') such that the intersection of the interior of triangle
ABC and the interior of its reflection A’ B’C” in £ has area more than 2/3 the area
of triangle ABC.

Solution Let BC = a,CA=0,AB =
c. Without loss of generality we may assume
thata < b <e.
Let AD be the angle bisector of the ZBAC,
B’, C’ be the symmetric points of B, C in the
line AD, respectively, then C” is on the seg-
ment AB and B’ is on the extension of AC,
as shown in the figure.

From

BC'" BD c—b c c—b
a5 po ABCl=

[BDC'] =

b > b *180
c+b 7 20+b 3

2b > a + b > cimplies that

c—b
c+b

20
c+b

[AC'DC] = (1 - ) ABC] = 22 1aBC] > %[ABC].

Thus, the line AD satisfies the requirement.
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Example 8. (CHINA/1978) Through the center of gravity G of the AABC intro-
duce a line to divide AABC into two parts. Prove that the difference of areas of

1
the two parts is not greater than 9 of area of the AABC.

Solution Suppose that an arbitrary line passing through G intersects AB and

AC at D and F respectively.
When the line DF is parallel to BC, then

A
[ADE] = (gg) [ABC] = %[ABC’], $O
N
4pE) - [pBCE] = (§ - §) 4B =\

DP
) %
=3 [ABC], the conclusion is true. b ¢

When DF is not parallel to BC, say D is between P and B and F is between )
and N, where PQ || BC and N is the midpoint of AC, as shown in the figure,
we show that

IDBCE] - [ADE]| < |[PBCQ] — [APQ]| = = [ABC]

1
9
below. Since ZDPG > ZPQA, we can introduce PS || AC, intersecting DE
and BN at R and S respectively. Then APRG = AQEG and ARSG =
AENG, so that

[PRG] = [QEG] and  [RSG] = [ENG].

Therefore [DBCE] = [PBCQ)] — [PDG] + [QEG] < [PBCQ) and [ADE] =
[APQ] + [PDG] — [QEG] > [APQ), so that

[DBCE] — [ADE] < [PBCQ] — [APQ] = %[ABC].

It suffices to show that [DBCE] > [ADE]. For this notice that

[DBCE] = [BCN]—[ENG]+ [DBG] > [BCN]—[ENG]+ [RSG]
= [BC’N]:%[ABC],

-.[ADE] < }[ABC] < [DBCE].

Thus, the conclusion is proven.
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Example 9. (CMO/1969) Let A ABC be the right-angled isosceles triangle whose
equal sides have length 1. P is a point on the hypotenuse, and the feet of the per-
pendiculars from P to the other sides are () and R. Consider the areas of the
triangles APQ and PBR, and the area of the rectangle QCRP. Prove that re-

. . 2
gardless of how P is chosen, the largest one of these three areas is at least 9

Solution Let BR = z, then BR = PR = QC = x and RC = PQ =

AQ =1—=x.
2
@) When z > g,then A
x? 2
PBR| = — > -
[ ] 2 79
.. 1 2
(i) When x < —,then1 — z > —, so that
3 3 P Q
1 22
apg =102 g g
B T R 11—z c

1 2 1 1 1
(iii)  When 3 <r< g,then 5 <z - 5 < 5 so that

(QCRP) = o(1—2) = —a® 4o = — (ag—>2+

Thus, the conclusion is proven.

Testing Questions (A)

1. Given that R is an inner point of AABC. Prove that

1
5(AB+BC’+CA) < RA+ RB+ RC < AB+ BC + CA.
2. (BMO/1967) In AABC, if Z/C > /B, and BE,C'F are the heights on C'A
and AB respectively. Prove that AB + CF > AC + BE.

3. In AABC, AB > BC,AD 1 BC at D. P is an arbitrary point on AD
different from A and D, prove that PB — PC' > AB — AC.
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4. For an acute triangle ABC, let a = BC,b = C'A,c = AB, and the lengths
of height on BC, C A, AB are hg, hy, h. respectively, prove that

1
§(a+b+c)<ha+hb+hc<a+b+c.

5. (MOSCOW/1974) Prove that if three segments with lengths a, b, ¢ can form

1
a triangle, then the three segments of lengths can form

a+bbt+c cta

a triangle also.

6. Given that BB; and CC; are two medians of AABC. Prove that BB% +
9
cC? > gBCQ.

7. (MOSCOW/1972) A straight line intersects the sides AB and BC of AABC

at the point M and K respectively, such that the area of AM BK and the
MB + BK

>
AM +CA+KC —

area of the quadrilateral AM K C are equal. Prove that
1
3

8. (CHINA/1994) There are n straight lines in a plane, such that every two in-
tersect with each other. Prove that among the angles formed there is at least

one angle which is not greater than

9. (RUSMO/1983) In AABC, D is the midpoint of AB, E and F are on AC'
and BC respectively. Prove that the area of A D E'F is not greater than sum
of areas of AADFE and ABDF'.

10. (CHNMOL/1979) Given that AABC is an acute triangle, a« = BC,b =
CA,c= ABand a > b > c. Among its 3 inscribed squares, which one has
the maximum area?

Testing Questions (B)

1. (KIEV/1969) Is there a triangle with the three altitudes of lengths 1, /5,1 +
V52

2. (RUSMO/1981) The points C7, A1, By belong to sides AB, BC, C'A, respec-
tively, of the AABC.

AC,  BA, CB 1

C1B~ A;C B1A 3
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Prove that the perimeter P of the A ABC and the perimeter p of the A A, B1C4
P 3
satisfy inequality 0 <p< 1 P.

3. (KIEV/1966) Let a, b, c be the lengths of three sides of AABC, and I =
a+b+c, S=ab+ bc+ ca. Prove that 35 < I? < 48.

4. (RUSMO/1989) If a, b, c denote the lengths of sides of a triangle, satisfying
a + b+ ¢ =1, prove that

1
a® + b2 + & + dabe < 3

5. (PUTNAM/1973) (i) Given that AABC' is an arbitrary triangle, the points
X, Y, Z are on the sides BC, C' A, AB respectively. If BX < XC,CY <
YA, AZ < ZB, prove that [XY Z] > 1[ABC].

(ii) Given that AABC! is an arbitrary triangle, the points X, Y, Zare on the
sides BC, C A, AB respectively (but there is no any assumptions to the ra-

BX
tio of distances, like X—). Please use the method used in (i) or otherwise

to show that among AAZY, ABXZ, ACY Z there must be one with area
not greater than that of AXY Z.

6. (IREMO/2003) Let T be a triangle of perimeter 2, and a, b, ¢ be the lengths
of its three sides. Prove that

28
1) abc+ o > ab + bc + ca;

(i) ab—+bc+ ca > abc+ 1.
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Solutions to Testing Questions

Solutions to Testing Questions 16

Testing Questions (16-A)

<2, V(@ -2)2+/B-2)?2=|2-2)+(3—12)| =5—2x,s0 the
answer is (A).

1+vV2+V3 (V3+1+2)?
1-vV2+v3 [(V3+1) - V2[(V3+1)+ 2
(V3+1++v2)2 6+2V/3+2V6+2V2
(V3+1)2—(vV2)2 4+2V3 -2
:3+\/§+\/§+\/6:(\/§+1)(\/§+\/§):\/§+ﬁ
V3+1 V3+1 '

22 —4dx+3+(x+ 1)V -9 (2-3)(z— 1)+ (z+1)\/(z—3)(z+3)

244 +3+(@—-1)Ve2—9 (z+3)(z+ 1)+ (z—1)/(z+3)(z —3)

Vo -3[x-1)Vz -3+ (@+1Vz+3 Vo—-3 Va2-9
S Vz3a+)WVr+3+(x—-1)Ve -3 Vz+3 z+3

2+ 3v3+ V5 (24+3) + (2v3+V5) 1 1

2+ VB4V VB vE) 2B+ vh 2443

2/3—-v6 2—-V3 2 1 5 1
= = = -— - 2_ :2_7 I .
12-5 + 4-3 7‘[ 7\/5+ V3 7‘[ 7\/5

- (VB+V6+VT)(VE+ V6 —VT) (VD — V6 + VT)(—VE+ V6 +VT)

= [(VB+V6) +VT[(VE+V0) - VT|[VT - (VB - VB) [VT+ (VG- V5)]
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— (VB VB)? = T[T — (V6 — V5] = [+ 2V30][~4 + 2v/30
=120 — 16 = 104.
WoP-2 2, (VOP-(B 2
V6+2 V642 2V2+ V6 V8 + V6
from v/8 + /6 > v/6 + 2, we have . a > b.
7. a= ! b= ! = ! se<b<a.

9 7c b
V27 + V26 V28 + /27 V29 + /28

3 3 3(V3-1) 3(V5 +V3)
m<x<\[_\/§® B <I<f.

6. a=

8. We have

Since
2 4
§<\/§—1<:>§<4—2\/§<:>9\/§<16<:>\/243<\/256,

V3i—l<leV3<2=/14,
0 100
—<\/5+\/§<:>T<8+2\/ﬁ<:>14<9\/ﬁ4:>\/196<\/1215,

VBE+ V3 <4e8+2V15 <16 < V15 < 4 < V15 < V16,
3(vV3-1) 3 3(vV5+V3)

Sl <=, 5
< 2 < 2 < 2
..z may be 2,3, 4,5, the answer is (C).

<6,

1 1 2
9. LetA= then

1—\/ 1+f f
1 2 2 2% 9

1-V5 1+f) 1+\f 17\/5+1+\/5:1—5:

A:

10. Since U,V,W > 0, it is sufficient to compare U2, V2, W2. From

U?-V? = (Vab+ Ved)? — (Vac+Vbd)? = ab+ cd — ac — bd
= (a—d)(b—c)>0.
VZ-W? = (Vac+ Vbd)? - (Vad+Vbe)? = ac+ bd — ad — be

= (a—b)(c—d)>0.

Therefore U2 > V2 > W2 ie. W <V < U.
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Testing Questions (16-B)

1. Considering negative number cannot be under square root sign, we find |a| =
3,i.e. a = £3. Further, 3 — a appears in denominator implies a # 3, so

a = —3. Thus 1008
 (EDEDN o
4—-3 ’
Thus, the units digit of x is 6 since any positive integer power of 6 always
has units digit 6.

2. Let {/3 =z, /2 = b, then the given expression becomes

(Y vy L _1_x Y —y+1 _1_% 2
22 2 g2 = 22 TPyt

z3 A y+1)  3y+1)

- = = = 1=vV2+1.
—y+l g+l 71 Cyti= Ve

n(n+1)(n+2)(n+3) + 1'

3. More general, we calculate A = \/

4
A = L /m2+3n)(n2+3n+2)+1=13/(n2+3n+1)2-1+1
_ n?+3n+1
—
3997999
Nown:1998,soA:T:1998999.5.
3 3 3 3 3 1
4. Givena = ¥4+ /2 + 1, find the value of = + — + —.
a a® a3
1
From (V2 —1)a= (V23 -1=1,a = - , so that
(V2 Da = (V2) 5
2 1 B 1 W= 1
(¥2-1)2 Y4-292+1 2-3V4+392-1
Thus, 5
3 1 .
S =3(V2- 1) +3(VA 202+ 1)

a a
+1-3V4+3v2=1.

5. We find [M] first. Let A = v/13 + v/11, B = /13 — v/11. Then M = AS
and A+ B = 2V13,AB = 2, s0

A? 4+ B? = (A+ B)?> - 2AB =52 — 4 = 48.
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Solutions to Testing Questions

Since M = A°®, for finding [M], we now consider A + BS:

A6—|—B6 — <A2)3+(BQ>3 — (A2+B2)(A4_AQBZ+B4)
= (A% + B?)[(A% + B?)? = 3(AB)?]

which is an integer. 0 < B = /13 —+/11 <4—3 = lyields 0 < B% < 1,
so [M] = A® + B% — 1 and

P=M-[M]=A%—(A°+B%—-1)=1-B% or1 - P = B°

Thus,
M(1—P) = ABS = (AB)® = 2° = 64.

Solutions to Testing Questions 17

Testing Questions (17-A)

12 — 4v5 =/ (V10 — v2)2 = V10 — V2.

\/2+\/§+\/2—\/§:%[(\/§+1)+(\/§—1)]=\/6.

V14 + 65 — /14— 65 =3+ 5 — (3 — /5) = 2V/5.
Leta = /8 + v63,b = /8 — V63, then a® + b*> = 16,ab = 1, so

(a—b0)?=16-2=14=a—b= V14

Leta = 4+\ﬁ,b:\/4—\ﬁ,thena2+b2:S,ab:3,so

(a+b)?=8+6=14=a+b=+14

VT VI5— V16— 2/ = VT - V15— V15 + 1= V5 - V3.

. 1
Since zy = Z[(m +y)? — (z —y)?, so

= 118V5~ VD)~ (3v3 - VB) = V5 V3.



Lecture Notes on Mathematical Olympiad 109

8. Let \/16+2(2+\/5)(2+\ﬁ) = a + b5 + ¢V/7, where a,b,c > 0. By
taking squares to both sides, then

16 4+ 4v/5 + 47 + 2v/35 = a2 + 5b2 + 7¢% + 2abvV/5 + 2acy/7 + 2be/35,

a2 +5b% +7¢2 =16, ab=2, ac=2, bc=1,
sa?=4, iea=2b=c=1.

Thus, \/8+2(2+\/5)(2+\ﬁ):2+\/5+\ﬁ.

9. LetA=+Va+3+4/a—1+Va+3—-4vVa—1=/(Va—1+2)2
+y/(Va—1-2)2thenA=2++Va—1+vVa—1-2|

It’s clear that @ > 1. When vVa—1 < 2,ie. 1 < a < 5, then A =
24++vVa—142—+a—1=4. When 5 < a, then

A=+va—-1+2++vVa—-1-2=2vVa—1.

Thus,

if1 <a<b,

4,
\/a+3+4\/af1+\/a+3—4\/af:{ 2Va—1, ifa>5.

10. Itisclearthatx:M—Q:\/g—Z On the other hand,
V2 —/10
_ —1)2 _
Ao WVBHI-VVB-1)? 23 1_ 3.
(V3+1)—(vV/3-1) 2

Thus, A is the root of the given equation for z.

Testing Questions (17-B)

1. Ttisclearthatab > 0,i.e. a and b have same signs. Let A = \/2vab — a — b,
then

A=+v-bifa=0andb<0;orA=+/—aifb=0anda < 0.
A'is not defined if a > 0,b > 0 since 2v/ab — a — b = —(y/a — Vb)? < 0.

A=/(V—a+vV=b)2=—a++/~bifa<0,b<0.

Thus, A = /—a + +/—bif A is defined.



110 Solutions to Testing Questions

) i/(ﬁﬁ)5+§/(\/ﬁ+\/5)5
NV Vemt+ve TN Ve-i-va

— —{/Va=T-var+ i/ (Va—T+ ya)
- (AT + (Va— T+ ya) =4/a(a ).
3. Since
1+a2+m:%[2+2a2+2¢m]
@ et )12/ @ Far D@ —at D+ (@ —a+1)

2
1
25(\/a2+a—|—1+\/a2—a—|—1)2,

therefore
2 1 7 1
Vi@t ViTaTa - Va2 +a+1++vVa2 —a+
V2
_ V2War+a+1+Va?—a+1)
— 5 .
2
4. Let\/2:1:7—:y,theny20andx:Lﬁ,sothat
Vr+2+3V22—5—-vVz—-2+V2r-5
1 1
\/2(y2+5)+2+3y\/2(y2+5)2+y
—i\/2+6 + L\/2+2 +1
\{5 Yy yl \/i y2 Y
=—(y+3) - —=@y+1)=—==v2
ﬂ(y ) ﬂ(y ) 7
1 1 1 -1
5. f:\/c;—%yieldsm:a—i-g—Z,soaJra:x—&—?.SinceaW:

1
Vx > 0,s0a > 1,hence a — — > 0. Thus,
a

1 1 1
\/x2+4:17\/(w+2)24\/(a+)2—4\/(a—)2=a—,

a a a
it yields that

r+2+Ve2tdr  (a+LH)+@@-2%)
t4+2-vVr2+dr (a+3i)—(a—1 '
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1 1 1
VIT-12v2 NEEVY T 3-8

3+V4<3+VB8<3+V9=6, ie. 5<3+V8<6.
Since 5.5 = 3 + 2.5 = 3 + 1/6.25 < 3 + /8, the nearest integer is 6.

=348, s0

Solutions to Testing Questions 18

Testing Questions (18-A)

1. The division with remainder 2007 = nq + 7 implies ng = 2000, where ¢
is the quotient. Since ng = 2000 = 2* - 5% has (4 + 1) - 3+ 1) = 20
positive divisors and among them only 1, 2,4, 5 are less than 7, so there are
20 — 4 = 16 divisors can be taken as n. 16 positive integers can be taken as
n.

2. 123456789* = 789* = 5% =252 =1 (mod 8), the remainder is 1.
3. Since 2222 =3 (mod 7) and 3° =1 (mod 7), it follows that
22225955 = 36%925 .35 = 943 =5 (mod 7).
Since 5555 = 4 (mod 7) and 43 = 1 (mod 7), it follows that
55552222 = 42222 — 43xT40 42 — 16 =2 (mod 7).

Thus, 222255%% 4 55552222 = 5 42 =0 (mod 7), i.e.
7| (22225555 + 55552222),

4. Since 4737 = 337" (mod 11) and 3° = 243 = 1 (mod 11) and
377 =22"=(2%.2=2 (mod 5),
it follows that 3727 = 5k + 2 for some positive integer k and
AT = 337 = 352 = (35)k .9 =9 (mod 11).
Thus, the remainder is 9.
5. Since 9 = —2 (mod 11) and 2'9 = 1024 = 1023 + 1 = 1 (mod 11),
91990 = (_9)1990 — 91990 — (910y199 — 1 (10d 11),

the remainder is 1.
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6. It is clear that n is odd since it is the product of odd numbers. Let x be the
last three digits in that order, then n = z (mod 1000). Since 15, 35, 55 are
three numbers in the product, so n is divisible by 125, hence z is divisible
by 125. Thus, the possible values of = are 125, 375, 625, 875 only.

On the other hand, 1000 | (n — z) < 8 | (n — x), so n = x (mod 8). For
getting the remainder of n modulo 8, we find that

n=3)4-1+3)(4-24+3)(4-34+3)-----(4-499+ 3)(4-500 + 3)
=3-7-3-7---(3-73=5-5-+--- 5-3 (mod 8)
———
250 pairs of brackets 250 of 5
=1-1----- 1-3=3 (mod 8).
—_——
125

Among 125,375,625,875, only 875 has remainder 3 modulo 8, so x =
875, i.e. the last three digits of n is 875.

7. Let n be the solution. n = 1 (mod 5) implies n = 5k 4 1 for some non-
negative integer k;

Then n = 2 (mod 7) implies 5k = 1 (mod 7), so minimum k is 3, i.e.
n = 16 is the minimum n satisfying the first two equations.

Then n = 16 + 35m is the general form of n. The requirement n = 3 (mod
9) yields 16 4+ 35m = 3 (mod 9), and its minimum solution is m = 4, so
n = 156 + 315p for some p.

Finally, from the fourth requirement n = 4 (mood 11), we obtain 2+315p =
4 (mod 11), so 7p = 2 (mod 11), i.e. p = 5. Thus,

n =156 4+ 315 x 5 = 1731.

8. (a) Whenn = 3k where k is a positive integer, then
2" —1=(2%-1=1"-1=0 (mod7),
so each multiple of 3 is a solution.
When n = 3k + r, where r = 1 or 2, then

1 ifr=1

2"—1:(23)k-27'—1527'—15{ 5 ifr—o

so n = 3k for some positive integer k is the necessary and sufficient condi-
tion for 7 | (2™ — 1).

(b) From (a) it is obtained that 2" = 0,1 or 3 (mod 7), so 2" + 1 # 0
(mod 7) for any positive integer n.
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9. Since 3* =1 (mod 10) and 7* = 2401 = 1 (mod 10),

31999 — (34)499 .33 =7 (mod 10),
72000 — (74Y500 = 1 (mod 10),
172001 = 72001 — 72000 .7 = 7 (mod 10),

50 31999 5 72000 5 172001 = 7.1 .7 = 9 (mod 10), i.e. the solution is (E).
10. From 20 = 1024 = 24 (mod 100) and 24%* = 576* = 76 (mod 100),
2999 = (210)99.99 = (24)99 .99 =76-24-12 (mod 100)
= 38-242=38.76=28838 =88 (mod 100).

Therefore the last two digits of 2999 are 88.

Testing Questions (18-B)

1. Solution 1 First of all we find the remainder of 14'4"* modulo 25.
142 = 196 = —4 (mod 25) = (14)% = (—4)? - 14 = 224 = —1 (mod 25),
s0 (14)19 = 1 (mod 25). On the other hand,
142 =196 =6 (mod 10) = 14"* =6"=6 (mod 10),
so 1414 = 10t + 6 for some positive integer ¢, hence
14147 = 1410006 — (1410)0 . 145 . 14 = (1)(—1)(14) =11 (mod 25).

Since 1414™" = (2. 7)2(51+3) — 45143 . 710146 \which is divisible by 4, so
144" = 0 (mod 4). Write 1414 = 25K + 11 where K is a positive
integer, then

25K +11=0 (mod 4),
K—-1=0 (mod4),
K=1 (mod4), ie K =4[+ 1forsomel e N,
- 1417 = 25(41 + 1) + 11 = 1001 + 36.

Thus the last two digits of 144" are 36.

Solution 2 Notice that 1414 = (42)7 = 6 (mod 10) and
141° = (196)° = (—4)° = —1024 = 76 (mod 100),
SO

14147 = 1410046 = 76 (—4)3 = 7636 = 36 (mod 100).
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2. Let A = (25733 + 46)%°. From
25733 = 7% = (49)1°.7=7 (mod 50) and 46 = —4 (mod 50),
it follows that
A= (257%% +46)* = (7T —4)*° =3%  (mod 50).
3% = 243 = —7 (mod 50) yields 3!° = (-7)2 = —1 (mod 50), so
A=3%=(3192.35.3=(1)(-7)(3) = —21=29 (mod 50),
i.e. the remainder of (25732 + 46)25 modulo 50 is 29.

3. 3" ends with 003 is equivalent to that 3"~! ends with 001, i.e. the units
digit of 3"~ ! is 1, hence n — 1 = 4k for some natural number k. Since
125 | 3* — 1 and

3 1 =81" —1=80(81" 1 + 81" 2 4 ... + 81 +1),

$0 25 | (81F71 4 81F=2 4 ... + 81 4+ 1). Tt yields 5 | (81F~1 4 81F=2 +
.-+ 81+ 1). From

(811 481" 2 4 ... 481+ 1)=1+1+4---+1=k (mod5),
N———
k

it follows that & = 5m for some positive integer m. Below we find the
minimum value of m recursively. From

81 =81 (mod 1000),
812 = 6561 = 561  (mod 1000),
814 = 5612 = (500 +61)2 =612 =721  (mod 1000),
815 = 721 - 81 = 58401 = 401  (mod 1000),

therefore form =1, 2, 3,4, 5,

(815) —1 =401 — 1 =400 (mod 1000),
(81°)2 1 = (400 +1)? =1 =800 (mod 1000),
(81%)* —1= (800 +1)> — 1 =600 (mod 1000),
(81°)5 — 1= 6()1 401 —1=241001 —1=0 (mod 1000).

Thus, Mmin = 5, hence kynin = 25 and nyin = 4kmin + 1 = 101 is the
minimum required value.

4. Sincea+b+c=a+b+2a+5b=3(a+2b),s03]|(a+b+c).
Now let a = r1 (mod 3) and b = r5 (mod 3), then 0 < 71,79 < 2.
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(1) Suppose that 7y # ro. When 71 = 1,75 = 2, then
¢ =2a+5b=2(3¢1+1)+5(3¢2+2) = 3(2¢1 +5¢2+4) = c is not prime.

Whenr; = 2,79 = 1, thenc = 2(3¢1 +2)+5(3¢2+1) = 3(291 +5¢2+ 3),
i.e. cis not prime also. Thus, ry =ry = 1.

(ii)) Whenry = ry = r (r may be 1 or 2), then
a+b+c=3(a+2b)=33q +r+6g+2r)=9(q +2¢p +7)

which is divisible by 9,809 | (a + b + ¢).

Below by two examples we indicate that 9 is the maximum possible value
of n. Leta; = 11,b; = 5,¢; = 47, thena; + b1 +¢; = 63, and nis a
factor of 63.

Letay = 13,by = 7,¢ = 61, then ay 4+ by + ¢ = 81, n is a factor of 81
also. From (63,81) = 9 > n, the conclusion is proven.

5. Notethatn-2"+1=0=3(mod 3) & n-2" = 2 (mod 3).

(i) Forn = 6k + 1, where k is any non-negative integer,

n.Q":(6144-1).26’“"’152-43]“52 (mod 3).

(ii) Forn = 6k + 2, where k is any non-negative integer,

n.Qn:(6k+2).26k+2£8~4gk£2 (mod 3).

(iii) For m = 6k + 3, where k is any non-negative integer,

n-2" = (6k+3) 2T =0 (mod 3).

(iv) Forn = 6k + 4, where k is any non-negative integer,

n-2" = (6k 4 4) - 2681 = 432 =1 (mod 3).

(v) Forn = 6k + 5, where k is any non-negative integer,

n-2" = (6k+5) 205 =4.4%"2 =1 (mod 3).

(vi) Forn = 6k + 6, where k is any non-negative integer,

n-2" = (6k +6) - 20k+6 = (mod 3).

Thus, the solution set is all n with the forms 6k+1 or 6k+2,k =0,1,2, . ...
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Solutions to Testing Questions 19

Testing Questions (19-A)

1. From the assumption there exists a positive integer k£ such that

100a + 10b + ¢ = 37k,

therefore
beca = 100b+ 10c¢ + a = 1000a + 1006 + 10¢ — 999a
= 10(100a + 10b + ¢) — 37 - 27a = 37(10k — 27a),
which is divisible by 37.

2. Let n digit number A be the number obtained by deleting the first digit 6,

then
254 =6 x 10" + A,
4A =107,
S A =25 %1072,

i.e. the original number is 625 x 10™~2 (where n > 2).

3. Use a, b, cto denote the hundreds, tens and units digits of = respectively, then
a+b+c=21and

100a + 106 + ¢ + 495 = 100c + 10b + a,

therefore
99(c — a) = 495,

c—a=2>3,

S.c=a+5,

hence the possible values of a are 1,2, 3, 4. Then the condition a + b+ ¢ =
21 implies 2a +b = 16,s0b =2(8 —a) < 9,a =4. Thus,c =9, b =38,
ie. x = 489.

4. Prove that each of the following numbers is a perfect square number:

729, 71289, 7112889, 711128889,

LetA, =711---11288---889, then
—_—— ——

n—1 n—1
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A, =7-10>" +11---11-10" + 2. 10" 211---11-1
n=T-10%" + 0"t +2.10" 48 0+9
n—1 n—1

1
= §[63 102" 4 (10" —1) - 10" 18- 10" 48+ (10" — 1) - 10 4 81]

1

:5[64-102"—10”+1+18~10”+8.10"+1]
1 ny\2 n 1 n 2

= 5lB-10")* +2-8-10" + 1] = 5(8- 10" +1)

_ (8(10;_1) +3>2 = (2666672

n—1

Thus the conclusion is proven.

5. Letn = 10z + y, where y is the last digit, and x is a m digit number. Then

5(10z + y) = 10my + x,
49z = (10™ — 5)y.

Since 1 <y <9< 49,507 | (10™ — 5). The minimum value of m such
that 7 | (10™ — 5) is 5, so

492 = 99995y = Ta = 14258y. - x {14258, .y ="T7,x = 14258.
Thus, the number is 142587.

6. Letn = 1000a + 100b+ 10c+ d, where a, b, ¢, d be the digits of n. From the
assumption,

1000a 4 1006+ 10c +d + a + b+ ¢+ d = 2001,
1001a 4 101b + 11c + 2d = 2001,

so a = 1 and 101b + 11c¢ + 2d = 1000, which implies b + ¢ + 2d =
10(100 — 10b — ¢), therefore 10 | (b + ¢ + 2d).

(i) Ifb+c+2d=10,then100—10b—c=1,i.e.b=c=9andd = —4,
it is impossible.

(i) Ifb+ c+ 2d = 20, then 100 — 10b — c = 2,ie. b = 9,c = 8 and
2d = 3, it is impossible.

(iii)) If b+ ¢+ 2d = 30, then 100 — 10b — ¢ = 3,1i.e. b = 9,¢c = 7 and
d = 7. By checking, it is certainly a solution.

Thus, n = 1977.
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1
7. Since 11---11 = (10" — 1), so
N—— 9

1989 digits

1 1
N=11---11 x=(10"9% — 1) = Z[11---11 x10'9%9 — 11...11]
~Y~—— 9 9 —— N——
1989 digits 1989 digits 1989 digits

1 1
= §(11-.-11) x 101989 — §(11---11)
1989 digits 1989 digits

12345679 - - - 12345679 x 101989 — 12345679 - - - 12345679 =

221 blocks of 12345679 221 blocks of 12345679
12345679 - - - 12345679 12345678 9---9 87654320 - - - 8765432087 - - - 21
220 blocks of 12345679 221 digits 220 blocks of 87654320

Thus, the sum S of all digits of N is given by
S =221 x37—1+4221 x9+221 x 35+ 1 =221 x 81 = 17901.

8. Let the original four digit number be n. Then the new number n’ is n 4 5940,
so the units digit of n is equal to the hundreds digit. Let n = abcb =
1000a + 100b 4 10c + b, then assumptions give

(1000c¢ 4 100b + 10a 4 b) — (1000a + 100b + 10c + b) = 5940,
990(c — a) = 5940,
.c—a=6.

When n is minimum, thena = 1,c=7,s0a+c=38. Sincea+b+c+b
has a remainder 8 when it is divided by 9, so 2b is divisible by 9,i.e. b =9
or 0. Since n is odd, so b = 9. Thus, the four digit number is 1979.

9. y = 2(z + 1) implies that in the process of getting y from z, the first digit
and the last digit of z have changed, so the first digit of = is 2 and the last
digit of x is 5, but the first digit of y is 5 and last digit of y is 2. Write
x = 2abch,y = ba'b/’2, then
5(10%) + 103a’ 4+ 100" + 10¢’ + 2 = 2(2- 10* + 10%a + 10%b + 10c + 6),

9990 = 1000(2a — a’) + 100(2b — b') + 10(2¢ — ¢).
If a # d’, then 2a > o’ implies a = 5,a’ = 2, so 2a —a’ = 8, then the right
hand side must be less than the left hand side. Hence @ = a’ = 9. Thus, it
follows that

990 = 100(2b — b') + 10(2¢ — ¢).
Similarly, b = ¥ = 9 and 90 = 10(2¢ — ¢’), so ¢ = ¢’ = 9 also.
Thus, z = 29995.
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10.  For the numbers 100, 200, ..., 900, the ratios are all 100. Below we show
that 100 is the maximum value.

For any three digit number abc which is different from 100, . . ., 900, at least
one of b, cis not 0. So

at+b+c>a+1.
Then abc = 100a + 10b + ¢ < 100a + 100 = 100(a + 1) implies that

abc 100(a + 1)

= 100.
a+b+c< a+1

The conclusion is proven.

Testing Questions (19-B)

1. 4% <100 < abc < 999 < 103 implies 5 < a+b+c < 9.
When a + b+ c = 5,5% = 125 # (1 + 2 + 5)3, no solution.
When a + b+ ¢ = 6,63 = 216 # (2 + 1 + 6)3, no solution.
Whena +b+c=7,7 =343 # (3 + 4 + 3)3, no solution.

Whena +b+c=28,8 =512=n=(5+1+2)3s0on =512isa
solution.

Whena +b+c=9,9% =729 # (7+ 2+ 9)3, no solution.

Thus, n = 512 is the unique solution.

2. The relation a® + b = cimplies (zz--x)?> +yy -y =2z -2, 50

n n 2n

221112 4yl 1=211---1=2(11---1)-(100---01).
~—— SN—— SN—— —— N——

n n 2n n n—1
Hence
2 DTS P DEEY
2?(11---1) +y=2(100---01). (30.1)
n n—1

Write 22 = 10u + v, where u, v are the tens digit and units digit of 22 (u
may be zero), then (30.1) becomes

w-11---10+v-11---14y=2-100---01. (30.2)

n n n—1
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Now compare the tens digits on two sides of (30.2). On the right hand side,

the tens digit is 0, but on the left hand side, it is © + v + 1 — 10 when

v+y > 10, or u + v — 10 when v + y < 10. Thus, it follows that
u+v=9 or u+v=10.

2 2 _

On the other hand, since 10u + v = z2 = 22 isa perfect square, so z* =

09,36,81,64, i.e. x = 3,6,9, 8 only.

Whenz =3,thenz =1,y =2 (n > 2).
When z = 6,then 2 =4,y =8 (n > 2).
Whenz =8,thenz =7,y =3 (n > 2).

When x = 9, then no solution.
3. Letn = 10a + b, then n’ = 10b + a. the given condition implies
10a 4+ b= (10b+ a)qg+q, g < 10b+ a,

ie.

(10 — g)a — (10¢ — 1)b = q. (30.3)
(i) When ¢ > 5, then (30.3) implies 45 > 5a > (10g—1)b+¢q > 49b+q,
sob=0.By (30.3), ¢ = (10 — q)a, s0 a = 1oq

—q

or ¢ = 8,a = 4, however, they do not satisfy the original equation. Thus,
no solution for ¢ > 5.
(i) When ¢ = 1, (30.3) becomes 9(a — b) = 1, no solution.
(iii) When ¢ = 2, (30.3) becomes 8a—19b = 2,i.e. 8(a—5) = 19(b—2),
$019 | a — 5 implies a = 5,0 b = 2.
(iv) When ¢ = 3, (30.3) becomes 7a — 296 = 3, so b = 4 (mod 7), i.e.
b = 4. However, 7a = 119 implies a > 10, a contradiction. So no solution
if g =3.
(v) When g = 4, then (30.3) yields 6a — 390 = 4, so 0 = 1 (mod 3), a
contradiction.

, therefore ¢ = 5,a =1

Thus, a = 5, b = 2 is the unique solution, n = 52.

4. Letx = 1000a 4 100a + 10b + b = 1100a + 11b be the desired four digit
number. Then 11 | x. Since z is a perfect square, so 112 | =, i.e. 11 |
(100a + b), which implies that 11 | (@ +b). Since 1 < a +b < 18, so
a + b =11. Thus,

x = 11(100a + b) = 11(99a + 11) = 11%(9a + 1)

is a perfect square, so 9a+ 1 so is also, which implies a = 7 and x = 882 =
7744.



Lecture Notes on Mathematical Olympiad 121

5. Let a2 > 0 be the desired number, and y its last two digits with 0 < y < 100.
The given condition implies that there is a positive integer z such that 2 =
10022 + y, so (x — 102)(z + 102) = y.

u-+v v—u

Let z — 102 = u,z + 10z = v. Then z = 5 ,2 = 20 . Since the

value of z increases 1 will let 22 increase at least 200without considering
the change of , it is needed to let z be as large as possible for getting the
maximal x2. Therefore v — u should be as large as possible.

uv =y < 100 implies that 1 < u < v < 100, i.e.

v—u _ 100
20 20
SO Zmax = 4, 1.e. v —u = 80 or v = u + 80. Since u(u + 80) = y < 100
implies u < 2,s0u = 1,v = 81. Hence
_81+1
2

z = =3,

=41, 2% = 41% = 1681.

Solutions to Testing Questions 20

Testing Questions (20-A)

1. (3k®+ 3k —4) + (Tk* — 3k + 1) = 10k? — 3 implies that its last digit is 7,
so it must be not a perfect square for any natural number k, i.e. the required

k does not exist.
2. Let(z—1)(z +3)(x —4)(x — 8) +m = n?. Then
n? = [@-@-4)] [(z+3)(z-8)]+m
= (x—5x+4)(z?—bx—24)+m
[(x — 5z — 10) + 14][(x — bz — 10) — 14] +m
(:5275:&710) — 142+ m
= (22 — 5z — 10)? — 196 + m.

Thus, m = 196, the answer is (D).

3. Letn+ 20 = a?,n — 21 = b?, where a, b are two natural numbers. Then
41=a*—-b*=(a—0b)(a+D)

which impliesa—b=1,a+b =41,s0a = 21,b =20 and n = 212-20 =
421.
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4. Let the 2009 consecutive positive integers be
x—1004,2 —1003,---x — Lz, x + 1,--- ,x + 1004.

Then their sum is 2009z. Since it is a perfect square and 2009 = 41 - 49 =
41 - 72, the minimum value of z is 41, i.e. the minimum value of = + 1004
is 1045.

5.  Since 427+410000+4w — 254+220000+22I — 254(1_’_2.21945 +22w—54)’ it
is obvious that the right hand side is a perfect square if 22754 = (21945)2,
i.e., x — 27 =1945,x = 1972.

When x > 1972, then

(21—27)2 — 22:1?—54 < 1 _|_ 2 . 21945 + 22I—54 < (2%—27 + 1)2

)

s0 1+2-21945 4 92254 jg not a perfect square. Thus, the maximal required
value of x is 1972.

6. Note that the following inequality holds:
(n*+n)? < n*+2n®+2n%+2n+1 < n*+2n°+3n?+2n+1 = (n®+n+1)?,
the conclusion is proven at once.

7. We prove by contradiction. Suppose that the D = n? satisfies all the require-

ments. The units digit of D is 5 implies that 7 is too. Assume n = 10a + 5,
then D = (10a + 5)? = 100a(a + 1) + 25, so the last two digits of D are
25.
Since the last digit of a(a + 1) is 0,2 or 6, and 0, 2 are impossible, so the
third digit of D is 6, i.e. D = 100b + 625 for some digit b. Thus, 53 | D,
hence 5% | D since its a perfect square. However,it implies that 5% | 100k,
so 5 | k,i.e. k =0 or 5, a contradiction.

8. Letn = abc + bea + cab, then

n = (100a + 10b+ ¢) + (100b + 10c + a) + (100c¢ + 10a + b)
= 11l(a+b+c¢)=3-37(a+b+c).

If n = m?, then 37 | m? implies 372 | 3 - 37(a + b + ¢), so
37| (a+b+c).
However,0 < a+b+c¢ <949+ 9 = 27, a contradiction.

9. Since each perfect square has remainder 0, 1 or 4 modulo 8, by taking modulo
8 to both sides of the equation, the left hand side is 0, 1, 2,4 or 5, whereas
the right hand side is 6, so the equality is impossible.
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10. From assumption, there exists integer k such that 22 + 32 — x = 2kxy.
Consider the quadratic equation in y

v — 2kxy + (22 —2) =0,

since it has an integer solution, so, by Viete Theorem, the other root is also
an integer, and the discriminant A of the equation is a perfect square. Hence

A = 4[k*2? — (2% — 2)] = dz[(k* — D)x + 1]

is a perfect square. Since = and (k? — 1)z + 1 are relatively prime, = and
(k? — 1)z + 1 both are perfect square numbers, so x is a perfect square.

Testing Questions (20-B)

1. Writt A= (m+n)?+3m+n. Then (m+n)? < A< (m+n)?+4(m+
n) +4 = (m + n + 2)2. Therefore

(m+n)2?+3m+n=m+n+1)2%=m?+n?+1+2mn+2m+ 2n,
Sm=n+1,

Thus, the solutions for (m,n) are (2,1),(3,2),---,(99,98), i.e. there are
98 required pairs for (m,n).

2. The positive divisors of p* are 1, p, p, p3, p*, therefore 14+p+p? +p3+p* =
n? for some positive integer n, so

P’ +p)@* +1) =n"—1=(n—-1)(n+1).
For p = 2, we have 1+ p+ p? + p3 + p* = 31 which is not a perfect square,
sop > 3.

Suppose that n — 1 < p? + 1, thenn + 1 < p? +3 < p? + p, so that
n?—1< (P> +1)p*+p). Thus,n —1 > p>+ 1,ie. n > p® + 2. Let
n=p>+d thend >2andn+1 =p? +d+ 1, hence

p+p’+p’ +pt = +d)? - 1=p'+2d-p* +d* -1,
P’ —(2d—1)p* +p=(d—1)(d+1),
plp* —(2d—1p+1]=(d—-1)(d+1).
Ifp|(d—1),ie. d=1+ kp for some positive integer k, then

0<p?=(1+2kp)p+1=(1-2k)p"—(p—1) <0,
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a contradiction. Therefore p | d + 1, i.e. d = kp — 1 for some positive
integer k, and,

1<p?—(2kp—3)p+1=p—(2kp—3)>0= (2k—1)p<3
= k=1p=3.
Thus, p = 3 is the unique solution.
3. (i) When x > y, then
<t ty+1<a®+a+l<(z+1)?
so 2 + y + 1 is not a perfect square.
(ii)) Whenz < y,theny? < y? +4x+3 <y’ +4y+4 = (y+2)2 so0
y? + 4z + 3 is not a perfect square if y? + 4z + 3 # (y + 1)2. When
Y +dr+3=(y+1)> =y +2y+1,
then y = 2z + 1, so that 22 +y + 1 = 22 + 2z + 2. However,
(z+1)2 =2’ +2r+1<a® +20+2 <2’ +4o+4=(x+2)?

indicates that 2 + y + 1 = 2% + 2z + 2 is not a perfect square. Thus, the
conclusion is proven.

4. (IMO/1986) Let d be any positive integer not equal to 2, 5, or 13. Show that
one can find distinct a, b in the set {2, 5,13, d} such that ab — 1 is not a
perfect square.

Since2-5—1,2-13—1and 5-13 — 1 are all perfect squares, it is necessary
to show that at least one of 2d —1,5d—1 and 13d — 1 is not a perfect square.

(i) Whendiseven,i.e. d = 2m for some positive integer m, then 2d—1 =
4m — 1 is not a perfect square (since its remainder modulo 4 is 3).

(ii)) When d = 4m + 3 for some non-negative integer m, then
5d—1=20m+14=4(5bm+3)+2=2 (mod 4),

so 5d — 1 is not a perfect square.

(iii) When d = 4m + 1 for some non-negative integer m, then
5d—1=20m+4=4(bm+1), 13d—1=>52m + 12 = 4(13m + 3).
In case that m = 1 or 2 (mod 4), then 5m + 1 = 2 or 3 (mod 4) implies that
5m + 1 is not a perfect square, so 5d — 1 is not a perfect square.

In case that m = 0 or 3 (mod 4), then 13m + 3 = 3 or 2 (mod 4) implies
that 13m + 3 is not a perfect square, so 13d — 1 is not a perfect square.

Thus, in any case at least one of three numbers 2d — 1,5d — 1,13d — 1 is
not a perfect square.
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5. Itis needed to consider several possible cases as follows.
Let A=3"4+2x 17"

(i) When n = 4m where m is a non-negative integer, then
34217 = (31" 42(17H)™ = 81™+2.83521™ =3 (mod 10),

so A is not a perfect square.
(ii) When n = 4m + 1 where m is a non-negative integer, then

3" 42177 =3-81™ +34.83521™ =7 (mod 10),

so A is not a perfect square.
(iii)) When n = 4m + 2 where m is a non-negative integer, then

3" 42177 =9.81™ 4+ 57883521 =7 (mod 10),

so A is not a perfect square.
(iv) When n = 4m + 3 where m is a non-negative integer, then

3" 4+2-17" =27-81™ 4 9826 - 83521™ =3 (mod 10),

so A is not a perfect square.
Thus, A is never a perfect square.

Solutions to Testing Questions 21

Testing Questions (21-A)

1. When we partition the n + 1 integers according to the remainders modulo n,
there are at most n classes. By the pigeonhole principle, there must be one
class containing at least 2 numbers. Then any two of them have a difference
which is divisible by n.

2. Write each of the n 4 1 given numbers in the form 2™ - ¢, where q is an odd
number and m is a non-negative integer. Then 1 < ¢ < 2n — 1, i.e. there
are at most n different values for q.

By partitioning the given n + 1 numbers into at most n classes according
to the value of ¢, then, by the pigeonhole principle, there must be one class
containing at least 2 numbers. Then larger one of them must be divisible by
the smaller one since they have the same q.
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3. Suppose that each of the given numbers is not divisible by 2009. Then 0 is not
a value of the remainders of the given numbers when divided by 2009, i.e.
the 2009 remainders can take at most 2008 distinct values. Therefore, by
the pigeonhole principle, there must be at least two of them, say 111---111

——
p digits
and 111---111, where 1 < p < g < 2009, such that they have a same
——
q digits
remainder, and hence their difference

111---111 x1000---000
q—p digits p digits

is divisible by 2009. Then (10P,2009) = 1 implies 2009 | 111---111, a

q—p dlgltS
contradiction. Thus, the conclusion is proven.

4. Partition each side of the equilateral triangle into three equal parts, and by
passing through these partition points introduce lines parallel to the sides of
the triangle, then the triangle will be partitioned into 9 equal small equilat-
eral triangles of area 1/9 cm?.

By the pigeonhole principle, there must be three points inside or on the
2

. . . 1
boundary of a small triangle, then its area is not greater than 9 m”°.

5. First of all, use the remainder modulo 10, or the units digit to replace the
original one. Next, we consider the following six “pigeonholes”:

{0}, {5}, {19}, {2,8}, {3,7}, {4,6}.

(i) if two remainders are both O or 5, their difference of the two numbers
is divisible by 10.

(i) if two remainders are one of (1,9),(2,8),(3,7), (4,6), then the sum
of the two numbers is divisible by 10.

Since seven remainders put in above six pairs, there must be two to be in
the same pair, so their sum or difference is divisible by 10.

6. The 28 cells in the first row are colored by three colors, , by the pigeonhole
principle, there must be at least |27/3] + 1 = 10 of them being of the same
color, say it is red. By exchanging the columns if necessary, we can assume
that the 10 columns with red cells are the first 10 columns.

If there are two red cells appeared in the first 10 columns of another row,
then the conclusion is proven.
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Otherwise, there is at most one red cell appeared in the first 10 columns of
each of the second, third or fourth row, by exchanging the first 10 columns if
necessary, we may assume that the red cells are all in the first three columns
of the 2nd, 3rd and 4th row, so in the rectangular region A of dimension
3 x 7, which are formed by the last three rows and the 4th column to the
10th column, each cell is colored by blue or yellow color only. Then in the
first row of A, by the pigeonhole principle, there must be four cells with the
same color, say it is blue, and for convenience, we can assume that they are
in the first four columns of A.

If in another row of A there are two blue cells appeared in the first four
columns of A, the conclusion is proven also, otherwise, in each other row
of A there is at most one blue cell in the first four columns, then in each
other row of A there are at least 3 yellow cells in the first four columns.

Then, assuming that in the second row of A the three yellow cells appeared
in the first 3 columns, since in the first three cells of third row of A at least
two are yellow, a required rectangular region with four yellow corners is
obtained.

Thus, in any possible case the conclusion is proven.
7. As shown in the right digram, let P() be such a stright line and M N be the

common middle line of the two trapizia. Since the two trapezia have equal
height, the ratio of their areas is equal to that of their middle lines, that is,

P
A | B
E
0K
M_H[Y, N

0]
J
F
D I C
Q

MH/NH = 2/3. Thus, MH : MN = 2/5. By symmetry, there are
another three points K, I, J on the two middle lines of ABCD.

Each of the nine lines must pass through one of the four points, so, by the
pigeonhole principle, there must be at least three of them passing through
the same point.
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8. Partition the segment OA into n short segments of equal lengths 1/n. By
the pigeonhole principle, there must be two of the n + 1 points which are
contained by a same

short segment, so the distance between the two points is not greater than
1/n.

9. From the given condition, if the desired term exists, it must be at least a five
digit number. Let x,, be the last four digits of the nth term (if is is really
less than 1000, then make it be a four digit number by adding pre-zeros, for
example 204 = 0204). Consider the following 100000001 = 108 + 1 pairs

(1‘1’ x2)a (an .133), Ty (xIOOOOOOOh .13100000002).

Since the number of possible different two dimensional values of the pairs
at most is 10% x 10* = 10® < 10% 41, by the pigeonhole principle, in above
10® + 1 pairs there must be two with same components, i.e. there exist i, j
with 1 < i < j < 10% + 1 such that
T; = Tj, Ti4l = Tj41-

Then Ti—1 = Ti41 — T4 = Tj41 — Tj = XTj—1, SO (l’i_l,l'i) = (:cj_l,xj).
Continuing the process, it follows that

(1, 2) = (Tjmiv1, Tji)-
Then 1 = x;_;41 implies that the z;_; ;1 = 0000, i.e. the j — 7+ 1th term
ends with at least four zeros.

In fact, it can be proven that the 7501th term has the desired property.

Testing Questions (21-B)

1. The given arithmetic sequence contains 34 numbers totally. We consider the
16 pairs
{4,100}, {7,97}, {10,94}, ..., {49,55}

which are formed by deleting 1 and 52 from the sequence. Then by the
pigeonhole principle, at least 18 numbers of A is inside the 16 pairs, so at
least there must be two pairs such that their components are all in A4, i.e.,
there must be four numbers a, b, ¢, d € A such that

a+b=c+d=104.

Note: A stronger conclusion is proven actually here.
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2. According to the units digit partition the 17 numbers into 5 classes: Cy, C1,
Co,C3,Cy.

If each class contains at least one number, then the five numbers obtained
by taking anyone from each class satisfy the requirement.

If at least one class is empty set, then, by the pigeonhole principle, there
must be one class containing at least [16/4] + 1 = 5 numbers. Any five
numbers taking from this class have the same units digit, so their sum must
be divisible by 5. The conclusion is proven also.

3. The set of 10 distinct two digit numbers has 20 = 1024 subsets totally (in-
cluding the empty set and the set its self. For a proper subset, if use S to
denote the sum of all its elements, then 10 < S < 91+92+---4+99 = 855.
So the value of S has 855 — 9 = 846 choices.

Since the 1022 proper subsets can take 846 possible different value of S, by
the pigeonhole principle, there must be two subsets with equal value of S.

Let A and B be two subsets with equal sum of elements, i.e. Sy = Sp.
Then A — {AN B} and B — {A N B} also have equal sum of elements.
Since A # B, so the two difference sets both are not empty.

4. Use 17 points Aq, As, ..., Aj7 in the space to denote the 17 people, such
that any three points are not collinear. every two points are connected by a
segment, and a segments are colored red, blue or white according to the two
people discussed the first, second or third topic respectively. The question
becomes to show that there must be a triangle with three sides of the same
color.

Among the 16 segments emitted from A;, by the pigeonhole principle,
there must be at least 6 with the same color. without loss of general-
ity, one may assume that they are red, and their another end points are
Ag, Az, Ay, As, Ag and A7 respectively. If some of the segments joining
the six points is red, then we have got a triangle with three red sides, the
conclusion is proven.

If all the segments joining these six points are of blue color or white color,
then, from the result of Example 9, there must be a homochromatic triangle
formed by these segments, the conclusion is also proven.

5. We prove the conclusion by contradiction. Suppose that the conclusion is
not true, then the following property P holds: the difference of any two
members from a same country is not the number of a member from the
same country.

By the pigeonhole principle, there must be a country A such that the number
of members coming from this country A is not less than [1977/6]+1 = 330.
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1.

Solutions to Testing Questions

Let my be the maximum number of the members from the country A. By
using m; minus each of the numbers of rest members from the country A,
not less than 329 differences can be obtain, and they mut be the numbers of
members not from the country A.

Since [328/5] + 1 = 66, by the pigeonhole principle again, there must be
a country B such that the number of members coming from this country B
is not less than 66. If my is the maximum number of the members from
the country B, similarly at least 65 differences are obtained, and they must
be neither the numbers of the members from the country B nor that from
the country A (since (m; — a1) — (my — as) = as — a1 for any numbers
a1, as from the country A). So these 65 differences must be numbers of the
members from the rest four countries.

From [64/4] + 1 = 17, there must be a country C' such that the number
of members coming from this country C' is not less than 17. So there must
be at least 16 numbers of the members from the rest three countries. By
using the pigeonhole principle once again, there must be a country D with
not less than 6 members. They yield at least 5 numbers of the members
from the rest two countries. So there must be a country E with not less than
3 members. Their three numbers yield two numbers of the members from
the sixth country F'. However, the difference of the two numbers yields a
number which is not a number of all the six countries, a contradiction! The
conclusion thus is proven.

Solutions to Testing Questions 22

Testing Questions (22-A)

Since

(WVn+vn+1)2=2n4+1+2ynn+1)>2n+1+2Vn2 =4n+1

and

(Vn+vn+1)2 = 2n+142/n(n + 1) < 2n+14+2y/(n + 1)2 = 4n+3,

letting k = [V4n + 2], then k < Vdn +2 < k+ 1,ie k? <4n+2 <
(k + 1)2. Since 4n + 2 and 4n + 3 both are not perfect square numbers (a
perfect square number cannot have a remainder 2 or 3 when divided by 4),
therefore

B <dn+2<4n+3 < (k+1)2,
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thenk? < 4dn+1 < (Vn+vn+1)2 <dn+3 < (k+1)%ie k <
vn+vn+1<(k+1). Thus, [\/n+vVn+1] =k =[Vin+2].

2. Since the left hand side of the equation is an integer, therefore {z} — 1 is an
integer. Then 0 < {z} < 1 implies {x} = 0, i.e. x = [z]. Thus,

>+’ +a=—1,
(z* +2%) + (z +1) =0,
(z+1)(z® +1) =0,

therefore x = —1.

3. (CMO/1975) Solve equation [z]? = {z} - z.

Let [z] = n, t = {x},thenn® =t(n+1t) > 0.0 <t < 1 impliesn > 0.
Sincen? =t(n+t) <n+1,son =0orl. Ifn =0thent = 0, ie.
xz =0.Ifn =1, then

1=t(1+1),
t?’+t—1=0,
-1 1
P ' S & )
2 2
1
Thus,z =0orz = +2\/5.

4. Let x be a solution with |2| = n. Then the given equation becomes
2 +7=28n.
Son > 0. The relation n < & < n + 1 yields

n?+7<2?+7=8n<(n+1)?+7=n?+2n+38,
n?2—8n4+7<0 and n2 —6n+8>0.

the solutions fornare1 <n <2o0rd<n<7,ie.n=1,56,7.

Correspondingly, 2% 4+ 7 = 8,40, 48,56, so = 1,/33, V41, 7 since x >
0.

5. Itis obvious that x = n is a required root. Let 1 < = < n be another root
of the given equation. Write m = [z]|, ¢t = {z}, then x = m + ¢ and the
equation becomes

(m+6)* —[(m+1)%] = %,

2mt — [2mt +t2] = 0,
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therefore 2mt is an non-negative integer, i.e. t = 0, 50, 7=, -+, 221
. m’ 2m 2m
form =1,2,--- ,n — 1. Thus, the number of required roots is

24243+ +(n—D]+1l=mn—-n+1=n>-n+1

1
6. Letn =2x — 3 thenn € Z and z = %n + %, therefore

3+7—:><3+7< +1= 7<<3
T T T e TS g =S Ty
3 1 5
therefore n = —3 orn = —2. Whenn = —3, then x = —5 + 1 = _1;
1
whenn = —2,thenx = —1 + 1 = f% Thus, the sum of roots is —2.
10™ 10™ 10™ 10™ 0™ 10™
7. i71< L giimpliesifl<1989§i,i.e. 0 <
T T T T x 1990
On
<7
¥= 10897

10™ - 0.00050251256 ... < =z < 10™ - 0.00050276520. . ..

So only for n > 7 the difference of the two decimals is greater than 1, and
it follows when n = 7 that

5025 < & < 5027,
and x = 5026 or 5027.
8. Letthe sumbe N and x = n + t where n € Zar and 0 <t < 1. Then

N =20n + |2t] + [4t] + |6t] + |8¢] < 1000,
.0 <n <50.

For any fixed 0 < n < 49, the the left hand side has different values at
t =g wherer =0,1,2,3,--- ,7Tand t = § where s = 1,2,4,5. Therefore
there are totally 12 different values of N foreachn = 1,--- , 49, but there
are a total of 11 different values of N when n = 0 (since ¢ cannot take value
0), and n = 50, t = 0 means N = 1000 is also a required value, therefore

N takes a total of

50 x 12 = 600 different values not greater than 1000.
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k+1)2 k>
9. (k+1)2—k2:2k—|—1indicatesthat[( +1) ]>{ }when2k+1>

1980 1980

2
},k:gmL%L-~,w&mm9m

k
1 i.e. k > 990. Theref
980, i.e. k > 990. Therefore {1980

different values.

For the sequence
12 22 32 9907
1980 " [1980] " [1980]° T 11980

since any two consecutive terms have difference 0 or 1 only, and

9902 B
1980
495, the sequence must take 495 + 1 = 496 different values. Thus, alto-
gether the whole sequence takes 496 + (991 — 1) = 1486 different values.

10 Let n be a required positive integer satisfying all requirements in question.
Write k = [/n], then 1 < k < 102, and

K <n < (k+1)32 or equivalently, k2 <n<k®+2k,

i.e. n = k% 4+ r where r is a non-negative integer with 0 < r < 2k. The
requirement k | k2 + 7 implies 7 can take 0, k and 2k for 1 < k < 99 and
r = 0 for kK = 100 only. Thus, totally there are

3x99+1=298

desired n.

Testing Questions (22-B)

1. By definition of integer part, it must be true that

] < < [ .

Let {\/ﬁJ =n,thenn? <z < (n+1)% son? < /z < (n+1)% which
implies that
n? < |Vr] < (n+1)2

son < +/|v/x] <n+1,and it implies that

Vo] 43

i.e., the given equality must be true.
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2. Inthe Q1 of (22-A), we have proven that /n ++/n + 1 > v/4n + 1 and that
[Vn+Vvn+1] = [Vdn+2] = [V4n + 3].

It suffices to show that |[/4n +1] = [V4n +3]. Let [\4n+ 1] = k,
thenk < An+1 < k+1,s0k? < 4n + 1 < (k + 1)% which implies
4n 42 < (k + 1)2. Since 4n + 2 cannot be a perfect square, so 4n + 2 <
(k4 1)2, thus, 4n + 3 < (k + 1)2. Since 4n + 3 cannot be a perfect square
also, so 4n + 3 < (k + 1)2, hence

k< (4n+3) < (k+1)2 ie k< |Vin+3] <k+1,
therefore |v/4n + 3] = k = |v4n + 1], as desired.

3. Byusing x = |z| + {z}, the given equation becomes |z |{z}+ |z| —{z} =
10,s0 (|z] —1)({z} +1) =09.
Since |z ] —1is an integer, so {x } + 1 is arational number. Let {x} = m/n
with 0 < m < n, then

(lz] = 1)(m +n) =9n.
When m = 0, then {z} =0, soz = |z] = 10.
When m > 0, letting (m,n) = 1, then (m +n,n) = 1,s0 (m+mn) | 9.

1 1
(i) Whenm+n=3,thenm =1,n=2,s0 {a} = §,ij :7,95:75.

(ii)) When m 4+ n =9, then there are three possible cases:

1 1
m=1n=8—{z}=—,|z] =9,2=9-;

8 8

2 2
m=2n="7—{z}==,|z] =8z=8=;

7 7

4 4
m:4,n:5—>{m}:g,LxJ:6,3::66.

. 1 1 2 4
Thus, there are five solutions for z: 10, 75, 9§, 8?, 65.

4. Let 103! = ¢, then

10%3 R
1030 +3|  |t+3| | t+3 t+3

3

3
= 2 -3t+3%+ |-
e

= #(t—3)+8=103(10% — 3) 48,

J_t2—3t+32—1

93

thus, the last two digits of {1031_%3

J is 08.
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5. The given equation implies that « # 0 and |x] # 0 and

@=L+ (Z-2) =0,

(z — |z)) (1— x[lxj) —0.

When = | x|, then z can be any non-zero integer.

92
When —— = 1, write {x} = o > 0 and |z] = n, then

n(n+ a) = 92.
Ifn>0n%<92< n(n + 1) has no integer solution for n, if n < 0, then

n(n + 1) < 92 < n? has integer solution n = —10. Then o = 0.8 and
r=-10+08=-9.2.

Thus, the solutions are —9.2 or any non-zero integer.

Solutions to Testing Questions 23

Testing Questions (23-A)

3k + 12
Tr =

12
=3+ T implies k | 12, so k may be 1,2,3,4,6,12, the
answer is (D).

2. The given equation implies y = 1 (mod 10), only (C) is possible. By check-
ing, (C) is a solution. Thus, the answer is (C).

. L 3A+11B 17

3. Th lit Ids ————— = —,
e given equality yields 33 3 SO
3A+11B =17.

It is easy to find the special solution (2,1) for (A, B). Since the general
solution is

A=2+11t, B=1-3t, teZ,

A > 1and B > 1 implies that ¢ = 0 is the unique permitted value of ¢, so
(2,1) is the unique desired solution for (A, B). Thus, A% + B2 = 5.
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4. The given conditions gives the relation 16m + 13 = 125n + 122 for some
positive integers m and n such that both sides are four digit numbers. Then

12504109 13(n + 1)
m = 16 =T+6+ 6

is a positive integer. The minimum value of n satisfying the requirement is
n = 15, so m = 124 and the four digit number is 16 x 124 + 13 = 1997.

5. Let x and y be the numbers of dragonflies and spiders respectively. Then
6x + 8y =46 or 3z + 4y = 23.

It is clear that = # 0 and y # 0 since 46 is neither divisible by 6 nor by 8.
4y < 23 implies y < 5, so corresponding to y = 1, 2, 3, 4, 5, the equation
gives
23 — 4y
xr =
3

can be positive integeraty =2ory =5only. x =5ify =2andx =1 at
y = 5. So the answer is that 5 dragonflies and 2 spiders, or one dragonfly
and 5 spiders.

6. The question is the same as finding the number of non-negative integer solu-
tions for (z,y, z) of the equation

z + 2y 4+ 5z = 100.

Itis clear that 0 < z < 20. For any possible value of z, x + 2y = 100 — 5z.
Let u = 100 — 5z > 0. Then for solving the equation x + 2y = u, (—u, u)
is a special solution. So the general solution for (z, y) is

r=-u+2t y=u—t, teZz.

Ifu =2k, thenk = 5§ <t <wu =2k, ie. thereare k+1 = ngl solutions

for (z,vy).

u-+1
2

If u = 2k+1, then k+1“7+1 <t<wu=2k+1,ie. thereare k+1 =
solutions for (z, y).

Thus, we have the following table:

w =100 95 90 85 80 75 70 65 60 ---15, 10 5 O
k4+1=251 48 46 43 41 38 36 33 31 ---8 6 3 1

The total number of solutions is given by
4(104+ 204304 40) +5(84+6+3+ 1) + 51 = 541.

Thus, there are 541 ways to get the 10 dollars.
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7. Let the four digit number be abcd = 1000a + 1006 + 10c + d. Then

1000a + 1000 4+ 10c+d + a + b+ ¢+ d = 2006,
1001a 4 101b + 11c + 2d = 2006,

which implies that a = 1, so 1010 + 11¢ + 2d = 1005. Since
101 x 84+ 11 x 942 x 9 =925 < 1005,

therefore b = 9,50 11c+2d =96. 11 x 74+ 2x9=95< 96 andc < 9
then gives ¢ = 8, so 2d = 8, i.e. d = 4. Thus, the four digit number is
1984.

27 37
8. From 30 < 5n + 3 < 40 it follows that = <n< E,i.e. 5<n<8, s0
n==6or7.
When n = 6, then 3m = 5n+1 = 31 implies m is not an integer, son = 7.

When n = 7, then 3m = 5n + 1 = 36, i.e. m = 12. Thus, mn = 84.

9. Let the numbers of roosters, hens and chicks that the buyer bought be z, y, 2
respectively, then
52 + 3y + 52 = 100,
x+y+z=100.

or

152 4+9y+2 = 300, (30.4)
z4+y+z = 100. (30.5)

(30.4) — (30.5) yields 14z 4+ 8y = 200 or, equivalently,
7o + 4y = 100. (30.6)

It has a special solution xy = —100, yo = 200,s0 the general solution
for (x,y) is x = —100 + 4¢, y = 200 — 7¢, where ¢ is any integer. The
equation (30.6) indicates that 4 | x, so  may be 0,4, 8,12, 16,20 only.
Correspondingly, t = 25,26, 27,28, 29, 30 only. Since y > 0 implies ¢t <
200/7 < 29, s0t = 25,26,27,28 only, i.e. y = 25,18,11,4. Thus, z + y
is 25,22, 19, 16 respectively, so z = 75,78, 81, 84 correspondingly. Thus,
the solutions for (z,y, z) are

(0,25,75), (4,18,78), (8,11,81), (12,4,84).
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10. = > y > z > 664 implies that z > 664, y > 665, = > 666. Since
2z + 3y + 4z = 5992, y is even, i.e. y > 666. Since 669 + 668 + 664 =
2001 > 1998, so y < 668, i.e. y = 666, hence

2z + 42 = 5992 — 3 x 666 = 3994,

i.e. x + 2z = 1997. Therefore x is odd, hence, from the first equation, z is
also odd. 664 < z < 666 implies z = 665, then x = 667. Thus, the answer
is x = 667, y = 666, z = 665.

Testing Questions (23-B)

1. Let the numbers of weights of 1 g, 10 g, 50 g be x, y, z respectively. Then the
conditions give

z+y+ 2z =100,
z + 10y + 50z = 500.

By eliminating z, it follows that 9y + 49z = 400, so
9(y + 5z) = 4(100 — z).
It implies that 4 | y + 5z and 9 | 100 — z, i.e.

y+5z 100 — z
4 9 <&

Sz =100 - 9t, y =4t — 5z =49t — 500.

501
The inequalities y > 1,z > 1 implies that 10 < 19 <t<l1l,sot=11
and
z=1, y=39, x=060.

Thus, in the 100 weights there are 60 of 1 g, 39 of 2 g, and 1 of 50 g,
respectively.

2. Let (x,y, z) be a solution with distinct components. for letting the solution
satisfy the requirement that any two components have a product which is
divisible by the remaining component, let

r=mn, y=nk, z=mk,
where m, n, k are distinct positive integers. Then given equation yields

n(m — k) =1 — mk orequivalently, n(k —m) =mk — 1.
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Nowletk—m = 1,thenn =mk—1=m(m+1)—1=m?+m—1,k =
m + 1, so

r=mm?*+m—-1),y=m*+m—-1)(m+1),z=m(m+1),
where m is any natural number. The conclusion is proven.

3. We prove the conclusion by contradiction. Suppose that (xg,yo) is a non-
negative integer solution of the given equation. From

a(zg + 1) +b(yo + 1) = ab,

it follows that b | a(zp + 1) and a | b(yo + 1). Since (a,b) = 1, so
b|(xo+1)anda | (yo+1). 2o+ 1 > 0andy + 1 > 0 implies that
a<1yo+ land b < xy + 1, hence

ab=a(xo+1)+b(yo + 1) > ab+ ba = 2ab,
a contradiction. The conclusion is proven.

4. From Theorem III, the general solution of the given equation is
T = x9 + bt, y=1vyo—at, tEZ,
where (g, yo) is a special solution. We claim that there must be a solution

(l‘l,yl) with0 < z; <b-—1.

The conclusion is true if 2o € [0,b — 1]. Otherwise, zo < —1 or 2y > b.
Since x plus b or minus b as ¢ plus 1 or minus 1, so corresponding to some
value of ¢, the value of = must enter the interval [0, — 1]. When 0 < 27 <
b — 1, then

byp =c—axry >ab—a—-b—axry >ab—a—-b—a(b—1)=—b,

so that y; > —1,1i.e. y1 > 0. Thus, (z1,y1) is a non-negative integer
solution. The conclusion is proven.

5. (i) Since every time the number obtained after operation is always odd, so
it cannot be divisible by 1980.

(i) Below we show that the number obtained after 100 times of operations
may be divisible by 1981.

Let the original natural number be  — 1. Then after the first operation the
number becomes 2(x — 1) + 1 = 2z — 1.

The number obtained after the second operation then is 2(2z — 1) + 1 =
22y — 1.
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In general, if the number obtained after the kth operation is 2¥z — 1, then
the number obtained after k£ + 1th operation is
2(2Fx — 1) +1=2F 1z — 1.

2100

So the number obtained after 100 times of operations is x — 1. Since

(2109 1981) = 1, so the Diophantine equation
2100, 1981y =1
must have integer solution (zo, o), and its general solution is
x = xo + 1981¢, y = yo + 219%, teZ.

Regardless of the size of |xo| and |yo/, it is always possible to let ¢ty be large
enough, such that

xo + 1981ty > 0 and y = yo + 2'%%, > 0.

Thus, it is true that 21992 — 1 = 1981y for this solution (z,y), i.e. 1981 |
(2100 1),

Solutions to Testing Questions 24

Testing Questions (24-A)

1. In the first equation, since (2003)% — 2002 x 2004 — 1 = 0,sox — lis a
factor of the left hand side. By cross multiplication, it is obtained that

(x —1)(2003%z +1) = 0,

1
so the other root is ————, and the larger root m is 1.
20032

For the second equation, Since 1 + 2002 — 2003 = 0, x — 1 is a factor of
the left hand side, so it follows that

(x — 1)(z +2003) =0,
the smaller root n is —2003. Thus m — n = 1 + 2003 = 2004.

2. The partition points of the range of z is —3 and 3.
(i) Whenz < —3,thenz?2—22—24 =0,s0x; = —4 (x5 = 6is N.A.).
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(ii) When -3 < z < 3,thenz2 — 18 = 0, s0 ¢z = +3v2 (Both are
N.A)).

(ili) When 3 < z,then 22 + 22 — 24 =0,s0 z = 4 (x = —6 is N.A.).
Thus, the roots are —4, 4.

3. When m = 2, the equation becomes —5x — 11 = 0, the solution is z = —1.

Whenm # 2, A = [—(m+3)]2+42m+1)(m —2) =9Im? —6m+1 =
(3m —1)2 >0, s0

(m+3)—(3m—1) (m+3)—|—(3m—1):2m+1

:L‘lz :—17 a’;2:

2(m —2) 2(m —2) m—2"

4. a?—3a+1=0yields a®> + 1 = 3a and a # 0. Therefore by division,

2a° —5a* + 2a® — 8a®  a® —3a+1)(2¢° + a® + 3a) — 3a
a?+1 B a?+1
3a

=—— =-1.
3a

5. Let 2y be the common root of the two given equations, then

198822 + bz + 8891 = 889122 + b + 1988,
(8891 — 1988)2:2 = (8891 — 1988),

Substituting back such x into the first equation,

+b = —(8891 + 1988) = —10879, .".b = F10879.

6. (i) Whenm =1, then —6x 4+ 1 = 0, so there is a real root x =

=

1
(ii)) When m = —1, then —2x + 1 = 0, so there is a real root x = 3
(iii) Whenm?—1# 1,then A = 4(m+2)?—4(m?—1) = 16m+20 > 0
5
implies that m > ~1 and m # 1.

Thus, the range of m is m > v

7. Let x( be the common root, then 22 —kzo—7 = 0 and 22 — 629 — (k+1) = 0.
Then their difference gives

(6— K)o — (6 —k) =0, or (6—k)(wo—1)=0.
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Notice that k£ # 6. Otherwise, the two equations are identical so that they
have two common roots. Therefore ¢y = 1, and it implies that kK = —6. By
substituting back the value of k into the given equations, it follows that

22 +62—-7=0 and 22 —6x+5=0,
(z—1)(r+7) =0 and (z—1)(x—5) =0.

Thus, the different roots are —7 and 5 respectively.

8. Since the given equation has two equal real roots implies that its discriminant
is 0, so

= (2b)% — (c—|—a)(c—a)—4(b2 +a?—c%) =0,
a?+ b =2

From ¢? = a? + b? < a® + b + 2ab = (a + b)?, it follows that ¢ <
a+ b, so the three segments with lengths a, b, ¢ can form a triangle. Further,
from Pythagoras’ Theorem, the triangle is a right-angled triangle with the
hypotenuse side of length c.

9. Since the discriminant of the equation is non-negative,

4(14 a)* — 4(3a® + 4ab + 4b* + 2) > 0,
(1+a)? — (3a® + 4ab + 40> + 2) > 0,
2a% — 2a + 1 + 4ab + 4b* < 0,
(a—1)2+ (a+2b)% <0,
sa=1, and a+2b=0,

1
=1, b=—_.
a , 5
10. The discriminant of the equation is given by
A = (a+b+e)?—4(a®+b*+c?)

—3a? — 3b% — 3¢® + 2ab + 2bc + 2ca
= —(a?—2ab+b?) — (b? — 2bc + ?)
—(c? —2ca + a?) — (a® + b? + c?)
= —[la=b2+(b—-c)?+(c—a)?+(a®+b*+c*)] <0.

so the equation has no real roots, the answer is (D).
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Testing Questions (24-B)

1. Mr. Fat has the winning strategy. A set of three distinct rational nonzero
numbers a, b, and ¢, such that a + b+ ¢ = 0, will do the trick. Let A, B, and
C be any arrangement of a, b, and c, and let f(z) = Ax? + Bz + C. Then

fl)=A+B+C=a+b+c=0,
which implies that 1 is a solution.

C C
Since the product of the two solutions is T the other solution is T and it
is different from 1.

2. By A;,i = 1,2,3we denote the discriminant of the ith equation. It suffices
to show Ay + Ay + Az > 0. Then

A1+ Ag + Ag (4b2 — dac) + (462 — 4ab) + (4@2 — 4bc)
2(2a% + 202 + 2¢% — 2ab — 2bc — 2ca)

= 2[(a=b)?+(b—0c)?+ (c—a)? >0.

Thus, the conclusion is proven.

3. From the assumptions @ > 1 and b > 1 and a # b. Let x( be the common
root, then

(a—1)z2—(a®+2)z0+(a?+2a) = 0, (b—1)z2 — (b +2)zo+(b*+2b) = 0.

Notice that 2y # 1. Otherwise, if 2y = 1, then above two equalities be-
comesa =1="0.

After eliminating the term of 3 and doing simplification, it follows that
(a—b)(ab—a—b—2)(xg—1)=0.
Sincea —b#0Qandzg # 1,s0ab—a—b—2=0,ie.ab=a+ b+ 2.

b 2 4
(i) Whena >b>1,thenb=1+—+— <3,sob:2,a:ﬁ = 4.
a a —

(ii) When b > a > 1, then, by symmetry, a = 2,b = 4.
Thus, in each of above two cases,

ab + b®
a~b+b-a
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4. Since the left hand side cannot be zero, so m # 0 and m > 0.
(i) Whenm > 0, then x > 0.
ForO <z <1,thenl—22+4+4— 22 =mz,ie. 222 +max—5=0,s0

—m 4+ vm?2 + 40 <1
1 < 1.

It implies that m? + 40 < m? 4+ 8m + 16,i.e. 3 < m.

3
Forl<x<2thenz?—14+4—z2=mz,sol <zx=— <2, ie.
m
3
—<m <3,
2_m
m 4+ vm? + 40

for2 < z,then 222 —ma —5=0,s0x = > 2, it implies

that

4

3
m? 440 > m? — 16m + 64, i.e.m>§.

(ii)) When m < 0, then x < 0, so the case can be converted to the case (i)
if use —m, —x to replace m, x respectively. Thus, the solutions are

3 /2
2 or m—i——m—l-40 if§§m<37
m 4 2
—m +vm?2 +40 )

1 if m > 3,

Ty 3 m-vmIid0 , 3

— o —M————— if—-3<m< —=,
m 4 2
—m 4+ vm?2 +40 .

1 if m < =3,

and has no solution for other values of m.

5. Suppose that the first equation has no two distinct real roots, then
) 1
Al :174(]1 SO, 1.€. q1 Z Z

In this case, then the discriminant of the second equation is

Ay = pPP—Ag= (g +q+1)*—4g
= @+20(@+1)+ (@ +1)2% —4g
= @+2p(@-1)+0+aq)*
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To show As is always positive, consider the last expression as a quadratic
function of g5, then its discriminant is
Az =4(a; — 1) —4(1 + q1)* = —16q; < —4,

so As > 0 for any value of ¢2, i.e. the second equation has two distinct real
roots, the conclusion is proven.

Solutions to Testing Questions 25

Testing Questions (25-A)

1. Letz; = 2t,x9 = 3t, where t is some real number. By Viete theorem,

Bt =y +ap = 2t = &
— &1 2 — 2 - 2a
1
S T2 — T :t:§
2. Let
P 4+prd+q = 0, (30.7)
1
x? + 2qx + p = 0 (30.8)
and let «, 3 be the roots of (30.7), then the roots of (30.8) are « — 1, 5 — 1.
By Viete Theorem,
a+pB = —p, (30.9)
af = q, (30.10)
at+pB-2 = -—2q, (30.11)
1
(@=1(E-1) = 5p. (30.12)
By (30.9) — (30.11),
—p+2q = 2. (30.13)

By (30.10) — (30.11) — (30.12),
—p+6g=2. (30.14)

Then (30.14) — (30.13) yields ¢ = 0, p = —2, hence the equation (30.7) is
22 — 2z = 0, its roots are « = 0, 3 = 2. Similarly, the equation (30.8) is
22 —1=0,itsrootsarer; = —l=a— 1,2, =1=3—1.
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3. Viete theorem produces
a+f=p, af=gq, ®+5°=p, ?5°=q.
From ¢ = g, it follows that ¢ = 0 or 1. Since p = (a + 3)? — 2283 =
p2 - QQ7
When g = 0, thenp = 0or 1. So (p,q) = (0,0) or (1,0).
When ¢ = 1, then p = —1 or 2. But 22 4+ 2 4+ 1 = 0 has no real root when
p=—1lsop=2and (p,q) = (2,1).
Thus, there are three desired pairs for (p, q).

4. Let (x1,22) be an integer solution of the given solution. Then z1 + 22 =
—p,T1T2 = ¢, SO

198 :p+ q = 7(1’1 +l’2) +l‘1IQ = (.’El — 1)($2 — 1) — 1,
S = 1) (2 —1) =199 =1-199 = (—1) x (—199).
Letting 1 < zo,thenz;—1=1,29—1=1990rz;—1 = —199,25—1 =
—1, so the solutions are

(Il,QSQ) = (2,200) or (7198,0)

—2 1
5. Let a, 0 be roots of the equation, then o + 3 = —%, af = GT—F, and

1
a?+p% = 71, )

1
27429 =2_2
(a+ 8 =77 +2A—5—) == — 2,
a? 33
PR

a?+8—-33=0=(a—3)(a+11)=0=a=3or —11.
Since A = a? 4 16a — 8 > 0, so

—16 — /288 —16 + /288
a§f<—11, 0ra2f>

thus a = 3.

0,

6. a? = 2a + 1yields a* = 40% + 4a + 1 = 12a + 5, and similarly 5% =
26 4+ 1,83 = 28% + 3 = 53 + 2. Viete Theorem gives a + 3 = 2 and
af =1, thus,

5ot 41203

5(12a +5) + 12(58 + 2) = 60(a + 3) + 49
60(c + 3) + 49 = 120 + 49 = 169.
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7. Viete Theorem gives a + 3 = —19, a8 = —97. Then

m _ l+a 1+68  (14+a)1—-p6)+(1—a)(l+p)
n l-a 1-8 (1-a)(1-p5)
21-aB)  2-98 28
l—(a+B8)+a3 77 11

som = 28,n=11and m + n = 39.

4
8. Firstofall, o+ 5 = —(a +b) and aff = gab. The condition a(a 4+ 1) +
B(B+1) = (a+1)(3+ 1) implies
a2+ 3 —af=1, ie. (a+B)?—-3a8=1,
S(a+b)?—4dab=1, ie. (a—b)?=1, so
a—b=1.
A > 0 implies 3(a + b)? > 16ab = 4[(a + b)? — 1], 50 (a + b)? < 4, i.e.
—2<a+b<2.
Sincea —b=1,s0 -1 < 2a < 3,i.e. a = 0or 1. Hence,
(a,b) = (0,—1) or (1,0).
By checking, the two solutions satisfy the requirements. Thus, there are two

desired pairs for (a, b).

1\? 1
9. Changing the second equality in the form of 19 (t) +99 (t) +1=0,it

follows that s and 1/t both are roots of the equation 1922 + 99z + 1 = 0.
Therefore, by Viete Theorem,

+l——@ amdf—i

TYT 1y t 19
_st+4s+1_ +1+4§_ %_’_i_ 5
‘ t TG t 19 19 7

10. Viete Theorem gives a + 3 = —p,af =1,v+d = —¢,76 = 1. So

a—=7)(B=7)(a+8)(B+6)=[(a—=7)(B+3)[(B—7)(a+d)]
= (afB+ ad — By —yd)(aB + 86 — ay — 9d)

= (ad — 37)(86 — ay) = afd® — a*y6 — 3246 + affy?

P —a? = +2=[(6+7)?%-207] - [(a+B)? - 2a8]
:(q2_2)_(p2_2):q2_p2
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Testing Questions (25-B)

2 2
1. LetA==+4306%2B=2-+30%Sincea+f3="7,a8=8anda— 3=
@

B
VA = /49 =32 = /17, it follows that
_ 2atp) 2 g2y _ 14 2 qa _ 403
A+B = o +3(a*+6%) = 8+3(7 16) = T
2(a — 2
a-p = Dy )= —a- )| 30+ 9)

1 v/
VA [+21} :_85 17’

4 4
therefore

2
=438 =4
(67

_1[403  85VIT| 403 —85V17
2| 4 4 | 8 '

2. a=8—bandc?® = ab— 16yields a + b = 8, ab = c? + 16. Then, by inverse
Viette Theorem, a, b are the real roots of the equation
2% — 8z + (¢ +16) = 0.

Since its discriminant A is non-negative, i.e. (—8)% — 4(c? + 16) > 0, then

82 > 4(c? + 16),
42 <0, r.c=0,

therefore a, b are the roots of the equation 2> — 8z + 16 = (z — 4)2 = 0,
ie.a=b=4.

3. The assumptions in question implies that
(x—a)(xz—p) =z>+pr+q and (x—7)(x—0) =2+ Pz +Q.
Consequently,

(@a=7)B=N(=8(B~-6) = [(v—a)ly—=PB)—a)d—pB)
= (Y+pr+a)(6*+pd+q).

However,
Y+d=-P, 70 = Q,
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hence

(=B =7)(a=08)(B-0)=0""+py+q90°+pd+q)
=262 + py20 + q7* + py0® + p*8 + pay + ¢6* + pgd + ¢°

= (70)? + pyd(y +0) + ql(y + 0)* — 270] + p*0 + pg(y + 6) + ¢
= Q* —pPQ +q(P? - 2Q) + p*Q — pgP + ¢*

=Q*+¢* —pP(Q+q) + qP? +p*Q — 2¢Q.

4. Let « and 3 be the roots of the given equation. Then
a+ 6= —a, and af=b+1.
Consequently,

a2+b2 — (a+ﬂ)2+(a,8—1)2:a2+ﬁ2+a252+1
= (@+1(E*+1),

which is a composite number. The conclusion is proven.

5. This problem involves an equation of high degree. By using substitutions, it

— x’ then the given
z+1

can be reduced to a quadratic equation. Let y =

equation becomes
zy(z +y) = 42.

The technique of solving the problem is to solve xy and x + y first by
applying the inverse Viete Theorem. For this the value of (xy) + (z + y) is
needed. Since

13z —22 2°+zx+13—=z 13m+13_

W (@ty) = z+1 + z+1 Tzt

13,

by using inverse Viete Theorem, xy and = + y are the roots of the equation
2* 132442 =0.

Since z = 6 or 7, by solving the systems zy = 6,z +y = 7 and zy =
7,z + y = 6 respectively, the solutions for = are

1 =1, 29 =6, x3:3+\/§,x4:3—\@.

By checking, they are all the solution of the original equation.
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Solutions to Testing Questions 26

Testing Questions (26-A)

1. a?+a—6=(a—2)(a+3)implies that (a — 2) and (a + 3) are both factors
of 1260, and their difference is 5. Since 1260 = 22 x 32 x 5 x 7, where
the pairs of two factors with the difference 5 are (1,6), (2,7), (4,9), (7,12)
and (9, 14). Thus,

a—2=1,2,4,79, ie a=3,4,609,11.

2. The original equation yields (z —y) (2 +y) = 12. Since x —y and x +y have
the same parity, and 12 = 2 x 6 = (—2) x (—6), so there are four systems
of simultaneous equations:

T—y=2, T—y=06, T—y=-2, Tz —y=—6,

z+y=06, r+y=2, z+y=—6, r+y=-—2,
from which four solutions are obtained, i.e. (4,2); (4, —2); (—4,—2); and
(—4,2). Thus, there are four required pairs.

3. The given equations give (z — y)(z + y) = 3* and (z — w)(z + w) = 3%
Sincex —y < z+yand z — w < z+ w, if two of the four numbers
T —y,x + Y,z — w,z + w have equal values, then the other two must be
equal also, and it must be teh case thatx —y =z —wandz +y = z + w,
but then it implies thaty —w = z — 2 = w — y, i.e. y = w, a contradiction.
Thus, z — y,z + y, 2 — w, 2 + w must be four distinct values, and further,
they are the four distinct factors of 3% with = 4y, z +w being the larger two
factors and x — y, z — w being the smaller two. Since 3* = 3* x 1 = 33 x 3,
S0

rz+yw+azw +yz = (r +y)(z +w) =3*- 3% =37 = 2187.

4. By eliminating the denominators, the given equation becomes

15 + 32 — 22y = 222y,
2x%y — 3z + 22y — 15 =0,
ey —3)(x+1)=12=1-12=-1x -12=3-4=(-3) x (—4)

since 2zy — 3 is odd, hence there are four possible systems:

20y —3 = 1, 20y —3 = -1,
x+1 = 12 { r+1 = —12,

20y —3 = 3, 20y —3 = =3,
r+1 = 4, z+1 = —4.
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The first, second, and the fourth systems have no integer solutions, the third
system has the solution z = 3,y = 1. Thus, there is exactly one integer
solutionz = 3,y = 1.

5. Simplify the equation to the form zy + 42 = 9y, then

42
9—g

y =
y is a positive integer implies that 9 — x is a positive divisor of 42, so
9-2=1,2,3,6,7, ie.z=8,7,6,3,2.

Correspondingly, y = 42,21, 14,7,6. By checking, the five solutions sat-
isfy the original equation, so the answer is 5.

6. The given equation yields 8y — 122 = xy, so xy + 12x — 8y — 96 = —96,
ie.

(z —8)(y + 12) = —96.
Since y + 12 > 13 and —7 < x — 8 < 0, there are five possible cases to be

considered:
r—8 = -1, r—8 = =2 r—8 = =3,
y+12 = 96, y+12 = 48, y+12 = 32.
r—8 = —4 r—8 = -6,
y+12 = 24, y+12 = 16,

From them five positive integer solutions are obtained easily:
(7,84), (6,36), (5,20), (4,12), (2,4).
Thus, the answer is 5.

7. By rewriting the equation in the form 2% — (2 + y)x + y? — 2y = 0, and
considering it as a quadratic equation in x (y is considered as a constant in
its range), then the equation has integer solutions in x, so its discriminant is
a perfect square.

A=24+y)?*—4y* —2y) =4+ 12y — 3y*> = 16 — 3(y — 2)* = n?
. . , 16
for some integer n, it follows that (y — 2)* < 3 )

4 4
—3<—§\/§§y—2<§\/§<3.

Thus, y may be 0,1, 2, 3, 4.
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8.

9.

Solutions to Testing Questions

When y = 0, then 22 — 22 = 0,s0z = 0 or 2.

When y = 1 or 3, then A = 13 which is not a perfect square.
When y = 2, then 22 — 42 = 0, s0 z = 0 or 4.

When y = 4, then 22 —6x +8=0,s0z = 2 or 4.

Thus, there are a total of 6 desired pairs.

Suppose that the two integral roots of the given equation are m and n. Then,
by Viete Theorem,

m+n = p, (30.15)
mn = —580p, (30.16)

therefore one of m and n is divisible by p. Without loss of generality, we
assume that p | m. Then m = kp for some integer k. (30.15) yields
n = (1 — k)p. then (30.16) yields (k — 1)kp? = 580p, i.e. (k — 1)kp =
580 =4 x 5 x 29. Thus, p = 29.

Since the sum of the squares is to be an even number, it may be reasoned that
either all three of the numbers 22, 32, 22 (hence also z, 3, and z) are even, or
one of them is even and two are odd. But in the last event, the sum would be
divisible only by 2 and the product 2xyz would be divisible by 4. Hence we
must conclude that x, y, and z must all be even: x = 2z1,y = 2y1, 2 = 221.
If we substitute these into the given equation and divide through by 4, we
obtain

o3+ i+ 21 = dza.

As above, this equation implies that x1, y1, and z; are all even numbers, and
SO we can write x1 = 2x2,y; = 2y2, 21 = 229, Which yields the equation

2, .2, 2 _ o3
x5 + Y5 + 25 = 2°xay229,

which, in turn, implies that 2, y2, and z, are all even numbers also.

Continuation of this process leads to the conclusion that the following set
of numbers are all even:

z,Y,z;
x y z
T = — == 21 = —:
1 2a 1 2; 1 27
T Y z
To = — = — 2o = —.
2 4’ Y2 4’ 2 4’
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T Y z

€r3 = 3, = o 23 = 33

373 Y3 3 373
_Z _Y _*.
xk_2k7 yk_2k7 Z}C_2ka

(the numbers xy, yi, 2, satisfy the equation xi + y,% + z,% =
2k+1xkykzk). But this is possible only if z = y = z = 0.

10. The second equation leads to y = 1, 4+ z = 31 at once. By substituting
them into the first equation, it follows that

(1431 —x) = 255,
x? — 322 + 255 = 0,
(x —15)(z —17) =0,
S.X = 15,1‘2 =17.

Thus the solutions are x = 15,y = 1,z = 16andx = 17,y = 1,z = 14.
The answer is (B).

Testing Questions (26-B)

1. By factorization, the given equation can be factorized as follows:

423 + 42y — 152y — 18y> — 1222 + 62y + 3692 + 52 — 10y

= (423 — 82%y) + (122%y — 24xy?) + (9zy? — 18y3) — (1222 — 24xy)
—(18zy — 36y?) + (5 — 10y)

= (z — 2y)(42? + 122y + 9y? — 122 — 18y + 5)

= (= — 2y)[(2z + 3y)? — 6(22 + 3y) + 5

= (z —2y)(2x 4+ 3y — 1)(2x + 3y — 5),

SO
(x—2y)(2x + 3y —1)(2x + 3y —5) = 0.

x — 2y = 0 yields the positive integer solutions (k, 2k), k € N.

2z + 3y — 1 = 0 has no positive integer solution.

2x 4+ 3y — 5 = 0 has only one positive integer solution (1, 1).
Thus, the solution setis {(1,1)} U {(k, 2k) : Yk € N}.



154

2.

3.

Solutions to Testing Questions

It is easy to convert the given equation to the form
(x—2)(y — 2) = 22 (30.17)

Let ¢ represent the greatest common divisor of the integers z, y, and z; that
is, x = x1t,y = y1t, 2 = 21t, where x1,y;, and 2 are a relatively prime
set. Further, let m = (21,21) and n = (y1, 21). That is, we write z1 =
Mo, 21 = M22;Y1 = NYs,21 = Nzo, Where xo and zo, ys and zo are
relatively prime. The integers m and n are relatively prime, since x1,y1,
and z; have no common divisor. Since z; is divisible both by m and by n,
we may write z; = mnp.

If we now substitute © = mzst,y = nyst, 2 = mnpt into the basic equa-
tion (30.17), and divide the equality by mnt?, it follows that

(z2 — np)(y2 — mp) = mnp>. (30.18)

Notice that xo is relatively prime to p, since m is the greatest common
divisor of the numbers 1 = may and 23 = mnp; similarly, y2, and p are
relatively prime. Upon expanding the left hand side of (30.18), we see that
Toyo = Tomp + yonp is divisible by p. It follows that p = 1, and the
equation takes on the form

(x2 —n)(y2 — m) = mn.

Now x5 is relatively prime to n, for the three integers 1 = mxa, y1 = nys,
and z; = mn are relatively prime. Consequently, xo — n is relatively prime
to n, whence yo — m is divisible by n. Similarly, o — n is divisible by m.
Thus, xo — n = +m,yo — m = +n;x92 = £ys = =m + n. Therefore,

x = m(m+ n)t, y = £n(m + n)t, z = mnt,
where m, n, t are arbitrary integers, that is the formula for general solution.

The discriminant of the quadratic equation must be a perfect square number
implies that
(5p)% — 20(66p — 1) =n?

for some integer n > 0, so 25p? — 1320p+ 20 = n?, or (5p —132)%2 —n? =
17404 = 22 .19 - 229. Note that 5 | n, and the equation gives p — 1 = 0
(mod 5), so p = 5k + 1 for some positive integer k, then

(25k — 127 — n)(25k — 127+ n) = 38 - 458 = (—38)(—458).
The system 25k — 127 — n = 38,25 — 127 4+ n = 458 yields the solution

1 1
n = (458 - 38) =210, k= -(38+127+210) =15, -.p=T6.
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However, the system 25k — 127 — n = —458,25 — 127 4+ n = —38 has
no integer solution since the left hand sides are 3 modulo 5, but right hand
sides are 2 modulo 5.

By checking, p = 76 yields equation 522 — 380z + 5015 = 0 or 5(z —
17)(z — 59) = 0, its two roots are 17 and 59. Thus, p = 76 is the answer.

Note: The problem can be solved by use of Viete Theorem.
4. Let x1, x5 be the integer roots of the given equation. Viete Theorem yields
1+ 22 =pq and 2122 =p+g,
S0 x1, x2 are both positive integers. Then their difference yields

T1x2 —T1 — T2 =p+4q—Dpq,

ie.

(@1 =@ -1+ p-1)(¢-1)=2 (30.19)
When the first term on the left hand side of (30.19) is 0 but the second term
is 2, then

p—1=1,q—1=2o0orp—-1=2,q—-1=1,
so (p,q) = (2,3) or (3,2), and the equation is x? — 62 + 5 = 0, which has
two integer solutions 5 and 1.

When the first term and the second term on the left hand side of (30.19) are
both 1, then

p—= 1= 17q7 1= ]-7 ie. (paq) = (272)7
so the equation is 2 — 4z + 4 = 0, which has two equal integer solutions
T = Tg = 2.
When the first term on the left hand side of (30.19) is 2 and the second term
is 1, then

p—1=0o0r g¢g—1=0

and (z1,72) = (2,3) or (3,2), so the equation is 22 — 5z + 6 = 0, which
implies that (p, ¢) = (1,6) or (5,1). Thus,

(paQ):(2v3)a (372)’ (272)7 (155)7 (571)

n3
5. (1) When n = m, then

71 is an integer. From

n

n3+1 nd+1 nZ—-—n+1 1
= = =n-+ B

mn—1 n?2-1 n—1 n—1

therefore n = 2, i.e. n = m = 2 is a solution.
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(i1) When n # m, since m> and mn — 1 are relatively prime and that

m*(nd+1)  (mn)*-1 mP+1
mn — 1 - mn —1 mn —1 .
1
= (mn) +mn+1+ met ,
mn — 1
341 341
so + and 2 + are either both integers or both non-
o mn—1 mn — 1 )
integers. Therefore, it suffices to discuss the case m > n below.
341 2
Forn =1, ne = is an integer, therefore m = 2 or 3;
mn — 1 m—1
1
For n # 2, letting Al k, then
mn — 1
n®+1=k(mn—1),
1=k-(-1) (modn),
k=-1 (mod n),
3
i.e., there exists a positive integer p such that ] =Pn- 1.
n —
Thus,
1<n*3+1 n?—n+1 N 1
mn — = — -
p n?—1 n—1 "L
p—Dn<1l+ 7
d p=1,
1
nt =n-—1,
mn 1— 1
n® +
= = ]_ E—
n-1 " th n—1’

i.e.,n = 2 or 3, and hence, m = 5 for both cases.
Thus, the solutions (m, n) are the pairs:

(2,2), 2.0, B, 1, (5,2), (5,3),
(1,2), (1,3), (2,5), (3,5).
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Solutions to Testing Questions 27

Testing Questions (27-A)

c a b c a b

1. < < = +1< +1< +1,
a+b b+c a+c a+b b+c a+c
. 1 1 1
ie

. < < , SO
a+b b+c a+c

a+b>b+c>a+c, c<a<hb.

2. a<b<ec<0Ogives —a > —b > —c > 0, so that
0<—=(b+c¢)<—(c+a)<—(a+D),
) —a - —b - —c
T —(b+c) " —(ct+a)” —(a+b)’
L . a b c
which implies that > > .
b+c” c+a a+bd
3. The given inequality yields
(a—1z<b—4
b—4
@) Whena > 1, thenx < ——.
a—1
.. b—4
(i1) When a < 1, then z > .
a—1
(iii) Whena =1and b > 4, then 0 - x < b — 4, solution set = R;.
(iv)

When a = 1 and b < 4, then no solution.

4 — 3
4. m > nleads to Sx %,i.e.lﬁ—4x>3x+9,sox<1.

T+ 3 2—-3z . 7
—,1e. 5+ 15> 8 — 12z, P> ——.
5 1.€. ox + xr,S0Xx 17

n > p leads to

7
Thus, the range of x is 1 <z <l
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5.

r—1>-3 > —2 r> -9
1 1 <6
—r—1< -z 1$<1 N

2 3 - 6 =? 5
3<2(xz—1)<10 3 5 <T <6
) §<(x—1)<5 9
5(3—22) > =2 3-22> -6 577

) 9
Thus, the solution set is {5 <x< 5}

b
= —C. Since ¢ > 0,

T a ac
6. The system — = —, = cyields xt = —,
© 5y Try=cy o a—i—by a+b

b
so x < y, the answer is (D).

a—2b 5
= —,80

2a —b 2

2(a — 2b) = 5(2a — b), ie. b= 8a.

S 2a—b=—6a <0, ie.a>0.

7. The given conditions implies that 2a — b < 0 and

b
Now ax + b < 0yields v < —— = —8, so the solution set of the inequality

a

ar+b<0is
T < —=8.
. e b ¢ b ¢
8. The given conditions implies thata > 0,s0 1+ -+ — =0and 1 > — > —.
a a a

b

a

a

c . . c c
=—1——impliesl > —-1—— > —,s0
a a a

c 1
—2< -< —=.
a 2

9. From (2¢ —b)z +a—5b>0,
(2a — b)x > bb — a,

m<b, where 2a — b < 0.
2a — b
50—a 10
Thus, 2 b and ==,
us, 2a < b an 50— b - SO

7(5b —a) = 10(2a — b),
356 — 7a = 20a — 10b,
45b

27 37
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10
2a—b < 0, implies —b—b < 0, so a, b < 0, hence the solution set ax > b

sr<—=—,ie.x< —.
a 5 5

. . . C e a
10.  The solution set of the system is the set of the integers x satisfying 3 <z <

b
3 Since each of 1,2, 3 satisfies the two inequalities,

0<=-<1=0<a<9,

x| ol e

3<=-<4=24<b<32,

so a has 9 choices and b has 8 choices, i.e. there are 9 x 8 = 72 required
ordered pairs (a, b).

Testing Questions (27-B)

1. Itis needed to represent a — 2b in terms of a — b and a + b. Since

1
azi[(a—b)—l—(a—i—b)], —2b=(a—"0b) — (a+0),
soa—2b=—1(a+0b)+ 2(a—b). a— 2bwill take its maximum value if

a+b=1,a—b=1,i.e.a=1,b=0. Thus,

8a 4 2002b = 8a = 8.

2. Label the equations as

3r+2y—2z = 4, (30.20)
20 —y+2z = 6, (30.21)
r+y+z < T. (30.22)
By (30.20) +2x (30.21),
Tx + 3z = 16,
sx=1 2z=3.

From (30.21), y = 2z + 22z — 6 = 2. Since © = 1,y = 2, z = 3 satisfy the
inequality (30.22), the solutionisx =1,y = 2,z = 3.
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3. By adding up the given two inequalities, (C) is obtained.
When ¢ = y = 2,2 = 1, then (A) is not true. Whenz =y = 1,2 = 0.7,
then (B) is not true. When x = y = —1,2z = —1.5, then (D) is not rue.
Thus, only (C) is always true.

4. The inequalities 0 < az + 5 < 4 yields —5 < ax < —1. Since the integer
solutions for z are positive, so a < 0. Therefore
5

——<z< =,
a

Q|

1 5
Since0 < —— <land4 < —— < 5,80
a a
5
a<-1 and a>—-.
4
.5
Thus, the range of a is 1 <a<-—1.

8 «a 9
. The gi diti — < - < — impli
5 e given conditions 9 < 5 < 10 implies

8b < 9a and 10a < 9b,
8b+1<9a, and 10a+ 1 < 9b,

9% -1
8+ 1<9 —
S8+ 1< 0

80b 410 < 81b — 9,

b>19.
219 -1
Whenletb:19,a:&:17,theng:1—7.
10 b 19
8179
"9 19 107

17
and b is the minimum possible value, o is the fraction to be found.

Solutions to Testing Questions 28

Testing Questions (28-A)

1. Let S be the sign of (2 + z)(x — 5)(z + 1), then we have
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Range of

< =2

—2<r< -1

—1<x<Hd

S5<x

S

+

161

Therefore the solution setis {—2 < z < =1} U {5 < z}.

2. The given inequality implies that x # 0, so 2?(2% — 4) < 0 & 2% — 4 < 0,
hence the solution setis {—2 < z < 0} U {0 < z < 2}.

3. 3+22-62<0&x(2x’+z2-6)<0& z(z+3)(z—2)<0. Let
S be the sign of z(x + 3)(x — 2), then

T < -3

2<x
+

B<r<0 | 0<ax<?2

+

Range of =
S

Thus, by adding the points —3, 0 and 2, the solution set is {z < —3}U{0 <
x < 2}

4. z—1>(@-1(z+2) & (r—1)(x+1) <0,ie z2 -1 < 0, therefore
the solution setis |z| < 1,ie. {—1 <z < 1}.

5. (22 =1)(z*+1) >0« 2°—1 > 0 < 2% > 1, so the solution set is || > 1
or equivalently, {z < —1} U {z > 1}.

20 -4 z+2 22z —4) — (x4 2) 3z — 10
6. > &S — >0,
x+3 ~ 2x+6 2(z +3) 2(z+3)
10
When 3z — 10 > 0 and 2(x + 3) > 0, then x > 3
When 3z — 10 < 0 anl% x + 3 < 0, then x < —3, therefore the solution set
is{z < -3}U{z > g}
T 1.
7. > — implies that x # 0, —2 and
r+2 " x
2 _ _
x Zl@m (x+2)20@(x 2)(1’4—1)20.
x+2 " z(z+2) z(z +2)
-2 1
Let S be the sign of w, then
z(x + 2)
Range of z | (—00,-2) [ (—=2,-1) [ (=1,0) | (0,2) | (2,400) |
S + — + - + ]

so the solution set is (—o0, —2) U [—1,0) U [2, +00).
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T —
2
equivalent to x — 1 < 0, therefore the solution set is

1
8. The given inequality < 0 implies that  # 0, and the inequality is

(—00,0) U (0,1].

r(2z — 1)2

(x+1)3(x—2)
inequality is equivalent to

9. The inequality > 0 implies that z # —1,0, 3,2, and the

xT

CENCEP

Let S be the sign of the value of , then

(z4+1)(x—2)

Rangeofz [z < -1 | -1<2z<0|0<2<2|2<z
S — + — +

therefore the solution set is

(=1,0) U (2, +00).

10.  From the given inequality we have x # —1 and 0 is in the solution set. Then
let x # O first, so that

222 < 222 —z(z +1)

(z—1) z—1
ac—&—l_x@ z(x +1)

1
>0 > 0.
(x+1) ~ z+17~

Ifr—1>0andz+1>0thenz > 1;ifx —1<O0and x + 1 < 0 then
a < —1. Thus the solution setis {x < —1} U{0} U {z > 1}.

T
>0
T

€T
xT

Testing Questions (28-B)

1. Lety = x2, then y # 1 or 3, annd the given inequality becomes

y+3 y—52y+5+y—3
y+1 y—-3 " y+3 y-—1

) a0t )
) y+1 1y—31_ y+3 y—1)"°

y+1 y+3 " y—-3 y-—1
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therefore
1 S 1
(+Dy+3) ~ y=3)-1)
When0 <y < lory > 3, then (y+1)(y+3) >0and (y—3)(y—1) >0,
so () becomes (y+1)(y+3) < (y—3)(y—1),1i.e. 8y < 0, so no solution.

When 1 <y < 3,then (y —3)(y — 1) <Obut (y +1)(y +3) > 0, s0 (x)
holds. Returning to , the solution set in {z > 0} is {1 < x < v/3}.

(%)

2. Both sides of the given inequality are multiplied by 4, it follows that

(o) - (-wm) > () - (- 559)
4r + 3 4r +1 4r — 1 4z -3 )’
5 5 1 1
490—i—3_4x—3>49£—1_4:)3—|—17
15 -1
16%2—9<16$2—1.

When 1622 — 9 > 0 then 1622 — 1 > 0, so right hand side of the last
inequality is negative, no solution.

When 1622 — 9 < 0 and 1622 — 1 < 0, then the last inequality holds, the
1

solution set is |z| < T

When 162% — 9 < 0 and 16z% — 1 > 0, then 15(1622 — 1) > 1622 — 9,

3 . .1 3 . .

so 2% > 112’ the solution set is 1 < |z| < T Thus, the solution set is
3 3 3

{Jz] < f}, or equivalently, {_Z <x< Z}

3. Letf(z)=a®>+b> -2~ (a+b—x)®—m,then f(z) < 0 for any real z,
and

f(x) = =3ab(a + b) + 3(a + b)?z — 3(a + b)x®> —m

1 2 3 2
Z(aer) 1+ Z(a+b)[(a+b) — 4dab) —

2
=-3(a+b) (x—a;—b> —&-%(a—l—b)(a—b)Q—

—3(a+b)[z* - (a+Db)x +

Since the maximum value of —3(a + b) (z — %H’)Q is 0, so
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3
Thus, the minimum value of m is i (a+b)(a—b)%

10
4. For a < —2, The condition f(—2) > a yields 4a + 10 > a, i.e. -3 <a<

—2. Since the symmetric axis of the curve y = f(z)isx = a,s0ifa < =2,
then f(x) > f(—2) for z > —2. Thus, the requirement is satisfied.

For—2<a<2, f(z)=(r—a)>+6—a?>6—a? > 2> aforany real
x.

Fora > 2, f(2) > ayields4 — 4a + 6 > a,i.e. a < 2, a contradiction, so

the range of a is -y <a<2.

3 1 1
5. Lety:x2—3x+2:(x—§)2—1. ThenyminzzandymaX:Zas

3
T = 5 and x = 0 respectively. Therefore

1 1
224 —a?) < ==
(20— a?) <

3 , 2<3-—d?

a2—2a—220, a2§1,
la—1] >3, |a| <1,

thus, the range of a is {{a <1—-v3}U{a>1+V3}} n{-1<a <
1}={-1<a<1-+3}.

Solutions to Testing Questions 29

Testing Questions (29-A)

L |22 +z+1<le -1<z2’+2+1<1le2?+2+2>0and 2%+ <0.
. 1 7 . .
Since 72 + 2 +2 = (v + 5)2 + 1 > 0 for each real x, the solution set is
R;.
22+ 2 <0= z(z+1) <0, its solution setis —1 < < 0.

Thus, the solution set to the original inequality is Ry N {—1 < = < 0} =
{-1<z<0}.
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The given inequality is equivalent to (3 — 22)? < (x + 4)2, therefore

9 — 12z + 422 < 2% + 8z + 16,
322 —200 —7<0,
Bx+1)(x—T7) <0,

<z <T.

w| =

1
Thus the solution set is {_5 <z <T}
Itis clear that x — 1 # 0,i.e. x # 1,50 |x — 1| > 0 and

z+1
x—1

‘21®z+1|2|x1|¢>(z+1)22(x1)2,

ie.,
22420 4+1>22 -2 +1,
4x >0, .z > 0.
a1,
the solution set is (0, 1) U (1, +00).
|[z+3| > 2243 & 2+3 < —(2z+3) or z+3 > 22+3 &z < —2orz < 0.
Thus, the solution set is (—oo, —2) U (—00,0) = (—00,0).
|22 —dx — 5| > 2? —dr —4 & 2% —4dr — 5 < —(2? — 4w — 4) or 2% —
4x — 5 > x2 — 4z — 4. The second inequality has no real solution, and
22 —4x — 5 < —(2% — 4z — 4) yields

2¢2 —8x —9 <0,
2=Vl <a <2+ 1V34,

i.e. the solution set is {2 — %\/34 <z <2+ %\/34}.

Since x # 0 and any = < 0 satisfies the given inequality, the set (—o0,0) is a
part of the solution set.
2
Forz > 0,then |z +1| > = @ 2?42 >2 « (z+2)(x —1) > 0,
x
therefore 1 < x. Thus, the solution set is {x < 0} U {1 < z}.
For x < —1, the given inequality becomes —(x+1)+(2—z) < 3z, therefore
xr > % but it is not acceptable, so no solution.

For —1 < z < 2, the given inequality becomes (z + 1) + (2 — z) < 3u,
therefore the set 1 < 2 < 2 is in the solution set.



166 Solutions to Testing Questions

For 2 < z, the given inequality becomes (z + 1) + (z — 2) < 3x, therefore
2 < z is in the solution set.

Thus, the solution set is {1 < z}.
8. (i) Lety = |z|,theny? +y —6 > 0,50 (y + 3)(y — 2) > 0, the solution

set for y is 2 < y (since y > 0). Returning to z, the solution set for x is
{|z| > 2}, or equivalently, {z < —2} U {z > 2}.

(ii) Lety = |z|, theny > 0 and y # 2. Then the given inequality is
equivalent to
y—1
—F <0,
y—2
(y = D(y —2) <0,

l<y<?2, ie.l<|z| <2

Thus the solution setis {—2 < z < =1} U{l < = < 2}.
9. For x > 0, the given inequality becomes |22 — 1| > 1,ie. 22 —1 > 1 or
22 —1 < —1 (no solution), so the solution set is 2 > V2.
For = < 0, the given inequality becomes |22 — 1| > —1, so the solution set

is any negative number.
Thus the solution set of the question is {z < 0} U {z > /2}.

10. By taking squares to both sides, the absolute value signs in the outer layer
can be removed.
llal + (a = b)| > |a+ |a = b]| < (la| + (a = b)) > (a + |a — b])*,
a® + (a — b)? + 2|a|(a — b) > a® + (a — b)? + 2ala — b|,
la|(a —b) > ala —b],

a a—0b . .
therefore a, a — b are both not zero, so ﬁ < W Since both sides have
a a—
absolute value 1, so0a < 0and a — b > 0, thus, a < 0,b < 0, the answer is

D).

Testing Questions (29-B)

1. (i) By symmetry we may suppose thata > b > ¢. Thena > 0and b+ ¢ =

2 — a,bc = —. So b, c are the real roots of the quadratic equation
a

4
? —(2—a)z+ - =0.
a



Lecture Notes on Mathematical Olympiad 167

Its discriminant A > 0 implies (2 — a)? — E >0, so
a

a® —4a® + 4a — 16 > 0,
(a—4)(a® +4) >0,
a—42>0, ie. a>4.

In fact, when a = 4,b = ¢ = —1, the conditions are satisfied. Thus, the
minimum value of the maximal value of a, b, c is 4.

(i1) The given conditions implies that a, b, c may be all positive or one pos-
itive and two negative. Let a > 0,b < 0, ¢ < 0. then

la| + bl + |cl|=a—b—c=2a—2>8—2=6,

so the minimum value of |a| + |b| + |¢] is 6.

2. The condition b = a+cimplies2b:a+cora—b:b—c, s0 |a —b| =

|b — c|, Since |a| < ||, so

S1 = = 5.
c

Cc a

a—b‘_‘b—c

‘b—c
<

[l

2b = a+ cimplies 2(b—¢) = a—¢, s0 2|b—¢| = |a — ¢|. Since 2|a| > |b

" b 2(b—c¢)
—c —c a—c
S = = pr— S .
? ‘ a ‘ 2a b °
Thus, S7 < Ss < S3, the answer is (A).
3y + 10

3. For y > 0, the given inequality becomes 3 > 1, and which is equiva-
Y

+5
lent to

Jy+10>8y+o5 =y < 1.
Thus, the solution setis 0 < y < 1 fory > 0.

10 5
For y < 0, then given inequality becomes ly+ 10 > 1,50y # —— or
|4y + 5| 4
—10.
ly + 10] 5
For y < —10, >1 —(y+10) > -4y +5) & y > -, no
y 4575 (y+10) > ~(4y +5) &y > o
solution.
10
For —10 <y < —3, ly + 10| >1<104+y>—(dy+5) <y > 3,50
|4y + 5]

. . 5
the solution setis —3 < y < vk
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5 ly + 10|
For -2 <y <0,
Ty <Y 4y + 5|

solution set is 1 <y <0.

5
>1<:)y+10>4y+5(:)y<§,sothe

By adding the parts of solution set, the solution set for the original inequality
is

5 5
{—3<y<—1}u{—z<y<1}.

4. The condition (i) implies that the curve y = ax? + bx + x is open upwards.
The conditions (i) and (iii) imply that

a+b=2. (30.23)

The condition (ii) implies that
la+b+ ¢l <1, (30.24)
o < 1. (30.25)

(30.23) and (30.24) implies that |2 + ¢| < 1, i.e.

—3<c< -1, (30.26)

(30.25) and (30.26) implies that ¢ = —1. Thus, the curve y = az? + bx + ¢

reaches its minimum value —1 at z = 0, so 3 = 0, i.e. b = 0, which
a

implies that ¢ = 2. Thus,a =2,b=0,c = —1.

1
5. Leta = b= —v2,¢c = 3" /2, then a,b,c satisfy all the conditions in
question, so k < 4.

Below we show that the inequality |a + b] > 4]c| holds for any (a, b, ¢)
which satisfies all conditions in question.

The given conditions implies a, b, ¢ are all non-zero and ¢ > 0, and

1 1 1
ab=->0, 0=ab+bct+ca=-+(a+bcesat+b=—-= <0,
c c c

so a < b < 0. By inverse Viete Theorem, a, b are the roots of the quadratic

equation
, 11
"+ sz + - =0,
c c
1 4 1
sOA=——=>0,ie ¢® < =. Thus,
A ¢ 4

1
\a+b\:—(a+b):g24c:4\c|.
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Solutions to Test Questions 30

Testing Questions (30-A)

1. Based on Example 1, it is obtained that AB + AC > RB + RC,

BA+ BC > RC + RA, and A
BC+CA> RA+ RB.

Adding them up, then

2AB+BC+CA) > ARA+RB+RC),
SO
RA+ RB+ RC < AB + BC + CA.

From triangle inequality, RA + RB > AB, RB+ RC > BC, RC +
RA > C'A. Adding them up, the inequality

1
5(AB +BC + CA) < RA+ RB + RC

is obtained at once.
2. Since ZC > /B, wehave AB > AC. On AB take C’ such that AC' = AC,

and make C'D | BFE at D and
C'F' || BE, intersecting AC' at I, as
shown in the diagram, then DC'F'E
is a rectangle and

CF=C'F' =DE.

Therefore AB+CF = AC'+ BC' +
C'F' = AC + BC' + DE, so that B C

(AB+ CF) — (AC + BE) = BC' — BD > 0

since in the RtABC’D, BC' is the hypotenuse. Thus, AB + CF > AC +
BE.

3. By Pythagoras’ Theorem, PB? — PC? = (PD? + BD?) — (PD? + DC?)
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= BD? - DC? and A
AB? — AC?
= (AD? + BD?) — (AD? + DC?)
= BD? — DC?,
s0
2 2 _ AR2? 2
PB* — PC* = AB® — AC”. Thus, B D C

(PB — PC)(PB+ PC)=(AB — AC)(AB + AC).
Considering PB + PC < AB + AC, we obtain PB — PC' > AB — AC.
4. Leth, = AD,hy = BE,h. = CF, Then

A
he < b hg <c, hy <a,hy <c,h:.<b,h: <a. F
E
Adding them up, we obtain 2(h, +
hy + he) <2(a+b+c),ie.
he+hy+h.<a+b+ec
B D C

On the other hand, From AD + BD > AB,AD + DC > AC we have

2he +a >b+ec. (30.27)

Similarly,
2hy +b > c+a, (30.28)
2h. +¢>a+b. (30.29)

Adding (30.27), (30.28), (30.29) up, it follows that 2(h, + hy + he) >
a+b-+c, so

1
§m+b+@<ha+m+ho

5. The assumptions implies thata +b > ¢, b+ ¢ > a, c+ a > b. Since

1 1 1

= d
c—i—a>a+b—1|—a+b 2(a1+b) an

b+c> atbtatb 2(a+0b)’
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it follows that

1 1 1 1 1 1
+ > and + > .
at+b c+a b+c at+b b+c a-+c

The three inequalities prove the conclusion.

6. Since
2(u? + %) > (u+v)?

for any real numbers v and v, and
BB, = 3 G,CCy = 5 C
1= 53 ,CCy = 50 1 Cy B,

it follows that G
BB} 4+ CCt = 1(BG2 + CG?)
> %(BG +CG)* > %BCQ.

7. Let MB=a,BK =b,KC =c¢,AC =d,AM = e. Then

[MBK] > [MCK]=b>c,
[MBK] > [MAK]| = a > e.

a+b 1
ct+d+e < 3’
then3a+3b<c+d+e<b+d+a,
so 2a + 2b < d.

Since2a +2b> (a+e)+ (b+¢)= B b K ¢ C
AB+ BC,s0 AB+ BC < d= AC,

a contradiction. Thus, the conclusion is proven.

Suppose that

8. The n lines can form 4(7) = 2n(n — 1) angles. If by translation we move all
the lines such that they are all pass a fixed point O in the plane, they form
2n angles, and each is one of the 2n(n — 1) angles.

o

If each of the 2n angles is greater than , then their sum is greater than

180°
2n -

= 360°, a contradiction. Thus, the conclusion is proven.

9. Extending E'D to F4 such that DE; = DFE. Connect F4 B, E1 F'. Then
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10.

Solutions to Testing Questions

ABDE; = AADE (S.AS.).

For the quadrilateral £y BF' D, we have FE; ISR LS

TS~

[FDE,] = [DEF], \

so that

[ADE) + [BDF) = [E,BFD) > [FDE;] = [DEF).

Let hg, hp, he be the heights on BC, C'A, AB respectively. If PQR.S is an
inscribed square of AABC, such that RS is on BC, Let PQQ = PS =
RS =QR =1, from AAQP ~ AABC, we have

A
hg —1 _l
ha a Q P
we have
I ahg
T a+h,
B R D S C

Similarly, if the squares with one side on AC and on AB have length of
side m and n respectively, then
bhb Chc

m . an n p——

ha —h .
h—b, SO Zﬁ h: = % > 1,i.e. a — hy > b — h,, therefore
a—+ hg > b+ hy. Thus,

b
Since — =
a

ahg < bhy,
a+hg b+hy

sl<m.

Similarly, m < n. Thus, the square with one side on the shortest side AB
has maximum area.
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Test Questions (30-B)

1. (KIEV/1969) Suppose that there is such a triangle. Let its area be S. Then
we can assume that
25 285 28
a = — b =

y = C=——-r.
1 V5 1+6

Since a > b > ¢, we check if the triangle inequality holds for the triangle,
and it suffices to check b + ¢ > a.

1 1 1 1 5
b+c:25(+) <zs<+) _95.2 <,
V5 14++/5 2 1+2 6
a contradiction. Thus, such a triangle does not exist.

2. First of all we have

AC—-CBy < A1By, BiA—- AC: < B.(C},

C1B - BA; < ClAl, Co

1
ie. —a— — = A
i.e 4a 4b<cl,46 4c<a1, 2
3 1 b
—c——a ,
47 4 ! A Bs B, C

where a, b, ¢ are the lengths of BC,C A, AB respectively, and a1, b1, c;
are the lengths of B1C1,Cy A1, A1 By respectively. By adding them up we
obtain

. 1
§(a+b+c)<a1+bl+cl, ie. §P<p.

On the sides of AABC we take segments A; As, By By, C1Cs such that
A1Ay = %a,BlBg = %b, CiCy = %c. It is easy to see that Bo,C; =
ia,Alog = ib, AsBy = %C, so that

1b+1> 1+1b>b 1+1>
B 4a ai, 20 4 1, 20, 40 Cq.

Adding them up, we obtain

3
a1—|—b1—|—cl<1(a+b+c),

ie.p < —P.
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I’ -35 = (a+b+c)?—3(ab+bc+ ca)
= a4+ +2—ab—bc—ca
— %[(a—b)2+(b—c)2+(c—a)2] >0,

therefore 35 < I2. On the other hand,
I? —4S = (a+b+c)?—4(ab+ be+ ca)
= a®+b>+ % —2ab— 2bc — 2ca

= (a—0)2+c*—2c(a+0)
< A+ =2c(a+b)=2cc—(a+b)] <0,

therefore 12 < 4S.

4. From1= (a+b+c)?=a®+0b*>+c®+2(ab+ be+ ca), we have 4(ab +
be + ca) = 2 — 2(a® + b? + ¢?). From Heron’s formula, the area S of the
triangle is given by

so that

1652

(1 —2a)(1—2b)(1—2c)
1—2(a+b+c)+ 4(ab+ bc + ca) — 8abc
—1+4(ab+ bc + ca) — 8abc

= 1—2(a®+b* + ¢?) — 8abc,

1
therefore 1 — 2(a? + b? + ¢?) — 8abc > 0, i.e. a® + b? + ¢ + dabe < 5
5. (i) When XY, Z are midpoints of corresponding sides, then

XYZ] = i[ABC}. |

If X is not the midpoint of BC'. Since

BX < %BC’, when Y, Z are fixed and 7

moving X to the midpoint of BC, the

the height of AXY Z on the side Y Z Y
is reduced, so [XY Z] is reduced. In
similar way, we can also move Y, Z to

the midpoint if needed. Therefore we B
have

XYZ] > E[ABC].
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Thus, (i) is proven.
(ii) If the positions of X,Y,Z are the same as in (i), then [AY Z] +
1
[BZX]+ [CXY] < E[ABO] implies one of [AY Z],[BZX],[CXY] is
1
not greater than 1 [ABC], so is not greater than [ XY Z] by the result of (i).

If X, Y, Z are not positioned as in (i), then there must be two of them, say Z
and Y that are both above the midpoints of AB and AC, then the distance
from X to the line ZY must not be less than the distance from C or from B
to the line ZY’, so is greater than the distance from A to the line ZY . Thus,

[XZY] > [AZY]
since they have same base ZY.
6. Froma+ b+ c=2wehave 0 < a,b,c < 1, so that

1—a+1—b+1—c>3 1
3

0<(1—a)(1—b)(1—c)§<

1
S0<1l—(a+b+c)+ (ab+ be+ ca) — abe < 77

1
ie. 0 < (ab+bc+ca) —1—abc < o7 the conclusion is proven at once.
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