


About the Authors

Titu Andreescu received his Ph.D. from the West University of Timisoara, Ro-
mania. The topic of his dissertation was ‘“Research on Diophantine Analysis and
Applications.” Professor Andreescu currently teaches at The University of Texas
at Dallas. He is past chairman of the USA Mathematical Olympiad, served as di-
rector of the MAA American Mathematics Competitions (1998-2003), coach of
the USA International Mathematical Olympiad Team (IMO) for 10 years (1993—
2002), director of the Mathematical Olympiad Summer Program (1995-2002),
and leader of the USA IMO Team (1995-2002). In 2002 Titu was elected member
of the IMO Advisory Board, the governing body of the world’s most prestigious
mathematics competition. Titu co-founded in 2006 and continues as director of
the AwesomeMath Summer Program (AMSP). He received the Edyth May Sliffe
Award for Distinguished High School Mathematics Teaching from the MAA in
1994 and a “Certificate of Appreciation” from the president of the MAA in 1995
for his outstanding service as coach of the Mathematical Olympiad Summer Pro-
gram in preparing the US team for its perfect performance in Hong Kong at the
1994 IMO. Titu’s contributions to numerous textbooks and problem books are
recognized worldwide.

Dorin Andrica received his Ph.D in 1992 from “Babes-Bolyai” University in
Cluj-Napoca, Romania; his thesis treated critical points and applications to the
geometry of differentiable submanifolds. Professor Andrica has been chairman of
the Department of Geometry at “Babeg-Bolyai” since 1995. He has written and
contributed to numerous mathematics textbooks, problem books, articles and sci-
entific papers at various levels. He is an invited lecturer at university conferences
around the world: Austria, Bulgaria, Czech Republic, Egypt, France, Germany,
Greece, Italy, the Netherlands, Portugal, Serbia, Turkey, and the USA. Dorin is
a member of the Romanian Committee for the Mathematics Olympiad and is a
member on the editorial boards of several international journals. Also, he is well
known for his conjecture about consecutive primes called “Andrica’s Conjecture.”
He has been a regular faculty member at the Canada—USA Mathcamps between
2001-2005 and at the AwesomeMath Summer Program (AMSP) since 2006.

Zuming Feng received his Ph.D. from Johns Hopkins University with emphasis
on Algebraic Number Theory and Elliptic Curves. He teaches at Phillips Exeter
Academy. Zuming also served as a coach of the USA IMO team (1997-2006), was
the deputy leader of the USA IMO Team (2000-2002), and an assistant director of
the USA Mathematical Olympiad Summer Program (1999-2002). He has been a
member of the USA Mathematical Olympiad Committee since 1999, and has been
the leader of the USA IMO team and the academic director of the USA Mathe-
matical Olympiad Summer Program since 2003. Zuming is also co-founder and
academic director of the AwesomeMath Summer Program (AMSP) since 2006.
He received the Edyth May Sliffe Award for Distinguished High School Mathe-
matics Teaching from the MAA in 1996 and 2002.



Titu Andreescu
Dorin Andrica
Zuming Feng

104 Number Theory
Problems

From the Training of the USA IMO Team

Birkhiuser
Boston ¢ Basel ¢ Berlin



Titu Andreescu Dorin Andrica

The University of Texas at Dallas “Babes-Bolyai” University
Department of Science/Mathematics Education Faculty of Mathematics
Richardson, TX 75083 3400 Cluj-Napoca

US.A. Romania
titu.andreescu@utdallas.edu dorinandrica@yahoo.com
Zuming Feng

Phillips Exeter Academy
Department of Mathematics
Exeter, NH 03833

U.S.A.
zfenglexeter.edu

Cover design by Mary Burgess.
Mathematics Subject Classification (2000): 00A05, 00A07, 11-00, 11-XX, 11Axx, 11Bxx, 11D04
Library of Congress Control Number: 2006935812

ISBN-10: 0-8176-4527-6 e-ISBN-10: 0-8176-4561-6
ISBN-13: 978-0-8176-4527-4 e-ISBN-13: 978-0-8176-4561-8

Printed on acid-free paper.

®
©2007 Birkhduser Boston Birkhduser B
All rights reserved. This work may not be translated or copied in whole or in part without the writ-
ten permission of the publisher (Birkhduser Boston, c/o Springer Science+Business Media LLC, 233
Spring Street, New York, NY 10013, USA), except for brief excerpts in connection with reviews or
scholarly analysis. Use in connection with any form of information storage and retrieval, electronic
adaptation, computer software, or by similar or dissimilar methodology now known or hereafter de-
veloped is forbidden.
The use in this publication of trade names, trademarks, service marks and similar terms, even if they
are not identified as such, is not to be taken as an expression of opinion as to whether or not they are
subject to proprietary rights.

987654321

www.birkhauser.com (EB)



104 Number Theory Problems

Titu Andreescu, Dorin Andrica, Zuming Feng

October 25, 2006



Contents

Preface vii
Acknowledgments ix
Abbreviations and Notation X1

1 Foundations of Number Theory 1
Divisibility 1
Division Algorithm 4
Primes 5
The Fundamental Theorem of Arithmetic 7
G.C.D. 11
Euclidean Algorithm 12
Bézout’s Identity 13
L.CM. 16
The Number of Divisors 17
The Sum of Divisors 18
Modular Arithmetics 19
Residue Classes 24
Fermat’s Little Theorem and Euler’s Theorem 27
Euler’s Totient Function 33
Multiplicative Function 36
Linear Diophantine Equations 38
Numerical Systems 40
Divisibility Criteria in the Decimal System 46
Floor Function 52
Legendre’s Function 65
Fermat Numbers 70
Mersenne Numbers 71

Perfect Numbers 72



vi

Contents

2 Introductory Problems

3 Advanced Problems

4 Solutions to Introductory Problems
5 Solutions to Advanced Problems
Glossary

Further Reading

Index

75
83
91
131

189
197
203



Preface

This book contains 104 of the best problems used in the training and testing of
the U.S. International Mathematical Olympiad (IMO) team. It is not a collection
of very difficult, and impenetrable questions. Rather, the book gradually builds
students’ number-theoretic skills and techniques. The first chapter provides a
comprehensive introduction to number theory and its mathematical structures.
This chapter can serve as a textbook for a short course in number theory. This
work aims to broaden students’ view of mathematics and better prepare them for
possible participation in various mathematical competitions. It provides in-depth
enrichment in important areas of number theory by reorganizing and enhancing
students’ problem-solving tactics and strategies. The book further stimulates stu-
dents’ interest for the future study of mathematics.

In the United States of America, the selection process leading to participation
in the International Mathematical Olympiad (IMO) consists of a series of national
contests called the American Mathematics Contest 10 (AMC 10), the American
Mathematics Contest 12 (AMC 12), the American Invitational Mathematics Ex-
amination (AIME), and the United States of America Mathematical Olympiad
(USAMO). Participation in the AIME and the USAMO is by invitation only,
based on performance in the preceding exams of the sequence. The Mathematical
Olympiad Summer Program (MOSP) is a four-week intensive training program
for approximately fifty very promising students who have risen to the top in the
American Mathematics Competitions. The six students representing the United
States of America in the IMO are selected on the basis of their USAMO scores
and further testing that takes place during MOSP. Throughout MOSP, full days of
classes and extensive problem sets give students thorough preparation in several
important areas of mathematics. These topics include combinatorial arguments
and identities, generating functions, graph theory, recursive relations, sums and
products, probability, number theory, polynomials, functional equations, complex
numbers in geometry, algorithmic proofs, combinatorial and advanced geometry,
functional equations, and classical inequalities.

Olympiad-style exams consist of several challenging essay problems. Correct
solutions often require deep analysis and careful argument. Olympiad questions
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can seem impenetrable to the novice, yet most can be solved with elementary high
school mathematics techniques, when cleverly applied.
Here is some advice for students who attempt the problems that follow.

e Take your time! Very few contestants can solve all the given problems.

e Try to make connections between problems. An important theme of this
work is that all important techniques and ideas featured in the book appear
more than once!

e Olympiad problems don’t “crack” immediately. Be patient. Try different
approaches. Experiment with simple cases. In some cases, working back-
ward from the desired result is helpful.

e Even if you can solve a problem, do read the solutions. They may con-
tain some ideas that did not occur in your solutions, and they may discuss
strategic and tactical approaches that can be used elsewhere. The solutions
are also models of elegant presentation that you should emulate, but they
often obscure the tortuous process of investigation, false starts, inspiration,
and attention to detail that led to them. When you read the solutions, try to
reconstruct the thinking that went into them. Ask yourself, “What were the
key ideas? How can I apply these ideas further?”

e Go back to the original problem later, and see whether you can solve it in
a different way. Many of the problems have multiple solutions, but not all
are outlined here.

e Meaningful problem solving takes practice. Don’t get discouraged if you
have trouble at first. For additional practice, use the books on the reading
list.

Titu Andreescu
Dorin Andrica
Zuming Feng

October 2006
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Abbreviations and Notation

Abbreviations
AHSME American High School Mathematics Examination
AIME American Invitational Mathematics Examination
AMCI10 American Mathematics Contest 10
AMCI12 American Mathematics Contest 12, which replaces AHSME
APMC Austrian—Polish Mathematics Competition
ARML American Regional Mathematics League
Balkan Balkan Mathematical Olympiad
Baltic Baltic Way Mathematical Team Contest
HMMT Harvard—-MIT Math Tournament
IMO International Mathematical Olympiad
USAMO United States of America Mathematical Olympiad
MOSP Mathematical Olympiad Summer Program
Putnam The William Lowell Putnam Mathematical Competition

St. Petersburg ~ St. Petersburg (Leningrad) Mathematical Olympiad

Notation for Numerical Sets and Fields

/ the set of integers

/s the set of integers modulo n

N the set of positive integers

No the set of nonnegative integers

Q the set of rational numbers

QT the set of positive rational numbers
Qv the set of nonnegative rational numbers
Q" the set of n-tuples of rational numbers
R the set of real numbers

Rt the set of positive real numbers

RO the set of nonnegative real numbers
NG the set of n-tuples of real numbers

C the set of complex numbers

[x"1(p(x)) the coefficient of the term x” in the polynomial p(x)
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Abbreviations and Notation

the number of elements in the set A
A is a proper subset of B

A is a subset of B

A without B (set difference)

the intersection of sets A and B
the union of sets A and B

the element a belongs to the set A
n divides m

the greatest common divisor of m, n
the least common multiple of m, n
the number of primes < n

number of divisors of n

sum of positive divisors of n

a and b are congruent modulo m
Euler’s totient function

order of a modulo m

Mobius function

base-b representation

the sum of digits of n

factorial base expansion

floor of x

celling of x

fractional part of x

Legendre’s function

pX fully divides n

Fermat number

Mersenne number



1

Foundations of Number Theory

Divisibility

Back in elementary school, we learned four fundamental operations on numbers
(integers), namely, addition (4), subtraction (—), multiplication (x or -), and di-
vision (= or / or 5). For any two integers a and b, their sum a + b, differences
a — b and b — a, and product ab are all integers, while their quotients a = b (or
a/b or 3) and b -+ a are not necessarily integers.

For an integer m and a nonzero integer n, we say that m is divisible by n or n
divides m if there is an integer k such that m = kn; that is, % is an integer. We
denote this by n | m. If m is divisible by n, then m is called a multiple of n; and
n is called a divisor (or factor) of m.

Because 0 = 0 - n, it follows that n | O for all integers n. For a fixed integer
n, the multiples of n are 0, &n, &+, 2n, .... Hence it is not difficult to see that
there is a multiple of n among every n consecutive integers. If m is not divisible
by n, then we write n { m. (Note that O + m for all nonzero integers m, since
m # 0 = k - 0 for all integers k.)

Proposition 1.1. Let x, y, and z be integers. We have the following basic prop-
erties:

(a) x | x (reflexivity property);

(b) If x | yand y | z, then x | z (transitivity property);

(¢c) If x | yand y # O, then |x| < |y|;

(d) If x | yand x | z, then x | ay + Bz for any integers « and S;
() Ifx | yandx | y £z, then x | z;

(f) Ifx | yand y | x, then |x| = |yl;



2 104 Number Theory Problems

(g) Ifx | yand y # 0, then 2 | y;
(h) forz #0,x | yifand onlyif xz | yz.

The proofs of the above properties are rather straightforward from the defini-
tion. We present these proofs only to give the reader some relevant examples of
writing proofs.

Proof: For (a), we note that x = 1 - x. In (b) to (h), the condition x | y is given;
that is, y = kx for some integer k.

For (b), we have y | z; that is, z = k1 y for some integer k1. Then z = (kki)x,
orx | z.

For (c), we note that if y # 0, then |k| > 1, and so |y| = |k| - |x| > |x].

For (d), we further assume that z = kyx. Then ay 4+ Bz = (ko + ky8)x.

For (e), we obtain y + z = k3x, or £z = k3x — y = (k3 — k)x. It follows that
7z =%k —k3)x.

For (f), because x | y and y | x, it follows that x # 0 and y # 0. By (c), we
have [y| = |x| and |x| > |y. Hence x| = |y|.

For (g), % = k # O1is an integer. Since y = x - k, k | y.

For (h), since z # 0, x # 0 if and only if xz # 0. Note that y = kx if and
only if yz = kxz. g

The property (g) is simple but rather helpful. For a nonzero integer n, there
is an even number of positive divisors of n unless 7 is a perfect square; that is,
n = m? for some integer m. (If an integer is not divisible by any perfect square,
then it is called square free. If n = m?3 for some integer m, then n is called a
perfect cube. In general, if n = m?® for integers m and s with s > 2, then n
is called a perfect power.) This is because all the divisors of y appear in pairs,
namely, x and  (observe that x # 2 if y is not a perfect square). Here is a classic
brain teaser:

Example 1.1. Twenty bored students take turns walking down a hall that con-
tains a row of closed lockers, numbered 1 to 20. The first student opens all the
lockers; the second student closes all the lockers numbered 2, 4, 6, 8, 10, 12, 14,
16, 18, 20; the third student operates on the lockers numbered 3, 6, 9, 12, 15, 18:
if a locker was closed, he opens it, and if a locker was open, he closes it; and so
on. For the ith student, he works on the lockers numbered by multiples of i: if a
locker was closed, he opens it, and if a locker was open, he closes it. What is the
number of the lockers that remain open after all the students finish their walks?

Solution: Note that the ith locker will be operated by student j if and only if
J | i. By property (g), this can happen if and only if the locker will also be
operated by student ;— Thus, only the lockers numbered 1 = 12,4 =229 = 32,
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and 16 = 42 will be operated on an odd number of times, and these are the lockers
that will be left open after all the operations. Hence the answer is 4. g

The set of integers, denoted by Z, can be partitioned into two subsets, the set
of odd integers and the set of even integers:

{(£1,43,45,...} and {0, 42, +4,...},

respectively. Although the concepts of odd and even integers appear straightfor-
ward, they come handy in tackling various number-theoretic problems. Here are
some basic ideas:

(1) an odd number is of the form 2k + 1, for some integer k;

(2) an even number is of the form 2m, for some integer m;

(3) the sum of two odd numbers is an even number;

(4) the sum of two even numbers is an even number;

(5) the sum of an odd and even number is an odd number;

(6) the product of two odd numbers is an odd number;

(7) a product of integers is even if and only if at least one of its factors is even.
Example 1.2. Let n be an integer greater than 1. Prove that

(a) 2" is the sum of two odd consecutive integers;

(b) 3" is the sum of three consecutive integers.

Proof: For (a), the relation 2" = (2k — 1) + (2k + 1) implies k = 2"=2 and we
obtain 2" = 2" ' — )+ 2" 1+ 1).

For (b), the relation 3" = (s — 1) + s + (s + 1) implies s = 3"~! and we
obtain the representation 3" = (3"~ — 1) + 3"~ 1 4 (3"~ 1 4+ 1). O

Example 1.3. Let k& be an even number. Is it possible to write 1 as the sum of
the reciprocals of k odd integers?

Solution: The answer is negative.
We approach indirectly. Assume that

1 1
l=—4+. .. .+ —
nj ni

for some odd integers ni,...,ni; then clearing denominators we obtain



4 104 Number Theory Problems

ny---ng = s+ --- + sg, where s; are all odd. But this is impossible since the
left-hand side is odd and the right-hand side is even. g

If k is odd, such representations are possible. Here is one example for k = 9

and ny, ..., ng are distinct odd positive integers:
1—1+1+1+]+1+1+1+1+ 1
357 9 11 15 35 45 231

Example 1.4. [HMMT 2004] Zach has chosen five numbers from the set {1, 2,
3,4,5, 6, 7}. If he told Claudia what the product of the chosen numbers was, that
would not be enough information for Claudia to figure out whether the sum of the
chosen numbers was even or odd. What is the product of the chosen numbers?

Solution: The answer is 420.

Providing the product of the chosen numbers is equivalent to telling the prod-
uct of the two unchosen numbers. The only possible products that are achieved by
more than one pair of numbers are 12 ({3, 4} and {2, 6}) and 6 ({1, 6} and {2, 3}).
But in the second case, the sum of the two (unchosen) numbers is odd (and so the
five chosen numbers have odd sum too). Therefore, the first must hold, and the
product of the five chosen numbers is equal to

1:-2.3...7
12

= 420. O

Division Algorithm

The following result is called the division algorithm, and it plays an important
role in number theory:

Theorem 1.2a. For any positive integers a and b there exists a unique pair (g, r)
of nonnegative integers such that b = aq + r and r < a. We say that ¢ is the
quotient and r the remainder when b is divided by a.

To prove this result, we need to consider two parts: the existence of such a
pair and its uniqueness.

Proof: To show the existence, we consider three cases.

(1) In this case, we assume thata > b. We can set ¢ = 0 and r = b < a; that
is, (g, r) = (0, b).

(2) Suppose thata = b. Wecansetg = 1 and r = 0 < a; thatis, (g,r) =
(1, 0).

(3) Finally, assume thata < b. There exist positive integers n such that na > b.
Let g be the least positive integer for which (¢ + 1)a > b. Then ga < b.
Letr = b — aq. It follows thatb = aqg +rand 0 <r < a.
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Combining the three cases, we have established the existence.

For uniqueness, assume that b = aq’+r’, where ¢’ and r’ are also nonnegative
integers satisfying 0 < r’ < a. Then aq +r = aq’ + r/, implying a(qg — ¢’) =
r'—r,andsoa | r' —r. Hence |r' —r| > aor|r' —r| = 0. Because 0 < r,
r’ < ayields |r' — r| < a, we are left with |r’ — r| = 0, implying r’ = r, and
consequently, ¢’ = g. O

Example 1.5. Let n be a positive integer. Prove that 32" + 1 is divisible by 2,
but not by 4.

Proof: Clearly, 32" is odd and 32" + 1 is even. Note that 32" = (32)2"71 =

92" = (8 + 1)>""". Recall the Binomial theorem
m m "
(et 3" = 2+ <1>xm_1y n (2>xm—2y 4+ .+ (n B l)xym—l +y™

Setting x = 8,y = 1, and m = 2"~! in the above equation, we see that each
summand besides the last (that is, y”* = 1) is a multiple of 8 (which is a multiple
of 4). Hence the remainder of 32" on dividing by 4 is equal to 1, and the remainder
of 32" + 1 on dividing by 4 is equal to 2. O

The above argument can be simplified in the notation of congruence modulo 4.
Congruence is an important part of number theory. We will discuss it extensively.
The division algorithm can be extended for integers:

Theorem 1.2b. For any integers a and b, a # 0, there exists a unique pair (g, )
of integers such thatb = ag +r and 0 <r < |a|.

We leave the proof of this extended version to the reader.

Primes

The integer p > 1 is called a prime (or a prime number) if there is no integer d
withd > 1 and d # p such thatd | p. Any integer n > 1 has at least one prime
divisor. If n is a prime, then that prime divisor is n itself. If n is not a prime,
then let a > 1 be its least divisor. Then n = ab, where 1 < a < b. If a were
not a prime, then a = ajar with 1 < a; < a» < a and a; | n, contradicting the
minimality of a.

An integer n > 1 that is not a prime is called composite. If n is a composite
integer, then it has a prime divisor p not exceeding +/n. Indeed, as above, n = ab,
where 1 < a < b and a is the least divisor of n. Then n > a?; hence a < .
This idea belongs to the ancient Greek mathematician Eratosthenes (250 BCE).

Note that all positive even numbers greater than 2 are composite. In other
words, 2 is the only even (and the smallest) prime. All other primes are odd; that
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is, they are not divisible by 2. The first few primes are 2, 3, 5, 7, 11, 13, 17, 19,
23, 29. How many primes are there? Are we really sure that there are infinitely
many primes? Please see Theorem 1.3 below. A comparison between the number
of elements in two infinite sets might be vague, but it is obvious that there are
more (in the sense of density) composite numbers than primes. We see that 2 and
3 are the only consecutive primes. Odd consecutive primes such as 3 and 5, 5 and
7,41 and 43, are called twin primes. It is still an open question whether there are
infinitely many twin primes. Brun has shown that even if there are infinitely many
twin primes, the sum of their inverses converges. The proof is however extremely
difficult.

Example 1.6. Find all positive integers n for which 3n — 4,4n — 5, and 5n — 3
are all prime numbers.

Solution: The sum of the three numbers is an even number, so at least one of
them is even. The only even prime number is 2. Only 3n — 4 and 5n — 3 can be
even. Solving the equations 3n —4 =2 and 5n —3 =2 yieldsn =2andn =1,
respectively. It is trivial to check that n = 2 does make all three given numbers
prime. g

Example 1.7. [AHSME 1976] If p and ¢ are primes and x> — px + ¢ = 0 has
distinct positive integral roots, find p and q.

Solution: Let x| and x;, with x| < x3, be the two distinct positive integer roots.
Then x2 — px+q = (x —x1)(x — x2), implying that p = x| + x3 and ¢ = x1x>.
Since ¢q is prime, x; = 1. Thus, ¢ = x» and p = x> + 1 are two consecutive
primes; thatis, ¢ = 2 and p = 3. U

Example 1.8. Find 20 consecutive composite numbers.
Solution: Numbers 20! + 2, 20! + 3, ..., 20! + 21 will do the trick. O
The following result by Euclid has been known for more than 2000 years:

Theorem 1.3a. There are infinitely many primes.

Proof: Assume by way of contradiction that there are only a finite number of
primes: p; < p2 < --- < pp. Consider the number P = p1py--- pp + 1.

If P is a prime, then P > p,,, contradicting the maximality of p,,. Hence P
is composite, and consequently, it has a prime divisor p > 1, which is one of the
primes pi, p2, ..., Pm, say pk. It follows that py divides py--- pgx -+ pm + 1.
This, together with the fact that py divides py --- px - - - pm, implies py divides 1,
a contradiction. O

Even though there are infinitely many primes, there are no particular formulas
to find them. Theorem 1.3b in the next section will reveal part of the reasoning.
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The Fundamental Theorem of Arithmetic

The fundamental result in arithmetic (i.e., number theory) pertains to the prime
factorization of integers:

Theorem 1.4. [The Fundamental Theorem of Arithmetic] Any integer n greater
than 1 has a unique representation (up to a permutation) as a product of primes.

Proof: The existence of such a representation can be obtained as follows: Let p;
be a prime divisor of n. If p; = n, then n = p; is a prime factorization of n. If
p1 < n,thenn = pyry, where r; > 1. If r{ is a prime, then n = p| p>, where
p> = ry is the desired factorization of n. If r1 is composite, then r| = pra, where
p2 is a prime, r» > 1, and so n = pyprrp. If rp is a prime, then n = pj pap3,
where r, = p3 and r3 = 1, and we are done. If r; is composite, then we continue
this algorithm, obtaining a sequence of integers r; > rp > --- > 1. After a finite
number of steps, we reach ryy1 = 1, thatis,n = pypy-- - px.

For uniqueness, let us assume that there is at least one positive integer n that
has two distinct prime factorizations; that is,

n=pip2---Pk=4192- - 4qn

where p1, p2,..., Pk, 41,92, - - ., qn are primes with p; < pp < ---prandq; <
q2 - - - qn such that the k-tuple (pi, p2,..., px) is not the same as the h-tuple
Gg1,92,...,qn). Itisclearthat k > 2 and h > 2. Let n be the minimal such
integer. We will derive a contradiction by finding a smaller positive integer that
also has two distinct prime factorizations.

We claim that p; # g; foranyi = 1,2,...,k, j = 1,2,...,h. If, for
example, py = g, = p,thenn’ =n/p = p1--pi—1 = q1- -qp—1 and 1 <
n’ < n, contradicting the minimality of n. Assume without loss of generality that
p1 < q1; thatis, p is the least prime factor of n in the above representations. By
applying the division algorithm it follows that

q1 = pic1 +ri,

q2 = p1c2 + 12,

qn = pich +1h,
where l <r; < p,i=1,...,h.

We have

n=gqiqy---qpn = (pic1 +ri)(picza +r2)--- (picp + rp).

Expanding the last product we obtain n = mpy +r1rs - - - rj, for some positive
integer m. Setting n’ = ryry---rp, wehaven = pypa---pr = mp; +n'. It
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follows that p; | n’ and n’ = p;s. As we have shown, s can be written as a

product of primes. We write s = 5157 - - - 5;, where s1, 2, ..., s; are primes.

On the other hand, using the factorization of ry, 2, ..., r, into primes, all
their factors are less than r; < p;. From n’ = riry---ry, it follows that n’
has a factorization into primes of the form n’ = 1ty --- tj, where t; < pi,
s = 1,2,...,j. This factorization is different from n’ = pisysy---s;. But
n’ < n, contradicting the minimality of n. 0

From the above theorem it follows that any integer n > 1 can be written

uniquely in the form
o Q,
n=p11...pkk’

where py, ..., pr are distinct primes and oy, ..., o are positive integers. This
representation is called the canonical factorization (or factorization) of n. It is
not difficult to see that the canonical factorization of the product of two integers is
the product of the canonical factorizations of the two integers. This factorization
allows us to establish the following fundamental property of primes.

Corollary 1.5. Leta and b be integers. If a prime p divides ab, then p divides
either a or b.

Proof: Because p divides ab, p must appear in the canonical factorization of
ab. The canonical factorizations of a, b, and ab are unique, and the canonical
factorization of ab is the product of the canonical factorizations of a and b. Thus
p must appear in at least one of the canonical factorizations of a and b, implying
the desired result. d

Another immediate application of the prime factorization theorem is an alter-
native way of proving that there are infinitely many primes.

As in the proof of Theorem 1.3, assume that there are only finitely many
primes: p; < p2 < --- < pp. Let

m l l m 1
N=T]] 1+_‘+F+m =]_[1 -

i=1 pi i i=1 L= 5

On the other hand, by expanding and by using the canonical factorization of pos-
itive integers, we obtain

1 1
N=1+-+-+4+--,
+2+3+
yielding

m

= 0Q,
iz pi— 1

a contradiction. We have used the well-known facts:
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(a) the harmonic series
Lt
2 3

diverges;

(b) the expansion formula
1 2
1= I+x+x"+---
holds for real numbers x with |x| < 1. This expansion formula can also be

interpreted as the summation formula for the infinite geometric progression
1, x, x2, R

From the formula
o0

T
i=1 Pi —

using the inequality 1 +¢ < e, t € R, we can easily derive
1
IR
i=1 Pi
For a prime p we say that p* fully divides n and write p¥ ||n if k is the greatest
positive integer such that p¥|n.

Example 1.9. [ARML 2003] Find the largest divisor of 1001001001 that does
not exceed 10000.

Solution: We have
1001001001 = 1001 - 10® + 1001 = 1001 - (10° + 1) =7 - 11-13 - (10° + 1).

Note that x® + 1 = (x2)3 +1 = (x2 + D(x* — x2 + 1). We conclude that
10° + 1 = 101 - 9901, and so 1001001001 = 7 - 11 - 13 - 101 - 9901. It is not
difficult to check that no combination of 7, 11, 13, and 101 can generate a product
greater than 9901 but less than 10000, so the answer is 9901. O

Example 1.10. Find n such that 2"||3102% — 1.

Solution: The answer is 12.
Note that 2!0 = 1024 and x> — y = (x 4+ y)(x — y). We have

P o1=06"+ 03 D=3 +DE +DE - D
= =+ DE" + DT + )3 + DG + DB - D).

By Example 1.5, 2||32k + 1, for positive integers k. Thus the answer is
9+2+1=12 O
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Theorem 1.4 indicates that all integers are generated (productively) by primes.
Because of the importance of primes, many people have tried to find (explicit)
formulas to generate primes. So far, all the efforts are incomplete. On the other
hand, there are many negative results. The following is a typical one, due to
Goldbach:

Theorem 1.3b. For any given integer m, there is no polynomial p(x) with inte-
ger coefficients such that p(n) is prime for all integers n with n > m.

Proof: For the sake of contradiction, assume that there is such a polynomial
p(x) = agxp + a1 x" N+ Faix +ag

with ag, ax—1, ..., ag being integers and a; # 0.
If p(m) is composite, then our assumption was wrong. If not, assume that
p(m) = p is a prime. Then

k—1

p(m) = agm® + a_ym* = + -+ aym + ag

and for positive integers i,
p(m + pi) = ax(m + pi)* + ax_1(m + pi)* "' + - + ay(m + pi) + ao.
Note that

(m+ pi)j =m/ + ({)mj_l(pi) + (é)mj_2(pi)2

+~-~+( J 1>m(pi>f'—l+<pi)/.

Hence (m + pj)/ — m/ is a multiple of p. It follows that p(m + pi) — p(m)
is a multiple of p. Because p(m) = p, p(m + pi) is a multiple of p. By our
assumption, p(m + pi) is also prime. Thus, the possible values of p(m + pi)
are 0, p, and —p for all positive integers i. On the other hand, the equations
p(x) =0, p(x) = p,and p(x) = — p can have at most 3k roots. Therefore, there
exist (infinitely many) i such that m + pi is not a solution of any of the equations
p(x) =0, p(x) = p, and p(x) = —p. We obtain a contradiction. Hence our
assumption was wrong. Therefore, such polynomials do not exist. g

Even though there are no definitive ways to find primes, the density of primes
(that is, the average appearance of primes among integers) has been known for
about 100 years. This was a remarkable result in the mathematical field of analytic
number theory showing that

(n)

n—oo n/logn

where 7 (n) denotes the number of primes < n. The relation above is known as
the prime number theorem. It was proved by Hadamard and de la Vallée Poussin
in 1896. An elementary but difficult proof was given by Erdos and Selberg.
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G.C.D.

For a positive integer kK we denote by Dy the set of all its positive divisors. It is
clear that Dy is a finite set. For positive integers m and n the maximal element in
the set D,,, N D, is called the greatest common divisor (or G.C.D.) of m and n
and is denoted by gcd(m, n). In the case D,, N D,, = {1}, we have gcd(m,n) = 1
and we say that m and n are relatively prime (or coprime). The following are
some basic properties of G.C.D.

Proposition 1.6.
(a) if p is a prime, then gcd(p, m) = p or ged(p, m) = 1.
(b) If d = ged(m, n), m = dm’, n = dn’, then gcd(m’, n’) = 1.
(c) Ifd = gcd(m,n),m =d'm’",n =d'n”, gedm”,n"”) =1, thend’' = d.
(d) If d’ is a common divisor of m and n, then d’ divides gcd(m, n).

(e) If p*|lm and pY|n, then p™n%Y| gcd(m,n). Furthermore, if m =
Py pet andn=p'13' ~~-p,’fk,ozi,,3,~ >0,i=1,...,k,then

min(ay,B1) min(a, Br)
1 PR pk .

ged(m,n) = p

() If m = nqg + r, then gcd(m, n) = ged(n, r).

Proof: The proofs of these properties are rather straightforward from the def-
inition. We present only the proof property (f). Set d = ged(m,n) and d’ =
gcd(n, r). Because d | m and d | n it follows that d | r. Hence d | d’. Con-
versely, from d’ | n and d’ | r it follows that d’ | m,sod’ | d. Thusd =d’. O

The definition of G.C.D. can easily be extended to more than two numbers.

For given integers ay, as, . .., a,, ged(ay, az, . . ., a,) is the common greatest di-
visor of all the numbers ay, az, ..., a,. We can define the greatest common divi-
sorof ay, as, ..., a, by considering

dy = ged(a, a2), dp = ged(dy, az), ..., dy—1 = ged(dy—2, ap).

We leave to the reader to convince himself that d,,_; = ged(ay, ..., a,). We also
leave the simple proofs of the following properties to the reader.

Proposition 1.6. (Continuation)

(g) ged(ged(m, n), p) = ged(m, ged(n, p)); proving that gcd(m, n, p) is well-
defined;

(h) Ifd |a;,i=1,...,s,thend | gced(ay, ..., as);
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1) If g :p‘f”~~p,‘f"",i =1,...,s,then

min(ayy,.0qe) | MIn(Q . k)
Pr .

ged(ay, ..., a5) = p;

We say that ay, aa, .. ., a, are relatively prime if their greatest common divi-
sor is equal to 1. Note that ged(ar,az,...,a,) = 1 does not imply that
ged(aj,aj) = 1for1 <i < j < n. (For example, we can seta; = 2,a; = 3,
and a3 = 6.) If a1, az, ..., a, are such that gcd(a;,a;) = 1forl <i < j <n,
we say that these numbers are pairwise relatively prime (or coprime).

Euclidean Algorithm

Canonical factorizations help us to determine the greatest common divisors of
integers. But it is not easy to factor numbers, especially large numbers. (This
is why we need to study divisibility of numbers.) A useful algorithm for finding
the greatest common divisor of two positive integers m and n is the Euclidean
algorithm. It consists of repeated application of the division algorithm:

m=nqy+ry, 1<r <n,

n=riqgap+ry, 1=<r<r,

Tk—2 =Tk—1qk + 7k, 1 <1 <rp-i,
Tk—1 = FkqGk+1 + Fig1,  Trr1 =0,

This chain of equalities is finite because n > r; > ry > --- > ry.
The last nonzero remainder, ry, is the greatest common divisor of m and n.
Indeed, by applying successively property (f) above we obtain

ged(m, n) = ged(n, r1) = ged(ry, r2) = -+ = ged(re—1, ry) = 1.

Example 1.11. [HMMT 2002] If a positive integer multiple of 864 is chosen
randomly, with each multiple having the same probability of being chosen, what
is the probability that it is divisible by 19447

First Solution: The probability that a multiple of 864 = 27 - 33 is divisible by
1944 = 23 . 35 is the same as the probability that a multiple of 2% = 4 is divisible
by 3% = 9. Since 4 and 9 are relatively prime, the probability is é. O

Second Solution: By the Euclidean algorithm, we have gcd(1944, 864) =
gcd(1080, 864) = gcd(864,216) = 216. Hence 1944 = 9-216 and 864 = 4-216.
We can finish as in the first solution. O
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Example 1.12. [HMMT 2002] Compute
2cd(2002 + 2, 20022 + 2,2002% +2,...).

Solution: Let g denote the desired greatest common divisor. Note that 2002% +
2 =2002(2000 4 2) + 2 = 2000(2002 + 2) + 6. By the Euclidean algorithm, we
have

ged(2002 + 2, 2002% + 2) = ged(2004, 6) = 6.

Hence g | gcd(2002 + 2, 20022 + 2) = 6. On the other hand, every number
in the sequence 2002 + 2, 20022 + 2, ... is divisible by 2. Furthermore, since
2002 = 2001 + 1 = 667 - 3 + 1, for all positive integers k, 2002% = 3ay + 1 for
some integer ax. Thus 2002% + 2 is divisible by 3. Because 2 and 3 are relatively
prime, every number in the sequence is divisible by 6. Therefore, g = 6. 0

Bézout’s Identity

Let’s start with two classic brain teasers.

Example 1.13. In a special football game, a team scores 7 points for a touch-
down and 3 points for a field goal. Determine the largest mathematically unreach-
able number of points scored by a team in an (infinitely long) game.

Solution: The answer is 11. It’s not difficult to check that we cannot obtain
11 points. Note that 12 =3 +3+3+3, 13 =7+3+3,and 14 =7+ 7.
For all integers n greater than 11, the possible remainders when # is divided by 3
are 0, 1, and 2. If n has remainder 0, we can clearly obtain n points by scoring
enough field goals; if n has remainder 1, then n — 13 has remainder 0, and we
can obtain n points by scoring one touchdown and enough field goals; if n has
remainder 2, then n — 14 has remainder 0, and we can obtain n points by scoring
two touchdowns and enough field goals. In short, all integers n greater than 11
can be written in the form n = 7a + 3b for some nonnegative integers a and
b. O

Example 1.14 There is an ample supply of milk in a milk tank. Mr. Fat is given
a S-liter (unmarked) container and a 9-liter (unmarked) container. How can he
measure out 2 liters of milk?

Solution: Let 7, Ls, and Lg denote the milk tank, the 5-liter container, and
the 9-liter container, respectively. We can use the following table to achieve the
desired result.
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T Ls | Lo
X 0 0
x—5 5 0
x—5 0 5
x—10 1| 5 5
x—10 | 1 9
x—1 1 0
x—1 0 1
x—6 5 1
x—6 0 6
x—111] 5 6
x—111] 2 9

O

The key is to make the connection between 2 =4 x 5 — 2 x 9. We leave it to
the reader to use the equation 2 = 3 x9—5 x5 to set up another process. For given
integers ay, az, ..., a,, we call wya; + axas + - - - + ayay,, where oy, o, ..., oty
are arbitrary integers, linear combinations of a1, ay, ..., a,. Examples 1.13 and
1.14 are seemingly unrelated problems. But they both involve linear combinations
of two given integers. What if we replace (7, 3) by (6, 3) in Example 1.13, and
(5,9) by (6,9) in Example 1.14? We have the following general result.

Theorem 1.7. [Bézout] For positive integers m and n, there exist integers x and
y such that mx 4+ ny = gcd(m, n).

Proof: From the Euclidean algorithm it follows that
ro=m—nqi, ry=-mgy+n(l+qiq),....

In general, r; = mo; + np;, fori = 1,..., k. Because rjy1 = ri_1 — rigi+1, it
follows that

Ui+l = 0i—1 — 4i+1%,
Bi+1 = Bi-1 — qi+1Bi,
fori =2,...,k — 1. Finally, we obtain gcd(m, n) = ry = ogm + Bgn. Il

Note that ged(a, b) divides ax + by. In view of Bézout’s identity, for given
integers a, b, and c, the equation ax + by = c is solvable for integers (x, y) if
and only if ged(a, b) divides c. In algebra, we solve systems of equations. In
number theory, we usually try to find special solutions for systems of equations,
namely, integer solutions, rational solutions, and so on. Hence most of the these
systems have more variables than the number of equations in the system. These
are called Diophantine equations, attributed to the ancient Greek mathematician
Diophantus, which will be studied extensively in the sequel to this book: /05 Dio-
phantine Equations and Integer Function Problems. For fixed integers a, b, and
¢, ax + by = c is a two-variable linear Diophantine equation.
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Corollary 1.8. Ifa | bc and ged(a, b) = 1, thena | c.

Proof: If ¢ = 0, the assertion is clearly true. Assume that ¢ # 0. Since
ged(a, b) = 1, by Bézout’s identity, ax + by = 1 for some integers x and y.
Hence acx+bcy = c. Because a divides acx and bcy, a divides c, as desired. [

Corollary 1.9. Let a and b be two coprime numbers. If ¢ is an integer such that
alcandb | c,thenab | c.

Proof: Because a | ¢, we have ¢ = ax for some integer x. Hence b divides ax.
Because ged(a, b) = 1, b | x, and by Corollary 1.8, it follows that x = by for
some integer y, and so ¢ = aby, orab | c. O

Corollary 1.10. Let p be a prime, and let k be an integer with 1 < k < p. Then

P
Proof: Note that from relation

(1) =r(i21)

it follows that p divides k(). Because ged(p, k) = 1, the relation p divides ()
is obtained via Corollary 1.8. O

Example 1.15. [Russia 2001] Let a and b be distinct positive integers such that
ab(a + b) is divisible by a® + ab + b2. Prove that |[a — b| > </ab.

Proof: Set g = gcd(a, b) and write a = xg and b = yg with ged(x, y) = 1.
Then

ab(a +b) xy(x +y)g

a?+ab+b>  x2+xy+y?

is an integer. Note that gcd(x? 4+ xy 4+ y2,x) = ged(y?, x) = 1. Similarly,
ged(x? + xy + y2, y) = 1. Because ged(x + y, y) = 1, we have

ged(x® +xy +y>, x +y) = ged(y*, x + y) = L.
By Corollary 1.9,
2 txy+y7 g,
implying that g > x2 + xy + y?. Therefore,
la—b* =|gx =P =g lx -y ¢

> g% 1- (% +xy +)7)
>g2xy=ab.

It follows that |a — b| > /ab. O

Note that the key step x> + xy + y? divides g can also be obtained by clever
algebraic manipulations such as a’ = (a2 +ab + b¥a — ab(a + b).
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L.C.M.

For a positive integer k we denote by M}, the set of all multiples of k. As opposed
to the set Dy defined earlier in this section, M} is an infinite set.

For positive integers s and ¢ the minimal element of the set My N M; is called
the least common multiple of s and ¢ and is denoted by lem(s, #) or [s, t].

Proposition 1.11.
(a) Iflem(s, t) = m, m = ss’ = tt’, then ged(s’, ') = 1.
(b) If m’ is a common multiple of s and t and m’ = ss’ = tt/, ged(s’,t') = 1,
then m’ = m.
(¢c) If m" is a common multiple of s and 7, then m | m’.
(d) If m | sand n | s, then Ilcm(m, n) | s.
(e) If nis an integer, n lem(s, 1) = lcm(ns, nt).

0 Ifs=pt--p™andsr=pl" . pP ;b >0,i =1,...,k, then

lem(s, 1) = maX(al B1) “p]r(naX(ak,ﬂk).

The properties in Proposition 1.11 are easily obtained from the definition of
L.C.M,, and we leave their proofs to the reader.

The following property establishes an important connection between G.C.D.
and L.C.M.

Proposition 1.12. For any positive integers m and n the following relation holds:

mn = ged(m, n) - lem(m, n).

Proof: Letm = p{'---p*,n = p'f“ pk K a;,Bi = 0,i =1,...,k From
Properties 1.6 (e) and 1.11 (f) we have

ged(m, n) lem(m, n) = pMnAOFmEX@LB) | min(e. fo)-+max(ay. f)

pal-‘rﬁl .“p;:k‘HSk — mn. 0

Let aj, az,...,a, be positive integers. The least common multiple of
ai,as, ..., a, denoted by lcm(ay, az, ..., a,), is the smallest positive integer
that is a multiple of all of a1, aa, ..., a,. Note that Proposition 1.12 cannot be

easily generalized. For example, it is not true that
gcd(a, b, ¢) lem(a, b, c) = abc.

We leave it to the reader to find interesting counterexamples.
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The Number of Divisors

We start with three examples.

Example 1.16. [AIME 1988] Compute the probability that a randomly chosen
positive divisor of 10° is an integer multiple of 1038

Solution: What are the divisors of 10°°? Is 3 a divisor? Is 220 a divisor? We
consider the prime factorization of 109, which is 2% - 5%°. The divisors of 10%°
are of the form 2¢ - 5%, where a and b are integers with 0 < a, b < 99. Because
there are 100 choices for each of @ and b, 10°° has 100 - 100 positive integer
divisors. Of these, the multiples of 1088 = 288 . 588 must satisfy the inequalities
88 < a,b < 99. Thus there are 12 choices for each of a and b; that is, 12 - 12
of the 100 - 100 divisors of 10°° are multiples of 108, Consequently, the desired
probability is 53935 = s O
Example 1.17. Determine the number of ordered pairs of positive integers (a, b)
such that the least common multiple of @ and b is 23571113,

Solution: Both @ and b are divisors of 23571113, and so a = 2*5Y11% and
b = 2°5"11" for some nonnegative integers x, y, z, s, ¢, u. Because 23571113 s
the least common multiple, max{x, s} = 3, max{y, t} = 7, and max{z, u} = 13.
Hence (x, s) can be equal to (0, 3), (1, 3), (2, 3), (3, 3), (3, 2), (3, 1), or (3, 0), so
there are 7 choices for (x, s). Similarly, there are 15 and 27 choices for (y, t) and
(z, u), respectively. By the multiplication principle, there are 7 x 15 x 27 = 2835
ordered pairs of positive integers (a, b) having 2357113 as their least common
multiple. g

Example 1.18. Determine the product of distinct positive integer divisors of
n = 4204,

Solution: Because n = (22 -3 -5 -7)%, d is a divisor of n if and only if d can
be written in the form 2 - 32 . 5¢. 79 where 0 <a <8,0<b <4,0 <c < 4,
and 0 < d < 4. Hence there are 9, 5, 5, and 5 possible values for a, b, ¢, and d,

respectively. It follows that 7 has 9-5-5-5 = 1125 positive divisors. If d # 4207,
then % is also a divisor, and the product of these two divisors is 420*. We can
thus partition 1124 divisors of n (excluding 420%) into 562 pairs of divisors of the
form (d , %), and the product of the two divisors in each pair is 420*. Hence the

answer is
420*362 . 4207 = 4207, O

Putting the last three examples together gives two interesting results in number
theory. For a positive integer n denote by 7(n) the number of its divisors. It is
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clear that

()= L

din

Writing 7 in this summation form allows us later to discuss it as an example of a
multiplicative arithmetic function.

ap az

Proposition 1.13. If n = p|' p,
has

- pzk is a prime decomposition of n, then n

t(n) = (a1 + D(ax + 1) - - - (ax + 1) divisors.

Corollary 1.14. Ifn = p{' p3> - -- p;* is a prime decomposition of n, then there
are

Qa; +1DQax +1)--- Qax + 1)
distinct pairs of ordered positive integers (a, b) with lcm(a, b) = n.
Corollary 1.15. For any positive integer n,
1_[ d= n%
d|n

The proofs of these three propositions are identical to those of Examples 1.16,
1.17, and 1.18. It is interesting to note that these three results can be generalized to
the case that the powers of the primes in the prime decomposition are nonnegative
(because if @; = 0 for some 1 < i < k, thena; + 1 = 2a; + 1 = 1, which does
not affect the products).

Corollary 1.16. For any positive integer n, T(n) < 2./n.

Proof: Letd; < dy < --- < di be the divisors of n not exceeding 4/n. The
remaining divisors are

n n n

Z, d—z, ey e .
It follows that T (n) < 2k < 2./n. O

The Sum of Divisors

For a positive integer n denote by o (n) the sum of its positive divisors, including
1 and n itself. It is clear that
o(n) = Z d.

din

This representation will help us to show that ¢ is multiplicative.
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Proposition 1.17. Ifn = p‘f‘ e pz" is the prime factorization of n, then

p‘fl“ 1 pzzkﬂ 1
o(n) =
p1—1 pr — 1

Proof: The divisors of n can be written in the form
a a,
pl 1 “ e pkk .

where ay, ..., a; are integers with 0 < a; < a1, ..., 0 < ar < . Each divisor
of n appears exactly once as a summand in the expansion of the product

(I+pr+-+pf) -+ pe+-+ pPh),
from which the desired result follows, by also noting the formula for the sum of a

finite geometric progression:

1
=14r4+r24-+rk O

Example 1.19. Find the sum of even positive divisors of 10000.

Solution: The even divisors of 10000 can be written in the form of 2¢5%, where
a and b are integers with 1 < a < 5and 0 < b < 5. Each even divisor of 10000
appears exactly once as a summand in the expansion of the product

50 -1
Q+22+22 4+ 244291 +5+52+5+54+5) =62 e
= 242172. O

Modular Arithmetic

Let a, b, and m be integers, with m 7# 0. We say that a and b are congruent
modulo m if m divides a — b. We denote this by a = b (mod m). The relation

“__9

=" on the set Z of integers is called the congruence relation. If m does not
divide @ — b, then we say that integers a and b are not congruent modulo m and
we write a # b (mod m).

Proposition 1.18.
(a) a =a (mod m) (reflexivity).
(b) Ifa =5 (mod m) and b = ¢ (mod m), thena = ¢ (mod m) (transitivity).

(¢) Ifa=b (mod m), then b =a (mod m).



20 104 Number Theory Problems
(d) Ifa=b (mod m)and c =d (mod m),thena +c =b+d (mod m) and
a—c=b—d (mod m).
(e) If a = b (mod m), then for any integer k, ka = kb (mod m).

) If a = b (mod m) and ¢ = d (mod m), then ac = bd (mod m). In
general, if ¢; = b; (modm), i = 1,...,k, thenay---ax = by--- by
(mod m). In particular, if a = b (mod m), then for any positive integer k,
a* = bk (mod m).

(g) Wehavea =b (mod m;),i =1,...,k,if and only if

a=b (modlem(my,...,my)).
In particular, if my, ..., my are pairwise relatively prime, then a = b
(mod m;),i =1,...,k,ifand only ifa = b (mod my - - - my).

Proof: The proofs are straightforward. We present the proof of (g) and leave the
rest to the reader.
From a = b (mod m;), i = 1,...,k, it follows that m; | (a — b),
i = 1,...,k. Hence a — b is a common multiple of my, ..., my, and so
lem(my, ..., mg) | (a —b). Thatis,a = b (mod lcm(my, ..., my)).
Conversely, from a = b (mod lem(my, ..., mg)) and the fact that each m;
divides Iem(m, ..., my) we obtaina = b (mod m;),i =1, ..., k. O

Proposition 1.19. Let a, b, n be integers, n # 0, such that a = nq; + rq,
b=ngy+ry,0<ri,rp <|n|. Thena = b (mod n) if and only if r; = r;.

Proof: Because a —b = n(q; — q2) + (r1 — o), it follows that n | (a — b) if and
only if n | (r; —rp). Taking into account that |r; —rp| < |n|, we haven | (r; —rp)
ifand only if r{ = rp. O

Example 1.20. Prove that there are infinitely many primes of the form 4k — 1;
that is, congruent to 3 modulo 4.

Proof: We first note that there is at least one prime p with p = 3 (mod 4)
(simply set p = 3). Suppose there were only finitely many primes congruent to
3 modulo 4. Let p1, p2, ..., pr be those primes, and let P = pjp> - - - pr denote
their product. We have 4P — 1 = 3 (mod 4). If all the prime divisors of 4P — 1
were congruent to 1 modulo 4, then 4 P — 1 would be congruent to 1 modulo 4 (by
Proposition 1.18 (g)). Thus, some prime divisor p of 4P — 1 would be congruent
to 3 modulo 4. On the other hand, gcd(4P — 1, p;) = 1 foralli with 1 <i <k,
and so we find another prime that is congruent to 3 modulo 4, a contradiction to
our assumption. Hence there are infinitely many primes of the form 4k — 1. [
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In exactly the same way, we can show that there are infinitely many primes of
the form 6k — 1. We can view congruency as (part of) an arithmetic progression.
For example, we can rewrite the last two results as follows: There are infinitely
many primes in the arithmetic progression {—1 + ka};2, witha = 4 ora = 6.
These are the special cases of a famous result of Dirichlet:

There are infinitely many primes in any arithmetic progression of
integers for which the common difference is relatively prime to the
terms. In other words, if @ and m be relatively prime positive integers,
then there are infinitely many primes p such that p = a (mod m).

Dirichlet was also able to compute the density (in simpler terms, a certain
kind of frequency of such primes) of these prime numbers in the set of all primes.
This was another milestone in analytic number theory. The proof of this work
is beyond the scope of this book. We present a more detailed form of this result
in the glossary section of this book. Some problems in this book become easy if
we apply this theorem directly. But all of these problems can also be solved in
different ways, and we strongly encourage the reader to look for these different
approaches, which will enhance the reader’s problem-solving abilities.

In Example 1.20, it is very natural to work modulo 4. Many times, such a
choice is not obvious. Taking the proper modulus holds the key to many problems.

Example 1.21. [Russia 2001] Find all primes p and g such that p + ¢ =
(r—aq3.
Solution: The only such primes are p = 5 and ¢ = 3.

Because (p — ¢)> = p4+¢q # 0, p and ¢ are distinct and hence relatively
prime.

Because p — g = 2p (mod p + q), taking the given equation modulo p + ¢
gives 0 = 8p> (mod p + ¢). Because p and ¢ are relatively prime, so are p and
p+¢q. Thus,0 =8 (mod p + g); that is, p + g divides 8.

Likewise, taking the given equation modulo p —g gives 2p =0 (mod p—q).
Because p and g are relatively prime, so are p and p —g. We conclude that 2 = 0
(mod p — q), or p — g divides 2.

It easily follows that (p, ¢g) is equal to (3, 5) or (5, 3); only the latter satisfies
the given equation. d

There is another approach to the last problem' setting p — g = a leads to

a+a a

p+q =a’ Hence p = and g = @’~a This kind of substitution is a very
common technique in solvmg Dlophantme equations.

Example 1.22. [Baltic 2001] Let a be an odd integer. Prove that a* + 2%" and

a?" +2%" are relatively prime for all positive integers n and m with n # m.
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Proof: Without loss of generality, assume that m > n. For any prime p dividing
a + 22”, we have

2n _ 2211

a (mod p).

We square both sides of the equation m — n times to obtain

a?" =2"" (mod p).

Because a is odd, we have p # 2. Thus, 22" 4 02" = 2"+l # 0 (mod p), so
that

a¥" =27 £-2" (mod p).

Therefore, p { (@®" +22"), proving the desired result. O

Setting @ = 1 in the last example leads to a property of the Fermat numbers,
which will soon be discussed.

Example 1.23. Determine whether there exist infinitely many even positive in-
tegers k such that for every prime p the number p? + k is composite.

Solution: The answer is positive.

First note that for p = 2, p? + k is always composite for all even positive
integers k.

Next we note that if p > 3, then p?> = 1 (mod 3). Hence if k is an even
positive integer with k = 2 (mod 3), then p> + k is composite for all all primes
p > 3 (p* + k is greater than 3 and is divisible by 3).

Finally, we note that 32+k=0 (mod 5)ifk =1 (mod 5).

Putting the above arguments together, we conclude that all positive integers k
with

k=0 (mod 2),
k=2 (mod 3), (%)
k=1 (mod)5),

satisfy the conditions of the problem. By Proposition 1.18 (g), we consider

(mod lem(2,3,5)) = (mod 30). It is not difficult to check that all positive
integers k with k = 26 (mod 30) satisfy the system, and hence the conditions of
the problem. g

The system (x) is a linear congruence system, and each of the three equa-
tions in the system is a linear congruence equation. We will study the solutions
of the linear congruence systems when we study the Chinese Remainder Theo-
rem in the sequel to this book: 105 Diophantine Equations and Integer Function
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Problems. The major difference between solving an equation and solving a con-
gruence equation is the limitation of division in the latter situation. For example,
in algebra, 4x = 4y implies that x = y. In modular arithmetic, 4x = 4y (mod 6)
does not necessarily imply that x = y (mod 6). (Why?) On the other hand,
4x = 4y (mod 15) does imply that x = y (mod 15). (Why?) Proposition 1.18
(g) plays a key role in this difference. In algebra, xy = 0 implies that either x = 0
or y = 0 or both. But in modular arithmetic, xy = 0 (mod m) does not imply
x =0 (mod m)ory =0 (mod m). (Forexample,3-5 =0 (mod 15),but3 £ 0
(mod 15) and 5 # 0 (mod 15). We will discuss this topic in a detailed fashion
when we talk about linear congruence equations. For a little preview, we rewrite
Corollary 1.5 in the language of modular arithmetic.

Corollary 1.20. Let p be a prime. If x and y are integers such that xy = 0
(mod p), then either x = 0 (mod p) or y =0 (mod p) or both.

This is an example of interchanging the faces of a common idea in number
theory: p | xy (divisibility notation), xy = 0 (mod p) (modular and congru-
ence notation), and p = kxy (Diophantine equation forms). Simple applications
Corollaries 1.8 and 1.9 also lead to the following properties.

Corollary 1.21. Let m be a positive integer, and let a, b, and c be integers with
¢ #0. If ac = bc (mod m), then

a =b | mod _m .
ged(c, m)

Corollary 1.22. Letm be a positive integer. Let a be an integer relatively prime
to m. If a; and a, are integers such that a; # ay (mod m), then aja # aza
(mod m).

The following property is useful in reducing the power in congruency rela-
tions.

Corollary 1.23. Let m be a positive integer, and let a and b be integers relatively
prime to m. If x and y are integers such that

a*=b" (modm) and a’ =b" (modm),
then
a4y = peedey) - (mod m).

Proof: By Bézout’s identity, there are nonnegative integers u# and v such that
gcd(x, y) = ux — vy. By the given conditions, we have

a”=b" (modm) and b =a" (mod m),
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implying that a"*b"Y = a"’b** (mod m). Since gcd(a, m) = ged(b, m) = 1, by
Corollary 1.21, we have

q8dx.y) — qux—vy — pux—vy _ peed(r.y) (mod m). O

Residue Classes

By Proposition 1.18 (a), (b), and (c), we conclude that for any given positive
integer m, we can classify integers into a unique class according to their remainder
on division by m. Clearly, there are m such classes. A set S of integers is also
called a complete set of residue classes modulo » if foreach 0 < i < n—1, there

is an element s € S such thati = s (mod n). Clearly, {a,a + 1,a +2,...,a +
m — 1} is a complete set of residue classes modulo m for any integer a. In
particular, fora = 0, {0, 1,...,m — 1} is the minimal nonnegative complete

set of residue classes. Also, it is common to consider the complete set of residue
classes {0, £1, £2, ..., £k} form = 2k + 1 and {0, £1, £2, ..., £(k — 1), k}
for m = 2k.

Example 1.24. Let n be an integer. Then
() n2=0o0r1 (mod 3);
(2) n2=0o0r +1 (mod 5);
(3) n2=0or1or4 (mod 8);
4) n>=0o0r +£1 (mod 9);
(3) n*=0o0r1 (mod 16);

All the proofs can be done by checking complete sets of residue classes. We
leave them to the reader. We also encourage the reader to review these relations
after finishing studying Euler’s theorem.

Example 1.25. [Romania 2003] Consider the prime numbers n; < ny < --- <
n31. Prove that if 30 divides n‘f + n‘z‘ + -4 ngl, then among these numbers one
can find three consecutive primes.

Solution: Lets = n‘lt + ”3 4+ n‘3‘1.

Firstly, we claim that n; = 2. Otherwise, all numbers n;, 1 < i < 31, are
odd, and consequently s is odd, a contradiction.

Secondly, we claim that np, = 3. Otherwise, we have nj‘ = 1 (mod 3) for all
1 <i < 31. It follows that s = 31 = 1 (mod 3), a contradiction.

Finally, we prove that n3 = 5. Indeed, if not, then ”12 = 41 (mod 5) and
n;‘ =1 (mod 5) forall1 <i < 31. Thus,s =31 =1 (mod 5), a contradiction.

We conclude that three consecutive primes, namely, 2, 3, and 5, appear in the
given prime numbers. O
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Example 1.26. Let m be an even positive integer. Assume that
{a1,az,...,an} and {by, by, ..., by}
are two complete sets of residue classes modulo m. Prove that
{a1 + b1, a2+ D2, ..., am + by}

is not a complete set of residue classes.

Proof: We approach indirectly by assuming that it is. Then we have

14+24+--+n=(a+b)+(@+b)+ -+ @n+bn)
=(a+ta+---+an)+ b1 +br+ - +bp)
=2(14+2+---+m) (mod m),

implying that 1 +2+---+m =0 (mod m), orm | W, which is not true for

even integers m. Hence our assumption was wrong. |

Example 1.27. Let a be a positive integer. Determine all the positive integers
m such that

{a-1,a-2,a-3,...,a-m}

is a set of complete residue classes modulo m.

Solution: The answer is the set of positive integers m that are relatively prime to
a.

Let S;, denote the given set. First we show that S,, is a complete set of residue
classes if gcd(a, m) = 1. Because this set has exactly m elements, it suffices to
show that elements in the set are not congruent to each other modulo m. Assume
to the contrary that ai = aj (mod m) for some 1 < i < j < n. Because
gcd(a, m) = 1, by Corollary 1.20, we have i = j (mod m), which is impossible
since |i — j| < m. Hence our assumption was wrong and S, is a complete set of
residue classes modulo m.

On the other hand, if g = gcd(a, m) > 1, thena = ayjg and m = m g, where
m is a positive integer less than n. We have am| = aym1g = aym = am =0
(mod m). Hence S, is not a complete set of residue classes. O

Similarly, we can show the following result.

Proposition 1.24. Let m be a positive integer. Let a be an integer relatively
prime to m, and let b be an integer. Assume that S is a complete set of residue
classes modulo m. The set

T=aS+b={as+b | seS}

is also a complete set of residue classes modulo 7.
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Now we are better equipped to discuss linear congruence equations a bit fur-
ther.

Proposition 1.25. Let m be a positive integer. Let a be an integer relatively
prime to m, and let b be an integer. There exist integers x such that ax = b
(mod m), and all these integers form exactly one residue class modulo m.

Proof: Let {c{,c2,...,cn} be a complete set of residue classes modulo m. By
Proposition 1.24,

{aci — b,acr — b, ...,ac, — b}

is also a complete set of residue classes. Hence there exists ¢; such thatacy —b =
0 (mod m), or c; is a solution to the congruence equation ax = b (mod m).
It is easy to see that all the numbers congruent to ¢; modulo m also satisfy the
congruence equation. On the other hand, if both x and x’ satisfy the equation, we
have ax = ax’ (mod m). By Corollary 1.20, we have x = x’ (mod m). O

In particular, setting b = 1 in Proposition 1.25 shows that if gcd(a, m) =
1, then there is x such that ax = 1 (mod m). We call such x the inverse of
a modulo m, denoted by alor % (mod m). Because all such numbers form
exactly one residue class modulo m, the inverse of a is uniquely determined (or
well defined) modulo m for all integers relatively prime to m.

Now we are ready to prove Wilson’s theorem.

Theorem 1.26. [Wilson’s Theorem] For any prime p, (p—1)! = —1 (mod p).

Proof: The property holds for p = 2 and p = 3, so we may assume that p > 5.
Let S = {2,3,..., p — 2}. Because p is prime, for any s in S, s has a unique
inverse s’ € {1,2, ..., p—1}. Moreover, s’ # 1 ands’ # p—1;hence s’ € S. In
addition, s’ # s; otherwise, s2=1 (mod p),implying p | (s —Dorp | (s+ 1),
which is not possible, since s + 1 < p. It follows that we can group the elements
of S in pT_S distinct pairs (s, s’) such that ss’ = 1 (mod p). Multiplying these
congruences gives (p —2)! =1 (mod p) and the conclusion follows. 0

Note that the converse of Wilson’s theorem is true, that is, if (n — 1)! = —1
(mod n) for an integer n > 2, then n is a prime. Indeed, if n were equal to
n1ny for some integers ny, np > 2, we would haveny | 1-2---ny---(n—1)+1,
which is not possible. This provides us a new way to determine whether a number
is prime. (However, this is not a very practical way, since for large n, (n — 1)!is
huge!)

In most situations, there are no major differences in picking a particular com-
plete set of residue classes to solve a particular problem. Here is a distinct exam-
ple.
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Example 1.28. [MOSP 2005, Melanie Wood] At each corner of a cube, an in-
teger is written. A legal transition of the cube consists in picking any corner of
the cube and adding the value written at that corner to the value written at some
adjacent corner (that is, pick a corner with some value x written at it, and an ad-
jacent corner with some value y written at it, and replace y by x + y). Prove that
there is a finite sequence of legal transitions of the given cube such that the eight
integers written are all the same modulo 2005.

We present two solutions. Notice that if we take a legal transition and perform
it 2004 times, then modulo 2005, this is the same as replacing y by y — x. Call
such a repetition of a single legal transition 2004 times a super transition.

First Solution: Look at the integers modulo 2005, and replace them with residue
classes 1,2, ...,2005. If all of the residue classes are the same, then we need
no transitions. Otherwise, there is an edge with residue classes N and M with
1 < N < M < 2005. Performing a super transition, we can replace M by
M — N, which is a residue class, since 1 < M — N < 2005. Since N > 1,
this reduces the sum of the residue classes by at least 1. Because the sum of the
residue classes is always at least 8, by repeating this process, we will eventually
get to a state in which all of the residue classes are the same. 0

Note that the proof would not work well if we replaced the numbers with
residue classes 0, 1,...,2004. As in the case N = 0, the sum of the residue
classes is not decreased.

Second Solution: Look at the integers all modulo 2005. They are congruent to
some set of positive integers modulo 2005. Performing a super transition on an
edge is the same (modulo 2005) as performing a step of the Euclidean algorithm
on the two numbers of the edge. Performing the Euclidean algorithm on a pair of
positive integers will make them equal to the greatest common divisor of the two
original integers after a finite number of steps. Thus, we can make two numbers of
an edge congruent modulo 2005 after a finite number of super transitions. First we
do this on all edges going in one direction, then on all the edges going in another
direction, and then on all the edges going in the third direction. After this, we see
that all the integers written at corners are congruent modulo 2005. 0

Fermat’s Little Theorem and Euler’s Theorem

From the last few results, we note that for a given positive integer m, it is useful
to consider the congruence classes that are relatively prime to m. For any positive
integer m we denote by ¢(m) the number of all positive integers n less than m
that are relatively prime to m. The function ¢ is called Euler’s totient function.
It is clear that ¢(1) = 1 and for any prime p, ¢(p) = p — 1. Moreover, if n is a
positive integer such that ¢(n) = n — 1, then n is a prime.
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A set S of integers is also called a reduced complete set of residue classes
modulo m if for each i with0 <i <n — 1 and ged(i, m) = 1, there is an element
s € Ssuchthati = s (mod m). It is clear that a reduced complete set of residue
classes modulo m consists of ¢(m) elements.

Proposition 1.27. Let m be a positive integer. Let a be an integer relatively
prime to m. Assume that S is a reduced complete set of residue classes modulo
m. Set

T=aS={as | s €S},

which is also a reduced complete set of residue classes modulo 7.

The proof is similar to that of Proposition 1.24, and we leave it to the reader.
Proposition 1.27 allows us to establish two of the most famous theorems in num-
ber theory.

Theorem 1.28. [Euler’s Theorem] Let a and m be relatively prime positive
integers. Then a®™ =1 (mod m).

Proof: Consider the set S = {ay, az, ..., ay(m)} consisting of all positive inte-
gers less than m that are relatively prime to m. Because gcd(a, n) = 1, it follows
from Proposition 1.26 that

{aay, aay, ..., aapim))
is another reduced complete set of residue classes modulo n. Then
(aar)(aa) - - - (aapm)) = ajaz -+ - ap@my (mod m).
Using that ged(ag, n) = 1,k = 1,2, ..., ¢(n), the conclusion now follows. [

Setting m = p as prime, Euler’s theorem becomes Fermat’s little theorem.

Theorem 1.29. [Fermat’s Little Theorem] Let a be a positive integer and let p
be a prime. Then

a’ =a (mod p).

Proof: We present an alternative proof independent of Euler’s theorem. We
induct on a. For a = 1 everything is clear. Assume that p | (a” — a). Then

p—1
@+ —@+h=@" -a)+ Y (i)ak.
k=1

Using the fact that p | (i) for1 <k < p — 1 (Corollary 1.10) and the inductive
hypothesis, it follows that p divides (a + 1)? — (a+ 1); thatis, (a+ 1)? = (a+1)
(mod p). Il
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Clearly, Fermat’s little theorem is a special case of Euler’s theorem. But with
a few more properties on the Euler function ¢ that we will develop, we can derive
Euler’s theorem from Fermat’s little theorem Note also another form of Fermat’s
little theorem:

Let a be a positive integer relatively prime to prime p. Then

a’~'=1 (mod p).

Next, we present a few examples involving these two important theorems.
Example 1.29. Let p be a prime. Prove that p divides ab? — ba? for all integers
a and b.

Proof: Note that ab? — ba? = ab(b?~! — gP~1).
If p | ab, then p | ab? — ba?; if p t ab, then ged(p, a) = ged(p, b) = 1,

and so b?~! = aP~! = 1 (mod p), by Fermat’s little theorem. Hence p |
bP~1 — qP~! implying that p | ab? — baP. Therefore, p | ab? — ba? for all
p. O

Example 1.30. Let p > 7 be a prime. Prove that the number

11...1
——
p—11s
is divisible by p.
Proof: We have
1071 — 1
1..1=—-——,
S——— 9

p—11s

and the conclusion follows from Fermat’s little theorem. (Note also that
gcd(10, p) = 1.) O

Example 1.31. Let p be a prime with p > 5. Prove that p? = 1 (mod 240).

Proof: Note that 240 = 2% .3 .5, By Fermat’s little theorem, we have p2 =1
(mod 3) and p* = 1 (mod 5). Because a positive integer is relatively prime to
2% if and only if it is odd, ¢(2*) = 23. By Euler’s theorem, we have p? = 1
(mod 16). Therefore, p® = 1 (mod m) for m = 3,5, and 16, implying that
p¥ =1 (mod 240). 0

Note that this solution indicates that we can establish Euler’s theorem by Fer-
mat’s little theorem. Further, it is not difficult to check that n* = 1 (mod 16) for
n = =£1,+3, £5,+7 (mod 16) (see Example 1.24 (5)). Hence we can improve
the result to p* = 1 (mod 240) for all primes p > 5.
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Example 1.32.  Prove that for any even positive integer n, n> — 1 divides 2" — 1.

Proof: Letm = n + 1. We need to prove that m(m — 2) divides 2~V — 1.
Because ¢(m) divides (m — 1)! we have (290" — 1) | 2—D' — 1) and from
Euler’s theorem, m | (29 — 1). It follows that m | (2~D!' — 1), Similarly,
(m—2) | 2m=D!'_1). Because m is odd, ged(m, m —2) = 1 and the conclusion
follows. O

For a given positive integer m, let {aj, az, ..., ay(m)} be a reduced complete
set of residue classes modulo m. By the existence and uniqueness of inverses, it
is not difficult to see that the set of their inverses, denoted by

{a_1 a;! a’! } or {L i ! }
|Gy s Gy aa T aem)

is also a reduced complete set of residue classes modulo m. One might attempt to
generalize Wilson’s theorem by pairing residue classes that are inverses of each
other. This approach fails, since there are residue classes other than 1 and —1 (or
m — 1) that are inverses of themselves. (In the proof of Wilson’s theorem, there
are only two possible values for s, namely s = 1 or s = p — 1, such that s> =
(mod p).) For example, 6 = 1 (mod 35) for m = 35.

Let m be a positive integer, and let a be an integer relatively prime to m.
Assume that b = na is a multiple of a; that is, n = g is an integer. From
ala =1 (mod p), we have n = a~lan = a='b (mod m). This means that
n= % under the usual arithmetic meaning identifies with n = % - b (mod m).
This allows us to choose the order of operations to our advantage.

Example 1.33. [IMO 2005] Consider the sequence aj, az, ... defined by
a,=2"+3"4+6" -1

for all positive integers n. Determine all positive integers that are relatively prime
to every term of the sequence.

First Solution: The answer is 1. It suffices to show that every prime p divides
a, for some positive integer n. Note that both p = 2 and p = 3 divide a; =
22+32+62—1=48.

Assume now that p > 5. By Fermat’s little theorem, we have 27 “l=3pr-1 =
6/~! =1 (mod p). Then

3.20°14 2.3 14 6771 =34+241=6 (mod6),

or 62772 43772 4 672 — 1) = 0 (mod p); that is, 6a,_, is divisible by p.
Because p is relatively prime to 6, a,_; is divisible by p, as desired.
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Second Solution: If we use the notation of inverse, the proof can be written as

6ay—2 =6(2P72 +3P2 46772 — 1)

11 1
=6(-+-+-—-1)= d
6<2+3+6 ) 0 (mod p),

for every prime p greater than 5. 0

Example 1.34. Find an infinite nonconstant arithmetic progression of positive
integers such that each term is not a sum of two perfect cubes.

Solution: Assume that the desired arithmetic progression is {a,a + d, a +
2d, ...}. We are basically considering all integers in the residue class ¢ modulo
d. We want to limit the number of residue classes that are cubes modulo d. In
this way, we limit the number of residue classes that can be written as the sum of
cubes modulo d.

We first look for d such that a> = 1 (mod d) for all integers a. Fermat’s
little theorem states that a?~! = 1 (mod p) for prime p and integers a relatively
prime to p. If we set p — 1 = 3, we have p = 4, which is not a prime. Hence
we cannot apply Fermat’s little theorem directly. On the other hand, if we set
p =7, then a® = 1 (mod 7) for integers relatively prime to 7. It not difficult to
check that the possible residue classes for a? modulo 7 are 0, 1, —1 (or 6). Hence,
modulo 7, the possible residue classes for a+b3are0, 1, -1,2, 2.

Therefore, {3,3+7,3+2-7,...}and {4,4+7,4+2-7, ...} are two sequences
satisfying the conditions of the problem. O

By noting that ¢(9) = 6, we can also find sequences of the form {a, a + 9,
a+2-9,...}. We leave the details to the reader. (Compare to Example 1.24 (4).)

Example 1.35. [IMO 2003 shortlist] Determine the smallest positive integer k
such that there exist integers x1, x2, . .., X; with

X} x5 4o 4 xj = 20022002,

Solution: The answer is k = 4.

We first show that 20022092 js not a sum of three cubes. To restrict the number
of cubes modulo n, we would like to have ¢(n) to be a multiple of 3. Again,
consider n = 7. But adding three cubes modulo 7 gives too many residue classes
(since 7 is too small). We then consider n = 9 with ¢(9) = 6. Because 2002 = 4
(mod 9) and 20023 = 43 =1 (mod 9), it follows that

2002202 = (2002%)%7 . 2004 =4  (mod 9).

On the other hand, x3 = 0, +1 (mod 9) for integers x. We see that xf +x§ +x§’ E=
4 (mod 9).
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It remains to show that 20022092 is a sum of four cubes. Starting with
2002 = 10° + 10° + 1° + 1
and using 2002 = 667 - 3 4+ 1 once again, we find that

20022902 = 2002 - (2002%07)3
= (10 -2002%7)3 + (10 - 2002%7)3 + (2002%07)3 + (2002%07)3. O

Fermat’s little theorem provides a good criterion to determine whether a num-
ber is composite. But the converse is not true. For example, 3 - 11 - 17 divides
a7 — q, since 3, 11, 17 each divide a>!'"''7 — 4 (for instance, if 11 did
not divide a, then from Fermat’s little theorem, we have 11 | (alo — 1); hence
11| (@' — 1), ie., 11| (@°' —a)and 561 =3 - 11 - 17).

The composite integers n satisfying a” = a (mod n) for any integer a are
called Carmichael numbers. There are also even Carmichael numbers, for ex-
amplen =2-73-1103.

Let a and m be relatively prime positive integers. Setting » = 1 in Corollary
1.23 leads to an interesting result. By Euler’s theorem, there exist positive integers
x such that ¢* = 1 (mod m). We say that a has order d modulo m, denoted by
ord,, (a) = d, if d is the smallest positive integer such that a? =1 (mod m). By
Euler’s theorem, ord,, (@) = d < ¢(m). If x is a positive integer such that a* = 1
(mod m), then by Corollary 1.23,

a®4®d) = 1 (mod m).

Since ged(x, d) < d, by the minimality of d, we must have gcd(x, d) = d. Hence
d divides x. We have established the following property.

Proposition 1.30. A positive integer x is such that a* = 1 (mod m) if and
only if x is a multiple of the order of @ modulo m.

For a pair of relatively prime positive integers a and m, it is not true that there
always exists a positive integer s such that a®* = —1 (mod n). (For example, a =
2 and m = 7.) Assume that there exists a perfect power of a that is congruent to
—1 modulo m, and assume that s is the least such integer. We have ord,, (a) = 2s.
Indeed, a® =1 (mod m), sod divides 2s. If d < 2s, then 2%~ = —1 (mod m)
violates the minimality assumption on s. Furthermore, if ¢ is an integer such that

a'=—-1 (mod m),

then ¢ is a multiple of s. Because a? =1 (mod m), it follows that d = 2s divides
2¢t, and so s divides ¢. It is then clear that + must an odd multiple of s; that is,

' —1 if 7 is an odd mulptiple of s;
a = . . .
1 if ¢ is an even mulptiple of s.

Example 1.36. [AIME 2001] How many positive integer multiples of 1001 can be
expressed in the form 10/ — 10°, where i and j are integers and 0 <i < j < 99?
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Solution: Because
10/ — 10° = 10° (10~ — 1)
and 1001 = 7 - 11 - 13 is relatively prime to 10/, it is necessary to find i and

j such that the 10— — 1 is divisible by the primes 7, 11, and 13. Notice that
1001 = 7-11-13; that is, 10° = —1 (mod 1001). It is easy to check that

0rd1001(10) = 6.
By Proposition 1.30, 10/ (10/ = — 1) is divisible by 1001 if and only if j —i = 6n

for some positive integer n. Thus it is necessary to count the number of integer
solutions to

i+6n=j,
where j <99,i > 0,andn > 0. Foreachn =1, 2, 3, ..., 15, there are 100 — 6n

suitable values of i (and j), so the number of solutions is

94 + 88 + 82+ --- + 4 =784 O

Euler’s Totient Function

We discuss some useful properties of Euler’s totient function ¢. First of all, it is
not difficult to see the following:
Proposition 1.31.  Let p be a prime, and let a be a positive integer. Then
e(p?) = p* —p*".

Next, we show that ¢ is multiplicative:

Proposition 1.32. Let a and b be two relatively prime positive integers. Then
p(ab) = ¢(a)p(b).

Proof: : Arrange the integers 1, 2, ..., ab into an a X b array as follows:
1 2 e a

a+1 a+2 - 2a

ab—-—1D+1ab—-1)+2--- ab.

Clearly, there are ¢(ab) numbers in the above table that are relatively prime to
ab.

On the other hand, there are ¢(a) columns containing those elements in the
table relatively prime to a. Each of those columns is a complete set of residues
modulo b, by Proposition 1.24. Hence there are exactly ¢ (b) elements in each
of those columns that are relatively prime to b. Therefore, there are ¢ (a)@(b)
numbers in the table that are relatively prime to ab.

Hence ¢(ab) = ¢(a)p(b) for relatively prime integers ab. O
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Theorem 1.33. Ifn = p‘f‘ e p,‘:" is the prime factorization of n > 1, then

(=) (5
om)=nl{l——1]--- {1 ——).
P1 Pk

First Proof: This follows directly from Propositions 1.31 and 1.32. d

Second Proof: We employ the inclusion and exclusion principle. Set
T; ={d : d <nand p;|d},
fori =1,..., k. It follows that
ThU---UTy={m : m <nand gcd(m, n) > 1}.
Hence

pm)=n—|T1 U---UT|

k
=n—Y ITil+ Y ILNTjI—+DATiN--NTil.
i=1 I<i<j<k
We have
n n n
Til=—, ITNTjl=—, ..., ITIN---NT|= :
Di PiPj P1- - Pk
Finally,

1 1 1
9(n) =n — — o (D
< 121:171 1<§<k plp] Pl Pk

o) (-3) m

Based on Theorem 1.33, we can establish Euler’s theorem from Fermat’s lit-
tle theorem. Indeed, let n = p}'--- p;* be the prime factorization of n. We

have a”~! = 1 (mod p;), hence a?i?i=D = 1 (mod pl.z), aPiPi=l = |

a;—1 . a; .
(mod pd),...,aPi 7D =1 (mod pi"). That is, a*?i’) =1 (mod pi"),
i = 1,...,k. Applying this property to each prime factor, the conclusion fol-
lows.

Theorem 1.34.  [Gauss] For any positive integer n,

Z(p(d) =n.

dn
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Proof: We consider the rational numbers

| n
e
Clearly, there are n numbers in the list.

We obtain a new list by reducing each number in the above list to the lowest
terms; that is, express each fraction as a quotient of relatively prime integers. The
denominators of the numbers in the new list will all be divisors of n. If d | n,
exactly ¢(d) of the numbers in the list will have d as their denominator. (This is
the meaning of lowest terms!) Hence, there are ) din ¢(d) in the new list.

Because the two lists have the same number of terms, we obtain the desired
result. g

Example 1.37. Let n be a positive integer.
(1) Find the sum of all positive integers less than n and relatively prime to n.

(2) Find the sum of all positive integers less than 2n and relatively prime to n.

Solution: The answers are @ and 2n¢(n), respectively.

Let
S| = Z d and S = Z d.
d

<n d<2n
ged(d,n)=1 ged(d,n)=1

Letd) < dy < --- < dy( be the numbers less than n and relatively prime to
n. Note that gcd(d, n) = 1 if and only if gcd(n — d, n) = 1. We deduce that

d; + d(p(n) =n, dy—+ d(p(n)fl =n, ..., d(p(n) +d; =n,
implying that
ne(n)
S = .
! 2
On the other hand,
Yood= Y +dy=npm)+ Y d
n<d<2n d<n d<n
ged(d,n)=1 ged(d,n)=1 ged(d,n)=1
_ ne(n)  3ng(n)
=nen) + =,
Therefore

ne(n) + 3np(n) _

S, =
2 2 2

2ne(n). Il
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Multiplicative Function

We include this section to further develop results related to three functions we
already introduced: t(n) (the number of the positive divisors of n), o (n) (the sum
of the positive divisors of n), and ¢(n) (Euler’s totient function). This might well
be the most abstract part of this book, and the material covered in this section is
not essential to the rest of the book. However, it is very useful for further study in
number theory.

Arithmetic functions are defined on the positive integers and are complex
valued. The arithmetic function f # 0 is called multiplicative if for any rela-
tively prime positive integers m and n,

f@mn) = f(m) f(n).

Note that if f is multiplicative, then f(1) = 1. Indeed, if a is a positive integer
for which f(a) # 0, then f(a) = f(a-1) = f(a) f(1), and simplifying by f(a)
yields f(1) = 1. Note also that if f is multiplicative and n = p{' - p;* is the
prime factorization of the positive integer n, then f(n) = f(p{") -+ f(p).

An important arithmetic function is the Mdobius function defined by

1 ifn=1,
un) = 0 if p? | n for some prime p > 1,
(—l)k ifn = p1--- pr, where pp, ..., pr are distinct primes.

For example, 1(2) = —1, u(6) = 1, n(12) = (2% -3) = 0.

Theorem 1.35. The Mobius function w is multiplicative.

Proof: Let m, n be positive integers such that gcd(m, n) = 1. If p? | m for some
p > 1, then p2 | mn and so u(m) = pw(mn) = 0 and we are done. Consider now

m = py---pk, h = q1---qn, Where p1,..., pk,q1,-..,qn are distinct primes.
Then u(m) = (—l)k, un) = (—l)h, and mn = py--- prq1 - - - qp. 1t follows
that ye(mn) = (=DM = (=D¥ (=1 = puim)u®). O

For an arithmetic function f we define its summation function F by

Fm)=)_ f@).

din
The connection between f and F is given by the following result.

Theorem 1.36. If f is multiplicative, then so is its summation function F.

Proof: Letm and n be positive relatively prime integers and let d be a divisor
of mn. Then d can be uniquely represented as d = kh, where k | m and h | n.
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Because ged(m, n) = 1, we have ged(k, h) = 1, so f(kh) = f(k) f(h). Hence

Fmn) =" f(d)=Y_ f(k)f(h)

d|mn klm
hin
= (Z f(k)> (Z f(h)) = F(m)F (n). O
klm hih
Note that if f is a multiplicative function and n = p(f' e p,‘f" , then

Zu(d)f(d) == flp))--- A= f(pr)-

d|n

Indeed, the function g(n) = w(n)f(n) is multiplicative; hence from Theorem
1.36, so is its summation function G. Then G(n) = G(p{")--- G(p;*) and

G(p{") = Z w(d) f(d) = pn) fQ) +pn(p) f(pi) =1 f(pi),
dip;’
and the conclusion follows.

Theorem 1.37. [Mobius inversion formula] Let f be an arithmetic function
and let F be its summation function. Then

f =Y n@F (%)

d|n

Proof: We have

Y @F (5) =Y k@ | Y @] =2 | X n@se

dln din cly din cl%
=Y | Dou@r@ | =)D n@ | =rm,
cln \d|2 cln dt

since for 2 > 1 we have Zd|ﬂ, w(d) =0.
‘We have used the fact that

{(d,c)|d|nandc|?—i}:{(d,c)|c|nandd|§}. 0

Theorem 1.38.  Let f be an arithmetic function and let F' be its summation
function. If F is multiplicative, then so is f.
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Proof: Let m, n be positive integers such that gcd(m,n) = 1 and let d be a
divisor of mn. Then d = kh, where k | m, h | n, and gcd(k, h) = 1. Applying
the Mobius inversion formula it follows

Fommy =Y p@F (“) = Y ki P (%)
k|m

d|mn
hin
m n

= Mzm“(k)“(h)F (T)F (,;)

hin

m n

- () F (= (WF (-))

(T () (e
= fm) f(n). O

We leave it to the reader to show that functions 7, o, and ¢ are indeed mul-
tiplicative. We also encourage the reader to redevelop some properties of these
functions by the general results we developed in this section.

Linear Diophantine Equations

An equation of the form

ajxy+- -+ apxy = b, (%)
where a1, az, ..., a,, b are fixed integers, is called a linear Diophantine equa-
tion. We assume that n > 1 and that coefficients ay, ..., a, are all different from

Zero.
The main result concerning linear Diophantine equations is the following gen-
eralization of Theorem 1.7. (Bézout’s identity).

Theorem 1.39. The equation (x) is solvable if and only if
ged(ay, ..., an) | b.

In case of solvability, all integer solutions to (*) can be expressed in terms of n — 1
integral parameters.
Proof: Letd = gcd(ay, ..., a,).

If b is not divisible by d, then (%) is not solvable, since for any integers
X1, ..., Xy the left-hand side of (x) is divisible by d and the right-hand side is
not.

If d | b, then we obtain the equivalent equation

/! / /
ayx1+---+ax, =0,
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where a] = a;/d fori = 1,...,nand b’ = b/d. Clearly, we have gcd(ay, ...,
a,) = 1.

We use induction on the number n of the variables. In the case n = 1 the
equation has the form x; = b or —x; = b, and thus the unique solution does not
depend on any parameter.

We now assume that n > 2 and that the solvability property holds for all linear
equations in n — 1 variables. Our goal is to prove the solvability of equations in n
variables. Setd,_; = gcd(ay, ..., a,—1). Then any solution (x1, ..., x,) of (1)
satisfies the congruence

aix;+ayxo+---+apx, =b (modd,—y),

which is equivalent to

apxp =b  (mod dy_1). (T)
Multiplying both sides of () by aj @n=D=1 and taking into account that

aff(d"—') =1 (mod d,_1), we obtain

Xp =C (mod dn_l),

where ¢ = a,‘f(d”’l)_lb. It follows that x,, = ¢ + d,—1t,—1 for some integer f,_.

Substituting in (x) and rearranging yields the equation in (n — 1) variables
arxy +---+ap_1xp-1 = b — apc — ap_1dy_1ty—1.

It remains to show that d,,—1 | (b — ayc — ay—1d,—1t,—1), which is equivalent
to a,c = b (mod d,—1). The last relation is true because of the choice of c.
Therefore we can divide the last equation by d,,_1, and obtain

apxi+ -+ ay_xp—1 =0, M
where a] = a;/d,—1 fori =1,...,n —1and b’ = (b — a,c)/dp_1 — anty—1.
Because ged(aj, ..., a, ;) = 1, by the induction hypothesis the equation (¥) is

solvable for each integer f,_1 and its solutions can be written in terms of n — 2
integral parameters. If we add to these solutions x, = ¢ + d,—1t,—1, we obtain
solutions to () in terms of n — 1 parameters. O

Corollary 1.40. Let aj, a; be relatively prime integers. If (x(l), xg) is a solution
to the equation

aixy +axxy =b,
then all of its solutions are given by

X1 = x? + art,
Xy = xg —at,

for every integer 7.
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Example 1.38. Determine all triples (x, y, z) of integers satisfying the equation
3x +4y+5z=6.

Solution: We have 3x +4y =1 (mod 5); hence
3x +4y=1+45s

for some integer s. A solution to this equation is x = —1 4+ 3s, y = 1 — 5.
Applying Corollary 1.40, we obtain x = —1 +3s +4tand y = 1 — s — 3¢, for
some integer ¢, and substituting back into the original equation yields z = 1 — 5.
Hence all solutions are

(x,y,2) =(=14+3s+4t,1 —s — 31,1 —5),

for all pairs of integers s and ¢, g

Example 1.39. Let n be a positive integer. Suppose that there are 666 ordered
triples (x, y, z) of positive integers satisfying the equation

x+8y+8z=n.

Find the maximum value of n.

Solution: The answer is 303.

Write n = 8a + b, where a and b are integers with 0 < b < 8. Since
x = n = b (mod 8), the possible values of x are b,8 + b,...,8(a — 1) + b.
Forx =b+8i,where0 <i <a-—-1,8y+z2) =8a@—i)ory+z=a—1,
which admits @ — i — 1 ordered pairs (y, z) of positive integer solutions, namely,

(I,a—i—1),...,(a—1i—1,1). Hence there are
a—1 a—1
: . aa—1)
—i—1= e
Z(a ! ) Zl 2
i=0 i=0

ordered triples satisfying the conditions of the problem. Solving @ = 666
gives a = 37. Therefore, the maximum value for n is equal to 37 - 8 + 7 = 303,
obtained by setting b = 7. g

Numerical Systems

The fundamental result in this subsection is given by the following theorem:

Theorem 1.41. Let b be an integer greater than 1. For any integer n > 1 there
is a unique system (k, ag, a1, ..., ar) of integers such that 0 < a; < b — 1,
i=0,1,...,k a; #0, and

n =akbk+ak_1bk71 +---4+ai1b+ agp. (%)
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Proof: For the existence, we apply repeatedly the division algorithm:

n=qib+r, 0=<r <b-1;
qu=q@b+r, 0<rn=<b-1,

Gi—1 =qb+r, 0<r<b-1;

where g is the last nonzero quotient.
Let

go=n, ao=n—qb, ay =q1 —qb, ..., a1 = qr_1 — qib, ap = q.

Then
k ) k—1 ) k ) k )
Yoaib' =) (i — gD +abt =qo+ ) _aqib' =) qib' =qo=n.
i=0 i=0 i=1 i=1

For uniqueness, assume thatn = co +¢1b + - - - + ¢, b" is another such represen-
tation.
If h # k, for example h > k, then n > b > b**1. But

n=ay+ab+- --+abk <b—-1D)0A+b+--+b=p" -1 < prt

a contradiction.
If h =k, then

ag+arb + -+ axb* = co+cib+ -+ kb,
and so b | (ap — cp). On the other hand, |ag — co| < b; hence ag = cg, Therefore
ar+ah+ -+ aqb =ci + b4+ b

By repeating the above procedure, it follows that a; = c¢1, a = ¢2,..., and
ay = Ck. O

Relation (x) is called the base-b representation of n and is denoted by
n=agdi—1... a()(b)
The usual decimal representation corresponds to » = 10 and we write only
n = arag—1 .. .ao instead. (For example, 4567 = 4567 (10).)

Example 1.40. Let xy and yx be two 2-digit integers. Prove that their sum is
composite.

Proof: Since xy = 10x+y and yx = 10y +x, their sumisequalto 11x+11y =
11(x 4+ y), a composite number. O
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Example 1.41. [AHSME 1973] In the following equation, each of the letters
represents uniquely a different digit in base ten:

(YE) - (ME) =TTT.

Determine the sum £ + M + T + Y.

Solution: Because TTT = T-111 = T-3-37,one of Y E and M E is 37, implying
that £ = 7. But T is adigit and T -3 is a two-digit number ending with 7, and so it
followsthat 7 =9and T7TT =999 = 27-37,andso E+M~+T+Y = 2+3+74+9
=21. d

Example 1.42. [AIME 2001] Find the sum of all positive two-digit integers that
are divisible by each of their digits.

Solution: Let ab denote an integer with the required property. Then 10a + b
must be divisible by both a and b. It follows that b must be divisible by a, and
that 10a must be divisible by b. The former condition requires that b = ka for
some positive integer k, and the latter condition implies that k = 1 or k = 2 or
k = 5. Thus the requested two-digit numbers are 11,22, ...,99, 12, 24, 36, 48,
and 15. Their sumis 11-454 1210 + 15 = 630. d

Example 1.43. [AMCI12A 2002] Some sets of prime numbers, such as {7, 83,
421, 659}, use each of the nine nonzero digits exactly once. What is the smallest
possible sum such a set of primes can have?

Solution: The answer is 207.

Note that digits 4, 6, and 8 cannot appear in the units digit. Hence the sum is
atleast40 + 60 +80+1+4+2+3+ 5+ 7+ 9 = 207. On the other hand, this
value can be obtained with the set {2, 5, 7, 43, 61, 89}. O

Example 1.44. Write 1010112 in base 10, and write 1211 in base 3.
Solution: We have

10100110 =1-2°4+0-25+1-2*+0-2° +0-22 +1-2+41
=64+16+2+1=83.

Dividing by 3 successively, the remainders give the digits of the base-3 represen-
tation, beginning with the last. The first digit is the last nonzero quotient. We can
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arrange the computations as follows:

1211] 3
1209 403| 3
2 402134]3
1 132443
2 4214[3
21243
231
1

Hence 1211 = 11222123). O

Example 1.45. The product of seven and the six-digit number abcdef is equal
to the product of six and the six-digit number defabc. Find these two six-digit
numbers.

Solution: Let x and y denote the three-digit numbers abc and def, respectively.
Thenabcdef = 1000x+y and defabc = 1000y+x. By the given conditions, we
have 7(1000x+y) = 6(1000y-+x), or 6994x = 5993y. Since gcd (6994, 5993) =
gcd(5993, 1001) = gcd(1001, 13) = 13, we have 538x = 461y, and so the two
numbers are 461538 and 538461. g

Example 1.46. [AMCI12A 2005] A faulty car odometer proceeds from digit 3
to digit 5, always skipping the digit 4, regardless of position. For example, after
traveling one mile the odometer changed from 000039 to 000050. If the odometer
now reads 002005, how many miles has the car actually traveled?

Solution: Because the odometer uses only 9 digits, it records mileage in base-9
numerals, except that its digits 5, 6, 7, 8, and 9 represent the base-9 digits 4, 5, 6,
7, and 8. Therefore the mileage is

2004(9) =2-9° +4=2.729 + 4 = 1462. O

Example 1.47. Prove that the number 11... 19y in base 9 is triangular; that is,
it is the sum of the first k positive integers for some positive integer k.

Proof: Indeed

11...1 (9):9"714—9"72_}_...4_9_;’_1
——
nl’s

L9 =1 1 -1 341

9-1 2 2 2
3" -1
7

Thus it is a triangular number. O

= 1424+
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Example 1.48. Determine all positive integers n such that 11111, is a perfect
square.

Solution: The answer is n = 3.
We have 11111,y =n*+n3 +n%+n+ 1.
If n is even, then n” + 5 and n’+ 5 + 1 are two consecutive integers. We have

2
2 ﬁ)z _ 4, 3,

(n + > n +n + 7

<n*4+n¥+n’+n+1

( 210y 1)2
< (n" 4= .
2
Hence 11111, is not a perfect square for even positive integers n.
If n is odd, then n? + 5 — % and n” + 5+ % are integers. Clearly, we have

2
n 1
<n2+——§> <n4+n3+n2+n+l.

2
Note that
<n2+ﬁ+l>2:n4+n3+5—nz+z+l
272 4 274
=n4+n3+n2+n+1+nz_%+_3
=n4+n3+n2+n+1—{——(”_3)4(n+1).

For odd integers n greater than 3, 11111, is strictly between two consecutive
perfect squares, namely,

2 2
s n 1 s n o1
- — = d -+ .
(n —|—2 2) an <n +2+2>
Hence 11111, is not a perfect square for any positive integers other than 3. For
n=3,wehave 111113, = 121 = 112, O

In the last example, we showed that an integer is not a perfect square by plac-
ing the integer between two consecutive perfect squares. This method works be-
cause integers are discrete. Such methods will hardly work for real numbers,
since there are no holes in between real numbers. This is a very useful method in
solving Diophantine equations.

In certain numerical systems, the base does not have to be constant. Here are
two examples.
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Proposition 1.42. Every positive integer k£ has a unique factorial base expan-
sion

(15 2, f3o s ),

meaning that
k=1'-fi+2!- o +3- 34+ +m!- fu,

where each f; is an integer, 0 < f; < i, and f;,, > 0.

Proof: Note that there exists a unique positive integer m such that m! < k <
(m1 + 1)!. By the division algorithm, we can write

k:ml!fml +r

for some positive integer f,,, and some integer rq1 with 0 < r; < m;!. Because
k< (@m+1)! =m!. (m+1),it follows that f,,, < m. Repeating this process,
we can then write

ri =ma! fu, +12,

with my the unique positive integer with mp! < ry < (my + D!, 1 < f, < mo,
and 0 < rp < my!. Keeping this process on rp, and so on, we obtain a unique
factorial base expansion of k. g

Proposition 1.43. Let Fp =1, F; = 1, and F,,+1 = F, + F,— for every posi-
tive integer n. (This sequence is called the Fibonacci sequence, and its terms are
called Fibonacci numbers.) Each nonnegative integer n can be uniquely written
as a sum of nonconsecutive positive Fibonacci numbers; that is, each nonnegative
integer n can be written uniquely in the form

0
n= Z(xka,
k=0

where o € {0, 1} and (o, ax+1) # (1, 1) for each k. This expression for n is
called its Zeckendorf representation.

The proof of Proposition 1.43 is similar to that of Proposition 1.42, and we
leave the details to the reader.

Example 1.49. [AIME2 2000] Given that (f1, f2, f3,..., fj) is the factorial
base expansion of

16! — 32! 4 48! — 64! + - -- + 1968! — 1984! + 2000!,

find the value of fi — fa + f3 — fa +--- + (=1)/ 71 f;.
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Solution: Because (n + 1)! — n! =n!(n + 1) — n! = n!n, it follows that

(n + 16)! — n!
=416 —(n+ 15+ 0+ 15! — (n+ 1D+ - + (n + 1)! — n!
=415+ 15+ + 19!+ 14) + -+ (n+ Dn+ 1) +n'n.

This shows that the factorial base expansion of (n + 16)! — n!is
©,0,...,0,n,n+1,... ,n+ 14, n+ 15),

which begins with a block of n — 1 zeros. The factorial base expansion of 16! is
0,0,...,0, 1), so the requested expansion is

0,0,...,0;1;0,...,0;32,33,...,47,
0,...,0;64,...,79;...; 1984, ...,1999).

Notice that starting in position thirty-two, the expansion contains groups of six-
teen nonzero numbers alternating with groups of sixteen zeros. With the exception
of fi¢ = 1, each nonzero f; is i. Each of the 62 groups of sixteen nonzero num-
bers contributes 8 to the alternating sum, and f}¢ contributes —1, so the requested
value is 8 - 62 — 1 = 495. 0

Divisibility Criteria in the Decimal System

We will prove some divisibility criteria for integers in decimal representation.

Proposition 1.44. Letn = ajan_; ... ap be a positive integer.

(a) Lets(n) =ap+ a1 + - - - + ap denote the sum of its digits. Then n = s(n)
(mod 3). In particular, n is divisible by 3 if and only if the sum S(n) of its
digits is divisible by 3.

(b) We can replace 3 by 9 in (1); thatis, n = S(n) (mod 9). In particular, = is
divisible by 9 if and only if the sum S(n) of its digits is divisible by 9.

(c) Lets’(n) =ap—aj; +- -+ (= D"ay (alternating sum). Then n is divisible
by 11 if and only if s'(n) is divisible by 11.

(d) n is divisible by 7, 11, or 13 if and only if aja,_1 ... a3z — azaiap has this
property.

(e) n is divisible by 27 or 37 if and only if anaj—1 -..a3 + azajap has this
property.
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(f) n is divisible by 2¥ or 5% (k < h) if and only if @x_1 ... ao has this property.

Proof: For (a) and (b), since 105 = (9 + D)X, it follows that 10 = 1 (mod 9).
Hencen = Y 1_yax 10 = Y1, ax = S(n) (mod 9).
For (c), we note that 105 = (11 — 1)K. Hence 10¥ = (—=1)F (mod 11), and so

h h
n= Zaklok = Zak (=D¥=5'(n) (mod 11),
k=0

k=0

from which the conclusion follows.
For (d), the conclusion follows by the facts 1001 =7 - 11 - 13 and

n=apan_1 ...a3 - 1000 + axajag = apanp—1 ...a3 - (1001 — 1) + azajag.

For (e), the conclusion follows by the facts 999 = 27 - 37 and

n =apan_ ...a3 - 1000 + axarag = apap—1 ...a3z - (999 + 1) + azaiag.

For (f), we note that 10¥* = 0 (mod m) for m = 2¥ or m = 5. We have

n:ah...ak-lok—i—ak_l...ao,

from which the conclusion follows. O

Example 1.50. Perfect squares or not?

(1) Determine all positive integers k such that the k-digit number 11 ... 1 is not
a perfect square.

(2) Can a 5-digit number consisting only of distinct even digits be a perfect
square?

(3) Determine whether 20. . .04 is a perfect square.
—_————
2004

Solution: The answers are mostly negative for all these questions.

(1) Clearly, k = 1 works. We claim that there are no other answers. Since
11...1=11=3 (mod 4), 11...1 is not a perfect square. (Example 1.24
S—— ~——

k1s k1’s
3.

(2) The answer is no. If n is a 5-digit number consisting only of distinct even

digits, then the sum of its digits is equal to 0 + 2 + 4 4 6 + 8 = 20, which

is congruent to 2 modulo 9; hence it is not a perfect square. (Example
1.24 (4).)
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(3) The given number is not a perfect square because the sum of its digits is 6,
a multiple of 3 but not of 9. (Example 1.24 (4).) O

Example 1.51. [AIME 1984] The integer n is the smallest positive multiple of
15 such that every digit of # is either O or 8. Find n.

Solution: An integer n is divisible by 15 if and only if it is divisible by both 3
and 5. By Proposition 1.44 (a) and (f), the answer is n = 8880. O

Example 1.52. Determine the number of five-digit positive integers abcde
(a,b, c, d_, and e not necessarily distiict) such that the sum of the three-digit
number abc and the two-digit number de is divisible by 11.

Solution: The answer is 8181.
Note that

abede = abe x 100 + de = abe + de + 99 x abc.

Hence abc + de is divisible by 11 if and only if abcde is divisible by 11. Note
that 99990 is the greatest 5-digit number that is divisible by 11 and that 9999 is

the greatest 4-digit number that is divisible by 11. Hence there are w = 9090

1
multiples of 11 that have at most 5 digits, and there are % = 999 multiples of
11 that have at most 4 digits. Therefore, there are exactly 9090 — 999 = 8181

multiples of 11 that have exactly 5 digits. 0

Example 1.53. [USAMO 2003] Prove that for every positive integer n there
exists an n-digit number divisible by 5" all of whose digits are odd.

First Solution: We proceed by induction. The property is clearly true forn = 1.
Assume that N = aja; .. . a, is divisible by 5" and has only odd digits. Consider
the numbers

Ni=lajay...a, =1-10"+5"M =5"(1-2" + M),
Ny =3ajay...a, =3-10"+5"M =5"(3-2" + M),
N3 =5aiay...a, =5-10" +5"M =5"(5-2" + M),
Ny =Tayay...a, =7-10" +5"M =5"(7-2" + M),
Ns =9ajay...a, =9-10" +5"M =5"(9-2" + M).

The numbers 1 -2" + M,3-2" + M,5-2" + M,7-2" + M,9 - 2" + M give
distinct remainders when divided by 5. Otherwise, the difference of some two of
them would be a multiple of 5, which is impossible, because 2" is not a multiple
of 5, nor is the difference of any two of the numbers 1, 3, 5,7, 9. It follows that
one of the numbers Ny, N2, N3, N4, N5 is divisible by 5" - 5, and the induction is
complete. g



1. Foundations of Number Theory 49

Second Solution: For an m digit number a, where m > n, let £(a) denote the
m — n leftmost digits of a. (That is, we consider £(a) as an (m — n)-digit number.)
It is clear that we can choose a large odd number k such that ag = 5" - k has at
least n digits. Assume that ag has mq digits, where my > n. Note that ag is an
odd multiple of 5. Hence the units digit of ag is 5.

If the n rightmost digits of ag are all odd, then the number by = ag—£(ag)-10"
satisfies the conditions of the problem, because by has only odd digits (the same
as the n leftmost digits of ag) and that by is the difference of two multiples of 5”.

If there is an even digit among the n rightmost digits of ag, assume that i; is
the smallest positive integer such that the i1 th rightmost digit of ag is even. Then
the number a; = ag + 5" - 101 ~! is a multiple of 5" with at least n digits. The
(i — 1)th rightmost digit is the same as that of @¢ and the ith rightmost digit of
aj is odd. If the n rightmost digits of a; are all odd, then by = a; — £(ay) - 10"
satisfies the conditions of the problem. If there is an even digit among the n
rightmost digits of aj, assume that i» is the smallest positive integer such that the
i>th rightmost digit of a; is even. Then iy > ij. Seta; = a; +5" - 102~1, We can
repeat the above process of checking the rightmost digits of a, and eliminate the
rightmost even digits of a», if there is such a digit among the n rightmost digits of
ay. This process can be repeated at most n — 1 times because the units digit of ag
is 5. Thus, we can obtain a number ai, for some nonnegative integer k, such that
ay is a multiple of 5" with its n rightmost digits all odd. Then by = ax —£(ax)-10"
is a number that satisfies the conditions of the problem. g

We can replace the condition of odd digits by any collection of 5 digits that
forms a complete set of residue classes modulo 5. In exactly the same way, we
can show that for every positive integer n there exists an n-digit number divisible
by 2" all of whose digits form a complete set of residue classes modulo 5.

We close this section with some more discussion on S(n), the sum of the digits
of a positive integer 7.

Proposition 1.45. Let n be a positive integer, and let S(n) denote the sum of its
digits. Then

(@) 91S(n) —n;

() S(ny +n2) < S(ny) + S(ny) (subadditivity property);
(¢) S(ninz) < min(n1S(n2), n2Sn1));

(d) S(niny) < S(n1)S(n2) (submultiplicativity property).

Proof: Part (a) is simply Proposition 1.44 (b). Let us prove (b), (c), and (d).
Consider ny = axax—_i ...ag, np = bpbp_1...bg,and ny +nr = ¢sc5_1...co-
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In order to prove (b), we choose the least 7 such that a; +b; < 10foralli < ¢.
Then a; + by > 10; hence ¢; = a; + b, — 10 and ¢;41 < a;41 + by+1 + 1. We
obtain

1+1 t+1 t+1

ZC,’ < Zai +Zbi‘
i=1 i=1

i=1
Continuing this procedure, the conclusion follows.

Because of the symmetry, in order to prove (c) it suffices to prove that
S(niny) < n1S(my). The last inequality follows by applying the subadditivity
property (b) repeatedly. Indeed,

S(2nz) = S(nz +nz) < S(na) + S(n2) = 28(n2),
and after n steps we obtain
S(ming) = Sma+na+---+ny)
nj times
< S(m2) + Sm2) + -+ + S(n2) = n1S(n2).
ny times

To establish (d), we observe that by (b) and (c),
S(niny) =S (m Zb,»]Ol) =5 (anbilol)
i=0 i=0

h h h
<) Subil0) =) " S(mbi) < Y biS(n)
i=0

i=0 i=0

h
= S(n1) Y _bi = S(n1)S(na).

i=0
as desired. O

From the proof of Proposition 1.45, we note that it is very important to deal
with carryings in working with problems related to the sum of the digits.

Example 1.54. [Russia 1999] In the decimal expansion of 7, each digit (except
the first digit) is greater than the digit to its left. What is S(9n)?

Solution: Write n = agai_1 - - . ap. By performing the subtraction

ag ax—1 ... ayapg 0
- ap ... apajag

we find that the digits of 9n = 10n — n are
ag, ag—1 —ag, ..., ay —az, ap —a; — 1, 10 — ap.

These digits sum to 10 — 1 = 9. O
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Example 1.55. [Ireland 1996] Find a positive integer n such that S(n) =
19968 (3n).

Solution: Consider
n=133...35.
5986 3’s
Then
3n=400...05.
~———
5986 0’s
We have S(n) = 3-59864+1+5 = 17964 = 1996-9 = 1996S(n), as desired. [

Example 1.56. Determine whether there is any perfect square that ends in 10
distinct digits.

Solution: The answer is yes. We note that

X

UV (U
ke |k
— | ——

1
1
1
11
111
1111
1234321
Likewise, it is not difficult to see that

111111111112 = 12345678900987654321

is a number that satisfies the conditions of the problem. U

Example 1.57. [IMO 1976] When 44444+ is written in decimal notation, the
sum of its digits is A. Let B be the sum of the digits of A. Find the sum of the
digits of B.

Solution: The answer is 7.

Let a = 4444*44_ By our notation, we have A = S(a) and B = S(A), and
we want to compute S(B).

First we will show that the sum of the digits of B is fairly small. Note that
4444 < 10000 = 10*. Hence

@ = 44444444 _ [ohaddd _ (17776

and so a cannot have more than 17776 digits. Because each digit is at most a 9,
A = S(a) < 17776 - 9 = 159984. Of the natural numbers less than or equal to
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159984, the number with the largest digit sum is 99999, and so B = S(A) < 45.
Of the natural numbers less than or equal to 45, the number with the largest digit
sum is 39. Hence S(B) < 12.

By Proposition 1.45 (a), we have

S(B) =B =S(A) = A = S(a) =a = 4444%**  (mod 9).
It suffices to show that 4444** =7 (mod 9). Indeed, we have

AAA4MH = (4 4 4+ 4 4 4)MH = (e (L
=1-(-2)=7 (mod9). O

Floor Function

For a real number x there is a unique integer n such thatn < x < n + 1. We say
that n is the greatest integer less than or equal to x, or the floor of x. We write
n = |x]. The difference x — | x] is called the fractional part of x and is denoted
by {x}. The least integer greater than or equal to x is called the ceiling of x and
is denoted by [x7]. If x is an integer, then | x| = [x] and {x} = O; if x is not an
integer, then [x] = x| + 1.

We start with four (algebraic) examples to get familiar with these functions.

Example 1.58. [Australia 1999] Solve the following system of equations:
x + |ly] 4+ {z} = 200.0,

{x}+y+lz] =190.1,
Lx] + {y} +2z = 178.8.

Solution: Because x = |x] + {x} for all real numbers x, adding the three
equations gives

2x +2y 427 =568.9, or x-+y4z=28445.
Subtracting each of the three given equations from the last equation gives

{y) + lz] = 84.45,
[x] + {z} = 94.35,
{(x} + Ly] = 105.65.

Therefore 84 = [84.45] = ||z] + {¥}] = lzJ, and thus |z] = 84 and {y} =
0.45. In the same way we obtain |y| = 105, and so y = 105.45. Similarly,
x = 94.65 and z = 84.35. O
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Example 1.59. Determine the distinct numbers in the sequence
EEIS e
2005 |7 [ 2005 |7 77| 2005 |°
Solution: For 1 <i < 2005, let

i2
a; = .
2005

Because 442 = 1936 < 2005 < 2025 =45%, a4 =ap = -+ - = aaq = 0.
For integers m with m > 1002, since

(m+1?%  m>  2m+1 .
2005 2005 2005 ~

)

it follows that a,, < a,,+1. Hence, ajo02, a1003, - - - , @2005 take distinct values.
For positive integers m with m < 1002, since

(m+1*  m>  2m+1
2005 2005 2005

<1,

it follows that a,,+1 < a,;, + 1. Note that this sequence is clearly nondecreasing.
We conclude that all the integer values less than ajgg; have been taken.

Finally, we compute ajgoo1 = 499 and ajp02 = 500. Therefore, the answer of
the problem is 500 4+ 1004 = 1504 (namely, values O, 1, ..., 499, aio02, a1003,

Example 1.60. [ARML 2003] Find the positive integer n such that rll is closest

to {+/123456789).

Solution: As shown in the Example 1.56, we have

11111.11% = 123456765.4321 < 123456789
< 123456789.87654321 = 11111.11112.

Hence

1 1
Lv 123456789J = 11111 and T < 0.11 < {+~/123456789} < 0.1111 < 5 0

Example 1.61 [AIME 1997] Suppose that a is positive, {a~'} = {a?}, and
2 < a® < 3. Find the value of a'? — 144a~".
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Solution: Notice first that the given hypothesis implies that {a~'} = a~! (since
l <aand0 < a~ ! < 1)and {a?} = a® — 2. Hence a must satisfy the equation
a!'=a? -2 ora® —2a — 1 = 0. This factors as

(a+D@>—-a-1)=0,

whose only positive root is a = # Now use the relations a®> = a + 1 and
a® = 2a + 1 to calculate

a®=8a+5, a?=144a+89, and a'® =233a+ 144,

from which it follows that

13
_ 144
a2 - 144g7 ' = LT 933, 0
a

Note: By the relation a> = a + 1, we can show easily that a” = F,_1a + F,_»,
where {Fn}flo:0 is the Fibonacci sequence with Fyp = F; = l and F,,1 = F,, +
F,,_1 for every positive integer n. This is not surprising if we note that a> = a + 1
is the characteristic equation of the Fibonacci sequence. For more details on this,
the reader also can look at chapter five of [4].

Example 1.62. Find all real solutions to the equation
4x? —40[x| +51 = 0.
Solution: Note that
(2x —3)(2x — 17) = 4x? — 40x + 51 < 4x> —40|x] + 51 =0,

which gives % <x< % and 1 < |x] < 8. Then

_ JAO[x] - 51
S E—

so it is necessary to have

e L./ﬁom - SIJ

Testing | x| € {1, 2, 3, ..., 8} in this equation, we find that | x| can equal only 2,
6, 7, or 8. Thus the only solutions for x are @, v ;89, Y %29, and Y %69. A quick
check confirms that these values work. Il
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Proposition 1.46. 'We have the following properties for the floor and the ceiling
functions.

(a) If @ and b are integers with b > 0, and ¢q is the quotient and r is the
a

remainder when a is divided by b, theng = | 4 | and r = {4} - b.

(b) For any real number x and any integer n, |x +n] = |x]+nand [x +n] =
[x] 4+ n.

(c) If x is an integer, then |x| + |—x] = O0; if x is not an integer, |x| +
|l—x] = 1.

(d) The floor function is nondecreasing; that is, forx <y, |x] < |y].

(e) Lx + %J rounds x to its nearest integer.

® ]+l =lx+yl=lx]+ ]+ 1L
(g) lx]- ly] < |xy] for nonnegative real numbers x and y.

(h) For any positive real number x and any positive integer n the number of
positive multiples of n not exceeding x is Lﬂ

(i) For any real number x and any positive integer n,
L] | _ Lx J
n | Lnl’

Proof: The proofs of (a) to (d) are straightforward. We present only the proof of
(e) to (i).

For (e) note that if {x} < % then Lx + %J = |x], which is the integer closest
to x; if {x} > % then Lx + %J = [x7], which is the integer closest to x. This is a
very simple but useful trick in computer programming.

For (f), we write x = |x] + {x} and y = |y] + {y}. The desired result
reduces to

0<l{x}+{y} =1,

which is clear since 0 < {x}, {y} < 1.
For (g), we write again x = |x] 4+ {x}and y = |y]| 4+ {y}. Then |x], |y], {x},
{y} are all nonnegative. It is clear that

lxy] = [(lx] + {x}) (Ly] + {yD]
= [lx]ly] + xH{y} + LyJx} + xHy = 1x ] Ly].
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For (h), we consider all multiples 1-n,2-n, ..., k-n,wherek-n < x < (k+ 1)n.
That is, k < % < k + 1, and the conclusion follows.

Note that (i) follows immediately from (f), since the multiples of an integer n
are integers. O

Furthermore, we extend Proposition 1.46 (f) to the following.

Example 1.63. For real numbers x and y, prove that

[2x] 4+ [2y] = [x] + y] + lx + y].
Proof: Write x = |x] 4+ {x}and y = | y]| + {y}. Then

[2x] 4+ [2y] =21x] + [2{x}] + 2[y] + 12{y}]

and

lx +y] = L] + Ly] + Lx} + {}.
It suffices to show that

[2{x}] + [2{y}] = L{x} + (¥}

By symmetry, we may assume that {x} > {y}. Note that {x} is nonnegative. We
have

[2{x}] + [2{y}] = [2{x}] = L{x} + {¥}],

by Proposition 1.46 (e) (since 2{x} > {x} + {y}). O
Proposition 1.46 (e) also has different forms for special values of the variable.

Example 1.64. For a given positive integer n, show that

1 3 1
\‘\/E+§J—\‘n—z+§J.
Proof: Suppose that

1 3 1
\f/ﬁ_’_EJ:k and Ln—Z+EJ:m.

Then we have k < \/ﬁ—i—% < k+ 1,ork—% < Jn < k—i—%. Squaring both
sides of the last inequality gives

1 1
K —k+-< K +k+ .
+4_n< + +4
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Since n is an integer, we have —k+1<n<k®+k.

Likewise, we have m < ,/n — % + % < m + 1, implying that

m2 m + ! <n 3 <rr12—i-m—}—1
4 — 4 4’
Because 7 is an integer, we again have m2—m+1<n<m?+m.
Combining the above, we conclude that m = k, as desired. O

The graphs of the functions y = |x] and y = [x] are typical step functions.
Their unique properties allow us to describe some very special sequences.

Example 1.65. [AIME 1985] How many of the first 1000 positive integers can
be expressed in the form

[2x] + [4x] + [6x] + [8x],

where x is a real number?

Solution: Define the function
f(x) = [2x] + [4x] + [6x] + [8x],

and observe that if n is a positive integer, then f(x +n) = f(x) + 20n. In
particular, this means that if an integer k can be expressed in the form f(xg) for
some real number xo, then forn = 1,2, 3, ... one can express k + 20n similarly;
that is, k + 20n = f(xp) +20n = f(xo + n). In view of this, one may restrict
attention to determining which of the first 20 positive integers are generated by
f(x) as x ranges through the half-open interval (0, 1].

Next observe that as x increases, the value of f(x) changes only when either
2x,4x, 6x, or 8x attains an integral value, and that the change in f(x) is always
to a new, higher value. In the interval (0, 1] such changes occur precisely when x
is of the form m/n, where ] < m < n andn = 2,4, 6, or 8. There are 12 such
fractions; in increasing order they are

11113152357
8 6438 28 3 468
Therefore, only 12 of the first 20 positive integers can be represented in the desired

form. Since 1000 = 50-20, there are 50- 12 = 600 positive integers of the desired
form. -

Example 1.66. [Gauss] Let p and g be relatively prime integers. Prove that

LBJ%Q%...%W—DPJ: (p-Dig -1
q q q 2
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Solution: Since ged(p,g) =1, % is not an integer. By Proposition 1.46 (c), it

f()ll()W S that
lp (q l)p lp lp ]

for 1 <i < g — 1. Therefore,

(el o[22)
(e[ 52 12)

=(p-D@-D,
from which the desired result follows. O

We can also interpret the above result as the number of lattice points lying

inside the triangle bounded by the lines y = 0, x = p,and y = %. (A point in

the coordinate plane is a lattice point if it has integer coordinates.)

Example 1.67. The sequence
{an}?,il =1{2,3,5,6,7,8,10,...}

consists of all the positive integers that are not perfect squares. Prove that

an=n+{«/ﬁ+%J.

First Proof: We claim that
1| 1 1 2
ﬁ+§ <n+ ﬁ+§ < ﬁ+§ +1) . ©)
With our claim, it is clear that among the integers

1
1,2, ..., n+{ﬁ+§J,

2
there are exactly Lﬁ—}— %J perfect squares, namely, 12,22, ..., Lﬁ—i— %J .
Hence

n+Lﬁ+%J
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is the nth number in the sequence after all perfect squares have been deleted; that
is,

an=n+{«/ﬁ+%J.

Now we prove our claim. Note that /7 is either an integer or an irrational number.
Hence {,/n} # % We consider two cases.
In the first case, we assume that {/n} < 1. Setk = |/n]|. Thenk? < n <

2
(k—l—%) ,ork2<n<k2+k+%.Then

1
Vﬂ EJ — || =k,
and the inequality (}) becomes
K <n+k<k+D>=k+2k+1,

which is evident.
In the second case, we assume that {y/n} > %. Again, setk = |/n]. Then

2
(k+1) <n<@+D%ork® +k+ % <n <k +2k+ 1 Then

it 3| =il + 1=k

and the inequality (}) becomes
k+D%><n+k+1<k+2)?*=k>+ 4k +4,

which is also evident.
Combining the last two cases, we have shown that our claim is always true,
and our proof is complete. g

The second proof reveals the origin of this closed form of a,.

Second Proof: Consider the sequence
{bn}:ozl ={1,1;2,2,2,2;3,3,3,3,3,3; ... }.

‘We note that

a, — b, =n
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for all positive integers n. It is clear that there are are exactly (n 4 1) —n®> — 1 =
2n non-perfect squares strictly between two consecutive perfect squares n> and
(n 4+ 1)2. Tt suffices to show that

bn:Lﬁ+%J.

If b, = k, itis in the kth group and is preceded by at least k — 1 groups containing
244+ -.-42(k — 1) terms. Considering also the fact that there are n — 1 terms
before b,,, we conclude that

2444 20b— 1) <n—1.

Moreover, b, is the largest integer satisfying this inequality. Thus b, is the largest
integer satisfying the inequality b, (b, — 1) < n — 1; that is,

bn=L£J=L n—§+%J=Lﬁ+%J,

by Example 1.64. U

Theorem 1.47. [Beatty’s Theorem] Let o and 8 be two positive irrational real
numbers such that

1 1 1
E—FE— .
The sets
{an)hey = {la), 2], 3], ...} and {bu};2, = {LB]. 28], 38],...}

form a partition of the set of positive integers; that is, {a,};° | and {b,}>° , are

nonintersecting sets with their union equal to the set of all positive integers.

Proof: We first show that they are nonintersecting. We proceed indirectly by
assuming the contrary, that is, we assume that there are indices i and j such that
k=a; =bj = |ia] = [ jB]. Since both i and jB are irrational, it follows that

k<ioa<k+1, k< jB<k+1,

or
i 1 i j 1
<—-—<- and —— < - <>,
k+1 o &k k+1 Bk
Adding these two inequalities gives
i+ 1 1 i+

=1 ,
k+1 et Tk



1. Foundations of Number Theory 61

ork < i+ j < k+ 1, which is impossible. Hence our assumption was wrong and
these two sequences do not intersect.

We next prove that every positive integer appears in one of the two sequences.
We again approach indirectly by assuming that there is a positive integer k that
does not appear in these two sequences. It follows that there are indices i and j
such that

o<k, (+Da>=k+1, jB<k, (G+DB>k+1,

or
i I i+1 j 1 j4+1
- < =< and - < - <-——
ko k+1 kK B k+1
Adding the last two inequalities gives
i+j 1 1 i+j+2
<—-4-=1< —
k a B k+1

implying thati + j <kandk+1 <i+ j+2,andsoi+j <k <i+j+1,
which is again impossible. Hence our assumption was wrong and every positive
integer appears in exactly one of the two sequences. |

Example 1.68a. [USAMO 1981] For a positive number x, prove that
2x 3x nx
2e)  LBx) L - J

2+3

Lx] +

< lnx].

Indeed, we have a more general result. By Proposition 1.46 (f), Example 1.68a

is a special case of Example 1.68b by setting a; = —|ix].
Example 1.68b. [APMO 1999] Let ay, as, ... be a sequence of real numbers
satisfying

Gi+j = a +aj
foralli, j=1,2,....Prove that

+ 2480
a —_— —_— PR —_— a
T3 n =

for all positive integers n.

First Proof: We use strong induction. The base cases for n = 1 and 2 are trivial.
Now assume that the statement is true for n < k for some positive integer k > 2.
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That is,

ay =z ay,

a
ai +? > ay,

[7%) ak'
— — > .
a1+2+ +k_ak

Adding all the inequalities gives

a a
ka1+(k—1)72+~-~+7k2a1+a2+'~+ak.

Adding (a; + a2 + - - - 4 ai) to both sides of the last inequality yields

Ak

(k1) (@14 F 44 ) = @ +a) + @+ a) +-+ (@ +a)

> kag41.

Dividing both sides of the last inequality by (k + 1) gives

ar ar _ kagii
ay + 3 +- 4+ Kol
or
a ak | Ak+1
— N — >
a1+2+ +k+k+l_ak+1
This completes the induction and we are done. O

Second Proof: [By Andreas Kaseorg] We can extend the condition by induction
t0 Ay 4iy4-tiy < @i, + ai, + - -+ a;,. We apply a combinatorial argument.

A permutation is a change in position within a collection. More precisely, if
S is a set, then a permutation of S is a one-to-one function 7 that maps S onto

itself. If § = {x1, x2, ..., x,} is a finite set, then we may denote a permutation 7
of Sby (y1, ¥2, ..., ¥u), where yy = m(x). An ordered k-tuple (x;,, x;,, ..., Xi;)
is a k-cycle of m if 7 (x;,) = xi,, m(xi,) = Xi3, ..., and w(x;) = x1. Let S,

denote the set of permutations of n elements. For an element 7 in S,, define
f(, k) to be the number of k-cycles in 7. Clearly,

1- f(m,)+2: f(m@,2)+---+n- f(m,n) =n,

since both sides count the number of elements in the permutation 7. Note also that
D e s, J (7, k) is the total number of k-cycles in all permutations on n elements,
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whichis () (k — D!(n — k)! = "7 that is,

n!
> flrk) = ()k—l)'(n— =" (+)
k
TeS,
This is because

(a) we have ( ) ways to choose k elements as the elements of a k-cycle;

(b) we have (k — 1)! ways to form a k-cycle using the k chosen elements;

(c) we have (n —k)! ways to permute the n — k unchosen elements to complete
the permutation of all n elements.

Therefore, by (), we have

ar as ay
a+=+—++—
) 3 n

=— Z LfGr, Dar + f(m, 2az + -+ + f(, n)ay]

! neS,l

2 — Z Qal. £ (m, )42 f (7,2)+-4n-f (7w,n)
! rreSn

= — Z ap = dap,
! TES,

because there are exactly n! elements in S, (since there are n! permutations of n
elements). Il

As shown in Examples 1.68a and 1.68b, many interesting and challenging
problems related to the floor and ceiling functions have close ties to their special
functional properties. We leave most of them to the sequel of this book: 705
Diophantine Equations and Integer Function Problems. We close this section by
introducing the well-known Hermite identity.

Proposition 1.48. [Hermite Identity] Let x be a real number, and let n be a
positive integer. Then

1 2 n—1
LxJ—i—\fc—i——J—i—Lx+—J+~-+\j€+—J=LnxJ.
n n n

Proof: If x is an integer, then the result is clearly true. We assume that x is not
an integer; that is, 0 < {x} < 1. Then there exists 1 <i <n — 1 such that

- .
D+ <1 and {x}+L>1, (%)
n n
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that is,

(k)

By (x), we have

and

and so

1 2 n—1
LxJ+{x+—J+{x+—J+m+{x+ J
n n n

=ilx]+(m—=)(x]+ 1) =nlx]+n-—i.

On the other hand, by (), we obtain
nx|+n—i<nlx]+n{x}=nx <n|x]|+n—i+1,
implying that |nx] =n|x] +n —1i.
Combining the above observations, we have
1 2 n—1 .
x]+|x+—-|+|x+—-|+ - F|x+——|=nlx]+n—i
n n n
= |nx]. O

Example 1.69. [AIME 1991] Suppose that r is a real number for which

SR Y O T I I
r - r _ r _— = .
100 100 100

Find [ 100r].

Solution: The given sum has 91 — 19 4+ 1 = 73 terms, each of which equals
either |r] or |[r] + 1. But 73 -7 < 546 < 73 - 8, and so it follows that | x| = 7.
Because 546 = 73 -7+ 35, the first 38 terms take the value 7 and the last 35 terms
take the value 8; that is,

+ 56 7 and + >7 8
r+—1|= — | =8.
100 "7 100

It follows that 7.43 < r < 7.44 and hence that | 100r | = 743. O
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Example 1.70. [IMO 1968] Let x be a real number. Prove that

0| x 42k
lejﬂxi-

Solution: Setting n = 2 in Hermite’s identity gives

x) + P%J — 12x),

or
]
x+_ —LZxJ_l_x'

Repeatedly applying the last identity gives

N e B o P RO M (E I P R

as desired. O

Legendre’s Function

We use Proposition 1.46 (h) to develop some interesting results.

Let p be a prime. For any positive integer n, let e, (1) be the exponent of p in
the prime factorization of n!. The arithmetic function e, is called the Legendre
function associated with the prime p.

The following result gives a formula for the computation of e, (n).

Proposition 1.49. [Legendre’s Formula] For any prime p and any positive inte-

ger n,
Z n n n n
i = i>1 {;J N \;;J " \;FJ * \;FJ R

We note that this sum is a finite one, because for large m, n < pm'H and

5

m= Lln—"J It suffices to show that

Inp
e(n)—FJﬂiJerﬂiJ
P e p? Pl

;:HJ = 0. Let m be the least positive integer such that n < p™*!; that is,
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We present two closely related proofs. The first is written in the language of
number theory, the second in the language of combinatorics.

First Proof: For n < p itis clear that e,(n) = 0. If n > p, then in order
to determine e, (n) we need to consider only the multiples of p in the product

n! = 1-2-..n; thatis, (1-p)Q2- p)---(kp) = pFk!, where k = LEJ by
Proposition 1.46 (h). Hence

ep(n) = {%J +ep Q%D .

Replacing n by L%J and taking into account Proposition 1.46 (i), we obtain

o (12 =] B e (| B2)) = o2

Continuing this procedure we get

()= (5]
o)) = Lol ee () = L)

Summing up the relations above yields the desired result. g

Second Proof: For each positive integer i, define #; such that p' ||i. Because p is
prime, we have p' T2t ¥ \nl ort = t,) = t; +1, +- - - +1,. On the other hand,

LﬁJ counts all multiples of p¥ that are less than or equal to n exactly once. Thus

the number i = p’ - a (with a and p relatively prime) is counted #; times in the

S LRl

namely, in the terms L%J L%J Lﬁj Therefore, for each 1 < i < n, the

number i contributes #; in both

L] L
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and

h+n+---+1,.

n n n
ST 11 W A
p p p

In a more formal language, consider the matrix M = (x; ;) with m rows and n
columns, where m is the smallest integer such that p” > n. We define

Hence

o | Lif p' divides j,
"/ 71 0 otherwise.

Then the number of 1’s in the jth column of the matrix M is ¢;, implying that the
column sums of M are t1, to, ..., t,. Hence the sum of all of the entries in M is ¢.
On the other hand, the 1’s in the ith row denote the numbers that are multiples of

p'. Consequently, the sum of the entries in the ith row is L%J Thus the sum of

=[]

as desired. O

the entries in M is also ) 7. L%J It follows that

Example 1.71. Let s and ¢ be positive integers such that
7°11400! and 3'[((3DHN!.

Compute s + ¢.

Solution: The answer is 422.
Note that (3D)!)! = (6!)! = 720!. Applying Legendre’s formula, we have

400 400 400
s=er(400) = | —= |+ | - |+ | o5 [=5T+8+1=066

720 720 720 720 720
e = | 2 | 54 [ 50+ [ 52+ [ 5

=240+ 80+ 26 + 8 + 2 = 356,

and

and so s +t = 356 + 66 = 422. O
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Example 1.72. The decimal representation of 2005! ends in m zeros. Find m.

Solution: It is equivalent to compute m such that 10™(2005!. Since 10" =
25" we have m = min{e;(2005!), e5(2005!)}. Because 2 < 5, we have

2005 2005 2005 2005
m=e5(2005!)=L 5 J~|—{ 25 J+L125J+{625J=500.

The answer is 500. O

Example 1.73. [HMMT 2003] Find the smallest n such that n! ends in 290
Zeros.

Solution: As shown in the solution of Example 1.72, we need to find the smallest
n such that

o= = 2] ]+ 5]+

which is roughly a geometric series (by taking away the floor function) whose

sum is represented approximately by % Solving

w|s

290 ~

l 9
5
we estimate n = 1160, and this gives us e5(1160) = 288. Adding 10 to the value

of n = 1160 gives the necessary two additional factors of 5 (from 1165 and 1170),
and so the answer is 1170. Il

Example 1.74. Let m and n be positive integers. Prove that
(1) m!- (n)™ divides (mn)!.
2) m!n!(m + n)! divides 2m)!(2n)!.

Proof: We present a common technique in this proof.

(1) Let p be a prime. Let x and y be nonnegative integers such that p*|m! -
(n"H™ and p”||(mn)!. It suffices to show that x < y. Note that x = e, (m)+
P
mep(n) and y = e, (mn). It suffices to show that

> | |= | ]3| 5]

If p > n, then the second summand on the right-hand side is 0 and the
inequality is clearly true. We assume that p < n. Let s be the positive
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integer such that p* < n < p°*!. By Proposition 1.46 (g), we have

NI IS

i=1 i=1

-[F 25
P Lv’ ; plLp’
| n | m
=252 lF ]
o LP imLp
as desired.
(2) The proof is very similar to that of (1). We leave it to the reader. U

Note: It is also to find combinatorial proofs for these facts. For example, there
are

(mn)!

m!(n!)m
ways to split mn people into m groups of n, implying (1).
Example 1.75. Let k and n be positive integers. Prove that

(k!)k"+k”’l+-'-+k+1 | (kn+1)!.

Proof: For every i with 0 < i < n, setting (n, m) = (k, k') in Example 1.74 (1)
gives

UKL KUEDE G2, GO)WEDE T3, L EDIEDE | R
Multiplying this together gives
KU 3T - - - (YUK g2 31y - (e,

from which the desired result follows. O

Example 1.76. Letn > 2 be a composite number. Prove that not all of the terms

in the sequence
n n n
1)°\2) " \n—1

are divisible by n.
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Proof: Let p be a prime divisor of n, and let s be the integer such that p* < n <
p* 1. We show that

0 (n) B n!
) () —pH

Since p | n, it suffices to show that p { (1’;). Suppose that p¥|| (;’S). Then
k= ep(n) — €p(PS) —ep(n— ).
It suffices to show that k = 0. By Legendre’s formula, we have

I B

i~ =& - i>1 - i

> - i>1 -
5 n k

-3 |52

‘| n

-3 |5]-x

==
AAN

N
|
-

S
|
hS]
5
| I

_ i=1 L
LY i=1 L

5
=T
|
-
[
5

S
SEE
i—1 P

n

i

- i=1 LP i=
i

.
since U}—J are integers foreach 1 <i <. O

Legendre’s formula is a great tool in combinatorial number theory. It helps to
establish two important theorems of Lucas and Kummer. We will discuss them in
detail in the sequel to this book — 107 Combinatorial Number Theory Problems.
The reader can also look at chapter three of [4].

Fermat Numbers

Trying to find all primes of the form 2" 4 1, Fermat noticed that m must be a
power of 2. Indeed, if m were equal to k - & with k an odd integer greater than 1,
then

" +1=@" +1=@" + D 2R g,

and so 2" + 1 would not be a prime.
The integers f, = 2" + 1, n > 0, are called Fermat numbers. We have

fo=3, fi=5 fr=17, f3 =257, fs = 65537, and f5s = 4294967297.

After checking that these five numbers are primes, Fermat conjectured that f;, is a
prime for all n. But Euler proved that 641 | f5. His argument was the following:

fs=224+1=285"+2H - (5-2")  +1 =22 .641 — (640* — 1)
= 641(2%8 — 639(640% + 1)).
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It is still unknown whether there are infinitely many prime Fermat numbers (Fer-
mat primes). The answer to this question is important because Gauss proved
that a regular polygon Q1 Q> ... Q, can be constructed using a straightedge and
compass if and only if n = 2" pg - - pr, where k > 0, po = 1, and p1, ..., px
are distinct Fermat primes. Gauss was the first to construct such a polygon for
n = 17. It is also unknown whether there are infinitely many composite Fermat
numbers. (Well, the good thing is that the answer to one of these two questions
must be positive =)

Example 1.77. For positive integers m and n with m > n, f, divides f,,, — 2.

Proof: By repeatedly applying the difference of squares formula a?> — b> =
(a — b)(a + b), it is not difficult to show that

fm -2= fm—lfm—Z"'flan

from which the desired result follows. Il

Example 1.78. For distinct positive integers m and n, f;, and f, are relatively
prime.

Proof: By the first example, we have ged( fy,,, fn) = ged(fy, 2) = 1. g
This result also is a special case of Example 1.22.

Example 1.79. Prove that for all positive integers n, f, divides 2/» — 2.
Proof: We have

n . 22’1771
2/”»1—2:2(222 —1):2[(22) —1]

Clearly, 22" is even. Note that for an even positive integer 2m, x2" — 1 is

divisible by x + 1. Hence x + 1 divides xzznﬂl — 1. Setting x = 2%" leads to the
desired conclusion. O

The result in Example 1.79 shows that 2/» = 2 (mod f,), which gives an-
other counterexample to the converse of Fermat’s little theorem. That is, 25 =2
(mod f5) but fs is not a prime.

Mersenne Numbers

The integers M,, = 2" — 1, n > 1, are called Mersenne numbers. It is clear
that if n is composite, then so is M,,. Hence M is a prime only if & is a prime.
Moreover, if n = ab, where a and b are integers greater than 1, then M, and M,
both divide M,,. But there are primes n for which M,, is composite. For example,
47 | Mp3, 167 | Mg3, 263 | M3, and so on.
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Theorem 1.50. Let p be an odd prime and let g be a prime divisor of M,. Then
q = 2kp + 1 for some positive integer k.

Proof: From the congruence 2” =1 (mod ¢) and from the fact that p is a prime,
by Proposition 1.30, it follows that p is the least positive integer satisfying this

property. By using Fermat’s little theorem, we have 297! = 1 (mod ¢), hence
p | (g—1), by Proposition 1.30 again. But ¢ — 1 is an even integer, sog — 1 = 2kp
and the conclusion follows. |

Perfect Numbers

An integer n > 2 is called perfect if the sum of its divisors is equal to 2n; that
is, o(n) = 2n. For example, the numbers 6, 28, 496 are perfect. The perfect
numbers are closely related to Mersenne numbers. We first introduce a famous
result on even perfect numbers. The “if”” part belongs to Euclid and the “only if”
part is due to Euler.

Theorem 1.51. An even positive integer n is perfect if and only if n = 25~1 M,
for some positive integer k for which My is a prime.

Proof: First we show the “if” part. Assume that n = 2]‘_1(2" — 1), where
M; = 2% — 1 is prime. Because ged(2¥~!,2F — 1) = 1 and the fact that o is a
multiplicative function, it follows that

om) =02 NHo@*—1)=02"-1).2F =2m;

that is, n is perfect.

Second we show the “only if” part. Assume that » is an even perfect number.
Letn = 2'u, where t > 0 and u is odd. Because n is perfect, we have o (n) = 2n;
hence o (2'u) = 2!*'u. Using again that o is multiplicative, we get

2y =0 2u) = o (2o ) = ' = Do ().

Because ged(2/t! —1, 2!*1) = 1, it follows that 2/ *! | o (u); hence o (1) = 2/ T1v
for some positive integer v. We obtain u = (2't! — 1)v.
The next step is to show that v = 1. Assume to the contrary that v > 1. Then

o(u)>14v +2F 14 1)(2"H —DH=w+ 1)2H'1 >v- 2t = o(u),

a contradiction. We get v = 1, hence u = 2'T! — 1 = M, and o (u) = 2/t
If M,y is not a prime, then o (u) > 2!+1 which is impossible. Finally, n =
25=1My, where k =t + 1. O

Since M is a prime only if & is a prime, we can reword Theorem 1.51 as
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An even positive integer n is perfect if and only if n = 25~ My for
some prime p for which M, is a prime.

Theorem 1.51 sets up a one-to-one correspondence between the prime Mer-
senne numbers and the even perfect numbers. The following are two simple re-
sults related to odd perfect numbers.

Theorem 1.52. If n is an odd perfect number, then the prime factorization of n
is of the form

2by 2by 2b
n=pq;'q " q ",

where both a and p are congruent to 1 modulo 4 and ¢ > 2.
Proof: Let

n=plip... pi
be the canonical prime factorization of n. Since n is perfect, we have
k
[T+ pi+ o+ P =200 95 P
i=1
Since n is odd, there is exactly one i, | <i < k, such that
l+pi+pf+-+pf=2 (mod4).

Then a; must be odd. Write a; = 2x + 1 for some integer x. Since pi2 =1
(mod 4), we can rewrite the above congruence equation as (x + 1)(p; + 1) = 2
(mod 4), implying that p; = 1 (mod 4) and x is even, and so @; = 1 (mod 4).
For j #i with 1 < j < k, we have
L+ pj+pi+-+p =1 (mod?2),
and so j must be even. It follows that
2by 2b 2b,
”:paql 1‘]2 Poegr
where both a and p are congruent to 1 modulo 4.
It remains to show that > 2. Assume to the contrary that t = 1. We have

A+p+p +-+pDU+qg+q +-+p3") =2p'g”,

or
pa+1_1.q2b+l_l:2paq2b
p—1 q-1 '
It follows that
1 1
Z_P—ﬁ B p q <5 3 15
p—1 g—1 "~ p—1 g—1—"4 2 8’

which is not true. Hence our assumption was wrong and ¢ > 2. g
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In 1980, Hagis proved that r > 7 and n > 10%°. The existence of odd perfect
numbers still remains one of the most challenging problems in number theory.
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Introductory Problems

1. Let 1,4, ... and 9, 16, ... be two arithmetic progressions. The set S is the
union of the first 2004 terms of each sequence. How many distinct numbers
are in S?

2. Given a sequence of six strictly increasing positive integers such that each
number (besides the first) is a multiple of the one before it and the sum of
all six numbers is 79, what is the largest number in the sequence?

3. What is the largest positive integer n for which n3 + 100 is divisible by
n+10?

4. Those irreducible fractions!

(1) Let n be an integer greater than 2. Prove that among the fractions

1 2 n—1

nn 7 on
an even number are irreducible.
(2) Show that the fraction
12n +1
30n + 2

is irreducible for all positive integers 7.

5. A positive integer is written on each face of a cube. Each vertex is then
assigned the product of the numbers written on the three faces intersecting
the vertex. The sum of the numbers assigned to all the vertices is equal to
1001. Find the sum of the numbers written on the faces of the cube.
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10.

11.

12.

13.

104 Number Theory Problems

Call a number prime looking if it is composite but not divisible by 2, 3, or
5. The three smallest prime-looking numbers are 49, 77, and 91. There are
168 prime numbers less than 1000. How many prime-looking numbers are
there less than 1000?

A positive integer k greater than 1 is given. Prove that there exist a prime
p and a strictly increasing sequence of positive integers ag, az, ..., dy, . ..
such that the terms of the sequence

p+kay,p+kay,....,p+ka,,...

are all primes.

. Given a positive integer n, let p(n) be the product of the nonzero digits of

n. (If n has only one digit, then p(n) is equal to that digit.) Let
S=p)+p2)+---+ p999).

What is the largest prime factor of S?

Let m and n be positive integers such that

lem(m, n) 4+ ged(m, n) = m + n.
Prove that one of the two numbers is divisible by the other.
Let n = 23131, How many positive integer divisors of n* are less than n
but do not divide n?
Show that for any positive integers a and b, the number

(36a + b)(a + 36b)

cannot be a power of 2.

Compute the sum of the greatest odd divisor of each of the numbers 2006,
2007, ...,4012.

Compute the sum of all numbers of the form a/b, where a and b are rela-
tively prime positive divisors of 27000.
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14. L.C.M of three numbers.

15

16

17

18

19

20

21

22

77

(1) Find the number of ordered triples (a, b, ¢) of positive integers for
which lcm(a, b) = 1000, Iem(b, ¢) = 2000, and lcm(c, a) = 2000.

(2) Leta, b, and c be integers. Prove that

Iem(a, b, c)2

gcd(a, b, c)2

Iecm(a, b) lem(b, ¢) Icm(c, a) - gcd(a, b) ged(b, ¢) ged(c, a)’

. Let x, y, z be positive integers such that

1

o1
x I

y

Let i be the greatest common divisor of x, y, z.
h(y — x) are perfect squares.

Prove that hxyz and

. Let p be a prime of the form 3k + 2 that divides a® + ab + b* for some
integers a and b. Prove that a and b are both divisible by p.

. The number 27000001 has exactly four prime factors. Find their sum.

. Find all positive integers n for which n! + 5 is a perfect cube.

. Find all primes p such that the number p? + 11 has exactly six different
divisors (including 1 and the number itself).

. Call a positive integer N a 7-10 double if the digits of the base-7 represen-
tation of N form a base-10 number that is twice N. For example, 51 is a
7-10 double because its base-7 representation is 102. What is the largest

7-10 double?

. Ifa = b (mod n), show that " = b" (mod n?). Is the converse true?

. Let p be aprime, and let 1 < k < p — 1 be an integer. Prove that

(

p—1
k

) = (—=DF (mod p).
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23.

24.

25.

26.

217.

28.

29.

30.

31.

32.
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Let p be a prime. Show that there are infinitely many positive integers n
such that p divides 2" — n.

Let n be an integer greater than three. Prove that 1! 4+ 2! 4 - - - 4+ n! cannot
be a perfect power.

Let k be an odd positive integer. Prove that
(A+2+-+n) | (F 425+ 4 nb)

for all positive integers #n.

Let p be a prime greater than 5. Prove that p —4 cannot be the fourth power
of an integer.

For a positive integer n, prove that

oc()+0@2)+---+on) <n’

Determine all finite nonempty sets S of positive integers satisfying
i+ j
ged(, j)
is an element of § for all i and j (not necessarily distinct) in S.

Knowing that 2% is a nine-digit number all of whose digits are distinct,

without computing the actual number determine which of the ten digits is
missing. Justify your answer.

Prove that for any integer n greater than 1, the number n° + n* + 1 is
composite.

The product of a few primes is ten times as much as the sum of the primes.
What are these (not necessarily distinct) primes?

A 10-digit number is said to be interesting if its digits are all distinct and it
is a multiple of 11111. How many interesting integers are there?



33.

34.

35.

36.

37.

38.
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Do there exist 19 distinct positive integers that add up to 1999 and have the
same sum of digits?

Find all prime numbers p and ¢ such that pg divides the product
(57 —2P) (51 —29).

Prove that there are infinitely many numbers not containing the digit O that
are divisible by the sum of their digits.

Prove that any number consisting of 2" identical digits has at least n distinct
prime factors.

Let a and b be two relatively prime positive integers, and consider the arith-
metic progressiona,a + b,a +2b,a + 3b, .. ..

(1) Prove that there are infinitely many terms in the arithmetic progression
that have the same prime divisors.

(2) Prove that there are infinitely many pairwise relatively prime terms in
the arithmetic progression.

Let n be a positive integer.

(1) Evaluate gcd(n!+ 1, (n + 1)! +1).
(2) Leta and b be positive integers. Prove that

ged(n® —1,n? — 1) = p&d@b _ g,

(3) Leta and b be positive integers. Prove that gcd(n+ 1, n? +1) divides
ngcd(a,b) +1.

(4) Let m be a positive integer with gcd(m, n) = 1. Express
ged(5" + 7", 5" + 7

in terms of m and n.
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39. Bases? What bases?

(1) Determine whether it is possible to find a cube and a plane such
that the distances from the vertices of the cube to the plane are 0, 1,
2,...,7.

(2) The increasing sequence 1, 3,4, 9, 10, 12, 13, ... consists of all those
positive integers that are powers of 3 or sums of distinct powers of 3.
Find the 100th term of this sequence (where 1 is the 1st term, 3 is the
2nd term, and so on).

40. Fractions in modular arithmetic.

(1) Let a be the integer such that

1+1+1+ 1 a
23 23 231

Compute the remainder when a is divided by 13.

(2) Let p > 3 be a prime, and let m and n be relatively prime integers
such that
m 1 1 1

e
n 12 22 (p—1)2

Prove that m is divisible by p.
(3) Let p > 3 be a prime. Prove that Let p > 3 be a prime. Prove that

) 1 1
plp-DT+-+-+——].
2 p—1

41. Find all pairs (x, y) of nonnegative integers such that x> + 3y and y? + 3x
are simultaneously perfect squares.

42. First digit? Not the last digit? Are your sure?

(1) Given that 229%* is a 604-digit number with leading digit 1, determine
the number of elements in the set

{20’ 21, 22’ o 22003}

with leading digit 4.

(2) Let k be a positive integer and let n = n(k) be a positive integer such
that in decimal representation 2" and 5" begin with the same k digits.
What are these digits?



2. Introductory Problems 81

43. What are those missing digits?

(1) Determine the respective last digit (unit digit) of the numbers

;

77

3100171002131003 and 77
1001 7’s

(2) Determine the last three digits of the number
20032002
(3) The binomial coefficient (J5) is a 21-digit number:
107,196,674,080,761,936,xyz.

Find the three-digit number xyz.

(4) Find the smallest positive integer whose cube ends in 888.
44. Let p > 3 be a prime, and let
{a1,az,...,ap—1} and {by1,b2,....bp_1}
be two sets of complete residue classes modulo p. Prove that

{a1b1, azba, ..., ap_1bp_1}

is not a complete set of residue classes modulo p.

45. Let p > 3 be a prime. Determine whether there exists a permutation
(ar,az,...,ap_1)

of (1,2, ..., p—1) such that the sequence {iai}fgll contains p — 2 distinct
congruence classes modulo p.

46. Prove that any positive integer less than n! can be represented as a sum of
no more than n positive integer divisors of n!.

47. Letn > 1 be an odd integer. Prove that n does not divide 3" + 1.
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Let a and b be positive integers. Prove that the number of solutions (x, y, z)
in nonnegative integers to the equation ax + by + z = ab is

%[(a + D(® + 1) + ged(a, b) + 11.

Order! Order, please!

et p be an o rime, and let g and r be primes such that p divides
() L b dd pri dl d r be pri h th divid
g" + 1. Prove that either 2r | p — 1 or p | g — 1.

(2) Leta > 1 and n be given positive integers. If p is a prime divisor of
a% + 1, prove that p — 1 is divisible by 2"+

Prove that

(n—1)!
nn+1)
is even for every positive integer n.

Determine all the positive integers m each of which satisfies the following
property: there exists a unique positive integer n such that there exist rect-
angles that can be divided into n congruent squares and also into n + m
congruent squares.

Determine all positive integers 7 such that n has a multiple whose digits are
nonzero.
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Advanced Problems

(a) Prove that the sum of the squares of 3, 4, 5, or 6 consecutive integers
is not a perfect square.

(b) Give an example of 11 consecutive positive integers the sum of whose
squares is a perfect square.

. Let S(x) be the sum of the digits of the positive integer x in its decimal

representation.
(a) ?rove that for every positive integer x, % < 5. Can this bound be
improved?
(b) Prove that % is not bounded.

. Most positive integers can be expressed as a sum of two or more consecu-

tive positive integers. For example, 24 = 74+ 8 + 9 and 51 = 25 +26. A
positive integer that cannot be expressed as a sum of two or more consec-
utive positive integers is therefore inferesting. What are all the interesting
integers?

. Set § = {105,106, ...,210}. Determine the minimum value of n such

that any n-element subset 7 of S contains at least two non-relatively prime
elements.

. The number

99...99
~——

1997 9’s
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is written on a blackboard. Each minute, one number written on the black-
board is factored into two factors and erased, each factor is (independently)
increased or diminished by 2, and the resulting two numbers are written. Is
it possible that at some point (after the first minute) all of the numbers on
the blackboard equal 9?

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.

A heap of balls consists of one thousand 10-gram balls and one thousand
9.9-gram balls. We wish to pick out two heaps of balls with equal numbers
of balls in them but different total weights. What is the minimal number of
weighings needed to do this? (The balance scale reports the weight of the
objects in the left pan minus the weight of the objects in the right pan.)

We are given three integers a, b, and ¢ such thata, b,c,a+b—c,a+c—>b,
b+ c —a,and a + b + ¢ are seven distinct primes. Let d be the difference
between the largest and smallest of these seven primes. Suppose that 800 is
an element in the set {a+b, b+c, c+a}. Determine the maximum possible
value of d.

Prove that the sum

1 1
m—+1 m-+n

1
S(m,n) = —+
m

is not an integer for any given positive integers m and n.

For all positive integers m > n, prove that

2mn
Iem(m, n) +Ilem(m + 1, n + 1) >

nm—n

Prove that each nonnegative integer can be represented in the form
a® + b* — ¢?, where a, b, and ¢ are positive integers witha < b < c.

Determine whether there exists a sequence of strictly increasing positive
integers {ax )2, such that the sequence {ax + a}7>; contains only finitely
many primes for all integers a.
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Prove that for different choices of signs + and — the expression
+1£24+3+---£@n+1)

yields all odd positive integers less than or equal to (2n 4 1)(4n + 1).

Let a and b be relatively prime positive integers. Show that
ax+by=n

has nonnegative integer solutions (x, y) for all integers n > ab —a — b.
Whatifn =ab —a — b?

The sides of a triangle have integer lengths k, m, and n. Assume that k >

m > n and
3k 3m 3n
o111

Determine the minimum value of the perimeter of the triangle.

Consider the following two-person game. A number of pebbles are lying
on a table. Two players make their moves alternately. A move consists
in taking off the table x pebbles, where x is the square of any positive
integer. The player who is unable to make a move loses. Prove that there
are infinitely many initial situations in which the player who goes second
has a winning strategy?

Prove that the sequence 1, 11, 111, ... contains an infinite subsequence
whose terms are pairwise relatively prime.

Let m and n be integers greater than 1 such that gcd(m,n — 1) =
gcd(m, n) = 1. Prove that the first m — 1 terms of the sequence ny, ns, ...,
where ny = mn + 1 and ng41 = n - ng + 1, kK > 1, cannot all be primes.

Find all positive integers m such that the fourth power of the number of
positive divisors of m equals m.
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(1) Show that it is possible to choose one number out of any 39 consecu-
tive positive integers having the sum of its digits divisible by 11.

(2) Find the first 38 consecutive positive integers none of which has the
sum of its digits divisible by 11.

Find the largest integer n such that n is divisible by all positive integers less

than J/n.

Show that for any fixed positive integer n, the sequence

2
2,22 22,27 ... (mod n)
is eventually constant. (The tower of exponents is defined by a; = 2 and

aj4+1 = 2% for every positive integer i.)

Prove that forn > 5, f, + f,—1 — 1 has at least n + 1 prime factors, where
fo=2%+1.

Prove that any integer can be written as the sum of the cubes of five integers,
not necessarily distinct.

Integer or fractional parts?
(1) Find all real numbers x such that
x|x|x[x]]] = 88.
(2) Show that the equation
@+ %) = ()
has infinitely many rational noninteger solutions.

Let n be a given positive integer. If p is a prime divisor of the Fermat
number f,, prove that p — 1 is divisible by 2”2,

The sequence
{an}oo, =1{1,2,4,5,7,9,10, 12,14, 16,17, ...}

of positive integers is formed by taking one odd integer, then two even
integers, then three odd integers, etc. Express a,, in closed form.



28.

29.

30.

31.

32.

33.

34.

3. Advanced Problems 87

Prove that for each n > 2, there is a set S of n integers such that (a — b)2
divides ab for every distinct a, b € S.

Show that there exist infinitely many positive integers n such that the largest
prime divisor of n* + 1 is greater than 2n.

For a positive integer k, let p(k) denote the greatest odd divisor of k. Prove
that for every positive integer n,

2w _p) p® L pe) 2t D)

351 T " 3

If p’ is an odd prime power and m is an integer relatively prime to both p
and p — 1, then for any a and b relatively prime to p,
m bm

(mod p')if and only ifa = b (mod p').

Prove that for each prime p > 7, there exists a positive integer n and inte-
gers Xy, ..., Xy, ¥1, - - - , ¥p Not divisible by p such that

x?+y?=x5 (mod p),

x% + y% = x32 (mod p),

x2+y2=x}  (mod p).

For every positive integer n, prove that

0(1J+¥+-~-+6(") <2n.

Prove that the system
x0+x3 +x3y +y= 147157,
By by +0 =157,

has no solutions in integers x, y, and z.
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What is the smallest number of weighings on a balance scale needed to
identify the individual weights of a set of objects known to weigh 1, 3, 32,
..., 3% in some order? (The balance scale reports the weight of the objects
in the left pan minus the weight of the objects in the right pan.)

Let A be the positive root of the equation > — 19987 — 1 = 0. Define the
sequence xg, X1, ... by setting

xo=1, Xxpp1 = [Axy] (n = 0).

Find the remainder when x199g is divided by 1998.

Determine (with proof) whether there is a subset X of the integers with
the following property: for any integer n there is exactly one solution of
a+2b=nwitha,b € X.

The number x, is defined as the last digit in the decimal representation
of the integer LﬁnJ (n = 1,2,...). Determine whether the sequence

X1, X2, ..., Xp, ... is periodic.

Prove that every integer n can be represented in infinitely many ways as
n=+12422+... 4k

for a convenient k and a suitable choice of the signs 4 and —.

Let n be a given integer with n > 4. For a positive integer m, let S,,, denote
the set {m,m + 1, ..., m 4+ n — 1}. Determine the minimum value of f(n)
such that every f(n)-element subset of S, (for every m) contains at least
three pairwise relatively prime elements.

Find the least positive integer » such that for any positive integers a, b, c, d,
((abced)")" is divisible by the product of

(a!)bcd—H’ (b!)acd—i-l’ (C!)abd—H’ (d!)abC—l—l’
(ab) ) IH ((be))™HL, ((cd))PH!, ((ac)HPd+!,
(b))t ((ad))Pet, ((abe))TH, ((abd))eH,
((acd)HPt, ((bed)))*t!.
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42. Two classics on L.C.M.

(1) Letag < a; < ax < --- < a, be positive integers. Prove that

1 1 1 1

E———
lem(ag, an) | lemana) T lem@apr.an 27

(2) Several positive integers are given not exceeding a fixed integer con-
stant m. Prove that if every positive integer less than or equal to m
is not divisible by any pair of the given numbers, then the sum of the
reciprocals of these numbers is less than %

43. For a positive integer n, let r(n) denote the sum of the remainders of n
divided by 1,2, ...,n. Prove that there are infinitely many » such that
r(n) =r(n—1).

44. Two related IMO problems.

(1) A wobbly number is a positive integer whose digits are alternately
nonzero and zero with the units digit being nonzero. Determine all
positive integers that do not divide any wobbly numbers.

(2) A positive integer is called alternating if among any two consecutive
digits in its decimal representation, one is even and the other is odd.
Find all positive integers n such that n has a multiple that is alternat-

ing.

45. Let p be an odd prime. The sequence (ay,),>0 is defined as follows: ag = 0,
ag=1,...,ap 2 =p—2,andforalln > p — 1, a, is the least positive
integer that does not form an arithmetic sequence of length p with any of
the preceding terms. Prove that for all n, a, is the number obtained by
writing n in base p — 1 and reading the result in base p.

46. Determine whether there exists a positive integer n such that n is divisible
by exactly 2000 different prime numbers, and 2" 4+ 1 is divisible by 7.

47. Two cyclic symmetric divisibility relations.

(1) [Russia 2000] Determine whether there exist pairwise relatively prime
integers a, b, and ¢ with a, b, ¢ > 1 such that

b12°4+1, c|2°+1, a|2°+1.
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(2) [TST 2003, by Reid Barton] Find all ordered triples of primes
(p, g, r) such that

plg"+1, ql|rP+1, r|pi+1

Let n be a positive integer, and let py, pa, ..., p, be distinct primes greater
than 3. Prove that 271P2"Pn ] has at least 4" divisors.

Let p be a prime, and let {ax};2, be a sequence of integers such that ap = 0,
a; =1, and

ap+2 = 20k 41 — pax

fork = 0,1,2,.... Suppose that —1 appears in the sequence. Find all
possible values of p.

Let F be a set of subsets of the set {1, 2, ..., n} such that

(1) if A is an element of F, then A contains exactly three elements;

(2) if A and B are two distinct elements in F, A and B share at most one
common element.

Let f(n) denote the maximum number of elements in F. Prove that
n—1Dn-2) (n—1Dn
A <7
5 < fn) = z

Determine all positive integers k such that

t(n?)

t(n)

)

for some n.

Let n be a positive integer greater than two. Prove that the Fermat number
f, has a prime divisor greater than 2"2(n + 1).
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Solutions to Introductory Problems

1. [AMC10B 2004] Let 1,4,... and 9, 16, ... be two arithmetic progres-

sions. The set S is the union of the first 2004 terms of each sequence. How
many distinct numbers are in S?

Solution: The smallest number that appears in both sequences is 16. Since
the least common multiple of 3 and 7 (the two common differences of the
progressions) is 21, numbers appear in both sequences only if they are in
the form 16 4 21k, where k is a nonnegative integer. The largest k such that
Tk +9 < 2004 is k = 285. Hence there are 286 numbers each of which
appears in both progressions. Thus the answer is 4008 — 286 = 3722.

. [HMMT 2004] Given a sequence of six strictly increasing positive integers

such that each number (besides the first) is a multiple of the one before
it and the sum of all six numbers is 79, what is the largest number in the
sequence?

Solution: Leta; < a» < --- < ag be the six numbers. If a4 > 12, then
as > 2a4 > 24 and ag > 2a5 > 48, implying that a4 +as +ae > 84, which
violates the conditions of the problem. Hence a4 < 12. Then the only way
we can have the required divisibilities among the first four numbers is if
they are a; = 1, a» = 2, a3 = 4, and a4 = 8. We write as = mayg =
8m and ag = nas = 8mn for integers m and n with m,n > 2. We get
8m +8mn =79 — (1 +2+4+8) =64, or m(1 + n) = 8. This leads to
the unique solution m = 2 and n = 3. Hence the answer is ag = 48.

. [AIME 1986] What is the largest positive integer n for which n3 + 100 is

divisible by n + 10?
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Solution: By division we find that n3 + 100 = (n + 10)(n?> — 10n +
100) — 900. Thus, if n + 10 divides n3 + 100, then it must also divide 900.
Moreover, since n is maximized whenever n + 10 is, and since the largest
divisor of 900 is 900, we must have n + 10 = 900. Therefore, n = 890.

4. Those irreducible fractions!

(1) Let n be an integer greater than 2. Prove that among the fractions

an even number of them are irreducible.

(2) Show that the fraction

12n 41
30n 42

is irreducible for all positive integers 7.

Proof: We prove part (1) via a parity argument, and we establish part (2)
applying the Euclidean algorithm.

(1) The fraction % is irreducible if and only if the fraction ”n;k is irre-

ducible, because ged(k, n) = ged(n — k, n).

If the fractions % and "n;k are distinct for all k, then pairing up yields
an even number of irreducible fractions.

If S = "n;k for some k, then n = 2k and so % = 2"—,{ = % is reducible
and the problem reduces to the previous case.

(2) Note that
gcd(30n 42, 12n 4+ 1) = ged(6n, 12n + 1) = ged(6n, 1) =1,
from which the desired result follows.
5. A positive integer is written on each face of a cube. Each vertex is then
assigned the product of the numbers written on the three faces intersecting

the vertex. The sum of the numbers assigned to all the vertices is equal to
1001. Find the sum of the numbers written on the faces of the cube.



4. Solutions to Introductory Problems 93

Solution: Leta, b, ¢, d, e, and f be the numbers written on the faces, with
a and f, b and d, c and e written on opposite faces. We are given that

1001 = abc + abe + acd + ade + bef + bef + cdf + def
=(a+ fHb+d)(c+e).

(We can realize this factorization by noticing that the product xyz appears
exactly once if and only if x and y, y and z, z and x are not written on the
opposite faces.) Since 1001 = 7 - 11 - 13 and each of a + f, b + d, and
¢ + e are greater than 1, it follows that {a + f,b+d,c+ e} = {7, 11, 13},
implying that the answerisa +b+c+d+e+ f =7+ 11+ 13 =31.

. [AMCI12A 2005] Call a number prime looking if it is composite but not
divisible by 2, 3, or 5. The three smallest prime-looking numbers are 49,
77, and 91. There are 168 prime numbers less than 1000. How many prime-
looking numbers are there less than 1000?

Solution: Of the numbers less than 1000, L% = 499 of them are divisi-
ble by two, | %22 | = 333 are divisible by 3, and | %22 | = 199 are divisible

by 5. There are | %2 | = 166 multiples of 6, | 57 | = 99 multiples o 10,

and L%J = 66 multiples of 15. Finally, there are L%J = 33 multiples

of 30. By the inclusion and exclusion principle there are
499 + 333 + 199 — 166 — 99 — 66 + 33 = 733

numbers that are divisible by at least one of 2, 3, and 5. Of the remaining
999 — 733 = 266 numbers, 165 are primes other than 2, 3, or 5. Note that
1 is neither prime nor composite. This leaves exactly 100 prime-looking
numbers.

. A positive integer k greater than 1 is given. Prove that there exist a prime
p and a strictly increasing sequence of positive integers ay, az, ..., dp, . ..
such that the terms of the sequence

p+kay,p+kay,...,p+ka,,...

are all primes.

Proof: The pigeonhole principle provides an elegant solution. There is
nothing to be afraid of, just infinitely many pigeons in finitely many pi-
geonholes.
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Foreachi = 1,2,...,k — 1 denote by P; the set of all primes congruent
to i modulo k. Each prime (except possibly & itself) is contained in exactly
one of the sets Py, P,, ..., Pr_1. Because there are infinitely many primes,

at least one of these sets is infinite, say P;. Let p = x1 <xp < --- < x, <
- -+ be its elements arranged in increasing order, and

_ X4l — P
Tk
for every positive integer n. Then the p + ka, simply run through the
members of P;, beginning at x». The numbers a,, are positive integers. The

prime p and the strictly increasing sequence ay, aa, ..., d,, ... have the
desired properties.

. [AIME 1994] Given a positive integer n, let p(n) be the product of the

nonzero digits of n. (If n has only one digit, then p(n) is equal to that
digit.) Let

S=p)+p2)+---4+ p(999).
What is the largest prime factor of S?

Solution: Consider each positive integer less than 1000 to be a three-digit
number by prefixing 0’s to numbers with fewer than three digits. The sum
of the products of the digits of all such positive numbers is

©0-0:0+0-0-1+--49-99—0-0-0=(0+1+---+9)>—0.

However, p(n) is the product of nonzero digits of n. The sum of these
products can be found by replacing 0 by 1 in the above expression, since
ignoring 0’s is equivalent to thinking of them as 1’s in the products. (Note
that the final O in the above expression becomes a 1 and compensates for
the contribution of 000 after it is changed to 111.) Hence

S=46%—1= (46 —1)(46> +46+1)=3>.5.7.103,

and the largest prime factor is 103.

. [Russia 1995] Let m and n be positive integers such that

lem(m, n) 4+ ged(m, n) = m + n.

Prove that one of the two numbers is divisible by the other.
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First Proof: Letd = gcd(m, n). We write m = ad and n = bd. Then
gcd(a, b) = 1 and
mn
Iem(m,n) = ———— = abd.
gcd(m, n)

The given equation becomes abd +d = ad +bd,orab—a—b+1=0. 1t
follows that (a — 1)(b — 1) = 0, implying that either a = 1 or b = 1; that
is, eitherm =d,n = bd =bmorn =d,m = an.

Second Proof: Because lem(m, n) - gcd(m,n) = mn, it follows that
Iem(m, n) and gcd(m, n) as well as m, n are roots of x2—(m+n)x+mn =
0. Hence {lecm(m, n), gcd(m, n)} = {m, n} and the conclusion follows.

[AIME 1995] Let n = 23!3'°, How many positive integer divisors of n>
are less than n but do not divide n?

First Solution: Letn = p"¢®, where p and ¢ are distinct primes. Then
n? = p¥¢%, so n? has

Qr+1D@2s+1)

factors. For each factor less than n, there is a corresponding factor greater
than n. By excluding the factor n, we see that there must be

Cr+D@2s+1)—1
2

=2rs+r+s

factors of n? that are less than n. Because n has (r + 1)(s + 1) factors
(including n itself), and because every factor of n is also a factor of n2,
there are

2rs+r4+s—[r+DGs+1)—1]=rs

factors of n? that are less than n but not factors of n. When r = 31 and
s = 19, there are rs = 589 such factors.

Second Solution: (By Chengde Feng) A positive integer divisor d of n? is
less than n but does not divide » if and only if
231+a319—h if 2¢ < 3b
d= { 231—a319+b if 2¢ = 3b

where a and b are integers such that 1 < a < 3land 1 < b < 19. Since
24 = 3% for positive integers a and b, there are 19 x 31 = 589 such divisors.
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[APMO 1998] Show that for any positive integers a and b, the number
(36a + b)(a + 36b)

cannot be a power of 2.

Proof: Write a = 2¢- p, b = 2% . ¢, with p and ¢ odd. Assume without
loss of generality that ¢ > d. Then

36a+b=36-2p+2% =2136-2"p +¢q).
Consequently,
(36a + b)(36b + a) = 2(36 - 2 p + q)(36b + a)
has the nontrivial odd factor 36 - 2~ p + ¢, and thus is not a power of 2.
Compute sum of the greatest odd divisor of each of the numbers 2006,
2007, ...,4012.

Solution: For a positive integer n, let p(n) denote its greatest odd divisor.
We can write n = 2% . p(n) for some nonnegative integer k. If two positive
integers n1 and ny are such that p(n1) = p(n»), then one is at least twice
the other.

Because no number from 2007, 2008, . .., 4012 is twice another such num-
ber,
p(2007), p(2008), ..., p(4012) are 2006 distinct odd positive integers.

Also note that these odd numbers belong to the set {1, 3,5,...,4011},
which also consists of exactly 2006 elements. It follows that

{p(2007), p(2008), ..., p(4012)} = {1, 3, ...,4011}.
Hence the desired sum is equal to

p(2006) + 143 + --- + 4011 = 1003 4 2006>
= 1003 - 4013 = 4025039.

Compute the sum of all numbers of the form a/b, where a and b are rela-
tively prime positive divisors of 27000.
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Solution: Because 27000 = 233353, each a /b can be written in the form
of 293%5¢ where a, b, c are integers in the interval [—3, 3]. It follows that
each a/b appears exactly once in the expansion of

Q42724 42H)B 43774+ 3T+ 450,
It follows that the desired sum is equal to

1 27—1 37-1 5—1 @ -1n3"-DE" -1
233353 2—-1 3—-1 5-—1 263353

L.C.M of three numbers.

(1) [AIME 1987] Find the number of ordered triples (a, b, c) of posi-
tive integers for which lecm(a, b) = 1000, lem(b, ¢) = 2000, and
Iecm(c, a) = 2000.

(2) Leta, b, and c be integers. Prove that

lem(a, b, ¢)? B gcd(a, b, c)?
lem(a, b) lem(b, ¢)lem(c,a)  ged(a, b) ged(b, ) ged(c, a)

Solution: We have two different approaches to these two parts. For part
(1), we deal with the L.C.M. and G.C.D. of three integers via pairwise
L.C.M. and G.C.D. of two integers. For part (2), we use prime factoriza-
tions.

(1) Because both 1000 and 2000 are of the form 2™5", the numbers a, b,
and ¢ must also be of this form. We set

a=2ms", p=2m512  c=2m5m

where the m; and n; are nonnegative integers for i = 1, 2, 3. Then the
following equalities must hold:

max{my, my} =3, max{my, m3} =4, max{ms,mi}=4 (%)
and
max{ni,ny} =3, max{ny,n3} =3, max{nz,ni}=3. (kx)

From (x), we must have m3 = 4, and either m| or m, must be 3,
while the other one can take the values of O, 1, 2, or 3. There are
7 such ordered triples, namely (0, 3, 4), (1, 3,4), (2,3,4), (3,0,4),
(3,1,4),(3,2,4),and (3, 3, 4).
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To satisfy (%), two of n1, np, and n3 must be 3, while the third one
ranges through the values of O, 1, 2, and 3. The number of such
ordered triples is 10; they are (3,3,0), (3,3, 1), (3, 3,2), (3,0, 3),
(3,1,3),3,2,3),(0,3,3),(1,3,3), (2,3,3),and (3, 3, 3).

Because the choice of (m1, my, m3) is independent of the choice of
(n1, na, n3), they can be chosen in 7 - 10 = 70 different ways. This is
the number of ordered triples (a, b, ¢) satisfying the given conditions.

(2) Leta = pi'---pi", b = p'ls' copPrand e = plt .- pi', where
P1, ..., pn are distinct primes, and ay, ..., an, b1, ..., by, C1, ..., Cn
are nonzero integers. Then

Iem(a, b, c)2
Iem(a, b) Iem(b, ¢) lem(c, a)
l—[n p2maX{Oti,ﬂi,Vi}

i=1Fri

- max{a;,B;} max{f;,y;} max{y;,o;}
[T p; 1 p; [Tz P;

_ ﬁ p2 max{a;, B, i }—max{a;, B; }—max{B;,y; }—max{y;,o;}
- i
i=1

and

gcd(a, b, c)?
gcd(a, b) ged(b, ¢) ged(c, a)
1_[" P2 min{e;, Bi,vi}

i=1r;

B in{a;, i} in{B;,y:) in{y;,o;}
[T, p™ e P TT, pmPrd T printre
_ li[ pgmin{aisﬁi»Vi}_min{“isﬁi}_min{ﬁis)/i}_min{yi»ai}
1
i=1

It suffices to show that for each nonnegative numbers «, 8, and y,

2max{c, B, y} — max{e, B} — max{B, y} — max{y, o}
= 2min{a, B, y} — min{e, B} — min{B, y} — min{y, o}.

By symmetry, we may assume that « < < y. It is not difficult to
deduce that both sides are equal —f, completing our proof.

As a side result from the proof of (2), we note that

Iem(a, b) Ilem(b, ¢) lem(c, a) d ged(a, b) ged(b, ¢) ged(c, a)
an
lem(a, b, ¢)? gcd(a, b, ¢)?

are equal integers.
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[UK 1998] Let x, y, z be positive integers such that

Let i be the greatest common divisor of x, y, z. Prove that Axyz and
h(y — x) are perfect squares.

Proof: Letx = ha, y = hb, z = hc. Then a, b, ¢ are positive integers
such that gcd(a, b, c) = 1. Let ged(a, b) = g. Soa = ga’, b = gb’ and d’
and b’ are positive integers such that

ged(a’, b') = ged(a’ — b, b)) = ged(ad’,a’ — b)) = 1.

We have
1 1 1 / i 1./
PR < cb—a)=ab < c(b'—ad')=a'bg.
a c

So g|c and ged(a, b, c) = g = 1. Therefore ged(a, b) = 1 and ged(b —
a,ab) =1. Thusb —a =1 and ¢ = ab. Now

hxyz = h*abc = (h*ab)*> and h(y — x) = h?

are both perfect squares, as desired.

Let p be a prime of the form 3k + 2 that divides a* + ab + b* for some
integers a and b. Prove that a and b are both divisible by p.

Proof: We approach indirectly by assuming that p does not divide a.
Because p divides a® + ab + b?, it also divides a®> — b> = (a — b)(a® +
ab + b?),soa®> = b3 (mod p). Hence
a* =b*  (mod p).

Hence p does not divide b either. Applying Fermat’s little theorem yields
aP~ ' =pP~1 =1 (mod p), or
Because p is relatively prime to a, we conclude thata = b (mod p). This,
combined with a®> + ab + b*> = 0 (mod p), implies 3a> = 0 (mod p).
Because p # 3, it turns out that p divides a, which is a contradiction.
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[HMMT 2005] The number 27000001 has exactly four prime factors. Find
their sum.

Solution: Since x>+1 = (x+1)(x2—x+1) and x2—y% = (x+y)(x —y),
it follows that

27000001 = 300° 4+ 1 = (300 + 1)(300%> — 300 + 1)
=301(300% + 2 - 300 4+ 1 — 900)
= 301[(300 + 1)> — 900] = 301(301% — 30%)
=301-331-271 =7-43-271-331.

Hence the answer is 7 + 43 + 271 + 331 = 652.

Find all positive integers n for which n! 4 5 is a perfect cube.

First Solution: The only answer is n = 5.

One checks directly that n! + 5 is not a perfect cube forn = 1, 2, 3,4, 6, 7,
8,9 and that 5! + 5 is a perfect cube.

If n! + 5 were a perfect cube for n > 9, then, since it is a multiple of 5,
n! + 5 would be a multiple of 125. However, this is not true, since n! is a
multiple of 125 for n > 9, but 5 is not. Thus the only positive integer with
the desired property is n = 5.

Second Solution: Again, we check the casesn = 1,2, ..., 6 directly. For
n>7n!'+5=35 (mod 7), which is not a cubic residue class modulo 7.
(The only cubic residue classes modulo 7 are 0 and £1.)

[Russia 1995] Find all primes p such that the number p? + 11 has exactly
six different divisors (including 1 and the number itself).

Solution: For p # 3, p> =1 (mod 3), and so 3 | (p? + 11). Similarly,
for p # 2, p> = 1 (mod 4) and so 4 | (p*> + 11). Except in these two
cases, then, 12 | (p2 + 11); since 12 itself has 6 divisors (1, 2, 3,4, 6, 12)
and p>+ 11 > 12 for p > 1, p% + 11 must have more than 6 divisors. The
only cases to check are p = 2 and p = 3. If p = 2, then p> + 11 = 15,
which has only 4 divisors (1, 3, 5, 15), while if p = 3, then p2 + 11 =20,
which indeed has 6 divisors {1, 2, 4, 5, 10, 20}. Hence p = 3 is the only
solution.



4. Solutions to Introductory Problems 101

20. [AIME 2001] Call a positive integer N a 7-10 double if the digits of the

21.

base-7 representation of N form a base-10 number that is twice N. For
example, 51 is a 7-10 double because its base-7 representation is 102. What
is the largest 7-10 double?

Solution: Suppose that arT*+ a1 7F V4t arT? + a7 +agis a7-10
double, with a; # 0. In other words, a; 10X 4+ ax_110F~1 4+ ... + a»10% +
a110 + ao is twice as large, so that

ar (108 = 2. 7% + ap_ (10K~ — 2. 751
+ a1 (10=2-7) +a,(1 —2) =0.

Because the coefficient of g; in this equation is negative only when i = 0
and i = 1, and no g; is negative, it follows that k is at least 2. Because the
coefficient of q; is at least 314 when i > 2, and because no a; exceeds 0, it
follows that k = 2 and 2ay = 4a; + ap. To obtain the largest possible 7-10
double, first try ap = 6. Then the equation 12 = 4a; + ag has a; = 3 and
ap = 0 as the solution with the greatest possible value of a;. The largest
7-10 double is therefore 6 - 49 4+ 3 - 7 = 315.

Ifa = b (mod n), show that a” = b" (mod n?). Is the converse true?

Proof: Froma = b (mod n) it follows that a = b 4 gn for some integer
q. By the binomial theorem we obtain

a'—=b"=b+qgn)" —b"

= (T)bn_lqn + (Z)bn_zqznz 4t <Z>q”n"
— 2 (bn—lq + (Z)bn—zqz Tt (Z)qnnn—2> ,

implying that " = b" (mod n?).

The converse is not true because, for instance, 3* = 1* (mod 42) but 3 # 1
(mod 4).

22. Let p be a prime, and let | < k < p — 1 be an integer. Prove that

—1
(p ) > =(—DF (mod p).
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First Proof: We induct on k. The conclusion is clearly true for k = 1,
since

<p1_1>=p—lz—l (mod p).

Assume that the conclusion is true for k = i, where 1 <i < p — 2. Itis
well known (and easy to check by direct computation) that

-1 -1
(") (2= ()
i i—1 i
By Corollary 1.10, we have

(p'—1)+<,.7_1>50 (mod p).
i i—1

By the induction hypothesis, we have

-1 -1 . .
(p . ) = —(’.’ ) =—(-D"""=(=1 (mod p),
i i—1

completing our induction.

Second Proof: Because

<p—1>_ (p—-Dp-=2)---(p—k)
k) k!

is an integer and gcd(k!, p) = 1, it suffices to show that
(p—D(p—2)-(p—k) =(=DF k! (mod p),

which is evident.

Let p be a prime. Show that there are infinitely many positive integers n
such that p divides 2" — n.

Proof: If p = 2, p divides 2" — n for every even positive integer n. We
assume that p is odd. By Fermat’s little theorem, 2°~! = 1 (mod p). It
follows that

2-0* — 1 = (p— D*  (mod p);

that is, p divides 2" — n forn = (p — 1)k
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24. Let n be an integer greater than three. Prove that 1! 4+ 2! + - - - 4 n! cannot

25.

be a perfect power.

Proof: Forn = 4, we have 1! + 2! + 3! 4+ 4! = 33, which is not a perfect

power. For k > 5, k! =0 (mod 10). It follows that forn > 5,
"N+21431+41+..-4+n!l'=3 (mod 10),

so it cannot be a perfect square, or an even power, for this reason.

For odd powers, the following argument settles all cases: one checks the
claim for n < 9 directly; for k > 9, k! is a multiple of 27, while 1! 4 2! 4
-+ + 8! is a multiple of 9, but not 27. Hence 1! + 2! 4 - - - 4 n! cannot be
a cube or higher power.

Let k be an odd positive integer. Prove that
(L4244 n) | (154254 4 nb)
for all positive integers n.

Proof: We consider two cases.

In the first case, we assume that n is odd and write n = 2m + 1. Then
1+424+---+n=m+1)2m + 1). We have

I
=1 2k em 4 1
=[1* 4+ Cm+ D1+ 12" + @m) 1+ -+ [m" + (m + 2]
+ (m + D,
Since k is odd, x + y is a factor of x* + y*¥. Hence 2m + 2 divides i +

Qm+2— i)k fori =1,2,...,m. Consequently, m + 1 divides 15+ 2k 4+
...+ n*. Likewise, we have

ok gk
=1 42k o 2m 4 1
=+ em 1+ 28+ @m =DM+ I+ DY
+ 2m + Dk,
Hence 2m + 1 divides ik+(2m+1—i)k fori = 1,2, ..., m. Consequently,
2m + 1 divides 1¥ 4 2% + ... 4+ n¥. We have shown that each of m + 1 and

2m + 1 divides 1¥ 4+ 2% 4 ... 4 nk. Since ged(m + 1,2m + 1) = 1, we
conclude that (m + 1)(2m + 1) divides 1¥ + 25 + ... 4+ nk.

In the second case, we assume that n is even. The proof is similar to that of
the first case. We leave it to the reader.
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Let p be a prime greater than 5. Prove that p —4 cannot be the fourth power
of an integer.

Proof: Assume that p — 4 = g¢* for some positive integer . Then p =
g* +4and g > 1. We obtain

P=q"+4>+4—49> = (¢°+2° - 29)°
= (¢* — 29 +2)(¢* +2q +2),
a product of two integers greater than 1, contradicting the fact that p is a

prime. (Note that for p > 5,¢ > l,andso (¢ — 1)> =¢> —2¢ +1 > 0,
org?—2g+2>1)

For a positive integer n, prove that

o()+0@2)+ - +0n) <n’

Proof: The ith summand on the left-hand side is the sum of all the divisors
of i. If we write out all these summands on the left-hand side explicitly,
each number d, with 1 < d < n, appears Lf—iJ times, once for each multiple
of d that is less than or equal to n. Hence the left-hand side of the desired
inequality is equal to

el e el

n
+2- +3 ot n-
3 n

|
Il
3

S |

[APMO 2004] Determine all finite nonempty sets S of positive integers
satisfying

i+
ged(d, j)
is an element of S for all i and j (not necessarily distinct) in S.

Solution: The answer is S = {2}.

i+j 2 _ =2
gedGi,j) — i
isin S. We claim that there is no other element in S. Assume to the contrary

that S contains elements other than 2. Let s be the smallest element in S
that is not equal to 2.

First of all, taking i = j in the given condition shows that
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If s is odd, then gc‘%szz) = s +2 is another odd element in S. In this way, we
will have infinitely many odd numbers in S, contradicting to the fact that S
is a finite set.

Hence s must be even, and so s > 2. Then gc%szb = 5+ lisin S. For

s > 2,2 < 5+ 1 < s, contradicting the minimality assumption of s.

Note: What if i and j are distinct in the given condition? Kevin Mod-
zelewski showed that the answer is all the sets in the form of {a + 1,
a(a + 1)}, where a is a positive integer. We leave the proof to the reader.

Knowing that 2% is a nine-digit number all of whose digits are distinct,
without computing the actual number determine which of the ten digits is
missing. Justify your answer.

Solution: Note that 23 = —1 (mod 9), and hence 2%° = (2%)? .22 =
—4 =5 (mod 9). The ten-digit number containing all digits O through 9 is
a multiple of 9, because the sum of its digits has this property. So, in our
nine-digit number, 4 is missing. (Indeed, 2% = 536870912.)

Prove that for any integer n great than 1, the number 7 + n* + 1 is not
prime.

Proof: The given expression factors as

n5+n4+1=n5+n4+n3—n3—n2—n+n2+n+1

= +n+ D) —n+1).

Hence for n > 1, it is the product of two integers greater than 1.

One senses the lack of motivation for this factoring. Indeed, with a little
bit knowledge of complex numbers, we can present solid algebraic and

number-theoretic reasoning for this factoring. We know that x = 1, w, ?,

where v = —% + @ = cis 120°, are the three roots of the equation
x> —1=(x—1Dx%+x+ 1) = 0. More precisely, w and w? are the two
roots of x> —x + 1 =0. Sincew’ =1, 0> +0* + 1 =’ +w+1=0,
it follows that w and w? are roots of x> 4+ x* + 1 = 0. We conclude that
n% + n + 1 must be a factor of n> 4+ n* + 1. In the light of this argument,
we can replace 4 and 5 in the problem statement by any pair of positive
integers congruent to 1 and 2 modulo 3.
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[Hungary 1995] The product of a few primes is ten times as much as the
sum of the primes. What are these (not necessarily distinct) primes?

Solution: Obviously 2 and 5 must be among the primes, and there must
be at least one more. Let p; < p» < --- < p, be the remaining primes.
By the given conditions, we deduce that

pr+p2+--+pu+7T=pip2---pa. ()

The product of any collection of numbers, each at least 2, must be at least
as large as their sum. For two numbers x and y this follows because

O<(x-DGH-D-1l=xy—x—y.
The general result follows by applying this fact repeatedly as
XX+ X = X1 X2+ Xp—] T X = -+ 2 X] + X2+ -+ X
In this problem, we have

prt+pr+--+pnt+tT=pip2---pn = (p1+p2---+ Pn-1)Pn.

Setting s = p1+-- -+ pn—1, the last equation can be written as s + p, +7 >
SPn, Or

(s —=D(pn—1) =8.

We can have s = 0 only if there are no primes left, in which case equation
(*) becomes p, + 7 = py, a contradiction. Hence s > 2 and so we must
have p, — 1 < 8. This leaves p,, = 2, 3, 5 as the only options.

If p, = 2, equation () becomes 2n + 7 = 2", which is impossible modulo
2.

If p, =3,then p, — 1 =2,andsos — 1 < 4. Then {p1, p2, ..., pn—1}
can equal only {2}, {3}, or {2, 2}, {2, 3}. We check easily that none of these
sets satisfies the equation ().

If p, =5, then p, — 1 =4, and so s — 1 < 2, and so the remaining primes
must be either a single 2 or a single 3. We check easily that only the latter
case gives a solution.

Hence the primes in the collection are {2, 3, 5, 5}.

[Russia 1998] A 10-digit number is said to be interesting if its digits are all
distinct and it is a multiple of 11111. How many interesting integers are
there?
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Solution: There are 3456 such integers.

Letn = abcdefghij be a 10-digit interesting number. The digits of » must
be 0,1, ... .9, so modulo 9,

n=a+btctd+et f+g+h+i+j=0+1+2+--+9=0;

that is, 9 divides n. Because gcd(9, 11111) = 1, it follows that 99999 =
9-11111 divides n. Let x = abcde and y = fghij be two 5-digit numbers.
We have n = 10°x + y. Thus

0=n=10x+y=x+y (mod99999).

But0 < x4y < 2-99999, so n is interesting if and only if x 4y = 99999,
thatis,ifa+ f=---=e+j=0.

There are 5! = 120 ways to distribute the pairs (0,9), (1,8), ..., (4,5)
among (a, f), (b, g), ..., (e, j), and for each pair we can swap the order of
the digits: for example, (b, g) could be (0, 9) or (9, 0). This gives 25 =32
more choices for a total of 32 - 120 numbers. However, one-tenth of these
numbers have a = 0, which is not allowed. So, there are % -32-120 = 3456
interesting numbers, as claimed.

[Russia 1999] Do there exist 19 distinct positive integers that add up to
1999 and have the same sum of digits?

Solution: The answer is negative. Suppose, by way of contradiction, that
such integers did exist.

The average of the numbers is % < 106, so one number is at most 105

and has digit sum at most 18 (for number 99).

Every number is congruent to its digit sum modulo 9, so all the numbers
and their digit sums are congruent modulo 9, say congruent to k. Then
k=19% = 1999 =1 (mod 9), so the common digit sum is either 1 or 10.

Ifitis 1, then all the numbers are equal to 1, 10, 100, or 1000, so that some
two are equal. This is not allowed. Thus the common digit sum is 10. Note
that the twenty smallest numbers with digit sum 10 are

19, 28,37,...,91,109, 118, 127, ..., 190, 208.
The sum of the first nine numbers is

(104204 +90) + (9+ 8+ -+ + 1) = 450 + 45 = 495,
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while the sum of the next nine numbers is

(900) + (104+20+---4+80) + (O +8+7+---+ 1) =900 4 360 + 45
= 1305.

Hence the first eighteen numbers add up to 1800.

Because 1800 + 190 # 1999, the largest number among the nineteen must
be at least 208. Hence the smallest eighteen numbers add up to at least
1800, giving a total sum of at least 2028 > 1999, a contradiction.

[Bulgaria 1995] Find all prime numbers p and g for which pg divides the
product (57 — 2P)(59 — 29).

Solution: The solutions are (p, g) = (3, 3), (3, 13), or (13, 3). It is easy
to check that these are solutions.

Now we show that they are the only solutions. By symmetry, we may
assume that p < ¢g. Since (57 — 27)(59 — 29) is odd, we have ¢ < p < 3.
We observe that if a prime & divides 5k 2k then by Fermat’s little theorem,
we have 3 =5 —2 =55 — 2% (mod k), or k = 3.

Assume that p > 3. By our observation, we have that p divides 59 — 29,
or 5¢ = 29 (mod p). By Fermat’s little theorem, we have 5/~! = 271
(mod p). By Corollary 1.23,

52¢d(p=1.9) = 22ed(P=1.9)  (mod p).

Because g > p, gcd(p — 1, ¢) = 1. The last congruence relation now reads
5 =2 (mod p), implying that p = 3, a contradiction.

Hence p = 3. If ¢ > 3, by our observation, g must divide 5 — 27 =
53 —23=9.13, and so q = 13, leading to the solution (p, q) = (3, 13).

Prove that there are infinitely many numbers not containing the digit O that
are divisible by the sum of their digits.

Proof: For a positive integer n, let

ap,=11...1.

3)’!

It suffices to show that for all positive integers n, a,, is divisible by the sum
of its digits; that is, a, is divisible by 3".
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We induct on n. For n = 1, it is clear that a, = 111, which is divisible by
3. Assume that a, is divisible by 3", for some positive integer n = k. We
consider ay1. Note that

a1 =11...1=11...1=11...111...111...1

3k+1 3k.3 3k 3k 3k
=11 (1027 1+ 10% 4 1)
——
3k

=a;-10...010...01.
k-1 3k—1

Because 3 divides 10...010...01 and 3* divides ag, it follows that 31
N e N e’

k-1 3k
divides ak1. This completes our induction.

36. Prove that any number consisting of 2" identical digits has at least n distinct
prime factors.

Proof: Such a number N can be written as

107" — 1 5 -1
The desired conclusion follows from the fact that the n factors 102h +1,
h=0,1,...,n— 1, are pairwise relatively prime. Indeed, for i > h;,

1022 417 10" —1
—9.(104+ )10+ 1)---(10*> + 1)--- (10" + 1),

SO

212 2/ _ 2" 20

ged(10°° + 1,10 + 1) = ged(10°° — 1,107 + 1)
— 0cd(2, 10" +1) = 1.

Note: There is another way to see that gcd(10%" + 1,102 + 1) = 1. If

p divides 102" + 1, then p must be odd. Since 1022 = —1 (mod p), it
follows that

hi ohy 2=l ohi—hy
10 5(10 ) = (=1) =1 (mod p),

implying that p divides 102" — 1. Since p is odd, p does not divide
102" + 1.
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37. Leta and b be two relatively prime positive integers, and consider the arith-
metic progression a, a + b, a +2b,a +3b, . ...

)

2

[G. Polya] Prove that there are infinitely many terms in the arithmetic
progression that have the same prime divisors.

Prove that there are infinitely many pairwise relatively prime terms in
the arithmetic progression.

First Proof: In this approach, we apply properties of linear congruences.

)

2)

Since ged(a, b) = 1, a has an inverse modulo b. Let x be a positive
integer such that ax = 1 (mod b). For every positive integer n, let
sp = (a + b)(ax)". Then s, = a (mod b); that is, s, is a term in
the arithmetic progression. It is clear that these terms have the same
prime divisors, namely, the divisors of a, x, and a + b.

We construct these terms inductively with the additional condition
that these terms are relatively prime to a. Let r; = a + b. Then
ged(ty, o) = 1 and ged(#1,a) = 1. Assume that terms tq, ...,
have been chosen such that gcd(#;,¢;) = 1 and ged(a, ;) = 1 for
1 <i<j<k. Set

tey1 =1 kb +a.

Clearly, #41 is a term in the arithmetic progression. Because t1, . ..,
tr are distinct integers greater than 1, it is not difficult to see that
trt1 > ti, 1 < i < k. Itis also not difficult to see that gcd(fx+1, a) =
1 by the induction hypothesis and the given condition gcd(a, b) = 1.
It remains to show that gcd(#¢+1, ;) = 1 for 1 <i <k, which follows
from

ged(tx41,4) = ged(tity -+ - txb +a, t;) = ged(a, ;) =1,

again by the induction hypothesis. Our induction is thus complete.

Second Proof: (By Sherry Gong) In this approach, we apply Euler’s the-
orem.

(D

The terms x, = (a + b)"*®+1 satisfy the conditions of the problem.
We note that these terms share the same prime divisors, namely, the
divisors of a + b. It remains to show that x,, appears in the arithmetic
progression for each large integer n. By Euler’s theorem, we have

xp = a0 =g g =4 (mod b).
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Hence x,, = a + kb. For large n, x,, must appears in the given arith-
metic progression.

(2) Let y; = a and y, = a + b. Clearly, gcd(y1, y2) = 1. Assume that
we have pairwise relatively prime terms y; < yp < --- < yi in the
sequence. We set

Yert = yiya- - ya e O L p,

where zxy1 is some large integer such that y;4; > yx. We claim that
Vk+1 1s a term in the arithmetic progression that is relatively prime to
each of y1, y2, ..., yx. In this way, we can construct one new term
at a time inductively to produce a subsequence of the arithmetic pro-
gression satisfying the conditions of the problem.

Now we prove our claim. We note that

Vegl = aba@ 19O =K1 = 4 (mod b),

implying that y; is a term in the arithmetic progression. For each
1 <i <k, we also have

ged(e+1, ¥i) = ged(b, y;) = ged(b, a) =1,

by noting that y; is a term in the arithmetic progression. Our proof is
thus complete.

Note: We can slightly modify our proof so that the conclusions hold for
all relatively prime integers a and b. In part (1), ged(a, b) does not even
need to be 1. Because by factoring out gcd(a, b) from each term in the
progression we reduce to the current part (1).

38. Let n be a positive integer.

(1) Evaluate gcd(n!+ 1, (n 4+ 1)! + 1).
(2) Let a and b be positive integers. Prove that

ng(na - 1, nb — 1) = nng((l,b) —1.

(3) Leta and b be positive integers. Prove that gcd(n® +1, nb+ 1) divides
ngcd(a,b) +1.

(4) Let m be a positive integer with gcd(m, n) = 1. Express
ged(5™ + 7", 5" + 7

in terms of m and n.
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Proof: We apply the Euclidean algorithm and Corollary 1.23 to this prob-

lem.

(D

2)

3)

By the Euclidean algorithm, we have

ged(n!+1,(n+ D!+ 1)
=gedn!+1,n+D!'+1—n+ D!+ 1))
=gcd(n!+1,n) = 1.

Without loss of generality, we assume that a > b. Then

ged(n® = 1,n” = 1) = ged(n® = 1 —n*bm? = 1),n® = 1)
=ged(®? —1,n" —1).

Recall the process of finding gcd(a, b) = ged(a — b, b). We see that
the process of computing ged(n® — 1, n” —1) is the same as the process
of computing gcd(a, b) as the exponents, from which the conclusion
follows.

Alternatively, we can also approach the problem the following way.
Since ged(a, b) divides both a and b, the polynomial x84@2) _ |
divides both x¢ — 1 and x” — 1. Hence n&4@? _ | divides both
n® — 1 and n? — 1, implying that

ngd@b _ 1| ged(n® —1,n" — 1).

On the other hand, assume that m divides both n¢ — 1 and nb — 1; that
is, n* = 1= 1% (mod m) and n® = 1 = 1° (mod m) (clearly, m
and n are relatively prime to each other). By Corollary 1.23, we have
ned@b = 1 (mod m); that is, m divides n&4@?) —1_ Tt follows that

ged(n® —1,n — 1) | n8¢d@b _ 1

we conclude that n84@b _ 1 = ged(n® — 1, n® — 1).

Assume that m divides both 24 + 1 and 22 + 1. Note that m is odd. It
suffices to show that m divides 28°4(@-b) 4 1.

Since 2¢ = 2° = —1 (mod m), we have
2a _ 2b _
2=1 (modm) and 2°°=1 (mod m).

By Corollary 1.23, it follows that 28¢424.20) = 1 (mod m); that is, m
divides 2¢cda.ab) _ | = p2eed@b) _ 1 or

m | (2gcd(a,b) _ 1)(2gcd(a,b) + ])
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If m divides 28°4@:5) 1 1 we are done. Assume that m does not divide
2eed(@b) 4 1 Since

gcd(Zng(a,b) _ 1’ 2gcd(a,b) + 1) — ng(Z, 2gcd(a,b) _ 1) — 1’

m must divide 28°4@5~=1 which divides 2¢ — 1 (as we showed in the
proof of (3)). But m divides 2¢+1 by our original assumption. Thus m
divides gcd(2¢ +1, 24 — 1) = 2. Since m is odd, m = 1, contradicting
the assumption that m does not divide 2¢°4@?) 4 1. Thus, m must
divide 28°4@.0) 1 1, completing our proof.

(4) Lets, = 5"+ 7". If n > 2m, note that
Sn = SmSn—m — 5" 7" Sp_om.,

Y ng(Sm» Sp) = ng(va Sn—2m)-
Similarly, if m < n < 2m, we have

_ ga—mon—m

Sn = SmSn—m $2m—n»

s0 ged (s, sp) = ged(Sm, S2m—n)-

Thus by the Euclidean algorithm, we conclude that if m + n is even,
then gcd(sy,, sn,) = ged(sy, s1) = 12, and if m + n is odd, then
ged(sy, ) = ged(so, s1) = 2.

Note: The interested reader might want to generalize part (3), considering
the relation between ged(n® + 1, n? + 1) and n&d@? 4 1,

39. Bases? What bases?

(1) Determine whether it is possible to find a cube and a plane such that
the distances from the vertices of the cube to the plane are 0, 1, 2,
.7
(2) [AIME 1986] The increasing sequence 1, 3,4,9, 10, 12, 13, ... con-
sists of all those positive integers that are powers of 3 or sums of
distinct powers of 3. Find the 100th term of this sequence (where 1 is
the 1st term, 3 is the 2nd term, and so on).

Solution: In this problem, we apply base 2 (binary representation) and
base 4.

(1) The answer is positive.
We consider a unit cube S with vertices (0, 0, 0), (0, 0, 1), (0, 1, 0),
0,1,1),(1,0,0), (1,0,1), (1,1,0), and (1, 1, 1). We note that these
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coordinates match the binary representation of 0, 1,2,3,4,5,6,7.
This motivates us to consider the plane x 42y 44z = 0. The distances
from the vertices of S to the plane are

1 2 3 4 5 6 7
V217 V21 V217 V210 210 V217 W21

By a simple scaling, we can find a cube satisfying the conditions of
the problem. Indeed, we dilate S via the origin with a ratio of /21
to obtain cube 7. Point (a, b, ¢) maps to point («/ﬁa, \/ﬁb, \/ﬁc).
Then cube 7 and plane x + 2y + 4z = 0 satisfy the conditions of the
problem.

0,

(2) Note that a positive integer is a term of this sequence if and only if its
base-3 representation consists only of 0’s and 1’s. Therefore, we can
set up a one-to-one correspondence between the positive integers and
the terms of this sequence by representing both with binary digits (0’s
and 1’s), first in base 2 and then in base 3:

l=1p <<=l1@ =1,
2=100) <= 103) =3,
3=1lp <= 1l3 =4,

4 =100(2) <= 100y =9,
5=101p) <= 1013y = 10,

This is a correspondence between the two sequences in the order
given, that is, the kth positive integer is made to correspond to the
kth sum (in increasing order) of distinct powers of 3. This is because
when the binary numbers are written in increasing order, they are still
in increasing order when interpreted in any other base.

Therefore, to find the 100th term of the sequence, we need only look
at the 100th line of the above correspondence:

100 = 1100100 <=> 11001003, = 981.

Note: The key facts in the solution of part (3) are the following: (a) for
integers a and b in X, no carries appear (among the digits) in the addition
a + 2b; (b) each digit in base 4 (namely, 0, 1, 2, 3) can be uniquely written
in the form of a + 2b, where a and b are equal to either O or 1. In other
words, we can uniquely write a base-4 digit in base 2:

base 2 00(2) 01(2) 10(2) 11(2)
base 4 0(4) 1(4) 2(4) 3(4)
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Based on this, for each nonnegative integer n = ngng_p .. -ag4), We can
find the solution @ 4+ 2b = n in this way: write each digit n; in base 2
according the above table to obtain the binary representation of n. The
digits in odd positions from the left form the base-4 representation of a, and
the digits in the even positions from the left form the base-4 representation
of b. For example,
1232104 = 01, 10, 11, 10, 01, 002
= 101010(4) +2 - 0111004y = 101010¢4) + 2 - 111004).

40. Fractions in modular arithmetic.
(1) [ARML 2002] Let a be the integer such that

1+1+1+ +1— ?
2 3 23 230

Compute the remainder when a is divided by 13.

(2) Let p > 3 be a prime, and let m and n be relatively prime integers
such that

m_1+1+ N 1
n o 12 22 (p— D2

Prove that m is divisible by p.
(3) [Wolstenholme’s Theorem] Let p > 3 be a prime. Prove that

2 1 1
plp—-—DI14+-+--4+——].
2 p—1
Solution:
(1) Note that

23! 23!
=231+ —+ - 4+ —.
a + ) +--+ 3

Besides %, each summand on the right-hand side is an integer divis-
ible by 13. Hence, by Wilson’s theorem, we have

a=—=12!-14-15---23

=12!110l= —"-=-=7 (mod 13).
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Note that
— 2™ = 1 ;
(P =D~ = ((p 1m< ot w—W)

is an integer. Note also that

11 1
1’2" p—1

is a reduced complete set of residue classes modulo p. By Proposition
1.18 (h) and Wilson’s theorem, we have

((p—l)')2< T %)
2 (p—=1D

= (D12 +22 4+ (p— 1)
_(p=DpCp—3)
- 6

since p > 5 and so gcd(6, p) = 1. Hence p divides the integer
((p=h)*m
n

=0 (mod p),

. Since ged((p — 1)!, p) = 1, we must have p | m, as

desired.
Set
1 1
S=p-DI'{1+-+--4+—].
2 p—1
Then
p—1 1 1 p—1 p
285 =(p— 1! —_— — 1! =p-T,
(p );[l+p_l} (p )X;i(p_l.) p
where
p—1
T=(p-D'Y —.
2D

Since 2S is an integer and p is relatively prime to the numerators
of the summands in 7, 7 must itself be an integer. Since p > 3,
gced(p,2) = 1 and p must divide S. It suffices to show that p also
divides T'. By (2), we have

p—1

_ | ”
T=(p-1! _i_ZE(p_l)!;EO (mod p),
i=1

since p | m and ged(m, n) = 1.
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41. Find all pairs (x, y) of positive integers such that x> + 3y and y? + 3x are
simultaneously perfect squares.

Solution: The answers are (x, y) = (1, 1), (11, 16), or (16, 11). It is easy
to check that they are solutions. We show that they are the only answers.

The inequalities
2 2 2 2
x“4+3y>x+2) and y“+3x>(y+2)

cannot hold simultaneously because summing them up yields 0 > x+y+8,
which is false. Hence at least one of x2 + 3y < (x +2)% and y? + 3x <
(y +2)? is true. Without loss of generality assume that x> +3y < (x 4+2).

From x% < x% + 3y < (x + 2)2 we derive x2 + 3y = (x + 1)2; hence
3y =2x + 1. Thenx = 3k + 1 and y = 2k + 1 for some nonnegative
integer k. Consequently, we have y> 4+ 3x = 4k”> + 13k + 4. If k > 5, then

(2k +3)* < 4k> + 13k + 4 < (2k + 4)2,

and so y? 4 3x cannot be a square. It is not difficult to check that for
k € {1,2,3,4}, y2 + 3x is not a perfect square and that for k = 0, y2 +
3x = 4 = 22 and for k = 5, y2 + 3x = 132, For these two values of
k, x> + 3y is equal to 22 or 172, leading to solutions (x, y) = (1, 1) and
(x,y) = (16,11).

42. First digit? Not the last digit? Are your sure?

(1) [AMCI12B 2004] Given that 2209 is a 604-digit number with leading
digit 1, determine the number of elements in the set

{20, 21, 22’ o 22003}

with leading digit 4.

(2) Let k be a positive integer and let n = n(k) be a positive integer such
that in decimal representation 2" and 5" begin with the same k digits.
What are these digits?

Solution: We present two solutions for part (1).

(1) e Firstapproach.  The smallest power of 2 with a given number
of digits has a first digit (most left digit) of 1, and there are ele-
ments of S with n digits for each integer n < 603, so there are
603 elements of S whose first digit is 1. Furthermore, if the first
digit of 2 is 1, then the first digit of 2€*1 is either 2 or 3, and the
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first digit of 2k+2 ig either 4, 5, 6, or 7. Therefore there are 603
elements of S whose first digit is 2 or 3, 603 elements whose first
digits is 4, 5, 6, or 7, and 2004 — 3(603) = 195 elements whose
first digit is 8 or 9. Finally, note that the first digit of 2 is 8 or 9
if and only if the first digit of 2¢~! is 4, so there are 195 elements
of S whose first digit is 4.

Second approach. We partition the set S into the following
blocks:

(2°,2',2%,2% 24,2925 ,27,..., 2%,

where the leading term in each block has first digit 1. Because
22004 has first digit 1, S has been partitioned into complete
blocks. As we showed in the first approach, there are exactly
603 elements in S whose first digit is 1. Hence there are 603
blocks in S. Note that a block can have either 3 or 4 elements.
If a block has 3 elements 2%, 2¢+1 and 2K*2, the their first digits
are 1, 2 or 3, 5 or 6 or 7; if a block has 4 elements 2", 2]““, 2k+2,
and 2K3 then their first digits are 1, 2, 4, 8, or 9. Thus the num-
ber of elements in S having first digit 4 is equal to the number of
4-element blocks. Suppose that there are x 3-element blocks and
y 4-element blocks. We have 3x + 4y = 2004 (since there is a
total of 2004 elements in S) and x + y = 603 (since there are
603 complete blocks). Solving the equations gives x = 408 and
y =195.

(2) Let s and ¢ be unique positive integers such that 10° < 2" < 10°F!
and 10" < 5" < 10+, Seta = Z; and b = 2. Clearly, | < a <

10" -

10,1 < b < 10, and ab = 10"*~*. Hence ab is a power of 10 and
since 1 < ab < 102, the only possibility is ab = 10. We obtain

min(a, b) < vab = V10 < max(a, b),

implying that the first common & digits are the first k digits of +/10.
(For k = 1, 2> = 32 and 5° = 3125 have the same leading digit, the
first digit of /10 =3.1....)

43. What are those missing digits?

(1) Determine the respective last digit (unit digit) of the numbers

S
77
3100171002131003 and 77

1001 7°s
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(2) [Canada 2003] Determine the last three digits of the number

22001

2003200

(3) The binomial coefficient (?3) is a 21-digit number:
107,196,674,080,761,936,xyz.

Find the three-digit number xyz.

(4) Find the smallest positive integer whose cube ends in 888.

First Solution: The key values in this problem are ¢(10) = 4 and
¢(1000) = 400. We repeatedly apply Euler’s theorem.

(1) The answers are 9 and 3, respectively.
Note that

3100171002131003 = 31000911002 .3.13

= 817091192 .39 =9 (mod 10).

Since 7* =1 (mod 10), we obtain
'7
7
777 =3 (mod 4)
———
1000 7

by noting that 7% =1 (mod 4) and 7%+ = 3 (mod 4). Hence

_7
777"

7 =7=3 (mod 10).

——
1001 7°s

(2) The answer is 241.
Since ¢(1000) = 400 and

200320022 — 3200220 (104 1000),

we need to compute 20022991 modulo 400, or 22991 modulo 400.
Since 400 = 16 - 25 and 16 clearly divides 229!, 2201 = 16k
(mod 400) for some positive integer k. By Corollary 1.21, we deduce
21997 = k (mod 25). Since ¢(25) = 20,

1997 22000 1
k=2 E—E§E22 (mod 25),
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or k = 22. It follows that 20022001 = 22001 = [k = 352
(mod 400), and so

20032002°%" = 3200221 _ 3352 _ 9176 — (10— 1)176  (mod 1000).

By the binomial theorem, we have

1 1
10— 1" = ( Z6> .10% — ( 16) 210+ 1176

=0-760+1=241 (mod 1000).

The answer is 594.
We have

99\ 99! 99.98...81
19/~ 19180! 19! ‘

Since 1000 = 8 - 125, we need to compute (?g) modulo 8 and 125,

respectively. Instead, we first compute (?g) modulo 4 and 25, since 99
is very close to 100. (That is, we compute the y and z first.)

We note that

99.98.--81

19!
99-98---96-95-94.--91-90-89---86-85-84---81

41°5.6---9-10-11---14-15-16---19
19-18-17-99---96-94...91-89-.-86-84- - .81
3141.6---9-11---14-16--- 19 ‘

Consequently,

99.98---.81 19-18-17
= =19 (mod 25).
19! 3!

In a similar fashion, we can compute (?g) modulo 4. Note that

X199 |19 X80
ZLZ—J —ZLZ—J —ZL—J =95-16—-78=1,
n=1 n=1 n=1

from which it follows that (Jg) =2 (mod 4).

Combining the above, we conclude that (?g) = 94 (mod 100); hence
that y =9 and z = 4.
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We also compute

“(()-2l5)-Zls] -l

=48 —8—36=4,

from which it follows that (?g) = 0 (mod 9). Hence, modulo 9, we
have

1+0+7+14+94+64+64+74+44+04+38
+0+7+6+1+9+3+6+x+9+4=0,
or x = 5 (mod 9). Because x is a digit in decimal representation,
x=25.
The answer is 192.

If the cube of an integer ends in 8, then the integer itself must end in
2; that is, it must be of the form 10k + 2. Therefore,

n® = (10k +2)* = 1000k + 600k> + 120k + 8,

where the penultimate term, 120k, determines the penultimate digit
(tenth digit) of n3, which must also be 8. In other words,

88 =n’ =120k +8 (mod 100),

or 80 = 120k (mod 100). In view of this, by Corollary 1.21, 8 = 12k
(mod 10), or 4 = 6k (mod 5). Consequently, 4 = k (mod 5), or
k = 5m + 4. Thus, modulo 1000, we have

888 = n® = 600(5m + 4)> + 120(5m + 4) + 8
= 9600 + 600m + 488,
or 800 = 600m (mod 1000). Consequently, by Corollary 1.21 again,

we have 8 = 6m (mod 10), or4 = 3m (mod 5). Thisleadstom = 3
(mod 5).

The smallest m that will ensure this is m = 3, implying that k =
5.3+4=19,andn = 10-19+2 = 192. (Indeed, 1923 = 7077888.)

Second Solution: We present another approach for part (3). Similar to
what we have shown in the first solution, it is not difficult to prove that
111 (33) and 7 | (7g). Applying Proposition 1.44 (b), (c), and (d) leads to

x+y4+z=0 (mod9),
x—y+z=0 (mod 11),
xyz+1=0 (mod 7),
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or

x+y4+z=0 (mod9),
x—y+z=0 (mod 11),
2x+3y+z+1=0 (mod 7).

Because x, y, and z are digits, the first equation leadstox +y +z = 9,
or 18, or 27 (with x = y = z = 9); and the second equation leads to
x —y+z=0or11. Itis not difficult to see that (x + y + z,x — y+2) =
(18,0), or (x+2z, y) = (9, 9). Substituting this into the third equation gives
O0=x+4+3y+(x+2+1=x+2 (mod 7), implying that x = 5, and so
z =4 and xyz = 59%4.

Note: A common mistake in solving part (3) goes as follows:

(99)_99~98--~81 _19-18---1

- _ 1 d8).
19 191 191 (mod 8)

Because 19! is not relatively prime to 8, we cannot operate division in this
congruence. (Please see the discussion leading to Corollary 1.21.)

Let p > 3 be a prime, and let
{a1,a2,...,ap—1} and {by,by,..., b1}

be two sets of complete residue classes modulo p. Prove that

{aib1, azxby, ...,ap_1bp_1)
is not a complete set of residue classes modulo p.
Proof: By Wilson’s theorem,

ajay---ap_1=bby---bp_1=({p-1!'=-1 (mod p).
It follows that
(a1b1)(azb2) -+ - (ap—1bp-1)
=ajay---ap_1biby-- by =(=1)?*=1 (mod p — 1),

and so

{a1b1, azby, ..., ap_1bp_1}

is not a complete set of residue classes modulo p, by Wilson’s theorem
again.
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Let p > 3 be a prime. Determine whether there exists a permutation
(ala a25 MR ap—])

of (1,2, ..., p—1) such that the sequence {iai}f’z_ll contains p — 2 distinct
congruence classes modulo p.

Solution: The answer is positive.

Foreach 1 <i < p — 2, since ged(i, p) = 1, i is invertible modulo p,
and so ix =i + 1 (mod p) has a unique solution (modulo p). Let a; be
the unique integer with 1 < a; < p — 1 such thatiag; =i 4+ 1 (mod p).
It remains to show that for 1 <i < j < p — 2, a; # a;j. Assume to the
contrary thata; = a; =aforl <i < j < p —2. Because

igi=i+1 (mod p) and jaj=j+1 (mod p),
it follows that
O=a(j—i)=jaj—ia;=j—i (mod p),
which is impossible since 0 < j —i < p — 2.

Note: By Problem 43, {ay, 2a2, 3a3, ..., (p — 1)ap—_1} is not a complete
set of residue classes. By Problem 44, we conclude that the maximum num-
ber of distinct congruence classes in the sequence {a1, 2a3, 3a3, ..., (p —
Dap,_1}is p —2.

[Paul Erdos] Prove that any positive integer less than n! can be represented
as a sum of no more than n positive integer divisors of n!.

First Proof: foreachk = 1,2,...,n, leta; = Z—: Suppose we have

some number m with ar < m < aj_1, where 2 < k < n. Then consider
the number d = a; L%J. We have 0 < m — d < ayg; furthermore, because

ak—1

— = k, we know that
k

s=Laﬂkj<

n!  apk! k!

d  as s
is an integer. Thus from m we can subtract d, a factor of n!, to obtain a
number less than ay.

Then if we start with any positive integer m < n! = aj, then by subtracting
at most one factor of n! from m we can obtain an integer less than ay; by
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subtracting at most one more factor of n! we can obtain an integer less than
az; and so on, so that we can represent m as the sum of at most n — 1 positive
integer divisors of n!.

Second Proof: We proceed by induction. For n = 3 the claim is true.
Assume that the hypothesis holds for n — 1. Let 1 < k < n! and let &’/
and g be the quotient and the remainder when k is divided by #; that is,
k=k'n+¢q,0<qg <n,and

k n!
0<k<—<—=@m-=1D
n n
From the inductive hypothesis, there are integers d| < d) < --- < dj,

s <n—1,suchthatd | (n—1)1,i = 1,2, ....sand kk' = d|+d})+--+d..
Hence k = nd| +ndy+---+nd;+q.If g =0, thenk = d +do+- - - +dj,

where d; = ndl.’, i=1,2,...,s,are distinct divisors of n!.

Ifg #0,thenk =d; +dr + - - - + dg+1, where d; =ndl-’,i =1,2,...,s,
and dgy1 = q. Itisclearthatd; | n!,i = 1,2,...,s, and dg4+1 | n!,
since ¢ < n. On the other hand, ds+1 < dj < dy < --- < ds, because

dyy1=qg <n < ndi = dj. Therefore k can be written as a sum of at most
n distinct divisors of n!, as claimed.

Let n > 1 be an odd integer. Prove that n does not divide 3" + 1.

Proof: Assume to the contrary that there is a positive odd integer n that
divides 3" + 1.

Let p be the smallest prime divisor of n. Then p divides 3" + 1; that is,
3" = —1 (mod p), implying that 3** = 1 (mod p). By Fermat’s little
theorem, we also have 37~! = 1 (mod p). By Corollary 1.23,

38¢d@p=1 = 1 (mod p).

Because p is the smallest prime divisor of n, gcd(n, p — 1) = 1. Because
nisodd, p — 1is even. Hence gcd(2n, p — 1) = 2. It follows that 32 =1
(mod p), or p divides 8, which is impossible (since p is odd).

Let a and b be positive integers. Prove that the number of solutions (x, y, z)
in nonnegative integers to the equation ax + by + z = ab is

1
E[(tl + Db+ 1) + ged(a, b) +1].
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Proof: It is clear that for each solution (x, y, z) in nonnegative integers
to ax 4+ by 4+ z = ab we have the solution (x, y) in nonnegative integers
to ax + by < ab. Conversely, for each solution (x, y) to ax + by < ab
we have the solution (x, y, ab — ax — by) to the given equation. Hence it
suffices to count the number of solutions (x, y) in nonnegative integers to
ax + by < ab.

Clearly, these solutions correspond to points of integer coordinates in the
rectangle [0, b] x [0, a].

A

A0, @)

(x,y)

- —@® —— — —

o B(b,0)

The number of lattice points (that is, points with integer coordinates) in this
rectangle is (@+1)(b+1). The condition ax+by < ab means that the point
(x, y) is situated under or on the diagonal AB. Because of the symmetry,
the desired number of points (x, y) is

1( +l)(b+1)+d
Z(a -,
2 2

where d is the number of such points on the diagonal AB. In order to find

d, note that ax + by = ab is equivalent to y = a — 7x. The number of
integers in the array

l-a 2-a b-a
b’ b b
is gcd(a,b). We also need to count the point A(0,a); hence d =
gcd(a, b) + 1 and the conclusion follows.

49. Order! Order, please!

(1) Let p be an odd prime, and let g and r be primes such that p divides
q" + 1. Prove that either 2r | p — lor p | ¢*> — 1.
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(2) Leta > 1 and n be given positive integers. If p is a prime divisor of
a® + 1, prove that p — 1 is divisible by 2" 1.

Proof: In this problem, we apply Propositions 1.30 repeatedly.

(1) Let d = ord,(q) (the order of g modulo p). Since p | ¢" + 1 and
p > 2, we have

g =—-1#1 (mod p),
and so
q2r = (—1)2 =1 (mod p).

From the above congruences, d divides 2r but not r. Since r is prime,
the only possibilitiesared = 2andd = 2r. If d = 2r,then2r | p—1
because d | p — 1, by Fermat’s little theorem and Proposition 1.30. If
d =2,theng? =1 (mod p),andso p | g% — 1.

(2) The proof is similar to that of Theorem 1.50.

2"

From the congruence a*> = —1 (mod p), we have

azn+1 = (azn)2 =1 (mod p).

By Proposition 1.30, ord,(a) divides 2"*!. Since 2% = -1
(mod p), ord,(a) = 2", Clearly, ged(a, p) = 1. By Fermat’s
little theorem, we have a”?~! = 1 (mod p). By Proposition 1.30, we
conclude that 2"+! divides p — 1.

Note: Setting a = 2 in (2) shows that if p is a prime divisor of the Fermat
number f,,, then p — 1 is divisible by 2"+,

50. [APMO 2004] Prove that

(n—1)!
D)

is even for every positive integer n.

Proof: One checks directly that the conclusion holds forn = 1,2, ...,6.
Now we assume that n > 6. We consider three cases.

In the first case, we assume that n = p is prime. Thenn +1 = p + 1 is
even. Hencen +1=2- pTH divides (n — 1)! = (p — 1)! and

_m=D! (p-—1D!
on+1 p4+1
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is an even integer, and so k + 1 is an odd integer. By Wilson’s theorem,

(r = D! —1
k+l1l=—"—-+1=—+4+1=0 d p),
+ bt + I + (mod p)
implying that % is an odd integer; that is,

(p—1)!
r+l -1

p  plp+D p

is an odd integer. Hence
L(n 1)!J L(p 1)!J
nin+1) p(p+1)

In the second case, we assume that n 4+ 1 = p is prime. Thenn = p — 1 is
even. Hencen =2 - prl divides (n — 1)! = (p — 2)! and

(n=D! _ (p=2)!
n Cop—1

is even.

kK =

is an even integer, and so k' + 1 is an odd integer. By Wilson’s theorem,

(p—=2)! (p = D!

K+l="—""+4+1="—+1=-14+1=0 (mod p),
p—1 (p— 1)
implying that ]‘,TH is an odd integer; that is,
(r=2!
St o= 1
p pip=1 p

(” 1) ' (IC 2) !
n (; 1 1 ) P (p 1)

In the third case, we assume that both n and n + 1 are composite. It is not
difficult to show that both n and n+1 divide (n —1)!. Since ged(n, n+1) =
1, we conclude that n(n + 1) divides (n — 1)!; that is,

(n— 1!

nn+1)
is an integer. Also, using Legendre’s function, it is easy to see that this
integer is also even.

is even.
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51. [ARML 2002] Determine all the positive integers m each of which satisfies

the following property: there exists a unique positive integer n such that
there exist rectangles that can be divided into n congruent squares and also
into n + m congruent squares.

Solution: The integer m satisfies the conditions of the problem if and only
if m is in the set

S ={8, p,2p, and 4p, where p is an odd prime}.

Without loss of generality, consider a rectangle ABC D that can be divided
into n + m squares of side 1 and m larger squares of side x. Because the
sides of ABC D have integer lengths, x must be a rational number. Write
x = ¢, where a and b are relatively prime integers. Because x > 1, a > b.
The area of ABCD is

(n+m)-1=n-(%)2.

Solving the above equation for n gives

mb? mb?
n —= =

a?—b2 (a+b)a—-b)

Because gcd(a, b) = 1, ged(b,a + b) = ged(a,a — b) = 1, and so (a +
b)(a — b) divides m. Note also that a + b and a — b have the same parity.

If m has two odd factors each of which is greater than 1, write m = ijk,

where j > 1 and k > 1 are odd integers. Then (a + b,a — b) = (j, k)

and (@ + b,a — b) = (jk, 1) lead to two distinct values for n, namely,
P 2 s 2

n= % andn = #, contradicting the uniqueness of n. Hence m

has at most one odd factor greater than 1; that is, m = 2¢ or 2¢ - p for some

prime p. We consider these two cases separately.

In the first case, we assume that m = 2¢. It is not difficult to check that there
is no solution for n whenc¢ = 1 and 2. If ¢ > 3, then (a—b,a+b) = (2,4)
and (@ + b,a — b) = (2, 8) lead to two distinct values for n, namely,
n =23 and n = 2°~*, contradicting the uniqueness of n. For ¢ = 3 (and
m = 8), we must have (a,b) = (2,4) andn = 1.

In the second case, we assume that m = 2¢ - p. Similar to the first case, we
can show that ¢ < 2 (by also considering (@ + b, a — b) = (1, p)). Hence
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m = p,2p, or 4p. The following table shows that all these values work.

m| (a+b,a—Db) (a, b) n

Pl @D (2 25) e r
20| (D) (2t 27 (et
aplp, or @p,2)| (251, 251) or (p+ 1, p = D|(p = 1)?

52. Determine all positive integers n such that n has a multiple whose digits are
nonzero.

Solution: We claim that an integer n satisfies the conditions of the problem
if and only if n is not a positive multiple of 10. We call a number good if
it satisfies the conditions of the problem. Clearly, multiples of 10 are not
good since their multiples always end in the digit 0. We will show that all
the other positive integers are good. Let n be a positive integer not divisible
by 10. We consider a few cases.

In the first case, we assume that n = 5% or n = 2% for some positive integer
k. As we have shown in Example 1.49, there exist k-digit multiples of n
whose digits are nonzero, implying that n is good.

In the second case, we assume that n is relatively prime to 10. We claim
that » has a multiple whose digits are all equal to 1. We take

1090m — 1
... l=—,
—— 9
¢(9n)

which is divisible by n, from Euler’s theorem.

In the third case, we assume that n = a* - m, where a = 2 or 5 and m is
relatively prime to 10. As we have discussed in the first case, there is an
s-digit multiple of a® whose digits are nonzero. Let t = a;_1a;—> . ..ag be
that number. We consider the sequence

as—145s—2 ...40, ds—104s—-2 ...A005—1ds—2 ...d4Q, ...,

that is, the kth number in the sequence is the concatenation (the number
obtained by writing them one after another) of k ¢’s. As we have shown
in the second case, two terms, say the ith and jth terms (i < j) in the
sequence, are congruent to each other modulo m. It follows that

as_105—p...49...ds_1ds—2...ap00...0 =0 (mod m).

Jj—ias_jas_—5...ap’s (j=0)s 0’s
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Since ged(m, 10) = ged(m, a®) = 1 and @* divides t = a;_1a5—3 . .. ap, it
follows that

As_1a5—2...40...05—105—2 ...d4Q

J—ias—ja;—p.-ag’s

is a multiple of n = a® - m whose digits are nonzero.
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Solutions to Advanced Problems

1. [MOSP 1998]

(a)

(b)

Prove that the sum of the squares of 3, 4, 5, or 6 consecutive integers
is not a perfect square.

Give an example of 11 consecutive positive integers the sum of whose
squares is a perfect square.

Proof: Define s(n, k) =n2+ (1 — 12+ -+ (n+k — 1)2 as the sum of
squares of k consecutive integers, the least of which is n.

(D

2

Note that s(n — 1,3) = (n — 1)> + n*> 4+ (n + 1)> = 3n* + 2. Since
s(n—1,3) =2 (mod 3), s(n—1, 3) is not a perfect square; that is, the
sum of the squares of 3 consecutive integers is not a perfect square.
Note that s(n,4) = 4(n2 + 3n 4+ 3) + 2. Since s(n,4) =2 (mod 4),
s(n,4) is not a perfect square; that is, the sum of the squares of 4
consecutive integers is not a perfect square.

Note that s(n — 2, 5) = 5(n2 +2). Since s(n —2,5) =n?+2=2or
3 modulo 4, s(n — 2, 5) is not a perfect square; that is, the sum of the
squares of 5 consecutive integers is not a perfect square.

Note that s(n — 2, 6) = 6n% + 6n + 19. Since n® +n = n(n + 1) is
even,s(n —2,6)=6n(n+1)+19=3 (mod 4), and so s(n — 2, 6)
is not a perfect square; that is, the sum of the squares of 6 consecutive
integers is not a perfect square.

We have s(n — 5, 11) = 11(n? + 10). It remains to find n such that
11(n* + 10) is a perfect square. Hence 11 must divide n% 4 10, or
n2—1=n%2+10 (mod 11). Consequently,n — 1 =0 (mod 11) or
n+1=0 (mod 11),or n = 11m £ 1 for some integer k. It follows
that s(n — 5, 11) = 11[(11m & 1)> + 10] = 112(11m*> £ 2m + 1) =
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112[10m% + (m +1)?]. We observe that for m = 2, 10m%+(m+1)% =
49 = 72, which leads to an example so s(18, 11) = 772,

2. [MOSP 1998] Let S(x) be the sum of the digits of the positive integer x in
its decimal representation.

(@) Prove that for every positive integer x, % < 5. Can this bound be
improved?

(b) Prove that SS((;;)) is not bounded.

Proof:

(a) The maximum carry is 1. This implies that the only carries in 2x
are the ones accounted for in S(2d) for each digit d in the decimal
representation of x. Hence S(2x) = ) _ S(2d), where the sum is taken
over all the digits of x. It is clear that S(d)/S(2d) < 5 for every
decimal digit d # 0. Thus

S _ S _

S2x)  Y.52d) — 5

This bound cannot be improved, since S(5) = 55(10).

One can also apply Proposition 1.45 (d) to obtain S(x) = S(10x) <
S(5)S(2x) = 55(2x).

(b) Let
e =33...34.
k
Then
3prk =3(33...34+1)=99...94+3=100...02.
~—— ~—— ——
k+1 k+1 k
Thus
S(pr) 3k +4
S3pi) 37

which is unbounded. This completes our proof.
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3. Most positive integers can be expressed as a sum of two or more consecu-
tive positive integers. For example, 24 =74+ 8 + 9 and 51 = 25+ 26. A
positive integer that cannot be expressed as a sum of two or more consec-
utive positive integers is therefore interesting. What are all the interesting
integers?

Solution: A number # is interesting if and only if n is power of 2; that is,
n = 2F for some nonnegative integer k.

Assume that 7 is not interesting. We can write

k+1)Q2m+k
n:m+(m+l)+~-~+(m+k):¢2) (%)
for some positive integers m and k. Since k + 1 and 2m + k are of different
parity, one of them is an odd integer greater than 3, and so n must have an
odd divisor greater than 3. It follows that 2 (for every positive integer k) is
interesting.

It remains to show that all other positive integers n are not interesting. We
write n = 2 . £ where h is nonnegative and £ is an odd number greater than
1. (Note that 2"+ £ ¢) If 2+1 < ¢, n is not interesting since we can set

E—k £+1-2M1
2 2

k=2"*1"—1 and m=

in (x); if 2+l > ¢ nis not interesting since we can set

2h+l_k_2h+l+1_e

k=¢—1 and m= =
2 2

in (x). Hence, in any case, n is not interesting if » has a odd divisor greater
than 1, completing our proof.

4. Set § = {105, 106, ..., 210}. Determine the minimum value of n such
that any n-element subset 7 of S contains at least two non-relatively prime
elements.

Solution: The minimum value of 7 is 26.

Our first step is to compute the number of prime numbers in the set S. For
any positive integer k, let Ax denote the subset of multiples of k in S, and
let P = {2,3,5,7,11}. We compute the cardinality of the subset of S
consisting of numbers divisible by one or more of 2, 3, 5,7, or 11:

A= UAk:AZUA3UA5UA7UA“,
keP
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using the inclusion and exclusion principle, as follows:

A=) 1A= Y JANA I+ Y [ANA;N A

keP i<jeP i<j<keP
— ) 1ANA N AN AL+ ) Ak
i<j<k<leP keP
=137-66+16—1+4+0
= 86.

We now see that the only composite number in S that is not in A is 13> =
169, since 13 - 17 = 221 > 210. Therefore S consists of 87 composite
numbers and 19 primes.

We can now prove that given any 26 numbers in S, there exist two of them
that are not relatively prime. By the pigeonhole principle, since there are
19 primes in S, at least 7 of the 26 numbers we have chosen are composite,
which means that at least 6 of the numbers are in A. But this means, again
by the pigeonhole principle, that two of them belong to the same set Ay, for
some k € P. Thus they share a common factor (namely k), and hence are
not relatively prime.

Finally, we can construct a subset of S with 25 elements in which every pair
of elements is relatively prime. Let P denote the set of all primes in §; then
we can see that the set

PU{112, 5%, 27, 32.17, 13%, 7-29}
= P U{121, 125, 128, 153, 169, 203}

is a set of 25 numbers that are all mutually relatively prime.

[St. Petersburg 1997] The number

99...99
—
1997 9’s

is written on a blackboard. Each minute, one number written on the black-
board is factored into two factors and erased, each factor is (independently)
increased or diminished by 2, and the resulting two numbers are written. Is
it possible that at some point (after the first minute) all of the numbers on
the blackboard equal 9?
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Solution: The answer is negative.

Adding or subtracting 2 from a number motivates us to consider arithmetic
modulo 4. Since a + 2 = a — 2 (mod 4) for any integer a, adding or
subtracting 2 becomes the same operation modulo 4. Note first that the
original number is congruent to 3 modulo 4. We claim that there is always
a number congruent to 3 modulo 4: factoring such a number gives one
factor congruent to 1 modulo 4, and changing that by 2 in either direction
gives a number congruent to 3 modulo 4. On the other hand, 9 is congruent
to 1 modulo 4, and so we cannot have all 9’s written on the board at any
moment.

. 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.

First Proof: Since2-5-1=322-13—-1=5%and5-13 -1 = 8,
we will look for a non-perfect square in the set {2d — 1,5d — 1, 13d — 1}.
Assume to the contrary that all these numbers are perfect squares; that is,

2d—1=a% 5d—1=5b% and 13d —1=c?,

where a, b, and ¢ are integers. Then a is an odd number, say, a = 2x + 1
andd = 2x(x + 1)+ 1. Since x(x + 1) is always even, it follows thatd = 1
(mod 4), and so b and c are even. Assume that » = 2y and ¢ = 2z. From
5d = b> + 1 and 13d = ¢? + 1, we have 84 = ¢ — b?. Thus,

_4))24—1_412—1—1_4z2—4yz_z2—y2
513 827

d

It follows that z and y are of equal parity. In this case, z2—y> = 0 (mod 4),
while d = 1 (mod 4). Thus, we get a contradiction.

Second Proof: We operate modulo 16. We first calculate n> modulo 16
forn =0, 1,...,7, 8 to see that the possible residues modulo 16 are

0,1, 4,09

If 2d —1 is not a perfect square, we are done. Assume that 2d —1 is a perfect
square. Then 2d — 1 is congruent to 0, 1, 4, or 9 modulo 16. Since 2d is
even, 2d is congruent to 2 or 10 modulo 16, implying that d is congruent to
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1,5, 9, or 13 modulo 16. Thus, we have the following table (modulo 16):

d|5d —1{13d — 1
1| 4 12
5/ 8 4
9] 12 4
13| 4 8

Note that all the boldfaced numbers are not perfect squares, and there is
such a number in each row. Thus, for all possible values of d that make
2d — 1 a perfect square, at least one of 5d — 1 and 13d — 1 is a not perfect
square, and we are done.

. [Russia 2001] A heap of balls consists of one thousand 10-gram balls and

one thousand 9.9-gram balls. We wish to pick out two heaps of balls with
equal numbers of balls in them but different total weights. What is the
minimal number of weighings needed to do this? (The balance scale reports
the weight of the objects in the left pan minus the weight of the objects in
the right pan.)

Proof: It is clear that one has to use at least one weighing. We claim that
it is also enough.

Split the two thousand balls into three heaps Hy, H>, H3 of 667, 667, and
666 balls, respectively. Weigh heaps H; and H> against each other. If the
total weights are not equal, we are done. Otherwise, discard one ball from
H; to form a new heap Hj of 666 balls. We claim that H| and H3 have
different weights. If not, then they have the same number of 10-gram balls,
say, n. Then H; and H, either each had n 10-gram balls or each had n + 1
10-gram balls. This would imply that 1000 equals 3n or 3n + 2, which is
impossible.

[China 2001] We are given three integers a, b, and ¢ such that a, b, c,
a+b—c,a+c—b,b+c—a,and a+ b+ c are seven distinct primes. Let
d be the difference between the largest and smallest of these seven primes.
Suppose that 800 is an element in the set {a + b, b + ¢, ¢ + a}. Determine
the maximum possible value of d.

First Solution: The answer is 1594.

First, observe that a, b, and ¢ must all be odd primes; this follows from the
assumption that the seven quantities listed are distinct primes and the fact
that there is only one even prime, 2. (If, say, a is even, then b and ¢ must
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be odd. Then a + b — ¢ and a + ¢ — b must both be even, and so equal to
2.) Therefore, the smallest of the seven primes is at least 3.

Second, assume without loss of generality that a + b = 800. Because
a—+b—c > 0, we must have ¢ < 800. We also know that c¢ is prime;
therefore, since 799 = 17 - 47, we have ¢ < 797. It follows that the largest
prime, a + b + ¢, is no more than 1597. Combining these two bounds, we
can bound d by d < 1597 — 3 = 1594.

It remains to observe that we can choose a = 13, b = 787, ¢ = 797 to
achieve this bound. The other four primes are then 3, 23, 1571, and 1597.

Second Solution: assume without loss of generality that @ + b = 800.
(Clearly, both a and b are odd.) Then ¢, a+b+c = 800+c,anda+b—c =
800 — ¢ are primes. Consider ¢, 800 + ¢, and 800 — ¢ modulo 3. Tt is
not difficult to see that exactly one of them is congruent to O modulo 3;
that is, one of them is equal to 3. Consequently, we have either ¢ = 3 or
800 —c=3(andc=797). Ifc=3,d <a+b+c=803.If c =797,
thend < a+b+c—3 = 1594. We can finish as we did in the first solution.

. Prove that the sum

1 1 1
Sm,n)=—+ —+---+
m m+1 m+n

is not an integer for any given positive integers m and n.

Proof: Assume to the contrary that S(m, n) is an integer for some pos-
itive integers m and n. Clearly, n > 1. Consequently, there are even

integers among the numbers m, m + 1,...,m + n. Let £ denote lcm(m,
m+1,...,m+n). Then £ is even. We have
£ £ £
LSm,n) = —+ ——+--- . *
(m, n) m+m+l+ +m+n ()

By our assumption, the left-hand side of the above identity is even. We will
reach a contradiction by showing that the right-hand side is odd.

For every integer i with 0 <i < n, assume that 2% fully divides m +i. Let
m = max{ag, ai, . .., a,}. It follows that 2™ || £.

Assume that a; = m (where 0 < j < n). We claim that j is unique.
Assume to the contrary thata; = aj, withO < j < j; <n. Thenm + j =
29 -k and m + j; = 2% - ky, where k and k; are odd positive integers.
Hence k + 1 is an even integer between k and kg, and so

m+j<2%.(k+1) <2% - kg =2% - ky =m+ ji,
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implying that 2¢/+1 divides 2% - (k + 1), contradicting the maximality of
aj = m. Thus, such a j is unique. It follows that mLJrl is an even integer for

all0 <i <nwithi # j, and ijH is odd. Hence all but one summand on
the right-hand side of () are even, implying that the right-hand side of ()
is odd, contradicting the fact that the left-hand side of (x) is even. Hence

our original assumption was wrong and S(m, n) is not an integer.

[St. Petersburg 2001] For all positive integers m > n, prove that
2mn
Iem(m,n) +Ilem(m + 1, n + 1) > .
m—n
Proof: Letm = n + k. Then
Iem(m,n) +1lcm(m + 1,n 4+ 1)
_ mn m+1n+1)
~ ged(m,n)  ged(m +1,n+ 1)
mn mn
> +
ged(n+k,n)  gedim+1,n+1)
o mn + mn
©ged(k,n)  gedin4+k+1,n+1)
mn mn

- gcd(k, n) + ged(k,n +1)°

Now, gcd(k, n) | k, and ged(k,n + 1) | k. We conclude that gcd(k, n)
has no common prime factor with ged(k, n + 1), because if it did, n + 1
would have a common prime factor with n, which is impossible. Since both
divide k, so does their product, implying that gcd(k, n) gcd(k,n 4+ 1) < k.
Consequently,

mn mn

gcd(k, n) + ged(k,n+ 1)

_ 1 -9 1 2mn
mn mn,| — = ——
- ged(k, n) ged(k,n + 1) — k Jm—n

by the AM-GM inequality.

Iem(m,n) + lcm(m + 1, n + 1) >

Prove that each nonnegative integer can be represented in the form a* +
b? — ¢%, where a, b, and ¢ are positive integers witha < b < c.
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First Proof: Let k be a nonnegative integer.

If k is even, say k = 2n, the conclusion follows from the identity
2n = (3n)? + (4n — 1)* — (5n — 1)?
and the simple algebraic facts 3n <4n — 1 < 5n — 1 forn > 1,
0=324+4>-5% and 2=5"+112-122
If k is odd, we use the identity
2n+3=0Gn+2)7>+ @n)? - Gn+1)%,
where forn > 2,3n +2 < 4n < 5n + 1. Since

1=424+7% -8, 3=4>+6> -7,
5=424+52_-6% and7 = 6% + 142 — 152,

we have exhausted the case k odd as well.

Second Proof: We present a more general approach for this problem. The
key fact is that the positive differences between consecutive perfect squares
are linearly increasing. For every nonnegative integer k, we choose a large
positive integer a with different parity from that of k. We thensetc = b+1.
Then k = a®> +b> —c? = a* — (2b + 1). Since k and a has different parity,
a? — k is odd, and so

_az—k—l
B 2

b

is a positive integer. Since the left-hand side of the above equation is a
quadratic in a, its value is greater than a for large a, and so the condition
a <b < c=>b+1is satisfied, and we are done.

Determine whether there exists a sequence of strictly increasing positive
integers {ax )2 such that the sequence {ax + a}7, contains only finitely
many primes for all integers a.

Note: One easily thinks about a; = k!. But it is then difficult to deal with
a = 1ora = —1. We present two ways to modify this sequence.
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First Solution: The answer is positive. There exists such a sequence.
Indeed, for every positive integer k, letay = (k!)3. Ifa = £1, thenay+a =
(k)3 £ 1 is composite, since polynomials x> + 1 and x3 — 1 factor into
(x+1D(x?—x+1)and (x — 1)(x* + x + 1), respectively. If |a| > 1, then
a divides k! for k > |a|, implying that a also divides ay + a for k > |a|.

Second Solution: (By Kevin Modzelewski) We set ay = (2k)! + k. For
all integers k > |a| and k > 2 — a, we have 2 < k + a < 2k. Therefore,
ay + a is divisible by k + a, and thus composite, for all such k.

Prove that for different choices of signs 4+ and — the expression
+1+2+3L£---£@n+1)

yields all odd positive integers less than or equal to (2n 4 1)(4n + 1).

Proof: We induct on n. Forn = 1, from =1 +2 4+ 3 £+ 4 + 5 we obtain all
odd positive integers less than or equal to (24 1)(4 4+ 1) = 15:

+1-24+3+4—-5=1, —1424344-5=3,
—14243-4+5=5 —142-34445=1,
—1—243444+5=9, +1-2434+44+5=11,
—142434+4+5=13, +14+24+34+4+5=15.

Assume that the conclusion is true for n = k, where k is some positive
integer; that is, from +1 £ 2 & --- £ (4k + 1) with suitable choices of
signs + and — we obtain all odd positive integers less than or equal to
(2k + 1)(4k + 1). Now we assume thatn = k + 1.

Observe that —(4k +2) + (4k +3) + (4k +4) — (4k +5) = 0. Hence from
+14+24 .4 (4k 4 5) for suitable choices of signs + and — we obtain all
odd positive numbers less than or equal to (2k + 1)(4k + 1).

It suffices to obtain all odd integers m such that
Ck+DU@k+1) <m<QRk+3)dk+5=0Cn+DM@n+1). (%

There are

2k +3)4k+5) - Ck+ D@k + 1)

=8k+7
> +

such odd integers m. Each of these integers can be written in exactly one
of the following forms:

Cn+3)d4n+5=4+14+2+---+@n+5),
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or

2n +3)@n +5) — 2k
=+1424---4+Gk -1 —k+G&+1D)+---+@n+4)+ @dn+5),

fork=1,2,...,4n+5, or

Qn + 1)(4n +5) — 2¢
=41 424+ -1 =L+ L+ D+ +@n+4) — @n+5),

for £ = 1,2,...,4n + 1. Hence all numbers m from (%) are obtained,
completing the inductive step.

Let a and b be relatively prime positive integers. Show that
ax+by=n

has nonnegative integer solutions (x, y) for integers n > ab —a — b. What
ifn =ab—a—b?

First Proof: We call an integer n representable if there are nonnegative
integers x and y such that n = ax + by.

First we show that n = ab — a — b is not representable. Assume to the
contrary that ab—a —b = ax+by, where x and y are nonnegative integers.
Taking the last equation modulo a and then modulo b leads to —b = by
(mod a) and —a = ax (mod a). Since gcd(a, b) = 1, it follows that
y = —1 (mod a) and x = —1 (mod b). Since x and y are nonnegative,
y>a—1andx > b — 1. Hence

ab—a—b=n=ax+by>ab—-1)+bla—1)=2ab—a—b,

which is impossible for positive integers a and b. Therefore, our assump-
tion was wrong and n = ab — a — b is not representable.
Second we show that n > ab —a — b is representable. Since gcd(a, b) = 1,
by Proposition 1.24,

{n,n—>b,n—2b,...,n—(a—1)b}

is a complete set of residue classes modulo a. Hence there exists exactly
one y,with0 <y <a—1,suchthatn —yb =0 (mod a), orn —yb = ax
for some integer x. If x > 0, we are done. If x < 0, then x < —1, and so

n—(a—1)b<n-—yb=ax < —a,
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orn < ab — a — b, contradicts the condition n > ab — a — b. Hence both
x and y are nonnegative, and so n > ab — a — b is representable.

Second Proof: We prove the following claim:

If m and n are integers with m +n = ab — a — b, then exactly
one of m and n is representable.

If n > ab — a — b, then m must be negative, which is clearly not repre-
sentable. Hence by our claim, n is representable. If n = ab — a — b, then
since m = 0 is clearly representable (withx =y =0),n =ab—a — b is
not representable, again by our claim.

It remains to prove our claim. By Bézout’s identity, there exist pairs (x, y)
of integers such that ax+by = n. Since ax+by = a(x —bt)+b(y+bt), we
can always reduce or increase x by a multiple of . Thus, we can always
assume that 0 < x < b — 1. Furthermore, a number n = ax + by is
representable if and only if it is representable under the additional condition
that 0 < x < b — 1. Assume that

n=ax+by and m =as+ bt,

where x, y, s, and t are integers with both x and s nonnegative integers less
than b; thatis, 0 < x,x < b — 1. Then

ax+by+as+bt=m+n=ab—a-—>b,
or
ab—(x+s+Da—-(Q+t+1)b=0. ()

Since gcd(a, b) = 1, equation (x) indicates that » must divide x + s + 1.
Notethat 1 <x+s+1 <2b— 1. Hence x +s + 1 = b, and the equations
(*) becomes (y+t+1)b = 0,0r y+1t+1 = 0. It is easy to see that exactly
one of y and 7 is nonnegative, and exactly one of them is negative; that is,
one of them is representable and the other is equal to 1.

Note: Can you generalize this result for three pairwise relatively prime

numbers a, b, and ¢?

[China 2003] The sides of a triangle have integer lengths k, m, and n. As-
sume that k > m > n and

(o} = (el = {

Determine the minimum value of the perimeter of the triangle.
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Solution: It suffices to find positive integers k, m, and n withk > m > n
and k < m + n such that

3F=3"=3" (mod 10%),
or
3F=3"=3" (mod2* and 3*=3"=3" (mod5*. ()

Let di = ord,s(3), d» = ordss(3), and d = gcd(dy, d2). By Proposition
1.30, d divides both of kK — m and m — n.

It is easy to check that d; = 4. We note that d; divides (p(54) =54_53 =
500, by Proposition 1.30 again. We claim that d = 500. If d» < 500, it
must be a divisor of either 250 = % or 100 = Ssﬂ. It suffices to show that

(@) 320 £ 1 (mod 5%) and
(b) 3190 =£ 1 (mod 5%).

We establish (a) by noting that 320 =32 = 1 (mod 5), since p(5) =4.
By the binomial theorem, we have

50 50
100 50 2 4
=(10-1 = - 10 — -1 1#£1 d
3 (10 ) (48) (49> 0+1# (mod 5%),

establishing (b). It follows that d» = 500 and d = 500. Condition (%) is
satisfied if and only if both of k — m and m — n are multiples d = 500.

We set m = 500s + n and k = 500t + m = 500(s + t) + n for positive
integers s and ¢. The perimeter of the triangle is equal to k +m +n =
500(2s + t) + 3n. Condition £k < m + n now reads 500t < n. Therefore,
the minimum value of the perimeter is equal to 500 - 3 4+ 3 - 501 = 3003,
obtained when s =t = 1 and n = 501.

[Baltic 1996] Consider the following two-person game. A number of peb-
bles are lying on a table. Two players make their moves alternately. A
move consists in taking off the table x pebbles, where x is the square of
any positive integer. The player who is unable to make a move loses. Prove
that there are infinitely many initial situations in which the player who goes
second has a winning strategy.

Proof: Assume to the contrary that there are only finitely many initial
situations in which the player who goes second has a winning strategy.
Under our assumption, there exists a positive integer N such that if there
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are n > N pebbles on the table, the player who goes first at the moment
has a winning strategy.

Consider the initial situation with (N + 1)% — 1 pebbles on the table. Let
‘P1 and P, denote the players who go first and second, respectively. By
our assumption, P; has a winning strategy, which requires P; to remove
x pebbles on his first move. It is clear that x # N 2 and P, is left with
atleast (N + D2 —1—-N?2=2N > N pebbles to make the first move.
By our assumption, at this moment, P, has a winning strategy. But it is
impossible for both players to have a winning strategy for the same initial
situation. Hence our original assumption was wrong and there are infinitely
many initial situations in which the player who goes second has a winning
strategy.

[MOSP 1997] Prove that the sequence 1, 11, 111, ... contains an infinite
subsequence whose terms are pairwise relatively prime.

First Proof: Let x, denote the nth term in the sequence. Then
Xp+1 — 10x, = 1, implying that gcd(x,+1,x,) = 1. To prove that there
is an infinite subsequence of numbers any of two of which are relatively
prime, it suffices to prove that no matter how many terms the subsequence
contains, it can always contain at least one more term. To do this, note that
x, divides x,,,. Let p be the product (or least common multiple) of all the
indices already in the subsequence. Then any number in the subsequence
divides x,. Hence x 1 can be added to the subsequence and we are done.

Second Proof: We maintain the same notation as in the first proof. Note

that x,, = 10”9_1 . By introductory problem 38 (2), we have

ecd(107 — 1,107 — 1) 102dmm) _ |
9 - 9

=1

ged (o, x,) =

for integers m and n with ged(m,n) = 1. Hence the subsequence {x,}
where p are primes satisfies the conditions of the problem.

Note: Euler’s proof of the existence of infinitely many primes reveals the
connection between these two proofs.

Let m and n be integers greater than 1 such that gcd(m,n — 1) =
gcd(m, n) = 1. Prove that the first m — 1 terms of the sequence n1, na, ...,
where ny = mn + 1 and ngy1 = n - nx + 1, k > 1, cannot all be primes.
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Proof: It is straightforward to show that

nk—1

n—1

ny = nFm + nk=1

+-dnt1l=nfm+

for every positive integer k. Hence

n®m _q
Ry = n*" - m 4+ ————

n—1

From Euler’s theorem, m | (n*™ — 1), and since ged(m,n — 1) = 1, it
follows that

n®m _q

m
n—1

Consequently, m divides ny ). Because ¢(m) < m — 1, nygy) is not a
prime, and we are done.

[Ireland 1999] Find all positive integers m such that the fourth power of the
number of positive divisors of m equals m.

Solution: If the given condition holds for some integer m, then m must
be a perfect fourth power and we may write its prime factorization as m =
D434z 5dasgdar | for nonnegative integers ay, a3, ds, aj, . ... The num-
ber of positive divisors of m equals

(4az + 1)(4az + 1)(4as + D)(4a7 + 1) - - - .

This number is odd, so m is odd and a; = 0. Thus,

_4a3+1 das+1 4da7+1
T 3a s qa

1

Ce = X3X5X7 -,

. 4a,+1 .
where we write x, = ;”T;r for each p. We proceed to examine x, through
three cases: p =3, p=5,and p > 5.

When az = 1, x3 = %; when a3 = Oor 2, x3 = 1. When a3 > 2, by
Bernoulli’s inequality we have

3% = (84 1)4/? > 8(a3/2) + 1 = 4az + 1,

so that x3 < 1.

When as = 0or 1, x5 = 1; when as > 2, by Bernoulli’s inequality we have

595 — 24+ 1)7 324-%5+1=12a5+1,
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so that
das + 1 9
X5 <X —————F =< .
12a54+1 — 25
Finally, for any p > 5, when a, = 0 we have x, = 1, whena, = 1 we

have p% = p > 5 =4a, +1,sothatx, < 1; and when a, > 1 then again
by Bernoulli’s inequality we have

pir > 5% > 12a, + 1,

9
so that as above, x, < 55

Now if a3 # 1 then we have x, < 1 for all p. Because 1 = xpx3x5---
we must actually have x, = 1 for all p. This means that a3 € {0,2},
as € {0,1},and a7 = a;; = --- = 0. Hence m = 1%, (3%)*, 5%, or (32 - 5)*.

Otherwise, if a3 = 1 then 3 divides m = 5%(4as + 1)*(4a7 + 1)* - - - . Then

for some prime p’ > 5,3 | (4a, + 1), so that a,y > 2; from above, we

9
have x, < 75+ Then

9
25

X3X5X7 -+ < <1,

W] W

which is a contradiction.

Thus, the only such integers m are 1, 54 38 and 3% - 5% and it is easily
verified that these integers work.

[Romania 1999]

(1) Show that it is possible to choose one number out of any 39 consecu-
tive positive integers having the sum of its digits divisible by 11.

(2) Find the first 38 consecutive positive integers none of which has the
sum of its digits divisible by 11.

Proof: Call an integer deadly if its sum of digits is divisible by 11, and
let d(n) equal the sum of the digits of a positive integer n. We have the
following observations:

(a) If n ends in a 0O, then the numbers n,n + 1,...,n + 9 differ only
in their units digits, which range from 0 to 9. Hence d(n),d(n +
1), ...,d(n+9) is an arithmetic progression with common difference

1. Thusifd(n) # 1 (mod 11), then one of these numbers is deadly.

(b) Next suppose that n ends in k > 0 nines. Then d(n + 1) = d(n) +
1 — 9k: the last k digits of n + 1 are O’s instead of 9’s, and the next
digit to the left is 1 greater than the corresponding digit in 7.
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(c) Finally, suppose that n ends in a 0 and that d(n) = d(n + 10) = 1
(mod 11). Because d(n) =1 (mod 11), we must have d(n+9) = 10
(mod 11). If n+9endsink 9’s, then we have 2 = d(n+ 10) —d(n +
9) =1—9k (mod 11), implying that k = 6 (mod 11).

(1) Suppose we had 39 consecutive integers, none of them deadly. One of
the first ten must end in a 0: call it n. Because none of n, n+1, ..., n+
9 are deadly, we must have d(n) = 1 (mod 11), by (a) above. Simi-
larly, d(n + 10) = 1 (mod 11) and d(n +20) = 1 (mod 11). From
(c) above, this implies that both n + 9 and n + 19 must end in at least
six 9’s. This is impossible, because n + 10 and n + 20 can’t both be
multiples of one million!

(2) Suppose we have 38 consecutive numbers N, N+1, ..., N+37, none
of which is deadly. By an analysis similar to that in part (1), none of
the first nine can end in a 0. Hence, N 4+ 9 must end in a 0, as must
N + 19 and N + 29. Then we must have d(N + 9) = d(N + 19) =
1 (mod 11). Therefore d(N + 18) = 10 (mod 11). Furthermore, if
N + 18 ends in £ 9’s we must have k = 6 (mod 11).

The smallest possible such number is 999999, yielding the 38 consec-
utive numbers 999981, 999982, ..., 1000018. Indeed, none of these

numbers is deadly: their sums of digits are congruentto 1, 2, ..., 10,
1,2,...,10,1,2,...,10,2,3,...,9, and 10 (mod 11), respec-
tively.

21. [APMO 1998] Find the largest integer n such that » is divisible by all posi-
tive integers less than J/n.

Solution: The answer is 420, which satisfies the condition since 7 <
V420 < 8 and 420 = Iem(1, 2, 3,4, 5, 6, 7}.

Suppose n > 420 is an integer such that every positive integer less than
/n divides n. Then /n > 7, so 420 = Iem(1, 2, 3, 4, 5, 6, 7) divides n;
thus n > 840 and /n > 0. Thus 2520 = Iem(1, 2, ..., 9) divides n and
/n > 13. Now let m be the largest positive integer less than /7; that is,
m< Jn <m+1. Wehave m > 13 and lecm(1, 2, ..., m) divides n. But
-1 —2)(m -3

lem(m —3,m —2,m — 1, m) > m(m )(m6 ) ), )
since 2 and 3 are the only possible common divisors of these four numbers.
Thus

m(m — 1)(m6— 2)(m — 3) <n<(m+ 1)3’
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implying that

<6(1+ 2 1+ 3 1+ 4
"= m—1 m—2 m—3)"

The left-hand side of the inequality is an increasing function of m, and the
right-hand side is a decreasing function of m. But for m = 13, we have

13-12-11-10 = 17160 > 16464 = 6 - 14°,

so this inequality is false for all m > 13. Thus no n > 420 satisfies the
given condition.

Note: Ryan Ko pointed out that the inequality (T) can be improved to

(m—1)m—2)(m —3)(m —4)
> .

Ilecm(m —3,m -2, m—1,m) >

Why?

[USAMO 1991] Show that for any fixed positive integer n, the sequence

2
2,22, 22,22 . (mod n)

is eventually constant. (The tower of exponents is defined by a; = 2 and
aj+1 = 2% for every positive integer i.)

Proof: We apply strong induction on n. The base case n = 1 is clearly
true. Assume that the conclusion is true for n < k, where k is some positive
integer. We consider the case n = k + 1.

If n = k4 11is odd, 2™ = 1 (mod n) by Euler’s theorem. Because
¢(n) < n, by the induction hypothesis, the sequence ai, az, ... is eventu-
ally constant modulo ¢(n); that is, a; = ¢ (mod ¢(n)) for large i. Conse-
quently,

ai+1 =2% =2 (mod n)

is constant, completing the inductive step for this case.

If n = k4 11is even, we write n = k41 = 29 - m for some positive integer
k and odd positive integer m. By the induction hypothesis, the sequence
ai, az, ... is eventually constant modulo m. Clearly, a; = 0 (mod 27) for
all sufficiently large i. Because 29 and m are relatively prime, each of 29
and m divides a;+| — a;, which implies that n = 29 - m divides a;+1 — a;;
that is, the sequence aj, as, ... is eventually constant modulo n = k + 1,
completing the inductive step for this case, and our induction is complete.
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Prove that forn > 5, f, + fu,—1 — 1 has at least n + 1 prime factors.
Proof: For each k > 1, we have
foor+ fi—1=22" 40 p1 =% 12— 222
=% 11 22THY 140227,
Hence

Jer1 + e =1 =ar(fx + fr-1— 1), €)]
where ar = fr — fr—1 + 1.
We proceed by induction. We have
fs+ fa—1=3-7-13-97-241-673,

and the property holds. Assume that for some k > 5, fi + fr—1 — 1 has at
least k + 1 prime factors. Using () and the fact that

ged(fi + foe1 — Loag) = ged(fi + fo1 — 1, fo — fi—1 + 1)
—ecd(fi — i1 +1,2:22 ) =1,

we conclude that fy11 + fr — 1 has at least k + 2 prime factors, and we are
done.

Prove that any integer can be written as the sum of the cubes of five integers,
not necessarily distinct.

Proof: We use the identity 6k = (k + 1)° + (k — 1)3 — k3 — k> for

k_n3—n_n(n—1)(n+1)
6 6 ’

which is an integer for all n. We obtain

3 3 3 3
W n3—n+1 N n3—n_1 B n®—n _ n—n
~\ 6 6 6 6 |
Therefore, n is equal to the sum
3 3 3 3
()’ + nd—n . nd—n n n—n’ 1)+ n—n3+1
" 6 6 6 6 ‘

Remark: One can prove that any rational number is the sum of the cubes
of three rational numbers.
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25. Integer or fractional parts?

(1) [Czech and Slovak 1998] Find all real numbers x such that
x|x|x|x]]] = 88.
(2) [Belarus 1999] Show that the equation
W+ 7 =12
has infinitely many rational noninteger solutions.

Solution:

(1) Let f(x) =x[x[x|x]]].
We claim that if a and b are real numbers with the same sign and
la] > |b| > 1, then |f(a)| > |f(b)|. We notice that ||a]| > ||b]| >
1. Multiplying this by |a| > |b| > 1, we have |a|a]| > |b|D]| >
1. Notice that ala] and alala]] have the same signs as b|b| and
b|b|b]] respectively. In a similar manner,

lalalalll > |blblb]]| = 1, [lalalalll| = [lb|b[b]]]] = 1,

and | f(a)| > | f(b)|, establishing our claim.

We have f(x) = 0 for |x| < 1, f(1) = f(—1) = 1. Suppose that
f(x) = 88. So |x| > 1, and we consider the following two cases.

In the first case,we assume that x > 1. It is easy to check that

f (27—2) = 88. From our claim, we know that f(x) is increasing for

x>1.Sox = % is the unique solution on this interval.

In the second case, we assume that x < —1. From our claim, we
know that f(x) is decreasing for x < 1. Since

P 112 D
37 )0 7

—3>x>-—2and [x[x|x]|] = —37. Butthenx = -5 > —3,a

37
contradiction. Thus there is no solution on this interval.

[f(=3)=81 < f(x) =88 <

Therefore, x = % is the only solution.

Finally, we note that 27—2 and — == are found by finding x|, [x[x]],
and |x|x|x]]] in that order. For example, for x > 1, f(3) < 88 <
f(@),and so3 < x < 4. Then |x| = 3 and x|x[3x]] = 88. Then
f(B3) <88 < f(10/3),s0 |x|x]] =9, and so on.
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(2) Let

3 4 6
x=5(125k+ 1), y = (125k+ 1), andz = 2 - (125k + 1)

for every integer k. These are never integers because 5 does not divide
125k + 1. Moreover, we note that

125x3 = 33125k + 1)> = 3 (mod 125).

3
Hence, 125 divides 125x> — 3% and x> — (%) is an integer. Thus,

27
3, 2T
=135

Similarly,

64 216 91 27 64
3 3
— d — 1 — — ,
v 125 and {2’} 125 125 125 125

implying that {x3} + {y3} = {z*}.

26. Let n be a given positive integer greater than 1. If p is a prime divisor of

the Fermat number f;,, prove that p — 1 is divisible by 2”2,

Proof: Sincen > 1, f,—1 = 22! + 1 is defined. Note that

n+1 n
2 + _ (22}1 + 1 +22n—1+])2

n

) = (22’171 + 1)
= (fu+ 22’”“)2

By the binomial theorem, we obtain

n

(fa-) = (fn +22n_]+1)2 = (22"—'+1>2" _ (22,1)2"*#1
=(fi— D" =D =21 (mod f),

implying that f, divides (f,— 1)2”+l + 1. Since p divides f,, p divides
( fn,l)zn+l + 1, from which the desired conclusion follows by setting a =
fn—1 in introductory problem 1.49 (2).
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27. [USAMO 1999 proposal, by Gerald Heuer] The sequence

{an}32, =11,2,4,5,7,9,10, 12,14, 16,17, ...}

of positive integers is formed by taking one odd integer, then two even
integers, then three odd integers, etc. Express a,, in closed form.

Solution: The solution is similar to the second proof of Example 1.70. We
claim that

L1+«/8n—7J
a, =2n — —

for every positive integer 7.

We rewrite the given sequence in blocks as
{an}od, =1{1;2,4;5,7,9; 10, 12,14, 16; 17, ... }.
Consider the sequence
{bntoo =1{1:2,2:3,3,3;4,4,4,4,5,...}.
We show that
a, +b, =2n €)]

for all positive integers n. This is clear for n = 1 and n = 2. Within each
block in each sequence, a,+1 = a, +2 and b,4+| = by, so if the relation ()
holds for the first integer of a block, it holds for all integers in that block. If
it is true for the last integer of a block, then it is true for the first integer of
the next block because a,, and b,, each increase by 1. By induction, relation
() holds for every positive integer n.

It suffices to show that

by LH_ VB =7 J | @

2

If b, = k, it is in the kth group and is preceded by at least k — 1 groups
containing 1 +2 + - - - 4+ (k — 1) terms. Considering also the fact that there
are n — 1 terms before b,,, we conclude that

1424+ b= <n—1,

or
by (bp — 1)

<n-—1.
2
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Solving the above quadratic inequality for b,, gives

- 1+/8n+7

by 7

from which () follows, by noting that b, is the largest integer satisfying
this inequality.

[USAMO 1998, by Bjorn Poonen] Prove that for each n > 2, there is a set
S of n integers such that (a — b)? divides ab for every distinct a, b € S.

Proof: We will prove the assertion by induction on n that we can find
such a set, all of whose elements are nonnegative. For n = 2, we may take
S =10, 1}.

Now suppose that for some n > 2, the desired set S, of n nonnegative
integers exists. Let L be the least common multiple of (¢ — b)? and ab,
with (a, b) ranging over pairs of distinct elements from S,,. Define

Sap1={L+a : aeS}uUiol

Then §,4+1 consists of n 4+ 1 nonnegative integers, since L > 0. If o, § €
Sp+1 and either « of B is zero, then (o — ﬂ)2 dividesaf. If L4+a,L+b €
Sn+1, with a, b distinct elements of S,,, then

(L+a)(L+b)=ab=0 (mod (a —b)?)),

s0 [(L 4+ a) — (L + b)]? divides (L + a)(L + b), completing the inductive
step.

[St. Petersburg 2001] Show that there exist infinitely many positive integers
n such that the largest prime divisor of n* + 1 is greater than 2n.

Proof: We claim first that there are infinitely many numbers that are prime
divisors of m* 4 1 for some m. Suppose to the contrary that there is only a
finite number of such primes. Let py, p2, ..., px be all of them. Let p be
any prime divisor of (p1pz - - - px)* + 1. This number cannot equal any p;.
This contradicts our assumption, and establishes the claim.

Let P be the set of all numbers that are prime divisors of m* + 1 for some
m. Pick any p from P and any integer m such that p divides m* + 1. Let
r be the residue of m modulo p. It follows that » < p and p divides both
r*+ 1and (p — r)* + 1. Let n be the minimum of r and p — r. It follows
that n < g or p > 2n. If n can be obtained using the construction above,
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then it satisfies the desired condition. If it is constructed using the prime p,
then p divides n* 4+ 1. Thus, any such number n can be constructed with
only a finite number of primes p. Since the set P is infinite, and for each
integer m such a number n can be constructed, there is an infinite number
of integers n satisfying the desired condition.

Note: The interested reader might want to solve the following more chal-
lenging problem which appeared in USAMO in 2006.

For integral m, let p(m) be the greatest prime divisor of m.
By convention, we set p(£1) = 1 and p(0) = oo. Find all
polynomials f with integer coefficients such that the sequence
{p(f(n?) — 2n},>0 is bounded above. (In particular, this re-
quires f(n*) #0forn >0.)

[Hungary 2003] For a positive integer k, let p(k) denote the greatest odd
divisor of k. Prove that for every positive integer n,

2n 1 2 n 2n+1

n _p®) P P 20+ D)

<
3 1 2 n 3

Proof: Let

sy =20 L PO )
1 2 n

We need to show that

2(n+1)

2 < s(n)
— < <
3~V 3

()

We apply strong induction on n. The statement (x) is true for n = 1 and
n = 2, since

2.1 2 2141 4
—=—<s(1)=1<w=_
3 3 3
and
2.2 4 13 2241
S =142
3 —3 @ =lrg=5<73

Assume that the statement (x) is true for all integers n less than k, where
k is some positive integer. We will show that the statement (x) is true for
integers n = k + 1. The key fact is that p(2k) = p(k). We consider two
cases.
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In the first case, we assume that k is even. We write k = 2m, where m is a
positive integer less than k. Forn = k + 1 = 2m + 1, we note that

1 2 1

p?2)  p@) p(2m)
+(T+T+“'+ 2m )

2 4 2m

_ L(pM), p@ , . pom
—(m+1)+2<1 ot m)

=(m+1)+<&+&+...+m>

=(m+1)+$.

By the induction hypothesis, we have

|
(m+1)+§<(m+1)+@=s(2m+1)<(m+1)+(m;L ).

Since 224D _ 4mid _ AmES — (4 1) 4 2 and (m o+ 1) + @D =
4(m3+1) = 2(2m—%—1+1) it follows that

2012 1 22 1+1
$<s(2m+l)<%,

which is (x) forn = 2m + 1.

In the second case, we assume that k is odd. We write k = 2m + 1 and
n=k+1=2m+ 2. Similar to the first case, we can show that

s(m+1)

sCm+2)=m+1)+ 5

By the induction hypothesis, it is not difficult to show that the statement (x)
is also true for n = 2m + 2, which completes our induction.

31. If p’ is an odd prime power and m is an integer relatively prime to both p
and p — 1, then for any a and b relatively prime to p,

m

a™ =b" (mod p')ifandonlyifa =b (mod p’).

Proof: Since (a — b) divides (@™ — b™), if p’ divides (a — b) then p’
divides (a™ — b™).
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Conversely, suppose a and b are relatively prime to p and a™ = b
(mod p'). Since m is relatively prime to both p and p — 1, m is rela-
tively prime to (p — 1)p'~! = @(p"), so there exists a positive integer k
such that mk = 1 (mod ¢(p')). Then

a= amk — (am)k = (bm)k — bmk = b (mOd pt)’
as desired.

Note: We can view this as an additional property for Proposition 1.18.
In Proposition 1.18 (f), if we have a = b (mod m), then for any positive
integer k, a* = bX (mod m). This problem allows us to fake roots for
congruence relations under certain relations.

[Turkey 1997] Prove that for each prime p > 7, there exists a positive
integer n and integers xi, ..., X, ¥1, - - . , ¥, not divisible by p such that

x?+yf=x7 (mod p),
x% + y% = x% (mod p),

x2+y2= x12 (mod p).

Proof: We claim that n = p — 1 satisfies the conditions of the problem.
We first consider a system of equations

2, .2 2
X+ Yy = X3,

)
Xy + ¥y = X3,

2 2_ .2
Xn +yn _xn-i-l‘

We repeatedly use the most well-known Pythagorean triple 3% 4- 4% = 52 to
obtain the following equalities

(3!1)2 + (3}1—1 . 4)2 — (3/1—1 . 5)2’
(3}1—1 . 5)2 + (311—2 . 5 . 4)2 — (31’1—2 . 52)2’
(3}172 . 52)2 + (3}173 . 52 . 4)2 — (31’173 . 53)2’

(3n+l—i . 5[—1)2 + (31’!—[ . 5[—1 . 4)2 : (371—[ . 5[)2’

(3 . 5}171)2 _|_ (5”7] . 4)2 — (5}1)2
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Indeed, we set
X =3n+1—i _5[—1’ Vi :4.3}1—[ _5[—1’

foreveryi =1,...,n,and x,+] = 5".

To finish our proof, we only need to note that by Fermat’s little theorem,
we have

xi =t =5"-3"=25"1_9r"1 =0 (mod p).

Note: There are infinitely many such n, for instance all multiples of p — 1.

[HMMT 2004] For every positive integer n, prove that

o(l) o2 o(n)
ottt

< 2n.

ijd _ 1 .
-= = 7. Summing over

all divisors d of i (which is o (i)), we see that Jl(—’) is the sum of all the

reciprocals of the divisors of i; that is,

o (i) 1
=23

dli

Proof: If d is a divisor of i, then so is {%, and

for every positive integer i. Consequently, the desired inequality becomes

1 1 1
— Y — -y - <o2n
DFED I Ry EE

d[l dJ2

As we have shown in the solution of introductory problem 27, if we write
out all these summands on the left-hand side explicitly, each number 5
with 1 < d < n, appears L%J times, once for each multiple of d that is less
than or equal to n. Hence the desired inequality becomes

el sl a3 12 <o

For each positive integer i, we have 1 [2] < 1.2 = %. Hence it suffices

1 1
to show that

n n

n
1—2+?+"'+n—2<2n,
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or
1 1 1
?4—3—24- "+ﬁ<1,
which follows from
1+1+ +1 1 n 1 1
— — PR —<_ — P —
22 32 2 1-2 2.3 nn-—1)
. 1 1 n 1 1 P 1 1
1 2 2 3 n—1 n
1
=1--<1
n

Note: From calculus, we also know that

1+1+ 72 5
125 22 6

34. [USAMO 2005, by Rédzvan Gelca] Prove that the system

x6+x3+x3y+y= 147157,
x3+x3y+y2+y+zg _ 157147’

has no solutions in integers x, y, and z.

First Proof: Add the two equations; then add 1 to each side to obtain
@ +y+ D2 +2 =147 4157 4 1.

We prove that the two sides of this expression cannot be congruent modulo
19. We choose 19 because the least common multiple of the exponents 2
and 9 is 18, and by Fermat’s little theorem, a'® = 1 (mod 19) when a is
not a multiple of 19. In particular, (z°)2 = 0 or 1 (mod 19), and it follows
that the possible remainders when z° is divided by 19 are

-1, 0, 1.

Next calculate n2 modulo 19 for n = 0, 1,...,9 to see that the possible
residues modulo 19 are

-8, -3,-2,0,1,4,5,6,7,9.
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Consequently, adding a number from the last two lists gives the possible
residues modulo 19 for (x3 + y + 1)2 + 2°:

-8& -3 -2 01 45 6 7 9
-1/-9 -4 -3 -1 0 3 4 5 6 8
-8 -3 -2 01 45 6 7 9
1|-7 -2 -1 1 25 6 7 8 10

Finally, apply Fermat’s little theorem to see that
1477 4+ 157" + 1 =14 (mod 19).

Because we cannot obtain 14 (or —5), which does not appear in the table
above, the system has no solution in integers x, y, and z.

Second Proof: We will show there is no solution to the system modulo
13. Add the two equations and add 1 to obtain

B 4+y+Dr+22 =147 4157 4 1.

By Fermat’s little theorem, a'?> = 1 (mod 13) when « is not a multiple of

13. Hence we compute 147157 = 4! = 4 (mod 13) and 157 = 13 = 1
(mod 13). Thus

B+y+D?+22=6 (mod 13).

The cubes modulo 13 are 0, 1, and £5. Writing the first given equation
as

G+ DEP+y) =4 (mod 13),

we see that there is no solution in the case x> = —1 (mod 13) and for
x3 congruent to 0, 1,5, —5 modulo 13. Correspondingly, 3+ y must be

congruent to 4, 2, 5, —1. Hence
P +y+1)2=12,9,10, or0 (mod 13).

Also, 72 is a cube; hence z° must be 0, 1, 5, 8, or 12 modulo 13. The
following table shows that 6 modulo 13 is not obtained by adding one of 0,
9,10, 12toone of 0, 1, 5, 8, 12:

0 1 5 8 12
00 1 5 8 12
919 10 1 4 8
1010 11 2 5 9
12112 0 4 7 11

Hence the system has no solutions in integers.
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Note: This argument shows that there is no solution even if z° is replaced
by z°.

[St. Petersburg 2000] What is the smallest number of weighings on a bal-
ance scale needed to identify the individual weights of a set of objects
known to weigh 1, 3, 32 ..., 326 in some order? (The balance scale reports
the weight of the objects in the left pan minus the weight of the objects in
the right pan.)

Solution: At least three weighings are necessary: each of the first two
weighings divides the weights into three categories (the weights in the left
pan, the weights in the right pan, and the weights remaining off the scale).
Because 27 > 3 - 3, some two weights must fall into the same category on
both weighings, implying that these weights cannot be distinguished. We
now show that three weighings indeed suffice.

Label the 27 weights using the three-letter words made up of the letters
L, R, O. In the ith weighing, put the weights whose ith letter is L on
the left pan and the weights whose ith letter is R on the right pan. The
difference between the total weight of the objects in the left pan and the
total weight of the objects in the right pan equals

€03% + €131 + - - + €263%°,

where €; equals 1, —1, or 0 if 3/ is in the left pan, in the right pan, or off
the scale, respectively. The value of the above sum uniquely determines all
of the €;: the value of the sum modulo 3 determines €, then the value of
the sum modulo 9 determines €1 ; and so on.

Thus, for j =0, ..., 26, the ith weighing determines the ith letter of the
weight that measures 3/. After three weighings, we thus know exactly
which weight measures 3/, as desired.

Note: This is a case of a more general result, that each integer has a unique
representation in base 3 using the digits —1, 0, 1. Clearly, this works for
numbers n with 0 < n < 3! (since0=0,1=1,and 2 =3 — 1). Assume
that this works for numbers n with 0 < n < 3 for some positive integer
k. We consider n with 3* < n < 381 1f 3¢ < n < 2.3, it works
because n = 3K + ny, where 0 < ny < 3%;if 2 - 3% < n < 35! it works
because n = 3*¥t1 — 3k 4 5; with 0 < ny < 3F. Tt is not difficult to see that
it works for negative numbers and the representation is unique for every
integer. Indeed, we can convert a regular base-3 representation easily to
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this new base-3 representation. For example,

499 =121l =3 +2-32+3+1
=2.3-32434+1=3"-3"_324341.

[[beroamerican 1998] Let A be the positive root of the equation
2 — 1998t — 1 = 0. Define the sequence xo, X1, ... by setting

xo=1 Xxpp1=[Ax] (nz=0).
Find the remainder when x199g is divided by 1998.

Solution: We have

1998 + /19982 + 4
1998 < A = + > + =999 ++v9992 + 1 < 1999,

x1 = 1998, x, = 19982, Since A2 — 19981 — 1 = 0,
1 X
A =1998 + 3 and xA = 1998x + x

for all real numbers x. Since x;,, = |x,—1A] and x,_1 is an integer and A is
irrational, we have

X Xn, + 1
Xnp < Xp_itA<x,+1, or Tn<xn_1< "A .

Since A > 1998, | 2 | = x,_; — 1. Therefore,

n

Xnal = LXnh] = L1998xn n %J = 1998x, +x,_1 — 1,

that is, x,4+1 = x,—1 — 1 (mod 1998). Therefore by induction xjg993 =
x0 — 999 = 1000 (mod 1998).

[USAMO 1996, by Richard Stong] Determine (with proof) whether there
is a subset X of the integers with the following property: for any integer n
there is exactly one solution of a + 2b = n witha, b € X.

First Proof: Yes, there is such a subset. As shown in introductory problem
39 (3), if the problem is restricted to the nonnegative integers, then the set
of integers whose representations in base-4 contain only the digits 0 and
1 satisfies the desired property. To accommodate the negative integers as
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well, we switch to “base-(—4).” That is, we represent every integer in the
form Zf:o c,~(—4)i, with ¢; € {0, 1,2, 3} forall i and ¢; # 0, and let X be
the set of numbers whose representations use only the digits O and 1. This
X will again have the desired property, once we show that every integer has
a unique representation in this fashion.

To show that base-(—4) representations are unique, let {c;} and {d; } be two
distinct finite sequences of elements of {0, 1, 2, 3}, and let j be the smallest
integer such that ¢; # d;. Then

ch( 4yl £ Zd,( 4)' (mod 4/),

so in particular the two numbers represented by {c;} and {d;} are distinct.
On the other hand, to show that n admits a base-(—4) representation, find
an integer k such that

1+4% 4. 44%>n

and express
%
nd4 4 =304l
Now set dp; = ¢2; and daj_1 = 3 —c2;_1, and note that n = Zizio di (=),

Second Proof: For any S of integers, let S* = {a + 2b|a, b € S}. Call a
finite set of integers S = {ay, a2, . .. , ay} good if |S*| = |S|?; that is, if the
values a; +2a; (1 < i, j < m) are distinct. We first prove that given a good
set and an integer n, we can always find a good superset 7' of S such that
n is an element in 7*. If n is in §* already, take T = S. Otherwise, take
T = S U {k, n — 2k}, where k is to be chosen. Then put 7* = §* U Q U R,
where

0 = {3k,3(n — 2k), k + 2(n — 2k), (n — 2k) + 2k}
and
R ={k + 2a;, (n — 2k) + 2a;, a; + 2k, a; +2(n — 2k)| 1 <i < m}.

Note that for any choice of k, we have n = (n — 2k) + 2k in Q, which is
a subset of T*. Except for n, the new values are distinct nonconstant linear
forms in k, so if k is sufficiently large, they will all be distinct from each
other and from the elements of S*. This proves that 7* is good.
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Starting with the good set X¢o = {0}, we thus obtain a sequence of sets
X1, X2, X3, ... such that for each positive integer j, X ; is a good superset
of X;_; and X* contains the jth term of the sequence 1, —1, 2, —2, 3, —3,
.... It follows that

has the desired property.

The number x, is defined as the last digit in the decimal representation
of the integer L«/EHJ (n = 1,2,...). Determine whether the sequence

X1, X2, ..., Xp, ... is periodic.

Solution: The answer is negative.

Set y, = 0 if x, is even and y, = 1 otherwise. The new sequence
Y1s Y2y --+s Yn, ... is formed by the residues of the numbers x, modulo
2. If x1,x2,..., Xy, ... is periodic, then so is yi, ¥2, ..., ¥, .... We shall
prove that yi, y2, ..., Vn, ... is not periodic, which implies that the answer
to the question is negative.

Let us consider the sequence y1, y3, ¥s, ..., Y2n+1, - - .. Its term yp, 41 can
be obtained as follows. Write down /2 in base-2, multiply by 2" (this gives
(+v/2)2"+1), and discard the fractional part of the result to get

L(ﬁ)zzz+1j )

Then take the last (binary) digit of this integer; it is y2,+1. But multiplying
by 2" in base 2 amounts simply to shifting the binary point n positions
to the right. This implies that y,,4 is in fact the nth digit of V2 after
the binary point. Since /2 is irrational, we conclude that the sequence
Y1s Y35 ---s Y2n+1, ... 1S not periodic. It is easy to infer from here that
Y1s Y25 -+ Yn, ... is not periodic too, and we are done.

[Erdos-Suranyi] Prove that every integer n can be represented in infinitely
many ways as

n==4124224... £ °

for a convenient k and a suitable choice of the signs 4+ and —.



164

40.

104 Number Theory Problems

Proof: It suffices to prove the statement for nonnegative n’s, because
for negative n’s we can simply change all the signs. The proof goes by
induction of step 4; that is, establishing the statement for n = k + 4 based
on the induction hypothesis for n = k.

We first show that the statement holds for n = 0, 1, 2, and 3. We consider
representations 0, 1, 2 and 3:
0=12422-32442_-52_6>4+7>, 1=12
2=—17-22-3244% 3=-1242%

If n is representable in the desired form then so is n + 4, because 4 can be
written as

b=k+1)>—(k+2)%—(k+3)*+ (k+4)? (*)

for any k. It follows inductively that a representation of the desired form
can be written for any nonnegative integer 7.

Note: From (x) it also follows that

(k+ 1% — (k+2)% — (k+3) + (k + 4)°
— k452 +*k+6)2+*k+T?>—(k+8)*=0

for every integer k; hence it can be easily inferred that the number of repre-
sentations of an integer in the desired form is infinite.

[China 2004] Let n be a given integer with n > 4. For a positive integer m,
let S,, denote the set {m,m + 1, ..., m + n — 1}. Determine the minimum
value of f(n) such that every f(n)-element subset of S,, (for every m)
contains at least three pairwise relatively prime elements.

First Proof: The answer is

f(n)=V;FIJvL{n;LlJ—VngJJFL (%)

Let us call a set T good if T contains three (distinct) elements that are
relatively prime.

In the first step, we establish two simple claims:

(a) f(n)existsand f(n) < n;
(b) f(n+1 < f(n)+1.
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Sincen > 4, m, m+1, m+2, m—+3 are distinct element in S,,,. If m is even,
then the set {m + 1, m + 2, m + 3} is good; if m is odd, {m, m + 1, m + 2}
is good. Hence the n-element set S, is good for all m, and so f(n) < n,
establishing (a). Claim (b) follows directly from the relation

mm+1,...m+nf=mm+1,...,m+n—1}U{m + n}.

Next we give a lower bound for f(n). Consider S = {2,3,...,n+ 1} and
its subset 7> that contains those elements in S, that are multiples of either
2 or 3 or both. By the pigeonhole principle, any three elements in 7 must
share a common factor (of either 2 or 3). Hence T3 is not good. But by the
inclusion and exclusion principle,

2522

n+1 n+1 n+1
> - 1, Hk
ronz | | 2 | 4 ()
where | x] is the greatest integer less than or equal to x. We claim that this
lower bound is in fact the exact value of f(n).

and so

Since n > 4, we know that m + 1, m +2, m + 3, m +4 are distinct elements
in S;,. If m is even, then {m + 1, m 4+ 2, m + 3} is good; if m is odd, then
{m+2,m+ 3, m +4) is good. Hence the n-element set S, is good for all
m. Using this fact with (xx) givesus f(4) =4 and f(5) = 5.

By simple computation, the last inequality gives f(4) > 4, f(5) > 5,
f®) =5, f(7) = 6, f(8) > 7, and f(9) > 8. Since f(n) < n, we
conclude that f(4) = 4 and f(5) = 5. We claim that f(6) = 5. Then by
claim (b), we have f(7) =6, f(8) =7, and f(9) = 8.

We now show that f(6) = 5; that is, any 5-element subset 7 of a set
of 6 consecutive numbers is good. Among these 6 numbers, 3 are odd
consecutive numbers (which is a good triple) and 3 are even consecutive
numbers. If all three odd numbers are in 7', then T is good and we are
done. Otherwise, T must contain all the even numbers, and two of the
three odd numbers. If the two odd numbers in T are consecutive (of the
form 2x 4 1 and 2x + 3), then T is good since (2x + 1, 2x + 2,2x + 3)
is in T'; otherwise, the two odd numbers in 7' are of the form 2x + 1 and
2x + 5, and T is good since T contains both (2x + 1, 2x + 2, 2x 4+ 5) and
(2x+1,2x +4,2x +5), and at least one of these two triples is good (since
at least one of 2x 4 1 and 2x + 5 is not divisible by 3).
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Since it is clear that f(n 4+ 1) < f(n) + 1, this combined with (%) gives
f() =6, f(8 =17,and f(9) =8.

Finally, we prove the result (x) by induction on n. The above arguments
show that the base cases for n < 9 are true. Assume that (x) is true for
some n = k, where k is an integer greater than or equal t0o 9. Forn = k+ 1,
note that

Sp={m,m+1,...,m+k}
={mm+1,... m+k—-6U{m+k—5,...,m+k}.

Hence, by the pigeonhole principle, f(k + 1) < f(k —5) + f(6) — 1.
Applying the induction hypothesis to f(k — 5), and using f(6) = 5, we

have
k—4 k—4 k—4
k+1) < — 5
A bl M el Bl

| k+2 n k+2 k+2 i

L2 3 6 ’
This combined with (%) establishes (x) for n = k 4+ 1, and our induction
is complete.

Second Proof: (By Kevin Modzelewski) We maintain the same notation
as in the first solution. As we have shown in the first proof, all 5-element
subsets of a set of 6 consecutive integers are good. Now we consider some
cases.

(i) In this case we assume that n = 0 (mod 6). We write n = 6k. We
can partition the set S, into k subsets of 6 consecutive integers. If
4k + 1 numbers are chosen, by the pigeonhole principle one these
subsets contains 5 of the chosen numbers, and hence is good. On the
other hand, each subset contains 4 numbers that are either divisible by
2 or 3 (those numbers that are congruent to 0, 2, 3, 4 modulo 6). The
4k-element subset consisting of these numbers is not good. Hence
f)=4k+1=4[%|+1.

(i1) In this case we assume thatn = 1 (mod 6). We write n = 6k + 1. By
(i) and observation (b) in the first solution, we have f(n) = 4k + 1
or f(n) = 4k 4+ 2. On the other hand, there are 4k + 1 elements in
S1=1{2,3,...,n+ 1} ={2,3, ..., 6k + 2} that are divisible by 2 or
3. Hence f(n) =4k +2=4 L%J + 2.

(iii) In this case we assume thatn = 2 (mod 6). We write n = 6k +2. By
(i1) and observation (b), we have f(n) = 4k+2or f(n) = 4k+3. On
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the other hand, there are 4k + 2 elements in S} = {2, 3, ..., 6k + 3}
that are divisible by 2 or 3. Hence f(n) =4k +3 =4|%] +3.

(iv) In this case we assume that n» = 3 (mod 6). We write n = 6k + 3.
Again, we have f(n) = 4k +2 or f(n) = 4k + 3. On the other hand,
there are 4k + 2 elements in S; = {2, 3, ..., 6k + 4} that are divisible
by 2 or 3. Hence f(n) =4k+4=4L%J + 4.

(v) In this case we assume that n = 4 (mod 6). We write n = 6k + 4.
We can partition set S, into {6k + 1, 6k + 2, 6k + 3, 6k + 4} and k
subsets of 6 consecutive integers. Let T be a subset of S, that is not
good. Each of the 6-element subsets can have 4 elements in 7. Also
note that 6k + 1 and 6k + 3 cannot be both in 7. Hence T can have at
most 4k + 3 elements. Hence f(n) < 4k + 4. By (iv) and observation
(b), we conclude that f(n) =4k +4 =4|%| +4.

(vi) In this case we assume that » = 5 (mod 6). We write n = 6k + 5.
Again, we have f(n) = 4k +4 or f(n) = 4k + 5. On the other hand,
there are 4k + 4 elements in 1 = {2, 3, ..., 6k 4 6} that are divisible
by 2 or3. Hence f(n) =4k +5=4|%] +5.

Combining the above, we conclude that

ln=0 (mod6),
2n=1 (mod 6),
ZJ_'_ 3n=2 (mod 6),
6 4n=3 (mod6),
4n=4 (mod6),
S5n=5 (mod6).

foy=4-|

It is then not difficult to check that
n+1 n+1 n—+1
= - 1.
o= |+ [ -+

Note: Note also that f(n) can be expressed as

f@)=n—LgJ—Ln:2J+L

Indeed, the above expression might be more convenient in the second solu-
tion. The equivalence of the two expressions can be established by repeated
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applying the Hermite identity (Proposition 1.48) as follows:
2nJ LnJ+ n+1 LnJ+ n+1
n = - = = —_ — — = — N
L 2 2 2 2 2 2
3 n J _ Ln J n n—+2 n n+4
61 L6 6 6 |
n+1 n+1| |n+1 n n-+4
3 L 6 | | 6 6 |

41. [China 1999] Find the least positive integer r such that for any positive
integers a, b, ¢, d, ((abed)!)" is divisible by the product of

'_

[NSRIN

| —
Il

T

Il
S

(a!)bcd—H’ (b!)acd—i-l, (C!)abd—H’ (d!)ahc—i-l’

(ab) ) IH ((be))™HL, ((cd))P 1, ((ac)HPdH!,
(b)) H1, ((ad)))Pet!, ((abe)H)™H!, ((abd))H,
((acd)HPtL, ((bed)))*t!.

Solution: Let p denote the product of the 14 numbers. Setting b = ¢ =

d =1, then p = (a")*3?132 = (a))!4, implying that » > 14. We claim
that r = 14. It suffices to show that p divides ((abcd)!)'*.

We pair numbers (a!)?“¢*1 and ((bed)!)*+!. Indeed, we have
@) . (bed))y* ! = [(a!)b“’ : (bcd)!] [(bed))* - (@)!]
and its cyclic analogous forms. Likewise, we have
(@bY ! () = [ ((ab) ) - (ed)!] [ (Ccd) ) - (ab)!]

and its cyclic analogous forms. It is then not difficult to see that our claim
follows Example 1.74 (1).

42. Two classics on L.C.M.

(1) Letag < a; <ax < --- < ay, be positive integers. Prove that

1 1

e - < 1 R —
lem(ag, an) | lemanan) T lem@ap_r.an 27

(2) Several positive integers are given not exceeding a fixed integer con-
stant m. Prove that if every positive integer less than or equal to m
is not divisible by any pair of the given numbers, then the sum of the
reciprocals of these numbers is less than %
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Proof: While it is clear that (1) is a property of L.C.M., it is not obvious
that (2) is also related to L.C.M.

(1) We induct on n. The base case n = 1 is trivial, since lcm(ag, a;) >
Iem(1, 2) = 2. We assume that the statement is true for n = k; that
is,ifap < a1 < a» < --- < ay are positive integers, then

1 1 1 1

+ 4+ — <1 -—

lem(ag, a;) ~ lem(ay, az) lem(ag—1, ar) — 2k
Now we consider the case n = k + 1. Letag < a; <ap < -+ <

ay < apy1 be positive integers. We consider two cases.
e In the first case, we assume that a4 > 2%+1 Then we have
lem(ag, ax+1) > ag+1 > 2k+1 1t follows by the induction hy-
pothesis that

1 1 1
lem(ao, a) e lem(ag—1, ax) * lem(ak, ary1)
1 1 1
slh=Stm =1

establishing the inductive step.
e In the second case, we assume that a; < 2k+1 We have

1 _ged@ir,ai) _ar—ai-1 1 1

lem(a;_1, a;) ai—1a; ~  ai—1a1 a1 a;

Adding the above inequalities for i from 1 through k + 1 gives

1 1 1
- + P + +
lem(ao, a1) lem(ag—1,ar)  lem(ag, agy1)
1 1 1
- _ <1l-—,
Tap  akq1 2k+1

again establishing the inductive step.

(2) The key is to interpret the sentence “every positive integer less than or
equal to m is not divisible by any pair of the given numbers.” Indeed,
this implies that the least common multiple of every two of the given
numbers is greater than m.

Given n numbers, denote them by x1, x3, ..., x,. For a given i, there
are I}"—J multiples of x; among 1, 2, ..., m. None of them is a mul-

tiple of x; for j # i, since the least common multiple of x; and x; is
greater than m. Hence there are

FINEAE
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distinct elements in the set {1, 2, ..., m} that are divisible by one of
the numbers x1, x3, ..., x,. None of these elements can be 1 (unless
n = 1, in which case the claim is obvious). Hence

EIUEEE

Taking into account that xﬂ < LT—J + 1 for each i, we obtain
1 1

1 1 1
m|—+—+--4+—)<m+n—-1
X1

X2 Xn
We now claim that n < %, which will imply
1 1 1 n—1 3
— 4+ —+t— <1+ <=
X1 X2 Xn m 2
Indeed, note that the greatest odd divisors of xp, x3, ..., x, are all

distinct. Otherwise, if some two of the given numbers shared the same
greatest odd divisor, one of them would be a multiple of the other,
contradicting the hypothesis. Hence n does not exceed the number of

odd integers among 1, 2, ..., m, and our claim n < mTH follows.

43. For a positive integer n, let r(n) denote the sum of the remainders of n

divided by 1,2, ...,n. Prove that there are infinitely many » such that
rn) =r(n—1).

Solution: By Proposition 1.46 (a), the remainder when n is divided by k
isequal to {#} -k =n— %] - k. Hence we have

r(n) =I;n<n— L%J 'k).

Thus, the condition r(n) = r(n — 1) is equivalent to the equation

Zn(n—L%J~k)=l;n—1<n—l—\\n;1J-k>,

or

n

nl " n —ln-1
2n—1=n+) [n-n-1]= —| k- { J'lﬂ (%)
n n ];n n ZLkJ | %

k=1 k
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BB
k divides n, then L%J = {”k;lJ + 1, and so L%J k= L'U{;IJ -k +k. We
conclude that the equation (x) is equivalent to

2n—1=2k.

k|n

If k does not divide n, then I_%J = L%J, and so L%J -k

But the last equation can easily be satisfied by setting n = 2", where m is
a nonnegative integer. Indeed,

m—1=2" =1 4+24+224+... 42"

Therefore, if n is a perfect power of 2, then r(n) = r(n — 1).

44. Two related IMO problems.

(1) [IMO 1994 Short List] A wobbly number is a positive integer whose
digits are alternately nonzero and zero with the units digit being non-
zero. Determine all positive integers that do not divide any wobbly
numbers.

(2) [IMO 2004] A positive integer is called alternating if among any two
consecutive digits in its decimal representation, one is even and the
other is odd. Find all positive integers n such that n has a multiple
that is alternating.

Solution: This is a continuation of introductory problem 52.

(1) If n is a multiple of 10, then the last digit of any of its multiples is O,
and so n does not divide any wobbly numbers. If n is a multiple of
25, then the last two digits of any of its multiples are 25, or 50, or 75,
or 00, and so n does not divide any wobbly numbers. We now prove
that these are the only numbers not dividing any wobbly numbers.
First, we consider odd numbers m not divisible by 5. Then
ged(m, 10) = 1 and gcd((lOk — Dm, 10) = 1 for every positive
integer k. By Euler’s theorem, there exists an integer £ such that

10°=1 (mod (10X — )ym),
implying that

10 =1 (mod (10F — Dm).
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Since
105 — 1 = (1o’< - 1) (10"“*“ F 108D 10k 4 1) ,
we conclude that

wr = 101010...1 = 10D 4+ 1022 4 ... 4107 + 1
20—1 digits

is divisible by m. In particular, w, is a wobbly number (with digits O
and 1) divisible by m.

Second, we consider odd numbers m’ that are divisible by 5. Since
the number is not a multiple of 25, we can write m’ = 5m. Then 5w,
is a wobbly number (with digits 0 and 5) divisible by m’.

Next, we consider perfect powers of 2. It suffices to show that 22!
(for every nonnegative integer ¢) divides a (2¢ — 1)-digit wobbly num-
ber. We induct on r. The base case + = 1 is trivial by considering
wobbly numbers v; = a; = 8. For t = 2, we consider numbers
in the form vy = @08 = 100a; + 8 = 4(25a> + 2). We need to
find a nonzero digit ap such that 25a; + 2 = 0 (mod 8). It is easy
to check that ap = 6 satisfies the condition, and so 608 is a wobbly
multiple of 2°. In general, assume that 2%+ divides wobbly number
v, = a,0a,_1 ...0a;. We write v, = 2%*1y,. Consider the numbers
in the form

@10a:0ar_1 - 0ay = appg - 102 422+, — 2% (szfa,H + 2u,).

We need to find a digit a;41 such that 5%a, 1, + 2u; = 8. Since
S =1{0,1,2,3,4,5,6,7, 8} forms a complete set of residue classes
modulo 8, there is an element a;4 in S such that 52’a,+1 +2u; = 8,
and for this a;41, the (2¢ 4 1)-digit wobbly number

Vi1 = ar+10a:0a;—1 ... 0ay

is divisible by 2%*3, completing the induction.

Finally, we consider the number of the form 2m, where r > 1 and
ged(m, 10) = 1. It suffices to show that 22+ divides a wobbly
number. We claim that the concatenation of £ — 1 v,0 = v, - 10’s and
a vy will do the job. Indeed,

v:0v:0... v = vy - Wy,
———

Lv’s

because 22! divides v, and m divides wy;.
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(2) The answers are those positive integers that are not divisible by 20.
We call an integer n an alternator if it has a multiple that is alternating.
Because any multiple of 20 ends with an even digit followed by 0,
multiples of 20 are not alternating. Hence multiples of 20 are not
alternators. We show that all other numbers are alternators. Let n be
a positive integer not a multiple of 20. Note that all divisors of an
alternator are alternators. We may assume that n is a even number.

We first establish the following key fact:

If n = 2% or 2 - 5¢, for some positive integer ¢, then there
exists a multiple X (n) of n such that X (n) is alternating and
X (n) has n digits.

Indeed, we can set

o+t —-10
m = ——— — = 101010...10.
99 — e’
n digits
For every integer k = 0, 1, ..., n — 1, there exists a sequence ey, e,
...,er €{0,2,4,6, 8} such that
k .
M+ e 10
i=0

is divisible by 2K*2 if n is of the form 2¢, or by 2 - 5l ifn = 2.
5¢. This is straightforwardly proved by induction on k (as we did
in the proof of part (1) or Example 1.53). In particular, there exist
€0, -..,en—1 €1{0,2,4,6, 8} such that

n—1

X(n)y=m+» e-10

i=0

is divisible by n. This X (n) is alternating and has n digits, establishing
this fact.

Now we prove our main result. Because n is even and not divisible
by 20, we write n in the form n'm, where n’ = 2% or 2 - 5° and
gcd(m, 10) = 1. (Clearly, n’ > £.) Let ¢ > n’ be an integer such that
10° =1 (mod m). (Such a c exists because 10°" = 1 (mod m), by
Euler’s theorem.) Let M be the concatenation of 1010... and X'(n).
More precisely, we set

2mc+1 _
10 10 ,
M=——""—-10" +X(n)=101010...10 X (n').
99 ———

2mec digits
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Since X (n’) is an alternating number with exactly n’ digits, M is
clearly an alternating number. Because n’ > ¢, M is divisible by
n’. Since ged(2, m) = 1, there exists k € {0,1,2,...,m — 1} such
that M = —2k (mod m). We consider the number

k
X(n)=M+) 210,

i=1

Note that 10¢ > X (n’), because ¢ > n’ and X (n) has exactly n’ digits
(by the key fact we established earlier). It is not difficult to show that
X (n) is also alternating. It is clear that X (n) = m+2k =0 (mod m),
that is, X (n) is divisible by m. This X (n) is also divisible by n’ (since
n’ divides 10", which divides 10°) and is alternating. Thus X (n) is
an alternating number divisible by n; that is, n is an alternator.

Note: There are different approaches to both parts. Nevertheless, all these
methods work on powers of 2 and 5 first, and applying certain concatena-
tions of wobbly/alternating numbers. These particular methods have been
chosen because they are independent of the Chinese Remainder Theorem.

[USAMO 1995] Let p be an odd prime. The sequence (a,),>0 is defined
as follows: ap =0,a; =1,...,ap_2 =p—2,andforalln > p—1, a, is
the least positive integer that does not form an arithmetic sequence of length
p with any of the preceding terms. Prove that for all n, a, is the number
obtained by writing n in base-(p — 1) and reading the result in base- p.

Proof: We say that a subset of positive integers is p-progression-free if it
does not contain an arithmetic progression of length p. Denote by b, the
number obtained by writing n in base-(p — 1) and reading it in base-p. One
can easily prove that a, = b, foralln = 0, 1,2, ... by induction, using
the following properties of the set B = {bg, b1, ..., by, ... }:

(a) B is p-progression-free;
(b) If b,_1 < a < b, for some n > 1, then the set {bg, by, ..., b,—_1,a}
is not p-progression-free.

Indeed, assume that (a) and (b) hold. By the definitions of a; and by, we
haveay = by fork =0,1,..., p—2. Letay = by forall k <n — 1, where
n > p — 1. By (a), the set

{a()val’ "'7al’l—lvbl’l} = {b()vbla -~-7bn—1vbn}

is p-progression-free, so a, < b,. Also, the inequality a, < b, is impossi-
ble in view of (b). Hence a,, = b,, and we are done.
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It remains to establish properties (a) and (b). Let us note first that B consists
of all numbers whose base- p representation does not contain the digit p—1.
Hence (a) follows from the fact thatif a,a +d,...,a + (p — 1)d is any
arithmetic progression of length p, then all base- p digits occur in the base-
p representation of its terms. To see this, represent d in the form d = p™k,
where ged(k, p) = 1. Then d ends in m zeros, and the digit § preceding
them is nonzero. It is easy to see that if « is the (m + 1)st digit of a (from
right to left), then the corresponding digits of a,a +d,...,a + (p — 1)d
are the remainders of &, « + 6, ..., o 4+ (p — 1) modulo p, respectively. It
remains to note that o, « +6, ..., o + (p — 1) is a complete set of residues
modulo p, because ¢ is relatively prime to p. This finishes the proof of (a).

We start proving (b) by the remark that b, < a < b, implies that a is not
in B. Since B consists precisely of the numbers whose base-p representa-
tions do not contain the digit p — 1, this very digit must occur in the base-p
representation of a. Let d be the number obtained from a by replacing each
of its digits by 0 if the digit is not p — 1, and by 1 if itis p — 1. Consider
the progression

a—(p—Nld,a—(p—2d, ..., a—d, a.

As the definition of d implies, the first p — 1 terms do not contain p — 1
in their base- p representation. Hence, being less than a, they must belong
to the set {bg, b1, ..., b,_1}. Therefore the set {bg, by, ..., b,_1,a} is not
p-progression-free, and the proof is complete.

[IMO 2000] Determine whether there exists a positive integer n such that n
is divisible by exactly 2000 different prime numbers, and 2" 4 1 is divisible
by n.

Solution: The answer is positive.

We claim the following key fact:

For any integer a > 2 there exists a prime p such that p divides
(a® + 1) but p does not divide (a + 1).

Indeed, since a®> + 1 = (a + 1)(@® — a + 1), we need to show that there
exists a prime p such that p | (a*> —a + 1) but p { (a + 1). Since

a?—a+1=(@+1)@—-2)+3,

it follows that ged(@®> —a+ 1,a + 1) =lorged(@®> —a+1,a+ 1) = 3.
In the first case, our claim is clearly true. In the second case, we note that 3
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divides both @ + 1 and a — 2, and so 3 fully divides a’—a+1. Sincea > 2,
a’—a+1> 3, and so thereis a prime p # 3 that divides a>—a+1,and
this prime p satisfies the conditions of the claim.

By our claim, there exist (odd) distinct primes p1, p2, p3, - .., P2000 such
that py =3, p2 # 3. p2 | 2% + 1), and

i+1 i
pirt 12+, pint @+,
for every 2 < i < 1999. It is not difficult to see that

2000 _ 32000
i . 0 =

n=p P2 P200 P2+ P2000

satisﬁes the conditions of the problem. Indeed, for every 2 < i < 2000,
3% | 32900 "and so

i 2000
pil2Y+11277 +1.

By a simple induction, we also note that 3¥*! fully divides 23" 41 for every
positive integer k, because 3 fully divides a*> — a + 1 fora = 23 (as we
have shown in the proof of our claim). Therefore,

n 2% L1 2n 4,

since 7 is a odd multiple of 32090

47. Two cyclic symmetric divisibility relations.

(1) [Russia 2000] Determine whether there exist pairwise relatively prime
integers a, b, and ¢ with a, b, ¢ > 1 such that

b 12941, c|2°+1, a|2°+1.

(2) [TST 2003, by Reid Barton] Find all ordered triples of primes
(p, g, r) such that

plg"+1, ql|r?+1, r|p?+1.

Solution: Order is the key word to this problem.

(1) The answer is negative. We claim that no such integers exist.
Assume for the sake of the contradiction that we did have pairwise
relatively prime integers a, b, ¢ > 1 such that b divides 2¢ + 1, ¢
divides 2% + 1, and a divides 2¢ + 1. Then a, b, and ¢ are all odd.
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To make our life a bit easier, we first assume that all a, b, ¢ are primes.
By cyclic conditions given in the problem, we may assume thata < b
and a < c. By Fermat’s little theorem and Proposition 1.30, ord,(2) |
gcd(2c, a — 1) = 2, by noting that ¢ is a prime greater than a. Since
a is an odd prime, ord, (2) must then be 2, implying that a = 3, and
sob |2 4+ 1 =9, which is a contradiction.

What if a, b, ¢ are not all primes? We try to generalize our previ-
ous method. Let 7 (n) denote the smallest prime factor of a positive
integer n. We make the following claim:

If p is a prime such that p | (2¥ 4+ 1) and p < 7w (y), then
p=23.

The proof of our claim is similar to our previous discussion for the
case that all a, b, ¢ are primes. Then ord,(2) | gcd(2y, p — 1) = 2.
Again, we have ord, (2) = 2 and p = 3, establishing our claim.

Now we solve our main problem. Since a, b, ¢ are pairwise relatively
prime, m(a), w(b), and m(c) are distinct. Without loss of generality,
assume that w(a) < 7w (b), w(c). Applying the claim with (p, y) =
(7 (a), c), we find that w(a) = 3. Write a = 3ay.

We claim that 3 fully divides ag. Otherwise, 9 would divide 2¢ + 1
and hence 2°¢ — 1. Because 2" = 1 (mod 9) only if 6 | n, we must
have 6 | 2c. Then 3 | ¢, contradicting the assumption that a and c are
relatively prime. Thus, 3 does not divide ag, b, or c. Let ¢ = w(apbc),
so that m(g) = ¢ < min{mw(b), w(c)}.

Suppose, for the sake of contradiction, that g divides a. Because a and
c are relatively prime, g cannot divide ¢, implying that w(g) = ¢q is
not equal to 7 (c). Because m(g) < m(c), we must have 7 (q) < 7 (c).
Furthermore, ¢ must divide 2€ 4 1 because it divides a factor of 2¢ + 1
(namely, a). Applying our claim with (p, y) = (g, c¢), we find that
g = 3, a contradiction. Hence, our assumption was wrong, and ¢
does not divide a. Similarly, g does not divide c. It follows that ¢
must divide b.

Now, let e be the order of 2 modulo g. Then e < g — 1, so e has
no prime factors less than ¢g. Also, g divides b and hence 2¢ + 1 and
22¢ _ 1, implying that e | 2a. The only prime factors of 2a less than ¢
are 2 and 3, so e | 6. Thus, ¢ | (2° — 1), and ¢ = 7. However, 2° = 1
(mod 7), so

24 1=02H+1=1%4+1=2 (mod7).

Hence, ¢ does not divide 2 + 1, contradicting the assumption that ¢
divides b, which divides 24 + 1.
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(2) The answers are (2, 5, 3) and cyclic permutations.
We check that this is a solution:

21126=5+1, 5[10=32+1, 3|33=2"+1.

Now let p, g, r be three primes satisfying the given divisibility rela-
tions. Since ¢ does not divide ¢” + 1, p # ¢, and similarly g # r,
r # p, so p, q, and r are all distinct. We apply introductory problem
1.49 (1) in this solution.

We first consider the case that p, ¢, and r are all odd. Since p | ¢" +1,
by introductory problem 49 (1), either 2r | p — 1 or p | g> — 1. But
2r | p — 1 is impossible because 2r | p — 1 leadsto p = 1 (mod r),
or0) = p? +1 = 2 (mod r), which contradicts the fact that r > 2.
Thus we must have p | g2 — 1 = (¢ — 1)(¢ + 1). Since p is an
odd prime and ¢ — 1, ¢ + 1 are both even, we must have p | ‘12;1 or
p | q—“; either way, p < qzil < g. But then by a similar argument
we may conclude that g < r, r < p, a contradiction.

Thus, at least one of p, g, r must equal 2. By a cyclic permutation we
may assume that ¢ = 2. Now p | 2" 4 1, so by introductory problem
49 (1) again, either 2r | p — L or p | 22 _1=3.But2r|p—1is
impossible as before, because r divides p?+1 = p?+1 = (p>—1)42
and r > 2. Hence, we musthave p = 3,andr | p?+1 = 3241 = 10.
Because r # ¢, we must have r = 5. Hence (2, 5, 3) and its cyclic
permutations are the only solutions.

48. [IMO 2002 Short List] Let n be a positive integer, and let py, p2, ..., pn

be distinct primes greater than 3. Prove that 2P1P2"Pr 4 ] has at least 4"
divisors.

First Proof: We induct on n.

For n = 1, we consider the number a; = 2P1+1. Since p; isodd, 2P +1 =
—1+ 1 = 0 (mod 3). Hence a; has distinct divisors 1, 3, and a; itself.
Since p; > 3, it follows that a; > 9, and so “3—' is another divisor of ay,
implying that a; has at least 4 distinct divisors 1, 3, 4, and a;, establishing

3 ?’
the base case.

Assume that the statement is true for n = k for some positive integer k;
that is, ax = 2P1P2"Pk + 1 has at least 4% divisors. We consider the case
n =k+1. Since py, p2, ..., pk+1 are odd, 3 divides both a; and 27k+1 1.
Also, by introductory problem 38 (3),

gcd(ak, 2Pk+1 4 1) = gcd(zplpz'“pk +1, 2Pk+1 4 1) = 3,
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or

2Pk 4 ]
ged <ak, T+> =1. (%)

We note that both gy and 27%+! + 1 divide ay 41, because py - - - px and pr+1
are odd. We conclude that

2Pk+1 1

3 k (k%)

ak+1 = ai -

for some integer by. By the induction hypothesis, and by (x), we conclude
that the product

2Pk+1 ]
ak - —
3
has has at least 4% - 2 divisors, namely, those 4k divisors di,da, ..., dsu of
ay and another 4% divisors
2 Pk+1 + 1
S

forevery 1 <i < 4%, We arrange these 2 - 4% divisors in increasing order as
dy < dy < -+ < dy. By (xx), these numbers are also divisors of aj1.
We now consider numbers

d]bk, dzbk, ey d2,4kbk.
They are also divisors of a;4+1. We claim that
dl, dz, ceey d2,4k, dlbk, dzbk, ey d2.4kbk

are distinct divisors of a1, from which our inductive step follows, since
we find 4%+ divisors of ar+1. To establish our claim, it suffices to show
that

diby > d2,4k .

21’k+1+1
3

Since d; > 1 and dy 4« < ay. - , it suffices to show that

2Pk+1 ]
bk = ay - T,

2Pk+1 4 12
(ak : T) = k41,

or
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by (#x). The last inequality is equivalent to
(2P1P2Pk 4 1)2(2pk+1 + ])2 < 9(2P1P2 Pk 4 1),
which follows from the inequality
Q"+ D"+ 1* <92 + 1)

for integers u and v with # and v greater than or equal to 5. Indeed, we
have

QU+ 1R+ 1D <M 422"+ DR 422 +1)
<GB 22+ DB-224+1) <92+ HR*¥ + 1)
— QQAuH2v 4 Q2 4 o2 | 1y _ g(2u+2u42 4 1)
< 92" + 1),

sinceuv —2u —2v—2=w —2)(v —2) — 6 > 3.

Second Proof: (Based on work by Hyun Soo Kim) Call an integer “tene-
brous” if it is odd, square-free, not divisible by 3, and at least 5. For
any integer m, let ¥ (m) denote the number of distinct prime factors of
m, and let d(m) denote the number of factors of m. We wish to prove that
d(2¢ + 1) > 4@ for all tenebrous integers a.

Induct on t(a). For the base case t(a) = 1, 2¢ 4 1 is divisible by 3 exactly
once and is greater than 3,s0 7(2 + 1) > 2and d(2* + 1) > 4.

Now let a, b be relatively prime tenebrous integers such that the claim holds
for both @ and b. Clearly 2¢? + 1 is divisible by both 2¢ 4+ 1 and 2% + 1, so
we can write

290 411 =C - lem2® + 1,20 + 1.
Becauseab —2a —2b—4=(a—-2)(b—2)—8 >0,
20b 1 5 2242044 o 20 4 D222 4+ 1) > lem[2° + 1,20 + 177,

so C > lem[2¢ + 1, 2° + 1]. From the comment, we have gcd(24 + 1, 26 4
1) = 3, so as 3 divides each of 2¢ + 1 and 2” + 1 exactly once,

dQ* + 1)d(2b +1) o p2r@+2eb)-1

d(lem[2¢ +1,2° +1]) = 5

For every divisor m of lem[2¢ + 1, 20 4 1], both m and Cm are divisors of
2% 4+ 1. Since C > lem[2¢ + 1,2 4 1],

d2® 4+ 1) > 2-d(lem[2% + 1,20 + 1]) > 4T@+7®),
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completing the induction.

Third Proof: (Based on work by Eric Price) Following the notation of the
second solution, a stronger claim is that for any tenebrous integer a,

24 4+ 1) > 21(a).
We proceed by induction on t(a). The base case is the same as in the first

solution.

Now let a, b be coprime tenebrous integers. We claim that r(2“b +1) >
T2+ D)+t +1).

Note that

2ab+1 b b B ,'_1_ b a a 2
] —;(l.>(—2 —1) =b—<2)<2 +1) (mod 2+ 1)?),

so if a prime p divides 2¢ 4 1 exactly k > 1 times, then p divides 2ab 4 1
either k times (if p doesn’t divide b) or k + 1 times (if p divides b). In any
case p divides 2%” + 1 at most twice as many times as p divides 2¢ + 1.
The same is true for prime factors of 22 + 1.

As in the first solution, 2% + 1 > (2¢ + 1)2(2® + 1), so in light of the
above, 29° + 1 must have a prime factor dividing neither 2¢ 4+ 1 nor 26 4 1.

Clearly 2*” + 1 is divisible by lem[2¢ + 1, 2% + 1]. Because 2%’ + 1 has a
prime factor not dividing lem[2¢ + 1, 2b 4 1], we have

2%+ 1) > t@em2* + 1,22 + 1) + 1
=12+ D4+t +1) —1(ged + 1,22 + 1)) + 1
=12+ D+t + 1D —-13)+1
=12+ +1t20 + 1),

completing the induction.
[Zhenfu Cao] Let p be a prime, and let {ax};2, be a sequence of integers
such that ag = 0, a; = 1, and

k42 = 2041 — pag

for k = 0,1,2,.... Suppose that —1 appears in the sequence. Find all
possible values of p.
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Solution: The answer is p = 5. It is not difficult to see that it is a solution.
For p =5, a3 = —1. Now we prove that it is the only solution.

Assume that a,, = —1 for some nonnegative integer m. Clearly, p # 2,
because otherwise axyy = 2ag+1 — 2ay is even and —1 will not appear in
the sequence. Thus, we can assume that gcd(2, p) = 1. We consider the
recursive relation

ak+2 = 2ak+1 — pag
modulo p, and then modulo p — 1. First, we obtain
ag+2 = 2axy1  (mod p),
implying that a; 1| = 2€a; mod p. In particular, we have
—l=a,=2""1a;=2""" (mod p). (%)
Second, we obtain
ag+2 = 2ax41 —ax  (mod p — 1),
or
Ap4+2 — Qg1 = Ay — a (mod p — 1);
that is, the sequence is arithmetic modulo p — 1. Hence
ar+1 = (k+1)(ay —ap) +ap=k+1 (mod p—1).
In particular, we have
—1l=a,=m (modp—1),
or
m+1=0 (mod p—1).

Since gcd(2, p) = 1, by Fermat’s little theorem, we have -1 =
(mod p). Combining the last two congruence relations and (%), we have

1=2""1=4.2""1=_4 (mod p),

implying that 5 = 0 (mod p); thatis, p = 5 is the only possible value.
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50. [Qinsan Zhu] Let F be a set of subsets of the set {1, 2, ..., n} such that

(a) if A is an element of F, then A contains exactly three elements;

(b) if A and B are two distinct elements in F, A and B share at most one
common element;

Let f(n) denote the maximum number of elements in F. Prove that

(n—l)6(n—2) < Fn) < (n—l)n'

Proof: We will begin with the upper-bound inequality, since it is easier
to prove. For such a set F, let us count the number of distinct doubletons
{x,y} C {1,2,...,n} that are subsets of some element of F. Since any set
A € F contains 3 such distinct doubletons, and no two elements of F can
share a common doubleton, it means that

s (1) =10

so the right inequality is proved.

Now we prove the lower-bound inequality. The set S = {1, 2, ..., n} has
(3) = w 3-element subsets. Let 7 denote the set of all these

3-element subsets. We consider the subsets
7T, ={a,b,c}|{a,b,c} €T, a+b+c=i (modn)},

fori =0,1,...,n — 1. Tt is clear that these subsets are nonintersecting
and their union is 7; that is, they form a partition of 7. Since 7 has
(’3’) = %)("_2) elements, we may conclude by the pigeonhole principle

n(nfé)n(n72) — (nflén72)

that at least one of these n subsets has at least
elements. Say 7 is such a subset. We claim that 7; satisfies both conditions
(a) and (b).

It is clear 7; satisfies condition (a). For (b), assume (for contradiction)
that there are two distinct elements A and B in T] that share at least two
elements. Assume that A = {x,y,z1} and B = {x, y, z2}. Since A and
B are elements of 7;, wehave x + y+z1 = x +y + 22 = j (mod n),
implying that z; = z2 (mod n). But recall that 1 < z1,z2 < n. So we
must have z; = z, and thus A = B, a contradiction.

It follows that we can set 7 = 7, and so f(n) is at least the number of
elements in 7;; that is,

(n—1n-2)

fn) = o
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Note: Under the same conditions, the last problem in the 6th Balkan Math-
ematics Olympiad (1989) was asking for

n(n—_4)§f(n)§

(= n
- |

6

Qinsan Zhu improved this result when he encountered this problem during
his preparation for the IMO 2004.
[IMO 1998] Determine all positive integers k such that

t(n?)

t(n)

’

for some n.
Note: Letn = p{'p5?--- p;/" be a prime decomposition of n. Then
t(n) = (a1 + D@+ 1---(a+1)
and
(%) = Qa1 + DQRar + 1) -+ 2a, + 1).

It follows that r(nz) is always odd, so if k is an integer, then it must be odd.

We now prove that the converse is also true; that is, if k is an odd positive
integer, then

_t®)  Qar+DQRar+1)---Qar + 1)
T tm) @+ D@+D-(a+ 1)

()

for some nonnegative integers aj, as, ..., a,. (Since there are infinitely
many primes, we can always set n = p‘f1 p;z - pfr) We call a positive
integer acceptable if can be written in the above form.

First Solution: A natural approach is strong induction on k. The result is
trivial for k = 1 by settingn = 1,r = 1, and a; = 0.
For any odd integer k > 1, if it is of the form 4m + 1, then

_4m+1 5
T 2m+1

m+ 1.

Since 2m 4 1 < k, it is acceptable by the induction hypothesis. Hence k is
also acceptable.
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Howeyver, if k is of the form 4m + 3, then we further assume that it is of the
form 8m + 3. Then we have
_24m+9 12m+5
C12m+5 6m+3
and so k is acceptable by applying the induction hypothesis to 2m + 1 < k.
Our proof remains open for the case k = 8m + 7. We have to split into two

more cases again. To terminate this process, we reformulate the above idea
as follows.

S2m+1),

Since every odd positive integer k can be written in the form 2°x — 1 for
some positive integer x, it suffices to show that if x is acceptable, then so is
28x — 1 for every s > 1. Let £ be such that

T(£%)
=x
T(¢)
If s = 1, then
2x — 1
k=2x—1=2x—1= Y
X

shows that k = 2x — 1 is acceptable.
For s > 1, then

25.3x =3 257132% —3 257233x -3
2= 3x—1 2723y —1 25333x—1
223k=2xy 3 2.3k 1x 3
2.3k=2x — 1 3k-Iy

shows that k = 2°x — 1 is acceptable. Our induction is thus complete.

2x —1=

X

Second Proof: The proof is again by strong induction. Clearly the asser-
tion is true for k = 1. Next assume that £ > 1 is an odd positive integer
and that the assertion is true for all positive odd integers less than k. As in
the first solution, write k = 2°x — 1, where x is an odd integer less than k.
By the induction hypothesis, kg is acceptable.

It suffices to find ay, a, .. ., a, such that
2a1 +1 2a;+1 2a; + 1
a+1 ay+1 a+1°

Note that if we set ap = 2a1, a3 = 2a3, and so on, the equation (xx) can be
simplified to

(k)

2ta1 +1

x—1=k=x- ,
a; +1
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or
2ta1 +1 25a; +2° — 2’a1 -1
— X = X

1=2% =
ar+1 a;+1

It is convenient to set ¢ = s, and further reduce the above equation to
25 — 1
1= - X
a; +1

ora; + 1 = (2° — 1)x. Combining the above, we conclude that equation
(x*) can be satisfied by setting t = 5, a; = 2° — Dx — 1, ap = 2ay,
az =2a, ..., a; = 2a;—1. Our induction is complete.

[China 2005] Let n be a positive integer greater than two. Prove that the
Fermat number f,, has a prime divisor greater than 2"+2(n 4 1).

Proof: For 1 <n < 4, we know that f, are primes, and the conclusion is
trivial. Now we assume that n > 5.

By introductory problem 49, we may assume that

Kk -
f”:p11p22”'pm’ (*)
where k is some positive integer, pi, ..., px are distinct primes, and kp,

..., k;, are positive integers with
pi=2""x +1
for some positive integer x;, for every 1 <i < m. It suffices to show that
xXi>2n+1) ()

forsome 1 <i < m.

First, we give an upper bound for the sum k| + k2 + - - - + k,,. Note that for
every i, p; > 21+l 4 1, It follows from (*) and the binomial theorem that

22" + 1 — f‘n z (2n+1 + 1)k1+k2+'“+km z 2(ﬂ+1)(k1+k2+“'+km) + 1’

implying that
2}1
n+1

Second, we give a lower bound for the sum x1k; + x2ky + - - - + xpky,. By
the binomial theorem again, we have

kithky+---+kn <

Q)

ph = @y + DR = 27k + 1 (mod 22772),
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Since 2" > 2n 4+ 2 forn > 5, we have f, = 1 (mod 22’”‘2). Taking the
equation (s) modulo 222 gives

1= Q" Mxk + DR Mgk, + 1) - @ gk + 1)
=1 + 2n+1xlkl + 2n+1x2k2 44 2n+1x2k2 (mod 22n+2)’

or

0=2""(xiky + xoky + - -+ + xpuky)  (mod 22772).
It follows that

0= xiky +x2ky + -+ + Xk (mod 271,
Since the x;’s and k;’s are nonnegative, we conclude that
x1ky 4 xoky + -+ + Xk = 2" ®
Let x; = max{x, x2, ..., X5 }. Then inequality () implies that
xi(ki +ka + - 4 ky) = 2"

By inequality (), we conclude that

on+1 on+1
Xi = > —— =2+,
ki+ky+---+kn pra

establishing the desired inequality ().
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Arithmetic function

A function defined on the positive integers that is complex valued.

Arithmetic-Geometric Means Inequality

If n is a positive integer and a1, a2, . .. , a, are nonnegative real numbers, then
n
1 > 1/n
=) ai =z (aaz---ap)'",
e

with equality if and only if a; = ap = - - - = a,. This inequality is a special case
of the power mean inequality.

Base-b representation

Let b be an integer greater than 1. For any integer n > 1 there is a unique system
(k,ao,ay, ...,ar) of integers suchthat 0 <a; <b—1,i =0,1,...,k,ar #0
and

n=arb* + ar_1b*"' + -+ a1b + ao.

Beatty’s theorem

Let o and B be two positive irrational real numbers such that

—+—-—=1.
Ot+/3

The sets {|a], [2c], 3], ...}, {LB], |28], [38], ...} form a partition of the set
of positive integers.
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Bernoulli’s inequality

Forx > —landa > 1,
A+x)%>1+ax,
with equality when x = 0.

Bézout’s identity

For positive integers m and n, there exist integers x and y such that mx + by =
ged(m, n).

Binomial coefficient

ny n!
(k) T kln =k

the coefficient of x¥ in the expansion of (x + 1)".

Binomial theorem

The expansion

n n n n n—1 n n—2 n n—1 n n
Gy =) )y T Tyt xyuoA )y
0 1 2 n—1 n

Canonical factorization
Any integer n > 1 can be written uniquely in the form
o o
n:p]l...pkk’

where p1, ..., px are distinct primes and 1, . . ., @ are positive integers.

Carmichael numbers

The composite integers n satisfying a” = a (mod n) for every integer a.

Complete set of residue classes modulo n

A set S of integers such that for each 0 < i < n — 1 there is an element s € S
withi = s (mod n).
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Congruence relation

Let a, b, and m be integers, with m # 0. We say that ¢ and b are congruent
modulo m if m | (a — b). We denote this by @ = b (mod m). The relation “="
on the set Z of integers is called the congruence relation.

Division algorithm

For any positive integers a and b there exists a unique pair (g, r) of nonnegative

integers such thatb = ag +r andr < a.

Euclidean algorithm

Repeated application of the division algorithm:

m=nqy+ry, 1 <r; <n,

n=riqp+ry, 1 <r<r,

Tk—2 =Tk—1qk + 1k, 1 <rgp < rg-q,
Tk—1 = Tkqk+1 + Vis1, Thy1 =0

This chain of equalities is finite because n > r| > ry > -+ > ry.

Euler’s theorem

Let a and m be relatively prime positive integers. Then

a®™ =1 (mod m).

Euler’s totient function

The function ¢(m) is defined to be the number of integers between 1 and »n that
are relatively prime to m.

Factorial base expansion

Every positive integer k has a unique expansion
k=11 fi4+2!- L +31- 34+ +m!- fu,

where each f; is an integer, 0 < f; <i, and f;;, > 0.
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Fermat’s little theorem

Let a be a positive integer and let p be a prime. Then

a’? =a (mod p).

Fermat numbers

The integers f,, = 22" 4 1,n>0.

Fibonacci sequence

The sequence defined by Fp = 1, F| = 1, and F,,+1 = F, + F,_ for every
positive integer n.

Floor function

For a real number x there is a unique integer n such that n < x < n 4+ 1. We say
that n is the greatest integer less than or equal to x or the floor of x and we write
n=|x|.

Fractional part

The difference x — |x] is called the fractional part of x and is denoted by {x}.

Fundamental theorem of arithmetic

Any integer n greater than 1 has a unique representation (up to a permutation) as
a product of primes.

Hermite’s identity

For any real number x and for any positive integer n,

1 2 n—1
x] + {+—J + \‘+—J +- 4+ \:ﬁ-—J = |nx].
n n n

Legendre’s formula

For any prime p and any positive integer 7,

-5}

i>1
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Legendre’s function
Let p be a prime. For any positive integer n, let e, (n) be the exponent of p in the
prime factorization of n!.
Linear Diophantine equation
An equation of the form
aix1 + -+ apx, = b,

where a1, as, . .., a,, b are fixed integers.

Mersenne numbers

The integers M,, =2" — 1,n > 1.

Mobius function

The arithmetic function p defined by

1 ifn=1,
umn) =140 if p? | n for some prime p > 1,
(—1)" if n = py--- px, where py, ..., pi are distinct primes.

Mobius inversion formula

Let f be an arithmetic function and let F be its summation function. Then

o) =Y n@F (%)
d|n

Multiplicative function

An arithmetic function f # O with the property that for any relatively prime
positive integers m and n,

f(mn) = f(m)f(n).

Number of divisors

For a positive integer n denote by 7 (n) the number of its divisors. It is clear that

)= L

d|n
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Order modulo m

We say that a has order d modulo m, denoted by ord,, (a) = d, if d is the smallest
positive integer such that a? = 1 (mod m).

Perfect number

An integer n > 2 with the property that the sum of its divisors is equal to 2n.

Pigeonhole Principle

If n objects are distributed among k < n boxes, some box contains at least two
objects.

Prime number theorem
The relation

. m(n)
lim =1
n—oon/logn

where 7 (n) denotes the number of primes less than or equal to n.

Prime number theorem for arithmetic progressions

For relatively prime integers a and r, let 7, 4(n) denote the number of primes in
the arithmetic progression a, a +d, a +2d, a +3d, . .. that are less than or equal
to n. Then

. Ta.a(n) 1
lim —— = ——.
n—oon/logn  ¢(d)

This result was conjectured by Legendre and Dirichlet and proved by Charles De
la Vallée Poussin.

Sum of divisors

For a positive integer n denote by o (n) the sum of its positive divisors including
1 and n itself. It is clear that

0(n)=Zd.

d|n



Glossary 195

Summation function

For an arithmetic function f the function F defined by

F(n)=)_ f@).

din

Wilson’s theorem

For any prime p, (p — 1)! = —1 (mod p).

Zeckendorf representation

Each nonnegative integer n can be written uniquely in the form

00
n= Z(xka,
k=0

where oy € {0, 1} and (o, ak+1) # (1, 1) for each k.



Further Reading

10.

11.

. Andreescu, T.; Feng, Z., 101 Problems in Algebra from the Training of the

USA IMO Team, Australian Mathematics Trust, 2001.

Andreescu, T.; Feng, Z., 102 Combinatorial Problems from the Training of
the USA IMO Team, Birkhauser, 2002.

. Andreescu, T.; Feng, Z., 103 Trigonometry Problems from the Training of

the USA IMO Team, Birkhauser, 2004.

Andreescu, T.; Feng, Z., A Path to Combinatorics for Undergraduate Stu-
dents: Counting Strategies, Birkhiduser, 2003.

Feng, Z.; Rousseau, C.; Wood, M., USA and International Mathematical
Olympiads 2005, Mathematical Association of America, 2006.

Andreescu, T.; Feng, Z.; Loh, P., USA and International Mathematical
Olympiads 2004, Mathematical Association of America, 2005.

. Andreescu, T.; Feng, Z., USA and International Mathematical Olympiads

2003, Mathematical Association of America, 2004.

Andreescu, T.; Feng, Z., USA and International Mathematical Olympiads
2002, Mathematical Association of America, 2003.

Andreescu, T.; Feng, Z., USA and International Mathematical Olympiads
2001, Mathematical Association of America, 2002.

Andreescu, T.; Feng, Z., USA and International Mathematical Olympiads
2000, Mathematical Association of America, 2001.

Andreescu, T.; Feng, Z.; Lee, G.; Loh, P., Mathematical Olympiads: Prob-
lems and Solutions from Around the World, 2001-2002, Mathematical As-
sociation of America, 2004.



198

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

104 Number Theory Problems

Andreescu, T.; Feng, Z.; Lee, G., Mathematical Olympiads: Problems and
Solutions from Around the World, 2000-2001, Mathematical Association of
America, 2003.

Andreescu, T.; Feng, Z., Mathematical Olympiads: Problems and Solutions
from Around the World, 1999-2000, Mathematical Association of America,
2002.

Andreescu, T.; Feng, Z., Mathematical Olympiads: Problems and Solutions
from Around the World, 1998—1999, Mathematical Association of America,
2000.

Andreescu, T.; Kedlaya, K., Mathematical Contests 1997—-1998: Olympiad
Problems from Around the World, with Solutions, American Mathematics
Competitions, 1999.

Andreescu, T.; Kedlaya, K., Mathematical Contests 1996—1997: Olympiad
Problems from Around the World, with Solutions, American Mathematics
Competitions, 1998.

Andreescu, T.; Kedlaya, K.; Zeitz, P., Mathematical Contests 1995-1996:
Olympiad Problems from Around the World, with Solutions, American
Mathematics Competitions, 1997.

Andreescu, T.; Enescu, B., Mathematical Olympiad Treasures, Birkhduser,
2003.

Andreescu, T.; Gelca, R., Mathematical Olympiad Challenges, Birkhiuser,
2000.

Andreescu, T., Andrica, D., An Introduction to Diophantine Equations, GIL
Publishing House, 2002.

Andreescu, T.; Andrica, D., 360 Problems for Mathematical Contests, GIL
Publishing House, 2003.

Andreescu, T.; Andrica, D., Complex Numbers from A to Z, Birkhiuser,
2004.

Beckenbach, E. F.; Bellman, R., An Introduction to Inequalities, New Math-
ematical Library, Vol. 3, Mathematical Association of America, 1961.

Coxeter, H. S. M.; Greitzer, S. L., Geometry Revisited, New Mathematical
Library, Vol. 19, Mathematical Association of America, 1967.

Coxeter, H. S. M., Non-Euclidean Geometry, The Mathematical Associa-
tion of America, 1998.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Further Reading 199

Doob, M., The Canadian Mathematical Olympiad 1969-1993, University
of Toronto Press, 1993.

Engel, A., Problem-Solving Strategies, Problem Books in Mathematics,
Springer, 1998.

Fomin, D.; Kirichenko, A., Leningrad Mathematical Olympiads 1987—
1991, MathPro Press, 1994.

Fomin, D.; Genkin, S.; Itenberg, 1., Mathematical Circles, American Math-
ematical Society, 1996.

Graham, R.L.; Knuth, D.E.; Patashnik, O., Concrete Mathematics,
Addison-Wesley, 1989.

Gillman, R., A Friendly Mathematics Competition, The Mathematical As-
sociation of America, 2003.

Greitzer, S.L., International Mathematical Olympiads, 1959-1977, New
Mathematical Library, Vol. 27, Mathematical Association of America,
1978.

Holton, D., Let’s Solve Some Math Problems, A Canadian Mathematics
Competition Publication, 1993.

Kazarinoff, N.D., Geometric Inequalities, New Mathematical Library, Vol.
4, Random House, 1961.

Kedlaya, K; Poonen, B.; Vakil, R., The William Lowell Putnam Mathemat-
ical Competition 1985-2000, The Mathematical Association of America,
2002.

Klamkin, M., International Mathematical Olympiads, 1978—1985, New
Mathematical Library, Vol. 31, Mathematical Association of America,
1986.

Klamkin, M., USA Mathematical Olympiads, 1972—1986, New Mathemat-
ical Library, Vol. 33, Mathematical Association of America, 1988.

Kiirschak, J., Hungarian Problem Book, volumes I & II, New Mathematical
Library, Vols. 11 & 12, Mathematical Association of America, 1967.

Kuczma, M., 144 Problems of the Austrian—Polish Mathematics Competi-
tion 1978—1993, The Academic Distribution Center, 1994.

Kuczma, M., International Mathematical Olympiads 1986—1999, Mathe-
matical Association of America, 2003.



200

41.
42.

43.

44,

45.
46.

47.

48.

49.

50.
51.
52.

53.

54.
55.

56.

57.

104 Number Theory Problems

Larson, L.C., Problem-Solving Through Problems, Springer-Verlag, 1983.

Lausch, H. The Asian Pacific Mathematics Olympiad 1989-1993, Aus-
tralian Mathematics Trust, 1994.

Liu, A., Chinese Mathematics Competitions and Olympiads 19811993,
Australian Mathematics Trust, 1998.

Liu, A., Hungarian Problem Book III, New Mathematical Library, Vol. 42,
Mathematical Association of America, 2001.

Lozansky, E.; Rousseau, C. Winning Solutions, Springer, 1996.

Mitrinovic, D.S.; Pecaric, J.E.; Volonec, V. Recent Advances in Geometric
Inequalities, Kluwer Academic Publisher, 1989.

Mordell, L.J., Diophantine Equations, Academic Press, London and New
York, 1969.

Niven, L., Zuckerman, H.S., Montgomery, H.L., An Introduction to the The-
ory of Numbers, Fifth Edition, John Wiley & Sons, Inc., New York, Chich-
ester, Brisbane, Toronto, Singapore, 1991.

Savchev, S.; Andreescu, T. Mathematical Miniatures, Anneli Lax New
Mathematical Library, Vol. 43, Mathematical Association of America,
2002.

Sharygin, L.F., Problems in Plane Geometry, Mir, Moscow, 1988.
Sharygin, L.E., Problems in Solid Geometry, Mir, Moscow, 1986.

Shklarsky, D.O; Chentzov, N.N; Yaglom, .M., The USSR Olympiad Prob-
lem Book, Freeman, 1962.

Slinko, A., USSR Mathematical Olympiads 1989-1992, Australian Mathe-
matics Trust, 1997.

Szekely, G.J., Contests in Higher Mathematics, Springer-Verlag, 1996.

Tattersall, J.J., Elementary Number Theory in Nine Chapters, Cambridge
University Press, 1999.

Taylor, PJ., Tournament of Towns 1980—1984, Australian Mathematics
Trust, 1993.

Taylor, PJ., Tournament of Towns 1984-1989, Australian Mathematics
Trust, 1992.



58.

59.

60.

61.

62.

Further Reading 201
Taylor, PJ., Tournament of Towns 1989-1993, Australian Mathematics
Trust, 1994.

Taylor, P.J.; Storozhev, A., Tournament of Towns 1993—1997, Australian
Mathematics Trust, 1998.

Yaglom, I.M., Geometric Transformations, New Mathematical Library, Vol.
8, Random House, 1962.

Yaglom, .M., Geometric Transformations II, New Mathematical Library,
Vol. 21, Random House, 1968.

Yaglom, .M., Geometric Transformations III, New Mathematical Library,
Vol. 24, Random House, 1973.



Index

arithmetic functions, 36

base-b representation, 41
Beatty’s theorem, 60
Bernoulli’s inequality, 145
Bézout’s identity, 13
binomial theorem, 5

canonical factorization, 8
Carmichael numbers, 32

ceiling, 52

Chinese remainder theorem, 22
complete set of residue classes, 24
composite, 5

congruence relation, 19

coprime, 11

decimal representation, 41
Diophantine equations, 14
division algorithm, 4

Euclidean algorithm, 12
Euler’s theorem, 28
Euler’s totient function, 27

factorial base expansion, 45
Fermat numbers, 22, 70
Fermat’s little theorem, 28
Fibonacci

numbers, 45

sequence, 45
fractional part, 52
fully divides, 9
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fundamental theorem of
arithmetic, 7

geometric progression, 9
greatest common divisor, 11

Hermite identity, 63
inverse of a modulo m, 26

least common multiple, 16
ofap,as,...,a,, 16

Legendre function, 65

linear combinations, 14

linear congruence equation, 22

linear congruence system, 22

linear Diophantine equation, 38

Mersenne numbers, 71

multiplicative arithmetic functions,
18

Mobius function, 36

Mobius inversion formula, 37

number of divisors, 17
order d modulo m, 32

perfect cube, 2

perfect numbers, 72
perfect power, 2

perfect square, 2
pigeonhole principle, 93
prime, 5
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prime number, 5 sum of positive divisors, 18
summation function, 36
quotient, 4
twin primes, 6
reduced complete set of residue
classes, 28 Wilson’s theorem, 26
relatively prime, 11 Wolstenholme’s theorem, 115
remainder, 4
Zeckendorf representation, 45

square free, 2
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