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Introduction

One of the most beautiful mathematical topics I encountered as a student was the topic
of functional equations — that is, the topic that deals with the search of functions which
satisfy given equations, such as

f+y) = fO+f(y).

This topicis not only remarkable for its beauty but also impressive for the fact that functional
equations arise in all areas of mathematics and, even more, science, engineering, and social
sciences. They appear at all levels of mathematics. For example, the definition of an even
function is a functional equation,

f(X) = f(—X) ’

that is encountered as soon as the notion of a function is introduced. At the other ex-
treme, in the forefront of research, during the last two to three decades, the celebrated
Young-Baxter functional equation has been at the heart of many different areas of math-
ematics and theoretical physics such as lattice integrable systems, factorized scattering in
quantum field theory, braid and knot theory, and quantum groups to name a few. The
Young-Baxter equation is a system of N° functional equations for the (N? X N?)-matrix R(x)
whose entries are functions of x:

N N
Y, REG-pRYORY @) = ), RIGRY@REE =),
apy=1 apy=1

where i, j, k, £, m,n take the values 1,2, --- ,N. Amazingly, although the Yang-Baxter equa-
tion appears to impose more constraints than the number of unknowns (N® equations for
N* unknowns), it has a rich set of solutions. The study of this equation is well beyond
the goals of the book; however, the reader will hopefully come to appreciate the role that
functional equations play in mathematics and science over the course of reading this book.

Despite being such a rich subject, this topic does not fit perfectly into any of the conven-
tional areas of mathematics and thus a systematic way of studying functional equations is
not found in any traditional book used in the traditional education of students. Several
good books on the topic exist but, unfortunately, they are either relatively hard to find [39]
or quite advanced [7, 8, 27]. While this book was in the making, a nice, simple book [38]
appeared which has considerable overlap with, and is complementary to, this book.

We should point out in advance that there is no universal technique for solving func-
tional equations, as will become obvious once the reader solves the problems throughout
this book. At the current time, thorough knowledge of many areas of mathematics, lots of
imagination, and, perhaps, a bit of luck are the best methods for solving such equations.

The core of the book is the result of a series of lectures I presented to the UCF Putnam
team after my arrival at UCF. My personal belief is that the training of a math team
should be based on a systematic approach for each subject of interest for the mathematical
competitions (e.g. functional equations, inequalities, finite and infinite sums, etc.) instead
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of randomly solving hard problems to get experience. Therefore, this book is an attempt
to present the fundamentals of the topic at hand in a pedagogical manner, accessible
to students who have a background on the theory of functions up to differentiability.
Although there are some parts of the book that use additional ideas from calculus, such
parts may be omitted at first reading. In particular, the book should be useful to high
school students who participate in math competitions and have an interest in International
Math Olympiads (IMO). Many of the problems I have included are problems I solved as
a high school student! in preparation for the national math exam of my home country,
Greece. I still enjoy them as much as I enjoyed them then. In fact, I now appreciate their
beauty much more, as I have grown to have a better understanding of the subject and
its importance. College students with an interest in the Putnam Competition should also
tind the book useful, as standard texts do not provide a thorough coverage of functional
equations. Finally, we hope that any person with interest in mathematics will find in this
book something to his or her interest. However, a piece of advice is in order here for all
readers: The majority of the problems discussed in this book are related to mathematical
competitions which target ingenuity and insight, so they are not easy. Approach them with
caution. They should serve as a source of enjoyment, not despair!

And a final comment: The interested reader should, perhaps, read the book simultane-
ously with Smital’s [39] and Small’s [38] books, which are at the same level. I cover more
functional equations but Smital presents beautifully the topic of iterations and functional
equations of one variable?. Similarly, Small’s book [38] is a very enjoyable, well written
book and focuses on the most essential aspects of functional equations. Once the reader
is done with these three books, he may read Aczél’s and Kuczma’s authoritative books
[7, 8,27], which contain a vast amount of information. Beyond that level, the reader will be
ready to immerse himself in the current literature on the subject, and perhaps even conduct
his own research in the area.

More on How to Approach This Book

Mathematics has a reputation of being a very stiff subject that only follows a pre-determined
pattern: definitions, axioms, theorems, proofs. Any deviations from this pre-established
pattern are neither welcome nor wise. In this respect, mathematics appears to be very
different from sciences and, in particular, theoretical physics, which is the closest discipline.
For, mathematics is using demonstrative reasoning and sciences use plausible reasoning.’

As was mentioned previously, the majority of the problems in this book are taken from
mathematical competitions. As such, these problems are precious not only for their origi-

Yes, I still have many of my notes! As a result, some of the problems I present might be taken from national
or local competitions without reference. I would appreciate a note from readers who discover such omissions
or other typos and mistakes.

2One can detect some influence from Smital’s book on my presentation in Chapters 16 and 17. 1 highly
recommended this book to any serious student.

3The terms are discussed in G. Pélya’s classic two-volume work [31] which teaches students the role of
guessing in rigorous mathematics and how to become effective guessers.
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nality and beauty, but also for the lessons they teach the students regarding mathematical
discovery. Without doubt, the final solutions of these problems must be presented as
demonstrative reasoning. However, to reach this stage, the students must first go through
the stage of plausible reasoning. Solving a problem first involves guessing the solution.
Proving the solution, first involves visualization of the proof. Polishing the proof requires
trying these steps over and over. Therefore demonstrative reasoning and plausible reason-
ing are not two distinct and isolated methods; they are just the two faces of the process of
discovering new results in mathematics. So, in agreement with Pélya’s motto, the problems
in this book should be used to “let us learn proving, but also let us learn guessing.”

Unfortunately, due to lack of time and space, I have omitted the plausible reasoning
which can be experienced by attending Math Circles, and I have presented only the demon-
strative reasoning in what I believe to be a polished way. However, the students should
be assured that the solutions presented could not have been found without some kind of
hunches and guesses. The beginning student should thus neither be discouraged nor be
disappointed if his reasoning, either at the plausible or at the demonstrative stage, fails
to be as good as those of the experienced solvers. Paul Erdos, one of the most prolific
publishers of papers in mathematical history and extraordinary problem solver, has said:
“Nobody blames a mathematician if the first proof of a new theorem is clumsy.” Therefore,
solve these problems as many times as necessary to improve your solutions. With every
new solution you discover, you gain invaluable knowledge that becomes your new weapon
to attack new problems. This is really no new idea and it has been quite familiar to anyone
who has tried problem solving. Here is René Descartes’ testimony: “Each problem that I
solved became a rule which served afterwards to solve other problems.” Any reader who
places considerable amount of effort on the problems will benefit from them, even if he
does not completely solve all the problems.

Of course, all this assume that you see the beauty in these problems. I cannot define
mathematical beauty, but I know it when I see it. It is really love at first sight. Upon
completion of the first draft of the manuscript, I showed it to some good students (‘good”
being defined by high GPA in the standard curriculum) who had not attended my lectures.
Of course, I was expecting to hear great comments, not so much for the book itself but the
collection of the problems. Unfortunately, at least one of them declared these problems
‘trick problems’! He appeared unimpressed and, I think, completely uninterested in them.
Ihad always assumed, even after many years of teaching, thatif a studentstands well above
the crowd in mathematical ability, then he also sees well beyond the crowd. However, this
incident made me realize that even some students with mathematical talent, when they
have been educated in a dry and boring traditional system, often by unmotivated teachers,
have never developed mathematical aesthetics and deep understanding of how the process
of mathematical discovery really happens. As a blind person, who is otherwise a skillful
diamond cutter, looking towards the diamond never sees the sparkling to appreciate the
fine cuts, a student who has never be shown ‘true mathematics’” but is otherwise a skillful
solver, can never appreciate the extraordinary beauty of math problems.

Therefore, it is my obligation as I present this book to the students to declare: Trick
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mathematics is the norm. Straightforward proofs are the exceptions. There are patterns
but these are the products of experience and hard work of the giants before us. To unveil
a pattern, you must first produce many trick proofs. The trickier the proof, the more
the hidden beauty. Such is, for example, Sarkovskii’s theorem stated in Chapter 16 —
a fine jewel of modern mathematics. Appreciating and solving the problems given in
mathematical competitions builds strong intuition, develops mathematical ingenuity, and
promotes deep understanding for trick proofs. It leads the way to creating new generations
of outstanding mathematicians. Dear reader, please approach this book with this spirit in
mind.

Costas Efthimiou
Orlando, FL
July 2010
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Chapter 1

Functions

1.1 Sets

In mathematics, the most primitive notion is that of a set. A set is a collection of objects
with a common property, and these objects are called the elements of the set.

The set with no elements is called the empty set and is denoted by @ or {}.

Two sets A, B containing the same elements are called equal; we write A = B. If the sets
are not equal, we write A # B and we say that they are different.

If every element of the set A also belongs to the set B, we say that A is a subset of B,
and we write A C B. If the set B has at least one element which does not belong to A, then
we call A a proper subset of B, and we write A C B. Alternatively, one can use the notation
B D A and B D A; they are read “B is a superset of A” and “B is a proper superset of A”
respectively. For example, the set of characters in this sentence is a proper subset of the set
of characters on this entire page.

Let A € S. The complement of A relative to S is the set of elements x € S which do not
belong to A. Usually this set is denoted by Alor s\ A

Let A,B C S. The union of A and B, denoted by A U B, is defined as the set of x € S such
thatx € A or x € B.

Let A,B € S. The intersection of A and B, denoted by A N B, is defined as the set of
points x € S such that x € A and x € B. Two sets A, B are called disjointif ANB = @.

Let A,B C S. The difference A — B is defined as the set of points x € A which do not
belong to B.

The complement S \ B can always be regarded as the difference of S — B. In this way
we can use the universal notation A — B to describe complements and differences.

We can take our discussion one level of abstraction higher by noting that given a set S
we can form new sets whose elements are various subsets of S. Amongst these, a particularly
interesting case is that of the set whose elements consist of all subsets of the set S. This set
is known as the power set of S, and we denote this by $(S).

Finally, the Cartesian product of a collection of sets {A1, Ay, ..., A,} is defined as the
set whose elements consist of all n-tuples whose i-th entry is an element of the set A;.

3



4 1. FuncTIONS

Symbolically, we write

Al XAy X .. XA, = {(a1,a2,...,a,), a; €A;, i=1,2,..,n}. (1.1)
If Ay = Ay =...= A, = A, we usually write
AXAX..xA = A".
mes_/

Topological Concepts

Definition 1.1. Let O be a subset of the power set £(X) such that the following properties
are true:

1. 2€0, XeO.

2. The intersection of a finite number of sets in O belongs also to O.

3. The union of any number of sets in O also belongs to O.
The elements of O are then called the open sets of X with respect to the topology 7 = (X, O).

The complement o0 = X\ Oofan open set O is defined as a closed set. The set X is called
a topological space and its elements are called the points of X.

Definition 1.2. A set N is called a neighborhood of the point p if p € N and there exists an
open set O € O containing p which is contained in N, i.e. O C N.

In the above definition, a neighborhood may be open, closed, or neither. However,
when we refer to a neighborhood of a point 2 € R, then we shall assume an open interval
that contains 4. A symmetrical neighborhood of a is a neighborhood centered at 4, that
is the interval (a — 6,a + 6), where 6 > 0 is called the radius of the neighborhood. For our
purposes it will suffice to consider symmetrical neighborhoods; any time we use the term
‘neighborhood’, we shall mean symmetrical neighborhood unless otherwise specified.

Given a space X, the following definitions provide some of the most interesting points
and sets:

1. A point ¢ is called a limit point of the set S if every neighborhood N(¢) of ¢ contains
at least one point of S different from £. The set S’ of all limit points of S is called the
derived set of S.

2. A point i is called an interior point if there exists a neighborhood N(i) of i that is
contained in S. The set IntS of all interior points of S is called the interior set of S.

3. A point e is called an exterior point of the set S if there exists a neighborhood N(e) of

e that is contained in SC. The set ExtS of all exterior points of S is called the exterior
set of S.

4. A point b is called s boundary point of the set S if every neighborhood N(b) of b is

neither totally contained in S nor in SC. The set 9S of all boundary points of S is called
the boundary of S.
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5. A point ij is called an isolated point of the set S if it belongs to S and there is a
neighborhood N(ip) of iy that does not contain any other point of S except ip.

6. The smallest closed set S containing S is called the closure of S.

7. A subset S of X is called dense in X, if S = X.

S
S L
" .“4'.
.o. IntS
[ ]
i S do s

Figure 1.1: This figure gives a visualization of the points and sets we defined. The left side focuses on the
terminology of points; the right side focuses on the terminology of sets. An interior point i of a set S is ‘inside’
S; an exterior point e is ‘outside’ (equivalently ‘inside” the complement of the set); a boundary point lies exactly
on the set that ‘separates’ the set from its complement and may or may not belong to the set such as b and b’
respectively. An isolated point iy is a point of the set that happens to be ‘far away’ from any other point of the
set; if it were not a point of S, it would qualify as an interior point of S C. A limit point ¢ of S is the limit of a
converging sequence of points in S.

There are many useful relations among the sets defined above. Let X be a topological
space and A, B, O, C subsets of X. Then

1. The set Cis closed iff! C = C.
2. The set C is closed iff C’ € C.
3. The set C is closed iff JC C C.
4. The set O is open iff IntO = O.

'The word iff stands for the phrase if and only if.
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5. The set O is open iff JON O = @.

10 A~-BCA-B

11. XN A=X-1IntA

12. A= X\ ExtA

13. JA = X \ (IntA U ExtA)
14. )A=AN (X \A)

15. A = A — IntA

Example 1.1. An interesting set is the set of rational numbers Q = {m/n; m € Z, n € Z}
as a subset of R. Then Q = R, dQ = R, IntQ = @. Since IntQ # Q, Q is not open; since
20 > Q, Qis not closed either.

1.2 Relations

A relation R on the set A # @ is a subset of the Cartesian product A X A,i.e. R C A X A.
Usually, instead of writing (x, y) € R, we write xRy and we read “x is related to y’.

Definition 1.3. A relation ~ on the set A is called an equivalence relation if it satisfies the
following axioms for all a,b, c € A:

1. Reflexivity: a ~ a,

2. Symmetry: a ~ b implies b ~ a,

3. Transitivity: ifa ~band b ~ c thena ~ c.
The expression x ~ y is then read “x is equivalent to y’.

Definition 1.4. Given an equivalence relation on A, the equivalence class of x is the set
[x] = {a€eA;a~x}.
Exercise 1.1. Let [x] and [y] be two equivalence classes. Show that either [x] = [y] or [x]N[y] = @.

A partition of a set A is a family of disjoint subsets {A;} of A, such that A = U;A;. Using
the last problem, we see that an equivalence relation in a set A defines a partition of A.
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Example 1.2. In the set of integers Z we fix an integer k and we define the following
equivalence relation:

ifmmneZ then (m~n & m-—nisdivisible by k) .
Since any integer n can be uniquely written in the form
n=nk+r, 0<r<k, n, kre?,

we conclude that two integers 1, m belong to the same equivalence class only if they have
the same residue r when divided by k. Therefore, this equivalence relation partitions the
set of integers in k subsets

A = lkn' +r\nez) =1[r], r=01,...,k-1.
The set of equivalence classes is

Z, = {[0],[1],...[k—1]}.
Often we write Z = Z/ ~ to show that Z is the set Z with the relation ~ “factored out’.

Definition 1.5. A relation < on the set A is called a partial order relation if it satisfies the
following axioms:

1. Reflexivity: Va,a < a.

2. Symmetry: for any a, b that are related by a < band b < a thena = b,

3. Transitivity: for any 4, b, c that are related by a < band b < c thena < c.
The expression x < y is then read “x preceeds y’.

Notice that in an partial ordering of A, not all elements have to be related. However if
we add the fourth axiom

4. Trichotomy: Va,b € A, eithera<borb<a,
then we have a total order .

Example 1.3. (a) Given a set A, let’s construct P(A). Then, for S5, T € P(A) we define S < T
if S € T. This relation defines a partial order in P(A) since sets that have no common
elements cannot be ordered.

(b) The set of reals R equipped with < is totally ordered.

Definition 1.6. A totally ordered set is said to be well ordered iff every non-empty subset
of it has a least element.

Example 1.4. Every finite totally ordered set is well ordered. The set of integers, which has
no least element, is an example of a set that is not well ordered.
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1.3 Functions

The Notion of a Function

A function or map f : A — B between two sets A and B is a correspondence that assigns a
unique element y of B to every element x of A. The set A is called the domain of f and the
set B the range or codomain of f. For x € A, the element y of B which corresponds to x is

denoted by f(x) and it is called the the image of x; we often write y = f(x) or NEA y. Also, x
is called the preimage of v.

Comment. Although real-valued functions, y € IR, of a real variable, x € R, will be the most
common objects of our studies, the above definition and whatever follows is more general.
The symbols x and y may be considered as vectors, matrices, or any other mathematical
object. ]

Example 1.5.

(@) If A # @, the function id4 : A — A which maps each element to itself id4(x) = x is
called the identity function.

(b) If A,B # @, the function f : A — B which maps each element x € A to the same
element c € B, i.e. f(x) =c, Yx € A, is called a constant function. m]

Theset 'y = {(x, f(x)), x € A} C AX Bis called the graph of f. We like to sketch this set
to have a visual picture of a function (such as in Problem 1.1). However, for many functions
such a pictorial representation may not be possible and we must treat the graph as a set.

Example 1.6. A function for which it is not easy to draw a sketch of the graph is the
following:

1, xeqQ,
fo) = {0, xeR\NQ. |

This is known as the Dirichlet function.

Problem 1.1. Draw the graph of the function f : R — R if it satisfies the following two conditions:
(@) f(x+1) = f(x)—2, VxeR,and
(b) f(x) = x%,x €[0,1).

Solution. Using induction it is easy to see that
f(x+n) = f(x)—2n, V¥YnelN.

Let y € R be an arbitrary real number. We can always write as y = x + n, where n is the
integer part | y] of y and x is the fractional part {y} of y. Then, the previous equation gives

fy) = fyh)-2n, n<y<n+1.
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Since the fractional part satisfies the inequality 0 < {y} < 1, f({y}) = {y}? from (b). However,
{y} = y — n and we finally have

fy) = y-n-2n, n<y<n+1.

The graph of this function is drawn in Figure 1.2. m]

Figure 1.2: The graph of the function f(x) = (x —=n)* = 2n,x € [n,n + 1), n € Z.

Properties of Functions

Two functions f : A —» Band g : C — D are said tobe equal if A = C, B = D and f(x) = g(x)
forall x € A.

Let f : A — Bbe a function and A’ C A. By f(A’) we denote the set of all images of the
elements of A”:

f(A") = {yeB|IxeA’, y=f(x)}.

In particular, the set f(A) is called the image of the function f; it is also denoted by Imf. A
function f : A — B is called surjective or onto if every element in the set B has a preimage
under f in A. In other words, if f(A) = B. Obviously, every function can be surjective if we
conveniently choose the set B to be the range of f.

Exercise 1.2. Let f : A — Band A’, B’ be subsets of A. Prove that

fA)N f(BY),
fA)Vf(B). O

f(A' NB)
f(A'UB)

N
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A function f : A — Bis called injective or one-to-one (1-1 for short) if distinct elements
in A are mapped to distinct elements in B, i.e. if

Vxi,x2 € A, x1 # X2 = f(x1) # f(x2) .
Equivalently, f is injective if
Vxy,x €A, flx) = flx2) = x1 =x.

The function f is called bijective if it is both injective and surjective. Sometimes, we
shall use the notation f : A >= B to indicate an injective function, the notation f : A - B to
indicate a surjective function, and the notation f : A—B to indicate a bijective function.

The restriction of a function f : A — B toaset A” C A is the function g : A” — B where
g(x) = f(x), Vx € A’. It is often denoted by f |A’. Equivalently, one can say that f is the
extension of gtoaset A D A’

We say that the function? f : A — B is strictly increasing (strictly decreasing) if for
any x < y in A it is true that f(x) < f(y) (f(x) > f(y) respectively). We say that f is
increasing or non-decreasing (dereasing or non-increasing) if for any x < y in A it is true
that f(x) < f(y) (f(x) > f(y) respectively). A strictly increasing or decreasing function is
referred to as strictly monotonic while an increasing or decreasing function is referred to
as monotonic.

We say that the function f : A — B is upper bounded ( lower bounded) if there exists
an M € B (m € B) such that f(x) < M (m < f(x)) for all x € A. It is called bounded if it is
both lower and upper bounded. For a lower bounded function, we call the greatest of its
lower bounds the infimum; for an upper bounded function, we call the least of its bounds
the supremum.

Operations on Functions

Given two functions f : A — Band g : A — C with the same domain, we define their
sum f + g, difference f — g, product f - g, and so on to be a function & defined on the same
domain whose image f(x) of x € A is the sum, difference, product, and so on of the images
f(x), g(x) of the original functions.

Let f : A — Band g: B — Cbe two functions. We can define a new function by using f
and g sequentially which maps A — C. In particular, we define a new function# : A — C,
called the composite of f and g, by h(x) = g(f(x)), Vx € A. Often, the function / is written
as g o f. The composition of functions satisfies associativity, thatis (f o g§) oh = f o (goh),
where the domains are assumed such that all operations are well defined.

Comment. If F(u,v)is a function of two real variables u, v with value u+v, u—v, uv, and so on,
we notice that the composite function F(f(x), g(x)) is exactly the sum, difference, product
and so on of the functions f and g. In other words, the functions defined by arithmetic
operations between f and g are special cases of the composition of functions operation.

2The definitions that follow assume that A, B are sets with total order.
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In the following the notation f"(x) will indicate® the composition of a function with
itself: f2 = fo f, f" = fo f"!, n > 2. The quantity f*(x) is known as the n-th iterate of
f(x). Some care is required not to confuse this notation with the powers of f(x): (f)*> = f- f,
(f)Y* = f-(f)*"!, n > 2. Usually I write f(x)? instead of (f(x))* to indicate powers of f(x).

Inverse Function

A bijective function f provides unique association between the elements of the domain and
range. This allows us to define another, closely related function which we shall temporarily
call g with ¢ : B — A . Specifically, the bijectivity of f implies that each and every element
y € B is associated to an element x € A by demanding f(x) = y. The function g carries out
this association, i.e. g: B — A ; y = x by the rule x = g(y) & y = f(x). Notice that this
function is just the function f in reverse, and hence is called the inverse function of f and
is typically denoted by f~! instead of g. Obviously £~ is also bijective.

Theorem 1.1. For a bijective function f there is a unique inverse function f='.
Comparing the graphs of f and f71,

I-‘f {(x/y)/ y:f(x)/XEA}/
Fpa = {(y,x), x= fNy), y € B}

we notice that they are symmetric under reflection on the line y = x.

Exercise 1.3. Let f : A>» B and g : B>» C be two bijective functions. Prove the following
properties:

@(fH™ =f,

() flof =idy,

(€ fof =idg,

@(gofy™ = flog. =

Problem 1.2 (IMO 1973). Let G be the set of functions f : R — R of the form f(x) = ax +b,
where a and b are real numbers and a # 0. Suppose that G satisfies the following conditions:

(@) If f,ge Gthengo f € G.

(W) If f € Gthen f~! €G.

(c) For each f € G there exists a number x¢ € R such that f(xs) = x.

Prove that there exists a number k € R such that f(k) = k for all f € G.

Solution. If a = 1 for a function f(x) = x + b, then condition (c) requires that b = 0. In this
case, all points k of R satisfy f(k) = k. Therefore we need to show it for a # 1.
Leta,a’ # 1 and
f(x) = ax+b, gx) =ax+0b",

3] break this rule only for the trigonometric functions: sin” x stands for (sin x)?, not sin(sin x). This tradition
is so strong and widespread that I found impossible to reverse it.
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be two functions in G. Then, condition (c) requires that there are two points x; and x, (not
necessarily distinct) such that

f(Xf):JCf:>Xf:a_1,

and
bl
a -1

g(xg) =Xy > Xy =

According to condition (b), both

are in G. Then, according to condition (a),
fog(x) =aa’x+ab’+0b,

and

flogl) = -y L*0a

aa’ aa’

7

and
fogof_log_1 = x+(ab +b)— (' +ba)

1

are also elements of G. Since there is a x, for this function such that f o go f~1 o ¢7(x) = xo,

we conclude that

’ ’ ’ b b,
@ +b)— @O +ba") =0 = T2 =~ 1-7 = Xxf = Xg. O

If B’ C B, by f~1(B’) we denote the set of all preimages of the elements of B’
fUB) = xeA|JyeB, x=fy).
Exercise 1.4. Let A’ be a subset of A and B’, B”” be two subsets of B. Prove that

Ay 2 A,
fF'B) < B,

fUB B = BN B,

fABUBY) = fB)UFTBY). 0

N 1V
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1.4 Limits & Continuity
Limits

A function f : R — R is said to have a limit L € R at a2 € R, denoted by lim f(x) = L or
xX—a
f(x) = L, if for any ¢ > 0, there exists 0 > 0 such that

[f(x) =Ll <e VxeRand 0 < |x—a| <6.

Using neighborhoods, the limit of f at a point @ may be restated as follows: A function
f R — Ris said to have a limit L € R at 2 € R if, given any neighborhood | of the point
L, there exists a neighborhood I of the point a such that f(I) C J.

The definition of the limit can easily be modified to consider one-sided limits, that
is limits of f(x) as x approaches a from the right (we write xl1r£1+ f(x) and we call it the

right-hand limit of f(x)) or as x approaches a from the left (we write lim f(x) and we call
X—a-
it the left-handed limit of f(x)).

Exercise 1.5. If }clir; f(x) =€y and }Clil’; §(x) = o then prove the following properties:
(a) }}E;(/\f(x)) = A, forany A € R.
(b) }Ciir;(f(x) +8(x) =1 + 6o
() lim f(x) g(x) = &l

() lim % = & provided that g(x) # 0 and ¢, # 0. o

The following two theorem give two additional important properties of the limit.

Theorem 1.2. If f(x) < g(x) in some neighborhood of a and the limits of f, g as x — a exist, then

lim £(x) < lim g(x).

Theorem 1.3 (Squeeze Theorem). If f(x) < g(x) < h(x) in some neighborhood of a and

lim f(x) = limh(x) = ¢,

X—a

then
limg(x) = €.

X—a

A sequence {x,},en of real numbers is said to converge to a limit L € R, denoted by
lim x, = L or a, — L, if for any ¢ > 0, there exists ny such that |x, — L| < ¢ for all n > n.

n—oo

Similar results with those of functions apply to sequences.
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Continuity

A function f : R — R is said to be continuous at a € R if }(11% f(x) = f(a). Moreover, f is
called continuous on an open interval I C R if f is continuous at every x € I. Using right-
hand and left-hand limits, we can extend the concept of continuity to continuity from right
or continuity from left respectively.

Also, using the open sets of a topology, we can extend the concept of continuity to any
function between two topological spaces: The function f : X — Y is said to be continuous
at a € X if, given any open set | of the point f(a), there exists an open set I of the point a
such that f(I) C J. The function f is continuous on X if it is continuous at every point x € X.

Theorem 1.4. A function f : R — R is continuous at a iff lim f(x,) = f(a) for every sequence
1n—00

{xn} converging to a.

A function that is not continuous at the point a is called discontinuous at a. Such a
discontinuity can occur for one of the following reasons:

(@) The right-hand and left-hand limits are equal but different from the value of the
function.

(b) The right-hand and left-hand limits exist but they have different values.
(c) The right-hand or left-hand limit does not exist.

In the first case, we can re-define the function at @ and the function becomes continuous.
The discontinuity is thus called removable discontinuity In the other two cases, the dis-
continuity cannot be remove and thus are called irremovable discontinuities of first kind
(or jump discontinuity) and second kind (or essential discontinuity) respectively.

The function of Problem 1.1 has jump discontinuities at all integer points. The function

5, x#0,
f(x)—{ .

has an essential discontinuity at x = 0. The function
1
flx) = sin —, x#0

oscillates violently from —1 to 1 close to x = 0 and it cannot have a limit as x approaches this
point—an essential discontinuity at x = 0. Introductory calculus texts call the discontinuity
at x = 0 of this function an oscillating discontinuity.

Finally for the function

1
flx) = xsin;, x#0,
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Figure 1.3: The graph of the function f(x) = sin 2. The function is continuous at all points x = 0 but at x = 0
its has an essential discontinuity. To see this, take the sequences a,, = m and b, = ﬁ, both converging

to 0. However sing, = sin 7 =1 and sin b, = sin (—%) = —1, thus violating Theorem 1.4.

the limit as x — 0 exists and it is zero. Since x = 0 does not belong to the domain of f(x),
as it stands, f(x) is discontinuous at x = 0. However, if we define

f) =

xsin%, x#0,
0, x=0,

then f(x) becomes continuous at all points. The initial discontinuity at x = 0 is a removable

discontinuity.
The previous discussion may have created the impression that functions are ‘mostly”

continuous and they may have only a ‘small” set of points where discontinuities appear.
However, such an impression is not correct. The Dirichlet function of Example 1.6 is

discontinuous everywhere and the function

X, xeqQ,

o) = {0, xeRNQ,

which is perhaps the simplest modification of the Dirichlet function, is continuous only at
one point —at x = 0.
Exercise 1.6. Let f : R — Rand g : R — R be two continuous functions at x = a. Prove the

following properties:
(a) f + g is continuous at x = a.
(b) fg is continuous at x = a.
(c) f/g is continuous at x = a provided that g(a) # 0.

(d) f o g is continuous at x = a. ]

A very useful theorem for continuous functions with many applications is the following.
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Theorem 1.5 (Bolzano). If the function f(x) is continuous on the interval [a, b] and f(a)f(b) <0,
then there exists a point & € (a, b) such that f(&) = 0.

That is, the graph of continuous function cannot change sign unless it crosses the x-axis.
Bolzano’s theorem can be extended to

Theorem 1.6 (Intermediate Value Theorem). If the function f(x) is continuous on the interval
[a, b] then it takes on every value between f(a) and f(b).

Thatis, a horizontal line crossing the y-axis at a point between f(a) and f(b), it necessarily
crosses the graph of a continuous function f(x) with domain [a, b].

If a function is discontinuous, then the previous two theorems do not hold. For example,
the function, in Bolzano’s theorem, may jump from positive to negative values (or the other
way around) without crossing the horizontal axis such as the function of Problem 1.1.

1.5 Differentiation

First Derivative

A function f : R — R is said to be differentiable at a point a if the
— h+ —
@@ o) - f@

x—a X—a h—0 h

exists. This limit is then called the derivative of f atx = a2 and denoted by f’(a) or df(x)/dx],.
Moreover, f is called differentiable on an open interval I C IR, if f is differentiable at every
x € I. Using right-hand and left-hand limits, we can extend the concept of differentiation to
differentiation from right or differentiation from left respectively. Geometrically, the derivative
f'(a) gives the slope of the tangent line at the point (a, f()) of T'.

Theorem 1.7. If a function f(x) is differentiable at the point a, then it is continuous at the point a.

Differentiability of the function f(x) at x is equivalent to the continuity of the function

f(h+x) - fx)

F(h) = ;

at h = 0, with the variable x playing the role of a parameter specifying the point of interest.
Therefore any kind of discontinuity at & = 0, except removable discontinuity, signals
problems. For the function f(x) = ||,

|x + h| — |x]

F(h) = p
Forx =0,

F(h) = % = sgn(h), h#0.
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Figure 1.4: Left: The graph of the absolute value function has a ‘spike” at x = 0. Right: The derivative of
the absolute value function is the sign function for x # 0. At x = 0, the left and right derivatives exhibit a
jump discontinuity and thus the absolute value function has no derivative at x = 0.

This is a discontinuous function with a finite jump discontinuity at x = 0. Therefore
f(x) = |x| does not have a derivative at x = 0. The jump discontinuity in F(h) appears as a
‘spike’ in the graph of f(x).

The function
X sin% , x#0,

f(x) = 0, c=0

implies
F(h) = sin% ,

at x = 0 which has an essential discontinuity and therefore f(x) has no derivative at this
point. Finally the function

implies a continuous function

F(h) = h sin1 ,
h
at x = 0 and therefore f’(0) exists and it is equal to f’(0) = 0.

Continuous functions may appear to fail to be differentiable only are only at a ‘small’
set of points. Such a point of view was held by mathematicians until Weierstrass* explicitly
showed to be an incorrect one. We present the Weierstrass function after presenting some
additional results on the first derivative.

4Bolzano seems to have done so before Weierstrass but his work was not paid attention to.
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Exercise 1.7. If f and g are differentiable at x and c is a constant, prove the following properties:
(@) (f +8)'(x) = f'(x) + &'(x).
(b) (cf) (x) = cf'(x).
(©) (fg) (x) = f(x)g' (x) + f/(x)g(x).

() ( f/g) (x) = bl (X)g(x)(x{z(x)g (%) f01’ g(x) £ 0.

(d) (f(g(x) = f'(g(x) &' (x =

The following three theorems (each generalizing the preceding one) are among the most
useful theorems for differentiable functions.

Theorem 1.8 (Rolle). If f(x) is contznuous on [a, b], differentiable on (a,b) and f(a) = f(b) =0,
then there is a & € (a, b) such that f'(&) =

That is, if f is continuous, then I' I has a local extremum between any two roots. (See
the section on the application of derivatives.)

Theorem 1.9 (Lagrange’s Mean Value Theorem). If f(x) is continuous on [a, b] and differentiable
on (a,b), then there is a & € (a, b) such that

oo f(0) = fa)
(&) = T

That is, if f is continuous, then for every secant line of ', there is at least one parallel
line, tangent to T’ f-

Theorem 1.10 (Cauchy’s Mean Value Theorem). If f(x), g(x) are continuous on [a, b], differen-
tiable on (a, b), and g(x) # O for any x € (a, b), then there is a 5 € (a, b) such that

£ _ fo)-f@
g&) g -g@
That is, if f, g are continuous, then there is always a point & for which the ratio of the

slopes of the tangent lines to I'y and T’y is equal to the ratio of the slope of the secant lines
crossing the graphs at (a, f(a)), (b, f(b)) and (a, g(a)), (b, g(b)) respectively.

Example 1.7 (Weierstrass function). Let

[o¢]

flx) = Zak cos(tFnx) ,

k=0

where 0 < 2 < 1 and b is a positive odd integer. I will leave the proof of continuity to
the reader (or just simply accept it) and I will examine the differentiability of this function.
Also, since the initial function is defined as an infinite sum, he may accept as valid any
required re-arragement in the terms.
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For the function F(h), let’s write F = A, + R,, where A, is the sum of the first n terms

A = “ lak cos[bFr(x + h)] — cos(b*mx)

h
k=0

and R,, is the remainder

R, =

i & cos[b*n(x + h)] — cos(b*mx)
p .
k=n

Applying Lagrange’s mean value theore for the function cos(b*tx) on [x, x + K], we see
that there is a & € (x, x + h) such that

Ve sin(b*n) = cos[b*ri(x + h;l] — cos(b* ) |

Then, by the triangle inequality, and the above,
n-1

A, < Zak
k=0

-1
= 7 (ab)k |sm(bk & )|
k=0

cos[bFr(x + h)] — cos(b*mx)
h

n-1
r _ _(ab)' -1 (ab)"
nkzo(ab) ST =1 S Ta-1

IA

assuming that ab > 1.

Now we set b"x = N,, + f,, where N, is an ‘integer” and f, a ‘fractional” part, the latter
defined here in the interval [-1/2,1/2]. It h = (1 — f,,)/b", then 2b" /3 < 1/h < 2b". Also, for
any k>n

cos[bFr(x + h)] —)Netl

(
cos('nx) = (~1)N* cos(BF i f,) .

Therefore, for any k > n

i " 1 - cos(b¥ "t f,)

k=n h

1 — cos(mtfy)
h

2(ab)"
-3

n

2(ab)"

” 3

[1 - cos(rif)] >

Since |F| = |A, + R,|, we have

2ab — (2 + 3n)

_ n
B2 Ryl = Anl > (@b =5
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And this is true for any n. If 2ab > 2 + 3, the right hand side grows without bound as
n — oo. Therefore, F cannot be continuous implying that f cannot be differentiable. Since
x has been left unspecified, the result is for any x in the domain of f. |

Higher Derivatives

The derivative function f’(x) of a function f(x) may or may not be differentiable. If f”(x),
F7(x), ..., f(x) exist, then the function f(x) is called n-times differentiable.

Theorem 1.11 (Leibniz). If f, g are n-times differentiable, then

%f(x)g(x) - Z (Z) f(k)(x) g(”‘k)(x) )

k=0

Theorem 1.12 (Taylor). If f is (n + 1)-times differentiable with continuous derivatives on [a, x],
then there exists some & € (a, x) such that

n k)
o= Y 00 air,,
k=0

k!

with
B f(n+1)(é)

" Tt 1) (c—ay .

The quantity R, is known as the remainder of order n. If the derivative f( exists for
any 1, then the function is said to be smooth or simply infinite-times differentiable. For a
smooth function, one can construct the so-called Taylor series

[se]

Y 0@ - o)

n=1

which does not necessarily converge. If it converges to f(x) on some neighborhood I of a
with radius 7, then we say that the function f(x) is analytic at the point 2 with radius of
convergence r. If f(x) is analytic for all points of I, we say that f analytic on I.

Applications of Derivatives

Definition 1.7. (a) We say that the point xg is an absolute maximum of the function f |D if
f(x) < f(xo), for all x € D. We say that the point xg is a local maximum of the function f |D
if f(x) < f(xp), for all x in some neighborhood of xo.

(b) We say that the point x is an absolute minimum of the function f |D if f(x) > f(xop),
for all x € D. We say that the point xy is a local minimum of the function f |D if f(x) > f(xo),
for all x in some neighborhood of xj.

(c) Absolute (local) minima and absolute (local) maxima are called collectively absolute
(local) extrema.
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Theorem 1.13 (Extreme Value Theorem). If f is continuous on [a, b], then f attains an absolute
maximum and absolute minimum at some points of [a, b].

Problem 1.3 (Bulgaria 2000). Let

X2 +4x +3 (1) = x2 —5x +10
2i7x+1a’ Y T 2imrt20°

fe) =

(a) Find the maximum value of f(x).
(b) Find the maximum value of g(x)f @),

Solution. The quadratic polynomials x* + 7x + 14, x> — 5x + 10, x2 + 5x + 20 have a negative
discriminant and therefore they are positive for all values of x. Among other things, this
implies that ¢(x) > 0 and therefore the function g(x)/® is well defined.

The quadratic polynomial x? + 4x + 3 has roots —1 and —3. Therefore f(x) is positive for
x € (=00, —=3) U (=1, +00) and negative for x € (-3, -1).

Finally,
x2=5x+10 _ (x* +5x+20) —10(x + 1) x+1

= =1-100——.
x2 +5x+20 x2 +5x+20 x2 +5x+20

gx) =

Thatis, g(x) <1 forx > -1and g(x) > 1 forx < -1.
(a) The maximum value of f(x) is 2. Indeed,

2 +4x+3
X2+7x+14 ~
o X +4x+3<2x? +14x + 28

& 0<x¥®+10x+25 = (x+5)*.

fx)<2 &

The maximum value is attained for x = —5.
(b) As in part (a),
g <3 & 0<(x+5).

The function g(x) attains a maximum value of 3 for x = —5.
Since g(x) > 0, In g(x) > In 3. For x € (—o0, -3],

f(x) Ing(x) <2In3 = gx)® <9,

For x € [-3,-1],
g 21 = g >1 = ¢/ <1.

For x € [-1, +o0],
g <1 = g/ <1.

So, the maximum value of g(x)f @ is 9 attained at x = —5. |
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The above problem demonstrates that quite some work is necessary to find extrema
of a function by algebraic methods. In addition, having numbers that always conspire
to simplify the calculations is impossible. The study of extrema is systematized by the
derivatives of a function. We shall call critical points of a function f those points c at which
f'(c) = 0 or f" does not exist.

Theorem 1.14. Extreme values of a function occur at critical points and endpoints.

However, a critical point may not necessarily be a point of extreme value. The next two
theorems provide criteria to verify when a critical point leads to an extremum.

Theorem 1.15 (First Derivative Test). If c is a critical point of f, then f has a local extremum at
c if the derivative f’ changes sign as it crosses c. In particular, it is a local maximum if f' > 0 for
x <cand f' <0 for x > cand it is a local minimum if f* <0 for x < cand f" > 0 for x > c.

Corollary. (a) A function is strictly increasing (respectively increasing) if f' > 0 (respectively
f =0
(b) A function is strictly decreasing (respectively decreasing) if f' < 0 (respectively f <0).

Theorem 1.16 (Second Derivative Test). If c is a critical point of f, then f has a local minimum
at cif f”’(c) > 0 or has a local maximum if f”’(c) < 0.

Exercise 1.8. If f”(xo) = "' (x0) = -+ = f@®(xg) = 0, but f@*D(xg) # 0, discuss the behavior
of f in the neighborhood of xo. The point x is called a point of inflection.

1.6 Solved Problems

In this section we present some additional solved problems on functions. Of course this
subject is immense. We only choose to work out some sample problems related to the topic
of the book to set the stage for the following chapters.

Problem 1.4 (Singapore 2002). Let f(x) be a function which satisfies
f9+x) = f(29-x), VxeR.
If f(x) has exactly three real roots e, B, y, determine the value of a + 5 + y.

Solution. Consider the coordinate system O’ XY that is obtained from the Oxy by a change
of variables: Y = y, X = x —29. This is just a simple translation of the origin O(0,0) to
0’(29,0). The points x. = 29 + x, in the new system become X, = +x, and the given
functional equation becomes

f) = f(=2).
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Therefore, the graph of the function f(x) is even with respect to X = 0 and, as such, the

roots much be located symmetrically with respect this line too. Since there are three roots,

one must be located at X = 0, that is @’ = 0. The other two must be at some ' = xp and
’

Y’ = —xp. Returning to the original system, « = 29, f = xp + 29, and y = —xp +29. Then
a+p+y=287 0

Problem 1.5 ([13], Problem 7). Let fo(x) = 1=, and fu(x) = fo(fu1(x)), n = 1,2,3,... .
Evaluate f1976(1976).

Solution. We notice that

P = 1

A0 = Alhw) = ==,

L) = fofitx)) = x,

A0 = filhe) = 1= = filo).

From these results we conclude that

faeer(x) = filx), k=0,1,2,..., r=0,1,2.

Therefore
fr976(x) = fo(x),
and, in particular, f1976(1976) = f>(1976) = 1976. O

Problem 1.6. Let f(x) = x> — 2 with x € [-2,2]. Show that the equation
flx) = x
has 2" real roots.

Solution. Since x € [-2,2] we setx =2cos 6,0 < 0 < 2n. Then

2[2cos? 6 — 1] = 2cos(26),
[2cos(20)]? — 2 = 2[2cos*(40) — 1] = 2cos(46),

f(cos 0)
f(f(cos 6))
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By induction, we easily verify that
f"(cos 0) = 2cos(2"0) .
The given equation, in the new notation, becomes
2cos(2"0) = 2cosBO,

with solutions 2"6 = 2knt + 6, k € Z or

27 21

ot =kl keZ.
o1/ Uk TR K€

0; =k

The distinct solutions are those for which 0 < 6 < 27t. Therefore,

21

- _ _ -1
0, = k2”—1' k=o0,1,...,2"7 -1,
21
6; = k , k=120
k 2"+ 1
Counting, these are exactly 2" in number. ]

This problem actually appeared as one of the problems of the IMO 1976:

Problem 1.7 (IMO 1976). Let P1(x) = x> —2 and Pj(x) = P1(Pj-1(x)) for j = 2,3,---. Show that
for any positive integer n, the roots of the equation P,(x) = x are real and distinct.

In this statement the domain is not specified to be [-2, 2]. The problem is actually taken
from the theory of orthogonal polynomials. In particular, the functions Tn(cos 0) = cos(NO)
are known as the Chebychev polynomials of the first kind. When written in terms of the
variable x = cos 0, they are indeed polynomials as one can easily verify. The function f"(x)
of the problem is just 2T (x).

Here is a related problem that was proposed for the IMO 1978:

Problem 1.8 (IMO 1978 Longlist). Given the expression
1 \/2— n > n
P,(x) = T [(x+ X —1) +(x— X —1) ] ,
prove that P, (x) satisfies the identity

Pa) = x Py 1) + 7 Pacal®) = 0,

and that P, (x) is a polynomial in x of degree n.
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The Chebychev polynomials T, (x) satisfy the recursion relation
Tu(x) = 2xTy1(x) + Ty—2(x) = 0,

and are given by the expression
Tu(x) = % [(x +iV1 —xz)n + (x —iV1 —xz)n] .

Obviously the proposed problem is a multiplicative rewriting of the Chebychev polyno-
mials:
Pu(x) = 2" 1T, (x).
You can try to solve it anyway without this information.
The IMO 1976 problem, in the way stated, is not immediately related to the Cheby-
chev polynomials, and it takes some time — even for the more experienced people — to
make the connection®. However, the IMO 1978 problem is a straightforward routine exer-

cise from the college textbooks. In any case, now you know the solution to the following
problem given in the Swedish mathematical olympiad of 1996:

Problem 1.9 (Sweden 1996). For all integers n > 1 the functions p,, are defined for x > 1 by

pu(x) = %|(x+ x2—1)n+(x— xz—l)n] .

Show that p,(x) > 1 and that pyu(x) = P (pu(x)).

Again, you can try to solve it anyway, independently of what we have presented here.

The following problem and its solution shares several common ideas with the solution
of the previous problem.

Problem 1.10 (Turkey 1998). Let {a,} be the sequence of real numbers defined by ay = t and
ay1 = 4a,(1—a,), n>1.

For how many distinct values of t do we have aj99g = 07

Solution. We define the function f(x) = 4x(1 — x). Then the given sequence becomes® a; = ¢,

ap = f(t), a3 = f%(t), and so on. Therefore, the problem asks to find the distinct roots of the
equation f1%(t) = 0.

5At least that was the situation at 1976. After this, the theory of iterations became increasingly known and
popular and the IMO 1976 problem became also another textbook problem. We discuss the topic of iterations
in Chapter 16.

6For more details on this idea, see Chapter 16.
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First we notice that the image f(x) of x will be in [0, 1] if x € [0,1]. To have any roots, ¢
must be in [0,1]. In such a case we can set t = sin” 6, with 0 € [0, 7/2]. Then

f(t) = f(sin?0) = 4sin®0O(1 —sin®6) = (2sin O cos B)* = sin?(20).

And inductively

A = f(f(t) = f(sin’(20)) = sin*(40),

J&0) sin?(2"0) .

The roots of f"(t) = 0 are then those which satisfy 2"0 = krt, k € Z or, more precisely,

0 = k—", k=0,1,2,...,2" .
21’[
For n = 1997, this gives 21996 4 1 distinct values of f. |

The function f(x) = A x(1 — x) is known as the logistic function and plays an important
role in the topic of Chaos. (See Section 16.7.) Sometimes it is also called the popula-
tion growth model. This name is motivated by the following interpretation. Letn = 1,2, ..
count the generations of a species and p, be the population of the species at the n-th gen-
eration. If the population enjoys unlimited food supply and habitat, then it will grow
according to the law p,.1 = Ap, (geometric progression). However, as the population
grows, stress develops over limited food supply and habitat. As a result, a fraction of the
population dies. This ‘removed’ population is given by —Bp2. Therefore, the the popu-
lation of each generation follows the law p,+1 = Ap, — Bp%. If we define a, = Ap, and
A = A/B, then the last equation is written equivalently a,.+1 = Aa,(1 —a,).

The following problem is an extension of Bolzano’s theorem for discontinuous func-
tions.

Problem 1.11 ([1], Problem E1336). For the function f : [0,1] — R, f(0) > 0, f(1) < 0 and
there exists a continuous function g such that h = f + g is increasing. Prove that there exists a
& €(0,1) such that f(&) = 0.

Solution. Let
E = {x|f(x)>0}.

This set is non-empty since 0 € E. It is also bounded since at most it can be [0, 1). Lets < 1
be its supremum. Since / is increasing, for any x € E, s > x,

h(s) 2 h(x) = f(x) + g(x) = g(x) .
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By taking the limit x — s of this inequality, since g is continuous, h(s) > g(s), which, in turn,
implies f(s) > 0.

Again from the increasing property of h, h(s) < h(1) with h(1) = g(1) + f(1) < g(1),
h(s) = g(s) + f(s) > g(s). Therefore g(1) > h(1) > h(s) > g(s). Since g is continuous, it takes
all values between g(1) and g(s). In particular it takes the value h(s). That is, there exists a
& > s such that g(&) = h(s).

Now we observe that

h(&) = h(s) = h(&) = g(&) = f(&)=0.

In other words, & € E. However, by the definition of s, t cannot be greater than s; it must
thus be & = s. Consequently, the equation g(&) = h(s) gives f(&) = 0. |

Problem 1.12 (IMO 1968). Let f be a real-valued function defined for all real numbers x such that,

for some positive a, the equation
1
fata) = 5+ Jf@) - f2 (12)
holds for all x.

(a) Prove that the function f(x) is periodic.
(b) For a = 1 give an example of a non-constant function with the required properties.

Solution. (a) Setting x = y + a in equation (1.2), we have:

f(y +2a) + Jf+a)— f(y+ap

+J%+Jﬂw—ﬂwL{§+Jﬂw—ﬂwf
e Lo JF0 =707 - L= ) + F62 — 7 - F0P

+3 - FO) + FP

NI~ NI~ NI~ NI

+ (% - f(y))2
3 +[5- ).

From this equation (or the given one) we see that f(x) > 1/2. Therefore, the absolute value
found in the last equation is equal to f(y) — 1/2 and thus

fly+2a) = f(y).

= N =
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the function f(x) is periodic with period 2a.
(b) The simplest function that is not constant is a function that takes two values. So, let

(172 ifxe[o,1),
fe) = {1 ifxe[l,2),

with the rest of the values values determined by periodicity, that is

1/2 ifxe2n,2n+1),
fx) = .
1 ifxe2n+1,2n+2),

for all n € Z. (See Figure 1.5 for its graph.)

Figure 1.5: The graph of a discontinuous function that provides an example for the IMO 1968 problem.

Notice that the above function is discontinuous. If a continuous function is sought, one
can use _
TIX
xX) = —+=sinl— |, x€]0,2),
0 = 5 +5sin(F), xel0,2)

with the rest of the values determined by periodicity. The result can be written nicely in

the form
sin (n_x )
2

1

fx) = %+§

for any x € R. (See Figure 1.6 for its graph.)

7

Figure 1.6: The graph of a continuous function that provides an example for the IMO 1968 problem.



1.6. Solved Problems 29

However, the function is not differentiable at the points x = n, n € Z. We can give
another example which is differentiable at these points too:

1 1 . ,(mx
f(x)—§+§sm (?), xeR.

(See Figure 1.7 for its graph.) O

Figure 1.7: The graph of a differentiable function that provides an example for the IMO 1968 problem.

Problem 1.13 ([1], Problem 11233). Show that for positive integer n and for x # 0,

1y (=) (1 am
7 (s g) = T (ST

Solution. We can prove the given identity easily by induction. Forn =1

d .1 1 1
ax My T TR %%
1 . (1 =
- _Esm(f“?)'

That is, the identity is true.
Let it be true for some n = k:

k _1)k
d (xk'l sinl) = ), sin(1+1%).

dxk x xk+1 x

Then, by the use of Theorem 1.11 and the above formula, we find

dk+l . 1 dk+l 1 . 1
dxk+1 (x sin ;) = —dxk+1 (xx sin ;)
A (g 1 (a1
= (k+1)@(x s1n;)+xdxm(x sm;)

-1 . (1 kn d(-1Df (1 kn
(k+1) o sin x+ > +xdx o sin x+ I
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The derivative of the product in the right hand side gives two terms one of which is opposite
of the remaining term. So, finally

gkl (k ) 1) (_1)k+1 (1 kT()
X" sin — —F—— COS|— + —
X X

dack+1 xk+2 2
_ D™ (k+ D
= ka sin + 5 .
Therefore the identity is true for n = k + 1 and consequently for all n € IN". |

By the same technique, you may generalize the previous result to the following.

Problem 1.14. If f is an n-times differentiable function, then

G = S G)

If this is too straightforward, a more challenging problem would be:

Problem 1.15. If f is an n-times differentiable function, then find

sG]

If you fail, the answer (but not the proof) is found in the January 2008 issue of [1].

Problem 1.16 ([1], Problem E3214). Let f be a real function with n + 1 derivatives on [a, b].
Suppose f®(a) = fO(B) = 0 for k = 0,1,...,n. Prove that there is a number & € (a, b) such that
&) = f(8).

Following the solution of R. Brooks ([1], vol. 96, p. 740), we split the solution into two
parts: a simple lemma (the case of n = 0) and the proof for a general n.

Lemma 1.1. Let f be a differentiable function on [a, b]. Suppose f(a) = f(b) = 0. Prove that there
is a number & € (a,b) such that f'(&) = f().

Proof. Consider the function
80 = e f(0)

which satisfies the conditions of Rolle’s theorem on [a, b]. Then there exists a & € (a, b) such
that ¢’(£) = 0 or

e E(f(E) - f() =
From this, it is obvious that f'(£) = f(&). m]

Using the above lemma we can now prove the statement in the general case.
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Solution. Consider the function ;

() = Y P

k=0
which satisfies the conditions of the previous lemma. Then there is a £ € (a,b) such that
g’ (&) = g(&) which is easily seen to give

D& = £(&). O

L.M. Levine has shown that the result holds true without requiring the vanishing of the
derivatives at x = b. (See [1], vol. 96, p. 740).
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Chapter 2

Functional Relations Primer

2.1 The Notion of Functional Relations

Functional Equations

Functional equations are encountered routinely, even in introductory mathematics books.
Some of the most common definitions of properties of functions are given using functional
equations. For example, the definition of an even function,

f) = f(=x), Vx,

the definition of an odd function,
f(X) = _f(_x) ’ Vx ’
the definition of a periodic function,
ar : f(x+7) = f(x), Vx,

are all given in terms of functional equations.

So, intuitively, the notion of a functional equation seems to be straightforward. How-
ever, a general formal definition presents difficulties. The term “functional” refers to
functions and thus includes any kind of equation one could possibly imagine: algebraic
equations (i.e., those including just the functions), differential equations (i.e., those in-
cluding the functions and their derivatives), integral equations (i.e., those including the
functions and their integrals), difference equations (i.e., those including the functions eval-
uated at points differing by integers), integro-differential equations (i.e., those including
the functions, their derivatives, and their integrals), and so on.

Example 2.1 (Truesdell equation). Truesdell [43] has attempted to unify by a single theory
the special functions of analysis using the differential-difference equation

JF(z,a)
% - Fiz,a+1).
In this book we shall refrain from such advanced topics. m|

35
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Although we will meet some functional equations that contain derivatives and inte-
grals, I will adopt the the standard convention which universally excludes! differential and
integral equations. Some authors (for example, Saaty [33] and Hille [49]) tend to add to the
list of exclusions the difference equationsz. However, I reside with those authors (for exam-
ple, Aczél [7]) who include the difference equations under the term “functional equations”
as they are naturally embedded in the topic. And finally, the term excludes some advanced
topics (such as operator functional equations) which, for the purposes of this book, I will
pretend do not exist. What finally remains is the so-called algebroid functional equations. And
yet, a solid general definition is still not easy to give. Trying to leave aside the difficulties
so we can advance our study, we will start with the following ‘working’ definition:

Definition 2.1. An algebroid functional equation for the unknown function f(x) is an
equation of the form
F(x,f(x)) = 0, VxeD, (2.1)

where F is a known function of two variables and D a given set.

Unfortunately definition (2.1) hides some important aspects of functional equations.
The function F may contain parameters. Often these parameters enter in the form of
variables that also take values in D. Other times the parameters can be written as the value
of the function f itself. For example,

Flx,y, f(x), f(y)) = 0, Vx,yeD, (2.2)

is a functional equation of f(x) with y and f(y) appearing as ‘parameters’. The fact that we
permit parameters to enter in ways similar to this allows for a functional equation to have
an endless number of possibilities. It is exactly this freedom that makes a rigid but widely
applicable definition impossible. For our purposes, we shall assume that definition (2.1) is
a shorthand notation for all such possibilities.

Comment. The reader should be warned that my terminology is not standard. Practitioners
of the subject talk of functions of one or more variables and functional equations of one
or more variables. That is, f(x) is a function of one variable, but it can satisfy the functional
equation of two variables f(x +y) = f(x) + f(y). L have selected to reserve the term “variable”
only for the functions, not the functional equations. Then I have selected the term “param-
eters” to describe the copies of the independent variable x and the dependent variable f(x)
that may appear in a given functional equation. What is usually referred to as a parameter
is for me just a constant. Therefore the functional equation f(f(x) + y) = f(x) + y +ais
an equation for the function f(x) of one variable and contains the parameter y and the
constant a. The functional equation f(X + ) = f(¥) + f(})) is an equation for the function
f(X) = f(x1,x2,...,x,) of n variables and contains the n + 1 parameters v, f(¥)).

IThere is an extensive literature on such equations. If the reader is not already familiar with these topics,
we recommend the following texts: [14],[25] for differential equations and [29],[42] for integral equations.
“There is also an extensive literature for difference equations. For example, see [18],[21].
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My definition is motivated by the fact that I want to consider functional equations such
as f(f(x)) = a and f(f(¥)) = a of the same ‘type’. In my definition, they are equations with
“no parameters”. According to the standard definition, one is an equation of one variable
and the other is an equation of many variables.

In general, functional equations that contain “parameters” are easier to solve than
equations that do not® . ]

The set D is the domain of the function f(x). If no domain is given explicitly, then it is
implied that D should be taken to be all values of x for which the functional equation is
truly an identity. The domain of a functional equation is important for the determination
of the solutions; different domains lead to a different set of solutions. Also, given two
different domains for an equation, nothing can be said a priori about the relation of the two
sets of solutions.

Example 2.2. Let’s consider the functional equation

flxy) = f(x) + f(y) .

This functional equation is one of the equations to be studied quite thoroughly in this book.
If we seek functions f : R* — R, then the admissible solutions are f(x) = 0 or f(x) = In|x|.
(See Chapter 5.) However, if we seek functions f : R — R, if we set y = 0 in the equation,
we find f(0) = f(x) + f(0) that gives f(x) = 0 as the unique solution. O

A function f,(x) that satisfies (2.1) is called a particular solution. Solving the functional
equation (2.1) involves finding the set of all possible particular solutions. However, this set
of solutions is strongly dependent on the properties imposed on the function f(x). That is,
one may search for measurable, invertible, bounded, monotonic, continuous, integrable,
differentiable, etc., functions satisfying (2.1). Each condition on f(x) will result, in general,
in a different set of solutions.

Example 2.3. Theidentity function f,(x) = xis a particular solution of the equation f(x+y) =
f(x) + f(y) with x, y € R. The set of all continuous solutions is {f(x) = cx, c € R}. If we
allow non-continuous solutions, then the set of solutions increases in size drastically. (See
Sections 5.1 and 11.2.) |

Definition (2.1) may be generalized to a functional equation containing an unknown
function of several variables,

F(-xlle/'~~/xn/f('x1/-x2/"'/-x7’l)) = OI

3In [27], the term iterative functional equations is used for equations with no parameters. Although not
all such equations contain iterates of functions, the term is motivated by the fact that iterates are essential for
the methods and techniques used to obtain the solutions. (See Part V of this book.)
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to a system of functional equations for several unknown functions fi(x), f2(x),..., fn(x),

Fi(x, i(x), fo(x),..., fn(x)) = O,
Fo(x, fi(x), fo(x),..., fn(x)) = 0,

Fu(x, (), fo(x),..., fn(x)) = 0,

or a combination of the above,

Fi(x1,...,xn, fi(x1,...,%0), ..., fN(x1,...,x0)) = 0,
Fo(x1,...,xn, fi(x1,. .., %0), ..o, fn(x1,...,x0)) = 0,

Fm(xll---/xi’l/fl(xll---/xn)/"-/fN(xll'--/xi’l)) =0.

Of course, similar expressions with parameters are possible.

The Inverse Problem

So far we have presented the functional equation as the starting point for which one desires
to know the solution. However, the inverse problem is very interesting: Given a function
(or a set of functions), what functional equation (or equations) characterizes it (them)? If
known, such a functional equation (or equations) can be used as the basis for the axiomatic
definition of the function (or functions).

Example 2.4. One can define the well known trigonometric functions sin x and cos x (and
thus all trigonometry) as follows.

Definition 2.2. Let the functions S : R — R and C : R — R satisfying the functional
equation
Clx—y) = C(OC(y) +Sx)S(y), Yx,y€R, (2.3)

and the following condition: There exists a positive number A such that

and
Cx)>0, Sx)>0, VYxe(0,A).

We call the solution thus obtained the analytic sine and analytic cosine.

Of course, one must prove that the above definition is meaningful; in other words, that
there exists such pair of functions and it is unique. For example, notice that if

S+y) = SWC(H +CWS(y), Vx,y€eR,
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had be chosen in place of the functional equation written above, the lack of uniqueness is
easily seen. The functions

C(x) = a* cosx, S(x) = a* " sinx,

satisfy all requirements with A = m/2 and any value of a € R}. Therefore, an infinite
number of solutions are obtained. We study the problem of characterization of the sine
and cosine functions in Section 7.1. There, we will prove that the data given above for
the analytic sine and cosine admit a unique solution, and this unique solution is given by
S(x) = sinx, C(x) = cosx.

Leaving aside the issue of existence and uniqueness, one can easily show that the
functions S(x), C(x) have all the properties of sine and cosine: C(1) = 5(0) = 0, C(x)?>+5(x)? =
1,1S(x)| <1, |C(x)| £ 1, etc. (See Problem 2.14 on page 47.) O

Notice that, in the definition of analytic sine and analytic cosine, besides the functional
equation, we used functional inequalities too. This is next section’s topic of discussion.

Functional Relations

Functional equations may be generalized to functional relations in which case a function
f(x) is defined via a more complicated set of rules that contain more than equalities. Again,
some of the most common definitions of properties of functions are given using functional
relations. For example, the definition of an increasing function,

(fis M & (Yx<y, f™<fW),

and the definition of a decreasing function,

(fis ) & (x<y, f® = fW),
are given in terms of functional inequalities. In general we can define:

Definition 2.3. A functional relation for the unknown function f(x) is a relation of the
form
F(x, f(x)) ~ G(x, f(x)), Vx€D, (2.4)

where F and G are known functions of two variables, D is a given set, and ~ is some relation
(usually an equivalence or ordering relation) defined among elements of D.

It is straightforward to generalize the above definition to more complicated cases that
involve parameters, multiple relations, etc.

Problem 2.1 ([3], Problem 3039). Let a,b be fixed non-zero real numbers. Find all functions
f :R — R such that

b a ., 2b b
f(x—;)+2x§5x +7Sf(X+E)—2x, VxeR.
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Solution. Letting y = x — b/a we see that the left inequality becomes

a2, 2

Similarly, letting vy = x + b/a we see that the right inequality becomes

a., 2b
Hence o
a
f) =7y +=—, VyeR. O

Some Additional Remarks

Having followed the previous discussion, the reader might find the remarks in this section
beneficial and worth thinking of.

I have claimed that the ‘definition” of functional equations given has excluded dif-
ferential and integral functional equations according to the commonly used conventions.
However, strictly speaking, this statement is not exactly right. Higher concepts in anal-
ysis, such as differentiation and integration, are based on simpler concepts of functions.
Therefore, it is not surprising to discover differential and integral functional equations
hidden inside our algebroid functional equations. Consider, for example, the following
situation. For a continuous function of two variables g(x, y) such that g(x,0) = 0, let f(x) be
a continuous function of one variable satisfying the algebroid equation

fx+y) = f) -y flx) = ygxy), Yxy.

For y = 0, this equation appears to reduce to the trivial identity 0 = 0. However, if we

rewrite it as f+y) - f)
X — f(x
+—f(X) = g y),

at y = 0 it reduces to the differential equation

fx) = f(x).

A comprehensive theory of functional equations that will be grouping them according
to an underlying fundamental principle and which will encompass a structured way to
solve them has proved to be extremely hard. To understand the reason, let’s look at two
similar equations: The so-callled associativity functional equation

[ f(y,2) = f(f(xy),2),

and the closely related equation

fx, f(v,2) = f(y, f(x,2),
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which I will not solve in this book (but the interested reader can find their solutions in
Sections 6.2.1 and 6.2.3 of [7].) The two equations are identical in almost every property
that we think matters: they both include only a single function of two variables; they both
include just one additional parameter; they have identical ‘structure’. Yet, the first equation
is solved by

foy) = g7 (g +g(),

and the second is solved by

fy) = g (h(x) + g(y)) -

The two answers are very different. In particular, the solution of the second equation
includes an additional arbitrary function. So, besides hunches and intuition, it is not fully
understood what is the underlying principle which differentiates two equations that appear
identical in many respects. Therefore, creating a finer classification of functional equations
and a general theory of how to solve them has been elusive. At the current time, we must
rely on a classification that is based on empirical data. And such is the organization of this
book.

2.2 Beginning Problems

As a leisurely introduction to solving functional equations, in this section we start with
some simple problems which can be understood even by a student who is just learning the
ideas of functions. As we progress with our subject in the next section and later chapters,
we shall study progressively more difficult problems.

Problem 2.2. Find all functions f : R — Rsuch that 2f(x+y) +6y°> = f(x+2y)+x>,¥x,y € R.

Solution. Direct: Substituting y = 0 in the functional equation, we get 2f(x) = f(x) + x> or
fx) =2

Inverse: For f(x) = x%, the left hand of the given equation equals

2% + 6x%y + 6xy° + 8y°
while the right hand side equals
2% + 6x%y + 12xy* + 8y°,
The two terms are not equal and therefore the equation has no solution. m|

The previous problem points out that, when solving a functional equation, we must
check that the derived functions indeed satisfy the given equation (inverse). However, in
the following, we systematically omit this step whenever everything works out fine.
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Problem 2.3. Let f : R}, — R such that
2 1 *
f(x):;, Vx e R} .

Find f.
Solution. In the defining equation we set y = x2. Then

f) = == o

S

Problem 2.4. Let f : R* — R such that

1 1
f(1+;) =X+, VxeR.
X

Find f.
Solution. In the defining equation wesety =1+1/x = (x +1)/x:

1

(y_1)2+(y—1)2. O

fly) =

Problem 2.5. Find a particular solution f : R® — R of the functional equation:
f@) = flx+1) = fx) fx+1), VxeR".

Solution. The function f,(x) = 1/x satisfies the equation. Indeed

A - fla+D) = < -
1
- x(x+1)

= 0 frlx+1), x#0,-1. O
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Problem 2.6. (a) Show that the function
frx) = a cos'x, 0<x<1,

where a is a real constant, satisfies the functional equation

fay— A=A -y?) = f) + fv).

(b) Find a particular solution f : [1,00) — IR of the functional equation

fay— &2 -DE*-1) = f0)+f(y) .

(c) Find a particular solution f : R — R of the functional equation

fle1+12+yV1+22) = f(x)+ f(y).

(d) Find a particular solution f : [-1,1] — R of the functional equation

x+y

f( ) = f()+ f(y).

1-xy
(e) Find a particular solution f : R — R of the functional equation

x+y

f( ) = f()+ f(y).

1+xy

Solution. (a) Let X = cos™'xand Y = cos™ y. Then x = cos X and y = cos Y and
fO)+ f(y) = aX+Y).

On the other hand

xy— A/(1=x2)1-y2) = cosXcosY — Vsin® Xsin® Y

= cosXcosY —-sinXsinY
= cos(X+Y).

Therefore

flay = /A=A =y?) = acos(cos(X+Y)) = a(X+Y),

from which the relation sought follows immediately.
(b)—(e) Similarly, we see that these functional equations are satisfied by the functions
acosh™! X, a sinh™! x,atan"! x, and a tanh™! x, respectively. m]
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Problem 2.7. Find all functions f : R — IR such that

f(x+y) =ry+f(x), VxeR, VyekR.

Solution. Substituting x = 0 in the defining functional equation, we find

fy) =ry+e,
where ¢ = £(0). O
A variation of the previous problem is as follows.

Problem 2.8. Find all functions f : R — IR such that

f(x+y) =ry+f(x), VxeR, VyeR].

Solution. Substituting x = 0 in the defining functional equation, we find

fly) =ry+c, y>0.

where ¢ = f(0). We then substitute x = -y, y > 0 to find

fO) =ry+f(-y) = f(-y) = —ry+c.

Therefore
f(x) = rx+c, Vx. O

The last two problems imply the following result:

Corollary. The only periodic function f(x)
f(x+T) = f(x), VYxeR
with periods all positive real numbers in the unit interval (0,1] is the constant function.

Proof. Since T = 11is a period, f(x + 1) = f(x). Then substituting x + 1 in the place of x in
the functional equation gives

fx+T+1) = f(x+1) = f(x).

Therefore, if T is a period, T + 1 is a period too. Inductively, T + n, for any natural number
is a period too. Substituting x — T into the original equation gives that f(x) = f(x — T), that
is, if T is a period, —T is a period too. So, if all points (0,1] are periods of f(x), all points y
of R are periods. and the result follows by setting » = 0 in the preceding problems. m|
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Problem 2.9. Find all functions f : R — R such that
fay) =¥ f®), YxyeR,
where we have assumed that the constant r is such that y" is well defined for all real y.

Solution. Setting x = 1 in the defining equation we find f(y) = cy’, with c = f(1). Inversely,
the function f(x) = cx” satisfies the given functional equation. ]

Problem 2.10. Find all functions f : R — R such that

fxy) = ¥ f(x), VxeR, VyeR,.

Solution. Setting x = 0 in the defining equation we find

fO@A-y) =0.

If r # 0, since this equation must be true for all positive y, we must have f(0) = 0. If r = 0,
then the value f(0) is undetermined.
Then we substitute x = 1, x = —1 in the defining equation to find

fty) = ay’, y>0,
fy) = by, y>0,
where we have seta = f(1) and b = f(—1). From the above results we see that for » # 0
ax", ifx>0,
flx) = <0, ifx=0,
blx|", ifx<0,
while forr =0

a, ifx>0,
flx) = {c, ifx=0,
b, ifx<0,

Inversely, it is a simple calculation to show that the above functions satisfy the given
functional equation. ]
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Problem 2.11. Find the function f : R — R such that

f(Ax,Ay) = A" f(x,y), VAxy,

and r a fixed number.

Solution. Setting A = 1/x, x # 0, we find
flx,y) = x’f(l,i—i) .
That is, if g(y) = f(1,y) is any real-valued function, then it gives a solution
= oY )
floy) = x g(x ,
of the given equation. |

Comment. It is straightforward to generalize the above problem to one in n variables: The
equation

f(AxlleZ/---//\xi’l) = /\rf(xlle/---/xn)/ VA,.X'],XQ,...,.X” ’ (25)
is solved by
X2 X
f(xl,xz,. . .,xn) = xg g(x—l, «oy x—:)
where g is any function in n — 1 variables. m|

Comment. The functional equation (2.5) is known as the Euler equation and a function
satisfying it is called homogeneous of degree r. m|

Problem 2.12. Find all functions f : R — R such that
(@) f(Ax) = f(x), VxeR,

where A is a real constant not +1 and

(b) f is continuous at x = 0.

Solution. We shall study three different cases.
(i) If A = 0 then it is immediate that f(x) = f(0).
(ii) If |A| < 1, then by repeating applications of the defining functional equation

fo) = f(Ax) = f(A%x) = - = f(A"x),

for any natural number n. Then, by the continuity of f at x = 0:

fO) = f(lim A"x) = lim f(\'x) = lim f(x) = f(x).
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(iii) If |A| > 1, we define p = 1/A and in the defining equation we substitute x = py:
f(y) = f(uy). Then

f) = fuy) = f(w’y) = - = fW'y),

for any natural number n. Using the the continuity of f at x = 0, we conclude again that

fl) = f0).

Inversely, the constant function f(x) = c satisfies the given conditions. ]

Question. Let now h(x) be any continuous periodic function with period T, i.e. h(x + T) = h(x), Vx € R. Then define
f(x) = h(a+T log, x),
where a € Rand A € R, \ {1}. Show that
f(Ax) = f(x), VxeRR}.

However, f is not identically zero. Why?

‘(uonouny uaAIS ayy Aq ApyIdxe pajensuouwrsp se)
aqrssod are uonenba [euoTOUNJ S} JO SUOHNOS JUELISUOI-UOU U} “UOT)TPUOD ST} JLUTWII[D dM J] “JURISUOD|
ST uondUNy 3} Jey) aa01d 0} I9PIO UT [EPUISSD Sem UOTIPUODd SIYJ, ‘() = X Je AJINUNIUOD :UOITPUOd PUOIdS
ay} £ysyes jou saop 1 “(x)f = (xy)/ uoryenba reuonouny ayy sagsnes (x)/ uonouny Ay} YSNoyy amsuy]

Problem 2.13. Find the function f : R — R such that
fe=y) = f@O fy), Yxy.

Solution. The identically vanishing function f(x) = 0 is a solution.

We shall search for non-identically vanishing solutions. That is, there exists a xp € R
such that f(xg) # 0. Setting x = xp and y = 0 in the defining solution, we find f(xg) =
f(x0) f(0) and therefore f(0) = 1. Setting now y = x, we find f(0) = f(x)? or f(x) = +1. The
solution f(x) = —1 is inconsistent with the defining relation. Hence f(x) = 1. |

Problem 2.14. Consider the functions of analytic sine and analytic cosine as defined on page 38.
Prove that:

(a) S(0) = C(A) = 0.

(b) C(x)*> + S(x)* = 1.

(c) The two functions C(x), S(x) are bounded. In particular, |C(x)| < 1 and |S(x)| < 1.

(d) C(A —x) = S(x) and S(A — x) = C(x).

(e) The functions C(x), S(x) are periodic.

() S(x + ) = SECW) + SHCE).

(g) C(—x) = C(x) and S(—x) = —=S(x).

(h) For the functions C(x), S(x) all known trigonometric identities for C(x + y) and S(x + )
and their corollaries are valid.

(i) The functions C(x), S(x) are continuous in R.
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Solution. (a) In the defining equation (2.3), we set x = y = 0 to find
C(0) = C0)* +5(0%,

which, when combined with C(0) = 1, gives S(0) = 0. Similarly, if in the defining equation
(2.3), wesetx =y = A, we find C(A) = 0.

(b) This identity is now immediate if, in the defining equation (2.3), we set x = y.

(c) If we write the previous result in the form |C(x)|? + |S(x)]> = 1, we conclude that
IC(x)I> < 1,1S(x)* < 1, or equivalently |C(x)| < 1, |S(x)| < 1.

(d) In the defining equation (2.3), we set x = A to find

CA—y) = CAC(y) +SMS(y) = CA-y) = S(y).

In the last equation, set y = A — x to find C(x) = S(A — x) too.
(e) In the result (d), place x — A in place of x:
CA-x) = S(x—A) = -S(A-x) = -C(x),
S(2A —x) Cx-=A) = +C(A-x) = +5(x).

Substituting once more —x — 2A for x we arrive at the result sought:

CAA+x) = —-C(=x-21) = —CQA+x) = C(=x) = C(x),
SUA+x) = S(x—21) = —S@A+x) = —S(-x) = S(x).

(f) Using the result (d), we can write:
Sx+y) = CA-x-y) = C((A-x)-y)

C(A = x)C(y) + S(A —x)S(y)
S(x)C(y) + C(x)S(y)

(g) If, in the defining equation (2.3), we set x = 0 then we immediately see that the
analytic cosine is even: C(—y) = C(y). Now, in the equation we proved in the previous part
(f), wesety = —x:

S(0) = S()C(=x) + S(-x)C(x) = 0 = C(x) [S() + S(-¥)] .

If for any x, C(x) # 0, then S(x) = —S(—x). This is the case, for example, for any x € (0, A).
However, for any x’ satisfying C(x") = 0, no information is obtained for this equation.
However, in this case, the result (b) requires that S(x) + 1. Let’s take an arbitrary y € (0, A).
Then

C' +y) = C' = (=) = C()C(y) + S()S(-y) = £5(v).
This result implies that C(x” + y) # 0 and therefore

SX'+y) = -S(—x" —y).
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Using part (e), this equation is equivalently written
SC(y) = =S(=x)C(y),

or S(x') = =S(=x').
(h) This part is a straightforward application of the formule found so far. For example,
setting x = —y in the defining equation (2.3), we find

C(x)? — S(x)?
2C(x)* -1
1-25(x)*.

Clx) = =+ \/%(2"),

with the plus sign chosen if x € (0, A). One can continue similarly.

Notice that one can show for these results that C(x) is strictly decreasing in the interval
[0,2A] and strictly increasing in the interval [2A, 41]. S(x) is strictly increasing in the interval
[-A, A]and strictly decreasing in the interval [A, 3A]. The reader may want to fill the details.

(i) Since 0 < C(x) < 1 for any x € (0, A), the limit xll)rél+ C(x) exists and it is a number in

C(2x)

This can also be written as

the interval [0, 1]. Let’s indicate it by £. Then from the equation C(2x) = 2C(x)? — 1 we find
that ¢ satisfies the equation ¢ = 26> — 1. The positive root of this equation is ¢ = 1. Since
C(x) is even, the root from the other side exists and is also 1. Therefore

limC(x) = 1 = C0),

that is, C(x) is continuous at x = 0.
Using the equation C(2x) = 1 — 25(x)?, we also see that S(x) is continuous at x = 0 too:

}{ii% S(x) = 0 = S(0),
Now using the equation
C(x+h) = C(x)C(h) — S(x)S(h) ,
and taking the limit 1 — 0, we find
}zii% Cx+h) = C(x) }111)1(1) C(h) — S(x) }lliré S(h),

or
}lir% Clx+h) = Cx).

The function C(x), and thus S(x) are continuous at all points. O






Chapter 3

Equations for Arithmetic Functions

3.1 The Notion of Difference Equations

An arithmetic function is a function a(n) from the set of natural numbers IN (or one of its
subsets) to R (or C, or any of their subsets). This terminology is common in number theory.
In calculus, one usually speaks of a sequence and often writes a,, as an equivalent notation
to a(n). We will use both notations at convenience.
A difference functional equation is an equation that relates a number of terms of the
sequence:
flans1,an,an-1,...,a0,m) = 0,

where f is some given function. If the difference equation can be solved for 4,11, say
ap+1 = g(ai’l/ ap-1,.--,40, n) 7
we speak of a recursion relation.

Example 3.1. The equation

3 an
a5+ a2 Inays + aye tanay, 3 — - =0

n+2
is a difference equation that relates any term of the sequence a, to the three preceding
terms. It is not easy however to solve for a,,,3.
The equations

Ape1 = ap+w, (3.1)
A1 = Aay, (3.2)
An+1 = Aap tap-1, (33)

are some of the most known recursion relations. Equation (3.1) defines an arithmetic
progression with step w:

apg, dp+w, ap+2w, ag+3w,...

51
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Equation (3.2) defines a geometric progression with ratio A:
ap, EloA, aoAZ, EloAS, e

Equation (3.3) defines a sequence that depends on the first two termsagand a;. Ifag = a; =1,
then the so-called Fibonnacci sequence is found:

1, 1, 2, 3, 5 8§ 13,---

The members of the sequence are called the Fibonnacci numbers. Similarly, if ap = 1,
a1 = 3, then the so-called Lucas sequence is found:

1, 3, 4 7, 11, 18, 29,---.
The members of the sequence are called the Lucas numbers. m|

Exercise 3.1. (a) If {a,} is an arithmetic progression prove that

n

a1 +ay
Za": 2

k=1

(b) If {a,} is a geometric progression with ratio A prove that

n

apnA —m
Zak: 1-1 .

k=1

If |A] <1, then

Formal Definition

We can make the definition of a difference equation a bit more formal by the introduction
of two operators (that is, objects that operate on functions and produce new functions).
Given a function a(n), the translation operator (or shift operator) T is defined by

Ta(n) = an +1).
Applying the operator successively m times, T = T "1, m > 1, we can easily see that
T"a(n) = a(n +m) .
The difference operator A is defined by

Aan) = a(n+1) —a(n) . (3.4)
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We can also apply this operator many times, A" = AA"™~1 m > 1. Form = 2:

A%a(n) A(Aa(n))

= A(a(n +1) - a(n))
= [an+2)—an+1)]—-[an +1)—an)]
= a(n+2)—-2an+1)+an).

This last equation may be written as
A’a(n) = (T2 = 2T + Da(n) = (T - D?a(n),
where we introduced the identity operator
la(n) = a(n).

Inductively we can show that

Note that the definition of the difference operator A implies that

A=T-1
or

T =A+I
Consequently,

A

™ = A+

~>

m

m o _ M\ 2k

=y ( k)A .
k=0

The last equation implies that any term a(n + m) of the sequence {a(n)} can be written

in terms of the m differences Aka(n), k=1,2,...m. We have thus arrived at an alternative
definition of difference equation:

Definition 3.1. An equation relating the value of the function a(n) with one or more of its
differences Afa(n), k = 1,2, ..., is called a difference equation.

Example 3.2. Some examples of difference equations are
Aa(n) +5a(n) = 0,
A’a(m) + Aa(n) +a(n) = n*+1,
A 2,
(Aa(n)) +a, = 1,
a(n) A3a(n) = cos(3n).
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If the differences are substituted for their values, we can rewrite these equations as

ap1 +4a, = 0,
Ap+2 —p+1l —dp = n2 +1,
“3&1 — 20,41 0, + 2a% =1,
Ay Apy3 — 3y Apyo + 30, a1 — a% = cos(3n) . O

3.2 Multiplicative Functions

Definition 3.2. An arithmetic function f(n) is called multiplicative if f is not identically
zero and

fmn) = f(m) f(n), (3.5)
for all m,n € IN* which are coprime. It is called completely multiplicative if
f(mn) = f(m)f(n), VYn,m. (3.6)

Example 3.3. The Mébius function u(n) is defined as follows: If n = 1, then u(1) = 1. If
n#1,letpy,pa, ..., px be the prime factors of n, n = p{'p3? .. .pZ". Then

(—1)k, far=am=---=a,=1,
u(n) = .
0, otherwise . m]

It is straightforward to see that the Mobius function is multiplicative but not completely
multiplicative.

We can easily prove the following statements for multiplicative functions:

Theorem 3.1. If f, g are two (completely) multiplicative functions, then fg and f/g are also
(completely) multiplicative functions.

Theorem 3.2. If f is multiplicative, then f(1) = 1.
Theorem 3.3. Let f be an arithmetic function such that f(1) = 1. Then f will be multiplicative iff
fores -pd) = ) f6) - fp),
for all different prime numbers p; and all integers a; > 1.
Theorem 3.4. A multiplicative function f is completely multiplicative iff
f") = f),
for all prime numbers p and integers a > 1.

The proofs of the above theorems are left to the reader as easy exercises.
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3.3 Linear Difference Equations
A difference equation of the form

Apik + p1(N) A1 + -+ pr(n)a, = gn), (3.7)

withp;(n),i=1,2,...,k given functions, is called a linear difference equation of k-th order.
Furthermore, it is called homogeneous if g(n) = 0 and non-homogeneous if g(n) # 0.
In physics, this function is related to a driving force that tries to impose (drive/force) a
particular behavior on the system. For this reason, g(n) is sometimes called the forcing
term. The term linear means that if the sequences b, and c, are solutions of the homogeneous
equation, then so is the linear combination Ab, + pic, for any numbers A, i (as can be easily
verified).

In order to solve a k-th order difference equation, initial data must be given. The initial
data are usually the first k terms:

ap, a1, . ..,A0k-1 = given. (3.8)

The equation (3.7) together with the initial data (3.8) constitutes an initial value problem.
We have the following theorem:

Theorem 3.5. The initial value problem (3.7), (3.8) has a unique solution.

Proof. Given (3.8), we can find g, from (3.7), then a,1; then we can find a,,, and so on.
Therefore, by induction, any a, is determined uniquely. m|

Obviously, the above theorem not only guarantees that a solution exists, but it also
determines how it can be constructed. However, such an inductive approach is very
inefficient, requiring a lot of work and time in many cases. Therefore, a more concise
approach is desirable; such an approach is presented in the remainder of the section.

Theory of Solutions

In this subsection we present general statements about the solutions of linear difference
equations. In the next subsection we then describe how to find the solutions of such
difference equations building on the results of this subsection.

Definition 3.3. The functions f;(n), f2(n), ..., f,(n) are linearly dependent for n > n if there
are constants a1, ao, ..., @, such that

a1 fi(n) + az fo(n) + -, fr(n) = 0,

for all n > ng and
|0(1|+|0(2|+---+|0(r|¢0.

A set of functions that are not linearly dependent are called linearly independent.



56 3. EQUATIONS FOR ARITHMETIC FUNCTIONS

Exercise 3.2. Show that 3", n3", n23" are linearly independent for n > 1.
Solution. Let a1, ap, a3 be such that
3" + aon3" + azn?3" = 0.

We then get
aq +a2n+a3n2 =0.

Forn =1,2,3 we get the system of equations:

ar+ary+az = 0,
a1 +2a +4a3 = 0,
a1 +3a,+9%3 = 0,
with unique solution a1 = a; = a3 = 0. O

Definition 3.4. A set of k linearly independent solutions for the difference equation (3.7) is
called a fundamental set of solutions.

Given a set of solutions x; (1), x2(n), . .., x(n) of (3.7), there is a straightforward method
to check for linear independence, as explained below.

Definition 3.5. The Casoratian of the solutions x1(n), x2(n), ..., x,(n) is defined by:

x1(n) x2(n) = xr(1)
1 1 . 1
Com) = det xl(n.+ ) xz(n‘+ ) X (n.+ )
xl(n-i-.r—l) xz(n-i-'r—l) x,(n+.r—1)

Theorem 3.6. The set of k solutions x1(n), x2(n), . .., xx(n) are linearly independent iff C(n) # 0.

Proof. Suppose that there exist constants aq, a», . .. ay such that
arx1(n) + agxa(n) + -+ + agxp(n) = 0.
Then it is clear that the equations

mxin+ D) +mxon+1)+---+aqx(n+1) = 0,
mxi(n+2)+mxon+2)+ - +aqx(n+2) = 0,

mxin+k=-1D)+mxon+k-1)+ - +aqxn+k-1)

I
e}

must also be satisfied. The set of the above equations can be written in a matrix form as:

x1(1) x2(n) e xi(n) m 0
x1(n+1) xh+1) - x(n+1) a, 0

xxn+k-1) xx(n+k-1) -+ x(n+k-1) ay 0
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We know that the solution a; = a; = --- = g5 = 0 is a unique solution if and only if the
determinant of the above k X k matrix is nonzero, or C(n) # 0. Thus the aforementioned set
of equations are linearly independent if and only if C() # 0. ]

Example 3.4. The equation
Ap+3 — 7ap41 +6a, = 0

has the solutions
xi(n) =1, x(n)=(=3)", x3(n)=2".
The Casoratian for these solutions is:
1 =3 2"

C(n) = det| 1 (=3)"™*' 2m1 | = —20.2".(=3)",
1 (_3)n+2 2n+2

so these solutions are linearly independent.

Theorem 3.7 (Abel). For n > ny we have

n—1
C(n) = (=1} (T] ped)) Clrno) , (39)

iZHQ
where py is the coefficient of equation (3.7).

Proof. We can show that C(n) = (—1)kpk(n —1)C(n — 1). Applying this relation recursively,
the above result follows. O

Corollary. Suppose that pi(n) # 0 for all n > ng. Then C(n) # 0 iff C(ng) # 0.

Proof. From the form of (3.9) the statement is immediate. O

From the above corollary we can directly prove the following theorem:

Theorem 3.8. The set of solutions x1(n),x2(n), ..., xx(n) is a fundamental set iff C(ng) # 0 for
some ng € IN".

Example 3.5. The equation

3n—-2 2n
Apt2 — apy1 + ——a, =0
n—1 n

has solutions x1(n) = n and x,(n) = 2"". We have

n 21
C(n) = det 0+l 2n+1].
Therefore
C(0) = det 0 11 _ -1+0
O = det) y | = '

Thus {n, 2"} is a fundamental set of solutions.
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Theorem 3.9. If py(n) # 0 for all n > ny, then the difference equation has a fundamental set for
n = ny.

Proof. 1f px(n) # 0 for all n > ng, then C(n) # 0 for all n > ny and there exist k linearly inde-
pendent solutions. Thus, there exists a fundamental set of solutions. m]

Now we can take advantage of the linearity of linear difference equations to prove the
following:

Lemma 3.1. If x1(n), x2(n) are two solutions to a homogeneous linear difference equation, then
x1(n) + x2(n) and a x1(n) are also solutions, for any constant a.

Using this result we can show:

Lemma 3.2. If x1(n),x2(n),...,x,(n) are solutions to a homogeneous linear difference equations
then ayx1(n) + axxp(n) + - - - + a,x,(n) is also a solution.

Theorem 3.10. Let x1(n), x2(n),...,xx(n) be a fundamental set of solutions of the homogeneous
equation. Then the general solution for the equation is

k
x(n) = Z Bixi(n), (3.10)
i=1

where B; are constants.

Proof. For any such solution x(r) of the difference equation, we will show that there are f8;’s
such that (3.10) is true.
If (3.10) is true, then

x1(n) x2(1) a Xy (1) p1 x(1)
x1(n+1) nh+1) - xe(n+1) B2 B x(n+1)
x1(n +'k -1) x(n +'k -1 - xXk(n +'k -1 [);k x(n +.k -1

The k X k matrix on the left hand side is the Casoratian C(n) of the fundamental set of
solutions, and thus an invertible matrix. So we can write:

p1 x(no)
ﬁ:2 gy x(ﬂo:+ 1)
Bk x(ng +k—1)

The last equation uniquely determines the constants 8; from the initial data. m|
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Solving Difference Equations

From the previous subsection, we know that the set of fundamental set of solutions to a
linear difference equation determines all solutions. We must thus learn how to obtain such
a fundamental set of solutions.

Homogeneous Equations with Constant Coefficients

A linear homogeneous equation with constant coefficients is an equation of the form:

Apsk + P1Ansk—1 T P20nsk—2 + -+ pran = 0, (3.11)

with p; known constants. We shall assume that at least p; # 0. This guarantees that a,,, is
a function of a,, and therefore the equation is of k-th order.
To find solutions, we assume a, = A". Then, plugging this into (3.11), we get:

At p A A2 4 = 0. (3.12)

This equation is known as the characteristic equation. Solving this k-th order algebraic
equation will give us k roots, A;, called the characteristic roots. Since p; # 0, they are
all non-zero (which was assumed in deriving (3.12)). There are two cases that must be
considered.

Case 1. All roots A1, Ay, ..., Ay are distinct.
In this case the set {Agl, A;’, e, )\Z} forms a fundamental set of solutions. To see this we
calculate C(0):

Mo A A
C) = det| M A o A
1 el ke
_Al Az Ak ]

This determinant (known as the Vandermonde determinant) is equal to

co= ] -4,

1<i<j<k

and therefore it is non-zero. The general solution to the difference equation is then

k
x(n) = Z Bi A} O
i=1

Example 3.6. Find the solution to the initial value problem:

Ap+2 = Aup+1 tay

with the initial conditionsa; =1, a, = 1.
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Solution. The characteristic equation for this difference equation is:
A-A-1=0,

with solutions!
1+
2

The corresponding fundamental set of solutions is thus

(5 ()

=

Ai:

giving the general solution:

= () )

Using the initial conditions we get:
1 1

TR

w = (50 - (5]
S AN 2 ‘
This is the sequence of the Fibonacci numbers F,. If we change the initial conditions to
a1 = 1,a; = 3 we get the sequence of the Lucas numbers L,:

pr =

So the solution is

1+ V51 1— +/Byn
) (=)

Case 2. The roots Ay, Ay, ..., A, have multiplicities my, my, ..., m,, r <k, respectively.
The fundamental set of solutions to (3.11) is the union of the sets

Ly = (

n n 23n mi—=1yn
AL nAl,moAY, o i AT

one for each root A;. Using the Casoratian, one can show that these are indeed linearly
independent. o

Example 3.7. Find the solution to the initial value problem:
an+3 — 7an+2 + 164,41 — 122, = 0,

with the initial conditionsay =0,a; =1, a, = 1.

'The number A, = % is known as the golden ratio and it is usually denoted by ¢. (Notice that

A_ = —=1/¢.) Since antiquity, this number has played an important role in science, geometry, architecture, art,
music, aesthetics, and philosophy. There are several good books which introduce the reader to this amazing

number: [24, 28, 44].
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Solution. The characteristic equation for this difference equation is:

AP =712 +161-12 = 0.
The fundamental set of solutions corresponding to the above equation is:

(2", n2", 3"}

and the general solution is:

a, = ap2" + an2" + ax3" .
Using the initial conditions we get:

ap=3, ;1 =2, ar = —-3. O

One may argue that, in the previous discussion, we pulled the solution out of a hat. We
thus present a modified proof that is actually constructive. We do so in the case of a 2nd
order difference equation. The generalization for a k-th order equation is straightforward
but more lengthy.

Given the difference equation

Aps2 +P1aps1 +p2a, = 0, n=0,1,2, ...,
let A1, A2 be the roots (which may be equal) of the characteristic equation
A2+piA+pr = 0.
We can then write the difference equation as
(T = MIN(T - A2Dyay = 0,

where T is the translation operator and  the unit operator. We now define the new sequence

b, = (T-AyDa,, n=0,1,2, ..., (3.13)
which allow us to rewrite it furthermore as

(I'-=MDb, = 0.

The last equation is however very simple: It’s a the recursion relation of a geometric
progression
bu+1 = A1by,

with solution
b, = by /\’17 .
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Returning to the defining equation (3.13) of b,, we see that a,, is a solution to
Aps1 — A2y = bo Af .
This equation is solved in Problem 3.4 of page 65. The final solution is

AT = A

AM=Ay7

a, = /\gﬂlo+b0

if A1 # Ay and
A1 = Ajag + by nAg_l ,
if A1 = A5. By redefining the constants, we can can write these solutions as

a, = ﬁ]/\’lq+ﬁ2/\n,

and
a, = ﬁ] /\g +ﬁ2n/\” ,

respectively.

Linear Non-homogeneous Equations

For a linear non-homogeneous equation of the form:
an+k)+pram+k—-1)+---+pran) = gn),
where g(n) # 0, we have the following theorem:

Theorem 3.11. The general solution to a linear non-homogeneous equations may be written as

k
a(n) = xp(n)+ Y Bixi(n),
i=1
where {x1(n), x2(n), . .., xx(n)} is the fundamental set of solutions to the homogeneous equation and
xp(n) is a particular solution of the homogeneous equation.

Proof. Itisstraightforward to verify that this is a solution of the non-homogeneous equation.
Inversely, let x,(n) be a solution of the non-homogeneous equation. Then

xp(n+k)+prxp(n+k—1)+-+pex,(n) = gn).

Subtracting this from the given difference equation, we see that a(n) — x,(n) is a solution of
the homogeneous equation and therefore

k
a(n) = xp(n) = Y Bixi(n) . 0
i=1
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Therefore, the solution of non-homogeneous equations is essentially making an edu-
cated guess as to what a solution x, may be. There are several methods that have been
developed to find such a solution. The most useful seems to be method of undetermined
coefficients. This method works well when g() is of the form a", sin(bn), cos(bn) or n’ (or
some combination of them). Table 3.1 gives the form of x, for each case of g(1). Once a
guess has been made, it must be plugged in and the respective coefficients must be solved
for.

Forcing term g(n) Particular solution x,
a’ ca’
nt co+cin+---+cent
a'n? a"(co +cin+ -+ cenb)
sin(bn) , 1 sin(bn) + ¢, cos(bn)
cos(bn)
a" sin(bn) , a" [cq sin(bn) + cp cos(bn)]
a" cos(bn)
a"n’ sin(bn) , a"[(co + can + -+ ¢nl)sin(bn) + (do + dyn + - + den’) cos(bm)]
a"nt cos(bn)

Table 3.1: Most common forcing terms with the corresponding particular solutions.

Example 3.8. Find the general solution to the following difference equation:
Ay + Ay — 120, = n2".

Solution. Using the technique of the previous section, the solution to the homogeneous
equation is

B13" + 2 (~4)" .
Because this is in the form b"n, we guess that x,(1) has the form ;2" + c;n2". Plugging
this into the equation and solving for the constants, we get

5 1
xp(n) = - 1—82”— gnZ” .
Thus the general solution is
a =ﬁ3”+ﬁ(—4)”—22”—1n2” O
n 1 2 18 6 .

3.4 Solved Problems

Problem 3.1 (UK 1996; Estonia 1997; Greece 1999). A function defined on the positive integers
satisfies
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(@) f(1) = 1996
(b) fA) + -+ f(n) = n? f(n),n > 1.
Find £(1996).

Solution. In condition (b), substituting n — 1 in place of n we find

fO++fn=1) = (=17 f(n-1),

Then subtracting this equation from the given one, we find a first order difference equation

fn) = n*f(n)—(n-1>f(n-1),

which implies

n-—1
= -1).
f) = == fa=1)
By iteration
n-1n-2n-3 1 2
= o= f() = 1).
fm) n+l n n-1 Bf() n(n+1)f()
Therefore ) )

Problem 3.2. The function F is defined in the set of natural numbers IN* and satisfies the conditions
(a) Fln)=F(n—1) + 4",

(b) F(1) = 1.
Find F(n).
Solution. In condition (a), in place of n we substitute 2,3, ..., n -1, n:
FQ) = FQ)+a®
F@) = FQ)+d°
Fn-1) = Fmn-2)+a""
Fn) = Fn-1)+a"

Adding these equation we find

P@):Hn+zyh
k=2

Ifa # 1, then
a?@ 1 -1)
= 14—
F(n) + o

Ifa =1, then
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Problem 3.3. A sequence of real numbers a,, satisfying the condition
a,=Aa,1+w, n=0,12,...,
with A # 0,1 and w # 0, is given. Find the expression of a, in terms of ag.
Comment. This sequence is known as a mixed progression with ratio A and step w.

Solution. In the given condition, in place of n we substitute 1, 2,3, ..., n -1, n:

a1 = Aqy+tw
an = A+ w
a3 = A+ w
a1 = Aayo+w
a, = Aay1+w

We multiply them by A", A"~2, ... A, 1 respectively and then add the resulting equations
to find:

n—1
a, = A'ag+w ZAk,
k=0
or

At =1
A=-1"

a, = A'ag+w

Problem 3.4. The sequence of real numbers a,, satisfying the condition
a, = Ay +a)y”'1 , n=012,...,

with A # 0, generalizes the mixed progression of the previous problem. Find the expression of a, in
terms of ay.

Solution. In the given condition, in place of n we substitute 1, 2,3, ..., n -1, n:

m = Agp+tw
a = Am+wu
a = Aap +a)y2
— n-2
ay1 = Aapo+owp

a, = Aag,1+ow [J”_l
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We multiply them by A1, A"=2, A"=1 A 1 respectively and then we add the resulting
equations to find:
w 2 A\
a, = ANag+—p" (—) .
. - kz; "
If u=A4a,

whereas if u # A,

Problem 3.5. A sequence of real numbers a, satisfying the condition
a, = Ax" 1 +w,
where x > 0 and A # 0, is given. Find the expression of a, in terms of ag.
Solution. The given recursion relation may be written in the form
ay —w = Ax® xn-179
To simplify the notation we introduce

Bn = ap—w, u = Ax

Then
Bn = ;“xﬁn_l'

If 4 = 1 by iteration we can easily find

where the x appears n times. If u # 1, then we write

ﬁn Bn-1

R

and we define

Bn
n = "y :x#.
4 U Yy

Therefore
)/n — y)’n—l
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with solution

where the y appears n times. This can be rewritten for the original sequence a;:

ap—w
y Ax@

4y = w+ Ay , Y

Ax®

Il
=
O

Problem 3.6 (IMO 1976). A sequence (uy) is defined by

g =2, up = 5/2/

— 2
Upy1 = ”n(”n_1_2)_u1/ nx>12---.

Prove that for positive integers n,
2" -1
Lui’lJ = 2 3 7
where | x] denotes the integer part of x.

Solution. Setting n = 1,2 in the given recursion relation we find u; = 5/2 and u3 = 65/8.
Then we notice that

u = 2 =2427,
u = gzzuz-l,
U, = gzzuz-l,
u; = %:2%2‘3.

We thus suspect that u,, can be written in the form
Uy = 2 427,

for some sequence {a,,}. Even more, it appears that the first term will be an integer and the

second term fractional, implying that the integer part of u, is solely based on its first term.
We thus come to believe that?

i 2" — (=1)"

N

which will prove by the method of induction.

2Notice that 3 always divides 2" — (—1)". You may try to show this formally if it is not evident or known to
you.
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The statement is true for the first terms as we have seen. Let it be true for all terms up
to some index k. Then if

2k+1 — (=1 k+1
Ugpp = 20010 27040 gy = % ’

we will show that uy, satisfies the recursion relation of the problem. First we see that

W —2) = (2%+27%) [ +27%)° 2]
(2% + 27%) (221 427201
= A0y 4 =2 ) 4 @20k 4 —(@—201)

Then
ok _ (—1)k k=1 _ (_1yk-1
a + 20k = ?() L 2 ; )
ok f (LYl ok ()l pk+l _ (_q)k+l
(3 ) * ; ! = ; ) = Ok+1
and
2 - (-f 21— (1)
Ak — 20k 3 3
24O 22000 e
3 3 :
Therefore
Uy (ul%—l - 2) = D%+l 4 DT+l 4 2(—1)k+1 + 2—(—1)]‘+1 )

Notice that the last two terms are 2! or 27! for all k. And their sum is 1. We thus conclude
that
ue Uy —2) = g + g,

and this concludes the proof. |



Chapter 4

Equations Reducing to Algebraic
Systems

In this chapter we study functional equations and systems of functional equations that can
be solved by a reduction to a set of algebraic equations.

41 Solved Problems

Problem 4.1. Find an even function f : R — R and an odd function ¢ : R — R such that
2% = f(x) + g(x), Vx e R.

Solution. Substituting x by —x in the given equation, we get 27" = f(x) — g(x). Solving the
system of this equation and the original one, we obtain

X —X
fo) = 2 +22 — cosh(xIn2),
X _ 9—X
gx) = 2 22 = sinh(xIn2). |

Problem 4.2. Find f : R* — IR such that

f(x)+2f(%) = x, VxeR'.

Solution. In the defining equation we set y = 1/x:

f(§)+2f<y> -5

69



70 4. EQuATIONS REDUCING TO ALGEBRAIC SYSTEMS

This and the given equation give the system of equations

f+2£(5) =
f(3)+2f@ =

X,
E
x
This can be solved easily to give

2 —x?

f = 225 0

Problem 4.3. Find f : R\ {0,1} — R such that

f( - )—Zf(x_l) =0, VxeR~{0,1}.

x—1 X

Solution. In the defining equation we set y = x/(x — 1). Then
1
rw-2f(3) = 0.
Yy
Now wesett =1/y:
1
f(;)—zf(f) =0,

The last two equations give

f(t) = 0. O

Problem 4.4. Find f : R\ {0,1} — R such that
) +f(ﬁ) = x, VxeR~{0,1}. (4.1)
Solution. In the defining equation (4.1) wesety = 1/(1 —x) & x = (y — 1)/y. Then
U 1) y-1
)+ f = .
() s = 45
From this equation and the given one (4.1), we find

R

- X X
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In (4.2) wesetagainy =1/(1-x) © x=(y—1)/y:

-1
- fl) = S - 3)
Equations (4.1) and (4.3) can be solved for f(x) easily to give
3 _
fx) = xzxz—f;xl . o
Problem 4.5 (Putnam 1959). Find all f : C — C such that
f@)+zf(1-2) =14z, VzeC. (4.4)
Solution. In the defining equation (4.4) wesetw =1-z & z=1-w. Then
fA-w)y+(1-w) fw) =2-w. (4.5)
From (4.4) and (4.5) we find easily
1-z+2%) fz) =(1-z+2%). (4.6)
Therefore if
1-z+22#20 & z# 1121'\/5 = Px,

equation (4.6) implies that

flz) =1, VzeC~N{ps, p-}.
For z = p., equation (4.6) is an identity. However, the defining relation (4.4) gives
flos) +p+ fA=ps) = 1+py,
flp)+p-fl—p) = 1+p_.

Only one of these two equations is independent. This can be seen by observing p,. +p- =1,
p+p- = 1 and multiplying the first, for example, by p_; then we recover the second. So, the
value of f at one of the p. is arbitrary. Let’s say

flp-) = 2.

Then we find

flps) = 1+py (1 —20). m]
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Problem 4.6. Let f : R — R such that
fx+y)+ f(x-y) = 2f(x) cosy, Yx,yeR. 4.7)
Find all functions f.
Solution. Setting x = 0 and y = 0 in the defining relation we find
f(O)+ f(=0) = 2acosO,

where a = f(0).
Setting x = 0 + 11/2 and y = 11/2 in the defining relation we find

f@+m)+f(O) =0.
Finally, setting x = /2 and y = 0 + 711/2 in the defining relation we find
f(O@+m)+ f(-0) = —2bsin0,

where b = f(1/2).

We have thus derived three equations for the three unknowns £(0), f(-0), f(0+m). The
solution is easily found to be

f(@) = acosO@+bsing. O

Question. Let f : R — R such that

fx+y+flx—y) = 2f(x) coshy, VYx,yeR. (4.8)
Why doesn’t the above method work for finding f?

‘Juawmre sjI Jo
anJeA [eal aj1ury Aue 103 YSIURA JOU S0P Jey) aursod drjoqiadAy ays surejuod uonenbs pagrpout sy 10A9MOL]
"9STMIBUO “UMOUNUN HINOJ © “(Z/L + @)/ UIejuod p[nom apIs si[, YsSIUeA 0} 3pIs puey JYSLI 9y} soxew
() ur g/u = A vonmnsqns ayy ‘aemonied uy (z + g)f (9-)f (9)4 sumowun aa1y} 10§ suonenba samy jo
weIsAs e purj 03 d[qe 1M aMm ‘(£ F) uonenba jo uonnios sy} ur yno pajuiod UONIHSANS Y} YA, 4IMSUY

Solution of Equation (4.8). To solve equation (4.8) one can extend the domain of the definition
of f from IR to C by analytic continuation and define f : C — C such that

fz+w)+ f(z-=w) = 2f(z) coshw, Vz,weC.

Setting (z,w) = (0,1t), (z,w) = (i(t + n/2),in/2), (z,w) = (in/2,i(t + 11/2)), successively, we
find:

f(@it) + f(=it) = 2acost,
f@i(t + m)) + f(—=it) = 2a cost,
f@i(t + m)) + f(=it) = -2bsint,
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where a = f(0), b = f(ir/2).

We have thus, again, derived three equations for the three unknowns f(it), f(—it), f(i(t+n)).
The solution is easily found

f(@it) = acost+bsint.

Returning to real values 0 = it:
f(0) = acoshO+ibsinh0.

f will be real-valued if a is real and b is imaginary. O

Problem 4.7 ([1], Problem 11030). Show that for d < —1 there are exactly two real-valued
functions f such that

fx+y)— f(x)f(y) = dsinxsiny, Yx,yeR.

Solution. Letting x = 0 = y we get f(0)(1 — f(0)) = 0. Therefore, f(0) can be 0 or 1. If
£f(0) =0, then by setting y = 0 we get f(x) = 0, Vx € R. But f(x) = 0 is clearly not a solution,
thus f(0) = 1.

Replacing (x, y) by (t,1), (t, —t), (2t, —t) sequentially, we obtain the system

ft)y = (f()* +dsin’t,
1 = f(O)f(-t)—dsin’t,
f)y = f@Hf(-t)—-24 sin?tcost .

Eliminating f(—t) and f(2t) we get
d sin® t [(f(t))* —2costf(t) + (1 +dsin® )] = 0.

If t # nmt, with n being an integer, then f(t) = cost+ V—d — 1sint by the quadratic formula.
It remains only to find the values f(nm). Setting t = 7/2 in the first equation of the
system we get

f(n):(f(g))2+d = —d-1+d=-1.

Setting t = 7 in the second equation of the system, we get f(—mnt) = —1. Finally, inductively
from the given functional equation, we can easily obtain that f(2krt) =1 and f((2k + 1)n) =
—1forkeZ. O
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Problem 4.8. Find f, g : R\ {1} — R such that
f@x+1)+2g2x+1) = 2x, 4.9)

f(xf1)+g(xf1) (4.10)

Solution. In the equation (4.9) we sett = 2x + 1:

Il
=

f()+2gt) = t—1.

In the equation (4.10) we set t = %5:

t
t ) = ——.
ft)+ 8t = —
The last two equations give
x2—4x+1 x2-3x+1
S = hm e 8w = :

4.2 Group Theory in Functional Equations

Group theory is an essential tool for many branches of mathematics. In this section we shall
present the basic ideas and then how they can be used in the solution of some functional
equations. To motivate what will be presented in this section, let’s solve again the Problem
4.4.

Problem 4.9. Find f : R\ {0,1} — R such that

f(x)+f(ﬁ) =x, Yxe R\{0,1}.

Solution. Note that in this problem, if we let ¢(x) = 1/(1-x), then ¢%(x) = (gog)(x) = (x—1)/x,
and ¢°(x) = x. The defining equation (4.1), together with the substitutions of x by g(x) and
¢%(x), yield the system

fQ)+fgx) = «x,
fg) + () = gx),
fEE) + fx) = ).

Solving the system, we get

- g(x) + $?(%) ¥-x+1

X
= = . O
f&) 2 222 — 2x
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So what’s important about this solution? Consider the set G = {g, ¢%, ¢°}. When this set
is equipped with the operation of function composition, then some interesting properties
emerge. In particular, composition of any three functions satisfies the associative property
fo(hok) = (foh)ok;the ¢*(x) element is an identity element — that is, when composed
with any function f, it does not change the function ¢° o f = f o ¢ = f; and, for any
function f, there is another function f” such that their composition is the identity function,
fof =fof= g3. In particular, for f = g, f' = gz, for f = gz, f" =g and for f = g3,
f’ = ¢°. To describe the structure that has been revealed in G , we say that G equipped with
the operation of composition is a group.

All this should strike a familiar cord. Recall the set of integers {..., =2,-1,0,1,2, ...}. Asa
setitis nota very interesting object since there is no relation between its elements. However,
when this set is equipped with the operation of addition, then interesting properties (as
above) emerge. In particular, addition of any three integers satisfies the associative property
m+ (n+¢) = (m+ n) + {; the 0 element, when added to any integer n, does not change
the integer: 0 + n = n + 0 = n; and, for any integer 7, there is another integer —n such that
their sum is 0: n + (-n) = (-n) + n = 0. Z equipped with the operation of addition is a
group. Moreover, for any two integers m and n, m + n = n + m. We say that the operation
of addition is commutative and that Z is a commutative group.

In the following part of the section we present some general ideas about groups and
we use them in some functional equations. Simple group theoretic ideas will also be met
in some of the later chapters.

Elementary Group Theory

Group theory is an important subject in mathematics due to its many implications and
applications. Some of its most important applications are in physics where it is used to
describe symmetries. In this section we show how one may use group theory as a tool to
aid us in finding solutions to certain functional equations.

Definition 4.1. Given a set G and a binary operation * over the set G that is closed (meaning
that if x € Gand y € G then x * y € G) and satisfies the following axioms

1. Associativity: x+(y+z) = (x+y)*zforallx,y,z € G;

2. Neutral element: there existsane € G such thatexx =x*e=xforall x € G;

3. Symmetric elements: for each x € G, there existsa x” € Gsuch thatx’ *x =x+x" =¢;
we say that G endowed with * is a group. If + satisfies in addition the property

4. Commutativity: x =y = y=*x,forx,y € G,

then the group is called an abelian or commutative group.

For an additive operation we call the neutral element the zero and the symmetric ele-
ments the opposites. For a multiplicative operation we call the neutral element the unit and
the symmetric elements the inverses.
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As we have seen, the set Z endowed with the ordinary addition is an abelian group.
Some additional examples are given below.

Example 4.1. (i) The single element group: The group consisting of the identity element
alone is a group. Since we have G = {¢} and e o e = ¢ it is closed under o and e is its own
inverse, while associativity and the neutral element axioms are satisfied trivially. Thus G
is a group.

(ii) Rational numbers: The set of integers together with multiplication cannot be a
group since the inverse of a € Z is 1/a which is not an integer. However all the set of all
rational numbers, not including zero, of the form a/b where a,b € Z with multiplication
do form a group. It is clear that closure is satisfied since § o 5 = 75 for a,b,c,d € Z.
Since multiplication is associative for integers it must still be associative for rationals. The
identity axiom is clearly satisfied by 1. Lastly, the inverse of a/b € Q is obviously b/a. We
can also see that since multiplication is commutative for integers it is also commutative for
the rationals. Thus the rationals together with multiplication form an abelian group.

(iii) Non-singular matrices: It can be shown from matrix theory that if A and B are
non-singular matrices, i.e. det(A) # 0, then the matrix product AB is also non-singular.
The matrix product is defined to be associative and the identity matrix I has determinant
1, so it is non-singular. Finally, since the requirements for a matrix to be invertible is that it
be non-singular, all nonsingular matrices have an inverse. Thus the group of non-singular
matrices under matrix multiplication form a group.

(iv) Cyclic groups: A special type of group that is of interest to functional equations
is the cyclic groups. Cyclic groups are groups such that each element can be made from
repeated products of the same element, i.e. there exists an element, i € G such that each
element can be expressed by i’ where i € IN. We can see that if there are 1 elements in the
group, then h" must be the identity. So the set Gis G = {h, W K3, ... h it =e).

Definition 4.2. We say that the set A = {a; a5, ...,4,} generates the group G with operation
+ if every element ¢ of G can be written in the form g = a'lnla;"z ...a," where my,my, ..., my,
are integers.

Definition 4.3. The order of an element g € G, if it exists, is the smallest natural number n
such that ¢" = e. The order of a group G, if it is finite, is the number of the elements in G.

Each element of a finite group G has a finite order. If G is a cyclic group with n elements,
then its order and every element’s order is n.

Definition 4.4. A subgroup H of a group (G, *) is a subset of G which is also a group under
the operation .

Every group G has at least two trivial subgroups: the entire group G and the single el-
ement group {e}.

Theorem 4.1 (Lagrange). For a finite group G, the order of a subgroup H divides the order of the
group.



4.2. Group Theory in Functional Equations 77

The ratio of the two orders we call index of H in G and denote by [G : H].

Group tables are a way to represent a finite group and its structure. The rows and
columns are labelled by an element in the group and the (i, j)-th entry of the table is the
element made by operating the element in the i-th row by the element in the j-th column.
A simple example is the group G = {1, 1} under ordinary multiplication:

Using group tables is an easy way to recognize properties of the group. For instance, if a
group is abelian, and the rows and columns are ordered in the same way then for each pair
i, j the (i, j)-th element will be equal to the (j, i)-th element (i.e. the table is symmetric about
the diagonal).

Before we finish this section, let’s look at the Problem 1.2 again and make some con-
nections with group theory. The set G defined there, equipped with the operation of
composition of functions, is easily seen to be a group. The element f o g o f~! o ¢7! that
was used in the solution of the problem is called the commutator of f and g and it is often
denoted by [f, g]. If a group is abelian, then all elements commute and all commutators
reduce to the neutral element. Therefore, commutators measure the deviation of a group
from being abelian. We can make this concept more precise as follows: We take all possible
commutators of a group and form a set. Unfortunately, in general, this set does not consist
a subgroup of G. However, we can consider it as a set that generates a subgroup denoted by
[G, G] and called the commutator subgroup or derived subgroup. The following theorem
is then true:

Theorem 4.2. A group is abelian iff its commutator subgroup is the single element group {e}.

Condition (c) of Problem 1.2 was requiring that the group G is abelian. This is obvious
from the commutator [f, g] which is the identity function or it can be seen explicitly by a
simple calculation:

foglx) = Ax+B,

gof(x) = Ax+C,
where A =aa’, B=ab' +b, C = a’b + b’. Condition (c) imposes B = C. (Recall the solution
of Problem 1.2.)
Using Group Theory to Reduce Functional Equations to Algebraic Systems

If wehave aset G = {g1, ..., gn} of mappings from a subset of C to C which becomes a group
when it is endowed with the operation of map composition, then we can ask what are the
solutions f(z) of the functional equation

a1(2) f(81(2) + a2(2) £(82(2) + ... + an(2) f(u(2)) = b(2),
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where a4(2), ...,a,(z), and b(z) are some given functions.

In such a case the solution to the functional equation can be found easily as follows.
Substituting z in the defining equation by g1(2), ..., gx(z), we obtain a system of n equations
with the n unknowns being f(g1(2)), ..., f(gn(z)). We can then solve the system for f(z) at
all the values of z where the coefficient matrix is non-singular. At the points where the
coefficient matrix is singular additional work is necessary. This latter comment is better

understood by looking again at the Putnam 1959 problem.
To avoid cumbersome notation, let’s take G to be a cyclic group of order n. Then

G=1eg g, ...,¢" "} with ¢" = e. Then the algebraic system found after the substitution
of zby ¢(z), §?(2),...,8" \(z) is

21(8(2)) f(8(2)) + 22(8(2)) f(§*@) + .. +a(8(2)) f(2) = b(8(2)),
a1(8%(2)) f(8(2)) + 22(8%(2)) f(§° () + . + an(§7(2) f(8(2) = b(g*(2),

018" (2) (8" (@) + ax(g" ' (@) f(2) + . +au(" T () f(§" ) = b)),
a1(2) f(2) + 22(2) f(§(2)) + . + au(2) f(§"7'(@) = b(2),

or, after rearranging the terms,

1,(3(2)) f(2) + a1(8(2)) f(8(2) + .. + 241(8(2)) f(§"7'(2)) = b(g(2)),
a,-1(8(2)) f(2) + an(&2(2) f(8(2) + . + ana(&2(2)) f(§"7'(2) = b((2)),

02(8"71(2)) f(2) + a3(8" 1 (@) f(§@) + . +m(g" (@) f(§" (@) = b)),
01(2) f(2) + 02(2) f(8(2) + .+ an(2) f(§" (@) = b(2).

We can then solve the system for f(z) at all the values of z where the matrix

1,(8(2)) m1(g(2) . an-1(8(2)
a,1(82(2) a2 .. a2(8(2)
A@ = | P
(8" () a3(8"'(2) .. 4§ (2)
m(g"(2)  a2(8"(2) .. ax(g"(2))
satisfies det A # 0. Then
@) = det B(z)
f@) = detA(z) ’
where
b(g(2)) m(g(z) . an-1(g(2))

HPE)  a(@@) . -a(82()
B = | S P
B @) @@ @) - a(g @)
He'@)  @m(E@) - a(g'@)

In general, the algebraic and computational work involved in solving such systems can
be very demanding for larger n and non-constant coefficients.
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Having understood the ideas presented in this section, the reader may want to return
to some of the functional equations of the previous section and rethink them in the new
language. Below, we illustrate the method with an additional example in which the
underlying group has order 6 but is not cyclic.

Problem 4.10. Find all functions f : C \ {0,1} — C such that

o)) -

Solution. Let 1 .
h = - = —
@ =2, 8@ =7

Then

hz(z) =z, gz(z) = %, g3(z) =z.

Also

z
hg(z) = 1_Z/ gh(z) = Z__ll

where we have shortened h o g and g o f into hg and gh, respectively.

The reader is encouraged to verify that {id, i, g, ¢*, hg, gh} is a group under composition
and to construct the group table.

Substituting z by h(z), £(z), $*(z), hg(z), and gh(z) in the defining equation, we get

1)2rear (i) = 2
flz)raa-avsr(d) = =
F(E)varcEpesa-n = 2,
f(1—z)+2f(1i_z)+3f(%) - 1-2z,
() ()0 = S

These, together with the given equation, form a system of six equations. Solving the
system, we obtain

3) 2284224522
0 24z(z-1)






Chapter 5

Cauchy’s Equations

In this chapter we study four functional equations that are solved by the linear, power,
exponential, and logarithmic functions. These equations were studied by Augustin Louis
Cauchy, and since then they have formed the cornerstone of the theory. The derivation of
the solutions of these functional equations serves as a vehicle to introduce the reader to the
central ideas in the functional equations. It is imperative that these simple results and the
methodology behind them are memorized (this can be done with minimal effort) as they
appear often in functional problems.

5.1 First Cauchy Equation

Problem 5.1. Let f : R — IR be a continuous function of a continuous real variable that satisfies
the functional relation

fx+y) = f)+f(y), VYxyeR. (5.1)
Find all functions f that satisfy the above conditions.

Comment. Equation (5.1) is known as the first Cauchy functional equation or the lin-
ear Cauchy functional equation.

Solution. Setting x = y = 0 in the defining equation, we see that

f(0) = 2f(0) = f(0) =0.
Also, if x = —y,
fO) = f()+ f(=x) = f(-x) = - f(x). (5.2)
We now notice that for any natural number n > 0,

feat+xa+-txn) = flx) + flx2) + -+ flxn) - (5.3)

81
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This is verified using the method of induction. For n = 2, equation (5.3) is true by definition.

Assuming that it is true for some n,
flr+xa+ 4 xy) = fx) + f2) + -+ f(xny),
we see that it is true for ng + 1:

flr +xo+ o+ xpy +Xpp41) = f((x1+x2+ 0+ X)) + Xpa1)
Fler +x0 4+ xp) + f(Xng41)

This proves the statement; that is, equation (5.3) is true for all natural numbers.

Setting x; = x, Yiin (5.3),
f(nx) = nf(x).

If moreover, x = mz/n, withm € IN, n € IN¥,

(54) m

m m
fom) = nf(%z) B 2 gy = f(%z)
From this equation and (5.2), we conclude that

m

f(-22) = -2 1.

n

In other words, so far we have proved that

flgz) = qf(z), VzeR, g€Q.

Whenz =1,
f@ =cq,

where we set ¢ = f(1).
Now, let r € R. There is a sequence of rational numbers (g,,) such that

lim g, = r.

n—+oo

For the terms of the sequence, the function f gives

f(%) = Cqn,

and since it is continuous

f0) = f( lim g,) = lim f(g,) = lim cq, = cr.

n—+oo n—+oo n—+o0

flx) + f(xo) + - + f(xng) + f(Xnga1) -

(5.4)

(5.5)

(5.6)

(.7)
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5.2 Second Cauchy Equation

Problem 5.2. Let f : R — IR be a continuous function of a real variable that satisfies the functional
relation

fx+y) = f) f(y), VYxyeR. (5.8)

Find all functions f that satisfy the above conditions and are not identically zero.

Comment. Equation (5.8) is known as the second Cauchy functional equation or the expo-
nential Cauchy functional equation.

Solution 1. First, we will show that f(x) is positive for any real number x. From the defining
relation, we see that f(x) = f(x/2)?, and therefore f(x) > 0. Let xo be a real number for
which f(xp) = 0. Then f(x) = f(x —xp + x0) = f(x — xp) f(x0) = 0, i.e. the function would
vanish identically. If there are solutions which do not vanish identically, then they cannot
vanish at any point.

Since f(x) > 0, the function g(x) = In f(x) is well-defined. Then the defining equation
(5.8) can be written in terms of the function g as

g)+gy) = gx+y), Yx,yeR,

which has the unique continuous solution g(x) = cx. From this the function f is found to
be
f@) = a*,

where we seta = ¢°. m]

The above solution of course assumes that the result of the linear Cauchy func-
tional equation (5.1) is known. However, one might want to establish a solution which is
independent of the results for (5.1). This is done in the solution that follows.

Solution 2. One first proves that f(x) # 0 (as above). Setting x = y = 0 in the defining
equation, we see that

fO) = f(0? = fO(fO)-1) =0 = f(0) =0,1,

and therefore we must have f(0) = 1.
Also, if x = -y,

fO) = f@) f(=0) = f(=0) = f()". (5.9)
We now notice that for any natural number n > 0
SO +xo 4+ x) = f(x1) fx2) -+ fx) - (5.10)

This is verified using the method of induction. For n = 2, equation (5.10) is true by
definition. Assuming, that it is true for some n,,

flar+xo+-+x5) = flx1) f(x2) -+ f(xn,),
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we see that it is true for ng + 1:

flor+ x4 42 + 1) = f (1 + 2+ X)Xy
O+ 22+ 4 Xng) f(Xng41)

faa) flx2) -+ flxng) fxng+1) -

Setting x; = x, for all i in (5.10),
flnx) = f()".

If moreover, x = my/n,m € N, n € IN*,

fonp = £(Z2) 2 g = (B = (5

From this equation and (5.9), we conclude that

m - n
f(——y) = fly™".
n
In other words, so far we have proved that
fgz) = f()7, VzeR, q€Q.

Whenz =1,
flg) = a7,
where we seta = f(1).
Now, let r € R. There is a sequence of rationals {g,} such that

For the terms of the sequence {g,}, the function f gives

f(%) = ar,

and since it is continuous

f0) = f( lim g,) = lim f(g,) = lim a" = a.

n—+o0 n—+oo

5.3 Third Cauchy Equation

= f(@y) = fy"'".

(5.11)

(5.12)

(5.13)

Problem 5.3. Let f : R} — R be a continuous function of a continuous real variable that satisfies

the functional relation
f@O+fy) = fay), VoyeR,.
Find all functions f that satisfy the above conditions.

(5.14)
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Comment. Equation (5.14) is known as the third Cauchy functional equation ot the loga-
rithmic Cauchy functional equation.

Solution 1. Since the independent variable x takes values in R, the change of variable w =
In x leads to a variable taking values in R. Then the function g(x) = f(¢*) & f(x) = g(Inx)
is a function ¢ : R — R, satisfying the relation

g(nx)+¢g(ny) = g(n(xy)) = g(lnx+Iny),

or

g(wy) + g(wz) = glwr +wy).

The solution to this functional relation is g(w) = cw which can be inverted to give f(x) =
¢Inx=Inx/Iny = log, x, where we setc =1/Iny. |

The above solution of course assumes that we have worked out the exponential Cauchy func-
tional equation (5.8). However, one might want to establish the result without any reference
to that solution. This is done in the solution that follows.

Solution 2. Setting x = y = 1 in the defining equation (5.14), we see that
f) = 2f1) = f1) = 0.

Also, if y =1/x,
fO) = f@+fa) = fa) =~ fo). (5.15)

We now notice that for any natural number n > 0
flaxz:--xn) = flr) + flx2) +--+ flxn) . (5.16)

This is verified using the method of induction. For n = 2, equation (5.16) is true by
definition. Assuming, that it is true for some n,,

flaxz - xpy) = flx1) + flx2) +- + fxn,),

we see that it is true for ng + 1:

f((xlxz - 'xno)xng+1)
f(x1x2 . 'xno)f(xn0+l)
flxa) f(x2) -+ flxng) f(xXige1) -

Flx1x -+ XXy +1)

Setting x; = x, for all 7 in (5.16),

FO) = nf@). (5.17)
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If moreover, x = ym/”, meIN,n €N,

m

fm = nf(y8) LD omse) = nf(y) > f(yE) = %f(y). (5.18)

From this equation and (5.15), we conclude that

m m
T = - — . 1
Flu ™) — f) (5.19)
In other words, so far we have proved that

f) =af(y), VyeR, qe€Q.
Now, let 7 € R. There is a sequence of rationals {g,} such that

lim g, = r.

n—+oo

For the terms of the sequence {7,}, the function f gives

fW™) = aqu f(y),

and since it is continuous

fy) = Hm fy7) = Tim g, f(y) = 7f(y).

n—+00 n—+00

Finally, let’s set y = a = const and x = a". Then we find the function f in the final form:

f() = f@) log,x = log,x,

where we defined a constant b such that f(a) = 1/log_ b. ]

5.4 Fourth Cauchy Equation

Problem 5.4. Let f : Ry — Rbea continuous function of a real variable that satisfies the functional
relation

flxy) = f) fy), YxyeR.. (5.20)

Find all functions f that satisfy the above conditions and do not vanish identically.

Comment. Equation (5.20) is known as the fourth Cauchy functional equation or the
power Cauchy functional equation.
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Solution 1. First, let’s show that f(x) > 0 for all x # 0. From the defining equation (5.20),
we see that f(x) = f(v/x)%. This implies that f(x) > 0, Vx € R,. Now, if there exists a point
xo # 0 such that f(xp) = 0, then

10 = f(£0) = £(5) foo) = 0,

for all x € R,. Therefore the function f would vanish identically. Since we are looking for
non-vanishing functions f, there cannot be any xo with the above property. In other words,
f(x) >0, Vx € R,.

We now define g(x) = In f(x). Then the defining relation (5.20), by taking the logarithm
of the two sides, can be written in terms of the function g as:

g +g(y) = glxy).

This relation has the solution g(x) = 0, or g(x) = IOg), x = Inx/Iny and therefore
f(x) = 1 7 or f(x) = eg(x) — xC i
wherec=1/Iny # 0. )

The above solution of course assumes that we have worked out the logarithmic func-
tional equation (5.14). However, one might want to establish the result without any
reference to that solution. This is done in the solution that follows.

Solution 2. One first proves that f(x) > 0 (as above). Setting x = y = 1 in the defining
equation, we see that

f = fO? = fOFD-1) =0= f(1) = 0,1,

and therefore we must have f(1) = 1.
Also,if y =1/xforx # 0,

f) = fE)f&T) = f6T) = f@)7 (5:21)
We now notice that for any natural number n > 0
flaxz:-xn) = fx) flx2) -+ f(xn) - (5.22)

This is verified using the method of induction. For n = 2, equation (5.22) is true by
definition. Assuming, that it is true for some n,,

flaxg - xny) = flx1) flx2) -+ f(xn,),

we see that it is true for ng + 1:
flxixo - 'xngxno+1) = f((x1x2 - 'xno)xnoﬂ)

f(x1x2 - 'xno)f(xn0+l)
flxa) f(x2) -+ flxng) f(Xige1) -
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Setting x; = x, Viin (5.22),

f@x™) = fo)". (5.23)
If moreover, x = ym/”, me N, n e IN%,
fom = f(n) S s = f() = F(vE) = (5.24)
From this equation and (5.21), we conclude that
Fr®) = fmm. (5.25)

In other words, so far we have proved that
fh = f?, VyeR,, q€Q.
Now, let r € R. There is a sequence of rationals {g,} such that
r}l_r)rc}o Gn = T.

For the terms of the sequence {g,}, the function f gives

fy™ = f(y)™,

and since it is continuous
fy) = lim f(y™) = lim f(y)™ = f(y)"
Finally, let’s set y = a = const and x = a". Then we find the function f in the form:
f) = fl@)s*.
If f(a) =1, then f(x) = 1. If f(a) # 1, we define a constant c such that f(a) = a°. Then
flx) = x°, c#0. O

Question. Define the sign function sgn(x) by

-1, ifx<o0,
sgn(x) = {0, ifx=0,
+1, ifx>0,

Show that it satisfies the equation
sgn(xy) = sgn(x)sgn(y) .

In other words it is a solution of the functional equation (5.20). However, it is not a power function. Explain.
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5.5 Solved Problems

Often functional equations can be solved by a reduction to one of Cauchy’s functional
equations. In this section, we present several examples.

Problem 5.5 ([45]). Find the continuous solutions f : R — R of the functional relation
fx+y) = AV f)+ A f(y), Yx,yeR,

where A is a positive constant.

Solution. We define the continuous function g(x) = A™ f(x). Then the functional equation
takes the form

glx+y) = g+,

which has the solution g(x) = cx where c a constant. Therefore f(x) = cx A*. O

Problem 5.6. Find the continuous solutions f : R — IR of the functional equation
f(x + y) _ S0+ fy)
2 ) 2

Comment. Equation (5.26) is known as the Jensen functional equation. It can be equiva-
lently written as

, Yx,yeR. (5.26)

fx+y)+fix—y) = 2f(x). a
Solution. For y = 0, equation (5.26) gives

f(x) _ f@+fO) _ fl)+b

2 2 2 7
where b = f(0). In this relation we substitute x = y + z:
(y+z) _ fly+2)+b
f 2 2 '
However, the left hand side can be rewritten from the defining relation (5.26) and thus

fp+fz)  fly+z)+b
2 B 2 ’

or
fly+2) = f+fz)-b.

We define the continuous function g(x) = f(x) — b. Then the functional equation takes the

form

sx+y) = g)+g),

which has the solution g(x) = cx where c is a constant. Therefore f(x) = cx +b. O
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Problem 5.7. Find the continuous solutions f : R — IR of the functional equation

f[ /xzzyZ] _ /f(x)2J2rf(y)2, _—_—

Solution. From the defining equation we see that f(x) > 0, Yx € R (since the square root of
a number is a non-negative number). Even more,

Y R L O e I Vi Go O (s
2 =/ 2 - 2
= f(x)* = f(-x* = f(x) = f(-x),

i.e. the function f is even.
Let’s define the function F(x) = f(v/x)? for x > 0. Then the defining equation becomes

P(u;—v) _ F(u);—F(v) ’

2

where u = x%, v = y2. Therefore,

Fuy=cu+b,

or

f(x) = Vex?+b. |

Problem 5.8. Find the continuous solutions f : R — IR of the functional equation

fa+y) =aVfO)f(y), YxyeR,
where a is a positive constant.

Solution. We define the continuous function g(x) = a2 f(x). Then the functional equation
takes the form

gx+y) = g0gy),

which has the solutions g(x) = 0 or g(x) = b* where b is a positive constant. Therefore
f(x) =0or f(x) =b* a2, O
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Problem 5.9. Find the continuous solutions f : R — IR of the functional equation

fx+y) = fO)+fW)+f@)f(y), YxyeR.

Solution. We define the continuous function g(x) = f(x) + 1. Then the functional equation
takes the form

gx+y) = g@gy),

which has the solutions g(x) = 0 or g(x) = b* where b a positive constant. Therefore
fx)=-1or f(x) =b"-1. O

Problem 5.10 (Putnam 1947). Find the continuous solutions f : R — R of the functional equation

f(NP+yD) = f(0) fy), VxyeR.

Solution. If f is vanishing identically, it satisfies the equation. Therefore, we shall look for
solutions that do not vanish identically. This implies that there exists a real number xy such

that f(xo) # 0 and thenf(,/xé +12) = f(x0) f(v) = f(x0) f(=y), or f(y) = f(~y), forally € R.

The function f is necessarily even. It is enough to search for the form of f(x) when x > 0.
We define the continuous function ¢(x) = f(+/x), x > 0. Then the functional equation
takes the Cauchy form

gu+v) = gu)g(),
, v = y2. This equation has the non-vanishing solution g(1) = a* where a is a
positive constant. Therefore f(x) = . O

where u = x?

Problem 5.11. Find the continuous solutions f : R — IR of the functional equation

f(xt+y") = fX)+ f(y), Yx,yeR,

where n is a given positive natural number.

Solution. We notice that if n = 2k, then f({/x" +y") = f(x) + f(y) = f(-x) + f(y), or
f(x) = f(—x), for all x € R. We define the continuous function ¢(x) = f({/x), x > 0, if n = 2k
and g(x) = f({/x), if n = 2k + 1. Then the functional equation takes the Cauchy form

g(u+0) = gu) +8(v),

where u = x", v = y". This equation has the solution g(u) = au where a is a constant.
Therefore f(x) = ax". O
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Problem 5.12 (Romania 1997). Find all continuous solutions f : R — [0, +c0) such that

f&2+y) = f(* -y + f(2xy) .

Solution. For x = y = 0, the defining equation gives f(0) = 0. Then for x = 0 only,
f(y?) = f(-y?). That is, the function f is even, and we only need to find its value for
positive reals.
For x > y, we define
a=x-y*, B =2xy.

Then a? + 2 = (x* + y?)? and the given functional equation takes the form

f(Na? +8%) = fl@)+ f(B).

Using the previous results, f(x) = ax> where a is a real constant. m|

Problem 5.13. Find the continuous solutions f : R — R of the functional equation

flx+y) = Py+xy® —2xy+ f(x) + f(y), Yx,yeR.

Solution. We define the continuous function g(x) = f(x) — x*/3 + x?. Then the functional
equation takes the Cauchy form

glx+y) = g +gW),

This equation has the solution g(x) = ax where a is a constant. Therefore f(x) = ax+x/3 —

X2, ]

Problem 5.14. Show that the functional equation

2
f(52) = rwsw 627)
is equivalent to the functional equation
f@? = flx+y) flx—y). (5.28)

Then find the continuous solutions f : R — R of (5.27).

Comment. Equation (5.28) is known as the Lobacevskii functional equation. |
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Solution. Setting x =a+band y =a - bin (5.27), we find (5.28).
Setting y = 0 in (5.27), we find

X

f3) = w0

If £(0) = 0, then f(x/2)?> = 0, Vx € R. This implies that f(x) = 0, Vx € R. If f(0) # 0, we
replace x with x + y, then:

2
1(5E) = fe+nso,
or, after using (5.27):
f@ f(y) = flx+y) £0).

We define the continuous function g(x) = f(x)/f(0). Then the functional equation takes the
Cauchy form

g +y) = g)gy) .
This equation has the solutions g(x) = 0 or g(x) = a* wherea # 0; therefore f(x) = f(0)a*. O

Problem 5.15 ([45]). Find all continuous solutions f : R — R of the functional equation
fx+y) = fO)+f(y)+a(1-0")Q-1Y), (5.29)
where a, b are real constants and b > 0.

Solution. Set
g(x) = f(x)—a®@" -1). (5.30)

Then the function g(x) satisfies

glx+y) = g +g),

with solution g(x) = cx with c a real constant. Therefore f(x) =a(b* —1) + cx. O

Problem 5.16. Let a,b € R. Find the continuous solutions f : R — IR of the functional equation

fx+y+a)+b = f(x)+ f(y), Yx,yeR. (5.31)
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Solution. Define the continuous function g(x) = f(x —a) — b. Then (5.31) takes the form

gx+y+2a) = gx+a)+g(y+a),
or
gu+v) = gu)+g(v),

where u = x +aand v = y +4a. By (5.1), g(u) = cu, where c is a constant. Therefore
f(x) =c(x+a)+b. O

Problem 5.17 (Romania TST 2006). Let r,s € Q. Find all functions f : Q — Q such that for all
x,y € Q we have
flx+fy) = fx+r)+y+s. (5.32)

Solution. Itis easy to verify that f(x) = +(x + s) + r are solutions. We show that they are the
only solutions.

Adding z—r to both sides of (5.32) and finding the value of f at the points thus obtained,
we get

fe-r+fx+fWy) = f+y+s—r+f(x+7). (5.33)
Applying (5.32) to each side of (5.33), we obtain

f@+x+f(y)+s = fz+y+s)+x+r+s,

or
fy)+fz) = fly+z+s)+r,

whichis (5.31). Therefore f(x) = c(x+s)+rwhere cis a constant. Substituting f(x) = c(x+s)+r
into (5.32), we find

cx+cy+s)+r+s)+r =clx+r+s)+r+y+s,

or
@ -1(y+s) =0.

Hence c = 1 and f(x) = £(x +5) + 1. O

Comment. Similarly, if a,b € R, then f(x) = +(x +a) + b are the only continuous solutions to
the functional equation

fx+fy) = fx+a)+y+b, Vx,yeR.

The explanation is left as an easy exercise to the reader. |



Chapter 6

Cauchy’s NQR-Method

We notice that the functional equations (5.1) and (5.8) are of the form

fle+y) =F(fx), f(v) , (6.1)

where the function F(a,b) is F(a,b) = a + b or F(a,b) = ab. One can explore functional
equations with different functions F(a, b). For example,

fary) = £+ F) + FOFW)
o+ )
Sy = T

are functional equations of the form (6.1) with

F(a,b) = a+b+ab,
a+b
F(a/b) - 1_ab/

respectively.
One can generalize equation (6.1) further to

flx+y) =F(f(x), f(y), f(x —y);xy) -

Such examples are

f(x+y) = KV f0)f(y),
fa+nfx-y) = f@)?,
fle+y)flx— y) = f& fy?,
fx+y +flx-y) = 2f(),
fa+y) —flx—y) = 2f(y),
fx+y) +flx-y) = 2fx)+2f(y),
fx+y)+ flx-y) = 2f(x)cosy,
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with
F(a,b,c;x,y) = kYab,
2
F(alblc;xl y) = ? 7
212
F@a,b,c;x,y) = % p
F@,b,c;x,y) = 2a-c,
F@a,b,c;x,y) = 2b+c,
F@,b,c;x,y) = 2a+2b-c,
F(a,b,c;x,y) = 2acosy-—c,
respectively.

To include the functional relations (5.14) and (5.20), we must generalize the equation
further to allow arbitrary functions of x and y in the left hand side and not only the sum
X+ Y

f (G, y) =F(f@), f(y), fx —y)x,y) -

Such examples are

fxy) = fO+fy)+f0f(W),
f(xt+y") = f@x)+ f(y),
f(yx+yn) = f) f(y),
with
Gx,y) = xy, F@b,cxy) =a+b+ab,
Glx,y) = x*"+y", F@abcxy) =a+b,
Glx,y) = x"+y*, F(@b,cxy) = ab,
respectively.

For such functional relations, often, the method in which we first reconstruct the func-
tionin IN, then in Q, and finally in R is successful. This method was demonstrated in Chap-
ter 5 for the solution of (5.1), (5.8) (5.14), and (5.20). We shall name it the NQR method!.

6.1 The NQR-method
We present now the sequence of steps to obtain the continuous solutions of the equation

flx+y) = F(f(), f(y), fx —y)ix,y) - (6.2)

'This name was made by the author; it is not encountered in the literature of the topic.
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In this more general case, we follow the same steps; however, the operation of summation
in the left hand side has to be changed to an operation which will be dictated by the function

G(x, v).
First of all, we set x = y = 0 to find an equation for f(0):

f0) = E(f(0), £(0), £(0);0,0) .

The value of f at x = 0 is then known by solving this equation.
In (6.2), we substitute successively x for 2x,3x,...,(n —1)x and y = x:

f2x) = F(f(x), f(x), f(0);x,x) = F2(f(x),x),
fBx) = F(f(2x), f(x), f(x);2x,x) = F3(f(x),x),
f(dx) = F(f(3x), f(x), f(2x);3x,x) = F4(f(x),x),

f(nx) = F(f((n—=1)x), f(x), f(n—-2)x);(n—-1)x,x) = F,(f(x),x) .

In the last equation, we substitute x = my/n

o = w1 (25) )

The left hand side however may be rewritten using the previous result:
m \ m
Fu(f(y)y) = Fa (f(;y)/ ;y) :
We assume that this expression can be solved for f(%'y) to give

f(my) = T(f(y),y;%) ,

n

for some function ¥ (a, y; x). Fory =1,

fig) = F(f1),Lq) , Yq€Q..

Let x be any non-negative real number. Then, there is a sequence of non-negative
rational numbers {g,} which converges to x. Assuming continuity of f and ¥, the last
expression gives

fx) = F(f(1),1;,x), VxeR,.

To find the function f(x) for x < 0, we relate it to f(—x) using the defining equation (6.2).
In particular, setting y = —x in (6.2) we find:

f(0) F(f(x), f(=x), f(2x); x, —x)
F(f(x),F (f(1),1;—x), F2 (f(x),x);x,—x) .
This should be solved for f(x) to find the final result:

f) = (), x<0.
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6.2 Solved Problems

Problem 6.1. Let f : R — IR be a continuous function that satisfies the functional relation

fa+y) = fQ+fy)+fx) fy), YxyeR.
Find all functions f that satisfy the above conditions.

Solution. Setting now x = y = z/2 in the defining equation, we see that

o= 3)+ 3 - o3 -1.

ie. f(x) > -1, Vx € R. In particular, f(1) > —1. If f(1) = -1, then f(x) = f(x-1+1) =
fx=1)+ f(1) + f(x=1) f(1) = =1, Vx € R. We shall search for non-constant solutions, and
thus f(1) > -1.

Setting v = x,2x, 3x, . .., in the defining relation, we find

fQY) = 2f()+ f? = (F)+1)° -1,
f(3x) f2x) + f(x) + f(2x) f(x) = f(x)3 +3f(x)3 +3f(x) = (f(x) + 1)3 -1,

ce g

which indicates that
finx) = (f(x)+1)"-=1, neN. (6.3)

We can prove this formula for any n € IN using induction. For m = 1,2 it is true. Let’s
assume that it is true for n = m:

fimx) = (fx)+1)" -1. (6.4)
Then we shall show that it is also true for n = m + 1. In the defining relation, we set y = mx:
f(m+1)x) = f(x)+ f(mx) + f(x) f(mx) .
From (6.4) we can compute the right hand side:
fm+1x) = f)+(F0)+ )" =1+ f@ (F@) + D" = f) = (F)+ )" 1.

This completes the induction.
Now we substitute x = my/n, m € N, n € IN*, in (6.3):

o = (2 1] 1

f(%y) = Gw+n¥-1.
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Fory =1:
fig) =c¢1-1, YVqeQ,,

wherec =1+ f(1).
Now, let 7 € R,. There is a sequence of rationals {g,} such that

limg, = r.

n—00

For the terms of the sequence {g,}, the function f gives

f(cln) =ch"-1,

and since f is continuous

f(r) = f( lim qn) = lim f(gy) = limc™"-1=¢ -1,

VreR,.
Forr =0, f(0) = 0. If y = —x with x > 0 in the defining equation,
fO) = () + f(=x) + f() f(=x) = f(-x) = 1—+f J(:zC) R
Therefore,
flx) = c*-1, VxeR. O

Problem 6.2. Let f : R — IR be a continuous function that satisfies the functional relation

fae+y) =aVf)f(y), VYxyeR,

where a is a positive real constant. Find all functions f that satisfy the above conditions and are not
identically zero.

Solution. Let xp be a real number for which f(xg) = 0. Then f(x) = f(x — xo + x9) =
a¥=x0)% f(x — x) f(xo) = 0, i.e. the function would vanish identically. If there are solutions
which do not vanish identically, then f cannot vanish at any point. Setting now x =y =0
in the defining equation, we see that

fO) = f0? = fO(fO-1) =0= f(0) =01,

and therefore we must have f(0) = 1.
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Setting y = x,2x, ..., (n — 1)x in the defining expression, we find

f2x) = flx+x) = a° fx)?
f@Y) = fe+20 = afp = 2 fx)?,
fAx) = flo+3x) = a2 £t = 00 fot

(ﬂ D2

fx) = fle+(m—1x) = g+ 00 gy - 2 flay

If moreover, x = my/n,m € N, n € IN*,

fmy) = a"=mF f( )n

or

m(m 1) ]/ f(y)m _ a(nzﬂl)mzyzf( )n

This expression can be solved easily for f(7y)

Fory =1:

where ¢ = f(1).
Now, let 7 € R,. There is a sequence of rationals {g,} such that

limg, = r.

n—00
For the terms of the sequence {g,}, the function f gives

qn(qn-1)

f@n) =a 2 ™,

and since f is continuous

In(qn=1) rr-1)

= 1 = = 1 L[ —
f(r) f(nl_l)rfoo%) llmoof(qn) lim a 2z ¢ az ¢,

n—r+0o0

forall r € R,.
Now, if y = —x, x > 0 in the defining equation,

FO) = a0 f(—x) = f(=x) = a" f) =a" 2 .

Therefore,
x(x—1
f(x):a(z)cx, YxeR. |
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Problem 6.3. Let f : R — R be a continuous function that satisfies the functional relation

fa+y fe—y = f@O* f)*, VYxyeR.
Find all functions f that satisfy the above conditions and are not identically zero.

Solution. Setting now x = y = 0 in the defining equation, we see that

FOF = FO = f0?(f(0*-1) =0 = f(0) =0, £1.

Now let x = y:
f@x) fO) = f@*, Va. (6.5)

If f(0) = O, then f(x) = 0, Vx. Since we are looking for solutions that do not vanish
identically, we shall assume f(0) # 0. Consider first that f(0) = 1.
Replacing x by x, 2x, 22x,...,in (6.5), we find

fx) = f@* = f@F,
) = feot = f0F,
f8) = feént = f0F,
This indicates that
fnx) = f)", neN. (6.6)

We can prove this formula for any n € IN using induction. For m = 1,2 it is true. Let’s
assume that it is true for Vn < m:

fx) = FO°, n=1,2,...,m. (6.7)
Then we shall show that it is also true for n = m + 1. In the defining relation, we set x = my:

f(m+1)y) f((m—-1)y) = fmy)* f(y)*.

We can solve this equation easily for f((m + 1)y) and use (6.7) to find:

flon+1)y) = fo) " f@P f = fo)

This completes the proof.
Now we substitute x = my/n, m € N, n € IN*, in (6.6):

2

flmy) = f(%y)n ,
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or

This expression can be solved easily for (7 y):
m m?
f(;y) = fy= .
Fory =1:
2
f@@ =", VqeQ,,
where ¢ = f(1).
Now, let 7 € R,. There is a sequence of rationals {g,} such that

limg, = r.

n—oo

For the terms of the sequence {7,}, the function f gives

f(%) = Cq% ’

and since f is continuous

f(r) = f( lim qn) = lim f(qn) = lim Cq% - Cr ,

n—-oo

forall r € R,.
Now, if x = 0 in the defining equation and rename v as x,

fEPf0? = f) f(=0) = f(=0) = f(x).
Therefore,
flx) = ', VxeR.
Finally, if f(0) = —1 then g(x) = —f(x) satisfies ¢(x + y)g(x — y) = g(x)?g(y)?, ¥x,y € R

and g(0) = 1. Applying the argument above to g we find g(x) = ¢*’. Hence flx) = —c7,
Yx € R. O

The next problem is of the form f(x+y) = F (f(x), f(y), f(xy)) where F(a, b, ¢) = a+b—ab+c.
It does not quite fit into the NQR-method above. But a combination of an algebraic system
and INQIR-idea still proves successful.

Problem 6.4 (India TST 2003). Find all functions f : R — R such that for all x,y € R,

fx+y) +f)fy) = f)+ fy) + fxy) (6.8)
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Solution. Clearly, f =0, f = 2, and f(x) = x are solutions. We show that they are the only
solutions.

Setting x = 0 = y in (6.8) we get f(0)> = 2 f(0). If £(0) = 2, then by letting y = 0 in (6.8)
we see that f(x) =2,Vx e R, ie. f=2.

Suppose therefore that f(0) = 0. Leta = f(1). Setting x =1 and y = -1 we get

af(-1) =a+2f(-1) = f(-1) =

a-2"
Now substituting (x, v) in (6.8) by (x — 1,1), (=x + 1,-1), and (—x, 1), we get

fO+@-2)f(x-1) = a, (6.9)
Fex) + (L)f(—x H) - f-1) = 6.10)
f(=x+1)+ 2)f(—x) = a. (6.11)

Eliminating f(x — 1) and f(-x + 1) in (6.9)—(6.11), we get
fx)—@-2)f(-x) = 0. (6.12)

Replacing x by —x in (6.12) we get

f(=x) (@ -2)f(x) = 0. (6.13)
If a ¢ {1,3]}, then by eliminating f(—x) in (6.12) and (6.13) we see that f(x) =0, Vx € R, i.e.

f=0.
Consider next that 2 = 3. Then (6.9) gives f(x) = 3 — f(x — 1). Hence

=310 =0, 1) =5-1f2) = ().

On the other hand, substituting (x, y) in (6.8) by (2,1/2), we see that
1
1) = £() s = 1(3) 2.
a contradiction.

Finally consider thata = 1. Then (6.9) gives f(x) = f(x — 1) + 1. By induction,
fix+n) = fx)+n, ¥YxeR, VneZ.
Substituting (x, y) in (6.8) by (x, 1), we have then
nfx) = f(nx), YxeR, VneZ.
Henceif r = m/n € Q and x € R, then

mf@) = fmx) = f(n-rx) = nf(rx),
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i.e. f(rx) =r f(x). Now substituting (x, y) in (6.8) by (x, r) we get
fx+r) = fx)+r, VxeR, VreQ.

Moreover, letting x = y in (6.8) we get f(x)> = f(x?). Thus f(x) > 0 if x > 0. Since
f(=x) = —f(x), f(x) <0if x <0. Now for any x € IR, let {r,} and {s,} be two sequences of
rational numbers increasing and decreasing to x, respectively. Then

th < fx—=r1y)+1y = f(x) = f(x—54)+5, < 5y,

which forces f(x) = x by the squeeze theorem. ]



Chapter 7

Equations for Trigonometric
Functions

7.1 Characterization of Sine and Cosine

The reader, of course, knows several different definitions of the trigonometric functions
sinx and cos x:

e Using the sides of a right triangle AABC (where A = 90°) (see Figure 7.1) the sine and
cosine of an angle are defined by:

sinB = é, cosB = E.
a a
e Using the trigonometric circle (see Figure 7.1) the sine and cosine of an angle 0 are
defined by:
sin@ = OB, cosO = OA.

e Using differential equations, the sine and cosine can be defined as the two linearly
independent functions that solve the equation

y'(@) +y@) = 0.

In Section 2.1, we also defined the analytic sine and analytic cosine as solutions of the
equation (2.3)
Clx—y) = COC(y) +SWS(y), YxyeR, (7.1)

and some additional properties expecting S(x) and C(x) to be our well known sine and
cosine functions. Indeed, in the Problem 2.14 we proved that these functions, if they exist,
satisfy the exact same relations that our well known sine and cosine functions do.

In this section we return to the above functional equation and, following the work
of H.E. Vaughan [62], we establish the conditions under which this equation uniquely
characterizes the sine and cosine.

105
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N
B
Be -
0
c a
A
A b C

Figure 7.1: A right triangle (left) and the trigonometric circle (right) that are often used to define the
trigonometric functions.

Setting y = x in (7.1), we get
C(0) = C(x)*> + S(x)*. (7.2)
In particular, for x = 0
C(0) = C(0)*> + S(0)> = C(0)(1 —C(0)) = S(0)*. (7.3)

Since the right hand side is positive, the quadratic expression in the left hand side must be
positive and thus
0<C0O)=<1. (7.4)

We can now prove our first theorem:
Theorem 7.1. If C(0) = 0, equation (7.1) has a unique solution and it is trivial:
Cx)=0, S(x)=0.
Proof. 1If C(0) = 0, equation (7.2) can be satisfied only if C(x)> = 0 and S(x)*> = 0 which
implies C(x) = 0 and S(x) = 0. O
Setting y = 0in (7.1), we find

C(x)(1 = C(0)) = S(x)S(0) . (7.5)

Let’s square this expression and use the previous results as follows:
Clx)* (1= C0)* = S(x)* S0y’
= -co)? = oo -co)

= (1-C(0) [@-CO)Cw? - CO)SE?] =0

@ (1) [(1 - COYCEP? - CONCO) - CwP)] =0,
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or

(1-C(O) [C@y* - C0?] = 0. (7.6)
We have now prepared ourselves for our second theorem:
Theorem 7.2. If 0 < C(0) < 1, equation (7.1) has two solutions

Clx) =c, Skx) =0,
or
Cx) =c¢, S(x) = —-b,

where 0 < ¢ < 1and b= Ve — 2.

Proof. 1f 0 < C(0) < 1, equation (7.6) requires that C(x) = £C(0). Consider the set
G = {x|C(x) = C(0) or C(x) = —=C(0)} .

Thus defined this set includes all points x in the domain of C(x), that is G = R. Endowed
with the operation of addition, G is a group. Now consider the subset

H = {x|C(x) = C(0)} .

H is either the whole set G (if for all points x € R, C(x) = C(0)) or a proper subset of G
(if there are points in R for which C(x) = —C(0).) Let’s assume that the second is true.
According to a theorem of algebra, H will be a subgroup of G if, given x,y € H, also
x+(-y) € H. If x,y € H, then C(x) = C(y) = C(0). Then, from equation (7.1) we see that
C(x — y) = C(0)*> + S(0)? or, using (7.3), C(x — y) = C(0). So, x — y € H and, indeed, H is a
subgroup. Using H, we can define an equivalence relation in G: any 4, b € G are equivalent,
a ~b,if a—b € H. This partitions G in two sets, H and H" = {x | C(x) = —C(0)}. Formally,
one says that the index of H in G is 2. However, it is known in algebra that R has no such
subgroup. H must thus be the whole G and

Cx) = C(0), VxeR.
Let ¢ = C(0). Then, from (7.2), we find that S(x) = +b, where b = Vc — ¢2. O

We are thus left with the case
Cc) =1. (7.7)

Theorem 7.3. When C(0) = 1, the functions C(x) and S(x) satisfy all known relations of cosine
and sine respectively.
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Proof. The condition C(0) = 1 now implies that

C(x)*> +S(x)? =1, (7.8)
and
S(0) = 0. (7.9)
Then setting x = 0 in the defining equation (7.1), we find that C(x) is an even function
Cly) = Cl=y). (7.10)
Setting y = —x in (7.1), we find:
C(2x) = C(x)* + S(x)S(—x) . (7.11)

Then, setting y = 2x in the same equation and using the previous result, we get
Cx) = C(x)C(2x) + S(x)S(2x)
71V o) (C? + S@)S(-x)) + S(x)S(2x)
= C(x)® + C(x)S(x)S(—x) + S(x)S(2x) ,
which we solve for S(x)S(2x):

SWSEY) = CW[1-C@?) - S®S(-x)]

2 c[s@? - sws-v)]

= CSM)[S(x) = S(=x)] .
If S(x) # 0, we conclude from this equation that
S(2x) = C(x)[S(x) — S(—x)] . (7.12)

We will show that this equation is also true when S(x) = 0 and thus true for any x. From
equation (7.8), we see that
S(x)? = S(-x)>.
If S(x) = 0, then S(—x) = 0 too. Also C(x)?> = 1 (from (7.8)) and consequently C(2x) = 1 (from
(7.11)) and S(2x) = 0 (from (7.8)). Therefore, when S(x) = 0 equation (7.12) is the trivial
identity 0 = 0.
From the last equation, we can see that for any x/2

either S(x/2) = S(—x/2) orS(x/2) = —S(-x/2).

If S(x/2) = S(-x/2), then S(x) = 0 (from (7.12)) and also S(—x) = 0. If S(x/2) = —=S(-x/2),
then, with the help of equation (7.12),

S(x) = 2C(x/2)S(x/2) . (7.13)
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Substituting —x for x in this equation we find
S(-x) = —2C(x/2)5(~x/2),

which establishes that S(x) = —S(—x) for S(x) # 0. Taking into account all the previous
discussion we conclude that the function S(x) is odd

S(x) = - S(-x), (7.14)

for all x and that equation (7.13) is also true for all x.
Then, setting —y for y in (7.1) we can immediately find

Clr+y) = CERICH) - S@SW) . (7.15)
Setting x + y for y in (7.1)

Cl-y) = CHWCK+y +S5X)Sx+y)

" C) [CRICH) - SESW)] + SESEx +) .

Solving for S(x)S(x + v):
S)S(x +y) C(y)(1 = C(x)*) + C)S@)S(y)
C(y)S(x)* + C(x)S(X)S(y)

S@) [S)C(y) + SCH)]

and, if S(x) # 0,
S(x+y) = S(x)C(y) + S(y)C(x) . (7.16)

Obviously this equation is also true if S(y) # 0 (by renaming the variables). If S(x) = S(y) =0
then C(x), C(y) = +1 = C(x + y) = £1 = S(x + y) = 0 and the above equation is also true.
Setting —y for y in (7.16), we also find
Sx—y) = SMC(y) - S(y)C(x) . (7.17)

We can now derive any other formula that duplicates any known trigonometric formula.
For example:

C2x) = C(x)®>-Skx)* = 2C(x)> -1 = 1-25(x),
S2x) = 25(x)C(x),
S@Y) = S [4C?-1] = S()[3-45x?],

cr-con - 5(52(5).
Co) +Cy) = 2c(x;y)c(x;y),
)
500 +S(y) = 2c(x;y)s(x;y),

and so on. m]
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Although we have shown that S(x) and C(x) satisfy all usual relations of trigonometry,
we have not yet shown that they are actually the familiar sine and cosine functions. In fact,
equation (7.1) can have solutions that are discontinuous! at every point.

Theorem 7.4. If lim C(x) exists, then lim S(x) = 0.
x—0+ x—0

Proof. Let lim C(x) = £. Then from C(2x) = 2C(x)?> — 1 it must be that £ = 2¢> — 1 or

x—0+

t=1,-1/2.
Since |S(x)| < 1, the lirg S(x) cannot diverge. Then, if £ = —1/2, from the relation
x—0*

S(3x) = S(x)[4C(x)*>—1], as x — 07, the right hand side converges to 0 and thus 111’61 S(x) = 0.
x—0*
However, from C(x)? + S(x)? = 1, if £ = —1/2, we see that li%l S(x)? = 3/4 which contradicts
x—0+

the previous result. Therefore, £ must be 1. Since C(x) is even the limit from the other side
exist and it is equal:

IimC(x) = 1.
x—0

Similarly, since S(x) is odd
lirré Sx) = 0.
X

Given that C(0) = 1and 5(0) = 0, the above relations imply that C(x) and S(x) are continuous
atx =0. m|

Notice that one could have assumed that lirzf}+ S(x) exists to reach the same conclusions.
X—

Theorem 7.5. If S(x) (or C(x)) is continuous at a point (in particular x = 0), then both functions
are continuous at all points.

Proof. If S(x) is continuous at 0, as y — x the limit lim S()%) exists and itis equal to S(0) = 0.
Then, in the same limit, the right hand side of the equation

X+y\ (X—Y
Cx) - Cy) = —25( . )s( . ) (7.18)
converges to 0 and thus
lim C(y) = C(x).
y=x
Using the rest of the identities that change a sum to a product, we can prove the
remaining statements. O

Theorem 7.6. S(x) is continuous if and only if there exists a A > 0 such that S(x) does not change
sign in the interval (0, ).

1See Chapter 11 to fully understand this statement. In fact, you may want to read the remaining section
only after you have read Chapter 11 and, perhaps, Chapter 12.
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Proof. Necessary: Let S(x) be continuous. Imagine that we cannot find an interval that
S(x) maintains its sign. Then, for each possible interval there must be a zero of S(x). We
consider the set K = {x | f(x) = 0} of zeros. For any x € R we can find a sequence {x,}
in K such that x, — x. By continuity S(x) = S(nli_r)rolo Xp) = nh_r)go S(x,) = nh_r)go 0 = 0. That is,
S(x) is identically zero. However, this cannot be true since we are searching for non-trivial
solutions. Therefore, there must be an interval in which S(x) maintains its sign.

Sufficient: Let S(x) maintain its sign in the interval (0, A). Consider two arbitrary points
x, y in this interval such that y < x. Then %, x+Ty € (0, A) and the right hand side of equation
(7.18) is negative. The left hand side must also be negative or C(x) < C(y), implying that
C(x) is a decreasing function in (0, A). The limit xlir{)l+ C(x) thus exists and, according to the

theorems proved above, S(x) is continuous. O
Theorem 7.7. If C(x) is continuous, then S(x) is differentiable and
S'(x) = S'(0)C(x) . (7.19)

Proof. Since C(x) is continuous, S(x) is continuous too, and there is an interval (0, ) such
that S(x) maintains its sign. Let x € (0, A) and set ¢ = x/n (that is, partition the interval (0, x)
into 7 smaller intervals). Then

s (%) Z Cke)
k=1

n

5 cfant -5

k=1

1 v € €
> kZ_f |5(x+5)-5(@x-13)|
1 € €
= 3 [5(+3)-5)
where in the second equality we used the identity

S@+b)-S@a—b) = 2C@a)S®).

Now we rewrite the above sum in the form

Y.ctoe = [s(c+5)-5(5)] st

In the limitn — o0, e — 0

X . x
f(; Cu)du = S(x) }clil’(l)%

Since C(0) = 1, in a neighborhood (0, x) of 0 with x sufficiently small, C(z) > 0 and S(x) # 0.
The integral is then non-zero and hence the limit in the right hand side exists and it is
non-zero. In particular,

lim & = lim —S(x) —50)

= §(0).
-0 X -0 x—0 ©
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Therefore N 500
x
Cuydu = .
e = 5
The derivative of the integral in the left hand side exists and therefore the derivative of the
right hand side exists too, resulting to equation (7.19). m|

Similarly, we can prove:

Theorem 7.8. If S(x) is continuous, then C(x) is differentiable and
C'(x) = —5(0)S(x) . (7.20)
For x = 0, equations (7.19) and (7.20) give:
S'(0) = S'(0)C(0) =S'(0), C'(0) = —S'(0)S(0)=0.

That is, the derivative 5’(0) remains undefined and C’(0) = 0. Let’s seta = S’(0).

We are now ready to identify the functions S(x) and C(x) with known functions. We
can do it in at least two ways. The first is a little simpler but it assumes some knowledge
of the theory of differential equations. Both methods rely on results from calculus. The
right hand sides of equations (7.19) and (7.20) are differentiable. Therefore C(x) and S(x)
are twice-differentiable:

S"(x) = aC'(x) = —a*S(x),
C’'(x) = -aS'(x) = —a*Cx).

Therefore the two functions S(x), C(x) satisfy the differential equation

y'(x)+ay(x) = 0,
which is solved by
C(x) = cos(ax), S(x) = sin(ax) .

The second way to identify the functions S(x), C(x) is through their Taylor series.
Inductively, we can easily see that C(x) and S(x) have derivatives of any order. In particular
S = (-1)"a"S(),

S(2n+1)(x) — (_1)?1 a2n+1 C(X) )
Then
S(Zn)(o) =0 , S(2n+1) — (_1)na2n+1 ,
and we can write the formal Taylor series for S(x):

S(x) = ;)‘ %S(k)(O) = ZO (2(11—_1‘_)1)! (ax)2n+l .
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This series converges and it has the limit sin(ax), so S(x) = sin(ax). Similarly, we can show
that

€t = Y geron = Y e,

which also converges, and has the limit C(x) = cos(ax).
Taking into account everything that has been discussed in this section, we can now
state the following theorem:

Theorem 7.9. The functional equation (7.1) with the conditions
(a) C(0) =1;
( l?)li_rgt(‘)l+ C(x) exists;

X s 1

(c) lim =
x—0*
has a unique solution
S(x) = sinx, C(x) = cosx.

Returning to the analytic sine and cosine, we can now see that they result in a unique
solution of (7.1): S(x) = sinx, C(x) = cosx. However the conditions imposed are slightly
stronger that the minimal conditions required.

7.2 D’Alembert-Poisson I Equation
Problem 7.1. Find all continuous functions f : R — R satisfying

fx+y)+flx—y) = 2f(x) f(y), Yx,yeR. (7.21)

Comment. Equation (7.21) is sometimes referred to as the D’ Alembert functional equation
[7], sometimes as the Poisson functional equation [33], and occasionally as the cosine
functional equation [50]. I will call it the D’ Alembert-Poisson I functional equation.

Solution. The equation (7.21) may be solved using the NQIR-method as described in chap-
ter 6. However, it admits trigonometric solutions, such as cos(bx) and if we follow the
INQR-method verbatim we shall face difficulties that arise from the addition properties of
cos(mx/n), for integer m,n. For this reason, Cauchy himself presented a modification of
his NQR-method that simplified the problem considerably. This is the method we follow
here.

Setting y = 0 in (7.21), we find

2f(x) = 2f()f(0) -

Therefore either f(x) = 0 or f(0) = 1. We shall investigate the second case. Since f(x) is
continuous and f(0) = 1, there exists ¢ > 0 such that f(x) > 0, Vx € [—¢, +¢].
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Setting now x = 0 in (7.21), we find

f)+ f(=y) = 2f0O)f(y) & f(-y) = f(¥).

Therefore the function f is even and we only need to find its values for x > 0. Initially, we
shall find the value of f for the points ¢, 5, §,--- € [0, +¢]. Towards this goal, let y = x in
(7.21):
1+ f(2x)
fap = 212

At x = ¢, we know that f(¢) > 0. There are two possibilities. Either f(¢) <1 or f(e) > 1.
We shall examine the first case as the second case is done similarly. We define a number
0o € [0, 7t/2] such that f(¢) = cos 0.

Setting x = ¢/2 in (7.22) we find

(7.22)

2_1+f(.£)_1+c:0560_ 2@ B @
fle/2)" = > = > = cos” & f(e/2) = cos 5

since both are positive. Then, setting x = ¢/4 in (7.22) we find

fle/ay =

1+ f(e/2) _ 1+cos(60/2)
> = =

> 032% & f(e/4) = cos@.

4

Continuing like this we have

6
f(zin) = cosz—g, VYneN*.

Now we shall evaluate the function f at the points me/2", m,n € IN*. This will take us
out of the interval [0, ¢]. To implement this, let’s set x = ny in (7.21) to find

f((n+1)y) = 2f(ny) f(y) - f((n = Dy) . (7.23)

In this equation we setn = 2, y = ¢/2™:

17 = ¥z =) (7)

= 2008 L cos 20 _ o5 0
= 2cos 7, cos o= cos -,
_ 3600
= COS 2_” P
since
cos(3x) = cos(2x +x) = cos(2x)cosx —sin(2x)sinx = cos(2x) cos x — 2 sin® x cos x

1 — cos(2x)
2

cos(2x) cosx — 2 cosx = 2cos(2x)cosx —cosx .
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Inductively
me m6g
f(z_n) = cos .~ (7.24)
Let x € R;. We take a sequence 7%, m,n € N*, such that lim 7% = x. Then lim 7t = % and
m—0o0 m—0oo
n—oo n—oo

since f is continuous,
6o
flx) = cos(—x) , x€R,.
e
We define a = 0y/¢ and, because f is even,

f(x) = cos(ax), xeR.

The case f(¢) > 1 is studied similarly. We define a number &y such that f(¢) = cosh &.
Repeating the steps presented above,

f(x) = cosh(ax), xeRR. O

7.3 D’Alembert-Poisson II Equation

Problem: Find all continuous functions f : R — R which satisfying

fa+y) fx—y = f@*-fy)*, Yr,yeR. (7.25)

Comment. Occasionally as the this equation is called the sine functional equation [50]. To
match my terminology of equation (7.21), I will refer to equation (7.25) as the D’ Alembert-
Poisson II functional equation.

Comment. Equation (7.25) may be written equivalently

fx) f(y) = f(x;y)Z—f(x;y)z, Vx,yeR. (7.26)

Solution. An obvious solution is f(x) = 0. We shall search for solutions that do not vanish
identically. Therefore, there exists xy € IR such that f(xg) # 0. We can thus define

SO +x0) = f(x = x0)
2f(xo) '
Defined like this, it seems that ¢ depends on the point x( selected. However, this is not

true. The function g is independent of xg. To see this, let &y be another point for which
f(%o) # 0. We define

gx) =

(7.27)

fx+ %o) — f(x — %o)

200 = s
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We will show that g(x) = g(x). Indeed, multiplying and dividing the right hand side of the
equation that defines ¢(x) and then using equation (7.26) twice, we find:

3 fx + %) f(x0) = fx — %o)f(x0)
8= 27 () fxo)
x+x0+x0 )2 f( x+5c%—x0 )2 _ f( x—fg+x0 )2 + f( x—ffg—xo )2
2f(%o) f (x0)
[f(x+xg+f0 )2 _ f(x—xgﬂ?o )2] _ [f(x Xo+%o )2 f(x x0—Xo ]
2£(%o0) f(x0)
(7.26)  f(x+ x0)f(%o) — f(x — x0)f(%o)
B 2f(%o0) f(x0)
fx +x0) — f(x — x0)
2f(xo)

The function g(x) satisfies (7.21). To see this,

726)

= g().

[ fx+x0) = flx=x0)\ (f(y+x0)— f(y —x0)
28(x)8(y) = 2( 2 (0) )( 2 t0)
= S U 30 +30) = 30y =0
—f(x = x0)f(y + x0) + f(x — x0) f(y — x0)] -
Let
u:x-;y, vzx;y:x:u+v, y=u-ou.
Then

2g9(0)g(y) = 2f( [f(u+v+xof(u—v+xo) fu+v+x0)f(u—v—xp)

—fu+v—x0)f(u—v+x0)+ f(u+v—2x0)f( —v—x0)]

[f((u + x0) + 0) f((u + x0) = 0) = f(u + (v + x0)) f (1 = (v + X0))

1
2£(x0)?
—f(u+ (v = x0)) f(u — (v —x0)) + f((u — x0) + 0) f((u = x0) — V)]

We can use (7.25) to rewrite the right hand side of the last equation:

2ws) = (””0)2—f<v>2—f<u>2+f<v+x02);<;£§u)z+f ©=x0F + flu - 30" - fOF
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Now, we re-arrange the terms on the right hand side and use (7.25) once more:

flu+x0)? = f(w)* = f@)% + f(0 +x0)* = f(0)2 + f(v—x0)* + f(u — x0)* — f(u)?
2f(x0)?
fQu + xo) f(x0) — f(20 + x0) f(x0) — f(20 — x0) f(x0) + f(2u — xo) f(x0)
2f(xo)?
fQu + x0) — f(20 + x0) — f(2v — x0) + f(2u — x)
2f(xo)
fQu + xp) — f(2u — xq) . f(2v + x9) — f(2v — xp)
2f(xo) 2f(xo)
g(2u) + g(2v),

28()8(y)

or
2¢(0)g(y) = gx+y) +gx-y).
Since g is continuous,
g(x) =0, g(x) = cos(bx), g(x) = cosh(bx) .

Knowing g(x), we can invert equation (7.27):

flety) = fle—y) = 2f(y)g(x),
for all x € R and for all y € R such that f(y) # 0.
For g(x) = 0,
fe+y —flx-y) =0 = flx+2y) = f(x) = fQ2y) = f0).
From (7.25) we can see that f(0) = 0 and therefore f(x) = 0. This solution is not consistent
with our assumptions.
For g(x) = cos(bx),
fix+y) - f(x—y) = 2f(y) cos(bx) .
For x =0, we find
fW) -y =2fw) = f») = - fW).
Therefore,
fly+x)+ f(y—x) = 2 f(y) cos(bx) .
This equation has been solved in Problem 4.6 and the solution is
f(x) = A sin(bx) + B cos(bx) .
Since f must be odd,
f(x) = A sin(bx)

is the final result.
For g(x) = cosh(bx), we find similarly

f(x) = A sinh(bx) . O
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7.4 Solved Problems

Problem 7.2. Consider the function C : R — R satisfying the conditions:
(A) It is continuous at all points x € R.
(B) It satisfies the functional equation

Cx+y)+Cx—y) = 2C(x)C(y) (7.28)
(C) There is a A which is the least non-negative root of C(x) = 0.
(D) C(0) > 0.
Prove that
(a) C(0) > 0 for all x € (0, A).
(b) C(0) = 1.

(c) C(=x) = C(x), for all x € R.

(d) C(x +21) = —C(x).

(e) C(2x) = 2C(x)> — 1 forall x € R.

() Cx/2) = + |25 forall x € R.

(g)IC(x)| <1forall x e R.

(h) The function C(x) is periodic with least positive period 4A.

Solution. (a) Condition (D) implies that A > 0. Since A is the least positive root of C(x), for
any x € (0, 1), C(x) # 0. The continuity of C(x) and the fact that C(0) > 0, imply that C(x) > 0
for any x € (0, A).

(b) Setting y = 0 in the defining equation (7.28), we find

2C(x) = 2C(x)C(0) = C(x) (C(0)-1) = 0.

This equation is true for all x and, in particular, for x € (0, A). In the latter case, C(x) # 0
and thus C(0) = 1.
(c) Setting x = 0 in equation (7.28), we find

C(y) +C(-y) = 2C00)C(y) -

Combining with the previous result, C(0) = 1, it immediately follows that C(x) is even.
(d) In equation (7.28), we substitute x + A in place of x and A for y:

Cx+20)+C(x) = 2C(x+A)CA) = C(x+21)+C(x) = 0,

which is the result sought.
(e) For y = x, the defining equation (7.28) immediately gives C(2x) + C(0) = 2C(x)? or
C(2x) = 2C(x)* - 1.

(f) Solving for C(x) the previous relation
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The relation asked is found upon replacing x with x/2.
(g) Let’s assume that the statement |C(x)| < 1, Vx is not true. Then there is at least a
number a € R such that |C(a)| > 1.
Letx = A +aand y = A —a. Then equation (7.28) gives
CRA)+C(2a) = 2C(A+a)C(A —a) . (7.29)
The left hand can be rewritten as
[2C(A)? - 1] + [2C@)* - 1] = 2[C(a)* -1].
This is a positive number. The right hand side can be rewritten as
2C(A +a)CA — (A +a)) = —2C(A +a)C(—(A +a)) = —C(A +a)*.

This is a negative number and therefore equation (7.29) is impossible. Therefore we must
have |C(x) <1, Vx.
(h) That the function is periodic is easy to see by a double application of the result (d):

C@Ar +x) = CRA+(2A+x)) = —CRA+x) = C(x).
It only remains to prove that 44 is the least period. Let’s assume that this is not true and
therefore there is a period T such that 0 < T < 4A. Then
C(T) =C0O+T) =C(0) =1.
We now apply equation (7.28) for x = y = T/2:
T\? T
C(T) +C(0) = 20(5) = C(E) = x1.
If C(T/2) = -1, we set x = y = T/4 in equation (7.29) to find
T T\? T
C(E) +C0) = 20(1) - C(Z) - 0.
Since 0 < T/4 < A, this is impossible. If C(T/2) =1, wesetx = A +T/4, y=A—-T/4in
equation (7.29) to find
T T T T A=T
ceM) +c(§) - 20(/\ + Z) C(A - Z) = C(A + Z) C(T) _ 0,
since C(2A) = —1. We also notice that
T T T
clreg) =cla-(r-7)) = ~clr-3)-
The previous equation is thus equivalent to

T\? T
C(/\—Z) —0:>C(/\—Z)—O

However, since 0 < A — T/4 < A, this is impossible too. We thus conclude that 4A is the
least period. m|
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Chapter 8

Pexider, Vincze & Wilson Equations

Cauchy’s functional equations

fe+y) = fO+fy),

fa+y) = fOf©)
fxy) = f@)+ f(y)
foey) = f@) fy)

can be generalized as relations among three functions:

fa+y) = gx)+hy),

fa+y) = gWhy),
fley) = gt +n(y),
fley) = g)h(y),

Even more, one can generalize them to include an arbitrary number of functions:

fxr+xo+--+x,) = filx1) + folx2) +--- + fulxn),

) )
flr+xa+-+x,) = filx1) fa(x2) -+ fulxn),

) )

) )

flxixp -+ xy filxr) + folx2) + -+ + fulxu) ,
flxrxg - xy ) falx2) -+ fulxn) -

8.1 First Pexider Equation

In order to understand fully Pexider’s equations, let’s first understand the original equation
containing three functions and then we will solve the most general version of it.

Problem 8.1. Let f, g, h : R — R be three continuous functions that satisfy the functional relation

flx+y) = gx)+hy), Vxy. (8.1)
Find all such functions f, g, h.

123
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Solution. Setting x = y = 0 in the defining equation, we see that

f(0) = g(0) + h(0) . (8.2)
Also,if y=0orx =0,

f() = gx)+h0), (8.3)

fy) = 80)+h(y). (8.4)

Adding the last two equations and using the defining equation and (8.2), we find
fQ)+f(y) = fx+y)+f0),

or
Lf() = fFOT+[f(y) = O] = [flx+y) = FO)].
That is, the function f(x) — f(0) satisfies the linear Cauchy equation (5.1) and therefore f is
given by
f(x) = cx+a+b, ceR.

In the above equation we set g(0) = a, 1(0) = b and thus f(0) = a + b. From (8.3) and (8.4),
we find then
gx) = cx+a, hx) =cx+b. O

Having understood the simple case of three different functions we can now solve the
problem in full generality.

Problem 8.2. Let f,f; : R —» R, i =1,2,...,n, be n + 1 continuous functions that satisfy the
functional relation

flxa+x+-+x,) = filx)) + folx2) + - + fulxn) , (8.5)
Vx1,X2,...,x,. Find all such functions f, f;.

Comment. Equation (8.5) (and thus the simpler case (8.1) too) is known as the first Pexider
functional equation or the linear Pexider functional equation.

Solution. Setting x; = xo = -+ = x,, = 0 in the defining equation, we see that
fO) = fi0) + f200) +--- + fu(0) . (8.6)
Also, we set successively x; =xp =+ =xj_1 =Xj31 =~ =x, =0, fori=1,2,...,n

fx1) = filx1) + f£0) + f3(0) +--- + f,-1(0) + £(0) ,
f(x2) = fi(0) + fa(x2) + f3(0) + - -+ + f,-1(0) + fu(0) ,

fG) = fi0) + £200) + f3(0) + -+ + fu1(0) + fulxn) -
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Adding the last n equations and using the defining equation and (8.6), we find

flxr) + flx) +---+ f(xy) = f(x1 +x2+---+x,) + (n—1) £(0),

or
[f(x) = fOI + -+ [f(xn) = fO)] = [flx1 + 22+ +x1) = f(O)] .

That is, the function f(x) — f(0) satisfies equation (5.3) which is equivalent to the lin-
ear Cauchy equation (5.1) and therefore f is given by

n
flx) = cx+Zai, ceR,
i=1

where we set £;(0) = a;, Vi. Then

filx) = cx+a;, Vi=12,...,n. m|

8.2 Second Pexider Equation

Problem 8.3. Let f,fi : R —» R, i =1,2,...,n, be n + 1 continuous functions that satisfy the
functional equation

flxi+x2+-+x0) = fi(x1) f2(x2) ... fulxn), (8.7)

Vx1,X2,...,X,. Find all such functions f, f;, none of which vanishes identically.

Comment. Equation (8.7) is known as the second Pexider functional equation or the expo-
nential Pexider functional equation.

Solution. Setting x; = x» = --- = x, = 0 in the defining equation, we see that
f(0) = £1(0) £2(0)... fu(0) . (8.8)
Also, we set successively x; = xp = - = X1 =Xj1 = - =x, =0, fori =1,2,...,m:
fx) = filx) £200) 0)... fu-1(0) £u(0),
fx2) = fi(0) fa(x2) £30)... fu-1(0) £u(0),
fn) = £10) 200) 30) - fu-1(0) fu(xn) ,

Multiplying the last n equations and using the defining equation and (8.8), we find

f1) f). . flan) = flrr+ 22+ +x,) fO)"
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If £(0) = 0, then £1(0) 2(0)... f,(0) = 0, so at least one of f1(0), f2(0), ..., f,(0) will vanish,
which in turn implies that f(x) = 0, Vx € R. Since we are looking for solutions which
include no identically vanishing functions, f(0) # 0 and

fe) o f) _ fatxet o+ X)
f0) " £(0) f(0) '

That is, the function f(x)/f(0) satisfies the equation (5.10), equivalent to the exponen-
tial Cauchy equation (5.8), and therefore f is given by

flx) = (Hai] c*, ceR},

i=1

where we set f;(0) = a;, Vi. Then

fi(x) = ajic, Vi=12,...,n. O

8.3 Third Pexider Equation

Problem 8.4. Let f, fi : R, - R, i=1,2,...,n, be n+ 1 continuous functions that satisfy the
functional relation

flaxa...xy) = filx1) + fa(x2) + -+ + fulxn) , (8.9)

Vx1,X2,...,x,. Find all such non-constant functions f, f;.

Comment. Equation (8.9) is known as the third Pexider functional equation or the loga-
rithmic Pexider functional equation .

Solution. Setting x; = xo = -+ = x,, = 1 in the defining equation, we see that
fQ) = AW+ D)+ + fu(1) . (8.10)
Also, we set successively x; =xp =--- =%y =xj41 =---=x, =1, fori=1,2,...,n
fla) = fila)+ Q)+ (1) + -+ fur (D) + fu(1),

f(x2) A@) + folx2) + f5(1) + - + fru1 (D) + fu(1),

f(xn) = fl(l) +f2(1) +f3(1) R fn—l(l) +fn(xn) ’
Adding the last n equations and using the defining equation and (8.10), we find
foa) + fa) -+ fln) = faxa...x) +(n=1) f(1),

or

[f(r) = fDI+ -+ [f () = D] = [flx1x2...x0) = fD] .
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Thatis, the function f(x)—f(1) satisties equation (5.16), equivalent to the logarithmic Cauchy equa-
tion (5.14), and it is therefore either identically zero or log,, x, for some positive y. Therefore
the non-constant f is given by

n
flx) = logyx+2ai,
i=1

where we set f;(1) = a;, Vi. Then

filx) = logyx+al-, Yi=1,2,...,n. m|

8.4 Fourth Pexider Equation

Problem 8.5. Let f,fi : R, - R, i=1,2,...,n, be n+ 1 continuous functions that satisfy the
functional relation

flaxa...xy) = filx1) fa(x2)... fulxn), (8.11)

Vx1,X2,...,X,. Find all such non-constant functions f, fi.

Comment. Equation (8.11) is known as the fourth Pexider functional equation or the
power Pexider functional equation.

Solution. Setting x; = xp = -+ = x, = 1 in the defining equation, we see that
f) = AQ) LA ... fu(1). (8.12)
Also, we set successively x; =xp =--- =%y =xj41 =---=x, =1, fori=1,2,...,n

fx1) = filx1) (1) f3(1) ... fur(1) fu(1),
fx2) = i) fa(x2) f3(1) ... fur(1) fu(1),

fxn) AD) L) f50) - fu1(1) fu(xn) -

Multiplying the last n equations and using the defining equation and (8.12), we find

Fx1) f(2) ... fxn) = flrixa...x) fFA" L.

If f(1) = 0, then fi(1) f2(1)... fu(1) = 0. At least one of fi(1), f2(1),..., fu(1) will vanish,
which in turn implies that f(x) = 0, Vx € R}. Since we are looking for solutions which
include no identically vanishing functions, f(1) # 0 and

flx)  fxn) _ flx1x2...x,)
fa 7 fQ@) f(1) '
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Thatis, the function f(x)/ f (1) satisfies equation (5.22), equivalent to the power Cauchy equa-
tion, (5.20), and it is therefore either identically zero or x°, for a constant c. Therefore the

non-constant f is given by
n
f) = [H ai] x,

i=1
where we set f;(1) = a;, Vi. Then

filx) = a;x°, Vi=12,...,n. O

8.5 Vincze Functional Equations

A further way to generalize the equations

flx+y)
flx+y)

8(x) +h(y),
gx) h(y) ,

is the functional equation

fx+y) = §1(x) g20y) + h(y) -

Similarly we can generalize the equations

fxy) = g@)+hy),
flxy) () h(y),

to the functional equation

fley) = g1(0) &2y) + h(y) .
In this section we solve such equations.

Problem 8.6. Let f, g1, 32,1 : R — R, be continuous functions that satisfy the functional relation

fx+y) = g1(x) ga2(y) + h(y) , (8.13)
Vx,y. Find all such functions.
Comment. Equation (8.13) is known as the first Vincze (Vincze I) functional equation.
Solution. Setting y = 0 in the defining equation (8.13), we see that
f() = gi1(x) 82(0) + 1(0) . (8.14)

At this point we examine two separate cases: g2(0) = 0 or g2(0) # 0.
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Case I: If g2(0) = 0, then f(x) = h(0), for all x. For x = 0, equation (8.13) then gives h(y) =
h(0) — £1(0)g2(y). Substituting this expression back in (8.13), we find g2(y) [g1(x)—1(0)] = 0
Therefore, either g»(x) = 0 for all x or g1(x) = g1(0) for all x. Therefore, the solutions of
(8.13) in this case are:

f) = a () = a
g1(x) = arbitrary gi(x) = b
$x) =0 ot g2(x) = arbitrary, g2(0) =

h(x)=a h(x) = a - bgy(x)

Case II: If g2(0) # O, then equation (8.14) can be solved for g (x):

_ f-
g1(x) = o0 (8.15)
Substituting this result in (8.13), we find
82(y) 82()
flery) = f@) g i) =h0) 15
We can rewrite this equation in a nicer form using the functions
N +1C)] _ i 820
80 = oy HW =y =hO) o
Then
fx+y) = f(x)§(y) + H(y) . (8.16)

We have succeeded to reduce the initial equation (8.13) with four unknown functions to
an equation (8.16) with three unknown functions. We can continue this reduction until
we find an equation with only one unknown function. Setting x = 0 in (8.16) we find
H(y) = f(y) — f(0)g(y). When this is inserted back into (8.16)

fx+y) = [f(x) = fOI&W) + f(v),

i.e. we discover an equation with two unknown functions. It is more convenient to work
with the function

F(x) = f(x) - £(0).
Therefore
Flx+y) = F(x)§(y) + F(y) - (8.17)
We can study now two separate subcases: either 3(y) =1 or 3(y) # 1.
Subcase Ila: 3(y) = 1 or equivalently g»(x) = g2(0). In this case, F(x) satisfies (5.1):

F(x+y) = F(x) +F(y),
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fO)-hO)

with solution F(x) = cxor f(x) = cx+ f(0). Equation (8.15) then gives g1(x) = OB gzc(O) X

and (8.13) that h(x) = cx + h(0). Let’s list the complete solution:

f(x) = cx+a

g1(x) = bx+abd
Qx) =0b
h(x) =cx+d

Subcase IIb: g(y) # 1. Then there exists yp € R* such that (y) # 1. In equation (8.17),
set y = yo:
F(x +yo) = F(x)&(yo) + F(yo) -

In the same equation we now set x = yp and y = x:
F(yo +x) = F(yo) 3(x) + F(x) .
Subtracting the last two equations we find
F(x) = c[8(x) —1], (8.18)

where ¢ = F(y0)/[3(yo) — 1]. We now have two new subcases c =0 and ¢ # 0.

Subsubcase IIb1: ¢ = 0 and therefore f(x) = f(0) and g1(x) = [f(0) — 1(0)]/g2(0). The
function g»(x) is arbitrary, except for g»(0) # 0 and that there is at least one point iy where
it has value other from g>(0) and h(x) = f(0) — g2(x) [f(0) — h(0)]/g2(0).

f(x) =a

gi(x) = b

g(x) = arbitrary, £(0) #0, g2(yo) # £2(0)
h(x) =a —b g (x)

Subsubcase 1Ib2: ¢ # 0. Substituting (8.18) in (8.17) we find

§x+y) = 38,

i.e. the function g(x) satisfies the exponential Cauchy functional equation (5.8). So either
&(x) = 0 (which is rejected since it does not satisfy the condition §(0) = 1) or g(x) = a* for
some positive constant a. Therefore g2(x) = ¢2(0)a* and f(x) = ca® — c + f(0). From (8.15),
g1(x) = [c/£2(0)]a* + (f(0) — h(0) — c)/£2(0). Finally, h(x) = (f(0) — c) — (f(0) — c — h(0)) a*.

Let’s record the final result:

f(x) = ca*+k
1) = §a¥+ -
Q(x) = da*

h(x) = k — ba*
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Problem 8.7. : Let f, g1, g2, hh : R — R be continuous functions that satisfy the functional relation

flxy) = §1(0) &2y) + h(y), (8.19)
Vx,y. Find all such functions.
Comment. Equation (8.19) is known as the second Vincze (Vincze II) functional equation.

Solution. Setting y = 1 in the defining equation (8.19), we see that

f() = g1(x) §2(1) + h(1) . (8.20)

At this point we examine two separate cases: g2(1) = 0 or g2(1) # 0.

Case I: If go(1) = 0, then f(x) = h(1), for all x. For x = 1, equation (8.19) then gives h(y) =
h(1) - £1(1)g2(y). Substituting this expression back in (8.19), we find g2(y) [g1(x) —g1(1)] = 0.
Therefore, either g»(x) = 0 for all x or g1(x) = g1(1) for all x. Therefore, the solutions of
(8.19) in this case are:

f) =a f) =a
g1(x) = arbitrary g1(x) = b
$x) =0 o g2(x) = arbitrary , g2(1) =0

hix)=a h(x) = a — bgs(x)

Case II: If go(1) # O, then equation (8.20) can be solved for gi(x):

_ f-h(1)
g1(x) = O (8.21)
Substituting this result in (8.19), we find
_ o S20) iy 820
fley) = @ I+ ) = h)

We can rewrite in a nicer form using the functions

o &%) 3 B ()
§x) = o)’ H(x) = h(y) - h(1) o)
Then
flxy) = f(0) &)+ H(y) . (8.22)

We have succeeded to reduce the initial equation (8.19) with four unknown functions to
an equation (8.22) with three unknown functions. We can continue this reduction until
we find an equation with only one unknown function. Setting x = 1 in (8.22) we find
H(y) = f(y) — f(1)§(y). When this is inserted back in (8.22)

fley) = [f(0) = fWIZW) + f(y),
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i.e. we discover an equation with two unknown functions. It is more convenient to work
with the function

Fx) = f(x) - f(1).
Therefore
F(xy) = F(x) Z(y) + F(y) . (8.23)

We can study now two separate subcases: either §(y) =1 or 3(y) # 1.
Subcase Ila: 3(y) = 1 or equivalently g>(x) = g2(1). In this case, F(x) satisfies (5.14):
F(xy) = F(x) +F(y),

with solution F(x) = logyx or f(x) = logyx + f(1). Equation (8.21) then gives g1(x) =

f)-h()
£2(1)

+ 5% logy x and (8.19) that h(x) = logy x + h(1). Let’s list the complete solution:

f(x) = log, x+a
g1(x) = %logyx+%

) =b
h(x) = logy x+d

Subcase IIb: g(y) # 1. Then there exists yp € R* such that g(y) # 1. In equation (8.23),
set y = yo:
F(xyo) = F(x) &(yo) + F(yo) -

In the same equation we now set x = yp and y = x:
F(yox) = F(yo) §(x) + F(x) .
Subtracting the last two equations we find
F(x) = c[8(x) —1], (8.24)

where ¢ = F(y0)/[3(yo) — 1]. We now have two new subcases c =0 and ¢ # 0.

Subsubcase IIbl: ¢ = 0 and therefore f(x) = f(1) and g1(x) = [f(1) — h(1)]/g2(1). The
function g»(x) is arbitrary, except for g>(0) # 0 and that there is at least one point yy where
it has value other from g>(1), and h(x) = f(1) — g2(x) [f(1) — h(1)]/g2(1).

fx) =a

gi(x) = b

go(x) = arbitrary, (1) #0, g(yo) # $2(1)
h(x) =a—b g(x)

Subsubcase 1Ib2: ¢ # 0. Substituting (8.24) in (8.23) we find

§xy) = &) &),
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i.e. the function g(x) satisfies the power Cauchy functional equation (5.20). So either
Z(x) = 0 (which is rejected since does not satisfy the condition g(1) = 1) or J(x) = x*
for some constant a. Therefore g>(x) = g2(1)x* and f(x) = cx* —c + f(1). From (8.21),
g1(x) = [e/g2(D)]a* + (f(1) = k(1) — ¢)/g2(1). Finally, h(x) = (f(1) — c) = (f(1) — c — k(1)) a*.

Let’s record the final result:

flx) = cx" +k

g1(0) = §a*+ 5 .
L(x) = dx*

hx)=k—-bx"

8.6 Wilson Functional Equations

Wilson has generalized the (7.21) equation in a similar fashion with Pexider’s generalization
of the Cauchy equations.

Problem 8.8. : Let f, g : R — IR be continuous functions that satisfy the functional equation

fa+y)+fle-y) = 2fX)gy), YxyeR. (8.25)
Find all functions f, .
Comment. We will call equation (8.25) the first Wilson (Wilson I) functional equation. O

We will not present the solution as it is relative long. Instead we shall wait until
Chapter 12 where stronger than continuity conditions may be imposed on the function
which simplify the problem considerably. Here, we are only presenting the answer.

Answer (Wilson). The most general continuous solutions of (8.25) are:

1. f(x) = 0, g(x) = arbitrary;

3. f(x
4. f(x

Using this result, Wilson generalized the equation further:

acosh(Ax) + bsinh(Ax), g(x) = cos(Ax);

)
2. f(x) = acos(Ax) + bsin(Ax), g(x) = cos(Ax);
)
) = a+bx,g(x) = 1. O

Problem 8.9. Lete, f, g, h : R — IR be continuous functions that satisfy the functional equation

e(x+y)+ flx—y) = 2h(x)g(y), Vx,yeR. (8.26)
Find all functionse, f, g, k.

Comment. We will call equation (8.26) the second Wilson (Wilson II) functional equation.
O



134 8. PExIDER, VinczE & WiLsoN EQuaTioNs

Again, we only present the solution to this equation.

Answer (Wilson). The most general continuous solutions of (8.26) are:

1. e(x) = ¢, f(x)
2. e(x) = ¢, f(x) = —c, h(x) = arbitrary, g(x) = 0;

—c, h(x) =0, g(x) = arbitrary;

3. e(x) = acos(Ax) +bsin(Ax) +s, f(x) = ccos(Ax) +dsin(Ax) —s,
g(x) = Acos(Ax) + Bsin(Ax), h(x) = Ccos(Ax) + D sin(Ax)
witha+c¢=2AC,c—a=2BD,b+d =2AD,b—-d = 2BC;

4. e(x) = acosh(Ax) + bsinh(Ax) +s, f(x) = ccosh(Ax) + dsinh(Ax) —s,
g(x) = Acosh(Ax) + Bsinh(Ax), h(x) = Ccosh(Ax) + D sinh(Ax)
witha+c¢=2AC,a—c=2BD,b+d =2AD,b—-d =2BC;

5. e(x) = ax>+bx+c, f(x) = —ax>+V'x+c,g(x) = Ax+B,h(x) = Cx+D
witha = AC/2,b+ Vb =2BC,b-V =2AD,c+c =2BD. m|

8.7 Solved Problems

As in the case of the Cauchy functional equations, many functional equations can be solved
by reducing them to one of the Pexider functional equations. In this section, we present
several examples.

Problem 8.10. Find the continuous solutions f, g, h : R — R of the functional equation

, Yx,yeR.

f(x er y) _ 8 ;rh(y)

Solution. We define the continuous function
F) = 2f (;) .
Then the functional equation takes the form
Fix+vy) = g(x) +h(y),
which has the solution
F(x) = cx+a+b, gx)=cx+a, h(x) = cx+b0,

where g, b, ¢ are constants. Therefore

(x):cx+m, (x)=cx+a, h(x) = cx+b. O
5 8
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Problem 8.11. Find the continuous solutions f, g, h : R — R of the functional equation

g(x) +h(y)
1 _ 8@
CZ

flx+y) = Vx,y€R, (8.27)

where ¢ is a constant.

Solution. We define the new functions F(x), G(x), H(x) by
f(x) = ctan(F(x)), g(x) = ctan(G(x)), h(x) = c tan(H(x)),
in terms of which the given functional equation takes the form
tan(F(x + y)) = tan(G(x) + H(y)),

or
Fx+vy) = Gx)+H(y)+mn, meZ.

Rearranging the terms of the equation, we find
[F(x+y)—mn] = [G(x) —mn] +[H(y) —mm],
which is of course equation (8.5) with solutions
Flx) = kx+a+b+mn, Gkx) = kx+a+mn, Hkx) = kx+b+mm.
Therefore
f(x) = ctan(kx+a+0b), g() = ctan(kx+a), h(x) = ctan(kx+D). O

Comment. It should now be evident to the reader how to solve the functional equations

fO)+ ()
fx+y) L I (8.28)
f) fy) -1
X+ —_
N Y0)
(which admit the solutions f(x) = ctanhkx, f(x) = cotkx respectively) and their general-
izations to three functions. O
Comment. This problem, for a single function only (and ¢ = 1),
() + f(y)
f@+y)=ﬁi——lli (8.29)

1 fo fly) 7

c2
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had been proposed by Hungary for the IMO 1977. (See IMO 1977 longlistin [16].) However,
the selection committee did not consider it as a viable candidate for the competition.
(See corresponding shortlist in [16].) Most probably, the committee’s decision was based
on the fact that the problem was not very original! Instead, it was widely known —
at least to physicists. The functional equation (8.28) is nothing else but the relativistic

addition of velocities:
(% Bk %)

010y
1+
c

where c is the speed of light. Physicists routinely use (and had used well before 1977) the
transformation

Opel =

v = ctanh©,

since the law becomes additive in the variable 0 (which is known as the rapidity). Using
analytic continuation 6 +— i0, equation (8.28) is mapped to equation (8.29). Perhaps,
equations of the form (8.27) and (8.28) should be called the Einstein-Lorentz equations to
honor the founders of Special Relativity. |

Problem 8.12. Find the continuous solutions f, g, h : R — R of the functional equation
f(x"+y") = gx)h(y), Yx,yeR,

where n is a constant.

Solution. For y = 0, the defining equation gives f(x) = g(x)h(0). If h(0) = 0, then f(x) = 0
and g(x) is arbitrary.

For x = 0, the defining equation gives f(y) = g(0)h(y). If g(0) = 0, then f(x) = 0 and h(x)
is arbitrary.

We shall look for solutions in which none of the functions f, g, h vanishes identically. In
this case, we define the new functions F, G, H by

Fw) = f(3u),
Gu) = g(u),
H(w) = h(u).
Then the defining equation becomes
Fu+v) = G(u)H(v),

where u = x", v = y". The solution of this equation with all function F, G, H non-vanishing
is
F(u) = abc*, G(u) = ac*, H(u) = bc",

with a, b any constants and c a positive constant. Then

n n

f(x) = abc™, gx) = ac®, h(x) = bc* . O



Chapter 9

Vector and Matrix Variables

So far we have studied functional equations that include functions f(x) of one independent
variable x, i.e. the domain of f is a subset of R. However, one can study equations
that include functions f(x1,x, ..., x,) of many independent variables x1, xy, ..., X, i.e. the
domain of f is a subset of R”. One can view the collection of the independent variables as
a vector ¥ = (x1,x,...,x,). Examples of equations of this category are

fE+) = fO+fD),
fE+) = fOfD),
f&2) = fEP+fH2D.

Even more, it is possible that we study functions that take values in R”. Obviously, in
these cases the function itself is a vector. Examples of equations of this category are

- >

fey) = f+fy,
fxy) = 08w,
f@+p = g+,
f@+ = §&)-h),
f&D = fED+A72).
Often it is useful to consider functions from a subset of all matrices to another subset of all

matrices. For example, let M(n) be the set of all non-singular square matrices of order n
with real elements and f : M(n) — R such that

fXY) = f(X) f(Y),

for all X, Y € M(n). Another example is the functional equation

F(XY) = FX)E(Y),
for the function F : M(n) — M(m).
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9.1 Cauchy & Pexider Type Equations

Problem 9.1. Let f : R" — IR be a continuous function that satisfies the functional relation
fa+y,x2+yo, ..., Xn+Yn) = f(x1,x2,..., %)+ f(Y1,Y2,- ., Yn) -

Find all functions f that satisfy the above condition.

Solution. In the defining equation wesetx; = --- =% =--- =x;, = 0and y; = Uk
= 1, = 0 (Where the hat above a variable means omission of the Correspondmg Varlabl
Then

)-

f(O,...,O,xk+yk,0...,0) = f(O, Oxk, . +f(0 O,yk,O...,O).
Let fi(x) = f(0,...,0,x,0...,0). Then the previous equation reads

fGx+y) = fiu(x) + fi(y)

with continuous solution fi(x) = cx x, and ¢, a constant.
We can express the function f(x1,x,...,x,) in terms of fi(x) as follows:

f(x1+0,0+x2,...,0+xy,)

= f(x1,0,...,0)+ f(0,x2,...,x,)

= f(x1,0,...,0)+ f(0+0,x2+0,0+x3,...,0 + x3)

= f(x1,0,...,0) + f(0,x2,0,...,0) + f(0,0,x3,...,x,)

= f(x1,0,...,0)+ f(0,x2,0,...,0)+--- + f(0,0,...,0,x,)
= filx1) + falx2) + -+ + fulxn) -

f(xllle .. '/xﬂ)

Therefore
flx1,x2,...,x4) = c1x1+CoXp+ -+ CpXy . O

Comment. Above we used ‘expanded’ notation. In more compact notation, we just proved
that the only solution of the functional equation

fE+Y = f@D+ @)

is the linear function
fx) =

where C'is a constant vector. O

The following problem is a direct consequence of the previous one.
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Problem 9.2. Let f : R" — R be a continuous symmetric function! that satisfies the functional
equation
fr+yu,x2+y2,.. x0tyn) = fx,x2,.0,x0) + f(Y1, Y2, Y0)
and is such that
flx,x,...,x) = x.
Then f is the arithmetic mean of the variables
X14+ x4+ Xy
- :

f(xlzle'u/xn) =

Solution. Since f(x1,x2,...,x,) is a symmetric function, all functions fi(x) defined previ-
ously are identical; let’s use the common symbol g(x) to indicate them. Then

f(x1/x2/---/x1’l) = g(x1)+g(x2)+'“+g(x1’l)/
and x
x = f(x,x,...,x) = ngx) = gx) = g

From this the result follows immediately. O

Problem 9.3. Let fﬁ: R" — R™ be a continuous function that satisfies the functional relation
fE+Y) = fO+ (@)
Find all functions fﬁthat satisfy the above conditions.

Solution. Let fy(X), € = 1,2,...,m be the components of the function f_) The given vector
equation results in m scalar equations

fe@+9) = fl@)+ fe()) -
The continuous solutions of these equations were found above:
fe(@) = e+ %,

where c? is a constant vector.
It might be more appealing to write the above equation in another form:

f a

-
f2 |
. = R I O
fn Cn

In other words, we have arranged the constant vectors in a matrix Csuch that f = C-¥. O

'A symmetric function is a function that remains invariant under any permutation of its variables. (See
page 188 for the corresponding definition of symmetric polynomials.)
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Problem 9.4. Let fj g I : R" — R™ be continuous functions that satisfy the functional equation
f&+§) = 3@ + k(D) 1)
Find all functions fﬁ It that satisfy the above conditions.
Solution. Setting ¥ = 0 and §(0) = @ we get:
£ = @) +a.
Repeating the process for i/ and setting ﬁ(@) =bwe get:
f® = g9 +0.

Rearranging terms we have:

Wy = fp-4a,

W) = fy-b.
Plugging this into the defining relation gives us:
fE+9) = f@+fp-a-b
Next we define j(x) = f_za?) — #— b, which gives us the relation:

1+ ) = 19+ 1),

the solution of which is
%) =

where C is a constant matrix. Thus the general solution to (9.1) is:
f@) =

W@ =
i@ =

5
+b,

7

M S aUERT

+
+
+

Oﬁﬁ
><¢><¢><¢

9.2 Solved Problems

Problem 9.5 (Putnam 1959). For each positive integer n, let f, be a real-valued symmetric function
of n variables. Suppose that for all n and for all real numbers x1,x3, ..., Xy41, Y it is true that

(@) fu(x1 +y,x2 + y,...,xn +v) = fulxy,x2,. .., x0) + Y,

(b) fu(=x1,—x2,...,—Xy) = _fn(xl/xZ/ s Xn);

(c) fn+l(fn(x1/x2/ v X))y fa(X, X2, 000 X0), X)) = fua1(X1, X2, X Xg1)-

Find the functions fn.
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Solution. Let’s first try to find an expression for f;(x), f2(x, v) to help us make an educated
guess about the general form of f,(x1,x2,...,x,).

In (a) wesetn =1, x = 0 to find fi(y) = f1(0) + y. From (b) we have that f;(0) = 0.
Hence

fi(x) = x.

In (a) wenow setn =2, y = —xg:
0,02 —x1) = folx1,x2) — xl(g’) — f00,x1 —x2) = fo(x1,x2) —x1 .
Since f, is a symmetric function
—fa(x1 —x2,0) = falx1,x2) —x1 .
Again in (a), wesetn =2, y = —x:
folx1 =x2,0) = fo(xq,x2) —x2..

Adding the last two equations, we find

X1 + X

folx1,x0) = >

The previous results point out that

X14+ x4+ Xy
- :

fn(x1/x2/ v /xi’l) =
We shall prove this formula using the method of induction.
For n = 1,2 we have already shown it to be true. We will assume that it is true for n = k

X1+ X2+ o+ Xg
k 7

felxr, x2, .00, x%) = 9:2)
and we shall show that this implies that the formula is true for n = k + 1.
Let x stand for the arithmetic mean of x1, xo, ..., Xp41:

X1 +X2+ 0+ Xps1

* = k+1

We define the auxiliary variables ay,ay, . . ., ax41 by a; = x;—x. Obviously a = 0. Equivalently
a1+ -+ +ap +ap =0or A = —ay,q, where we defined A = a1 + - - - + a;. From condition (a)
we have that

frer1(a,x2,0 Xpe1) = fenn@ + X020+ X, k1 +X) = fra(ar, a2, 051) X
The proof will be complete if we show that

fk+1(al/a2,. . .,ﬂk+l) = 0 .
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To this goal, notice that

fir1@ar,az, .. 001) = firn(fllar, a2, ... ), ..., filar, az, ..., ax), ke)
Ar+1 Ar+1
fk+1(_T+/"'/_T+/ak+l)

9.2)
= fk+1(fk(_ak+1/ 0/ e /0)/ o /fk(_ak+1/ 0/ e /0)/ ak+1)

(©
= fk+1(_ak+1/0/ .. '/Olak+l) .

Since the function f, is symmetric

firi@,az, .. ak1) = fia1(@re1,0,. 00,0, —ak41)

(b)
= _fk+1 (=r+1,0,...,0,a41) -

In other words
fre1(@y,az, ..., a141) = = fraaa,az, .., 0641)

which implies that fi1(a1,a2,...,ar41) = 0 as sought. O

Comment. In the actual Putnam problem given to contestants, the expression of f, was also
given. O

Problem 9.6. Let A, B, C : R" X R" — R"™ ™ be continuous functions that satisfy the functional
relation

A(%,Z) = B(X, 1) C(y,2), (9.3)
where A, B, C are nonsingular square matrices. Find all functions A, B, C that satisfy the above
conditions.

Solution. To begin we set i = @ in equation (9.3) where 7 is some constant vector. So we
have, after setting B(¥, @) = M(¥) and C(d, ) = N(X):

ARZ) = M®-N@,
BE{) C2) = M®-N@.

Now if we set ¥ = b and multiply the second equation on the left by B_l(I;, ) we get:

C(#2) =B\ (b, ) - M(b)-N() = L(i) NE).

If we then plug this into the previous equation and multiply on the right by N7(2) - L™1(1})
we get:

B, 7) = M@ -L7() .
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Therefore, for any non-singular matrices L(i/), M(x) and N(2), the solution is:

A(X,zZ) = M(X)-N(@2),
B(X, i) = M®- L),
C(2) = LH) NQ@. O

Problem 9.7 (IMO 1981). The function f : IN X IN — IR satisfies the following conditions:
@ fO,y)=y+1

(b) f(x+1,0) = f(x,1);

© f&+1,y+1) = f(x, f(x +1,p).

Find the value f(4,1981).

Solution. We will compute f(1,v), f(2,v), f(3,y), f(4,y), Yy successively.
We notice
(b) @
fL0) = f0,1)=2,

a2 fo o) = £0,293,
42 2 fof01) = £03) 24

We therefore suspect that
fLy = y+2.
We shall prove it using the method of induction. Let it be true for y = n:

f,n) =n+2.

Then, using conditions (a) and (c), it is true for y = n + 1:

fLn+1) 250, fn) = fFOn+2)Ln+3 = 1) +2.
Now we compute f(2,y). We have:

e @ fey-1) = fey-1)+2.

The values f(2, y) form an arithmetic progression with step 2. Hence

f@2y) = 2y+ f(2,0).

Also
2,02 f1,1) = 3.
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So finally

f@,) = 2y+3.

Then we compute £(3, y). We have:

fGy) (gf(Z,f(&y— 1) = 2f3,y—-1)+3.

The values f(3, y) form a mixed progression with step 3 and ratio 2. Hence

-1
f(3, y) = 2yf(3, 0) +3 ﬁ .
Also
6,0 2 f,1) = 5,
and

f(3,y) = 2 -3,

Finally we compute f(4, y). We have:

4y € f6, f@,y-1) = 243 3.

This equation is exactly the recursion relation solved in Problem 3.5. Therefore

22

fay) =2 -3,
where the number 2 appears y + 3 times. In particular,

22

£(4,1981) = 2* -3,

where the number 2 appears 1984 times. m|



Chapter 10

Systems of Equations

Another ‘generalization” one might implement is to search for solutions in a system of
functional equations. In this case, of course, the admitted solutions are those in the inter-
section of the individual sets of solutions. So, in principle one may seek solutions for each
equation in the system and then select the common ones.

Problem 10.1. Let f : R — R be a continuous function that satisfies the functional equations
(6.1) and (5.20). Prove that f(x) = 0or f(x) = x.

Solution. The set of solutions of equation (5.1) is {f(x) = ax, a € R}. The set of solutions of
equation (5.20) is {f(x) = 0, f(x) = x?, b € R}. The intersection of the two sets is the set

{f(x) =0, f(x) =x}. O

However, given a system of equations, if one uses information from all equations,
the solution may be obtained more easily. As an example, let’s solve again the previous
problem without relying on the solutions of (5.1) and (5.20).

Problem 10.2. Let f : R — R be a function (not necessarily continuous) that satisfies the
Cauchy functional equations (5.1) and (5.20). Prove that f(x) = 0 or f(x) = x.

Solution. As we have seen, (5.1) implies that

f@@ = f(Hg, VYq€Q.

At the same time (5.20) implies that f(x) = 0 or f(x) > 0, Vx € R. In the latter case, f(1) = 1.
Therefore, either f(x) = 0 or

f@) =q, Y9€Q.

Now let x; > xp and set 1 = x; — x2. Since f(x) > 0, equation (5.1) gives that

fa) = fla+h) = flx2)+ f(h) > f(x2).

That is, the function f is strictly increasing.
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Now, let’s assume that f(x) # x. Then, there mustexista xgp € R\ Q, such that f(xg) # xo.
This means that either f(xp) > x¢ or f(xg) < xo.

If f(x0) > xo, then we can pick a rational number g¢ such that in the interval (xo, f(x0)):

xo <qo = f(qo) < f(xo) .

But this would contradict the fact that f is strictly increasing.
If f(x0) < xo, then we can pick a rational number g, such that in the interval (f(xo), xo):

f(xo0) < f(g0) = g0 <xo,

which would also contradict the fact that f is strictly increasing.
Therefore, it must be that f(x) = x. O

Incidentally, let’'s make a comment motivated by the previous solution: The reader
should not underestimate the result proved above. He should notice that once the mono-
tonicity of the function f(x) was established, the functional equations were bypassed in
establishing the final result. Given the function f(q) = g defined on Q, there was only one
monotonic extension of the function f on R.

Question. Let f: Q — R such that

-1, ifqg<-v2,
fl@) =30, if-V2<g<+V2,
+1, ifg>+V2,

This function is non-decreasing (and thus monotonic). However, there are an infinite number of extensions for f
defined on R depending on the values chosen for f(+ V2). Why doesn’t the above comment apply here?
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10.1 Solved Problems

Problem 10.3. Find the continuous solutions F,H, G, g,h, f : R — IR to the functional equation
F(xy) = H@*W G(y",
given
flxy) = h(x)g(y) -
Solution. Using the second, we can rewrite the first functional equation in the form

1

F(xy)T = F(y)7™ = H@0)™ Gy)T .

This equation can be solved using the Pexider equation (8.11). In other words, if

flx) = abxt,
gx) = axt,
h(x) = bat,

the original equation is equivalent to
A(X)B(y) = Clxy),

where ) . )
A@ = HO® , B@) = GW™, Ck) = Fx)T .
Therefore, A(x), B(x), C(x) also satisfy (8.11) and they must be given by

Clx) = ABx",
Alx) = Ax",
B(x) = Bx".

From these expression we can find the functions, F(x), H(x), G(x). Thus the system of
equations is solved by the functions

fl) = abxt, gk = axt, h(x) = bx*,
P(x) = (ABxV)abx“, G(x) — (AxV)LZx'“, H(x) — (va)bxu ' O

Problem 10.4. Find the continuous solutions F,H, G, g,h, f : R — IR to the functional equation
Fixy) = g(y)H(x) + h(x)G(y)

given

flxy) = h(x)g(y) .
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Solution. We can reduce its solution to the preceding problem by exponentiating it:

FeY) = (MD)W (G

So the functional equation is solved by the functions

f()
F(x)

abxt, g(x) = axt, h(x)
abxt In(ABx"), G(x) = abx* In(Ax"), H(x)

baxt,
abxt In(Bx") . O

Problem 10.5. Find the continuous solutions F,H,G, g,h, f : R — R of the following systems of
functional equations:
(a) System 1:

F(x+y)
flx+y)

H(x)g(y) G(y)h(x) ,
h(x) g(v) ,

(b) System 2:
Fx+y) = gy)HX +h(x)G(y),
fx+y) = hx)gy) .

Solution. The solution proceeds as in the previous two problems. We then arrive at the
following solutions:

(a) The System 1 is solved by the functions

f() = abc", g() = ac", h) = b,
F(x) = (Ade)ahcx, G(x) — (Adx)ahcx, H(x) — (de)abcx‘

(b) The System 2 is solved by the functions

f(x) = abc", g(x)
F(x) = abc* n(ABdY), G(x)

ac*, h(x) = bc*,
ac* In(Ad*), H(x) = bc* In(Bd¥). O

Problem 10.6. Find all continuous solutions f : R> — R of the system

fx1+x,y) = fl,y)+ flx2,y), Yx,x,yeR,
fl, y1 +y2) fe,y)+ fx,y2), Yy, y1, 1 €R.
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Solution. The first of two given functional equations is just the linear Cauchy equation of
one variable — the first variable x of f(x, y). All continuous solutions of this equation are
of the form

fy) = cy)x,

where the constant here depends on (the parameter) y. Inserting this result in the second
of the given equations, we find:

c(y1+y2) = c(y1) +c(v2), Yy, 2 €R.

This is also the linear Cauchy equation with solution

cy) = cy.

Therefore, the allowed continuous solutions to the given system are the functions f(x, y) =
cxy, with ¢ a constant. m]

Comment. Please notice the difference between the following two different results: the result
of this problem for the continuous function f(x, y) satisfying the fwo functional equations
given and the result of Problem 9.1 for the continuous function F(x, y) satisfying a single
functional equation

F(x1 +x2,y1 +y2) = f(x1,y1) + f(x2,y2), Yx1,x%2, 1,2 € R.

The two results are quite different: f(x, y) = cxyinthe presentcase while F(x,y) = c1 x+c y
in the case of Problem 9.1. |






Part IV

CHANGING THE RULES
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Chapter 11

Less Than Continuity

11.1 Imposing Weaker Conditions

Darboux was the first to show that the Cauchy functional equations can be solved by
the same functions even if the condition of continuity was substituted with other milder
conditions. The four problems that follow discuss the linear Cauchy functional equation
(5.1) with weaker conditions.

Problem 11.1. Find all functions f : R — R that satisfy the following conditions:

(@) fxX)+ f(y) = f(x+y), VYx,y € R, and
(b) f is continuous at a point xg € R.

Solution. We claim that condition (b) implies that f is continuous at every point x € R, i.e.
lin}(f(y) = f(x). To see this, let'sseth =xg+y—x. Asy — x,h — xp and
y—)
lim f(y) = lim f (b + G~ x0)

= lim () + f(x —x0))

= lim f(h) + f(x — x0)

h—>X0
= fo)+ flx=x0) = f(xo+x—x0) = f(x).

The problem is thus equivalent that of section 5.1 with solution f(x) = cx, where c is an
arbitrary constant. |

Problem 11.2. Find all functions f : R — IR that satisfy the following conditions:
(@ fx)+ f(y) = fx+y), Yx,y € R, and

(b) f is monotonically increasing.
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Solution. As we have seen in section 5.1, condition (a) implies that f(q) = cq, Vg € Q. Now
for any x € R, we can always find an increasing sequence {a,},eNn of rational numbers and
a decreasing sequence {b, },eN of rational numbers which converge to x. Then

a, <x<b,, ¥YnelN.
From condition (b), it follows that
f(an) < f(x) < f(bp) = ca, < f(x) <cb,, VYneNN.

By taking the limit n — oo, we find f(x) = cx. |

Problem 11.3. Find all functions f : R — R that satisfy the following conditions:

(a) f(x) + f(y) = f(x+y), Yx,y € R, and
(b) there exists a positive number ¢ such that f(x) >0, Vx € (0, €).

Solution. We will show that condition (b) implies that the function is monotonically in-
creasing, and therefore the problem is equivalent to the previous one.
Let x; > xp such thath = x; —x; € (0, ¢). Then f(h) > 0 and

f(x1) = flxa+h) = flx2)+ f(h) 2 f(x2) +0 = f(x2).

Now, notice that by using this relation in the intervals [ne/2, (n + 1)e/2], n € Z, we can
show straightforwardly that f is non-decreasing. |

Problem 11.4. Find all continuous functions f : R — R which satisfy the following conditions:
(@) fx+y) = f@)+f(y), Vx,y e R

(b) there exists a positive number ¢ such that f is bounded on an interval (0, €).

Solution. Condition (a) implies that
flgx) = qx, Yq€Q, YxeR.

(See equation (5.7).)
Now, let {x,} be an arbitrary sequence of positive real numbers such that lim x, = 0.

n—-oo

Given {x,}, we select a sequence of positive rational numbers {g,} as follows. For any #, the
rational number g, is chosen such that

1 1
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Then, in the limit n — oo, g, — +00. At the same time

3.2
Vx, < Gn Xn < \JX5 ,

ie. lirP (gn x4) = 0. Since the sequence (g, x,) converges to zero, eventually all terms of the
n—+o0o

sequence will fall in the interval (0, ¢). That is, there exists 19 € IN such that g, x,, € (0, ¢),
Vn > ny.

Condition (b) implies that there exists M € R, such that|f(x)| < M, Vx € (0, €). Therefore
|f(gn xn)l < M, V1 > ng. Then

|fCen)l = ‘f(qln qnxn)

= l|f(%xn)|ﬁj\—/1—>0, when 7n — .
Un In

In other words, for any arbitrary sequence {x,} which converges to zero, lirin flxy) =0=
Nn—+o00

£(0) and therefore the function is continuous at x = 0. As we have proved above, continuity
at one point gives f(x) = cx, Vx € R. m|

11.2 Non-Continuous Solutions

Because of the results in the previous section, mathematicians initially thought that the
solution to the linear Cauchy equation (5.1) had always to be f(x) = cx. However, Hamel
in 1905, using ideas from set theory, proved [47] that this is not the case. His solution
makes use of the now so-called Hamel basis. In this section we shall explain this result.
Unfortunately, since no known explicit example of a Hamel basis exists, we will first use
an artificial example in order to get some intuition for what follows.

An Analogy
Let’s consider the set
A = Q+Q\/§+Q\/§ = {r+s\/§+t\/§|r,s,teQ}.

Every number in A is uniquely expressed as a linear combination of the elements of the set

H = {1, V2, V3} .

The set H consists of the ‘Hamel basis” of A.

Now let’s solve the linear Cauchy equation (5.1) for functions f : A — A. To this end,
we can repeat the method of Section 5.1. Without writing down all the details, we show
that

f((rl+r2+---+rn)+(sl+sz+---+sn)\/§+(t1+t2+---+tn)\/§) =
(1 +m2+ 1) + f(G1+ 52+ +5)V2) + f((h +ha+ - + 1) V3),
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from which we eventually arrive at
Fr+sV2+tV3) = rf(1) +s f(V2) + £ f(V3).

Now let’s re-express this result using the ‘Hamel basis’. Let f be any mapping from H
to A, f: H— A. Then the function f which assigns to each x = r + 5 V2 + £ V3 the value

f@) = rf(1) +5f(V2) + t f(V3)

is a solution of the linear Cauchy functional equation in A. Given all possible mappings f
of H, we get all possible solutions of the functional equation.
Anexampleof f : H— Ais

) = q0, f(V2) = V2, f(V3) = q0V3,
for some fixed gqp € Q. Then
f(x) = qox.

This is a linear function with f(x) = 0 iff x = 0.
Another example of f~ :H— Ais

fay =1, f(V2) = f(V3) = 0.

Then
fr+sV2+tV3) = r.

Notice that this is not linear function. In particular, it vanishes for an infinite number of
points: f(x) =0if x = 0orx =sV2+ V3.

Hamel’s Solution

Definition 11.1. A non-denumerable subset H of R is called a Hamel basis, if for every
real number x there exists a finite natural number #n and elements hy, hy, ..., h, of H such
that x is written as a sum
n
X = Z qihi,
i=1

with rational coefficients g;. We shall call this expression the Hamel decomposition of x in
H.

Strictly speaking, the definition of a Hamel basis does not guarantee its existence.
Hamel’s major contribution to the problem was to prove, using the axiom of choice, the
following theorem.

Theorem 11.1 (Hamel). At least one Hamel basis exists.
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Since set theory is not the main focus of these introductory notes, we shall omit the
proof. We are now in position to solve Cauchy’s equation without any constraint on the
functions f.

Theorem 11.2. The most general solution to the linear Cauchy equation (5.1) is found by
(i) introducing a Hamel basis H in R,

(ii) assigning arbitrary values for f at the points of the Hamel basis, and

(iii) if x € R has a Hamel decomposition x = ) ; q;h;, then f(x) = ) ; qif(h;).

The proof of this theorem is straightforward.

Proof. (Direct proposition) Given (5.1) one can show that

[Z ] Zf(yl V?lEIN*, vyiER/izllzl'--/n
=1
flay) = 9f(y), YyeR, YqeQ.

From these and the Hamel decomposition of any number x = }; g; h;, we find

x) = [Zqz ] = Zf(qihi) = Z‘h’f(hz)

(Inverse proposition) Let x, x” € R with Hamel decompositions

where {h;}, {h;.} stand for the set of Hamel elements in the decomposition of x, x’ respectively.

The two sets do not necessarily have the same number of elements nor do they necessarily
include the same elements of H. Let {l} = {h;} U {h;.}. By adding a convenient number of
terms with zero coefficients

{hy} {hy}
Then ) i
f&) = Y f0d, &) = Y ),

{Fue} e}

and i
FO) + f&) = ) @i+ flln) -

{ge)
On the other hand,

x+x = Z(qk-'-q’,‘)flk'

i)
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and

fle+x) = ) @+ ap) flu),

{Fe}
which shows that
flx+x) = flx) + f(x'). i

Corollary. The Hamel solution of (5.1) is continuous if and only if there exists a real number ¢
such that f(h) = ch, for all elements h of the Hamel basis.

Example 11.1. To understand Hamel’s solution, let’s construct one illustrative solution.
Let hp be any element of the Hamel basis H and define f(hy) = 1 and f(h) = 0, Vh € H \ {ho}.
Then the function

flx) = {qo, ifx=qoho+...,

0, otherwise,

is a discontinuous solution of (5.1). |

With very little additional effort, we can find the most general solutions to the rest of
the Cauchy equations.

Problem 11.5. Give the most general solution to the exponential Cauchy functional equation (5.8).
Then show how we can recover the solution f(x) = a* from the general one.

Solution. As seen in Section 5.2, the function g(x) = In f(x) satisfies the (5.1) functional
equation. Therefore, its most general solution is found by assigning arbitrary values g(h)
for the elements of the Hamel basis H, and for every x € R with Hamel decomposition
x = Y.;qih;, we write

g(x) = Zqig(hi).
Returning back to function f,
Inf() = Y g fl) = Y Inflyg = m[] )" = @) = []rewy,

where f(h) is arbitrary for h € H.
The function g(x) will be continuous, if there is a number ¢ such that g(h) = ch, Vh € H.
This implies In f(h) = chor f(h) = ¢ = a", Yh € H, and a = ¢°. Therefore,
fx) = H fhy)" = H d"i = gLt = g* O
i i

For the other two solutions, we will need the following lemma.
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Lemma 11.1. There exists a non-denumerable set A of non-negative elements 6 € RY such that
any x € IR, can be written as finite product

n
X = H 52“ ,
i=1

for some n € IN* and n rational numbers q1,q2, . .., Gn.

Proof. Letx € R}. Then there exists a u € R such that x = ¢*. Using a Hamel basis, u can be
expressed as a linear sum u = Z?:l gihi, for somenand g; € Q,i=1,2,...,n. Then

n

x = e = el dili = H(ehi)‘ii_

i=1

Therefore, the set A = {6 = ¢ : h € H} has the required property:

n
X = H(S?". O
i1

Example 11.2. Although no basis is known for IR’,, we can present a very good example to
convey the idea. If instead of IR}, we consider Q,, then let A be the set of all prime numbers.
Then any x € Q) can be written as

n
k:
o= []#
i=1
for some integer exponents k;. ]

Problem 11.6. Show that the most general solution to the logarithmic Cauchy equation (5.14) is
found by

(i) introducing a basis A in R,

(ii) assigning arbitrary values for f at the points of the basis, and

(iii) if x € IR}, has a decomposition x = []; 6?’} then f(x) = }.;qif(5:).

Solution. (Direct proposition) Given (5.14) one can show that

n n
f[Hyi] = Zf(yi), Yne N, Vy;€eR,i=12,...,n,
i=1 i=1

fy = qf(y), YyeR, YgeQ.

From these and the decomposition of any positive number x = []; 6?, we find

f@) = f[Hé?f] = )60 = ) aif@).
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(Inverse proposition) Let x, x” € IR, with decompositions

X = H(S?i, X = H((S;)q;‘,
1

j

where {0;}, {6;.} stand for the set of Hamel elements in the decomposition of x, x’” respectively.

The two sets do not necessarily have the same number of elements and nor do they
necessarily include the same elements of A. Let {0x} = {0;} U {6;.}. By adding a convenient
number of factors with zero exponents

_ N3 / ”’71;
= Hék’ * o= Hék’

{6k} {6k}
Then
f&) = Y fGd, &) = Y fEIa,
{0k} {0k}
and
f@) + f&) = ) @+ f©5) -
{oc}
On the other hand, s
xx' = H 51,
{0k}
and
flex') = Y @i+ 3 G0,
(e}
which shows that

flxx") = f(x)+ f(x').

The solution of (5.14) is continuous if and only if there exists a real number ¢ such that
f(0) = c In o, for all elements 6 of A:

f(x) = Zqif(éi) = CZ%’ Ing; = clnHé?i = clnx = log, x,
1 1 1

where we defined y = e!/c. O
Problem 11.7. Give the most general solutions to the power Cauchy functional equation (5.20).

Solution. As seen in Section 5.4, the function g(x) = In f(x) satisfies the (5.14) functional
equation. Therefore, its most general solution is found by assigning arbitrary values g(5)
for the elements of the basis A, and for every x € R with decompositionx = []; 6?, we write

gx) = Z%g(éi)~
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Returning back to function f,
Infe) = ) aiinfe) = ) n(FG&)" = m[]fe)" = f@ = []re),

where f(6) are arbitrary for 6 € A.
The function g(x) will be continuous, if there is a number ¢ such that g(6) = c In9,
V6 € A. This implies In f(6) = c Ino or f(6) = 6°, V6 € A. Therefore

foy = T] ey = J]elr = []_[6?"] = X, 0

1

11.3 Solved Problems

Problem 11.8. Let f : R — IR be a function that satisfies

(@) f(x +y) = f(Ax) + f(Ay), Vx, y € R, with A some real number, and
(b) f is continuous at x = 0.

Find all such functions.

Solution 1. Setting x = y = 0 in (a), we find that f(0) = 0. We shall examine the following
cases:

(i) A = 1: Then f satisfies (5.1) and it is continuous at x = 0. Therefore f(x) = cx, where
c is a real constant or f(x) = 0.

(ii) A = 0: Then f(x + y) =2f(0) =0, i.e. f(x) =0.

(iii) A = —1: Setting y = 0 in (a), we find f(x) = f(—x). Also, setting y = —x we find
f(=x) = —f(x). These two relations imply that f(x) = 0.

(iv) |A] < 1: Setting y = 0in (a), we find f(x) = f(Ax). Applying this equation # times

f(x) = f(A"x), ¥neN", VxeR.

Since |A| <1, lim A" = 0. Then, by the continuity of f atx = 0:
n—o0

0 = f(0) = f(lim A"x) = lim f(A"x) = lim f(x) = f(x).

(v) [Al > 1: In this case p = 1/A, with |u| < 1. Setting y = 0, x = uz in (a), we find
f(z) = f(uz). Now, by working exactly as in case (iv), we arrive again at f(x) = 0. m|

Solution 2. Set x/A in place of x and px in place of y, where u is a real number to be
determined shortly:

(3+u)s) = s+ saun.
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Now we select i such that

1
T AA-1)

1
—+u=A
1 H p=u
So when A # 0,1, the last equation implies f(x) = 0.

For A = 0, it is immediate that f(x) = 0 and for A = 1 we recover the continuous
solutions of the linear Cauchy equation. |

Solution 3. If A = 0, it is immediate that f(x) = 0. Defining the function g(x) = f(Ax), A # 0,
the functional equation given in (a) becomes the linear Pexider equation:

fx+y) = g +gy).

The functions f, g are continuous at x = 0. This can be used to show that they are
continuous at all points as we did with the linear Cauchy equation in Problem 11.1. Indeed,
if weseth=y—x, thenlimh = 0and

y—>x

lim £(y)

y—x

lim f (1 + x)

= lim (3(2) + 8(x))

= lim g(h) + g(x)

= 80)+gl) = f(x).

As we have established, the continuous solutions of the linear Pexider equation are f(x) =
cx+2a,g(x)=cx+a,or

flx) = %x+a =cx+21, YxeR.

Obviously a = 0. If A = 1 then ¢ = arbitrary; if A # 0,1 thenc = 0. m]

Problem 11.9 (Russia 1997). For which « does there exist a non-constant function f : R — R
such that

flalx+y) = f)+ f(y)?

Solution. If x = y = 0 then f(0) = 0. Thenif « =0, weset y = 0 to find f(x) = 0. If « # 0, we
substitute x/a for x and y/a for y:

fx+y) = f(Ax) + f(Ay),

where we set A = 1/a. From the previous problem we can see that a non-constant solution
exists only for the case @ = 1. (Since continuity or some other condition is not given
however, the solutions are not necessarily of the form f(x) = cx.) O
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Problem 11.10. Show that if the functions f, g : R — IR satisfy the equation

fAx,Ay) = g(A) f(x,y), YA xy,
then ¢ must be a solution of the power Cauchy equation.

Solution. Substituting Ap in place of A in the given functional equation we find:

fApx, Apy) = gAp) f(x,y) -
Then we rewrite the left hand side of this equation as follows:
fpx, Apy) = fAp0), Apy)

g(A) f(ux, uy)
g)g(w) f(x, ) -

Combining the two equations we conclude that

gAp) = gA) g(u) . O

Comment. If we require that g is continuous, then g(x) = x” and the given equation reduces
to the Euler equation. (See Problem 2.11.) |

Problem 11.11 ([4], Problem 1690). Prove that there exist functions f : R — R that satisfy

f=fW) = fO+y, YxyeR,
and show how such functions can be constructed.

Solution. In the defining equation, we set x = f(y):

f0) = Py +y. (11.1)

This implies that f is one-to-one since

f@) = fy) = A0 = fAy) = fO-x=f0)-y = x=y.

Then we set y = 0 in the defining equation to find

fle=f0) = f(x) = x=f(0) = x = f(0) = 0.

Returning to equation (11.1) we have thus found

Ay = -y. (11.2)
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Finally, in the defining equation we replace y by f(y):

fx=f2y) = fx)+ f(y),

which, with the help of (11.2), reduces to the linear Cauchy equation:

fx+y) = f(0)+ f(y).

The function f satisfies the original equation iff it satisfies the linear Cauchy equation and
(11.2).
We can construct the solutions using Hamel’s basis. Given any real number x = }}; q;h;,
since f satisfies the linear Cauchy equation
Y i fn),
i

f)

and

£ =Y i ).
1

To satisfy equation (11.2), we only need to consider the restriction of f on H. More precisely,
we need to define the values f(h;) such that f2(h;) = —h;. To this end, we partition H into two
disjoint sets H, and H_ each having the power of continuum. There is a bijective function
between H, and H_ which we shall use to label the elements of the two sets: to each
element /7, of H,, there is a corresponding element /i, of H_.. Now we define f : H - H
such that

flg) = =hy, flg) = +hy. O

Problem 11.12 ([4], Problem 1626). Let f, g, h : R — R be functions such that

f(g(0) = g(f(0)) = h(f(0)) =0, (11.3)

and
flx+gy) = gh(fx) +y, (11.4)

forall x,y € R. Prove that h = f and that

glx+y) = g)+gWv),

forall x,y € R.
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Solution. Setting x = y = 0 in the defining equation (11.4), we find

f(g(0) = g(h(f(0))) = g(0) = 0.

Then setting only x = 0 in (11.4):
flgy) = y. (11.5)

In particular, for y = 0 this equation implies f(0) = 0. Similarly, setting y = 0, x = g(vy) in
(11.4), we find:
f&W) = gh(fgw)) =y = gh(y)) . (11.6)

Using this result to rewrite the first term in the right hand side of the original equation
(11.4), we have

fx+gy) = fO)+y, (11.7)
This equation produces both results sought. Upon substituting y = h(z)
fle+z) = flx)+h(z).

For x = O the lastequation implies that f = /i (and therefore f satisfies the linear Cauchy equa-
tion). Also, notice that equations (11.5) and (11.6) now imply that f and g are inverse to
each other. If instead, in equation (11.7), we set x = g(z) we find

f(g@)+8W) = z+y = g@) +gy) = gz+y). O

The following problem given in the 1998 Romanian Olympiad is a duplication of Prob-
lem 11.2 but for the Vincze I functional equation (8.13). Instead of continuity, monotonicity
is given for one of the unknown functions. Using the NQIR-method, one can construct the
solution in Q and then its extension! in R.

Problem 11.13 (Romania 1998). Find all functions u : R — R for which there exists a strictly
monotonic function f : R — R such that

fx+y) = fuly) + f(v), Yx,yeR.

Solution. For y = 0, f(x)(1 —u(0)) = f(0). If u(0) # 1, then f(x) = f(0)/(1 — u(0)), that
is the function f(x) will be constant and thus not strictly monotonic. Therefore, it must
necessarily be 1(0) = 1. This also implies f(0) = 0. If, in the defining equation, we set x in
place of y and vice versa, we find

fly+x) = f(yulx)+ f(x).

To use the statement made in the box of page 146: Since Q is dense in R, there is a unique monotonic
extension of a function from Q to R.
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Therefore
fuy) + f(y) = fulx) + f(x) .

Since, by the monotonicity of f(x) and that f(0) = 0, f(x) # O for all x # 0, we can separate
the terms depending on x from the terms depending on y (and thus the name separation
of variables):
ux)-1  uy -1
f() fy

for all x, y # 0. Obviously, each term must be a constant, say a:

u(x) —
f()

Ifa=0,u(x)=1and f(x +y) = f(x) + f(y). The solution is given in Problem 11.2 in page
153: f(x) =cx,x € R. Ifa # 0, then

=a = ulx) =af(x)+1.

ux+y) = afx+y)+1=ﬂfx)” + f(y)
= [af(x) +1-1Ju(y) +af(y) +1 = [u(x)—llu(y)+u(y)
= (.X')M( )

That is, the function u(x) satisfies the exponential Cauchy equation which is solved by
u(x) = b* for x € Q. Since u(x) = af(x) + 1, if f(x) is strictly monotonic, u(x) is strictly
monotonic too. Using the same idea as in Problem 11.2, we conclude that u(x) = b* and
f(x) =(b*=1)/aforx e R ]

The following problem, given by Korea in 1997, is really the same as the previous
problem but for the Vincze II functional equation (8.19).

Problem 11.14 (Korea 1997). Find all pairs of functions f,u : R — R such that
@ if x <y, then f(x) < f(y);
(b) forall x,y € R, f(xy) = f(x)u(y) + f(y)

Solution. For y = 0, f(x)u(0) = 0. The function f(x) cannot be constant, in particular
f(x) =0, since it is strictly increasing; therefore u(0) =
If, in the defining equation, we set x in place of y and vice versa, we find

fyx) = fy)u) + fx).

For y = 0, it gives f(0)(1 — u(x)) = f(x). f(0) cannot vanish since this would imply that
f(x) =0. We define a = —1/f(0) to write

u(x) = af(x) +1
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Then

ulxy) = af(xy)+1 = a[f(x)u(y) + f(y)] +1
= [af()+1-1]u(y) +af(y) +1 = [ux) - 1uy) + uy)
= ux)u(y) .

That is, the function u(x) satisfies the power Cauchy equation for all values of x € R. Using
the NQR-method, we can solve this equation for x € Q}: u(x) = x°. If f is strictly increasing,
then u(x) = af(x) + 1 is strictly monotonic and thus u(1) # 0. At the same time, u(1-1) =
u(1)u(l) = u(1l) = 1 and we conclude that u(x) is strictly increasing (and thus a > 0). So
finally u(x) = x“ with ¢ > 0 for x € Q.. To find the values for negative rationals, we observe
that u(—x) < 0 < u(x), x > 0. Also u(x?) = u(—x)? or u(—x) = — \/u(x?) = —x°. Using the same
idea as in Problem 11.2, we conclude that

X, ifx>0,
u(x) = .
—|x°, ifx<0.

Also f(x) = (u(x) — 1)/a, with a > 0. O






Chapter 12

More Than Continuity

So far we have studied functional equations for functions that are continuous or satisfy
weaker conditions. Often, however, the function may be required to satisfy stronger
conditions. Probably the most common and most useful condition is differentiability.
When a function is differentiable, it is possible to reduce the given functional equation to a
differential equation, which can be solved more easily.

12.1 Differentiable Functions

Problem 12.1. Find all differentiable solutions f : R — IR of the linear Cauchy equation (5.1).

Solution. Differentiating (5.1) with respect to x, we find

flx+y) = ().
Now we set x = 0 and f’(0) = c. Then

fy)=c= fly) =cy+b.
From (5.1) we can find that f(0) = 0 and therefore b = 0, giving the final result f(x) = cx. O

Comment. We notice that continuity or differentiability of f(x) satisfying (5.1) leads to the
same set of solutions for this equation. Therefore, one expects to be able to show that
any continuous solution of (5.1) must necessarily be differentiable. Indeed, this can be done as
shown below.

Since f(x) is continuous in R it cannot approach +eo for any x € [0, 1] since, if it did, it
would be discontinuous at that point. We thus assume that f(x) is integrable on the interval
[0,1]. We then integrate equation (5.1) with respect to y from 0 to 1 to get

1 1
ff(x+y)dy = f(x)+f fy)dy,
0 0

169
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or
1+x 1
= du — dy .
) f £y du fo ) dy

The second integral in the right hand side is a constant, which we denote by —C:

1+x
flx) = fu)du+C.
X
We notice now that the right hand side is a differentiable function; the left hand side must
therefore be differentiable, too. In particular,

f) = fe+ 1) - flx) = f(1).

The observation that continuity implies differentiability for (at least some) functional
equations is important since it allows to convert functionals equations to differential equa-
tions — a subject which allows systematic treatment of the problems posed. (For additional
information the reader should consult Section 12.3.) O

Problem 12.2. Find all differentiable solutions f : R — IR of the exponential Cauchy equation
(5.8).

Solution. From (5.8) we find that f(0) = 1. Differentiating (5.8) with respect to x we find

fe+y) = f0fy).
Now we set x = 0 and f’(0) = c. Then

f d Y
f’(y)=cf(y):>f17f=cfo dy = f) = o,

where we set a = ¢°. m]

Problem 12.3. Find all differentiable solutions f : R — R of the Cauchy III equation (5.14).
Solution. From (5.14) we find that f(1) = 0. Differentiating (5.14) with respect to x we find

yfxy) = fx).
Now we set x =1 and f’(1) = c. Then

f YV d
yfi(y =c= fodf=0f17y=>f(y)=clny= log, v,

where wesetc=1/Iny. m|
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Problem 12.4. Find all differentiable solutions f : R — R of the power Cauchy equation (5.20).
Solution. From (5.20) we find that f(1) = 1. Then differentiating (5.20) with respect to x we
find

yfxy) = f0fy).
Now we set x =1 and f’(1) = c. Then

) ~ fﬂ_ Vd_y ~ .
yf'(y) = cfly) = ; f—cfl y:>1nf(y)—c1ny:>f(y)—y. O

Problem 12.5. Find all differentiable solutions f : R — R of the Jensen functional equation (5.26).

Solution. Differentiating (5.26) with respect to x we find

1 ,(x+y) _ ™
2\ =
Now we set x = 0 and f’(0) = c. Then

fily) =c= f(y) = cy+b. m

Problem 12.6. Find all differentiable solutions f : R — R of the functional equation
fa+y+flx-y) = 2fx). (12.1)
Solution. Differentiating (12.1) with respect to x we find
faety+ -y =2fx).
Differentiating (12.1) with respect to y we find
faty-fl-y =0.

Adding the last two equations
fa+y = fx).
Now if we set x = 0 and f’(0) = ¢ we finally find

or

fy) = cy+b. O
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Problem 12.7. Find all differentiable solutions f : R — R of the functional equation

fa+y)+ fla—y) = 2f(x) fy) . (12.2)
Solution. Differentiating (12.2) with respect to x we find
ffxe+y+fx—y) =2 f(y). (12.3)

Note that the right hand side is differentiable with respect to y. Then the left hand side is
too. Therefore f is twice-differentiable.
Differentiating equation (12.3) with respect to x we find

fra+y) + f'x—y) = 27 f(y).
Differentiating (12.2) with respect to y twice we find

ffa+y+f'x-y) = 2fx)f" ).

The left hand sides of the last two equations are equal. Then

'@ fy) = f@O @)

Now we set y = 0. Then either f(0) = 0 or f(0) # 0. If f(0) = 0, we also have f(x) = 0. If
£(0) # 0, then set f/(0)/ f(0) = +aw?. The function f is a solution of the differential equation
')+ f(x) =0,

with solutions
f(x) = A+Bx,
f(x) = Acoswx+Bsinwx,

f(x) = A coshwx+ B sinhwx .

The constants A and B can be determined easily using conditions found from the
defining functional equation. Setting y = 0 in (12.2), we find f(x)(f(0) — 1) = 0. If the
function is not identically zero, it must satisfy f(0) = 1. Then, differentiating (12.2) with
respect to y and setting x = 0 we find

FW=fy) =2fy) = f+fy =0,
Then setting x = 0 in (12.3), we find 0 = f(y) f'(0), i.e. f'(0) = 0. These conditions f(0) = 1
and f’(0) = 0 require that B = 0 and A = 1. Therefore

fx) =1,
f(x) = coswx,
f(x) = coshwx,

are the solutions. m]
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Problem 12.8 (Putnam 1963). Find every twice-differentiable real-valued function f : R — R
satisfying the functional equation

fx+y) fx—y) = fx)* - fy)*, Yr,yeR.

Solution. The identically vanishing function f(x) = 0 is an obvious solution. We shall
search for solutions that are not identically vanishing. Therefore, there is an xp € R such
that f(xo) # 0.

Differentiating with respect to x the given equation we find

fa+y fe=—y+ fle+y) flle—y) = 2f@) ).

Then differentiating with respect to y

ffa+y) fx—y) - fx+y) f'x—y) = 0.

We make the change of variables u = x + yand v =x —

fw) f) = f(u) f ().

We set v = xj. The quantity f”’(xo)/ f(xo) may be positive, negative, or zero. We set it equal
to +b%, —b2,0 respectively:

f'u)y = fw = 0,

£ (u) + b* f (u) 0,
') = 0.

We can find respectively the solutions

f(u) = A sin(bu)+ B cos(bu),
f(u) = A sinh(bu)+ B cosh(bu),
fu)y = Au+B.

Setting x = y = 0 in the defining relation we find that f(0) = 0. This implies that B = 0.
And the final solutions are

f) = Asin(bu),
fu) = A sinh(u),
fu) = Au. O
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Problem 12.9. Find every twice-differentiable real-valued function f : R — R satisfying the
functional equation

fae+y+flx-y) = 2f)gW), YxyeR.

Solution. If f is the identically vanishing function, f(x) = 0, then g(x) is arbitrary. We shall
search for solutions that are not identically vanishing. Therefore, there is an xy € R such
that f(xo) # 0 and a yy € R such that g(yo) # 0.

Differentiating twice the given equation with respect to x we find

fra+y)+ -y = 2f"(0) ) -

Now, differentiating twice the given equation with respect to y to find

ffx+y)+ f"(x—y) = 2f(x) 8" (y).

Comparing the last two equations

(%) 8(y)

f) 8" W) . (12.4)
We now set x = xp, ¥ = yo:

fxo0) _ 8"(wo)

f(x0) 8(o)

Each ratio may be positive, negative, or zero. We set it equal to +b%, —b2, 0 respectively.
Setting x = xp in (12.4), we find

§'(y-bgly) = 0,
§'(y+bgy) = 0,
g//(y) — 0

We can find respectively the solutions

g(y) Ay sin(by) + B, cos(by) ,
g(y) Ay sinh(by) + By cosh(by) ,

g(y) = Ayy+B;.

Using the y = yo in (12.4), we find similarly

f(x) = Aj sin(bx) + By cos(bx),
f(x) = Aj sinh(bx) + By cosh(bx),
f(x) = Aix+B.

Inserting the results in the defining equation, we find the final solutions:

f

—~
=
~—
Il

Aq sin(bx) + By cos(bx),  g(x) = A sin(bx) + By cos(bx) ,
A1 sinh(bx) + By cosh(bx) , g(x) = A sinh(bx) + B, cosh(bx) ,
flx) = Ajx+B;, gx) =1. m|

=™
=

N
Il
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Comment. The reader has recognized of course that the previously three functional equa-
tions we solved are the D’ Alembert-Poisson I (7.21), D’ Alembert-Poisson II (7.25) and the
Wilson I equation (8.25). Here we have solved them by imposing on the solutions stronger
conditions than continuity. Note, however, that the set of solutions are the same as those
for continuous functions. We will return to this issue in Section 12.3. O

Problem 12.10. Let f : R — IR be a differentiable function such that

fe+yf() = f(0) f(y) -

Solution. Setting x = y = 0 we find that either f(0) = 0 or f(0) = 1. If f(0) = O then setting
x = 0 the defining equation implies that f(x) vanishes identically. Therefore, we shall
investigate the second case f(0) = 1.

Differentiating the defining equation with respect to y we find

fa+yf) f) = () f(y) -

In this equation, let x = xp, where x is one of the points for which f has a non-zero value.
Then

f'(xo+yf(xo) = f(v). (12.5)
Differentiating now the defining equation with respect to x we find
fa+yfe)A+yf'(x) = f/(x)fy)-

In this equation, let x = xg. Then

f o +yf(x0)) (1 +yf'(x0)) = f'(x0) f(y) -
Using the result (12.5), we find

A +yf'(x) = f'(x)f(y).

or
a
1+ay

(- fy) =0,

where we have seta = f’(xg). The previous equation may equivalently be written as

d(fw) _
dy\1+ay]

Upon integration we find
fy) =1+ay. O
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12.2 Analytic Functions
Problem 12.11. Find an analytic solution f : [0,1) — R of the functional equation
fO0 + f(a?)

Solution. Since f is analytic, it has a convergent Taylor series for all x € [0, 1). So let

flx) = ianx” .

x, Vx. (12.6)

Then

I
gk
2
=
S

f6)

Substituting in equation (12.6), we find

(o)
a, x" + E a, X"

(o)
v =),
n=0 n=0
[e9) o0 [e9)
= Z g X + Z o1 X+ Z a, X",
k=0 k=0 n=0

or . .
Z(azk +a )X + (- x+ Z Aojry X = 0.
k=0 k:l

This equation will be true if

a2k+ﬂk = 0I k:0/1/2/"'/
Mr+1 = 0I k:]-/z/ 7

51121.

From the second equation we see that all coefficients with subscripts a1 vanish. From
the first equation we see that if k = odd, ay = ay = 0. If k = even = 2m, then ax,, =
Ay = —ax = —A2y = Ay. Now, a,, will vanish unless m = 2m’. Then ay,, = aywy = —ay.
Inductively, ay,,» = (=1)a,,». Therefore, we conclude that Ayt = (-1f €=0,1,... and all
other coefficients vanish, that is

[o¢]

f) = Y (A 0

=0

The solution found above is the only analytic solution of equation (12.6). There are,
however, infinitely many solutions for (12.6). If we modify the domain of f slightly the
result can change:
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Problem 12.12. Prove that there is no continuous function f : [0,1] — R of the functional
equation (12.6).

Solution. Using the defining equation recursively, we find
f) = x—f(x%

x = (¥ = fat))

x—x%+ (x4 - f(xs))

= x-2+xt -+t (_1)n(x2” _ f(x2n+l))

This result is true for all x € [0, 1].
Setting x = 0 in equation (12.6), we find f(0) = 0. By the continuity of f, for any any
sequence a, — 0,

r}im fla,) = 0.
For any x € [0,1), we can take
211+1
a, = x

By taking the limit n — oo in the equation of f(x), we then conclude that
f) = x—2+xt =8+ (1)

for x € [0, 1) — the result of the last problem with a milder assumption.
It remains to examine the behavior of f at x = 1. Setting x = 1 in equation (12.6), we
find f(1) = 1/2. Equation (12.6) can equivalently be written

f(V0) + fx) = Vx.
Using this equation recursively, we find

f@) = Vx-f(¥x)
V= A = f(¥x)

VE = AR S C1(NE - A VR),

or
f@)+ DA VR) = Vx= A+ R+ (1) A

Setting x = 1 in equation (12.6), we find f(1) = 1/2. By the continuity of f, for any any
sequence b, — 1,
. 1
lim f(b,) = 5

n—00
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For any x € (0,1], we can take
bn _ 211+\1/3_C '
However, by attempting to take the limit, the term
n+1
D" (" VR)

oscillates: the even subsequence by, gives f(1/2) and the odd subsequence by,.1 gives
—f(1/2). Therefore we cannot construct a continuous function with domain [0,1]. O

Problem 12.13 (Putnam 1972). Show that the power series representation for the series

i xk(x _ 1)2k
k!
k=0
cannot have three consecutive zero coefficients.

Solution. We first observe that the given series is an analytic function

i (x(x - 1)2)k — ex(x—])2 )
|
e k!

We will set
f(x) = 89, gx) = ¥® -2% +x.

The power series of f(x) sought is its Taylor series:

We must therefore show that, for a random k = 1,2,..., the derivatives f(k‘l)(O), f(k) 0),
F**1(0) are not simultaneously zero.

We have
Fo = f0gE,
and
NM=‘ﬁﬂm:ﬁﬂmw=Hﬁ”M%wﬁn
dxk-1 dxk-1 4

~
I]

0
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Since g(x) is a polynomial of degree 3, its derivatives from the fourth and above all vanish.
Then

(k- 1)k -

@ = 8@+ k-1 D@ W)+ —3 D 9 87 ().

So finally f(0) =1, f’(0) =1, f”(0) = -3 and
fO0) = fED0) -4k - 1) f£20) + 3k - D)k -2) f4D0), k=3.

We can now prove the statement as follows: If for any k all three derivatives f*~1(0),
f®(0), f&+1(0) were zero, then, since the derivative f**(0) is a linear combination of
them, f&+2)(0) = 0 and then f**3(x)(0) = 0 and so on to infinity. That is, the Taylor series
would be reduced to a finite sum (polynomial) which contradicts the initial expression
containing powers x*, with k larger than any given finite number. We must therefore
conclude that the three derivatives f&~1(0), f®(0), f**1(0) cannot vanish simultaneously
for any k > 0. ]

12.3 Stronger Conditions as a Tool

As has been already mentioned in Section 12.1, even if we are searching for continuous
solutions of a functional equation, it is useful to assume that the function is differentiable
(one or more times) or even analytic. This allows us to use the vast number of tools from
the theory of differential equations. In fact, it allows a uniform treatment of virtually all
functional equations, a topic in which a universal approach is missing.

After differential (or analytic) solutions of a functional equation are found, they are
examined for uniqueness. This idea is demonstrated by solving again the functional
equation (5.29) — Problem 12.14 below. In other cases, one can show that the solutions
must necessarily be differentiable (as many times as necessary). This idea has already been
presented in Problem 12.1. It is reinforced with Problem 12.15 below.

Problem 12.14. Find all continuous solutions f : R — R of the functional equation
fx+y) = f)+f(y)+a@d-01-1Y),
where a, b are real constants and b > 0.

Solution. Assume that f,(x) is a doubly differentiable particular solution of (5.29). Then
differentiating (5.29) with respect to x and then with respect to y, we find

x+y) =al In nb) =a n“b.
o (x+Y) (b* Inb) (bY Inb) bty In?b
Setting u = x + y and integrating twice, we find

folx) = ab* +c1x+co,
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where ¢y, c; some constants. For x = y = 0, equation (5.29) gives f,(0) = 0 which, in turn,
implies ¢, = —a. Therefore
fox) = a@®@* -1)+crx.

Let f(x) be any other continuous solution of the functional equation. Then the function
g(x) = f(x) — fy(x) is a continuous function and satisfies

gx+y) = gkx) +8(y) -
We thus conclude that g(x) = kx with k some real constant and
fx) = g) + fp(x) = a(b* —1) +cx,
with ¢ =k + ¢;. |

Comment. It is apparent that the current method is more straightforward that the trans-
formation (5.30) since it involves no guessing. In general, it is quite hard to guess the
transformation that reduces a complicated equation into a simpler one. m|

Problem 12.15. In Section 8.6, we wrote down the solutions for Wilson’s functional equations for
continuous functions without calculation. In Section 12.1, we worked out Wilson’s first equation
(8.25) under the condition of twice-differentiable functions. The solutions are identical. If one was to
use differentiation to prove the results of Section 8.6, he should have to establish that no continuous
(but not twice-differentiable) solution has been lost in the calculation. Therefore, prove that the
original condition of continuity implies the condition of double differentiability.

Solution. Let . N
F(x) = f fwydu, G(x) = f g(u)du .
0 0
With this convention, F(0) = G(0) = 0. The functions F(x) and G(x) are obviously differen-

tiable with F'(x) = f(x) and G’(x) = g(x).
We now integrate equation (8.25) with respect to y from 0 to y:

fyf(x+z)dz+ fyf(x—z)dz = 2f(x) fyg(z)dz,
0 0 0
or
[F(x +y) = F0)] + [F(x) = Fx = y)] = 2f(x) G(y) -
This is of course
Fr+y) - Flx—y) = 2f(x) G().
Since the left hand side of this equation is differentiable, the right hand side is differentiable

too. This, in turn, implies that f(x) is differentiable. We can thus differentiate the last
equation with respect to x to find:

fae+y) = flx=y) = 2/ (1) G(y) -
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Again, since the left hand side of this equation is differentiable with respect to x, the
right hand side is differentiable too which implies that f”(x) exists. Returning to the
original equation, since f(x) is twice-differentiable, it is easily seen that g(x) is also twice-
differentiable.

Then the solution of (8.25) presented in Section 12.1 gives all continuous solutions. O






Chapter 13

Functional Equations for Polynomials

13.1 Fundamentals

Polynomials hold a special place in mathematics. Functional equations satisfied by polyno-
mials can be solved, of course, by all methods discussed so far and all ones to be discussed
in the following chapters. However, knowing that the solution to a functional equation is
a polynomial can, as a rule, simplify the solution process since the requirement that the
solution be a polynomial is a very restrictive one.

In particular, the following properties are quite useful:

Theorem 13.1. If P(x) is a polynomial of degree n and Q(x) is a polynomial of degree m, the sum
P(x) + Q(x) is a polynomial of degree max{n, m}, the product P(x)Q(x) is a polynomial of degree

n + m, and the composition P(Q(x)) is a polynomial of degree nm.

Proof. Straightforward. m|

Theorem 13.2 (Binomial Theorem). For any x,y and n € IN%,
S (1
ey = Y (7).
k=0

Proof. Easy by induction. It can also be seen as a special case of equation (13.1) below. O

Theorem 13.3 (Fundamental Theorem of Algebra). A polynomial P(x) of degree n > 1 has at
least one root in C.

The first proof of this theorem was given by D’Alembert. However, in his proof,
D’Alembert had used one assumption without proof: a continuous function, defined on
a closed and bounded set, acquires somewhere in the set a minimum. It took another
hundred years for this assumption to be resoved.

183
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Let r be the root of P(x), that is P(r) = 0. If P(x) is divided by x — r which is of degree 1,
then the remainder R will be of degree 0:

P(x) = (x=1 QM) +R,

where the quotient Q(x) is of degree n — 1. Setting x = r in this equation, we see that R = 0.
Therefore we have shown the following:

Theorem 13.4. A polynomial P(x) is divisible by the binomial x — a iff P(a) = 0.
Also, if r is a root of P(x), then
P(x) = (x=1 Q).
Theorem 13.5. A polynomial P(x) of degree n > 1 has exactly n roots in C.
Proof. As proven above, P(x) has at least one root r; and it can be factorized in the form
P(x) = (x=r1)Pp1(x),

where P,,_;(x) is of degreen — 1. If n —1 > 1, then P,,_;(x) has at least one root r; and it can
be factorized in the form

Pya(x) = (x—12) Ppo(x),
where P,,_(x) is of degree n—2. Continuing this way, we finally reach a quotient polynomial
Py(x) of degree 0, that is one that is a constant:

Pi(x) = (x=ry) Po(x) = (x—rn)A.
Combining all equations we see that P(x) factorizes in the form
Plx) = Alx—r)(x—m)...(x—1,).
Obviously, it has exactly n roots. m|

Notice that the n roots may not be distinct. Instead, root r; might appear m; times, root
r» might appear m, times, and so on. The numbers my, my, ... are known as multiplicities
of the roots and according to the previous theorem m; +my +- - - = n. A root of multiplicity
1 is called simple.

Theorem 13.6. A polynomial P(x) of degree n is identically zero if it vanishes for (at least) n + 1
distinct values of x.

Proof. Letry,ro,...,1,bendistinct values of x at which P(x) vanishes. According to Theorem
13.5,
P(x) = A(x—r)(x—12)...(x — 1) .

Let 7,41 be the (n + 1)-th value of x for which P(x) vanishes. Then
P(rys1) = A(rnsar —11) (1 —12) oo (Tus1 — 1) -

Since 1,41 is distinct from 71,79, ..., r,, none of the binomial factors r,41 — 75, i =1,2,...,1,
vanish. Therefore it must be A = 0 which implies that P(x) = 0. m|
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Theorem 13.7. Two polynomials P(x) and Q(x) of degree n and m < n respectively are equal if
they obtain equal values for (at least) n + 1 distinct values of x.

Proof. We set R(x) = P(x) — Q(x). This polynomial is of degree n and it vanishes for (at
least) n + 1 distinct values of x. According to the previous theorem, it vanishes identically.
Therefore P(x) = Q(x). O

Theorem 13.8. The only periodic polynomial
P(x+T) = P(x),
for some constant T, is the constant polynomial P(x) = c.
Proof. Let P(0) = c. By the periodicity of P(x), it is true that
P0O) = P(T) = P2T) = ... =c.

Therefore the polynomial P(x) and the constant polynomial Q(x) = ¢ take the same values
at an infinite number of points. Therefore, they must be equal to each other. m|

13.2 Symmetric Polynomials
For a quadratic polynomial
P(x) = ax* +bx+c,

the formulee
b c
rH+rp = ——, 1Mrp = -—.
a a
providing the sum and product of its two roots are well known. They can be proved by
writing
P(x) = a(x=r1)(x—=12),

expanding the product, and finally matching the coefficients with the coefficients of the
original expression.

These formulee can be generalized for any polynomial.

Theorem 13.9. Given the roots 11,12, ..., 1, of a polynomial

P(x) = apxX" +ay_ X"+ v mx +ag,
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the following formulee are true

_ an-1
rp = - 7
- an
Z an—2
1’1'1’]' = + i ,
an

a
[[r = o2,
. n

and they are known' as Viéte’s formulze.

Perhaps the proof is obvious to the reader. I give it in the following lines while I am
introducing some additional material too. I start by extending the binomial theorem to a
product of different factors:

xX+x1 = x+x1,
(x+x)(x+x) = ¥+ (21 + x2)x + x1x2,
(x+x)(x+x)(x+x3) = 1+ (x1 +x0 + x3)x2 + (x1X2 + XoX3 + X3X71)X + X1X2X3 ,
and by induction
n n
H(x +x;) = Z e;(x) X"t (13.1)
i=1 i=0
where
ei(x1,x2, ..., Xy) = Z Xy Xk - - - Xk,

1<k <ky<-+<ki<n
is known as the i-th elementary symmetric polynomial in n variables. (The term ‘symmet-
ric’ is defined formally below.) If x; = x, = - - = x,, we recover the binomial theorem.
Viete’s formulae can be written as
ei(rll 7’2, sy rn) = (_1)1 ﬂ 7
ay
and they are an immediate consequence of equation (13.1) and the factorization of the
polynomial P(x):
Px) = a,(x—r))(x—1)...(x —1y).

! After the French mathematician Francois Viete. Often he is mentioned with the Italian version of his name,
Franciscus Vieta.
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Example 13.1. It is well known that the quadratic polynomial P(x) = ax? + bx + ¢ does not
have real roots if b?> < 4ac. Imagine that there was no explicit formula for the roots of the
quadratic polynomial. Could we have derived the same conclusion in such a case? The
answer is yes. From the formulze

b
1’1+1’2:——, 1’11’2:_1
a a
we see that

(r1+12)* =21 =

or X
b* — 2ac
rtr = —
If the roots are real, the left hand side is non-negative. Therefore, if b? < 2ac there cannot
be real roots. However, this inequality, it is not the most strict. We can compute?

b? — 4dac

2 _
(rl - 7’2) - az

From this we can get that there cannot be real roots if b> < 4ac that improves the previous
result.
You can use this idea in higher order polynomials. Just to get experience, let’s do it for
the cubic polynomial:
P(x) = ax® +bx® +cx +d .

Then
b c
r1+rp+r3 = ——, Mry+1rr3+ryrqy = —,
a a
and
b? — 2ac
2 2 2 _
= - ,

2b% — 6ac

(r1 = 12)* + (r2 = 13)* + (r3 — 11)? =

If b* < 3ac, a cubic polynomial cannot have three real roots.
Now the solution to the following problem should be obvious to you.
Problem 13.1 (USA 1983). Prove that the roots of
bt + e +d +ex+f =0

cannot all be real if 2b* < 5c.

2We see that for a quadratic polynomial, its discriminant is given in terms of the difference of its roots:

D = a*(r; —1r2)* In general, for a polynomial of degree n, we define its discriminant by D = VT 1T G- ri)?.
=1 j=it1
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In the previous example we used the expression P(x,y,z) = x> + y* + z> which is a
polynomial itself with the additional property that it remains unchanged under exchanges
of its variables. Such a polynomial is called symmetric:

Definition 13.1. A symmetric polynomial S(xy, xy, ..., ;) in n variables is a polynomial of
the n variables that satisfies

S(x1,x2,..., %) = S(Xoy,Xap, -+, X5,) s
for any permutation 01,02,...,0, 0f 1,2,... 1.

Theorem 13.10. Any symmetric polynomial can be expressed as a polynomial in the elemen-
tary symmetric polynomials.

From what has been discussed above, it is immediate that

Corollary. Any symmetric polynomial S(r1,72,...,1n) of the roots of a polynomial P(x) can be
expressed in terms of the coefficients of the polynomial P(x).

The previous corollary explains why, in Example 13.1, I used symmetric polynomials
P(x,y,z) = ¥+ y2 + 22,
Pr,yz) = (x-y'+ -2 +@E-x",
to draw conclusions about the roots and not polynomials of the form
P(x,y,z) = (x- y)2 + yz + 72

for example. The former are written easily in terms of the coefficients of the polynomial
through Viete’s formulee.

13.3 More on the Roots of Polynomials

Most of the theorems presented above on polynomials dealt with their roots. So, a section
entitled “more on the roots of polynomials” might be an overkill. But there are some addi-
tional comments and results regarding the roots of a polynomial that are worth mentioning.

Theorem 13.11. (a) If r is a simple root of the polynomial P(x), then it is not a root of its derivative
P’'(x).
(b) If v is a root of multiplicity m, m> 2, then it is a root of P’(x) with multiplicity m — 1.

Proof. Let
P(x) = (x=1"Q(),

with m > 1. Since m gives the maximal exponent for the factor (x — r)" which divides P(x),
x — r does not divide Q(x) and therefore Q(r) # 0.



13.3. More on the Roots of Polynomials 189

If we differentiate the above equation, we find:

P'(x) = (x=n"" [mQM) + (x -1 Q'W)] .

Obvioulsy, r is a root of P’(x) with multiplicity at least m — 1. Now, x —r does not divide the
quotient g(x) = m Q(x) + (x — r) Q' (x) since q(r) = m Q(r) # 0. Therefore, r is a root of P(x)
with multiplicity m — 1. In particular, if m = 1, then it has multiplicity 0 for P’(x) — that is,
it is not a root. 0

Rolle’s theorem provides a useful tool that can be used to draw conclusions about the
existence of roots for a polynomial.

Theorem 13.12. Ifaand b are two distinct roots of the polynomial P(x), then P’(x) has a simple root
in the interval (a, b).

Proof. Since P(x) is continuous and differentiable in all IR, it satisfies the conditions of
Rolle’s theorem in the interval [a, b]. Therefore, there exists an & such that P/(&) = 0, that is
a root of P’ (x).

To prove that such a root is simple, we will do simple counting. Imagine that P(x)
has n real roots rq, ..., with multiplicities my, ... my (the multiplicities may be 1). Then
my + -+ + my = n. Its derivative P’(x) is a polynomial of degree n — 1 and has, at least,
the following roots: rq,...,r, with multiplicities mj, ... my (some multiplicities may be 0)
and &1, &y, ..., &1 in the intervals (r1,12), (r2,73), . .., (rk—1, 7). Therefore, P’(x) has at least
(m=1)+---+(m—1)+k-1=n-k+k—-1=n-1roots. But this is exactly the numbers of
roots P’(x) must have. We thus conclude thatall §;,i =1,2,...,k -1 are simple roots. O

Problem 13.2 (BWMC 1991). Leta,b,c,d, e be distinct real numbers. Prove that the equation

(x —a)(x = b)(x — c)(x — d)
+ x—-a)x-b)x-c)(x—e)
+ (x—a)(x-b)(x—-d)(x—e)
+ (x—a)(x-o)(x—d)(x—e)
+ (x=bx-o)x—d)x—e) =

has four distinct real solutions.

Solution. The left hand side of the given equation is the derivative P’(x) of the polynomial

P(x) = (x=a)(x = b)(x = c)(x —d)(x —e)

which has five distinct real roots a, b, ¢, d, e. Without loss of generality we will assume that
a<b<c<d<e Asproved above, P’(x) has a simple root in each of the intervals (a,b),
(b,0), (c,d), (d,e) — that is, P’(x) four distinct roots. m]

We can use this idea in ‘reverse’ as the solution to the following problem demonstrates.
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Problem 13.3 (USA 1983). Prove that the roots of
bt e +de’ +ex+ f = 0
cannot all be real if 2b* < 5c.

Solution. We set P(x) = x° + bx* + cx® + dx? + ex + f. Now let’s assume that P(x) has five
real roots. According to the argument of the previous problem, the polynomial

Pi(x) = P'(x) = 5x* +4bx® + 3cx® + 2dx + e

will have four real roots.
However, we can repeat the argument for the polynomial P;(x). Since it has four real
roots, the polynomial

Py(x) = Pj(x) = 20x> + 12bx* + 6¢x + 2d

will have three real roots.
And once more: Since P;(x) has three real roots, the polynomial

P3(x) = Ph(x) = 60x* +24bx + 6¢c = 6(10x* + 4bx + c)

will have two real roots. This is a quadratic polynomial and we can decide if it has real
roots by computing its discriminant. For the polynomial inside the parenthesis,

D = 16b> —40c = 8(2b* - 5¢) .

Therefore if 2b* < 5¢, D < 0 and the polynomial does not have real roots. Therefore, the
initial assumption that P(x) has five real roots is not correct. |
Theorem 13.13. The roots of the polynomial

1

P(x) = ap X" +a,1X" + -+ a1x + ag

cannot all be real if
m-1)a_, < 2na,a,_

n-1
Proof. 1f P(x) had n real roots then

a2 !
T2 P(x) = % X+ (=1 a,_1 X +a,_p (n—2)!

(n-1Dna, ,

(n—2)! |T x+m-1a,_1x+ an_z]

would have two real roots. The discriminant of the quadratic polynomial is
D=m-1 [(n - 1)afl_1 - 2nanan_2] .

If D < 0, equivalently (n — 1)a>_, < 2na,a, 5, the quadratic polynomial cannot have real
roots and therefore P(x) cannot have all real roots. |



13.3. More on the Roots of Polynomials 191

The following two lemmas will be useful in what follows.

Lemma 13.1. A polynomial P(x) has the same number of positive roots or one more than its
derivative P’(x).

Proof. Letpy,pa,...pe be distinct positive roots of P(x) with multiplicities mq, mo, ..., m, re-
spectively. Then p1,p2,...pe are positive roots of P’(x) with multiplicities my — 1,mp —
1,...,mp — 1 respectively and in each of the intervals (p1,p2), (p2,p3), ... (Pe-1,pc), by
Rolle’s theorem, there is a root of P’(x). This gives

m-1)+m-+---+m-1)+-1=m+my+---+mp—1

positive roots for P’(x).

Then we have the possibilities: (a) P(x) has no other roots. (b) x = 0 is a root of P(x).
(c) P(x) has a largest negative root . They imply respectively: (a) P’(x) has no additional
positive roots. (b) There is one more root of P’(x) in (0, p1). (c) P’(x) will have a rootin (, p1)
which may or may not be positive. This concludes the proof. m|

Lemma 13.2. If ay is the first non-vanishing coefficient of polynomial of degree n with € positive
roots, then

sgn(ag) = (—1)€sgn(an).
Proof. For the polynomial

k k

P() = apx + - + a7 + g = K@+ g+ ),

let py,...p¢ be its positive roots and 741, . . ., ;- the negative ones. Then
P(x) = ay X (x—p1) - (x = p)x = ren) -+ (X = 1) -
From this equation we find
e = an(=1)'pr--pe(=res1) - (=rui)
from which the advertised relation follows. O

Theorem 13.14 (Descartes’s Law of Signs). If all the coefficients and roots of the polynomial P(x)
are real, then the number of positive roots (multiplicities taken into account) is equal to the number
of sign changes in the sequence of coefficients of P(x).

Proof. Without loss of generality, we assume that the coefficient 4, in
P(x) = apx* +---+ag
is positive. Then we notice that if all coefficients up to and including a;_; vanish,

P(x) = apx" + -+ aqpx’,
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we can write the polynomial in the form
P(x) = X (@ux™*+ -+ apax+ay) .

The factor x* contributes neither positive nor negative roots. Therefore P(x) has the same
number of positive roots as
Q) = ax"* +-- +a

and the same sign changes in the sequence of coefficients. However, Q(x) has a non-
vanishing constant term. Therefore, without loss of generality, we can assume a non-
vanishing constant term ag # 0 for the polynomial P(x).

Given ap # 0 and a, > 0, we will prove the theorem by induction.

eFor a polynomial of degree 1, P(x) = a;x + ap, ap # 0, a; > 0, there is a real root —ag/a;
which is positive if a¢ is negative. Therefore there is one sign change in the coefficients of
P(x) and the theorem is true.

eWe assume that the assertion is true for any polynomial of degree n — 1 with a non-
vanishing constant term and a positive coefficient for the (n — 1)-th term.

eWe will now show that the assertion is true for a polynomial of degree n with a
non-vanishing constant term and a positive coefficient for the n-th term. We consider the
derivative of P(x):

P'(x) = na, X+ (n - Da_ X2+ +ay .

Again, without loss of generality, we can assume that a; # 0. P’(x) is of degree n —1 and the
theorem applies. That is, the number of sign changes in its coefficients equals the number
¢ of its positive roots.

We have seen that P(x) has either the same number of positive roots or one more.

Case (P and P’ have the same number of positive roots). In this case, the first non-vanishing
coefficient of each polynomial has sign (~1)¢, where ¢ is the number of positive roots. For
P(x) this coefficient is ag and for P’(x) is a;. Looking at the sequences of coefficients for P(x)
and P’(x)

A, an-1,-.., 4az, ai, 4o,
na,, n—Day,—1, ..., 2az, a1,

we see that the number of sign changes in the coefficients of P(x) is the same with the
number of sign changes in the coefficients of P’(x). Therefore the theorem is valid for a
polynomial of degree 7 is this case.

Case (P’ one positive root fewer than P). In this case, the first non-vanishing coefficient of
P’(x), a1, has sign (=1)¢, and ag has sign (—1)*!. Looking at the sequences of coefficients for
P(x) and P’(x)

A, an-1,-.., 4z, ai, 4o,
na,, (n—Day,—1, ..., 2az, a1,
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we see that in the first sequence there is an additional change of sign between a; and ao.
Therefore, P(x) has £ +1 positive roots and the same number of sign changes in the sequence
of its coefficients. This concludes the proof. m|

Comment. If P(x) has also complex roots, since they will appear in conjugate pairs, the
number of positive roots will be equal to the number of sign changes minus an even
number. However, this statement is not automatic. A proof is required which you can
provide easily. Finally, notice that if we do not know anything about the roots of the
polynomial, then Descartes’s law of signs should be stated as follows: If the coefficients of a
polynomial P(x) are real, then the number of its positive roots is equal to the number of sign changes
in the sequence of coefficients of P(x) or less than this number by an even integer.

Problem 13.4 ([59]). Assuming that the continued radical

\/1+ \/7+ NI+ V7 +---

converges, find its value.

Solution. Let

¢ = \/1+\/7+ N1+ V7 +--.

{ = N1+ V7+¢,

Then we notice that

or
t—-202—¢-6=0.

The polynomial P(x) = x* — 2x? — x — 6 has real coefficients and the number of sign changes
in the sequence of its coefficients is 1. Therefore, P(x) has only positive root. It is easily
seen that P(2) = 0 and thus € = 2. |

Theorem 13.15 (Budan). If all the coefficients and roots of the polynomial P(x) are real, then
the number of positive roots (multiplicities taken into account) in the interval (a, b) is equal to the
number of sign changes in the sequence of coefficients of P(x + a) minus the number of sign changes
in the sequence of coefficients of P(x + b).

Proof. For the polynomial Q(x) = P(x + a) the number of positive roots N, will be given by
the number of sign changes in the sequence of coefficients of Q(x). But these are exactly
the roots of P(x) which are greater than 4. Similarly number of roots Nj, of P(x) which are
greater than b will be given by the number of sign changes in the sequence of coefficients
of P(x + b). The difference N, — N, is exactly the number of positive roots of P(x) in the
interval (g, b). O



194 13. FuncTioNAL EQUATIONS FOR POLYNOMIALS

Comment. If P(x) has also complex roots, the number of positive roots in the interval (a, b)
will be equal to the above difference minus an even number.

Notice that so far, despite all stated theorems, we have not presented any that answers
the questions:

1. Given a polynomial P(x) does it have a real root?
2. How many real roots does it have?
3. How many real roots in the interval (a, b)?

These questions are answered by our last theorem due to Charles Sturm. Towards that
goal, we must introduce 3 some simple notation and state some auxiliary results.

First, we deal with the possibility of multiple roots. We will show that this case can be
reduced to the case of simple roots. Let

P(x) = (x=s1)(x —s2) -~ (x =s)(x =)™ (x = 12)"™> -+ (x = 13)™,

wheresy, sy, ..., sparesimpleroots of P(x) and rq, 72, . . ., 1y roots of multiplicities my, my, . . ., my
respectively greater than 1. As we have seen, the derivative of P’(x) will be of the form:

P'(x) = (x=a)(@—ap)--- (x —ap1)(c =)™ (x =)™ (=)™
with ay, ..., ag¢ simple roots different from sy, ..., s;. Therefore,
G) = (x—r)" T (x—r)™ 7 (x =)™
is the greatest common divisor of P(x) and P’(x). If we factorize P(x) in the form
P(x) = G(x)p(x),
then the equation P(x) = 0 is equivalent to
G(x) =0 or px) =0.
The polynomial p(x) = 0 has only simple roots. G(x) may have multiple roots. Butrepeating
the procedure as many times as necessary, we can reduce the initial equation to a sequence
of equations involving only simple roots.

For Sturm’s theorem, we thus assume that P(x) has only simple roots. Then the great-
est common divisor of P(x) and P’(x), which will indicate by P1(x), is a constant number

*Material for Sturm’s theorem is based on Dérrie’s book [17] which lists this theorem among the top 100
mathematical gems that can be understood with elementary mathematics. The fundemental theorem of algebra
and Abel’s result on the impossibility to solve algebraically fifth degree equations and higher make also the
list. Although I do not fully agree with all items in the list, these three results are certainly rightfully there and
[17] is a great book to own and read.
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c # 0. Using Euclid’s algorithm for the polynomials P(x) and P;(x), we will denote the
quotients in the successive divisions by g;(x) and the corresponding remainders by —P;,1 (x):

P(x) = Pi(x)g1(x) = Pa(x), degP> <degPi=n-1,
Pi(x) = Pa(x)g2(x) — P3(x), degP3; < degP,
Pr(x) = P3(x)g3(x) — Ps(x), degP4 < degPs,

Ps_1(x) = Ps(x)gs(x), degPs=0.

The algorithm terminates at some step, say the s-th step, and Ps(x) = c is the greatest
common divisor of P(x) and P’(x). In this way we construct a sequence of polynomials
with decreasing degrees,

P(x), P1(x), Pa(x), P3(x), ..., Ps(x).

This sequence is called Sturm chain for the polynomial P(x). The following three lemmas
discuss the properties of Sturm chain.

Lemma 13.3. Two successive polynomials do not vanish simultaneously at any point.

Proof. 1f for some x, Pi(x) = P;;1(x) = 0 then from the i-th equation of Euclid’s algorithm
we see that P;»(x) = 0 which then implies P;.3(x) = 0 and so on until the last equation,
Ps(x) = c = 0. But this is impossible. O

Lemma 13.4. If r is a root of Pi(x), then P;_1(r) and P;1(r) have opposite signs.

Proof. Using the (i — 1)-th equation, P;_1(x) = P;(x) gi(x) — Pi+1(x), we see immediately that,
atx =71, Pi1(r) = —Piy1(r). |

Lemma 13.5. If r is a root of P(x), then there is a neighborhood of r such that P1(x) maintains the
same sign for all points in this neighborhood.

Proof. 1f ris a root of P(x), then P1(r) # 0. Since P1(x) is continuous, there is a neighborhood
in which it is positive or negative. m|

Now, we select a point x such that it is not a root for any of the polynomials in
Sturm chain. Then we create the sequence of signs

sgn(P(x)), sgn(P1(x)), sgn(P2(x)), sgn(P3(x)), ..., sgn(Ps(x)),

which is known as a Sturm sign chain, and let o(x) stand for the number of sign changes*
in a Sturm sign chain.

*Notice that sign changes are the same in the original Sturm chain or in a chain that is formed by the original
chain but with the polynomials multiplied by arbitrary positive numbers. As a result, we can always avoid
fractional coefficients in the calculations.
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Theorem 13.16 (Sturm). The number of real roots of P(x) in the interval (a,b) is equal to the
difference o(a) — o(b).

Proof. Changes in the value of the function o(x) can happen when one of the polynomials
of the chain changes sign. But this means, that x passes through a zero of one of the
polynomials. Say that x( is a zero of P;(x). Then there is neighborhood such that, in this
neighborhood,

1. P;(x) does not vanish except at the point xp and

2. the functions P;_;(x) and P;1(x) maintain their sign if i # 0, or just the function P;(x)

maintains its sign if i = 0.

Let’s consider the two points a = xg — € and b = xp + €, with € > 0, belonging to this
neighborhood and look at the signs of the polynomials under discussion.
Case (i # 0). P; changes sign as it goes through the point xo. Therefore P;(a) and P;(b) have
opposite signs. At the same time P;_;(a) and Pj.1(b) have the same sign but exactly opposite
of the sign of P;,1(a) and P;_1(b). Consequently, each of the sign chains

sgn(Pi-1(a)), sgn(Pi(a)), sgn(Pi1(a)),
sgn(Pi-1(b)), sgn(Pi(b)), sgn(Pi+1(b))

has only one sign change and the net contribution to o(a) — o(b) is zero.

Case (i = 0). Again, Po changes sign as it goes through the point xy. Therefore Py(a) and Py(b)
have opposite signs. At the same time P1(a) and P;(b) have the same sign. Consequently,
among the two pairs

sgn(Po(a)), sgn(P1(a)),
sgn(Po(b)), sgn(P1(b)),

one has identical signs and one has opposite signs. In fact, it is always the first pair that
has the opposite signs: When P; > 0, P must be strictly increasing and thus P(a) < 0; when
Py > 0, P must be strictly decreasing and thus P(a) > 0. The net contribution to o(a) — o(b)
is one.

Therefore, when o(x) changes values only when x goes through zeroes of P(x). In
particular, it changes by one every time it passes through one such zero. From this, the
statement of the theorem follows. |

Example 13.2. For the polynomial P(x) = x° — 3x — 1 the corresponding Sturm chain is

P(x) = x°-3x-1,

Pi(x) = 5x*-3,
Py(x) = 12x+5,
P3(x) = 1.

We will consider the following Sturm sign chains.
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1. Atx=-M,M — +co:

2. Atx=-2:

-1, +1, -1, +1.
3. Atx=-1:

+1, +1, -1, +1.
4. Atx =0:

-1, -1, +1, +1
5 Atx=1:

-1, +1, +1, +1.
6. Atx=2:

+1, +1, +1, +1.

7. Atx =M, M — +oo:
+1, +1, +1, +1.

The polynomial P(x) has only three real roots since o(—o0) — g(+00) = 3. In fact there is one
root in each of the intervals (-2, -1), (-1,0), (1, 2) since o(a) — o(b) = 1 for any of them. O

13.4 Solved Problems

Polynomials, by evaluating them or by the use of Viete’s formula can be useful to find the
values of finite sums. This idea is demonstrated in the problem that follows.

Problem 13.5. Prove that

T knm n
s 7 = 21’1—1 ,
k=1
foranyn > 2.
Solution. We start with the polynomial
Px) = «"-1,

having roots
wp = e, k=01,...,n—1.
Since
Px) = x4+ x"2 4+ 4 x+1),
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the polynomial
Q) = " e x™ 24 x+1

has roots wy, k=1,...,n—1. Thatis

Q) = (x—w)(x —w2)...(x — wy-1) -

Then we notice that

2nk . . 2mk
1-wp = 1—CosT+zsmT

.ok . Tk Ttk
= 2sin? — +i2sin — cos —
n n n

PR % [ S 7'Ck
= 2ie7*% gin — |
n

Setting x = 1 in Q(x), we find

n

[[a-wn =1,

i=k
which is exactly the identity sought. (Since the roots appear in conjugate pairs, only the
2’s and the sine parts of the roots survive. Alternatively, take the magnitude of the two
sides.) O

Incidentally, from the previous problem, since P(wk) = 0, we also see that, if w is any of
the n-th roots of 1 different from wg = 1,
l+w+®+-+0" 1 =0,

another well known identity.

Problem 13.6. Find all polynomials P(x) such that
xP(x-1) = (x-3)P(x), Vx.

Solution. Substituting x = 0,1,2, successively in the given equation we find that these
values are roots of P(x):

0P(-1) = -3P(0) = P() = 0,
1P(0) = -2P(1) = P(1) = 0,
2P(1) = -1PQ2) = PQ2) = 0.

Let’s set

P(x) = x(x=1)(x -2)Qx),
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where Q(x) is some polynomial. Substituting in the given equation

X(x =Dlx=2)(x =3)Qx 1) = x(x - )(x = 2)(x = 3)Q(x),

or
Qx-1) = Q), Vx.

This equation implies that Q(x) is a constant, say ¢, and thus

Pix) = cx(x—-1)(x—-2). |

Problem 13.7 (USA 1975). If P(x) denotes a polynomial of degree n such that

k

PR) = 7. k=01,...m, (13.2)

determine P(n + 1).
Solution. The given conditions may be written as
k+1)Pky—k =0, k=0,1,...,n.
This implies that the polynomial
Q) = (x+1)P(x) —x
of degreen + 1 has0,1,...,n as its n + 1 roots. Therefore:
Qx) = ax(x—1D(x—-2)...(x—n).

To find a, notice that the definition of Q(x) through P(x) implies that Q(—1) = 1, while the
previous equation gives
Q(-1) = a(-1)"'(m+ 1),

We thus conclude that

_qyn+1
and —1)n+l X
P(x) = (En+1)! (x—l)(x—Z)...(x—n)+1) o1
Then .
Pn+1) = ((;111 +1) %
or

M i
Pii+1) = 17727 if n=even, a
1, if n=odd .
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Problem 13.8. Find all polynomials P(x) such that
P(F(x)) = F(P(x)), P(0)=0,

where F is some function defined on R and that satisfies

F(x)>x,¥x>0.
Solution. For x = 0, the given functional equation gives

P(F(0)) = F(0).
We set ag = F(0) and we thus rewrite this equation as

P(ag) = ag .
Starting with ag, we now define the sequence
ans1 = F(an),

Since F(a,) > ay, this sequence is a strictly increasing one. In the defining functional
equation, we set x = ag. Then

P(F(ag)) = F(P(ag)) = P(a1) = F(ap) = P(a1) = a; .

We thus suspect that
P@,) = a,, VYn.

Suppose it is true for n = k: P(ax) = ax. Then we set x = g; in the defining functional
equation to find: P(F(ax)) = F(P(ax)) = P(ax+1) = F(ax) = P(ags1) = ax1. Thatis, it is
also true for k + 1 and we have proved our claim.

We have thus shown that the polynomial Q(x) = P(x) — x has an infinite number of
distinct roots: a,, with n = 0,1,2,---. Therefore, it must be the zero polynomial. This
implies that

P(x) = x. O

Problem 13.9. Find all polynomials P(x) for which there exists a polynomial of two variables
Q(u,v) such that

P(xy) = Qx, P(y)) -
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Solution 1. Any polynomial of degree zero P(x) = ag satisfies the conditions of the problem.
We will thus seek polynomials of degree n > 1.

Let Q(u,v) be a polynomial of degree n; with respect to u and degree n, with respect
to v. Then Q(x, P(y)) is of degree n; with respect to x and of degree nn, with respect to y.
Therefore the given equation requires that n = n; and n = nny orny = nand n, = 1. We can
write the polynomial Q(u, v) in the form

Qu,v) = q1(u) +g2(u) v

where the polynomials g1(u), g2(u1) are of degree n. The given functional equation then
takes the form of a Vincze II functional equation (8.19):

P(xy) = q1(x) + q2(x) P(y) ,

with solution
P(x) = ax"+b, Qu,v) = b1 -u")+u"v.

O

If one does not want to use the result of the Vincze II equation, he can proceed as
follows:

Solution 2. Let

Il
=
~
=
N

q1(u)

q2(u)

Il
(2)
2
=

Then the given equation translates to

Zakxy Zbkx +Zchagxy ,

k=0 k=0 ¢=0

or

n
akyk = by +cg Zagy‘), k=0,1,...,n. (13.3)

The last equation, for k = n, gives
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and therefore

ay = Cuply,
0 = cpa,1 = cpapn = ... = cuaq,
0 = b,+cuap.

The equation a,(c, — 1) = 0 requires that either a, = 0O or ¢, = 1. If a4, = 0, then P(x) is
of degree n — 1. Then repeating the same argument either a,_1 = 0 or ¢,—1 = 1. And this
continues until we reach a constant polynomial. We thus conclude that, if we wish to find
non-constant polynomials, it must be ¢, = 1 and a,, # 0. Then

0=a,1 =ay,9 = ... =a,

and
bn = —4ap.

Returning to equation (13.3),

akyk =br+c(@+ay"), k=0,1,...,n, (13.4)
we see that
0=c1 =c¢cp= ... =c =cp,
and
b():llo, bl :bzz :bn_lzo.

All this gives, again, the result that P(x) = a,x" +ag and q1(u) = ap(1 - u") and qo(u) = u". O

Problem 13.10. Find all polynomials P(x) for which there exists a polynomial of two variables
Q(u,v) such that

Px+y) = Qlx, P(y)) .
Solution 1. Any polynomial of degree zero P(x) = ag satisfies the conditions of the problem.
We will thus seek polynomials of degree n > 1.
Let Q(u,v) be a polynomial of degree n; with respect to u and degree n, with respect
to v. Then Q(x, P(y)) is of degree n; with respect to x and of degree nn, with respect to y.
Therefore the given equation requires that n = 1y and n = nny or ny = nand np = 1. We can
write the polynomial Q(u, v) in the form

Qu,v) = qi(u) +q2(w) v,

where the polynomials g1(u), q2(u) are of degree n. The given functional equation then
takes the form of a Vincze I functional equation (8.13):

Plx+y) = q1(x) +q2(x) P(y) ,

with solution
P(x) = ax+b, Quv) = au+v. O
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As with the previous problem, we could finish the solution of this problem without any
reference to the Vincze II equation:

Solution 2. Let

I
1=
x
S
=
L

P(x)
k=0
q(u) = b,
k=0
n
Q) = ckuk.
k=0

Then the given equation translates to

n

Z ar (x + y)k = Zn“ b X< + Zn“ Zn“ Cr¢ xky‘) . (13.5)
k=0

k=0 k=0 ¢=0

The right hand side has all terms x4’ but the left hand side has only terms x*y* with
k + ¢ < n. Therefore the coefficients of the terms x*y¢ with k + £ > n in the right hand side
must vanish:

cpap = 0, €=1,2,...,n,
cp1ar = 0, € =23,...,n,
cgtar = 0, € =mn.

The last equation cja, = 0 requires either ¢; = 0 or a, = 0. If 2, = 0 then P(x) is of degree
n — 1. Restarting for the new polynomial we would find c1a,-1 = 0 and either a,_; = 0 or
c1 = 0. Assuming that a,_1 = 0, P(x) reduces to a polynomial of degree n — 2. So, in order
not to reduce P(x) to a constant polynomial, we must assume c; = 0 at some stage. So,
without loss of generality, we assume that that’s the case in the equations written above
and formally treat a, # 0 in these equations. Therefore

(g =¢=...=c¢ =0.

Equation (13.5) now becomes:

n n
ap +ay(x +y) + Z a, (x + y)k by Xk + ¢ Z ae y‘) . (13.6)
k=2 k=0 =0

Only the left hand side has mixed terms x*y//. Therefore it must be

a =a3 = ... =a, = 0.
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This leaves all terms x* with k > 2 unbalanced. Consequently
bp =b3 = ... =b, =0.

Finally, equating the coefficients of the remaining terms in (13.6),

ap = bo+coap,
ap = by,
a = Coag .

From the third equation, a1(1 — ¢p) = 0. To have a non-constant polynomial, a; must
necessarily be non-zero. Then cg = 1. The first equation then requires by = 0. Therefore we
have arrived at the result

P(x) = ayx+ap, qi(u) = a1x, qu) =1,

as in the previous solution. m|



Chapter 14

Conditional Functional Equations

14.1 The Notion of Conditional Equations

Let’s assume that we want to solve a modified version of Jensen’s functional equation.

Problem 14.1. Find the continuous solutions f : [0,1] — R of the functional equation

f(x + y) _ [0+

. 5= Yxyeloll.

In this modified problem only the domain of the function f has been changed, from
R to the interval [0,1]. As we have said previously, such a change might change the set
of solutions. However, one might still want to proceed in the same way we solved the
original problem (see page 89). For y = 0, the equation gives

f(x) _f@HFO _ f@)+D

2 2 2

where b = f(0). In this relation we substitute x = y + z:

(y+z) 3 fly+z)+b
f 2 2 '
However, the left hand side can be rewritten from the defining relation and thus

fly+2) = f(y) + f(2) -,

which can be rewritten in the form

glx+y) = g(x)+g(),

if we define g(x) = f(x)—b.The lastequation looks deceptively similar to the linear Cauchy equa-
tion (5.1) with x, vy € [0, 1]. However, it is not exactly the same. The equation is not valid
for all x, y € [0,1]; it is valid for all x, y € [0, 1] whose sum x + y also belongs in [0,1]. We

205
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cannot apply the equation, for example, to x = y = 1. Such a functional equation is called
a conditional (or restricted) functional equation.

Quite interestingly, conditional functional equations are not encountered frequently in
mathematical competitions (for a recent problem given in IMO 2008 see Problem 20.151).
This does not take into account the fact that certain conditions given for functions may be
interpreted as conditional functional equations. For example, the condition (13.2) on the
polynomial P(x),

x
P(x) = el Yx€{0,1,...,n},
may be thought of as a conditional functional equation since it is valid only for a subset
of the domain. This point of view makes the differentiation of equations into regular and
conditional a little vague. I personally prefer to avoid using this terminology but the
reader must be aware of it since mathematicians have studied many equations that have
been labeled as conditional.

14.2 An Example

In this section, we present just a single example of a conditional equation. We will assume
that the interested reader will search the literature for additional information and problems.

Problem 14.2 ([5], Problem 81-1). Let f : R* — R be a continuous function satisfying the
relation’

f@+70) = f(id)+ f(0), whenever il L 7.
Show that there exist a constant c and a vector @ € RF such that
f@d) = cld?+a-,
where ||i]| is the magnitude of il.

Solution. The solution given below follows M. St. Vincent [63].

Let
f(b_l)) — f(lj) +2f(_ﬁ) +f(1’7) _zf(_ﬁ)) = feven(b_[)'i'ﬁ)dd(lz)'

Obviously the even and odd parts must satisfy the same equation. So we shall study them
independently.

Case (The even part). Given any i, ¥ with equal magnitudes ||i]| = ||7]|, we can define
u+7 -7
2 YT
These vectors are perpendicular, i.e. ¥ i = 0. Also
feven(lj) = feven(-’?'i‘ ﬁ) = feven(f) + feven(ﬁ) ’
feven(ﬁ) = feven(f'i‘ (—ﬁ)) = feven(f) + feven(ﬁ) ’

'The condition i L 7'is read i is perpendicular to 7 and it is equivalent to # - 7 = 0.

=N
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or
feveﬂ(lj) = feven(ﬁ) .

The function f,.., has equal values for vectors of equal lengths. In other words, it cannot
depend on the direction of its argument:

feven(ﬁ) = feven(“lﬂl) .

For simplicity we shall indicate ||#]] = u. In the given functional equation, since # L 7,
1+ A? = |ldll* + ||9)]> = u? + v*. Therefore

froon (VU2 +02) = fooon(tt) + fruen(®), V1,0 € R},
We have thus found an unrestricted equation for the length of the vectors which has been

solved in Problem 5.11:

feven(”) = Cuzz

with ¢ some constant.
Case (The odd part). First we will establish that

fAid) = Af(@), YAeR. (14.1)
We shall do so by following the steps of the NQR-method. So, we shall first show that

f(nid) = nf@ii), VneN. (14.2)

Since f,44 is an odd continuous function, fodd(a) = 0. For n = 1, the equality is trivially
true. Suppose that it is true for some positive integer k. Now, given any u # 0, consider
the vector 7 which is such that - @ = 0 and has length [[#]] = Vk|i||. This vector has the
property that

(kii —0) L (il +0) .

Therefore from the defining equation
Joaa (il = 0) + foga (T +0) = foaa((k + 1)id) .

However, each term in the left hand side can be rewritten using that equation too since the
arguments are sums of perpendicular vectors. Finally

(k+1) foaa(id) = foaa((k + 1)if) .

That is, equation (14.2) is true for k+ 1 and thus, by induction, valid for all positive integers.
In this equation, we now insert %IZ’, m,n € N, in place of i to find:

Jodd (%17) = % foda (i) .
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Therefore we have shown that

foad(qid) = g foaa(i), Yq€Q.

Using the continuity of f,;; and a sequence of rational numbers {g,,} that converges to a real
number A we finally arrive at advertised result.
Now we shall show that

foad(T+0) = foaa(il) + foaa(@), VL, 7. (14.3)
If i = 7 = 0 this equation is trivially true. So, without loss of generality, given the vectors
i, 7 we will assume that 77 # 0 and define u =1 -9/||d)>. Then

i L (0 ).
Therefore from the defining equation

foda (i€ + 0) foaa (1 + p)i) + foua(0 — it

(1 + 1) foaa (i) + foaa(T — pid)
foda (D) + 1t foaa (i) + foaa (T — pid)
Joaa(@) + foaa(uid + 7 — i)

= foad(i) + foaa(D) ,

as desired. Equation (14.3) has been solved in Chapter 9 (see Problem 9.1), the solution
being

foaaid) = @1,

where @ some constant vector. O



Chapter 15

Functional Inequalities

15.1 Useful Concepts and Facts

So far we have studied functional relations that contained only equalities between the
various terms. Some inequalities did appear but they were not the central piece in any
problem except the problem at the end of Section 2.1 (see page 39). In this chapter we study
some basic theory and problems that deal with functions satisfying inequalities.

Definition 15.1. A function f is called

e superadditive if

fe+y) 2 f)+fy), Yxy;

e subadditive if
fx+y) < f)+f(y), Yxy;

e weakly convex if

f(x+y) SO

2 /7 2
o (strongly) convex if

ftx+ A -ty <tfx)+1-tf(y), Yxy, 0<t<1.

o (weakly/strongly) concave if —f is (weakly/strongly) convex.

Example 15.1. The function f(x) = |x| with x € R is subadditive since |x + y| < |x| + |y| while
the function f(x) = x> with x € IR%. is superadditive since (x + y)> = x> + y? + 2xy > x* + >
Finally, the functions f(x) = —Inx, f(x) = 1/x defined in R} are convex and therefore
f(x) =Inx, f(x) = —=1/x are concave. m|
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Comment. Convex and concave functions are important means in proving old and new
inequalities. However, this seems to me a topic more appropriate for a book in inequalities
(see for example [23]). Here I will be brief and present only a quick example.

If f is convex then, from the defining equation, one can show that

Zzzl f(xi) S Zzzl xi)
n 2 f ( n )’
for any n and real numbers x1,xy,...,x,. This inequality (as its special case for n = 2) is
known as the Jensen inequality.
For the convex function f(x) = — Inxand n positive numbers x1, x, .. ., X, the Jensen in-
equality gives

which is known as the Cauchy inequality. |

The following statements are true.

e Obviously, a convex function is also weakly convex but the inverse is not necessarily
true.

o If f is weakly convex and discontinuous at a point, then f is discontinuous every-
where.

o If f is weakly convex and continuous at a point, then f is continuous everywhere.
o If f is weakly convex and continuous, then f is convex.
e If f is convex, then f is continuous.

In the remaining section we discuss a few statements that are less known to students at
a lower level.

Theorem 15.1. If f’(x) exists on (0, +c0), then @ is decreasing (increasing) on (0, +00) if and

only if f'(x) < @ (respectively f'(x) > @) on (0, +oo).
Proof. If f'(x) < 19 since x > 0 we can equivalently write it as

SO0 o i(@)so

x2 dx\ «x

that is, f(x)/x is decreasing (and vice versa). |
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Theorem 15.2. If @ is decreasing (increasing) on (0, +o0), then f(x) is subadditive (superaddi-
tive).

Proof. 1f f(x)/x is decreasing, then
S Sty S
- x

xX+y X+y

= f(0)+ f(y),

that is, f(x) is subadditive. O

flx+y) =

Obviously the previous two theorems can be combined into the following one that
provides a sufficient condition for subadditivity (superadditivity):

Theorem 15.3. If f'(x) exists and f'(x) < @ (respectively f'(x) > @) on (0, +00), then f(x) is
subadditive (respectively superadditive).

Another condition used on functions often is the Lipschitz condition. We say that f
satisfies the Lipschitz condition of order « at xo if there exist a constant M > 0 (that may
depend on x¢) and an interval (xp — s, xg + s) such that

[f(x) = f(xo)l < M|x = xol*,

for all x € (xg —s,x0 + ).

Theorem 15.4. If f satisfies the Lipschitz condition of order o, with a > 0, at xo, then f is
continuous at xo but not necessarily differentiable.

Proof. Let ¢ > 0 be arbitrary, and choose §(¢) = (¢/M)/* > 0. Without loss of generality,
we shall take ¢ < s*M, where is s is the radius of the neighborhood of the points satisfying
the Lipschitz condition. This implies that 6(¢) < s and all points x satisfying |x — xg| < 0 are
points in (xg — s, xp + s). For these points, the Lipschitz condition gives

[f(x) = f(x0)l < Mx —x0|" <M6" = ¢,
thatis, lim f(x) = f(xo). O
xX—X0
Theorem 15.5. If f satisfies the Lipschitz condition of order a, with a > 1, at xo, then f is
differentiable at xo.

Proof. Let
1) = flxo)

X — X0

g(x) =
Obviously |g(x)| = |f(x) — f(xo)l/|x — xo| for which we have from the Lipschitz condition
8| < M|x — xolf,

with § = @ =1 > 0. Therefore g(x) is continuous at xy from the last result and f(x) is
differentiable at x. O
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15.2 Solved Problems

Problem 15.1. We say that f satisfies the uniform Lipschitz condition of order o on the interval
I if there exists a constant M > 0 such that

[f@) = fI < Mlx - yI*,

forall x,y € L.
Show that, if « > 1, then f is constant on I.

Solution. The function f is continuous and differentiable at any point of I. Then

f) - f(y)

< _ a—l.
prapy <Mlx -yl

In the limit x — y,
<0 = f(y =0,

or f(x) = constant. O

Problem 15.2 (China 1983; Hungary 1987). A function f defined on the interval [0, 1] satisfies
f(©0) = f(1) and

[f(x2) = flx)l < lx2—x1], x1 #x2.
Prove that ,
If(x2) = f(x1)l < 5 Vx1,x2 .

Solution. There are two possibilities: either [x; — x| < % or |xo —xq| > % If |xo — x1] < % then
from the given inequality

|f(x2) = fxn)l <z —xq] < % .

If |xp — xq| > %, without loss of generality we can assume that xo > x;. Then xo — x; > % and

|f(x2) = fx1)l |f(x2) = (1) + f(0) = f(x)l

< f(2) = FI+1£(0) = fxa)l
< Jap =1 +10 = x4|
= 1—XQ+X1=1—(JC2—X1)
1 1
< 1-===. |

2 2
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Problem 15.3 (IMO 1972). Let f and g be real-valued functions defined for all real values of x and
y, and satisfying the equation
fe+y) + fle—y) = 2f(08(y),

forall x,y. Prove that if f(x) is not identically zero, and if | f(x)| < 1 for all x, then |g(y)| < 1 for all
v.

Solution. Assume that |g(y)| < 1 is not true. Then there is a o such that [g(yo)| = A > 1. We
shall show that this leads to a contradiction.

Since f(x) is not identically zero, there is also an x( such that f(xg) # 0. Now consider
x1 to be that point of the set {xo + yo, X0 — Yo} that gives the greater absolute value for f(x).
Then, from the defining equation and the properties of the absolute value

2f(x)l = [f(xo + yo)l + [f(xo — yo)l = [f(x0 + yo) + f(xo — yo)l = 2[f(x0)l1g(v0)l ,

or

[fD)l = Awu.

where we set |f(xo)| = p < 1.

Now let x; be that point in the set {x; + yo, x1 — yo} that gives the greater absolute value
for f(x). As before,

2lf(x2)l = [f(x1 + yo)l + [f(x1 — yo)l = [f(x1 + yo) + f(x1 — yo)l = 2[f(x1)l1g(wo)l ,

or
lfe)l 2 A%

Continuing in the same fashion, one can define the sequence of points x, such that

|flea)l 2 A"

Since A > 1, there exists ng such that A" u > 1, and we have thus proved our claim. O

Problem 15.4 (USA 2000). Call a real-valued function f very convex if

fx) erf(y) Zf(x;ry)Jr -y

holds for all real numbers x and y. Prove that no very convex function exists.
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Solution. Let’s assume that a very convex function f exists. We will show that this leads to
a contradiction.

Without loss of generality we may assume y > x. We define the sequence of the four
points that divide the interval (x, y) in three equal pieces:

Xo =X, X1 =x+&, X =x+2, x3 =x+3¢ =y,

where, of course, ¢ = (y — x)/3. We then apply the given functional inequality for the pair
of points (xo, x2), (x1,x3),

o162y ez,
eI fam e,

Adding these inequalities we find

fxo) + flxa)  fla) + fO)
2 B 2

4¢ .

It then follows that

f(xo);f(xa) Zf(xl -|2-x2)+5€’
or

5
f(x);f(w Zf(x;y)%(y_x)'

Therefore, if the function f satisfies the inequality given with |x — y| in the right hand side,
it will also satisfy it with 5|x — y|/3. By iteration, the function satisfies the inequality

wzf(x;y)_'_(g)” lx—yl,

for any n. However the right hand side increases without limit as 7 increases and therefore
the inequality cannot be satisfied. m|
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Chapter 16

Iterations

Functional equations for functions of a single variable and no ‘parameters’ involved have
appeared in this book in several places. In particular, the majority of the problems in
Chapter 4 are such functional equations. In general, given a function f(x), a functional
equation satisfied by f(x) is much harder to solve when no ‘parameters” enter in the
functional equation. The related equations that we have studied so far were simple enough
and we did not have to deal with many of the rich and interesting features encountered in
the theory of functional equations with no “‘parameters’. In this and the following chapter,
we will highlight some of these features. However, an exhaustive presentation of the
topic is beyond the scope of this book. The interested reader should consult [39] or, at
a higher level, Kuczma'’s book [27] for a thorough and deeper coverage of the topic by a
highly-regarded expert.

16.1 The Need for New Methods

Some important functional equations in this category are:

o) = 0, (16.1)
Ao = x, (16.2)
fgx) = f(x)+a, a#0, (16.3)
flgx) = Af(x), A#0, (16.4)
flgx) = (f)y, p#1. (16.5)

Equation (16.3) is known as the Abel equation; equation (16.4) is known as the Schroder equa-
tion and equation (16.5) is known as the Bottcher equation.

For x = y, the four Cauchy functional equations that we have studied in previous
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chapters become:

f@x) = 2f(x),
f(2x) fx)?*,
%) = 2f(),
f&) = f@)?,

special cases of the Schroder (first and third) and Bottcher equations (second and fourth)
with the obvious solutions

f(x) = ax,
flx) = a°,
f(x) = log,x,
flx) = 2.

One would like to know under what conditions the above ‘no-parameter’ Cauchy equations
uniquely characterize the linear, the exponential, the logarithmic and the power functions,
respectively.

Equations (16.1) and (16.2) are special cases of the equation

f'(x) = hx),

where h(x) is a known function and n > 1 is a given integer. The solutions f(x) are called
the iterative n-th roots of /. In particular, the solutions of (16.2) (the iterative square roots
of the identity function) are called involutions.

Unfortunately, the methods we have presented so far are not adequate to solve func-
tional equations with no “parameters’. To demonstrate this claim, let’s work out the solution
of equation (16.1) that consists the simplest possible example.

Problem 16.1. Let f : I — [ where I = [a,b], a < 0 < b, be such that f2(x) = 0. Find all such
solutions not identically zero.

Solution. We define

K
N

{xell f(x)=0},
(xel| f(x)#0}.

We shall show that a function f will be a solution if and only if K # @, f(N) € K, 0 € K.

Necessary: Since f(x) # 0, there exists an xp € I such that f(xp) # 0. Therefore the set N
is non-empty.

We set 1o = f(xp). Then f(yo) = 0 since f(f(xo)) = 0 by definition. The point vy belongs
to K which is thus non-empty too.

Similarly, for any x” € N we can set ' = f(x’) and by the defining equation f(y’) = 0,
thatis, v’ € K. Therefore f(N) C K.
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The point 0 must be in K, thatis f(0) = 0. If this is not true, then for any point k € K,
f(f(k)) = f(0) # 0 which contradicts the defining equation.

Sufficient: Let K and N be two non-empty sets such that0 € K, KNN = @ and KUN = .
Now let f be any function f : N — K. The extension of f to a function f : I — I by

0, ifxeK,
fe) = {f(x), ifxeN,

is easily verified to satisfy f(x) =0 forall x € I. |

Question. What are the continuous solutions?

‘syutod [euonIppe SpNdUL AW YdTyM Y 39s a3 0} [enba Arressaoou jou st [,q*,v] 3oyl 9OUON] FUIULLOD)

‘[,g*,v] TeAISIUT A3 UT (AJINUTIUOD YJIM JUSJSISUOD) anfeA Aue aye} Ued uonouny aiy
[9*,9) pue (,v‘v] seardyurayy ug *[,g*,v] > xR 1050 = (X)f JeWPYonsg s g > O pue Q> v S v a1y ‘aemonred
U] "019Z JO POOYIOqUSIDU € Ul SaySIUeA UOndUny ay} Jey) saajuerend Aymunuod ayj ‘g = (0)/ 9ouIg amsuy/

Figure 16.1: The graph of a continuous function that satisfies f(x) = 0.

In the previous example, we found all solutions of the functional equation. Often,
we are interested only in identifying a particular subset of solutions, not necessarily all
solutions. This simplifies the task considerably. For example, we can find solutions of
the equation (16.2) relatively easily. It is immediate that reflections and inversions are

solutions: .

@) = —x, folx) = Z
However, these are not the only solutions. With a little more effort one can discover that
given an invertible function g,

f) = g7 (-g)
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is an involution. We have thus discovered a family of solutions parameterized by the
invertible function g but, of course, we have not shown that these are the only solutions.
(For a complete solution see Problem 16.2.)

16.2 Iterates, Orbits, Fixed Points, and Cycles

The iterates of a function f|X have already been defined in section 1.3:

f=fof, fl=foft, n>2.
For convenience we may often define f° = idx. It is noteworthy that any two iterates of f
commute:
f”ofm = fmofn = f”+m, VYn,meIN.
The sequence of points
{xn = fn(x)}nG]N
is called the splinter of x.

Consider two points x,y € X. We call them equivalent points under iteration of f
and write x ~ y (more exactly x ~¢ y but we will omit the subscript f when there is no
ambiguity) if there exist n,m € IN such that f"(x) = f"(y). This relation between points
satisfies the three properties of an equivalence relation:

1. Reflexivity: for all x € X, x ~ x.
2. Symmetry: for all x,y € X, if x ~ y then y ~ x too.
3. Transitivity: forall x, y,z € X, if x ~ yand y ~ z, then x ~ z too.

Therefore ~ is an equivalence relation. We call the corresponding equivalence classes
orbits. That is, the orbit Oy of a point x is

Oy ={lyeXl|x~y}.

The orbits partition X into a union of pairwise disjoint sets.
If xg € X is such that

ffx0) = xo, and fl(x)#x0, €=1,...,k-1,
then xg is called a fixed point of order k of f. Fixed points x. of order 1 are characterized by
fx) = x

and they are simply called fixed points. Apparently, a fixed point of order k is a fixed point
of the function g = f*.
If xp € X is a fixed point of order k, then all the points in the sequence

X, = fn(xO), HEN,

are also fixed points of order k since (f*)* = (f¥)". There are exactly k distinct points in this
sequence which form a set called a cycle of order k or, simply, a k-cycle. For this reason, xg
is also called a periodic point of period k.
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Example 16.1. Consider the function f(x) = x* — 2|[—2, 2]. How many fixed points of order
n (if any) does it have? It is actually easy to see that there will be at least one for each n.
Looking back at Problem 1.6, we proved that the equation f"(x) = x has exactly 2" real
roots. Since a fixed point of order n should not be a fixed point of any lower order, and
there are

20421 422427t = 2 g

total roots for fk(x) =x,k=12,...,n—1, the equation f"(x) = x has at least one root
different from all roots of the previous equations. To exactly count the fixed points of
order n is a simple exercise in number theory but, unfortunately, requires knowledge of at
least one important piece of number theory. For the reader’s curiosity and satisfaction, I
present the counting at the end of the example. Here, to uncover the pattern, for illustrative
purposes, I shall work by example. (Any calculations are automatic from the results of
Problem 1.6.)
eThe fixed points (of order 1) are

X. = 2cos0, X. = 2cos?n .
These two points, satisfying f(x) = x, will also be satisfying f"(x) = x for any n > 1.
Therefore, they must be removed from the solutions of f"(x) = x which are the candidates
for fixed points of order n.
eThe roots of f2(x) = x and thus the candidates for fixed points of order 2 are

2 2 4
X. = 2c080, X = 2COS?TC, a, = 2COS?TC, b, = 2COS?TC.

The first two solutions are those to be excluded. The remaining two solutions however are
genuine fixed points of second order. These points, satisfying f2(x) = x, will be satisfying
also x = f%(x), for any k > 0. We also notice that they are members of a 2-cycle:

4
fla2) = ZCOS% = by,
8 2
fbr) = ZCOS?TC = 2COS(2T(—?T() = a.

In other words, the splinter of any of the two roots, say

a, f@2), fAa2), @), fH@2), @), @), f(@), @), ...

has only two distinct points
as, b2/ as, bZ/ oo

eThe roots of f3(x) = x and thus the candidates for fixed points of order 3 are

2 4 6
x. = 2cos0, az = 2cos7n, by = 2cos7n, c3 = 2cos7n,

2 2 8
az = 2cos§, B3 = 2cos Xas 2cos?n, Y3 = 2cos§.

?/
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Excluding x. and x.., the remaining six solutions however are genuine fixed points of third
order. These points, satisfying f3(x) = x, will also be satisfying x = f3*(x) for any k > 0.
We also notice that a3, b3, c3 and a3, 83, 3 form two 3-cycles respectively:

4

flas) = 2cos77T = b3,
8

f(bs) = 2cos7n _—
1

flc3) = 2cos$ = az,

and

flas) = 2cos e = s,

) = 2eos® =,

167

fly3) = 2COST = a3.

eThere are 16 candidates for fixed points of order 4. From them we must remove the
fixed points of order 1 (two points) and order 2 (another two points). Therefore, we are left
with 12 fixed points of order 4,

21 47 8n 14
ag = 2COSE, b4—2cosﬁ, C4—2COSE, d4—2cosﬁ,

2n 41 871 l6m
g = 2COSﬁ, 54—2cosﬁ, y4—2cosﬁ, 64—2c057,

67 127 107 147
N4 = 2C05ﬁ, :4—2C057, J4_2COSFI -i4 2COS?

which form three 4-cycles. We have labeled the points of these cycles by latin, greek,
hebrew letters respectively.

The general pattern should be obvious now. For exact counting of the fixed points of
order n see the following paragraph that uses a result from number theory.

Counting the n-periodic points: Consider the arithmetic functions f and g defined on
IN and assume that they satisfy the relation

g = Y f@),

dln

for n > 1. The notation d|n stands for ‘d divides n’, that is the sum is over all divisors d of
n. This relation can be solved for f(n). The result is

foy = Y u(5) @,

dln
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where p(n) is the Mobius function defined in Example 3.3. This formula is known as the
Mobius inversion formula. You may find the proof in any text of number theory, such as
[12]. Also, inverting the latter formula gives the former.

Now let’s consider any function f(x) for which the equation f"(x) = x has 2" solutions.
A fixed point of order d satisfing x = f?(x) will also be a solution of x = f%(x) for any an
integer g. From this we see that, if d|n, then the solutions of x = f%(x) are also solutions of
x = f"(x). Let N(d) stand for the number of fixed points of order d. Then our discussion

implies that
Y N@) = 2",
dln
which we can invert to find
o - Lals)?

For example, if n = 4,d is 1,2,4 and thus
N@4) = u@)2+u@)2*+u1)2* =0-2-1-4+1-16 = 12,

as found previously. |

16.3 Fixed Points: Discussion

Consider a function f and a point x in its domain. If xg is a fixed point, then its splinter is
a constant sequence xy, Xo, Xo, - - - . But, what happens if x( is not a fixed point? To answer
this question, we will first demonstrate how to construct the splinter graphically. This is
best done in Figure 16.2 which the reader should consult to understand the construction.

For the graph I given in Figure 16.2, we see that the splinter of a point x (less than the
fixed point x.) creates an increasing sequence of points which converges to x.. In fact we
can easily prove the following theorem:

Theorem 16.1. If f is continuous and the splinter converges to a limit €, then £ must be a fixed point.

Proof. Since any subsequence of a converging sequence converges to the same limit, we
have:

¢ = lim f"(xo)
_ nli_r)r(}of”Jrl(xo)
= lim f(f"(x0))
= f(lim f"(xo))
= fO). O
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f(xo) =yo ¢ - - - ik
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Figure 16.2: Left: Graphical representation of the map xo + x1 = f(xo). Firstdraw the graphT of the function
y = f(x) and the diagonal y = x. Given the point x;, we raise a vertical line to find the intersection point A
with the graph I'. Point A has coordinates (xg, f(x)). We then draw a horizontal line through A that intersects
the diagonal at point B with coordinates (f(xo), f(xo0)). Projecting this point on the x-axis determines the point
x1 with value f(xp). Right: Graphical construction of the splinter of x;. Using the procedure described in the
left picture, we can construct the successive images xo > x1 + x; + ---. In the particular case shown in this
picture, the splinter of x, converges to the fixed point x..

Figure 16.3 illustrates two different, very special but important cases of fixed points. In
the left case the splinter of any point converges to x.. In the right case, the splinter of any
point moves further away from x.. This motivates us to introduce the definition:

Definition 16.1. A fixed point x. of a function f is called

(a) attractive or stable if there is a neighborhood N(x.) of x. such that for any x € N(x.)
the splinter of x converges to x..

(b) repulsive or unstable if there is a neighborhood N(x.) of x. such that for any
x € N(x.) \ {x.} the splinter of x contains a point not in N(x.).

Consider the set F of all attractive and repulsive fixed points of a function f. Then each
such point is isolated in F, that is, for each x. € F there is a neighborhood N(x.) such that
x, ¢ N(x.) for all x; € F\ {x.}. Otherwise, if there was at least one x; € N(x.), then its splinter
would be the constant sequence x;, x, x;, ... which neither converges to x. nor has a point
outside N(x.).

We can now establish simple criteria that allow us check for fixed points of a function
f and their nature.

Theorem 16.2. Let f be a continuous function such that f(a) > a and f(b) < b at some points a
and b. Then f has a fixed point x. between a and b.

Proof. Without loss of generality we assume a < b (otherwise we rename the points). Then
for the continuous function g(x) = f(x) — x we have g(a) > 0 and g(b) < 0. Therefore, there
must be a point x. € (a,b) such that g(x.) = 0 or f(x.) = x.. O
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Figure 16.3: Left: An attractive fixed point. Right: A repulsive fixed point.
Corollary (Brouwer Fixed Point Theorem). Suppose that f : [a,b] — [a,b] is a continuous

map. Then there exists a fixed point x. € [a, ].

Proof. 1f f(a) = a or f(b) = b, we are done. If that’s not the case, then it must be that f(a) > a
and f(b) < b and from the previous theorem there is an x. € (g, b) such that f(x.) =x.. O

Question. The function f : [1,+00) — [1, +00) with
X f(x)=x+ 1
T x

has no fixed point x, € (1,+00). How is this possible? Has any implicit assumption been introduced in the previous

proof?
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Theorem 16.3. Let f be a continuous function and x. be a fixed point of f. Then, if for all points x
in some neighborhood N(x.) of x. we have

X x*

S i i ( <1 = «x,isan attractive fixed point;
X) — X

% >1 = x,isarepulsive fixed point.

Proof. We will prove the first statement; the second statement is proved similarly with the
appropriate changes.
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In the relation |f(x) — f(x.)| < |x — x.| we replace x by the points defined by the splinter
of x: x, = f"(x). Then

[f ) = fQe)l <t = x| = W1 = 2l < lvn =],
for any n > 1. Therefore the sequence
0<---<|rp— x| <xp — x| < |x—xi

is bounded and decreasing and hence converges. As such, the splinter converges, too.
Let

f@-xl g
X — X«
replacing x with f(x), we find:
|0 -x| = A|f@)-x] = Pr-xl.
Inductively,
|f”(x) —x| = A"|x—x..
In the limit x — x,, f"(x) = x.. m|

Corollary. Let f be a continuous function and x. be a fixed point of f. If the derivative f’(x.)
exists, then if

| f'(x)| <1 = x.isan attractive fixed point;
| f'(x.)|>1 = x.isarepulsive fixed point.
Proof. The corollary is immediate from the last theorem if we take the limit x — x,. O

Obviously, if |f’(x.)] = 1 — we call x, a marginal point — we need to look at higher
order derivatives to decide about its behavior. Also, if f’(x.) = 0, we call x, superstable.

A final comment is in order here: attractive and repulsive fixed points are very special.
Look, for example, at the two functions

X,

fx)
fx)

—X.

For the former all points are fixed points while for the latter x, = 0 is the unique fixed point.
However, none of these fixed points is attractive or repulsive. The splinter of any point in
the neighborhood of a fixed point neither converges nor moves away from the fixed point.
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slope=—1 slope=1 slope=—1 slope=1

Figure 16.4: Geometric interpretation of the criteria that characterize the nature (attractive vs. repulsive) of

a fixed point. Notice that % is the slope of the secant line that joins the fixed point (x., x.) with the point

(%, f(x)) in a neighborhood of the fixed point. Therefore, for an attractive fixed point all such secants of the
graph of f(x) have slopes in the interval (-1, 1) (left picture) while for a repulsive fixed point all such secants
have slopes in (—co, —1) U (1, +c0) (right picture). A similar statement is true for the slope of the tangent at the
fixed point (if the derivative at x, exists).

16.4 Cycles: Discussion

Consider again the function f(x) = —x, with which we closed the previous section. The
splinter of any point xo # 0,

X0, — X0, X0, — X0, X0, — X0, -+

is a periodic sequence with period 2. The points xg, —xo form a 2-cycle (cycle of order 2).
The function

1, ifx=0,
2, ifx=1,
3, ifx=2,

N-1, ifx=N-2,
0, otherwise,

has a unique N-cycle for any value of N € IN \ {0, 1}:
01,2 ...,N-1

This function is discontinuous. Constructing a continuous function with an N-cycle is not
a trivial matter, as there are rules governing the existence of cycles for such functions. We
will present these rules with no attempt to prove them, as the corresponding theory is quite
complicated and spans a vast area of mathematics.
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In the set of natural numbers IN* consider the following total order

3<5<7<--<2-3<2:5<2-7<---<22.3<22.5<22.7<...
C <235 T < <2 < <8 <4 <2<1

which is known as Sarkovskii’s order. In this order first come all odd numbers (in the
usual order), then come their multiples by 2, then come their multiples by 4 = 22, then
come their multiples by 8 = 23, and so on, and finally come the powers of two in decreasing
order.

The following theorem is considered by many as one of the most important theorems
in modern mathematics!:

Theorem 16.4 (Sarkovskii). Let f : I — I be a continuous function defined on the interval I. If f
has an m-cycle, then it has an n-cycle for any n such that m < n.

According to this theorem if f has a 2-cycle, it does not necessarily have any other cycle
(except fixed points) — e.g. the function f(x) = —x. However, if the function has a 3-cycle,
it must have a cycle of every order!

Example 16.2. Let’s return to Example 16.1. There we showed that the function f(x) = x>—2
on [-2,2] has 3-cycles. Therefore, according to Sarkovskii’s theorem it must have have a
cycle of every order. Can you demonstrate it? m|

In the previous section, we showed that if the splinter of a continuous function con-
verges, then it must converge to a fixed point. This established only a necessary condition,
not a sufficient one. The following theorem improves on this situation.

Theorem 16.5. Let f : I — I be a continuous function. The splinter of any x € I converges to some
fixed point if and only if f has only fixed points and no other cycles.

The next theorem extends the result to a function with specific cycles.

Theorem 16.6. Let f : I — I be a continuous function with cycles of order 1,2, 2%, ..., 2" only.
The splinter of any point x € I converges to some fixed point or cycle.

The last theorem suggests that, as in the case of fixed points, there are special cycles to
which a splinter might converge (attract) or, perhaps, repel. So we introduce the following
definition.

Definition 16.2. Let f : [ — I be a differentiable function? and ay, ay, a3, ..., aybea k-cycle
of f. Then this cycle is called
(a) attractive or stable if at least one point of the cycle is an attractive fixed point of f¥;
(b) repulsive or unstable if at least one point of the cycle is a repulsive fixed point of
£~
5 Yet, Sarkovskii’s results [56, 57] went unnoticed for many years. The fact that the original arguments by
Sarkovskii are quite formidable and that he published his work in Russian did not help. A simplified proof
was found by Stefan in 1977 and was published in English [61].

2] adopt differentiability to simplify somewhat my discussion and be able to present simple proofs for the
theorems that follow.
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Lemma 16.1. Ifxg € I, let
d
"(x)

- E X=Xg )
Ifx1 = f(xo), x2 = f(x1), ..., Xu—1 = f(xn-2), then
D = f'(xo)f' (x1)--. f'(xn-1) -

Proof. For n = 2, the statement is true by the well known theorem on the differentiation of
a composite function,

d 4 ’
Eﬂym=f@mun (16.6)

and setting ¢ = f, x = x9. Now, let it be true for n = k:

d
O = e ). f ().

We will show that it is also true for n = k + 1. In equation (16.6), we set ¢ = f*:

LW = PR .

For x = xg the last equation gives

d ! ’ ! /
| _ = ) ). f ) f ()
X X=Xg
and this completes the proof. |

The next two theorems are useful criteria to identify attractive and repulsive cycles.

Theorem 16.7. Let f be a differentiable function. Every point of an attractive (repulsive) k-cycle
ai, a, as, ..., ax of f is an attractive (repulsive) fixed point of f*.

Proof. Let g = fk. Then from the previous lemma
g@) =g = ... =g@),

since each derivative is equal to f’(a1)f’(az)... f'(ax). This requires that all points of an
attractive (repulsive) cycle are simultaneously attractive (repulsive). m|

Theorem 16.8. Let f : [ — I be a differentiable function and a1, a, a3, ..., ax be a k-cycle of f.
IfD = f'(a1)f"(a2) ... f"(ax), then

IDI| <1 = the cycle is attractive,
IDI>1 = the cycle is repulsive.

Proof. Immediate from the previous theorem. ]

Thave used the symbol ‘D’ as a shorthand for discriminant. A discriminant, as that of a quadratic polynomial,
is an instrument that allows us to differentiate between two or more choices.
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16.5 From Iterations to Difference Equations

Functional equations for a function f(x) that contains f : R — R and some of its iterations
are intimately related to difference equations. Of course, this relation is useful when the
corresponding difference equation can be solved more easily than the original functional
equation.

To illustrate the idea, consider the functional equation

o) - fA(x) - 8f(x) = —12x.

The point x can be arbitrary, so we can take it to be x = f"(y):

fn+3(y) _ fn+2(y) _ 8fn+1(y) - _ 12fn(y) )

Now consider the splinter of v,

v, f), £, '@, ). ).

which we can identify as a sequence
aop, a1, a2, -..,4n, Qp+l, OAp+2,°°° -
Then, the given functional equation becomes a difference equation (one for every point y)
Ap+3 — Apy2 — 8y = —12a,,
with the fundamental set of solutions 2", n2", (=3)". Therefore, the sequences

a, = A2",
a, = C(-3)",

solve the difference equation from which we recover the two solutions

y=a = A, m = f(y) = A2,
y=a = C, m = f(y) = C(-3),

that is
fy) =2y, or f(y) = -3y.

for the original functional equation. The issue of uniqueness remains open unless addi-
tional conditions are specified. (See the solved Problem 16.5 and the unsolved Problem
20.135.)

It should be obvious that the reverse method is also useful: starting from a difference
equation, one might consider iterates of a function to draw conclusions. (See, for instance,
the solved Problem 16.4.)
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16.6 Solved Problems

Problem 16.2. Find all functions f : I — [ with I = (a,b), a < 0 < b that satisfy equation (16.2).

Solution. The function f is injective. Indeed, if two images are equal, say y; = y», then
fx1) = f(x2) = fA(n1) = f2(x2) = x1 = 22

The defining functional equation implies that all points of I are fixed points of f2; that
is, they are fixed points of order 1 or 2. Therefore either f(x) = x or f(x) # x and f2(x) = x.
Let’s define the sets

F xell f(x)=x},
L xell f(x)<x},
G = {xellf(x)>x}.

These are obviously pairwise disjoint and their union equals I. All fixed points belong to F.
All remaining points form 2-cycles (x, f(x)) and they belong to L U G. The two points of a
cycle (¢, ") belong to different sets since, if they were in the same set (say L) there would be
a contradiction (¢’ = f() < € and ¢ = f({’) < {’.) Therefore, the 2-cycles define a bijective
map between L and G. If f; is the restriction of f to L, f; : L — G, and f; is the restriction
of ftoG, fc:G— L, then f; = f(;l
Inversely, given a partition of I to three sets F,L,G and ¢ : L — G a bijective function,
then the function
g(x), ifxel,
flx) = Jx, ifxeF,
g‘l(x) , ifxeG,

satisfies equation (16.2). O

Problem 16.3 (Putnam 1952). Given any real number Ny, if Nji1 = cosNj, prove that lim N;

J—00

exists and it is independent of Ny.

Solution. The sequence of points {N;} is the splinter of the cosine function f(x) = cosx
generated by the point Ny. The cosine function has a fixed point x. defined by cos x, = x..
At the fixed point f’(x.) = —sinx, and thus |f"(x.)| < 1, that is x. is an attractive fixed point
which implies that lim N; exists and it is independent of Np. m|

jooo

Problem 16.4 (Putnam 1947). If {a,,} is a sequence of numbers such that for n > 1
2-an)apa =1,

prove that lim a, as n — oo exists and is equal to one.
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= COST

Figure 16.5: The cosine function has a unique fixed point x. whose approximate value is 0.739.

Solution. The sequence defined by the given recursion relation

. 1
n+l — 7 _ a,
can be written as the splinter* of the function
1
@) = 5

generated by the point x = a;. As in the previous problem we expect that f(x) has an
attractive fixed point and this is x, = 1.
Indeed, we can easily confirm that f(x) has a fixed point

=% = @x-1=0=x =1.

2—X.

However, the criteria to confirm that it is an attractive point fail: Atx, =1, f’(x.) = 1 and
the ratio | f(x) — 1|/|x — 1| is less than 1 only on one side of x.. So, to establish that the splinter
converges to 1, additional work is required.

If x = 1 then the splinter is the constantsequence 1,1, 1, . . . , that is obviously convergent
to 1. If a1 # 1 we must consider three cases.

Case I: x < 1. When x < 1 then

[f(x) 1] 1
= <1,
lx —1] |2 — x|

and therefore f"(x) - lasx — 1°.

“This problem may be solved more easily by simpler techniques. However, the use of iterations helps us
to demonstrate two ideas: (a) how we can employ a function when a sequence is given and (b) how to modify
the techniques presented in theory to verify an attractive fixed point when the theorems we have proved fail.
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Case II: x > 2. In this case f(x) < 0 and the first point in the splinter of x goes back to
the previous case.
Case III: 2 > x > 1. In this case

x-1P2>0=1>x2-x) = ﬁ>x,

that is, the splinter of x is an increasing sequence. As such at some value of 7, the iteration
will produce a point a, > 2 which takes us back to case II. (One can check that f(x) > 2
when x > 3/2.) |

Zo

Figure 16.6: The graph of f(x) =
and 1 < xp < 2.

7. Shown is also part of the splinter of a point xo in the two cases: xo < 1

Problem 16.5 (Putnam 1988). Prove that there exists a unique function f from the set RY of
positive real numbers to IR’ such that

f(f(x)) = 6x~ f(x)
and f(x) > 0 for all x > 0.

Solution. Setting f”‘l(x) in place of x and using the notation a, = f"(x), n =0,1,2,..., we
find the recursion relation
Ape1 +a, —6a,.1 = 0.
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We will seek solutions a, = A" which leads to the characteristic equation
A +A-6=0,

with solutions A, = 2, -3. Then, 2" and (-3)" give a fundamental set of solutions. Since the
function sought must be positive, only the first solution is acceptable, and thus f(x) = 2x. O

Problem 16.6 (Putnam 1979). Establish necessary and sufficient conditions on the constant k for
the existence of a continuous real-valued function f(x) satisfying

f(f@) = ke
for all real x.
Comment. Notice that the functions f sought are the iterative square roots of kx°. m|

Solution. If k > 0 we can see immediately that f(x) = k'/* x3 is a solution. Therefore k > 0 is
a sufficient condition to produce a solution.
To see that this condition is also necessary, we notice that if

fx) = f(y) = fz(x) = fZ(y) = k' = ky9 =>x =Y.

The function f must be injective. Since it is also continuous it must be strictly increasing
or strictly decreasing and its second iterate f> must be strictly increasing. The function kx’
will be strictly increasing if k > 0. a

Problem 16.7 (IMO 1976). Let f(x) = x> =2 and fi(x) = f(f/'(x)) for j = 2,3,---. Show that
for any positive integer n, the roots of the equation f"(x) = x are real and distinct.

Solution. If f(x) is a polynomial of degree 2, then f"(x) is a polynomial of degree 2".
Therefore, we must prove that f"(x) has 2" real and distinct fixed points (not necessarily of
order n). Actually, since f is even, f" is easily seen to be an even polynomial and we can
restrict ourselves to the interval (—oo, 0] since a similar reasoning applies for the interval
[0, +00). We thus need to prove that f" has 2"~! negative fixed points’.

Now we show that, if x > 2, then f"(x) > x. For n = 1, if x > 2 it is easy to see that
f(x) =x>-2>x%—x = x(x—1) > x. Letitbe true for n = k. That is, let f¥(x) > x for
x > 2. Then set y = f(x), with x > 2. Obviously y = f(x) > 2 and therefore f*(y) > y. But

SHave I implied that if x, is a fixed point, then —x, is also a fixed point? Answer yes or no and provide an
explanation. As a specific example, look at the point x = 2.
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the last inequality is equivalent to f¥*1(x) > f(x), and since f(x) > x, also f**!(x) > x. This
concludes the proof. By symmetry, f*(x) > x for x < —2.

Now, let’s show that f has two fixed points. Of course, solving the quadratic equation
f(x) = x we can immediately find x = 2 or x = —1, that is one positive and one negative
fixed point. However, I am going to use an alternative procedure as an example of how
to prove the similar statement for the iterations of f. Since f(a) > a for any a < —2 and
£(0) = =2 < 0, by Theorem 16.2, f has a fixed point in (a, 0). Therefore, f has 1 = 2° negative
fixed points.

Since f(-2)f(0) < 0, by Bolzano’s theorem, there is a point a; in (=2,0) such that
f(a1) = 0. In the next iteration, f2(a;) = f(0) = —2. Also, f?(0) = f(-2) = 2. Therefore, the
graph of f2(x) looks as shown in Figure 16.7 (middle plot). In each of the two intervals
(a,a41) and (a4, 0), f2 has a fixed point by the use of Theorem 16.2. Therefore, it has 2! fixed
points in (—oo, 0).

By Bolzano’s theorem, f2 has also one root in each of the two intervals (,a;) and (a1, 0).
Let them be a, and a3. In the next iteration f3(a;) = f(0) = —2 and similarly for a3. Also,
£3(0) = f(2) = 2. Therefore, the graph of f3(x) looks as shown in Figure 16.7 (bottom plot).
In each of the intervals (a,ay), (a2,41), (a1,a3) and (a3, 0), f3 has a fixed point by the use of
Theorem 16.2. Therefore, it has 22 negative fixed points.

We can continue inductively to find that f*(x) achieves the value —2 at 2"~2 points and
the value +2 at 2" 2 + 1 points which split the domain [+2, 0] in 2"~1 subintervals® in each
of which the function f" has a fixed point. ]

Having understood the previous solution, I propose for you the following variation of
1998 Turkish Olympiad Problem 1.10:

Problem 16.8. Consider the function f : [0,1] — [0, 1] defined by
f(x) = 4x(1-x).
How many distinct roots does the equation f'%?(x) = x have?

Although, it may be obvious to you now, Figure 16.8 shows the first iterations of f(x).
After you have tried it (and hopefully solved it) read Section 16.7.

Problem 16.9 (Putnam 1971). Determine all polynomials P(x) such that
P2 +1) = P(x)*>+1,

and P(0) = 0.

® Although we did not say explicitly, we used the fact that the splinters of +2are2 > f(2) =22+ 2> ...
and =2 f(=2) =2+ 2 2> ... Also, ifais a root of f*, then its splinter — starting at the k-th iteration —
willbea > 0> 22— 2 ...
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x? =2, x € [-2,2] and its first two iterations f*(x) and f3(x).

Figure 16.7: The graphs of f(x)
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Figure 16.8: The function f(x) = 4x(1 — x), x € [0,1] and its first two iterations f*(x) and f3(x).

Solution. The point xg = 0 is fixed point of P(x) = 0. If x is a fixed point, then the defining
equation requires

P(xi+1) = xi+1,
that is, x4 = xi + 1is a fixed point too. Therefore, the infinite sequence

0,1,2,5 26, ...

is a sequence of fixed points for any polynomial sought. In other words, the polynomial
Q(x) = P(x)—x vanishes for an infinite number of values and, hence, must vanish identically.
Therefore, the only polynomial which satisfies the given conditions is

P(x) = x. |

16.7 A Taste of Chaos

I tried to resist from writing this section as it is slightly more distant from the topic of
mathematical competitions and the goals of this book. However, it is tightly related to
the topic of iterations and eventually I felt like adding it. But I stay within what has been
discussed in the previous sections and I only tease you. Hopefully this brief encounter
with chaos will whet your appetite and make you seek further information elsewhere”.
The logistic function
fax) = Ax(1-x), x€[0,1],

"There are many great books written at various levels. For beginners I recommend [40] for a non-quantitative
introduction, [35] for a more quantitative, entertaining and illuminating introduction of a broad coverage of
related topics, and [41] for a pedagogical course-like presentation of the subject.
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is the standard example®. The properties of this function depend on the value of the
constant A; so, we have used an additional index A to differentiate functions with different
values of the constant. If A € [0,1], then f : [0,1] — [0,1]. We will assume that this is the
case.

In Figure 16.9, I have plotted the logistic function for the values A = 0.5, 1, 1.5, 2, 2.5, 3,
3.5, 4 of the constant (top picture), its first iterate f)%(x) for the same values of the constant
(middle picture) and its second iterate f3(x) for the same values of the constant (bottom
picture). From the plots we notice the following feature: the iterates develop multiple
‘humps’ that are less or more pronounced depending on the value of the constant A. As
a result, (a) the number of fixed points at each iteration and (b) the slope of the tangent at
the various fixed points (which represents the ‘character” of the fixed points) are strongly
dependent on the constant A. In the remaining section, I will attempt to explain the precise
dependence of the fixed points on the constant A. To proceed, the reader should have, at
least, fully understood Example 16.1.

Fixed Points of Order 1
We start with the fixed points of f,(x). These can be found easily:
1
fax) =x. =2 xA-1-Ax,) =0 = xil) =0 or xiz) =1-=

1
We notice that for A < 1 the second fixed point lies outside the domain but for A > 1itis an
actual fixed point. For Aff’) =1 the two fixed points coincide. We thus consider this value
of A as a critical value that separates two different behaviors. We say that at Aff’) =1 the
tixed point x. = 0 bifurcates (splits) into two fixed points x. = 0,1 - %
The derivative of f;(x) is

fix) = A(1-2x),

and
1

HO) =24, f)’t(l_x) = —A+2.

Using the Corollary of page 226, the point 2V is attractive for A < 1 and repulsive for

A > 1. The behavior for the critical value AEO) = 1 must be inferred by other means: Since
the splinter of any point converges to x. = 0, it is still an attractive point. The point @ is
attractive for A < 3 and repulsive for A > 3. The value Agl) = 3 is thus another critical value.

The behavior of xiz) for /\9) must be inferred by other means.

8The first pedagogical presentation of the logistic function (and other related functions) was given in an
influential article by Robert May in [52]. May’s presentation uses biology’s population growth perspective
and summarizes all results without proofs. It is a concise article that the reader should find approachable and
useful. In his article, at the end of his opening section, May writes: “The review ends with an evangelical
plea for the introduction of these difference equations into elementary mathematics courses, so that students’
intuition may be enriched by seeing the wild things that simple nonlinear equations can do.” His plea has been
more successful. The logistic function can be found even in the first semester introductory calculus courses
and, of course, in any book more or less related to the topic.
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Figure 16.9: The graph of the logistic function f, (x) and its first two iterations, f7(x), f3(x) for various values
of the constant A. The diagonal line is the graph of the function y = x.
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2-Cycles

Consider the points a4 and b such that

fla)y =1b, f) =a.
Therefore, they must be solutions of the equation f2(x) = x,
A2x(1=x)[1-Ax(1-%)] = «x,

and not be fixed points of f. For A < 1, we cannot have such cycles due to Theorem 16.5.
Therefore, we must have A > 1. Since the two fixed points of order 1 must necessarily be
solutions to the previous equation, it can be written in the form

| (1——)] (A +Bx+C) =

with the quadratic factor the one determining possible new solutions. Comparing the
polynomials term by term, we conclude that the equation which determines the possible
2-cycles is

A2 —AA+Dx+A+1) =0,

with discriminant
= A2A+1)A-3).

This discriminant is positive for A > 3 (2-cycles exist) and negative for A < 3 (2-cycles do
not exist). When the 2-cycles exist, their points are

A+1+VA2-21-3
2A ’

ab =

The value /\21) = 3 is the critical value encountered previously. For it, D = 0 and we have a
double root — a single fixed point, not a 2-cycle:

2 1
=2 =1-—.
1
3 AD

That is, the point x?. For A > 3 the fixed point 2% bifurcates in two points that are not
tixed points of f but they constitute a 2-cycle. The discriminant for the 2-cycle is

Dycyele = f1(@) f1(b) = A*(1—2a)(1-2b) = 2420 +4,

and takes the value Dy_¢yqe = —1 for )\22) =1+ V6. If A <1+ V6 the 2-cycle is attractive;

if A > 1+ V6 the 2-cycle is repulsive. Therefore, we discovered a new critical point
A9 =1+ V6 ~3.4495.
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2"-Cycles

Continuing in the same fashion as above, we can search for 4-cycles, 8-cycles, and so on.
Since the calculations become exceedingly harder however, analytical results are harder
to obtain, so one relies on the help of computers. In this way, we can discover that for

A > 1+ V6, a4-cycle emerges. This 4-cycle is attractive for A < /\£3) ~ 3.5441 and is repulsive
for A > /\23).
For A > A, an 8-cycle emerges. This 8-cycle is attractive for A < A® ~ 35644 and is
repluslive for A > 1%
pluslive for A > A;”.
For A > /\£4), a 16-cycle emerges. This 16-cycle is attractive for A < /\25) ~ 3.5688 and is
repluslive for A > 1)
pluslive for A > A",
This procedure of period doubling continues indefinitely and creates the increasing se-
quence

MO < AW AP 2® <<y,

Since the sequence is bounded, it converges to a limit

lim A" = A, ~3.5699 .

n—00

Bifurcation Diagram

To prepare the reader for a more complicated plot, we have plotted the bifurcations of
the logistic function up to 4-cycles in Figure 16.10. More precisely, the vertical axis in this
figure gives the value of the fixed point (of any order) versus the value of the constant A
(horizontal axis). A change in color indicates a bifurcation, that is the appearance of a new
cycle with double period. The dashed lines indicate repulsive points and cycles.

T

1.0

0.75

0.5

0.25

0 0j5 1.0 1.5 2.0 2.5 3.0 3.5 40 A

Figure 16.10: Partial bifurcation diagram for logistic function f;(x). Often the dashed lines are omitted. In
such a case, the diagram is called an orbit diagram.

The bifurcations for the cycles come faster and faster, that is the bifurcation distances
ANy, = )\E”H) - Aﬁ”) decrease:
A/\] >A/\2>A/\3 > ...,
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Even more, Feigenbaum observed, the decrease is almost similar to that of a geometric pro-
gression: AA, =~ 0 AA,41. This approximate equation can become exact,
ANy,

lim =90,
5560 Aysg

where 6 ~ 4.669.The number 6 is thus known as Feigenbaum’s constant.
Similarly, we can define a decreasing sequence of bifurcation widths Aw,,

Awy > Awy > Awsg > ...,

that measures the widths of the lower forks at the bifurcation points. Then it can be proved
that this sequence is also similar to that of a geometric progression:
Aw,

lim =«
n—o0 Atwy4q ’

where o =~ 2.5029.

3-Cycles
Now, let’s return to the 3-cycles. Consider the points 4, b and ¢ such that
f@ =b, f(b) =c, fl) =a.
Therefore, they must be solutions of the equation f3(x) = x,
APx(1 = 2)[1 - Ax( = 2)] {1 - 121 - x) [1 - Ax(1 - 0)]} = x.

Since the fixed points of f will necessary be roots of this equation, it should factorize in the
form

xx—1+l P(x) = 0,
[-e5) e

where P(x) is a polynomial of degree 6.

For some values A the polynomial P(x) has no real roots; for some other values it has
six real roots. In the critical case, A = A that separates these two domains, the polynomial
should have three real double roots. (See Figure 16.11.) Therefore we write

P(x) = [@x-a)x-p(x-p] = (*-Ax’+Bx-C)7?,

where

A=a+p+y, B=ap+py+ya, C = afy.

Comparing the two forms of the polynomial, we can find A, B, C as functions of A,

3A+1
A = ,
2A
BA+1)(A+3)
B = ————=,
812

A3 +702 451 +5
16A3
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A< o

Figure 16.11: Variation of the parameter A to find the critical value A, at which 3-cycles start to appear. At
the critical value f7 is tangent to the diagonal at three points. Below the critical value the curve ‘pulls away’
from these points, while above the critical value each contact point bifurcates to create two new points.

In addition we find the three conditions
G2 =20-7) = @A) (1> ~21-7) = g(1)(A2-21-7) = 0,

where g1, §2, g3 are some functions for which the exact form is not important. Obviously,
the last conditions admit the common solution A2 =21 =7 = 0,orA = 1+ V8. From the
two values of A thus obtained, only the value Ag = 1+ V8 ~ 3.8284 is acceptable. Given this
value of A, one can then find easily A, B, C and, from them after solving a cubic equation,
the roots a, 5, .

From Sarkovskii’s theorem we know that, if there are 3-cycles, there will be cycles of
any period. One can proceed to find them by the same techniques used for the 2"-cycles.

Chaos

The word chaos is derived from the Greek word xdoc meaning absolute disorder. It was
introduced in the influential paper of Li and Yorke [51] entitled Period Three Implies Chaos. It
really means existence of non-periodic orbits for which Li and Yorke established a criterion.
The term became very popular and today chaos theory’ is a term used even by layman.

I will avoid precise definitions in this subsection. Instead I will use a loose, heuristic
discussion. So, given the function f : I — I, consider an uncountable set S C I of points of
f which satisfies the following two conditions:

o The splinter of a point belonging to S does not approach asymptotically any periodic
orbit.

o The splinters of two points belonging to S do not approach each other asymptotically
but they can come arbitrarily close.

°T have always found the term chaos very misleading and inappropriate since it implies lack of control and
knowledge. Yet, the subject is about deterministic equations.
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Such a set S is called a scrambled set.

If a function f has such a scrambled set, it is called Li-Yorke chaotic. Then, Liand Yorke
showed that the condition “f has a 3-cycle” is a sufficient one for f to be Li-Yorke chaotic.
After Li and Yorke’s work, their result was extended and generalized. In particular, one
can actually show that it suffices for f to have a (2m + 1)2"-cycle for some m,n, m > 1 to be
Li-Yorke chaotic. Even more, a function with 2"-cycles of any order but no (2m +1)2"-cycles
with m # 0 can also be Li-Yorke chaotic.

It turns out that the Li-Yorke chaos provides only a limited aspect of the study of
chaos in a system. The reason is that, if all scrambled sets are of measure zero, their
probability of choosing an initial point in these sets is zero. Therefore, although the
Li-Yorke chaos may be present, it is unobservable in such a scenario. Therefore, other
criteria and definitions of chaos — in particular, criteria for observable chaos — which are
not necessarily equivalent to Li-Yorke chaos have been proposed. Such a criterion is,
for example, the Lyapunov exponent that measures sensitivity on the initial conditions.
Given two nearby points x and y separated by distance dy, under 7 iterations they will find
themselves separated by distance d,,. If we write

dy = doe',

the number L, is the Lyapunov exponent for the n-th iterate. A positive L implies that the
two points will separate exponentially fast and it is considered a footprint of chaos.

Exercise 16.1. Assuming that the limit lim L, exists and it is L, show that

n—>00
=
L= lim- ;lnv'(xk»,
and that for attractive cycles L < 0. ]

Orbit Diagram, Self-Similarity, & Universality

Figure 16.12 shows the orbit diagram (that is, only the attracting points) of the logistic func-
tion. I will make some comments to reveal the mixture of order and chaos present in this
diagram.

The most evident feature is the ‘unshaded’ regions known as the periodic windows.
There is a countable but infinite number of such windows and they have a finite width.
For numerical analysis, it is know that the sum of the widths of all windows is about 10%
of 4 - A..

It looks as inside the periodic windows the splinter of any point x approaches a cycle
(that, is we have ‘order’) and outside these windows the splinter behaves chaotically,
taking any possible value in [0,1]. However, the situation is more complicated (and
exciting). Imagine that we magnify a part of the orbit diagram, say the ‘upper branch’ from
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Figure 16.12: The orbit diagram of the logistic function f; (x).

A =32to A = 3.65. Then the emerging picture would be indistinguishable of the original
orbit diagram of Figure 16.12. As such, we can magnify again to find another identical
part, and so on ad infinitum. We have uncovered an amazing self-similar pattern.

To be more concrete, let’s, for example, look at the window that starts at 1o ~ 3.8284.
This is the period-three window which is unique with this period and it has the largest
width among windows. Given a A in the window and almost any point x, the splinter of
x will approach asymptotically the 3-cycle. The word “almost’ is used here since there are
points x for which their splinters do not approach asymptotically the 3-cycle. This can
be understood as follows. Inside the period-three window there is a copy of the original
orbit diagram: In the same way that period doubling led to the stable periodic orbits of
period 2" in the original orbit diagram, period doubling inside the period-three window
leads to stable periodic orbits of periods 3 - 2". Then, inside the period-three window there
is a period-nine window, which in the magnification will appear as a period-three window.
And so on. The non-periodic orbits that are found inside the period-three window provide
a ‘small” Li-Yorke chaos in this window but they have measure zero and thus they cannot
be observed.

Feigenbaum discovered that the qualitative features of the function (that is everything
we have concluded except the numerical values) are identical for all functions (not only the
logistic function) that are concave with a single maximum (known as unimodal functions).
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Examples of such functions are

fa(x) = asin(nx),

fo(x) b—ax%.

Although numerical values are different from function to function (e.g. the exact bifur-

cation points /\go), /\gl), /\52), ... are different), the constants a and 6 are however the same
for all such functions. This means, that Feigenbaum’s constant plays the same role in the
theory of unimodal functions as the role of Archimedes’ constant in the theory of the circle.

Based on the previous observations and a mathematical framework borrowed from
physics!'?, Feigenbaum built a beautiful mathematical formalism to explain the appearance
of the constant 6 and a. Unfortunately any attempt to explain more on the topic would
take us very deeply into mathematics and physics. Hopefully, the reader has appreciated
the rich behavior of even simple functions and the deep connections among various areas
of modern mathematics and physics.

Problem 16.10. The functional equation
afi(x) = flax), a#0

is called the Feigenbaum equation. It is encountered in Feigenbaum’s theory for the explanation
of the universal properties of unimodal functions. Find as many continuous solutions f : R — R
as you can. (For such solutions see [53].)

A Quiz
First attempt to solve the following problem:

Problem 16.11 (USA 1974). Let a, b, c denote three distinct integers and P(x) denote a polynomial
with integer coefficients. Show that it is impossible that P(a) = b, P(b) = ¢, and P(c) = a.

That is, P(x) does not have a 3-cycle. In fact, you can try to explore the validity of the
statement for any k-cycle.
Then, notice that the function

f(x) = 4x(1-x) = —4x* +4x+0,

is a polynomial with integer coefficients. Moreover, we have shown that it has cycles of any
order. Was the problem incorrectly given before the publication of Li and Yorke’s paper in
1975 and knowledge of Sarkovskii’s theorem? Explain.

0This framework is known as renormalization and it plays a fundamental role in the description and expla-
nation of critical phenomena in condensed matter physics and the unification of forces in high energy physics.



Chapter 17

Solving by Invariants & Linearization

In this chapter we shall consider functional equations of the form

f(h(x, f(x))) = H(x, f(x)), (17.1)

where f(x) is the unknown function and h(u, v), H(u, v) are given functions of two variables.
This equation includes as special cases all equations we have discussed in the last chapter.
In particular, the Abel (16.3), Schroder (16.4), and Bottcher (16.5) equations are of the form

f(h(x) = H(f(x)) (17.2)

which is known as conjugacy equation. When there is an injective function f(x) such that
the above equation is true, we call the functions h, H conjugate.

17.1 Constructing Solutions

Characteristic Function

Consider now the graph I'r € R? of the function f : A — A that solves equation (17.1):

Ip = {lx, f(x)), x € A}.
Ifx € A, thenh(x, f(x)) € Atoo. Soif the point (x, f(x)) belongs to the graph, so does the point
(h(x, f(x)), f(h(x, f(x))). Using (17.1), we can write the latter point as (h(x, f(x)), H(x, f(x))).
Motivated by the above, let’s define a function y : R? — RR? such that (x,y) > (¥, y’)
such that

x> x h(x,y),
ymy = Hxy).

Thus defined, this function maps I'; to itself and it is known as the characteristic function
of the equation (17.1). For the conjugacy equation (17.2), the characteristic function is

x> x = hx),

y—y = H(®y).

247
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Invariants

Definition 17.1. Given the function y : R> — R? and a function ®(u,v) of two variables,
the function @ is called an invariant of y if ®(u, v) = ®(x(u, v)) for all (u,v) € R?.

Definition 17.2. Given the function x : R> — R? and a subset A of the plane, A is called an
invariant set with respect to y if x(A) C A.

Some immediate comments are:

1. If ® is an invariant, then the locus
Ac = {(u,0) € R? | D(u,0) = ¢},
where c is a number, is an invariant set.

2. If ®1(u, v) and P, (1, v) are two invariants of the same function y, then F(®4 (1, v), ©,(u, v))
is also an invariant of x for any function F(u, ).

3. If A; and A, are two invariant sets of the same function y, then their intersection
A1 N A, is an invariant of y too.

There exists a theory for the construction of invariants but it is beyond the goal of this
book. We will rely on simple constructions only. For example, if the function x is cyclic,
that is x* = id for some k, we can can construct invariants as follows: Select any function
¢(u,v) and define

Gi(u,0) = ¢(X'w,v), i=1,2,...,k-1.
Then
D(u,v) = ¢(ul U)le(u/ U)@z(bl, v)... ¢k—l (u,v)

isaninvariant of x. For other simple cases, we can construct invariants by simple inspection.

Finding Solutions

Given a functional equation (17.1), we may write down its characteristic function and
construct an invariant ®(x, y). Then the set of points ®(x, y) = c may give a solution to the
functional equation which can be found by solving for y = f(x). We say ‘may’ since an
equation may have an invariant but there may not be a solution.

The above statement can be understood better with an example. Let’s construct at least
one solution of the equation

f(f(x) —2x) = 2f(x) —3x.
The corresponding characteristic function y is

x—x = y-2x,

y—y = 2y-3x.
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It’s easy to check that this function is cyclic: x* = id. So, let’s pick the function ¢(x,y) = x
from which we can construct the invariant

D(x,y) = x(y —2x) .

Equating @(x, y) to a number c, results to
x(y—=2x) =¢c = y = §+2x.
By substitution into the original equation, we can easily verify that the function
c
= —+2
fe) = < +2x

is indeed a solution.

17.2 Linear Equations

A linear functional equation is one of the form

f(g(x)) = h(x) f(x) + F(x), (17.3)

where f : I — I is the unknown function and g,h,F : I — [ are known functions with
g(I) € I. When F(x) # 0, the equation is called non-homogeneous; when F(x) = 0,

f(g(x)) = h(x) f(x), (17.4)

and it is called homogeneous.

The Schroder equation (16.4) is a homogeneous linear equation with i(x) = A; the Abel
equation (16.3) is a non-homogeneous linear equation with i(x) = 1 and F(x) = a.

A linear homogeneous equation has the important property that given any two solu-
tions, their sum is also a solution. The following theorem provides an alternative way to
construct additional solutions to (17.4), given that one solution is already known.

Theorem 17.1. Let fy(x) be a solution of (17.4). If ®(x) is an invariant of its characteristic function
that depends only on the first variable, then

f) = Q@) fox),
where () is an arbitrary function, is also a solution of (17.4).
Proof. Since @(x) is an invariant, ®(g(x)) = ®(x) and therefore Q(P(g(x))) = Q(P(x)). So
f(g() Q(P(g(x))) fo(g(x)

Q(P(x)) h(x) fo(x)
= h(x) f(x),

as required. m|



250 17. SOLVING BY INVARIANTS & LINEARIZATION

As is true with linear difference equations, the solutions of the non-homogeneous
equation (17.3) are obtained from those of the homogeneous one by the addition of a
particular solution:

Theorem 17.2. Let f,(x) be a particular solution of the non-homogeneous equation (17.3). Then
(a) if fo(x) is a solution of the homogeneous equation (17.4), the function f(x) = fy(x) + fo(x)
is a solution of the non-homogeneous equation (17.3).
(b) every solution of the non-homogeneous equation (17.3) can by obtained from fy(x) in the
way stated in part (a).

Proof. (a) It is easy to verify this statement by direct substitution in the right hand side of
(17.3):

h(x) (fp(0) + fo(x) + F(x) = [h(x) fp(x) + F@)] + [1(x) fo()] = fp(8(x)) + fo(g(x)) -

(b) Let f,(x) be some solution of the non-homogeneous equation (17.3) and f(x) any
other solution. Then

fg) = h(x) flx) + F(x),
fr8) = hx) fp(x) + F(x) .

By subtracting the two equations we find

(f = )&M) = h(x)(f = f)(x);

that is, the difference f — f, must be a solution to the homogeneous equation (17.4). ]

17.3 The Abel and Schroder Equations

The Abel and Schroder equations play a central role in the theory of functional equations
without “parameters’. Their importance relies on the fact that they consist the simplest lin-
ear equations whose solutions are used in the construction of solutions of more complicated
equations. This will become obvious in the remaining chapter.

Usually, we choose a = 1 in Abel’s equation:

fgx)) = f(x)+1. (17.5)
Assume that f, ¢ are defined on some subset A of R.

Theorem 17.3. Abel’s equation has a solution iff the function g(x) has neither fixed points nor
cycles. In such a case, it has infinitely many solutions.

Proof. Setting g(x) in place of x we find

f(&PR) = fg))+1 = f(x)+2.
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Repeating this procedure

f(§"(x) = f(x)+n, nelN". (17.6)

If ¢ has a cycle of order n (n = 1 being the case of a fixed point) for the point xj, then
f(g"(x0)) = f(x0) and we thus arrive at the contradiction 0 = n.

Let’s consider now the orbits generated by the iteration of g. (See section 16.2.) For
each orbit O, we select a representative element a € O,. Also, for simplicity, let b = f(a).
For any point a’ € O,, there exist some 1,7’ € IN* such that ¢"(a) = ¢" (a’). Then using
equation (17.6):

(¢ @) = f(§"@) = f@) =b+n-n".

That is, the function f is known on all points of the orbit if it is known at one point. From
this we conclude that the function f is fully defined when one value b is given for one point
a of each of the orbits generated by g. Since there are an infinite number of ways to assign
a + b, the theorem is proved. ]

Now let’s turn our attention to the Schroder equation (16.4). We can notice immediately
that for A > 0, A # 1, if we exponentiate Abel’s equation (17.5)

AEE) = A @ ,

any solution f(x) of Abel’s equation gives a solution A/® for the Schroder equation too.
Of course, there may be additional solutions not obtained in this way and, obviously, this
construction does not provide any solution for A < 0 (if there are such solutions).

17.4 Linearization

Imagine that a (non-linear) function g(x) is given. Consider also that we can find a contin-
uous monotonic solution o(x) of the Schroder equation

o(g(x)) = Ao(x), A#-1,0,1.

We can use the above data to simplify equation (17.3). We introduce the change of
variables

y = o(x),
fly) = fx).

Since ¢ is monotonic, it has an inverse o land x = o71(y). Also we notice that, if we replace
x by g(x) in the second equation f(o(x)) = f(x), we have f(o(g(x))) = f(g(x)) = f(Ao(x)) =
f(g(x)) = f(Ay) = f(g(x)). Substituting these results into (17.3), we find:

fAy) = h(e™ W) fly) + Fe™'(v)) .



252 17. SOLVING BY INVARIANTS & LINEARIZATION

We can make this equation more appealing with the definition of the new functions:

h(y) = ho™'(v)), Fy) = Fo™\(y)).

Then, i ) i
fAy) = hy) f(y) + F(y) . (17.7)

Equation (17.7) has the same form as (17.3) but a simpler function g(y) = Ay appears in the
left hand side. It may thus be simpler to solve than the original equation.

Similarly, if a monotonic solution o(x) of Abel’s equation is used, we can make a similar
change of variables in (17.3) to arrive at a simpler equation:

fly+1) = h(y) fy) +Fw), (17.8)
with §(y) = y + 1.
Example 17.1. Consider the equation
f(x—ay +a) = bf(v),

with a4, b some constants and b > 0.
Instead of x, it is more convenient to use X = x — a:

f(X?+a) = bf(X+a).

The function g(X) = X? + a is quadratic. So let’s consider a monotonic solution of the
Schroder equation
o(X?) = 20(X),

with solution o(X) = log X.
So we introduce the change of variables:

y = InX,
fy) = fX+a).

Since X = ¢¥, we see that f(y) = f(e¥ + a) and the original equation transforms to

fy) = bf(y).

This equation has an obvious solution

f’(y) — ylogzb )

Returning to the original notation

f(@) = (n(x—a)"*&" . o
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It is tempting to state that the above method of reduction to a simpler equation, known
as linearization, can be applied to the more general functional equation

F(x, f(x), f(g()) = 0,

where F, g are known functions and f is the unknown one. Assume that one can find
bijective functions o and 7 such that

a(g(x))
©(F(x, y,2))

g(o(x)),
F(x, 1(y), 1(2)) -

The first equation is the conjugacy equation (17.2) and it replaces the function g by its
conjugate ¢ which is, hopefully, a simpler function. The second equation is a generalization
of the conjugacy equation to a function of more variables — notice the way the arguments
are treated based on their interpretation. Upon the change of variables

/

X = o),
f = tofoa,
the original functional equation transforms to
Fo™' (), f(), f3)) = 0,

which might be easier to solve. This equation is a linearization of the original equation if
F, § are linear functions.

17.5 Solved Problems

The two problem that follow are taken from [39] and they complete, more or less, the
necessary ideas the reader should know about the topic at this introductory level.

Problem 17.1. Find at least one solution of the equation

fO2 = 2f()) = fx)?.
Solution. The characteristic function yx of the given equation is

xex = -2y,

y=y = Y.

We write down the function
2

X
O(x,y) = —.
/ y
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It is almost apparent that this function is not invariant under x but it transforms as

2_2 2
Pt ) = St = (@ -27

On the other hand the function
g(x) = (x—2)?

has two fixed points
g)y=x = x, = 1,4,

that can allow us to define two invariant sets:

Ay = {(X, y) | CD(_‘X, y) =4},
Ao = (x, y) | q)(x/y) =1}.

The set A, is the graph of the function

2
Dx,y) =4 =y = T’

while the set A_ is the graph of the function

Dx,y) =1 =y = X2,
It can be verified by direct substitution that both functions are solutions of the given
functional equation.

The previous construction begs an interesting question: if a function ®(x, y) is not
invariant but has cycles, could we use them to find solutions? In particular, g(x) = (x —2)?
has a 2-cycle. Can it lead to a solution of the given equation? As we demonstrate below,
the answer is affirmative.

To find the 2-cycle, we search for fixed points of ¢*(x) = [(x — 2)* — 2]%

gz(x) =x.

Let a. be a solution of this equation. (Show that there is such a point.) Then we define
b. = g(a.) = (a. — 2)*>. The two numbers a. and b, are the distinct points of a 2-cycle. Now
consider the set

A = {(xy) (P, y) —a)(P(x,y) - b.) =0}.

This defines an invariant set. To see this, if a point belongs to A, then ®(x, y) takes one of
the two values of the 2-cycle, say a.. So ®(x,y) = a.and

O(x(x,y)) —b. = (@, y) -2 -b, = (@.-2)*-b. =0,
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that is, @(x(x, y)) also belongs to A. We thus find the solution

2 ifx>0,
fx) =
£, ifx<0,
or the solution .
%, ifx>0,
flx) = O
£, ifx<0.

Problem 17.2. Find a solution f : (1, +o0) — IRY, of the functional equation
ff) = A2 f(x),
wherea, A € R, b e R.
Solution. Linearization: Consider the Schroder equation
o(x") = ao(x),

which admits the solution o(x) = Inx. Upon the change of variables

/

x = Inx,
o) = f),

the original functional equation transforms to
flax') = A f'y.

To solve this new equation we try the method of invariants as shown in the next part of
the solution. In particular, a modified version of the method of invariants is presented that
can be often useful.

Solution by invariants: We write the function f(x’) as the ratio of two other functions:

- Alx’
o) = oo

Then
Alx) A AQX)

B(ax’) et B(x')
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Finding a solution f(x") can now be reduced to finding solutions to two simpler equations:
A@x’y = AAX), (17.9)
B(ax') = e BX). (17.10)

We solve each equation using the method of invariants.
Equation for A: The characteristic function of equation (17.9) is

X —=x" = ax’,
/ —
ye=y = Ay.

Instead of using x directly, we modify it by applying a suitable function. So, we apply the
logarithmic function to find

Inx" > Inx” = lna+Inx",

y—Iny = InA+lny.

We now see that the functions

, Inx’ Iny
D1, y) Ina InA’
, Inx’

©2(xsy) = Q(lna)'

where Q is a periodic function with period 1 are invariants. Setting ®;(x, y) = 0 we find
the solution
Ao(x’) — (x/)loga)t .

We can combine this solution with the second invariant to construct other solutions of the
equation according to Theorem 17.1:

1 /
AW) = et
Ina
Equation for B: We will solve equation (17.10) along similar lines. Its characteristic func-
tion is
Y- = ax ,
Y y/ — e—bx'
This we modify as follows
X x" = ax,
Iny—y = -bx'+Iny.

From this, we can see that

’ _ b ’
D', y) = lny+a_1x
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is an invariant. Setting ®(x’, y) = 0 gives the solution
B(x') = et ¥

A solution to the original equation: Using the functions A and B, we now have solution

of the linearized equation:
f) = ()ost e 15 Qlog, x') .
Returning to the original notation and the initial problem, the function
f(x) = (Inx)8: a1 Q(log, Inx),

where () a periodic function with period 1, is a solution of the given functional equation. O






Chapter 18

More on Fixed Points

Although we defined the concept of a fixed point for a function in one variable, the concept
is much, much deeper and permeates all topics in mathematics. The concept really belongs
to the area of topology! — a branch of mathematics that originated with the work of
Poincaré dealing with and characterizing the geometric properties of any set.

Fixed point theorems are used as a tool to prove existence theorems in differential,
integral, and other equations. They are used in dynamical systems and their applications
to game theory, economics, biology, etc.

The reader may look at Shashkin’s book [36] for a nice and short review of the use of
fixed points. In this chapter, we only demonstrate how fixed points can be used to solve
functional equations which contain parameters.

18.1 Solved Problems

Problem 18.1 (IMO 1983). Find all functions f defined on the set of positive real numbers which
take positive real values and satisfy the conditions

(a) f(xf(y)) = y f(x), for all positive x, y;
(D) f(x) = 0as x — +oo.

Solution. The function f(x) = Ois an obvious solution. We shall search for solutions f(x) # 0,
i.e. such that there exists a number xj € IR, for which f(xq) # 0.

Setting vy = x in condition (a) gives f(xf(x)) = xf(x), i.e. xf(x) is a fixed point for all
x € R;. To finish the problem, we must therefore determine the set F of fixed points of f.

Let yo be a point such that f(1p) = 1. Then setting x = xg9, ¥ = yp in condition (a), we
find f(x0)(yo —1) = 0 = yo = 1. The point 1 is thus a fixed point. In fact, we shall show
that this is the only fixed point.

The set F is a multiplicative subgroup of R’,.. That is, it has the following properties:

! A beautiful elementary introduction to topology may be found in [19]. In particular, Chapter 10 contains
a discussion of fixed point theorems in topology.

259
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e Ifa,beF, thenab € F. To see this, wesetx =a,y = bin (a): f(af(b)) = bf(a) = f(ab) =
ab, since f(a) =a, f(b) = b.

e Ifa € F, thena™! € F. To see this, wesetx =a™!,y =ain (a): f(a"'f(a)) =af@@!) =

fQ) =af@)= f@a=al.

Now consider a random fixed point a # 1. Eithera > 1ora < 1. If a > 1 all powers 4"
of a are also fixed points

f@y = a".
In the limit n — oo, this equation gives

Jim S = v
which contradicts condition (b). Therefore, F cannot contain any fixed point strictly greater
than 1. If a < 1, then a~! is also a fixed point and so are its powers:

f@™ = a".

In the limit n — oo, this equation again contradicts condition (b) and F cannot contain any
fixed point strictly less than 1.

Hence xf(x) = 1 and

£ = <. o

X

Problem 18.2 (IMO 1994). Let S be the set of real numbers strictly greater than —1. Find all
functions f : S — S satisfying the two conditions

(@) fx + f(y) + xf(y) =y + f(x) + yf(x), VX, y €5;
(b) f(x)/x is strictly increasing on each of the intervals =1 < x < 0and 0 < x.

Solution. Setting y = x in condition (a) gives

flx+ f(x) +xf(x) =x+ f(x) +xf(x), (18.1)

ie. x + f(x) + xf(x) is a fixed point for all x € S. To finish the problem, we must therefore
determine the set F of fixed points of f.
Let xp such that f(xp) = 0. Then, in the defining equation, we set x = y = xy. This gives
xo = 0,i.e. 01is a fixed point of f. In fact, we shall show that this is the only fixed point.
Now consider a random fixed point a # 0. According to equation (18.1), the points

a+f@+af@ = @+1y>-1,
a + f(a) +ay fa) = (@ +17° -1,

7

ay

az
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are also fixed points and, in turn, the sequence

f@@  fla)  f(a2)

a m a

is the constant sequence 1, 1, 1,---. However, we notice that if 2 € (-1, 0) then a; € (-1,0)

and so on; ifa € (0, +00) then a; € (0, +00) and so on. In other words, the sequence {f(a,,)/a,}

contradicts condition (b) and therefore we cannot have a fixed point in (-1,0) U (0, +0).
Hence x + f(x) + xf(x) = 0 which implies

flx) = — . O

x+1

Problem 18.3 (IMO 1996). Let N = {0,1,2,3,...} be the set of non-negative integers. Find all
functions f defined on N and taking their values in IN such that

f(m+ f(n)) = f(f(m))+ f(n), forallm,ninN.

Solution. The function f(x) = 0is an obvious solution. We shall search for solutions f(x) # 0,
i.e. such that there exists a number 1y € IN for which f(ng) # 0.

Setting m = n = 0 in the defining equation we find f(f(0)) = f(f(0)) + f(0) = f(0) = 0.
Then, setting m = 0 in the defining equation, we find

f(fm) = f(n). (18.2)

Using this result, we may write the original functional equation as

fm+ f(n)) = f(m)+ f(n). (18.3)

Equation (18.2) determines that N = f(n) is a fixed points of f for all n € IN. The set F
of fixed points of F contains at least 0 and f(ng). Let’s denote by Ny the smallest non-zero
integerin F. Now, leta, b be two fixed points f(a) = a, f(b) = b. Settingm = a,n = bin (18.3),
we find f(a+b) = a+Db,i.e. the sum of any fixed points is also a fixed point. Therefore k Ny,
for any k € IN, is a fixed point.

If N is any fixed point, we use Euclid’s algorithm to write N = g Ny +r, with 0 < r < Nj.
Then

gqNo+r = N = f(N) = f(r+qNp)

f(r+ f(gNo)) (gNy is a fixed point)
f(r) + f(gNo) (using equation (18.3))
f(r) +qNo (N is a fixed point),
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or f(r) = r. The residue r is a fixed point smaller than Ny. Therefore it can only be r = 0
and N = g Ny. The fixed points are precisely the multiples of Ny, i.e.

F =1{kNy, ke N}.

Since f(n) is a fixed point for any 7, we conclude that f(#) is a multiple of Ny for any 7.
To define which multiple, we use again Euclid’s algorithm to write n = g Ng+ 7,0 < r < Np.
Then

f) = f(@No+1) = f(gNo) + f(r) = qNo+ f(r).
f(r) must be a multiple of Ny:

f(0) = 0,
fry = n,No, r=1,...,No—1,

where the n,’s are Ny — 1 undetermined numbers.

Therefore there is an infinite number of non-trivial solutions to the given functional
equation. Each solution is characterized by a non-zero natural number Ny and a function
f:{0,1,2,...,N0—1}—>N0Nsuchthatf(0):0. m]



Part VI

GETTING ADDITIONAL
EXPERIENCE
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Chapter 19

Miscellaneous Problems

In this chapter we study miscellaneous problems that belong in the following categories:
o The functional equations given contain integrals (integral functional equations).

o The original problem does not refer to a functional relation but it can be solved nicely
if converted to a functional relations problem.

e An assortment of some problems which do not exactly fit very well within any of the
ideas previously discussed.

19.1 Integral Functional Equations

Problem 19.1. Find the function f : R — R such that

flx) = %f ft)ydt, Ve>0.

Solution. First we write:

@ = 5 [ s

1 X+E X—&
- Z( 0 f(t)dt—fo f(t)dt).

Differentiating with respect to ¢, we find

f(x) = 21—8 (fx+e) = flx—¢)) . (19.1)

Since the first derivative exists, we see that also the second derivative exists:
144 1 /4 4
f'®) = 5 (Flaro-fa-e).

265
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Differentiating equation (19.1) with respect to ¢:
(ffx+e)+ fix—¢e)e—(flx+e)— f(x—¢))

0 =
262

Using the previous equation and (19.1) ,
flete)+fx—e) = 2f ().
Differentiating with respect to ¢ once more:
flate) = flx—e).
Setting x + ¢ for x and then x = 0:
f1@e) = f10) = a = () = 57 +by+c,

where y = 2¢ > 0. Substituting this result in the defining equation we find thata = 0. One
can also show that the solution is valid when y < 0. ]

Problem 19.2 (Putnam 1940). Find f(x) such that

f fx)'dx = ( f f(x)dx)n : (19.2)

Comment. The statement of this problem is incomplete; no information is given about the
constant 7 and the function f(x). We shall assume that 7 is an integer different from 1 and
that f : R — R is continuous.

Solution. We set

F(x) = ff(t)dt = F(x) = f(x), (19.3)
G(x) = f f@®"dt = G'(x) = f(0)" = F(x)". (19.4)
The given equation (19.2) is thus written
G(x) = F(x)"
differ%ntiate G') = nP(x)”_l F'(x)
CY P = nFR)"F ()

= F'(x) (F/(x)" =nF@)"?) = 0.
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The last equation implies that, for any x,
F(x) = f(x) = 0 or F(x)" ' —=nFx)"! = 0.

The function F’(x) = f(x) = 0 is obviously a solution. We will look for solutions that do not
vanish identically. Therefore, there exists a point xg such that F’(xg) = f(xo) # 0. Since f(x)
is continuous, there exists a neighborhood (xo — 6, x9 + 6) (we shall determine the radius
0 > 0 later) of xp such that F’(x) = f(x) # 0 for all points x in the neighborhood. Therefore,
for all points in the neighborhood

F'(x)"' = nF@x)"!.

If n = 2k then
F(x) = “V2kF(x),

and if n = 2k + 1 then
F(x) = + V2k+1F(®x).

From the last equations we can determine the function F(x) (and thus f(x)) easily:

2k-1 _ 2k-1
Fx) = ce Y = f(x) = ¢ "V2ke V¥,

and
2k, 2k,
F(x) = cet VX o fx) = ¢ V2k+ 16" VX,
respectively. We now see that the radius of the neighborhood is infinite. m|

Problem 19.3 (Putnam 1963). Find every real-valued function satisfying the condition

f xf(t)dt = x VfO)f(x), ¥x=0. (19.5)
0
Solution. If f is constant, f(x) = f(0), then

f(0) = 1),

which implies that f(0) > 0.
If £(0) =0, then

fxf(t)dt =0, Vx>0.
0

This implies that f(x) = 0.



268 19. MiscELLANEOUS PROBLEMS

Now let f(0) # 0. Then differentiating equation (19.5)
X d
% | fou = £ (- FOT®)
d
= f@) = VFOF® +x - VO

e, a [fo
MV ORRTOMEA O

_ @
gx) = )

We define the function

In terms of this function the above relation takes the form

g(x)2 = g(x)+x dig{x) .

This is a simple differential equation that can be solved by separation of variables
d
5= Tt Jslms)
x 8g-1) g§-1 ¢

Inx = In|g—1/-In|gl—Inc,

or

where c is a positive constant. The last equation is equivalent to

cx = ‘1 - 1' .
g
When the expression inside the absolute value is positive, then
1
800 = -

In this case the function is defined for x € [0, 1/c). When the expression inside the absolute
value is negative, then
1
g = 1+cx’
In this case the function is defined for x € [0, +00).
Therefore the solutions of the differential equation are

flx) = —(1_acx)2,a>0,c>0, x€[0,1/c),
fx) = 2 a>0,c>20, xe]0,+c0).

(1+cx)?’
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Problem 19.4. Let f be an integrable function on (0, a) satisfying

0< f(x) stxf(t)dt,
0

forall 0 < x <awith0 < K < 1. Find all such functions.

Solution. By iteration, we find:

0 < f(x)

IA

K ; f(to)dto

IA

X to
K? f dty | f(t)dh
0

0

X to t1
K3 f dto f dt; | f(t)dt
0 0 0
X to tn
< K””fdtof dtl---f f(ta)dty,
0 0 0

for any positive integer n. Using the well known identity

foxdtof(;todtl...j(;tndtnf(tn) - %foxdt(x—t)”f(t)dt,

the above inequality is written as

IA

1

0< fl) < —

X
Kt f dt(x — t)" f(t)dt .
0
Taking the limit of the last inequality as n — oo, we see that
0 < f(x) <0,

or f(x) = 0. O

19.2 Problems Solved by Functional Relations

Perhaps the reader has met continued radicals and continued fractions. We saw one in
Problem 13.4. Two additional examples are:

R
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and

1
1
1
1
1
24...

2+

2+
2+
2+
2+

Such expressions, for which the terms have a periodic pattern, are easy to handle. If we
call them A and B respectively, we notice that they require

A= V2+A,

and

which are easy to solve to find
A=2, B=V2-1.

Continued radicals and continued fractions that are not periodic are harder to handle.
Also, sometimes even if an expression is periodic the algebraic equation to solve might not
be very ‘friendly’, so we may wish to apply different methods (for such a case see Problem
19.5).

Problem 19.5 (IMO 1969 Longlist). Prove that for a > b?,

Jﬂ—b\/a+b\/ —bJa+bVa-... \/a—%ﬂ—g.

Comment. The continued radical of the problem is obviously periodic. If we denote by C
its value, then

C = \a-bVa+bC.

In the right hand side, C appears under two nested radicals. If we remove them, we will
end up with a quartic algebraic equation. With little effort (and the known procedure for
quartic equations) it can be solved but I did not try to do so. In the solution I present below,
I have bypassed it.

Solution. We define

flx) = \Ju—x\/a+x\/a—x\/a+x\/ﬁ,
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where the domain will be set below. Obviously f(x) > 0 with f(0) = a. From the definition

of f(x)
f(=x) = \Ju+x\/a—x\/a+x\/a—x\/m,
and thus
f(=x) = ya+xf(x),
or

f=xp —xf(x) = a.
Substituting —x for x, we also have
f@P+xf(-x) = a.
Adding and subtracting the last two equations gives
fE0? + 00 + x [f(=x) = f)]
f@ = f(=20)% + x [f(=x) + f(2)]
Equation (19.7) can be simplified as follows. First we write it in the form
fO? = f=0? + 2 [f(=x) + f¥)] = 0

= [f(@) = fEDR) + (0] +x[f(=x0) + f(x)] = 0
= [f() = f(=x) +x][f(x) + f(-0)] = 0.

This implies that either f(—x)+ f(x) = 0, thatis f is an odd function, or f(x) — f(=x) +x = 0.
However, the function f cannot be odd since f(0) # 0. Therefore we must necessarily have

f(=0) = flx) = x.
Squaring this equation and subtracting from (19.6) also gives
—f(0) f(x) = —a+x2.

Since the left hand side is negative, we must restrict the domain of f to those values of x
which satisfy x> < a. Looking at the last two equations, we interpret them as Vieta’s formulee
for the roots f(x) and — f(—x) of the quadratic polynomial

2a, (19.6)
0. (19.7)

Y+xy+(t-a) =0.
which of course we can solve easily to find

2
f(x):—g+ a—%. ]
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Problem 19.6 (Putnam 1966). Prove

\/1+2\/1+3\/1+4V1+... = 3.

Comment. This problem was first posed by Ramanujan in 1911 ([6], Question No. 289).
Problems for the Putman mathematical competition are not always original. Often they
are known interesting ideas encountered in various areas of mathematics. To learn how
Putnam problems are written read the article [54] written by a mathematician who served
in the Putnam Problems Subcommittee.

Solution. We define

flx) = \/1+x\/1+(x+1)\/1+(x+2)\/1+....

In this definition, a priori it seems that x may be any real number but this is not the case.
We leave it as an exercise to our reader to discuss what happens for all values of x; we shall
focus on x > 1.

From the definition

flx+1) = \/1+(x+1)\/1+(x+2)\/1+(x+3)\/1+... ,
and therefore the function f(x) satisfies the functional relation

f(x) = Yl1+xf(x+1).

This may be written in the form

flx)? -1

X

fx+1) = (19.8)

We shall use this relation shortly.
First, we find a lower bound for f(x):

\/1+x\/1+(x+1)\/1+(x+2)\/1+... > X

B

=
+ f

1

|
N
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Then we find an upper bound for f(x):

\/1+x\/1+(x+1)\/1+(x+2)\/1+... < \/(1+x) 2+ 1) {f3x+ 1)/ -

VE (x + 1)2HitEt

éﬁ

VB (x + 1)2HitE*

P (e 1T = 2(x 4+ 1)

NI

= 2

Therefore

x+1

< f(x) <2(x+1).

Substituting x + 1 for x in the above relation gives

xX+2

< flx+1)<2(x+2).

Using equation (19.8) now, we can write it in the form

M2 < R <onx+2) +1,

or in the stronger form

x(x +2)
2

+%<f(x)2<2x(x+2)+2.

Notice that the lower bound equals (x + 1)?/2 and the upper bound equals 2(x + 1)%. The
last inequality implies for f(x):

(XJ_l < () < V2(x+1).
We can repeat the above procedure a second time to find

C*D < Vo),
a third time to find

@+1)

T < f) < N2+ 1),

V2
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etc, up to n times:
(x+1)

V2

< fx) < N2(x+1),

In the limit n — +o0, we find
x+D)<fx)<(x+1) = fx)=x+1,

since 2</§ — 1.
The number given in the problem equals f(2) = 3. m|

Ramanujan discovered the above result while he was a student. His method then was
a repeated application of the identity

n+2 = \J1+m+1)n+3).
That is

nm+2) = n+1+@n+1)n+3)

= n\/1+(n+1)\/1+(n+2)(n+4)

Isn’t this easier than the method presented above? Of course, it is! But it ignores to verify
that the passage from the finite sum to the infinite one is allowed. This is a non-trivial
issue. For example, here is an alternative solution of Ramanujan’s problem (taken from
[48]) and which gives a different (incorrect) answer:

15
1422
23
1
142 /14322
\/+ +355

More generally, Ramanujan discovered [32] that if

.
Il

flx) = \/ux+(n+u)2+x\/a(x+n)+(n+u)2+(x+n) a(x +2n) + (n+a)* + (x +2n) /..,
then
fx)=x+n+a.

Try now the following problem that was proposed by Ramanujan at the same time with
the previous one:
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Problem 19.7. Evaluate the continued radical

S = \/6+2\/7+3\/8+4\/9+---.

Answer. S = 4.

Let’s return once more to the IMO 1976 problem and see one outstanding connection
with continued radicals. Towards this goal, we present a beautiful formula ([37], Problem
195) that generalizes the well known results

V2o LT

2 4’
2-1V2 . T
= smg,

i .
= cosg = sin—,

N+ N

JES
w
S|

Lemma 19.1. Fora; € {-1,1},i=0,1,...,n,

4

. o axpX] ...y \ T
2 +— g ——
Sm[(“o 2 o ) ]

ao\/2+a1\/2+a2\/---+an\/§.

The proof is easy by induction. Given the continued radical,

ao\/2+a1\/2+a2v2+...,

according to this lemma, its partial sums are given by

. g apiy - .. an_l) 71]
x =231n(oz o — ).
n [ 0 2 21’1—1 4

The series doat dodn
041 091 ---Ap-1
(XO + T + ctt + 2”—_1
is absolutely convergent (since the absolute value of the summands are the terms of a
geometric progression with ratio 1/2) and thus it converges to some number «. Therefore

the original continued radical converges to the real number

. am
x = 2sin— .
4
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Problem 19.8 (IMO 1976). Let f(x) = x> =2 and fi(x) = f(f/=}(x)) for j = 2,3,---. Show that
for any positive integer n, the roots of the equation f"(x) = x are real and distinct.

Solution. We observe that the equation f/(x) = x canbe written f(f/~!(x)) = xor fi~!(x)>-2 =

x and from this ‘
f) = £ V2+x.

FI2(x) = + 2+ V2+7x,

and inductively after n steps, starting with j = n,

X = + \/Zi \/2i \/21... V2 +x,

where we have n nested radicals. There are 2" choices in the signs. Given a combination
of signs ap, a, ..., an-1,

By repeating this process,

X = ao\/2+a1\/2+a2\/2+---+an_1\/2+x,

by repetitive substitution of the x in the right hand side, x is given by a periodic continued

radical
X = ao\/2+a1\/2+a2\/2+..., Oy = o, k=0,1,...,n—-1.

This corresponds to a real number 2sin(amt/4). Therefore, each choice in the combination
of signs corresponds to one root; there are 2" real solutions. |

To understand how this works and compare with the result of Problem 1.6, in Table
19.1 T have listed the roots of f3(x) = x and the corresponding choices of signs. In doing so,
I have omitted the calculations assuming that you can carry out the (easy) summation of
the series.

The following problem I wrote down in direct analogy with Ramanujan’s continued rad-
ical.

Problem 19.9. Evaluate the continued fraction

1
1
1
1
1
1
74

2+

3+
4+
5+
6+
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ap | a1 | ap | sin®fF | cos (% - %)
-1]-11]-1] sin (—%) cos ZT”
-1|-1]+1] sin (—1"—4) cos 47"
“l|+1|-1)sin (_E{_Z) cos &
-1 +41| +1 | sin (—%) cos %ﬂ
+1 | -1 -1 sin(%) CcoS 27”
+1 | -1 | +1 sin(%) cos %"
+1 | +1 ] -1 sin(%) Cos %"
A sm(%) cos0

277

Table 19.1: Roots of f3(x) = x using the method of continued radicals. The last column gives the roots as the
cosine of an angle. These answer is exactly that of Problem 1.6. Also, we see that when the signs are chosen

such that apaia, = 1, the continued radical provides the roots corresponding to the angles 0, = % and when

the signs are chosen such that ayaia, = —1, the continued radical provides the roots corresponding to the
_ 2nk

angles 0 = CEIER

Solution. In order to better understand the pattern, we will define the function

1 1
f(x) = T = :
x + T 1+ x(x+1)
1
(x+1)+ 1+ O+ (+2)
+2) 4 —— 1
A P Y |, e
T+...

Imagine that we have found functions f,(x),n =0,1,2,... and k,(x) n =1,2,... such that

fn—l_fn = knfn+1/ n=1,2....

Then
fn—l ~1 = k, fn+1
fn fn
- fn—l _ 1+kn fn+1
fn fn
= f _ .
ot T Tk

fu
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Applying this equation repeatedly

£ 1 1 1 1
fo - b 1 1 - k
0
J Ik g 1+k - 1+k1—1 1+—1k
LS S PN P
1+ks % 1+ 3
14---
Therefore it remains to find the functions f, such that
frr=fi = GrrTeT
-l = x+n-1(x+n) -
With a little of effort (trial and error), one can discover that
11 1 1 1 1
o) =1+ it G D 2 T xar ey 3 T
and f,(x) = fy-1(x+1),n=1,2,3,... Then
()(x + 1)
fy = 2D
fo(x)
In particular, the continued fraction of the problem has the value
0(3)
fo) = 2O
fo2)’
with
o 1
fo@) = ka_ kxS = Zk’ k+2)!" .

You might be bothered by the fact that the final result is still in terms of infinite series.
Well, you are not alone in this. However, this problem, besides teaching you a way to use
functions in deriving results for continued fractions, it should also be used as a lesson that
often in mathematics results in closed form may not be possible. Instead, we present them
in terms of well known special functions. Readers with experience in such a topic might
have recognized the special function

1z 1 22 1 z3
ohbz) = 1+ gt s 2 Ther e 3

which is known as the (0,1) hypergeometric function. The indices 0 and 1 count the number
of parameters in the numerator and denominator of each term (no parameter and one
parameter respectively for oF1). In general, one can define the ,Fy,(a1,...,a,,b1,...,0m, 2)
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with n parameters in the numerator and m parameters in the denominator of each term.
For example, the {F; is:

~ az a@+1)z2 a@+1)@+2) 23
hi@bz) = 1+ g e 20 T her Do+ ) 3

There is an extensive theory for hypergeometric functions. In particular, the method I used
in the solution of the problem is due to Gauss who studied the hypergeometric functions
systematically. If you wish to gain additional experience, try the following problem.

Problem 19.10. Prove that

tanhz = :
)
1+ 2
3+ 2
5+ T
Hint. Itis true that
coshz = (F; (%, %) , SanhZ = oF; (%, é) . O

In Chapter 15 we mentioned that convex and concave functions are useful for proving
inequalities although we did not elaborate extensively. Functions and appropriate func-
tional relations (beyond the Jensen inequality) can be very helpful in proving inequalities.
Such is the following example.

Problem 19.11 (BWMC 1992). Leta = “3/1992. Which of the following two numbers is greater?

a
a’

1992, 4%
where the a appears 1992 times in the second expression.

Solution. We will consider the function f(x) = a* since

IZX

fi) = a”
where the a appears n times. Notice that x = 1992 is a fixed point of f(x)

£(1992) = 1992,

and therefore f"(1992) = 1992 for all n as we can easily verify.
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Then we notice that

1992 In1992 In 1992
a= V1992 = e ™2 >1+ 1992 >1,
where we used the exponential inequality e* > 1+ x for x # 0. And since a > 1, the function
f(x) = a* is strictly increasing. For x > vy it is then f(x) > f(y). By repeated application of
this relation,

x>y = f'(x)> f(y).
We now apply the last functional relation for x = 1992, y = a, and n = 1991:

F1911992) > f19(7) = 1992 > a** . O

19.3 Assortment of Problems

Problem 19.12 (IMO 1990). Construct a function f : Q, — Q} such that

fGf(y) = %

Solution. Letx =1/f(y). Then

, Yx,yeQ;. (19.9)

f(]%y)) = yf). (19.10)

From this equation we see that f is injective:

1 1
fla = fb) = f(%) = f(%) =af(1) =bfl) = a="0.
Nextlet y = 11in (19.9):

fxf@) = f().

Since f is , we conclude that xf(1) = x, or!

) = 1.
Setting x = 1 now in the defining equation (19.9), we find
1
f(f(y) = y (19.11)

Finally, we can prove that f is multiplicative. Replacing y by 1/f(y) in (19.9) and making
use of (19.10), we find that f satisfies the Cauchy IV equation:

fxy) = f) f(y) -

! Apparently, the point x = 1 is a fixed point but this interpretation is not important in this problem.
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Any x € Q) can be uniquely expanded in a product of primes
X = H p?l ,
i

where n; € Z*. From the Cauchy IV equation
f@ = £ [r = [T

Applying once more

_ Wi @91 I
KW»—%UU%»]ﬁx—I}KWM,

or
[Tocwmr = TTem

The two sides will agree for any function f whose values at the prime numbers are chosen
arbitrarily, but otherwise to satisfy

f(f(pi) = % Vpi -

For example, we can partition the set of primes into two sets Q and Q" and order their
elements: Q = {g1,92,93,...,...}and Q" ={q], 95,45, ..., ...}. Thendefine f such that f(q;) = g
and f(q7) = 1/q;, Vi. O

Problem 19.13 (IMO 1986). : Find all functions f : Ry — Ry such that
(a) f(2) =0,
(b) f(x) #0for0<x <2,

() fxf() f(y) = f(x +y), Y5,y € R,.
Solution. Setting y = 2 in (c) and using (a) we find
flx+2) = f(xf2) f@) = 0.
Since x > 0 in (c), this result implies that
fx) =0, Yx>2.

Setting x = y = 0 in (c) we find that f(0) = 0, 1. But f(0) # 0 from (b) and hence f(0) = 1.
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Now,setx=2-y,0<y <2in (c):

AQ-fw) f(y) = f2) = 0.

Since the condition (b) is given, f((2—y)f(y)) = 0. This necessarily implies that (2—y) f(y) >
2 or

f(y)zzf—y, 0<y<2. (19.12)
In fact, we will show now that

2
f(X) = m, O0<x<?2.
Assume that the above is not the case. Then there are points in (0, 2) which satisfy the strict
inequality of (19.12). Let xq be the first point in (0,2) such that f(xo) > 2/(2 — xp). Then
define x{ # xo such that

fxg) =

2 - X0 '
If x; < xo we must have
2

_,'
2xO

flxp) =

This, in conjunction with the definition of xj implies that xo = x which is not possible.
Therefore, we must assume that xy > xo. Now let xij = 2 — x{. The condition x| > xo gives
2-x)<2-x0=x] <2-xpor

Xy +x < 2.

In (c), setx = x and y = xo:

flxg fxg)) = flxg +x) = f(2) =0 = x( f(x)) 22 = xé’z_zxo >2,

or
Xy +x0>2.

However, this inequality contradicts the previous one. So we must have

) = {ﬁ ifx €[0,2), .

0, if x € [2,+00) .

Problem 19.14 (Greece 1996). Let f : (0, +00) — R be a function such that
(a) f is strictly increasing;
() f(x) > -1 vx>0;

X

(©) f(x) f(fx) + 1) = 1, Vx > 0.
Find f(1).
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Solution. From (c) we see immediately that f(x) # 0, ¥x > 0. Now let y = f(x) + 1 > 0 for
x > 0. In (b) we substitute x with y:

1
fy) > —g .
At the same (c) gives
1
flx) = o8 (19.13)

Also, in (c), we substitute x with y:

f(y)f(f(y)ﬁ) =1 J%y) - f(f(y)+%) 1299 ) = f(}%+%)

Since f is strictly increasing, it is injective, and therefore f(x1) = f(x2) = x; = xp. From the
equation we found above we thus conclude that

f y’
or
1 1

X = —+ :
f@)  fe+1
We can easily rewrite this equation as a quadratic one in f(x):
CfE? -xf -1 =0,

with solutions

=2, fm= -t

px’
where
_1+45
¢ = 2
is the golden ratio. Only one solution is strictly increasing:
1
f) = - ox’

So finally f(1) = -1/¢. ]






Chapter 20

Unsolved Problems

A note of warning for the reader: The separation of the problems to categories in this
chapter is artificial. I only do it, in case one wishes to find and work on a group of
problems containing (but not focusing exclusively) on a particular idea.

20.1 Functions

Problem 20.1. Show that the function f : R — R defined by

f(x) = lim n&g}rio cos(n!nx)zm , n,melN*,

n—-oo

is the Dirichlet function.

Problem 20.2 (Thomee’s ruler function). If x € Q, let x = m/n where n > 0 and m, n have no
common divisor greater than 1. Then we define

_ s, xeq,
f) = {0, xeRNQ.

Show that f is discontinuous at every rational number in [0,1] and continuous at every irrational
number in [0,1].

Problem 20.3 ([58]). Let g(x) be a function with domain [0,2] defined as follows:

0, xe[0,31V[3,2],
3x—1, xe[i,3],

g = >
1, x€[5,35]
-3x+5, X € [%,g].

285
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We then define the extension of g to all R by

glx+2) = gx).
Finally we define the function f : [0,1] — R? by t — (x, y) such that

x(t) = Zzlng(?)Z”_Zt),
n=1
Yt = Zzlng(fiz”‘lt)-

=
1l
—_

Prove that the f([0,1]) = [0, 1] x [0, 1].

Comment. A curve such as the one given in the above problem is called a space filling curve.
Peano was the first to consider such curves.

Problem 20.4. Prove that there is no continuous injective function f : [0,1] — [0, 1] X [0, 1] such
that f([0,1]) = [0, 1] x [0, 1].

Problem 20.5 ([11], Problem 4.17). The function f

f(x) _ {X, X

1-—x, X

[0, 1] is defined as follows:

rational ,

irrational .

Prove that:
(a) fZ(x) = x, forall x € [0,1].
() fx)+ f(1—x) =1, forall x € [0,1].
(c) f is continuous only at x = 1/2.
(d) f assumes every value between 0 and 1.
(e) f(x +y) — f(x) — f(y) is rational for all x, y € [0, 1].

Problem 20.6. Let a function f : R — R that satisfies the Cauchy II equation
fa+y) = f)fy), Vo yeR,
and for which there is a function g : R — R such that
flx) = 14+xg(x), Vx,yeR.
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If

limg(x) = 1,

x—0
show that the derivative f’(x) exists for all x € R, and that

f) = f(x).

Problem 20.7 ([4], Problem 1795). Findafunction f : [0, 1] — [0, 1] such that for each non-trivial
interval I C [0, 1], we have f(I) = [0, 1].

Problem 20.8 ([2], Problem 886). Call a function f good if f**%(x) = —x for all x € R, where
12008 denotes the 2008-th iterate of f. Prove the following:

(a) Every good function is bijective and odd and cannot be monotonic.

(b) If f is good and xy # 0, there exist infinitely many 5-tuples (p1,p2, p3, pa, ps) of distinct
positive integers whose sum is a multiple of 5 and for which, with g, = fPx(x0), g1 # q; for
i=2,3,4,5and q; # qis1 fori=2,3,4.

Problem 20.9 (Greece 1983). If the function f : [0, +00) — R satisfies the relation
f@)e™ = x,

for all x in its domain, prove that:

(a) f is monotonic over its entire domain;
) Jim )=+

19 _ 1,

(c) lim Y =

X—+00

Problem 20.10 (Greece 1983). The function f : R — R is defined by f(x) = x> + x — 1.
(a) Prove that f is bijective.

(b) Show that f(1001°%%) < £(100110%),

(c) Determine the roots of the equation f(x) = f~!(x).
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Problem 20.11 (LMO 1989). How many real solutions does the following equation have?

sin(sin(sin(sin(sin(x))))) = g

Problem 20.12 (Putnam 1998). Let f be a real function on the real line with continuous third
derivative. Prove that there exists a point a such that

f(a) 'f’(ﬂ) 'f”(a) ‘f”I(ﬂ) >0.

Problem 20.13 (Russia 1998). Let f(x) = x> + ax + bcos x. Find all values of a, b for which the
equations f(x) = 0 and f(f(x)) = 0 have the same (non-empty) set of real roots.

Problem 20.14 (Mongolia 2000). A function f : R — IR satisfies the following conditions:
(a) |f(a) — f(b)| < |a — bl for any real numbers a,b € R.

(b) £3(0) = 0.

Prove that f(0) = 0.

Problem 20.15 (IMO 1970 Longlist). Suppose that f is a real function defined for 0 < x <1
having the first derivative f’ for 0 < x < 1 and the second derivative f" for 0 < x < 1. Prove that if

fO) = fO) = f(1) = f1)-1=0,

there exists a number 0 < y < 1 such that |f" (y)| > 4.

Problem 20.16 (Iran 1997). Suppose that f : R — R has the following properties:
(@) f(x) <1, Vx e R,

(b)f(x+ %)+f(x) :f(x+ %)+f(x+ %),VxelR.
Prove that f is periodic.
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Problem 20.17 (IMO 1978 Longlist). Assume that the functions fi, fo,..., fu : I — Ry are
concave. Prove that their geometric mean

f=ANAf S

is also a concave function.

Problem 20.18 (Turkey 1998). Let A = {1,2,3,4,5}. Find the number of functions from the set
of non-empty subsets of A to A for which f(B) € B for every B C A and f(BUC) € {f(B), f(C)} for
every B,C C A.

Problem 20.19 ([1], Problem 11472). Let n be a non-negative integer, and let f be a (4n + 3)-times
continuously differentiable function on R. Show that there is a number & such that at x = &,

“ff ¢

P
i dx

Problem 20.20 ([1], Problem 11215). A car moves along the real line fromx = 0att =0tox =1
at t = 1, with differentiable position function x(t) and differentiable velocity function v(t) = x'(t).
The car begins and ends the trip at a standstill; that is, v = 0 at both the beginning and the end of
the trip. Let V be the maximum velocity attained during the trip. Prove that at some time between
the beginning and end of the trip, |v'| > V?/(V - 1).

Problem 20.21 ([1], Problem 11221). Give an example of a function g from R into R such that g
is differentiable everywhere, g’ is differentiable on one dense subset of R, and g’ is discontinuous on
another dense subset of R.

Problem 20.22 ([1], Problem 11232). Let f be a continuous function from R into R that is
lower bounded. Show that there exists a real number xo such that f(xo) — f(x) < |x — xo| holds for
all x other than x.
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Problem 20.23 ([4], Problem 1732). For each positive integer n define the function f, : [0,1]" —

[0, 1% by

X1+ X0+ Xy
n

flx1,x2,...,x,) = (

and let 1(n) be the image of f,. Determine

, {/xle ce .X'n) ’

U I(n).
Y (n)

Problem 20.24 (Putnam 1974). In the standard definition, a real-valued function of two real
variables ¢ : R?> — R is continuous if, for every point (xo,yo) € R? and every ¢ > 0, there is a
6 > 0 such that \/(x — x0)? + (y — yo)? < & implies |g(x, y) — g(x0, yo)| < €.

By contrast, f : R? — R is said to be continuous in each variable separately if, for each fixed
value yo of y, the function f(x, yo) is continuous in the usual sense as a function of x, and similarly
f(x0, y) is continuous as a function of y for each fixed xo.

Let f : R?> — R be continuous in each variable separately. Show that there exists a sequence of
continuous functions g, : R*> — R such that

f(x/ y) = Jggogn(xr y) 7 V(x/ y) € Rz .

Problem 20.25 ([1], Problem 11009). Consider the function f defined by

a—b
Cx_dx’

f(x) =

where a > b > ¢ > d > 0, with the removable singularity at zero filled in. Prove that f is convex
on R, and that log f is either convex or concave on R. Determine the values of a, b, c,d for which
log f is convex on R.

Problem 20.26 ([3], Problem 2700). Show that the function ™ can be written in the following
form:

n—1
n2kxk 2n

e = YD e (Y

k=0

x?’l
n!

n

Px(n) ,
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where

o) = 1—f0xn2e-f (1—x—;2)n dt .

Determine the leading large n behavior of ¢ (n), and show that

. 1
&ggonqu(n) =3

Problem 20.27 (Ukraine 1998). Let a function f : [0,1] — [0, 1] such that

ff@+v) = f@) + f(v),

forall x,y € [0,1]. It is also known that there isa A € (0, 1) such that f(A) # 0, A.
(a) Give an example of such a function.
(b) Prove that for any x € [0, 1],

o0 = 5.

Problem 20.28 (HIMC 1999). The function
X2+ + 22
ooy = Sy
is defined for every x,y,z such that x + y + z # 0. Find a point (xo, Yo, zo) such that

2 2 2
O<x0+y0+zo<@

and
1.999 < f(xo, Yo, Zo) <2.

20.2 Problems That Can Be Solved Using Functions

Problem 20.29 (Bulgaria 2000). Prove that for any two real numbers a and b there exists a real
number ¢ € (0,1) such that

ac+b+i‘>l
c+1| 24°

Problem 20.30 (ROM 1996). Prove the inequality
2T 4272 4o 4 2M99% <1995 4 2MFAT %

for any real non-positive numbers ay, ap, . .., 3199.
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20.3 Arithmetic Functions

Problem 20.31. Let a sequence of real numbers a,, satisfying the condition
ay =AMy +onp”, n=12,...,

with A # 0. Find the expression of a, in terms of ay.

Problem 20.32 (Putnam 1963). Let f be a function with the following properties:
(a) f(n) is defined for every positive integer n;
(b) f(n) is a positive integer;
(c) f2) =2
(d) f(mn) = f(m) f(n), for all relatively prime integers m and n;
(e) f is strictly increasing.
Prove that f(n)=nforn=1,2,3....

Problem 20.33 (Australia 1984). A non-negative integer f(n) is assigned to each positive integer
n in such a way that the following conditions are satisfied:

(a) f(mn) = f(m) + f(n), for all positive integers m,n;

(b) f(n) =0, whenever the final (right-hand) decimal digit of n is 3;

(c) f(10) = 0.

Calculate f(1984) and f(1985).

Problem 20.34 (Austria 1986). For n a given positive integer, determine all functions F : N — R
such that
Fx+y) = Fxy—n), Vx,yeIN, xy>n.

Problem 20.35 (Estonia 2000; Netherlands TST 2008). Find all functions f : IN* — IN* such
that

)+ fA(n) + f(n) = 3n,
foralln € N*.
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Problem 20.36 (BMO 2009). Denote by IN* the set of all positive integers. Find all functions
f:IN* — IN* such that

F(fPm) +2f2m) = m?+ 20,
forall m,n € N*.

Problem 20.37 (IMO 1988). A function f is defined on the positive integers by

f =1, fB) =3,

f@n) = f(n),

f@n+1) = 2f2n+1) - f(n),
fAn+3) = 3f2n+1)-2f(n),

for all positive integers n. Determine the number of positive integers n, less than or equal to 1988,

for which f(n) = n.

Problem 20.38 (IMO 1988 Shortlist). Let f(n) be a function defined on the set of all positive
integers and having its values in the same set. Suppose that

f(f(n) + f(m)) = m+n,
for all positive integers n, m. Find the possible value for f(1988).

Problem 20.39 (IMO 1998). Consider all functions f from the set IN* of all positive integers into
itself satisfying the equation

F(Bf6) = ftPs,
forall s and t in IN*. Determine the least possible value for f(1998).

Problem 20.40 (Putnam 1957). If facilities for division are not available, it is sometimes convenient
in determining the decimal expansion of 1/A, A > 0 to use the iteration

Xis1 = Xk 2-AXy), k=0,1,2,...,

where Xy is a selected “starting” value. Find the limitations, if any, on the starting value Xg in
order that the above iteration converges to the desired value 1/A.
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Problem 20.41 (Vietnam 1998). Let a > 1 be a real number, and define the sequence x1,x2, ... by
x1 = aand

243
Xpe1 = 1 +ln(M) )

32 +1

Prove that this sequence has a finite limit, and determine it.

Problem 20.42 (CSM 1998). Find all functions f : IN* — IN* \ {1} such that for all n € IN*,

F(n) + fn+1) = f(n+2) f(n+3) - 168.

Problem 20.43 (SPCMO 2001). Find all functions f : Z — Z. such that

fe+y+fy) = f()+2y

for all integers x, y.

Problem 20.44 (RMM 2008). Prove that every bijective function f : ZZ — Z can be written in
the way f = u + v, where u,v : Z — Z. are bijective functions.

Problem 20.45 (Iran 1997). Find all functions f : IN* — IN \ {1} such that
fn+1)+ f(n+3) = f(n+5) f(n+7)—1375,

foralln > 0.

Problem 20.46 (IMO 1989 Longlist). For n € IN*, let X = {1,2,...,n} and k an integer such
that n/2 < k < n. Determine, with proof, the number of all functions f : X — X that satisfy the
following conditions:

(a) f*=f;

(b) the number of elements in the image of f is k;

(c) for each y in the image of f, the number of all points in X such that f(x) = y is at most 2.



20.3. Arithmetic Functions 295

Problem 20.47 (IMO 1978). Let {f(n)} be a strictly increasing sequence of positive integers:
0<f1)<f2<fB)<--.

Of the positive integers not belonging to the sequence, the n-th in order is of magnitude is f>(n) + 1.
Determine f(240).

Problem 20.48 (IMO 1971 Shortlist). Let Ty =k -1 for k =1,2,3,4 and
Tor1 = Topa + 282, Ty = Topos + 2,

for k > 3. Show that

12

1+Ty 1 = {7 zn_lJ ’
17

1+ Ty = {7 2”—1J ,

for all k.

Problem 20.49 (IMO 2010). Determine all functions g : N* — IN* such that

(g(m) +n) (g(n) +m)

is a perfect square for all m,n € IN".

Problem 20.50 (Bulgaria 2001). A sequence {a,} is defined by
dn+2 = 3dp41 — 24y,

forn>1anday = A, ap = 5A — 2, where A is a real number.
(a) Find all values of A such that the sequence {a,} is convergent.
(b) Prove that if A = 1 then

2
ey = 7an+1 — 8a,a;,4+1
= |1
" 1+a,+a,11
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Problem 20.51 ([2], Problem 890). Let a be any positive integer and let H, be the sequence
recursively defined by Hy =0, H; = 1, and

H,.» =aH,1+H, Yn>0.

(For example, for a = 1 these are the Fibonacci numbers and for a = 2 the Pell numbers.) Let k be a
non-negative integer and let G,, be the sequence defined by

Gn = HnHyy -
Find a positive integer m and constants c1,ca, ..., ¢y (depending only on a and k) such that

Gn = Z ¢i Gui,

m
i=1

for all n > m or prove that for all m such constants cannot exist.

Problem 20.52 (Netherlands 2009). Find all functions f : IN* — IN" that satisfy the following
two conditions:

(a) f(n) is a perfect square for all n € IN*;

(b) f(m +n) = f(m) + f(n) +2mn, for all m,n € IN".

Problem 20.53 (Netherlands TST 2009). Find all functions f : Z. — Z. that satisfy the condition
fm+n)+ f(mn—-1) = f(m) f(n) +2

forallm,n € Z.

Problem 20.54 (Putnam 1966). Let 0 < xq < 1 and x,11 = x,(1 —x,,), n=1,2,---. Show that

Iim nx, = 1.

n—00

Problem 20.55 (USA TST 2004). Define the function f : IN — Q by f(0) and
f@n+k) = - %f(n)+k, k=0,1,2, nelN.

Prove that f is injective and find f(IN).
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20.4 Functional Equations With Parameters

Problem 20.56 ([13], Pr 477). Show that there is only one value of the constant b for which there
exists a real function defined for all real numbers with the property that, for all real x and y,

fx—vy) = f(x)— f(y) +bxy.

Problem 20.57. Show that there are two continuous functions f : R — R which solve the
functional relation

fx)+ f(y) = f@) f(y)—xy—1,¥x,yeR.

Problem 20.58. Find all functions f : R}, — IR} such that for all x, y € R%,,

fe+y)+ f) f(y) = f)+ f(y) + flxy) -

Problem 20.59. Find all functions f : R — R such that Vx,y € R,

fea+y)+f)fy) = fxy) +1.

Problem 20.60 (IMO 2005 Shortlist). Find all functions f : R — R such that Vx,y € R,

fe+y +f)fy) = fley) +2xy+1.

Problem 20.61. Find all functions f : R — R such that Vx,y € R,

fe+y) + f() f(y) = fley) + 8 y),

where g is a given function symmetric in x, y and g(0,0) = 1.
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Problem 20.62. Let f,g1,82,h1,h2 : R — R be continuous functions that satisfy the functional
relation

fle+y) = &1(0) ga2(y) + () ha(y) ,
Vx, y. Find all such functions.

Problem 20.63 (CSM 1999). Find all functions f : (0, +o0) — R such that

f) = fy) = (-2 flxy),
forall x,y > 1.

Problem 20.64. Let S be the 1-dimensional circle, that is the unit interval with end points
identified. Find all continuous functions ® : St — S! such that

D01 + 02) = D(O1) + D(02),

forall 61,0, € st

Problem 20.65 (NMC 1998). Find all functions from the rational numbers to the rational numbers
satisfying
fx+y)+ flx—y) = 2f(x) +2f(y),

for all rational x and y.

Problem 20.66 (Iran 1997). Suppose f : R, — R is a decreasing function such that for all
x,y € R}

fa+y+ f(f) + fw) = f(f(x + () + fly+ f<x>)) .

Prove that
fx) = f1(x).
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Problem 20.67 (BMO 2007). Find all real functions defined on R such that

ff)+y) = f(f) -y +4f(0)y,

for all real numbers x, y.

Problem 20.68 (IMO 2004 Shortlist). Find all functions f : R — IR satisfying the equation

f(x2 + 2+ 2f(xy)) = flx+y)?

forall x,y € R.

Problem 20.69 (IMO 1992). Find all functions f : R — R such that

F(@+fW) = y+ f?

forall x,y € R.

Problem 20.70 (IMO 1999). Determine all functions f : R — R such that

fe=f@) = f(FW) +xf(y) + fx) -1

for all real numbers x, y.

Problem 20.71 (Iran 1999; BH TST 2008). Find all functions f : R — R satisfying

fF@)+y) = f(& -y +4f@)y,

forall x,y € R.
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Problem 20.72 (Italy 1999). (a) Find all the strictly monotonic functions f : R — IR such that

fx+fy) = fx)+y,

forall x,y € R.
(b) Prove that for every integer n > 1 there do not exist strictly monotonic functions f : R — R
such that

fe+fy) = fO+y",
forall x,y € R.

Problem 20.73 (Vietnam 1999). Let f(x) be a continuous function defined on [0, 1] such that
f(0)=f(1)=0and

260+ f(y) = 3f(2“y )

forall x,y € [0,1]. Prove that f(x) =0 forall x,y € [0,1].

Problem 20.74 (India 2000). Suppose f : Q — {0,1} is a function with the property that for
x,yeQ,

, xX+y
if ) = f) then £ = £(5F) = 7w,
If f(0) = 0and f(1) = 1 show that f(q) = 1 for all rational numbers q greater than or equal to 1.

Problem 20.75 (Korea 2000). Find all functions f : R — IR satisfying

fO2 =) = (= y) (F@) + f()
forall x,y € R.

Problem 20.76 (APMO 2002). Find all functions f : R — R such that there are only finitely
many s € R for which f(s) = 0 and

fet+y) = 2 f@) + f()
forall x,y € R.
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Problem 20.77 (India 2005). Find all functions f : R — R such that

fO*+yf@) = xf(x) +zf(),

forall x,y,z € R.

Problem 20.78 (Poland 1990). Find all functions f : R — IR such that
-y fa+y -+ fle—y) = 4y -1,

forall x,y € R.

Problem 20.79 (Ukraine TST 2007). Find all functions f : Q — Q such that
fO+y+ fly) = 3+(x+f(1) = 2) f()

forall x,y € Q.

Problem 20.80 (Ukraine TST 2008). Find all functions f : R, — IR}, such that

fx+fy) = fx+y)+ f(y),

for all pairs of positive reals x and y.

Problem 20.81 (Japan 2004). Find all functions f : R — R such that
fafG)+ fy) = fG&) +y

forall x,y € R.
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Problem 20.82 (Japan 2006). Find all functions f : R — IR such that

fO? +2yf(@) + f(y) = f(f@) +y)
forall x,y € R.

Problem 20.83 (Japan 2008). Find all functions f : R — IR such that

fa+y f(f&) —y) = xfx) ~y f(Y)
forall x,y € R.

Problem 20.84 (Japan 2009). Find all functions f : R, — Ry such that

fO)+ f(y) = f&2+y+xf(4y)
forall x,y € Ry.

Problem 20.85 (IMO 1969 Longlist). Find all functions f defined for all x that satisfy the condition
xfy) +yfx) = @+ yfOfY)

for all x and y. Prove that exactly two of them are continuous.

Problem 20.86 (IMO 1976 Longlist). Find the function f(x) defined for all real values of x that
satisfies the conditions

(a) f(x+2)— f(x) = x>+ 2x +4, forall x

(b) f(x) = x2, ifx €[0,2).

Problem 20.87 (IMO 1979 Shortlist). Prove that the functional equations
fe+y) = f)+f(y),

and
fx+y+xy) = f(x)+ f(y)+ flxy)

are equivalent.
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Problem 20.88 (Austria 2001). Determine all functions f : R — IR such that for all real numbers
x and y the functional equation

fF@+ fy) = xf() +y

is satisfied.

Problem 20.89 (IMO 1978 Longlist). (Version 1) Let c¢,s : R* — R be non-constant in any
interval and satisfy

c(;—;) = c(x)c(y) —s(x)s(y), Yx,yeR".

Prove that:
(a) c(1/x) = c(x), s(1/x) = —s(x), for any x # 0;
(b) c(1) =1, (1) =s(-1) = 0;
(c) c, s are either both even or both odd function.
(d) Find functions c and s that also satisfy c(x) + s(x) = x" for all x # 0, where n is a given positive
integer.
(Version 2) Given a non-constant function f : Ry, — R such that f(xy) = f(x)f(y) for any
x,y # 0, find functions c,s : R}, — IR that satisfy

c(%) = c(x)c(y) —s(x)s(y), Yx,yeR".

and
c(x) +s(x) = f(x), VxeR".

Problem 20.90 (IMO 1989 Longlist). Let f : Q — R, satisfy the following conditions:
(@ £(0) = 0;
(b) f(ab) = f(a) fO)
() f(a+b) < f(a) + FO;
(d) f(m) <1989, Vm € Z.
Prove that

fla+b) = max{f(a), f(b)}, if f(a)# f(b).
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Problem 20.91 (IMO 2002 Shortlist). Find all functions f : R — IR such that
ff) +y) = 2x+ f(f(y) —x), Vx,yeR.

Problem 20.92 (IMO 2002). Find all functions f : R — R such that
@) + F@] [F) + FO] = fay—zt)+ fat +y2), Vx,y,zt€R.

Problem 20.93 (IMO 2010). Determine all functions f : R — IR such that the equality

flxly) = f@)Lf(y)]
holds for all x,y € R.

Problem 20.94 ([1], Problem 11345). Find all increasing functions f : R — IR such that

fe+ fy) = fA @)+ fW),
for all real x and y.

Problem 20.95 (Ukraine 2001). Does there exist a function f : R — R such that for all x,y € R
the following equality holds?

fxy) = max{f(x), y} + min{f(y), x} .

Problem 20.96 (BH 1997). Let f : A — R, A C R, be a function with the following characteristic:

fe+y) = f) f(y) - flay) +1,

forall x,y € A.
(@ If f:A—>R,INCACIR, issucha function, prove that the following is true:

fM)‘{f:% neN, c#1,

n+l, nelN, c=1,
withc = f(1) - 1.
(b) Solve the given functional equation for A = IN.

(c) If A = Q, find all the functions f which satisfy the given equation and the condition
£(1997) # £(1998).
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20.5 Functional Equations with No Parameters

Problem 20.97 ([3], Problem 2828). Find all functions f : R \ {1} — R satisfying the functional
equation

f(X)+ﬂf(x+b) =c-x,

x—1

where a # £1, b # —1 constants.

Problem 20.98 (Turkey TST 1999). Determine all functions f : R — IR such that the set

{@ :x#0 and xelR}
is finite, and for all x € R

fr=1-f() = f(¥)-x-1.

Problem 20.99 (Switzerland 1999). Determine all functions f : R* — R satisfying

e+ £(5) =

forall x € R".

Problem 20.100 (Putnam 1971). Find all functions f : R \ {0, 1} — R satisfying the functional
equation
x—1

o+ f(=) = 1+x.

X

Problem 20.101 (Austria 1985). Determine all functions f : R — R satisfying the functional
equation
xzf(x)+f(1—x) =2x—x*, VxeR.
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Problem 20.102 (APMO 1989). Determine all non-decreasing functions f : R — R such that
flx)+gx) = 2x, Vx,

and where g is defined by
fg(0) = g(f(x) = x.

Problem 20.103. Find all the solutions f : I — I of the functional equation

fAx) =0.

Problem 20.104. Find all the solutions of the functional equation

) = x.

Problem 20.105. Is there a continuous solution of the functional equation
fie) = x

that is not a solution of f*(x) = x? If no, why? If yes, give an example.

Problem 20.106 (Putnam 1996). Let c > 0 be a constant. Give a complete description, with proof,
of the set of all continuous functions f : R — R such that

flx) = f(x2+c) ,
forall x € R.

Problem 20.107 (Putnam 2000). Let f(x) be a continuous function such that

f(22-1) = 2x f(x)
for all x. Show that f(x) =0for -1 <x <1.
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Problem 20.108 (Korea 1999). Suppose that for any real x with |x| # 1, a function f(x) satisfies

f(x—3)+f(3+x) -

x+1 1—x

Find all possible f(x).

Problem 20.109 (India 1992). Determine all functions f : R \ [0,1] — R such that

1 ) _2(1-2%)

f(x)+f( - x(l_x)'

1-—x

Problem 20.110 (Israel 1995). Fora given real number a, find all functions f : (0, +00) — (0, +00)
satisfying

X
x+1°

axzf(j—c)+f(x) =

Problem 20.111 (Poland 1993; India 1994). Find all real-valued functions f on the reals such
that

(a) f(—x) = —f(x), for all x;

(0) f(x+1) = f(x)+1, forall x;

(C)f(%) = %,forx #0.

Problem 20.112 (Poland 1992). Find all functions f : Q}, — Q7 such that

fix+1) = f(x)+1

and
f&0) = f@?*,
forall x.
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Problem 20.113 (IMO 1979 Shortlist). For all rational x satisfying 0 < x <1, f is defined by

7

IA A
[EE NI

X
X

f(2x)
@) = 30
4 7

Ni— O
AN IA

Given that x = 0.b1bab3 . .. is the binary representation of x, find f(x).

Problem 20.114 (Korea 1993). Let n be a given natural number. Find all continuous functions

f(x) satisfying )
Z(Z)f(xzk) =0.

k=0

Problem 20.115 (Croatia 1995). Let t € (0,1) be a given number. Find all functions f : R — R
continuous at x = 0 satisfying

fx) =2 f(tx) + f(t?x) = x*, YxeR.

Problem 20.116 (IMO 1979 Longlist). Let E be the set of all bijective functions from R to R

satisfying
f)+f 4t = 2t, VYteR.

Find all elements of E that are monotonic functions.

20.6 Fixed Points and Cycles

Problem 20.117. Let f : [a, b] — [a, b] be a monotonic function, not necessarily continuous. Prove
that f has a fixed point.

Problem 20.118. Let f : [a,b] — [a,b] be a continuous surjective map. Prove that the function
f2(x)) has at least two fixed points.
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Problem 20.119 ([2], Problem 841). Assume that the quadratic polynomial f(x) = ax* +bx +c,
a # 0, has two fixed points x, and x2, x1 # xp. If 1 and —1 are two fixed points of the function f(x),
but not of f(x), then find the exact values of x1 and x».

Problem 20.120 ([4], Problem Q982). It is well known that if f : [0,1] — [0, 1] is a continuous
function, then f must have at least one fixed point. However, the example f(x) = x?, which only
has 0 and 1 as fixed points shows that the set of fixed points need not be an interval.

Let f : [0,1] — [0, 1] be a function with |f(x) — f(y)| < |x — y| for allx, y € [0,1]. Prove that
the set of all fixed points of f is either a single point or an interval.

Problem 20.121 (IMSUC 2007). Let
T = {(tg,1-t) e R*|t€[0,1], g € Q}.

Prove that each continuous function f : T — T has a fixed point.

Problem 20.122 (IMO 1976 Shortlist). Let I = (0, 1]. For a given number a € (0, 1] we define the
map T : I — 1 as follows:

T = {x+(1—a), z"f0<x§a,
x—a, ifa<x<1.

Show that for every interval | C I there exists an integer n > 0 such that T"(J) N | # @.

Problem 20.123 (IMO 1976 Longlist). Let Q = [0,1] X [0,1] and T : Q — Q be defined as
follows:

(2x,%), ifo<x<1/2,

T(x,y) = {(2x_1,y7”), if1/2<x<1.

Show that for every disc D C Q there exists an integer n > 0 such that T"(D) N D # @.
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Problem 20.124 (IMO 1990 Shortlist). Let a, b be natural numbers with1 <a < band M = [#J
Define the function f : ZZ. — Z by

_n+a, ifn<M,
fln) = {n—b, ifn>M.

Find the smallest natural number k > 0 such that f¥(0) = 0.

Problem 20.125 ([4], Problem 2003). Let (X, ( )) be a real inner product space, and let
B={xeX:|xl<1}
be the unit ball in X, where ||x|| = V{x, x). Let f : B = B be a function satisfying
IfC) = fll < llx—yll, Yx,yeB.
Prove that the set of fixed points of f is convex.

Problem 20.126 ([1], Problem E3342). Let S = {1,2,...,n%} and define a permutation f : S — S
as follows. Take n* cards numbered from 1 to n® and lay them in a square array, with the i-th row
containing cards (i—1)n+1, (i—1)n+2,...,in in order from left to right. Pick up the cards along
rising diagonals, starting with the upper left-hand corner. If card j is the k-th card picked up, put
f(j) = k. For example, if n = 3, then f(1) =1, f(4) =2, f(2) =3, f(7) =4, f(5) =5, f(3) =6,
f®) =7, f(6) =8, f9) = 9.

For each value of n both 1 and n? are fixed points points of f. If n is odd, then (n> + 1)/2 is also
a fixed point of f. Characterize those n for which f has a fixed point not in {1, n?, (n> + 1)/2}.

Problem 20.127 ([1], Problem E3428). Let I be a non-empty interval on the real line. Let
f « I — I be a continuous function having the property that for each x € I there exists a positive
integer n = n(x) with f*(x) = x. For given I characterize all such functions.

Problem 20.128 (Sweden 1993). Let a and b be real numbers and let

1
f) = ax+b’
For which a and b are there three distinct real numbers x1, X», x3 such that

fx1) = x2, flx2) = x3, f(xz) = x17




20.7. Existence of Solutions 311

20.7 Existence of Solutions

Problem 20.129 (Bulgaria 1998). Prove that there does not exist a function f : R, — R such
that

f@)? > flx+y) (f(x) + 1),
forany x,y € R.

Problem 20.130 (Iran 1998). Let fi, f», f3 : R — R be functions such that a; fi + axf> + as f3 is
monotonic for all a;,a,a3 € R. Prove that there exist c1,c2,c3 € R, not all zero, such that

c1fi(x) + c2fo(x) + c3f3(x) = 0,

forall x € R.

Problem 20.131 (Belarus 2000). Does there exist a function f : IN* — IN* such that

f(f(n=1)) = f(n+1) - f(n)

foralln >2?

Problem 20.132 (LMO 1991). Does there exist a function F : IN* — IN* such that for any natural
number x,

F(F(F(---F(x)---))) = x+17?
Here F is applied F times.

Problem 20.133 (IMO 1989 Shortlist). Let §: C > C,w € C,a € C, 0® = 1, and w # 1. Show
that there is one and only one function f : C — C such that

f@)+ floz+a) = g(z), z€C.
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Problem 20.134 (IMO 1967 Longlist). The function ¢(x, y, z) defined for all triples (x, y, z) of real
numbers is such that there are two functions f and g defined for all pairs of real numbers such that

ox,y,2) = f(x+y,2z) = glx,y+2z),
for all real numbers x, y,z. Show that there is a function h of one real variable such that
o(x,y,2) = h(x+y+2z),

for all real numbers x, y, z.

Problem 20.135 (IMO 1992 Shortlist). Let IRy be the set of all non-negative real numbers. Given
two positive real numbers a and b, suppose that a mapping f : Ry — R, satisfies the functional

equation

f(f() +af(x) = ba+b)x.

Prove that there exists a unique solution of this equation.

Problem 20.136 (IMO 1993). Let N* = {1,2,3,...}. Determine whether or not there exists a
function f : IN* — IN* such that f(1) = 2 and

f(f(n) = fm)+n, forallninIN*,
f(n) < f(n+1), forallninIN".

Problem 20.137 (Russia 2000). Is there a function f : R — IR such that

|f(x +y) +sinx +siny| <2

forall x,y € R?

Problem 20.138 (Turkey 2000). Let f : R — IR be a function such that
[fac+y) = fl) = fyl <1
forall x,y € R. Show that there exists a function g : R — R with
[f) gl <1

forall x € Rand
gx+y) = glx) +g(y)

forall x,y € R.
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Problem 20.139 (Romania 2000). Prove that there is no function f : (0, +00) — (0, +00) such
that

fe+y) 2 f&) +y ()
forall x,y € (0, +00).

Problem 20.140 (Romania 2005). Let f : R — IR be a convex function.
(a) Prove that f is continuous.
(b) Prove that there exists a unique function g : [0, +00) — IR such that for all x > 0

flx+g(x) = f(gx) —g) .

Problem 20.141 ([30], Problem 54). Is there a non-trivial function f(x), continuous on the whole
line, which satisfies the functional equation

)+ f(20) + f(Bx) = 0,

for all x?

Problem 20.142 (Iran 1995). Does there exist a function f : R — R that fulfils all of the following
conditions:

(@) f1) =1,

(b) there exists M > 0 such that —M < f(x) < M,

(c)if x # 0 then

o) = e 2

Problem 20.143 (IMO 1970 Longlist). Let E be a finite set and f : P(E) — Ry such that for any
two disjoint sets A, B of E,

f(AUB) = f(A) + f(B).
Prove that there exists a subset F of E such that if with each A C E we associate a subset A’ consisting
of elements of A that are not in F, then f(A) = f(A’), and f(A) is zero iff A is a subset of F.

Problem 20.144 ([2], Problem 869). Prove that there does not exist a positive twice differentiable
function f defined on [0, +c0) such that

f)f"(x)<-1, ¥x>0.
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20.8 Systems of Functional Equations

Problem 20.145 (APMC 1999). Let n > 2 be a given integer. Determine all systems of n functions
(fi,---, fu) where f : R —» R, i =1,2,...,n, such that for all x,y € R the following equalities
hold:

Il
(e}

f() = LX) () + f1(y)
£ = L BG) + L)

I
e}

Far O = fu@) fu(y) + fur ) = 0,
fo") = A f1) + fuly")

I
e}

Problem 20.146 (IMO 1977 Longlist). Let f : Q* X Q° — IR} be a function satisfying the
equations

flaxe,y) = f(xa,y) flx2,y), Yxi,x2,y

feony2) = foy) f(Gy2), Yx, 2
flx,1-x) = 1, Vx.

Prove that

flx,x) = f(x,-x) = 1, Vx,
fxy) f(y,x) VX y.

Il
—_
~

Problem 20.147 (BMO 2003). Find all functions f : Q — Rwhich fulfill the following conditions:
(@ f)+1>0;
() fx+y) —xf(y) ~ yf@) = fOf() —x—y+y, forallx,y € Q
(c) f(x) =2f(x+1) +x+2, for every x € Q.

Problem 20.148 (IMO 1989 Longlist). Let f : R — R such that f(1) = 1 and

fx+y) fx)+f(v), Yxy,
f(x)f(%) 1, Vx#0.

Find f.
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Problem 20.149 (Putnam 1977). Let f, g, u : R — R such that

ulx+1) +ux-1)

> = £,
u(x+4)-£u(x—4) ——

Determine u in terms of f and g.

Problem 20.150 ([1], Problem 11053). Find all functions f : R — R such that

flx+ fOFW) = f@+xf@y),
flx+fay) = f@+xf@W),

forall x,y € R.

20.9 Conditional Functional Equations

Problem 20.151 (IMO 2008). Find all functions f : (0, +o00) — (0, +00) such that

f@)? + f(x?  w? + 22
f2) + fz2) 2+

for all positive real numbers w, x, y, z satisfying wx = yz.

Problem 20.152 (Poland 1991). On the Cartesian plane consider the set V of all vectors with
integer coordinates. Determine all functions f : V — R satisfying the conditions:
(a) f(il) = 1 for each of the four vectors i € V of unit length.
(b) f(X+ 1) = f(X) + f(1)) for every two perpendicular vectors X, j € V.
(The zero vector is considered to be perpendicular to every vector).

Problem 20.153 (IMO 1989 Longlist). Let a € (0,1) and f a continuous function on [0,1]
satisfying f(0) =0, f(1) = 1 and

f(x;y) = (1-a)f®)+af(y), Yx<y, xyel01].

Determine f(1/7).
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Problem 20.154 (IMO 2004). Find all polynomials P(x) with real coefficients that satisfy the
equality
Pa-b)+Pb-c)+P(c—a) = 2Pa+b+c¢),

for all triples a, b, c of real numbers such that ab + bc + ca = 0.

20.10 Polynomials

Problem 20.155 (IMO 1975). Find all polynomials P, in two variables, with the following proper-
ties:
(a) For a positive integer n and all real t,x, y

P(tx, ty) = t"P(x,y),

that is, P is homogeneous of degree n.
(b) Forall real a, b, c,

P(b+c,a)+P(c+ab)+Pla+byc) =0.
(¢) P(1,0) = 1.

Problem 20.156 (Vietnam 1998). Prove that for each positive odd integer n, there is exactly one
polynomial P(x) of degree n with real coefficients satisfying

P(x—l) = x”—l, VYxeR".
X x"

Determine if the above assertion holds for positive even integers n.

Problem 20.157 (SPCMO 1998). Find all polynomials P(x, y) in two variables such that for any
x and y,

Plx+y,y-x) = Plx-y).

Problem 20.158 (Greece 2005). Find the polynomial P(x) with real coefficients such that P(2) = 12
and

P(xz) = x? (x2 + 1) P(x),
for each x € R.
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Problem 20.159 (IMO 1992 Shortlist). Let f, g and a be polynomials with real coefficients, f and
g in one variable and a in two variables. Suppose

f) = fy) = ate,y) (8) = sW)),

forall x,y € R. Prove that there exists a polynomial h with

f() = h(g®), YxeR.

Problem 20.160 (China 1999). Let a be a real number. Let {f,(x)} be a sequence of polynomials
such that

(a) fo(x) =1and

(D) fus1(x) = xfu(x) + fu(ax), forn=0,1,2,---.

Prove that

fu(x) = xf()l—c) n=012..,

and find an explicit expression for f,,(x).

Problem 20.161 (Georgia TST 2005). Find all polynomials with real coefficients for which the
equality
P(2P(x)) = 2P?%(x) + 2 P(x)?

holds for any real number x.

Problem 20.162 (Japan 1995). Find all non-constant rational functions f(x) of x satisfying

f0? —a = f(x?,

where a is a real number.
A rational function of x is one that can be expressed as the ratio of two polynomials of x.
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Problem 20.163 (CSM 1999). Find all positive integers k for which the following assertion holds:
If F(x) is a polynomial with integer coefficients which satisfies
F(c) <k, forallce{0,1,...,k+1},

then
F(0) = F(1) = --- = F(k+1).

Problem 20.164 (Bulgaria 1998). The polynomials P,(x,y) forn =1,2,... are defined by

Pi(x,y) = 1,
Pua(xy) = @+y—-1Dy+1D)Pulr,y+2)+y—y°) Pulx,y).
Prove that
Pu(x,y) = Pu(y,x),
for all n and all x, y.

Problem 20.165 (CSM 1998). A polynomial P(x) of degree n > 5 with integer coefficients and n
distinct integer roots is given. Find all integer roots of P(P(x)) given that 0 is a root of P(x).

Problem 20.166 (IMO 1976 Longlist). Prove that if for a polynomial P(x, y) we have
Px-1,y-2x+1) = P(x,y),

then there exists a polynomial Q(x) such that P(x, y) = Q(y — x?).

Problem 20.167 (IMO 1979 Shortlist). Find all polynomials P(x) with real coefficients for which

P(x)P(2x*) = P2x> +x).
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Problem 20.168 (IMO 1978 Longlist). Let the polynomials

n-1 m—1
P(x) = x”+2akxk, P(x) = xm+2bkxk,
k=0 k=0

be given satisfying the identity
P(x)*> = (#* -1)Q(x)* + 1.

Prove that

Problem 20.169 (IMO 1989 Longlist). Let P(x) be o polynomial such that the following inequalities
are satisfied:

P(1) > P@O) > 0,
P(2) > 2P(1)-P(0),
P(3) > 3P(2)—-3P(1)+ P(0),
and also
Pn+4)>4Pn+3)-6P(n+2)+4P(n+1)—-P(n), YnelN.

Prove that
P(n)>0, nelN.

Problem 20.170 (Putnam 1972). Let n be an integer greater than 1. Show that there exists a
polynomial P(x, y, z) with integral coefficients such that

P, " a2 4 x) = x.

Problem 20.171 (USA 1984). P(x) is a polynomial of degree 3n such that

P(0) = P(3) = ... = P(3n) = 2,
P(1) = P@) = ... = PGn-2) =1,
PQ2) = P(5) = ... = P@n-1) = 0,

PGBn+1) = 730.

Determine n.
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Problem 20.172 (IMO 1993). Let P(x) = x" +5x"~! + 3 where n > 1 is an integer. Prove that P(x)
cannot be expressed as the product of two polynomials, each of which has all its coefficients integers
and degree at least 1.

Problem 20.173 ([4], Problem 1807). Let P be a polynomial with integer coefficients and let s be
an integer such that for some positive integer n, the number s"*! P(s)" is a positive zero of P. Prove
that P(2) = 0.

Problem 20.174 ([2], Problem 879). Consider the polynomial
flx) = x* — dax® + 60%x% — 4c3x + d*,

where a, b, c, and d are positive real numbers. Prove that if f has four positive distinct roots, then
a>b>c>d.

Problem 20.175 (Putnam 1976). Let
P(x,y) = x2y+ xy2 , Qlxy) = x>+ xy + y2 .
Forn=2,3,---, let
Futvy) = (@+y)"-@"+y"),
Gu(x,y) = (x+y)"+x"+y".

Prove that, for each n, either F, or G, is expressible as a polynomial in P and Q with integer
coefficients.

Problem 20.176 (Putnam 1981). Let P(x) be a polynomial with real coefficients and form the
polynomial

Q() = (< + )PE)P'(x) + x[P()* + P'(x)?] .
Given that P(x) has n distinct roots real roots exceeding 1, prove or disprove that Q(x) has at least
2n — 1 distinct real roots.

Problem 20.177 (HIMC 1999). Let P(x) be a polynomial whose degree is at least 2. Define the
sequence {Q,(x)} by Q1(x) = P(x) and

Qr+1(x) = P(Qk(x)), k=1,2,---.
Let r,, be the average of the roots of Qy(x). It is given that r19 = 99. Find rg9.
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20.11 Functional Inequalities

Problem 20.178 (Popoviciu’s Theorem [34]). Let f be a convex real-valued function defined on
an interval I. Then

£+ ) + £ +3F (5 ) 22 (50 + £ (55 )+ £ (5 )

forall x,y,z € L

Problem 20.179 ([55]). Let f(x) be subadditive on Rand let f’ (x) exist on (0, +00). if f(x)+ f(—x) <
0 for any x € (0, +00), then f'(x) is decreasing on (0, +00).

Problem 20.180 (IMO 1977). Let f(n) be a function defined on the set of all positive integers and
having all its values in the same set. prove that if

fn+1) > f(f(n))

for each positive integer n, then
f(n) = n, foreachn.

Problem 20.181 ([10], p. 35). Determine f : IN* — IN* such that for all k,m,n,

flkm) + fkn) = (&) f(mn) = 1.

Problem 20.182 (APMO 1994). Let f : R — R such that
(@ f)+ f)+1> f(x+y) = f(X) + fy), Yx, y;

(b) £(0) > f(x), Vx €[0,1);

(c) f(1) = f(-1) =1

Find all such functions f.
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Problem 20.183 (HK 1999). Let f be a function defined on the reals with the following properties
(A) f1)=1;

(B) flx +1) = x f(x);

(C) f(x) = 108W;

where g(x) is a function defined on the reals satisfying

gty+ (A -t)z) <tg(y) + (1 -1 g(z)

forall real y,z and some 0 <t < 1.
(a) Prove that

tlgn) —gn—-1)] < gn +1t)—gn) < t[g(n +1) — g(n)]

where n is an integer and 0 < t < 1.
(b) Prove that
05

4
=<
3-7\2

Problem 20.184 (IMSUC 2008). Let y : [0,1] — [0, 1] x [0, 1] be a mapping such that for each
s, t €[0,1]
[y(s) — y(H) < Ms — t|*

in which o, M are fixed numbers. Prove that if y is surjective, then a < 1/2.

Problem 20.185 (IMO 2007 Shortlist; Ukraine TST 2008). Consider those functions f : IN* —
IN* which satisfy the condition

flm+n) = f(m) + f(f(n)) -1
forall m,n € IN*. Find all possible values of f(2007).

Problem 20.186 (Romania 1981). Determine whether there exists an injective function f : R — R
with the property that for all x,

] =

f) = fx)* 2
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Problem 20.187 ([10], p. 227). If f is a surjective function and g is a bijective function, both

defined on IN and satisfying the property
fn) = g(n), Vn,

then f = g.

Problem 20.188 (Russia 2000). Find all functions f : R — R that satisfy the inequality

fx+y)+ f(y+2)+ f(z+x) >3 f(x + 2y + 32)

forall x,y,z € R.

Problem 20.189 (Japan 2007). Find all functions f : R, — R such that
fo+f < L0,
), f) S+

X y - xX+y

IA

7

forall x,y > 0.

Problem 20.190 (IMO 1979 Longlist). If a function satisfies the conditions
fx)<x, VYxeR,

and

fx+y) < f)+fy), ¥xyeR,

show that
flx) = x, YxeR.
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20.12 Functional Equations Containing Derivatives
Problem 20.191 (Romania 1999). The function f : R — R is differentiable and
x\ x
@ = f(3)+3 £,

for every number x. Prove that f is a linear function.

Problem 20.192 (Putnam 1941). Show that any solution f(t) of the functional equation
fe+y fae—y) = fEP+f@?-1, VxyeR,

is such that

fr' = xm?f(h),
(m a non-negative constant) assuming the existence and continuity of the second derivative. Deduce
that f(t) is one of the functions

+cos(mt), =+ cosh(mt).

Problem 20.193 (Putnam 1997). Let f be a twice-differentiable real-valued function satisfying
f@)+ f1(x0) = —xg(x) f'(x),
where g(x) > 0 for all real x. Prove that |f(x)| is bounded.

Problem 20.194 (Poland 1977). A function h : R — R s differentiable and satisfies h(ax) = bh(x)
for all x, where a and b are given positive numbers and |a| # 0,1. Suppose that h’(0) # 0 and the
function I’ is continuous at x = 0. Prove that a = b and that there is a real number ¢ such that
h(x) = cx for all x.

Problem 20.195 ([1], Problem E3338). Let s and t be given real numbers. Find all differentiable
functions f on the real line that satisfy

per = TOZ20,

for all real x, y with x # y.
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20.13 Functional Relations Containing Integrals

Problem 20.196 ([5], Problem 71-1). Prove that there is only one non-negative function F for

which
F{f F(u)du} =x, x>0,
0

namely F(x) = Ax" for appropriate values of A and n.

Problem 20.197 (Romania 1999). Let R — IR be a monotonic function for which there exist
a,b,c,d € Rwitha # 0, c # 0 such that for all x the following equalities hold:

x+ V3
f f)dt = ax+b,
X

X+ V2
f f(Hdt = cx+b.

Prove that f is a linear function.

Problem 20.198 (Putnam 1958). Prove that if f(x) is continuous for a < x < b and

b
f " f(x)dx =0, n=0,1,2,...,
a

then f(x) is identically zero on a < x < b.

Problem 20.199 (Romania 2004). Find all continuous functions f : R — R such that for all
x € Rand for all n € IN* we have

X

n2f+zf(t)dt = nf(x)+

N[ +—




326 20. UNsoLvED PROBLEMS

Problem 20.200 (Romania 2004). Let f : [0,1] — R be an integrable function such that

1 1
fo‘f(x)dx = foxf(x)dx =1.

1
f f(x)zdx >4.
0

Prove that

Problem 20.201 (Putnam 1972). Let f(x) be an integrable function in 0 < x < 1 and suppose

1
f f(x)xkdx =0, k=0,1,...,n—-1,
0

1
f fl)yx"dx = 1.
0

f(x)=2"(n+1),

and

Show that

in a set of positive measure.

Problem 20.202 (Putnam 1973). (a) On [0,1], let f have a continuous derivative satisfying
0 < f'(x) < 1. Also suppose f(0) = 0. prove that

(j(;l f(x)clx)2 > folf(x)3 dx .

(b) Show an example in which equality occurs.

Problem 20.203 ([4], Problem 1824). Let f be a continuous real-valued function defined on [0, 1]

and satisfying
1 1
j; flx)dx = j(; xf(x)dx .

Prove that there exists a real number ¢, 0 < ¢ < 1, such that

cf(c) = j;xf(x)dx.
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Problem 20.204 ([2], Problem 925). Let f be a twice differentiable function on R with f continuous
on [0,1] such that

1 3/4
f flx)dx = 2 f(x)dx .
0 1/4

Prove that there exists an xqo € (0,1) such that f"'(xg) = 0.

Problem 20.205 ([2], Problem 898). Suppose f is a function defined on an open interval I such
that f”(x) > 0 for all x € I, and [a, b] C I . Prove that

1 1 (3a+b b-a
fof(a+(b—a)y)dy2fof( .t y)dy-
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ACRONYMS & ABBREVIATIONS I

APMO  Asian Pacific Mathematical Olympiad

APMC  Austrian-Polish Mathematics Competition

BH Bosnia Herzegovina

BMO Balkan Mathematical Olympiad

BWMC  Baltic Way Mathematical Contest

CSM Czech and Slovak Match

HIMC  Hungary-Israel Mathematical Competition

HK Hong Kong

IMSUC  Iranian Mathematical Society Undergraduate Competition

IMO International Mathematical Olympiad

LMO Leningrad Mathematical Olympiad

NMC Nordic Mathematical Contest

Putnam W.L. Putnam Mathematical Competition

RMM Romanian Masters in Mathematics

ROM Republic of Moldova

SPCMO St Petersburg City Mathematical Olympiad

TST Team Selection Test

UK United Kingdom

When the name of a country is given, it is implied that the problem was given in

the national competition of that country. However, if the competition separates the
exams for different grades, no effort has been made to include the corresponding
grade.






SET CONVENTIONS I

N the set of natural numbers including 0
IN* the set of positive natural numbers
In other books the symbol IN may stand for the positive natural numbers, while N
may be used to indicate the set of natural numbers including 0.

Z. the set of integer numbers
Z' the set of non-zero integer numbers
Z., the set of non-negative integer numbers
Z._ the set of non-positive integer numbers
Z', the set of positive natural numbers
Z the set of negative integer numbers
In other books the symbols Z,, Z_ may stand for the positive, negative integer
numbers respectively.

Q the set of rational numbers
Q* the set of non-zero rational numbers
Q. the set of non-negative rational numbers
Q- the set of non-positive rational numbers
Q;, the set of positive rational numbers
Q- the set of negative rational numbers
In other books the symbols Q., Q- may stand for the positive, negative rational
numbers respectively.

R the set of real numbers
R* the set of non-zero real numbers
R, the set of non-negative real numbers
R_ the set of non-positive real numbers
R, the set of positive real numbers
R the set of negative real numbers
R the set of extended real numbers, i.e. R with +oo included
In other books the symbols R, R- may stand for the positive, negative real numbers
respectively, while the symbols R,, R_ may stand for the non-negative, non-positive
real numbers.

C the set of complex numbers
C” the set of non-zero complex numbers

C the extended set of complex numbers C U {co} (Riemann sphere)






NAMED EQUATIONS I

Abel f8) = f()+a
Bottcher f(gx) = fx)p
Cauchy I fx+y) = fx)+ f(y)
Cauchy II flx+y) = fx) f(y)
Cauchy III fxy) = f() + f(y)

Cauchy IV flxy) = f(x0) f(y)
conjugacy f(h(x)) = H(f(x))

D’Alembert-PoissonI  f(x +y) + f(x —y) = 2 f(x) f(y)
D’Alembert-Poisson Il f(x +y) f(x —y) = f(x)? — f(y)?

fAx,Ay) = A f(x,y)

Euler
Jensen f(== =) (x)+f(y)
Lobacevskii f@)? = flx+y) f(x—v)

Pexider I flx+y) = g(x)+h(y)
Pexider II fx+y) = g(x)h(y)
Pexider III fixy) = gtx) +h(y)
Pexider IV fxy) = g(x) f(y)

Schroder flgx) = A f(x)

Vincze 1 fx+y) = g1(x) $2(y) + h(y)

Vincze 11 flxy) = g1(x) $2(y) + h(y)

Wilson I fx+y + flx—y) = 2f(x)gy)

Wilson 11 fx+y)+glx—y) = 2h(x)k(y)
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