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Problems

Algebra

A1. Let a,b and c be positive real numbers such that min {ab, bc,ca} > 1. Prove that

V(@ + 1)+ 1)(+1) < (“g“)g + 1.

A2. Find the smallest real constant C' such that for any positive real numbers a1, as, as, as
and a5 (not necessarily distinct), one can always choose distinct subscripts ¢, j, k and [ such
that

e

@ a;
A3. Find all integers n > 3 with the following property: for all real numbers a, as, . . ., an
and by, by, ..., b, satisfying |ax| + |bg] = 1 for 1 < k < n, there exist x1, o, ..., x,, each of

which is either —1 or 1, such that

+ <L

n
Z Tra
k=1

n
> wiby,
k=1

A4. Denote by R* the set of all positive real numbers. Find all functions f : Rt — R such
that

ef (@) f(fW) + flyf(2)) = flay) (f(F (=) + F(f(y*)

for all positive real numbers = and y.

A5.

(a) Prove that for every positive integer n, there exists a fraction § where a and b are integers
satisfying 0 < b < /n+1and /n < § <vVn+ 1L

(b) Prove that there are infinitely many positive integers n such that there is no fraction §

where a and b are integers satisfying 0 < b < v/n and /n < § <vn+ 1.
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AG6. The equation
(x—=1)(x—2)--- (2 —2016) = (z — 1)(x — 2) - - - (x — 2016)

is written on the board. One tries to erase some linear factors from both sides so that each
side still has at least one factor, and the resulting equation has no real roots. Find the least
number of linear factors one needs to erase to achieve this.

AT. Denote by R the set of all real numbers. Find all functions f : R — R such that

f(0) # 0 and
fle+y)? =2f(2) f(y) + max {f(«®) + f(v*), f(2® + )}

for all real numbers x and y.

A8. Determine the largest real number a such that for all n > 1 and for all real numbers
o, X1, ..., Ty, satisfying 0 = 29 < 11 < 19 < - -+ < x,, we have

1 1 1 2 3 n+1
+ +-t—Za|l—+ 4+ .
1 — X T2 —T1 Tp — Tn—1 T T2 Tn
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Combinatorics

C1. The leader of an IMO team chooses positive integers n and k with n > k, and announces
them to the deputy leader and a contestant. The leader then secretly tells the deputy leader
an n-digit binary string, and the deputy leader writes down all n-digit binary strings which
differ from the leader’s in exactly k positions. (For example, if n = 3 and k = 1, and if the
leader chooses 101, the deputy leader would write down 001, 111 and 100.) The contestant
is allowed to look at the strings written by the deputy leader and guess the leader’s string.
What is the minimum number of guesses (in terms of n and k) needed to guarantee the correct
answer?

C2. Find all positive integers n for which all positive divisors of n can be put into the cells
of a rectangular table under the following constraints:

e cach cell contains a distinct divisor;
e the sums of all rows are equal; and

e the sums of all columns are equal.

C3. Let n be a positive integer relatively prime to 6. We paint the vertices of a regular
n-gon with three colours so that there is an odd number of vertices of each colour. Show that
there exists an isosceles triangle whose three vertices are of different colours.

C4. Find all positive integers n for which we can fill in the entries of an n x n table with
the following properties:

e cach entry can be one of I, M and O;

e in each row and each column, the letters I, M and O occur the same number of times;
and

e in any diagonal whose number of entries is a multiple of three, the letters I, M and O
occur the same number of times.

C5. Let n > 3 be a positive integer. Find the maximum number of diagonals of a regular
n-gon one can select, so that any two of them do not intersect in the interior or they are
perpendicular to each other.
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C6. There are n > 3 islands in a city. Initially, the ferry company offers some routes between
some pairs of islands so that it is impossible to divide the islands into two groups such that
no two islands in different groups are connected by a ferry route.

After each year, the ferry company will close a ferry route between some two islands X
and Y. At the same time, in order to maintain its service, the company will open new routes
according to the following rule: for any island which is connected by a ferry route to exactly
one of X and Y, a new route between this island and the other of X and Y is added.

Suppose at any moment, if we partition all islands into two nonempty groups in any way,
then it is known that the ferry company will close a certain route connecting two islands from
the two groups after some years. Prove that after some years there will be an island which is
connected to all other islands by ferry routes.

C7. Let n > 2 be an integer. In the plane, there are n segments given in such a way that
any two segments have an intersection point in the interior, and no three segments intersect
at a single point. Jeff places a snail at one of the endpoints of each of the segments and claps
his hands n — 1 times. Each time when he claps his hands, all the snails move along their own
segments and stay at the next intersection points until the next clap. Since there are n — 1
intersection points on each segment, all snails will reach the furthest intersection points from
their starting points after n — 1 claps.

(a) Prove that if n is odd then Jeff can always place the snails so that no two of them ever
occupy the same intersection point.

(b) Prove that if n is even then there must be a moment when some two snails occupy the
same intersection point no matter how Jeff places the snails.

C8. Let n be a positive integer. Determine the smallest positive integer k with the following
property: it is possible to mark k cells on a 2n x 2n board so that there exists a unique
partition of the board into 1 x 2 and 2 x 1 dominoes, none of which contains two marked
cells.
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Geometry

G1. In a convex pentagon ABCDE, let F be a point on AC such that ZFBC = 90°.
Suppose triangles ABF, ACD and ADFE are similar isosceles triangles with

LFAB =/FBA=/DAC = Z/DCA =/ZFAD = ZEDA.

Let M be the midpoint of C'F. Point X is chosen such that AM X F is a parallelogram. Show
that BD, EM and FX are concurrent.

G 2. Let ABC be a triangle with circumcircle I' and incentre I. Let M be the midpoint of
side BC'. Denote by D the foot of perpendicular from I to side BC. The line through I per-
pendicular to Al meets sides AB and AC' at F' and F respectively. Suppose the circumcircle
of triangle AEF intersects I' at a point X other than A. Prove that lines X D and AM meet
on I

G3. Let B = (—1,0) and C = (1,0) be fixed points on the coordinate plane. A nonempty,
bounded subset S of the plane is said to be nice if

(i) there is a point T in S such that for every point @) in S, the segment T'Q) lies entirely
in S; and

(ii) for any triangle P, P, Pj, there exists a unique point A in S and a permutation o of the
indices {1,2, 3} for which triangles ABC and P,(1)F,(2) Py (3) are similar.

Prove that there exist two distinct nice subsets S and S’ of the set {(z,y) : 2 > 0,y > 0}
such that if A € S and A" € 5" are the unique choices of points in (ii), then the product
BA - BA’ is a constant independent of the triangle P P, Ps.

G4. Let ABC be a triangle with AB = AC # BC and let I be its incentre. The line BI
meets AC' at D, and the line through D perpendicular to AC meets Al at E. Prove that the
reflection of I in AC' lies on the circumcircle of triangle BDFE.

G5. Let D be the foot of perpendicular from A to the Euler line (the line passing through the
circumcentre and the orthocentre) of an acute scalene triangle ABC. A circle w with centre
S passes through A and D, and it intersects sides AB and AC at X and Y respectively. Let
P be the foot of altitude from A to BC, and let M be the midpoint of BC'. Prove that the
circumcentre of triangle X .SY is equidistant from P and M.
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G6. Let ABCD be a convex quadrilateral with ZABC = ZADC < 90°. The internal
angle bisectors of ZABC and ZADC meet AC at E and F respectively, and meet each
other at point P. Let M be the midpoint of AC and let w be the circumcircle of triangle
BPD. Segments BM and DM intersect w again at X and Y respectively. Denote by () the
intersection point of lines X E and Y F. Prove that PQ 1 AC.

G 7. Let I be the incentre of a non-equilateral triangle ABC, I4 be the A-excentre, I’; be
the reflection of 14 in BC, and [4 be the reflection of line Al in Al. Define points Ip, I}
and line [ analogously. Let P be the intersection point of 4 and Ip.

(a) Prove that P lies on line O where O is the circumcentre of triangle ABC.

(b) Let one of the tangents from P to the incircle of triangle ABC meet the circumcircle at
points X and Y. Show that ZXTY = 120°.

G8. Let Ay, B; and C; be points on sides BC,CA and AB of an acute triangle ABC
respectively, such that AA;, BB, and C'C are the internal angle bisectors of triangle ABC.
Let I be the incentre of triangle ABC', and H be the orthocentre of triangle A;B;C;. Show
that

AH +BH +CH > Al + BI +C1.
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Number Theory

N1. For any positive integer k, denote the sum of digits of k in its decimal representation by
S(k). Find all polynomials P(x) with integer coefficients such that for any positive integer
n > 2016, the integer P(n) is positive and

N2. Let 7(n) be the number of positive divisors of n. Let 7,(n) be the number of positive
divisors of n which have remainders 1 when divided by 3. Find all possible integral values of

: 7(10n)
the fraction T (10m)

N3. Define P(n) = n? 4+ n + 1. For any positive integers a and b, the set
{P(a),P(a+1),Pla+2),...,Pla+b)}

is said to be fragrant if none of its elements is relatively prime to the product of the other
elements. Determine the smallest size of a fragrant set.

N4. Let n,m, k and [ be positive integers with n # 1 such that n* +mn! 41 divides n*+! —1.
Prove that

e m=1and [ =2k;or

nk—l_1

o [k and m = "—.

Nb5. Let a be a positive integer which is not a square number. Denote by A the set of all
positive integers k£ such that
2’ —a
k=g (1)
for some integers x and y with = > /a. Denote by B the set of all positive integers k such
that (1) is satisfied for some integers « and y with 0 < = < y/a. Prove that A = B.

NG6. Denote by N the set of all positive integers. Find all functions f : N — N such that
for all positive integers m and n, the integer f(m) + f(n) — mn is nonzero and divides

mf(m)+nf(n).
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N'7. Let n be an odd positive integer. In the Cartesian plane, a cyclic polygon P with area
S is chosen. All its vertices have integral coordinates, and all squares of its side lengths are
divisible by n. Prove that 25 is an integer divisible by n.

N8. Find all polynomials P(z) of odd degree d and with integer coefficients satisfying the
following property for each posmve integer n, there exist n positive integers x1, s, ..., x,
such that 5 < (( % <2 and 3 is the d-th power of a rational number for every pair of

indices ¢ and ¥ with 1<1,5 <
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Solutions

Algebra

A1. Let a,b and ¢ be positive real numbers such that min {ab, bc,ca} > 1. Prove that

@2+ D)2+ 1) (2 +1) < (”g“) 1. (1)

Solution 1. We first show the following.

e Claim. For any positive real numbers z,y with xy > 1, we have

2

(@ + 1)y +1) < ((x;y)2+1> . (2)

Proof. Note that zy > 1 implies (“”Tﬂ”)2 —1>a2y—1>0. We find that

06+ =Gy et < (S50 1) v e = () 1)

O

Without loss of generality, assume a > b > c¢. This implies @ > 1. Let d = %b“ Note
that

ala+b+c) S 1+1+1 _q
3 3
Then we can apply (2) to the pair (a,d) and the pair (b, c). We get

(> + 1) (> +1)* + 1) (P +1) < ((a;d)Q + 1)2 <<bgc>2 + 1)2. (3)

Next, from

ad =

d b
a; . ;C>\md~\/%>1,

we can apply (2) again to the pair (%52, 2¢). Together with (3), we have

4

(> + 1) (> + 1)+ 1) (P +1) < <<a+ljc+d>2 + 1) = (d* + 1)*.

Therefore, (a* + 1)(b* + 1)(c* + 1) < (d*> + 1)3, and (1) follows by taking cube root of both
sides.
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Comment. After justifying the Claim, one may also obtain (1) by mixing variables. Indeed,
the function involved is clearly continuous, and hence it suffices to check that the condition
xy > 1 is preserved under each mixing step. This is true since whenever ab, bc,ca > 1, we
have

b b b 141
at _a+ >ab>1 and at e + =
2 2 2 2

1.

Solution 2. Let f(z) = In (1 + z?). Then the inequality (1) to be shown is equivalent to

fla) + f(b) + f(c) a+b+c

while (2) becomes

f(:v)—gf(y) </ (w;ry)

for xy > 1.
Without loss of generality, assume a > b > ¢. From the Claim in Solution 1, we have

fla)+ f(b) + f(c) < fla) +2f(%<)
3 = 3 '

Note that ¢ > 1 and bi; > vbe > 1. Since

2(1 — 2?)

f(x) = m;

we know that f is concave on [1,00). Then we can apply Jensen’s Theorem to get

fla) +2f(9) <a+2~b;‘3>_ a+b+c
() = (M)

3 3 3

This completes the proof.



Shortlisted problems 13

A 2. Find the smallest real constant C' such that for any positive real numbers a1, as, as, as
and as (not necessarily distinct), one can always choose distinct subscripts 4, 7, k and [ such

that
a; Qe

a; [07]

<C. (1)

Answer. The smallest C' is %

Solution. We first show that C' <
consider the five fractions

%. For any positive real numbers a; < as < a3 < a4 < as,
g G 42 d4 2)
a2 G4 G5 ag Aas
Each of them lies in the interval (0, 1]. Therefore, by the Pigeonhole Principle, at least three
of them must lie in (0, %] or lie in (%, 1] simultaneously. In particular, there must be two
consecutive terms in (2) which belong to an interval of length 3 (here, we regard o and 24
as consecutive). In other words, the difference of these two fractions is less than 5. As the
indices involved in these two fractions are distinct, we can choose them to be i, 7, k,[ and
conclude that C' < %

Next, we show that C' = % is best possible. Consider the numbers 1,2, 2,2, n where n is
a large real number. The fractions formed by two of these numbers in ascending order are
351195 1 oince the indices 4, j, k, [ are distinct, % and % cannot be chosen simultane-
ously. Therefore the minimum value of the left-hand side of (1) is 3 — 2. When n tends to
infinity, this value approaches %, and so C' cannot be less than %

These conclude that C' = % is the smallest possible choice.

Comment. The conclusion still holds if a1, as, ..., as are pairwise distinct, since in the con-
struction, we may replace the 2’s by real numbers sufficiently close to 2.
There are two possible simplifications for this problem:

(i) the answer C' = 3 is given to the contestants; or

(ii) simply ask the contestants to prove the inequality (1) for C' = 3.
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A3. Find all integers n > 3 with the following property: for all real numbers a, as, . . ., an
and by, by, ..., b, satisfying |ax| + |bx] = 1 for 1 < k < n, there exist 1, o, ..., x,, each of
which is either —1 or 1, such that

+ < L (1)

n
Z LA
k=1

n
Z Z'kbk
k=1

Answer. n can be any odd integer greater than or equal to 3.

Solution 1. For any even integer n > 4, we consider the case
a1:a2:~--:an,1:bn20 and blzb2:~--:bn,1:an:1.

The condition |ag| + |bx| = 1 is satisfied for each 1 < k < n. No matter how we choose each
xy, both sums Y"7_; xxar and Y7, x,by, are odd integers. This implies | 37_; zxax| = 1 and
| S0, xkby| > 1, which shows (1) cannot hold.

For any odd integer n > 3, we may assume without loss of generality by > 0for 1 <k < n
(this can be done by flipping the pair (ay, by) to (—ag, —bx) and zj to —zy if necessary) and
ay = ag = = Ay = 0> apyy = -+ = a,. We claim that the choice 7, = (—1)** for
1 < k < n will work. Define

m

n
s:Zxkak and t=— Z Tray.

k=1 k=m-+1
Note that
s= (a1 —ag) + (a3 —as) +--- =0
by the assumption a; > as > - -+ > a,, (when m is odd, there is a single term a,, at the end,
which is also positive). Next, we have
s=a; — (ag —az) — (ag —as) — - < a; < 1.
Similarly,
t= (_an + alnfl) + (_@an + an73> +---20
and
l=—ay,+ (anfl - aan) + (anf?) - an74) +--<—a, < 1.
From the condition, we have a;+b, = 1for 1 < k <mand —a,+b, = 1form+1 < k < n.
It follows that >} ; zrar = s —t and Y7, xxby = 1 — s — t. Hence it remains to prove
|ls—t|+|1—-s—1t| <1
under the constraint 0 < s,t < 1. By symmetry, we may assume s >t. If 1 —s—t > 0, then

we have
ls—t|+[1—s—t|l=s—t+1—-s—t=1-2t< 1.

If1—s—1t<0, then we have
|s—t|+[1—s—t|=s—t—1+s+t=2s—1< 1.

Hence, the inequality is true in both cases.
These show n can be any odd integer greater than or equal to 3.
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Solution 2. The even case can be handled in the same way as Solution 1. For the odd case,
we prove by induction on n.

Firstly, for n = 3, we may assume without loss of generality a; > as > a3 > 0 and
by =a; — 1 (if by =1 — a1, we may replace each by by —by).

e Case 1. by = ay — 1 and b3 = a3z — 1, in which case we take (z1, 29, 23) = (1, —1,1).
Let ¢ = a; — ay + ag so that 0 < ¢ < 1. Then |by — by +bs| = |a; —as+a3— 1] =1—c¢
and hence |c| + |by — bs + b3| = 1.

e Case 2. by =1 —ay and b3 = 1 — ag, in which case we take (z1, 29, 23) = (1, —1,1).
Let ¢ = a1 — as + a3 so that 0 < ¢ < 1. Since a3z < ay and a; < 1, we have

c—lSbl—b2+b3:a1—|—a2—a3—1<1—c.
This gives |b; — ba + b3| < 1 — ¢ and hence |c| + |b; — bg + b3| < 1.

e Case 3. by = ay — 1 and b3 = 1 — ag, in which case we take (1,29, 23) = (—1,1,1).
Let ¢ = —a; + as + ag. If ¢ > 0, then a3 < 1 and ay < ay imply

c—1<-b+by+b3=—a1+a—az3+1<1—c

If ¢ <0, then a; < as + 1 and az > 0 imply
—c—1<-b+by+bg=—-a;+ay—az3+1<1+ec

In both cases, we get | — by + bg + b3| < 1 — |c| and hence |¢| + | — by + by + b3| < 1.

e Case 4. by =1 — ay and b3 = a3 — 1, in which case we take (1,29, 23) = (—1,1,1).
Let ¢ = —a; + as + ag. If ¢ > 0, then ay < 1 and a3 < a; imply

c—1<-b+by+b3=—a1—ay+az+1<1—c
If ¢ <0, then a; < a3+ 1 and as > 0 imply
—c— 1< -bi+by+b3=—a;—ay+az+1<1+ec
In both cases, we get | — by + by + b3| < 1 — |¢| and hence |c| 4+ | — by + by + bs| < 1.

We have found x1, z9, x5 satisfying (1) in each case for n = 3.

Now, let n > 5 be odd and suppose the result holds for any smaller odd cases. Again
we may assume aj > 0 for each 1 < k < n. By the Pigeonhole Principle, there are at least
three indices k for which b, = a;, — 1 or by = 1 — a;. Without loss of generality, suppose
b = ar — 1 for k = 1,2,3. Again by the Pigeonhole Principle, as aq,as, a3 lies between 0
and 1, the difference of two of them is at most % By changing indices if necessary, we may
assume 0 < d=a; —ag < %

By the inductive hypothesis, we can choose x3, x4, ..., 2, such that ' = S }_; xra; and
b = 305 wpby satisty |a| + |b'| < 1. We may further assume o’ > 0.
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e Case 1. V' > 0, in which case we take (x1,x2) = (—1,1).
We have | —a; +as +d |+ |— (a1 — 1)+ (aa = 1)+ V| =|—-d+d|+|—d+ V| <
max{a’ +b —2d,a’ =0,V —d',2d —ad —b'} <1since 0 <a,b,a +0 <1land 0<d < %

e Case 2. 0 >0/ > —d/, in which case we take (z1,z9) = (—1,1).
We have | —a;+as+d'|+]|— (a1 — 1)+ (aa— 1) +¥V| = | —d+d|+|—d+V|. If —=d+d" >0,
this equals @’ — V' = |d/| + |V/| < 1. If —d + a’ < 0, this equals 2d — o’ — b’ < 2d < 1.

e Case 3. V' < —d/, in which case we take (z1,x2) = (1, —1).
We have |a; —ag +d|+ [(ag — 1) — (aa — 1)+ V| =|d+d|+ |[d+ V]| If d+V > 0, this
equals 2d +a’' + 0 <2d < 1. If d+ b < 0, this equals ' — b = |a/| + |b'| < 1.

Therefore, we have found xi, s, ..., z, satisfying (1) in each case. By induction, the
property holds for all odd integers n > 3.
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A4. Denote by R* the set of all positive real numbers. Find all functions f : Rt — R* such
that

e f (@) F(f () + Flyf(2)) = fzy) (F(f(@*) + F(F(57)) (1)

for all positive real numbers z and y.
Answer. f(z) =1 for any v € RY.

Solution 1. Taking z = y = 1 in (1), we get f(1)f(f(1)) + f(f(1)) = 2f(1)f(f(1)) and
hence f(1) = 1. Swapping z and y in (1) and comparing with (1) again, we find

e f (@) f(f(y) + fyf(2) = yf ) f(f(2) + fzf(y))- (2)
Taking y = 1 in (2), we have z f(2?) + f(f(x)) = f(f(z)) + f(z), that is,
flat) = 11, )

Take y = 1 in (1) and apply (3) to zf(2?). We get f(x) + f(f(x)) = f(2)(f(f(z?)) + 1),
which implies

s = A, (@)
For any z € R*, we find that
2y @) f(f(2) @ 22)) & M
i) @ LED O ppat @ (£2)). )
It remains to show the following key step.
e Claim. The function f is injective.
Proof. Using (3) and (4), we rewrite (1) as
F@ ) + Flufo) = fo) (1D 4 10D )
Take x = y in (6) and apply (3). This gives f(z)f(f(x)) + f(xf(z)) = 2f(fg£$)), which means
flaf(e)) = 11 (2 - @) 7

Using (3), equation (2) can be rewritten as

F@)f(fW) + flyf(x) = fw)f(f(@) + fzf(y)). (8)
Suppose f(z) = f(y) for some z,y € RT. Then (8) implies

fwfy) = flyf(@) = flzf(y) = flzf(z)).
Using (7), this gives

1) (3 - 1) = 5t@) (2 - @)

Noting f(x) = f(y), we find & = y. This establishes the injectivity. ]
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By the Claim and (5), we get the only possible solution f(z) = 1. It suffices to check that
this is a solution. Indeed, the left-hand side of (1) becomes
1
Z y oy

x’ .

while the right-hand side becomes
1 x
—@ )=+
xy y
The two sides agree with each other.

Solution 2. Taking 2 = y = 1 in (1), we get f(1)f(f(1)) + f(f(1)
Wi

hence f(1) = 1. Putting x = 1 in (1), we have f(f(y))
Ff W) = fW) (). (9)
Putting y = 1 in (1), we get 2 f(z%) + f(f(x)) = f(z)(f(f(2z*)) + 1). Using (9), this gives
vf(2?) = f(x). (10)

Replace y by % in (1). Then we have

o) (1 (3)) 41 (22) = s+ (1 (5)):

The relation (10) shows f(@) = f(f(2?)). Also, using (9) with y = < and using (10) again,
the last equation reduces to

f@r(5) =1 (1)

Replace z by < and y by i in (1) and apply (11). We get

1 PR ( Lo, 1 )
vf(@)f(fW)  fluf@@)  flay) \f(F@=2)  F(fy*))°

Clearing denominators, we can use (1) to simplify the numerators and obtain

) F(FEDFF ) = 2f (@) F(F) fy ).
Using (9) and (10), this is the same as

Flay)? f(f(@)) = f2)° () f(yf(@)). (12)
Substitute y = f(z) in (12) and apply (10) (with x replaced by f(x)). We have
flaf(x)* = fx)f(f(z)). (13)
Taking y = x in (12), squaring both sides, and using (10) and (13), we find that
f(f(z)) = 2" f(2)’. (14)

Finally, we combine (9), (10) and (14) to get

g Fw)* = £ 2 rw ) E Fw R 2 v )",
which implies f(y) = i This is a solution by the checking in Solution 1.
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A5.

(a) Prove that for every positive integer n, there exists a fraction § where a and b are integers
satisfying 0 < b < /n+1and /n < § <vVn+ 1L
a

(b) Prove that there are infinitely many positive integers n such that there is no fraction §
where a and b are integers satisfying 0 < b < /n and /n < § <vn+ 1.

Solution.

(a) Let r be the unique positive integer for which 72 < n < (r +1)%. Write n = 72 +s. Then
we have 0 < s < 2r. We discuss in two cases according to the parity of s.

e Case 1. s is even.

Consider the number (r + £)* = 7% 4+ s 4 (3=)?. We find that

S

2
n:7’2+5<r2+3+(2 ) <r*+s+1=n+1

r

It follows that

\/ﬁ<r+§<\/n+1.

2
. . . 2) .
Since s is even, we can choose the fraction r 4 5~ = * +£s/ ) since r < V.

e Case 2. sis odd.

Consider the number (r+1 — 22’?:)5)2 =(r+1)2—(2r+1-5)+ (%)2 We find that

27‘—1—1—3)2
2(r+1)
K@r+1P2—(2r+1—-s)+1=n+1

n=7’2+s=(7“+1)2—(27“—|—1—s)<(7“~|—1)2—(2r+1—s)~|—<

It follows that

2%+ 1—
NP P P ik Y/ mary }
2(r+1)

Since s is odd, we can choose the fraction (r + 1) —
r+1<yn+1.

2r+1—s _  (r+1)2—r+((s=1)/2) _:
20+ | Smee

(b) We show that for every positive integer r, there is no fraction § with b < v/r? + 1 such
that v/r? +1 < § < vr? + 2. Suppose on the contrary that such a fraction exists. Since
b<vr?+1<r+1andbis an integer, we have b < r. Hence,

(br)? < *(r* +1) < a® <V (r* +2) < b*r? +2br < (br + 1)%

This shows the square number a? is strictly bounded between the two consecutive squares
(br)? and (br 4+ 1)%, which is impossible. Hence, we have found infinitely many n = 2+ 1
for which there is no fraction of the desired form.
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AG6. The equation
(x—1)(z—2)---(z—2016) = (zr — 1)(x — 2) - - - (x — 2016)

is written on the board. One tries to erase some linear factors from both sides so that each
side still has at least one factor, and the resulting equation has no real roots. Find the least
number of linear factors one needs to erase to achieve this.

Answer. 2016.

Solution. Since there are 2016 common linear factors on both sides, we need to erase at least
2016 factors. We claim that the equation has no real roots if we erase all factors (z — k) on
the left-hand side with k£ = 2,3 (mod 4), and all factors (z —m) on the right-hand side with
m = 0,1 (mod 4). Therefore, it suffices to show that no real number x satisfies

iﬁ’(x—élj—l)(x—llj—ll):ﬁ(w—4j—2)(m—4j—3). (1)

e Case 1. x =1,2,...,2016.

In this case, one side of (1) is zero while the other side is not. This shows x cannot satisfy
(1).
e Case 2. dk+ 1<z <4dk+2o0rdk+3 <x <4k + 4 for some k=0,1,...,503.

For j = 0,1,...,503 with j # k, the product (x — 47 — 1)(z — 45 — 4) is positive. For
j =k, the product (z — 4k — 1)(z — 4k — 4) is negative. This shows the left-hand side of (1)
is negative. On the other hand, each product (z —4j — 2)(x — 45 — 3) on the right-hand side
of (1) is positive. This yields a contradiction.

e Case 3. x < 1orz > 2016 or 4k < x < 4k + 1 for some k =1,2,...,503.
The equation (1) can be rewritten as

B (-4 (-4 —4
Ul U oy vy T v

J=0

503

n (- (x—4j—2>2<:c—4j—3)>'

Note that (x —4j — 2)(x —4j — 3) > 2 for 0 < 7 < 503 in this case. So each term in the
product lies strictly between 0 and 1, and the whole product must be less than 1, which is
impossible.

e Case 4. 4k + 2 < x < 4k + 3 for some £k =0,1,...,503.
This time we rewrite (1) as

z—1 x—20165ﬁ‘ (v —4j)(x — 45 — 1)
r—2 x—2015 = (x —4j+ 1)(x — 45 — 2)

j=1
-1 x—2016ﬁ<1+ 2 )
Cx—2 x-—2015 (x—4j+1)(x—4j—2))

Jj=1

) _
)

1=

Clearly, % and ﬁ:gg}g are both greater than 1. For the range of = in this case, each term
in the product is also greater than 1. Then the right-hand side must be greater than 1 and

hence a contradiction arises.
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From the four cases, we conclude that (1) has no real roots. Hence, the minimum number
of linear factors to be erased is 2016.

Comment. We discuss the general case when 2016 is replaced by a positive integer n. The
above solution works equally well when n is divisible by 4.

If n =2 (mod 4), one may leave [(z) = (z — 1)(z — 2)---(x — ) on the left-hand side
and r(z) = (r — 5 — 1)(xr — § — 2)--- (v — n) on the right-hand side. One checks that for
x < 2 we have [I(z)] < |r(z )] while for z > L we have |I(z)| > |r(x)].

If n =3 (mod 4) one may leave I(z) = (z — 1)(35 —2) -+ (z — ") on the left-hand side

and r(z) = (z — 22)(x — ££2) - .- (z —n) on the right-hand side. For z < 1 or 2 < 2 < 253
we have {(z) > 0 > r(z). For 1 <z < ™ we have |I(z)| < |r(z)|. For z > 22 we have
()] > |r(z)].

If n =1 (mod 4), as the proposer mentioned, the situation is a bit more out of control.
Since the construction for n —1 =0 (mod 4) works, the answer can be either n or n — 1. For
n = 5, we can leave the products (z — 1)(x — 2)(x — 3)(x — 4) and (z — 5). For n = 9, the
only example that works is {(z) = (z — 1)(x —2)(z —9) and r(z) = (z —3)(x —4) - - - (x — 8),
while there seems to be no such partition for n = 13.
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AT. Denote by R the set of all real numbers. Find all functions f : R — R such that

f(0) # 0 and
[z +y)? =2f(2) f(y) + max {f(«®) + f(v*), f(2® + )} (1)

for all real numbers z and y.
Answer.
e f(z)=—1for any z € R; or
o f(x)=x—1forany x € R.

Solution 1. Taking z =y = 0in (1), we get f(0)? = 2(0)*+max {2f(0), £(0)}. If f(0) >0
then f(0)*+ 2f(0) = 0 gives no positive solution. If f(0) < 0, then f(0)? + f(0) = 0 gives

f(0) = —1. Putting y = 0 in (1), we have f(z)> = —2f(x) + f(x?), which is the same as
(f(x) +1)* = f(2%) + 1. Let g(x) = f(z) + 1. Then for any x € R, we have
g(x®) = g(x)* > 0. (2)

From (1), we find that f(z+y)* > 2f(z )f( )+ f(z?) + f(y?). In terms of g, this becomes
(g(z+y) —1)% = 2(g(z) — 1)(g(y) — 1) + g(=*) + g(y*) — 2. Using (2), this means

(9(x+y) —1)* = (g9(x) + g(y) — 1)* — 1. (3)

Putting x = 1 in (2), we get g(1) = 0 or 1. The two cases are handled separately.
e Case 1. g(1) = 0, which is the same as f(1) = —1.

We put z = —1 and y = 0 in (1). This gives f(—1)> = —2f(—1) — 1, which forces
f(—=1) = —1. Next, we take z = —1 and y = 1 in (1) to get 1 = 2+ max{—2, f(2)}. This
clearly implies 1 = 2 + f(2) and hence f(2) = —1, that is, g(2) = 0. From (2), we can prove
inductively that g(22") = g(2)*" = 0 for any n € N. Substitute y = 22" — z in (3). We obtain

(g(x) + 92" —2) =1)? < (9(27) = 1)* + 1 =2,
For any fixed z > 0, we consider n to be sufficiently large so that 22" —z > 0. From (2), this
implies ¢(22" — ) > 0 so that g(x) < 1+ /2. Using (2) again, we get
g(2)*" = g(«®") <1+ V2

for any n € N. Therefore, |g(x)| < 1 for any = > 0.
If there exists a € R for which g(a) # 0, then for sufficiently large n we must have
g((a®)7) = g(a®)7™ > 1. By taking = —y = —(a?)7" in (1), we obtain

1=2f(x)f(—z) + max {2f (z?), f(227)}
= 2(g(z) — 1)(g(—x) — 1) + max {2(g(z) — 1), g(22?) — 1}

() ()0

since |g(—z)| = |g(z)| € (3,1] by (2) and the choice of z, and since g(z) < 1 for z > 0. This
yields a contradiction and hence g(x) = 0 must hold for any z. This means f(x) = —1 for
any = € R, which clearly satisfies (1).
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e Case 2. g(1) = 1, which is the same as f(1) = 0.
We put = —1 and y = 1 in (1) to get 1 = max {0, f(2)}. This clearly implies f(2) =1
and hence ¢(2) = 2. Setting x = 2n and y = 2 in (3), we have

(g(2n+2) — 1) > (g(2n) +1)* — 1.

By induction on n, it is easy to prove that g(2n) > n + 1 for all n € N. For any real
number a > 1, we choose a large n € N and take k£ to be the positive integer such that
2k < a*" < 2k + 2. From (2) and (3), we have

(9(a)” =1 +1=(g(a™) = 1)* + 1 > (9(2k) + g(a” —2k) = 1)* 2 k* > 2 (a” —2)°
since g(a*" — 2k) > 0. For large n, this clearly implies g(a)?" > 1. Thus,
(90" > (gla)”" =17 41> (" ~2)”
This yields
o) > S ~2) (1

Note that

2n
=14+ < (14—
a2’ — 2 +a2"—2\( +271(612"—2))

by binomial expansion. This can be rewritten as

n 1 a
(a® =2)2" > ————.
L+ sy

Together with (4), we conclude g(a) > a by taking n sufficiently large.

Consider z = na and y = a > 1in (3). This gives (g((n+1)a)—1)? > (g(na)+g(a)—1)*—1.
By induction on n, it is easy to show g(na) > (n —1)(g(a) — 1) +a for any n € N. We choose
a large n € N and take k to be the positive integer such that ka < 22" < (k + 1)a. Using (2)
and (3), we have

2 > (2 1)1 = (g(2%) 1)+ = (9(2%" —ka)+g(ka) = 1)* > ((k=1)(g(a)~1)+a—1)*,

from which it follows that

on

2 > (k= 1)(g() ~ ) +a— 1>~ (gla) ~1) ~ 2Agla) ~1) +a 1

holds for sufficiently large n. Hence, we must have % < 1, which implies g(a) < a+ 1 for
any a > 1. Then for large n € N, from (3) and (2) we have

2n+1

402" = (207 2 (9(207) = 1)” 2 (29(a™) — 1) — 1 = (29(a)*" —1)? — 1.
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This implies
1 1
> S+ VAT 4 1) 2 g(a)?

When n tends to infinity, this forces g(a) < a. Together with g(a) > a, we get g(a) = a for
all real numbers a > 1, that is, f(a) =a — 1 for all a > 1.

Finally, for any € R, we choose y sufficiently large in (1) so that y,x+y > 1. This gives
(z+y—1)2=2f(x)(y — 1) + max { f(2?) + y* — 1,2% + y* — 1}, which can be rewritten as

2w —1— f(2))y = —2* + 20 — 2 — 2f(x) + max { f(2?), 2*}.

As the right-hand side is fixed, this can only hold for all large y when f(x) = z — 1. We now
check that this function satisfies (1). Indeed, we have

fe+y)?=(@+y—-172=2@-1)(y—-1)+ (2®+y*—1)
= 2f () f(y) + max {f(2*) + f(y*), f(2® + ¥*)}.

Solution 2. Taking x =y = 0 in (1), we get f(0)* = 2f(0)*+max {2f(0), f(0)}. If f(0) >0
then f(0)? + 2f(0) = 0 gives no positive solution. If f(0) < 0, then f(0)* + f(0) = 0 gives
f(0) = —1. Putting y = 0 in (1), we have

fa)? = =2f(z) + f(2?). ()

Replace x by —z in (5) and compare with (5) again. We get f(z)?+2f(z) = f(—z)*+2f(—x),
which implies

f(@) = f(=z) or f(x)+f(-z)=-2 (6)

Taking = y and x = —y respectively in (1) and comparing the two equations obtained,
we have

f(22)* = 2f(2)* =1 - 2f(2)f(-2). (7)

Combining (6) and (7) to eliminate f(—x), we find that f(2z) can be 1 (when f(z) = f(—x))

or £(2f(x) + 1) (when f(x) + f(—z) = —2).
We prove the following.

e Claim. f(z)+ f(—z) = —2 for any z € R.

Proof. Suppose there exists a € R such that f(a) + f(—a) # —2. Then f(a) = f(—a) # —1
and we may assume a > 0. We first show that f(a) # 1. Suppose f(a) = 1. Consider y = a
n (7). We get f(2a)? = 1. Taking z = y = a in (1), we have 1 = 2 + max {2f(a?), f(2a*)}.
From (5), f(a?) = 3 so that 1 > 2 + 6. This is impossible, and thus f(a) # 1.

As f(a) # %1, we have f(a) = £(2f(5) + 1). Similarly, f(—a) = £(2f(—5) +1). These
two expressions are equal since f(a) = f(—a). If f(5) = f(—$%), then the above argument
works when we replace a by 2. In particular, we have f(a)* = f(2-%)* = 1, which is a
contradiction. Therefore, (6) forces f(5) + f(—5) = —2. Then we get

j:<2f(g)+1) ::|:<—2f<g)—3>.
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For any choices of the two signs, we either get a contradiction or f(§) = —1, in which case
f(5) = f(—%) and hence f(a) = %1 again. Therefore, there is no such real number a and the
Claim follows. O

Replace = and y by —z and —y in (1) respectively and compare with (1). We get

fla+y)? =2f(x)fy) = f(—z —y)* = 2f(—x) f(—y).

Using the Claim, this simplifies to f(z+y) = f(x)+ f(y)+1. In addition, (5) can be rewritten
as (f(z) + 1) = f(2*) + 1. Therefore, the function g defined by g(z) = f(x) + 1 satisfies
g(z +y) = g(x) + g(y) and g(x)* = g(x?). The latter relation shows g(y) is nonnegative for
y = 0. For such a function satisfying the Cauchy Equation g(x + y) = g(z) + ¢(y), it must
be monotonic increasing and hence g(x) = cx for some constant c.

From (cx)? = g(z)? = g(2?) = cz?, we get ¢ = 0 or 1, which corresponds to the two
functions f(x) = —1 and f(x) = x — 1 respectively, both of which are solutions to (1) as
checked in Solution 1.

Solution 3. As in Solution 2, we find that f(0) = —1,

(f(2) +1)% = f(a*) +1 (8)

and

f(@) = f(=z) or f(x)+ f(-z)=-2 (9)
for any x € R. We shall show that one of the statements in (9) holds for all x € R. Suppose
f(a) = f(—=a) but f(a) + f(—a) # —2, while f(b) # f(=b) but f(b) + f(—b) = —2. Clearly,
a,b# 0 and f(a), f(b) # —1.

Taking y = a and y = —a in (1) respectively and comparing the two equations obtained,
we have f(z+a)? = f(x —a)?, that is, f(x+a) = & f(x —a). This implies f(z+2a) = +f(z)
for all x € R. Putting z = b and z = —2a — b respectively, we find f(2a + b) = £f(b)
and f(—2a —b) = £f(=b) = £(—2 — f(b)). Since f(b) # —1, the term +(—2 — f(b)) is
distinct from £f(b) in any case. So f(2a + b) # f(—2a — b). From (9), we must have
f(2a+b)+ f(—2a—0b) = —2. Note that we also have f(b)+ f(—b) = —2 where | f()],|f(—D)]
are equal to |f(2a 4 b)|, | f(—2a — b)| respectively. The only possible case is f(2a + b) = f(b)
and f(—2a —b) = f(-b).

Applying the argument to —a instead of a and using induction, we have f(2ka+b) = f(b)
and f(2ka — b) = f(—0b) for any integer k. Note that f(b) + f(—=b) = —2 and f(b) # —1
imply one of f(b), f(—b) is less than —1. Without loss of generality, assume f(b) < —1. We
consider = v/2ka + b in (8) for sufficiently large k so that

(F(x) +1)2 = f(2ka+b)+ 1= f(b)+1 <0

yields a contradiction. Therefore, one of the statements in (9) must hold for all z € R.



26 IMO 2016 Hong Kong

e Case 1. f(z) = f(—=x) for any = € R.
For any a € R, setting v = y = § and x = —y = § in (1) respectively and comparing
these, we obtain f(a)? = f(0)®> = 1, which means f(a) = +1 for all a € R. If f(a) = 1 for

some a, we may assume a > 0 since f(a) = f(—a). Taking z =y = y/a in (1), we get

F(2v/a) = 2f(V/a + max {2, f(2a)} = 2f(V/a)? + 2.

Note that the left-hand side is +1 while the right-hand side is an even integer. This is a
contradiction. Therefore, f(z) = —1 for all € R, which is clearly a solution.

e Case 2. f(z)+ f(—x) = —2 for any = € R.
This case can be handled in the same way as in Solution 2, which yields another solution

flz)=a—1.
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AS8. Determine the largest real number a such that for all n > 1 and for all real numbers
o, T1,..., Ty satisfying 0 = 29 < 1 < 29 < - < x,, we have

+ - t+t—Z2a(—+—+-+
T1 — Zo To2 —T1 Ty — Tnp—1 T T2 Tn

1 n 1 1 (2 3 n—l—l)I (1)

Answer. The largest a is §.

Solution 1. We first show that a = % is admissible. For each 2 < k < n, by the Cauchy-
Schwarz Inequality, we have

(k—1? 3

Tk—1 T — Tk—1

(xkl—l—(xk—xkl))( )> (k— 1437,

which can be rewritten as

9 - (k+2)?* (k- 1)2. @)

=
Tp — Th_1 Tg Tp—1
Summing (2) over k = 2,3,...,n and adding x% to both sides, we have
" k+1 2 k 1
Z + n <4 Z +

xk_xkl T,

This shows (1) holds for a = g

Next, we show that a = § is the optimal choice. Consider the sequence defined by xzq = 0
and ), = x_1 + k(k + 1) for k > 1, that is, ), = 3k(k + 1)(k + 2). Then the left-hand side

of (1) equals

Zk(k+1 Z( k+1>:1_n—|—1’

while the right-hand side equals

" 3 1 3 1 1 1
3 s 2 Z LR D COE N 0
= k+2 — 2 = k+2) 2 2 n+l n+2

When n tends to infinity, the left-hand side tends to 1 while the right-hand side tends to

%a. Therefore a has to be at most g.
Hence the largest value of a is g.

" k+1
L

a
k=1

Solution 2. We shall give an alternative method to establish (1) with a = 5. We define
Y = T — Tp—1 > 0 for 1 < k < n. By the Cauchy-Schwarz Inequality, for 1 < k£ < n, we have

(yi + 2+ + ) (;:;(j;1>2> > ((Z) N (2) +m+<k—;1)>2: <k§2>2‘
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This can be rewritten as

k+1 36 Eo1 (i +1)°
S 2 2 Z* ‘ (3)
yi+y2 ooty KAE+H1)(k+2) S\ 2
Summing (3) over k =1,2,...,n, we get
2 3 n+1 c c C,
= 4+ 4 <i+£+...+7 (4)
yr o Y1ty YitYet-tyn Y1 Y2 Yn

where for 1 < m < n,

m+1\> & 1
cm:%( 2 ) Zkz(k+1>(k+2)2

k=m
_ImP(m 412 & 1 1
B 4 k;<k2(k+1)2 a (k+1)2(k+2)2>
_ 9mA(m + 1) 1 1 9
B 4 <mQ(m—l—1)2 B (n+1)2(n+2)2> < 4

From (4), the inequality (1) holds for a = %. This is also the upper bound as can be
verified in the same way as Solution 1.
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Combinatorics

C1. The leader of an IMO team chooses positive integers n and k with n > k, and announces
them to the deputy leader and a contestant. The leader then secretly tells the deputy leader
an n-digit binary string, and the deputy leader writes down all n-digit binary strings which
differ from the leader’s in exactly k positions. (For example, if n = 3 and k = 1, and if the
leader chooses 101, the deputy leader would write down 001, 111 and 100.) The contestant
is allowed to look at the strings written by the deputy leader and guess the leader’s string.
What is the minimum number of guesses (in terms of n and k) needed to guarantee the correct
answer?

Answer. The minimum number of guesses is 2 if n = 2k and 1 if n # 2k.

Solution 1. Let X be the binary string chosen by the leader and let X’ be the binary string
of length n every digit of which is different from that of X. The strings written by the deputy
leader are the same as those in the case when the leader’s string is X’ and k is changed to
n — k. In view of this, we may assume k > 7. Also, for the particular case k = %, this
argument shows that the strings X and X’ cannot be distinguished, and hence in that case
the contestant has to guess at least twice.

It remains to show that the number of guesses claimed suffices. Consider any string Y
which differs from X in m digits where 0 < m < 2k. Without loss of generality, assume
the first m digits of X and Y are distinct. Let Z be the binary string obtained from X by
changing its first £ digits. Then Z is written by the deputy leader. Note that Z differs from Y
by |m — k| digits where |m — k| < k since 0 < m < 2k. From this observation, the contestant
must know that Y is not the desired string.

As we have assumed k > 7, when n < 2k, every string Y # X differs from X in fewer
than 2k digits. When n = 2k, every string except X and X' differs from X in fewer than 2k
digits. Hence, the answer is as claimed.

Solution 2. Firstly, assume n # 2k. Without loss of generality suppose the first digit of

the leader’s string is 1. Then among the (Z) strings written by the deputy leader, (";1) will

begin with 1 and (Zj) will begin with 0. Since n # 2k, we have k + (k — 1) # n — 1 and
SO (”;1) #+ (Zj) Thus, by counting the number of strings written by the deputy leader that
start with 0 and 1, the contestant can tell the first digit of the leader’s string. The same can
be done on the other digits, so 1 guess suffices when n # 2k.

Secondly, for the case n = 2 and k£ = 1, the answer is clearly 2. For the remaining cases
where n = 2k > 2, the deputy leader would write down the same strings if the leader’s string
X is replaced by X’ obtained by changing each digit of X. This shows at least 2 guesses
are needed. We shall show that 2 guesses suffice in this case. Suppose the first two digits of
the leader’s string are the same. Then among the strings written by the deputy leader, the
prefices 01 and 10 will occur (2::12) times each, while the prefices 00 and 11 will occur (2]‘; 2)
times each. The two numbers are interchanged if the first two digits of the leader’s string
are different. Since (%f:f) + (zk,; 2), the contestant can tell whether the first two digits of the
leader’s string are the same or not. He can work out the relation of the first digit and the
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other digits in the same way and reduce the leader’s string to only 2 possibilities. The proof
is complete.
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C2. Find all positive integers n for which all positive divisors of n can be put into the cells
of a rectangular table under the following constraints:

e cach cell contains a distinct divisor;

e the sums of all rows are equal; and

e the sums of all columns are equal.
Answer. 1.

Solution 1. Suppose all positive divisors of n can be arranged into a rectangular table of
size k x | where the number of rows k& does not exceed the number of columns /. Let the
sum of numbers in each column be s. Since n belongs to one of the columns, we have s > n,
where equality holds only when n = 1.

For j = 1,2,...,(, let d; be the largest number in the j-th column. Without loss of
generality, assume d; > dy > - -+ > d;. Since these are divisors of n, we have

n
d; < T (1)

As d; is the maximum entry of the /-th column, we must have

s_n
diz > (2)

The relations (1) and (2) combine to give 7 > 7, that is, k > [. Together with k <, we
conclude that k = [. Then all inequalities in (1) and (2) are equalities. In particular, s = n
and so n = 1, in which case the conditions are clearly satisfied.

Solution 2. Clearly n = 1 works. Then we assume n > 1 and let its prime factorization be
n = pi'psy® -+ - p;t. Suppose the table has k rows and [ columns with 1 < k < [. Note that kl is
the number of positive divisors of n and the sum of all entries is the sum of positive divisors
of n, which we denote by o(n). Consider the column containing n. Since the column sum is

a(n) U(") > n. Therefore, we have

7, We must have

(ri+ D) (ro+ 1) (ry +1) = kI < 12 (()>2

1)\? 1 1)2
= 1+7 +— (1t =+t
pl ygs P
This can be rewritten as
fp1,m) f(p2,r2) - fpe,me) <1 (3)
where )
r+1 (7”"‘1)(1_%)

flp,r) = (1+;+...+%)2: (1_#)2

p p
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Direct computation yields

48

fe=5 f2= fG1)=3

Also, we find that

) >1 forr >3,

( 2r+1
4
3

2409
f(3,r) = (1 3T+1> >3>3 for r > 2, and

32 1 \?_ 32 _9
flp,r) > — 11— — > —>— forp=>=5.
25 +1 8
p’f‘

From these values and bounds, it is clear that (3) holds only when n = 2 or 4. In both cases,
it is easy to see that the conditions are not satisfied. Hence, the only possible n is 1.
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C3. Let n be a positive integer relatively prime to 6. We paint the vertices of a regular
n-gon with three colours so that there is an odd number of vertices of each colour. Show that
there exists an isosceles triangle whose three vertices are of different colours.

Solution. For k = 1,2, 3, let a; be the number of isosceles triangles whose vertices contain
exactly k colours. Suppose on the contrary that az = 0. Let b, ¢, d be the number of vertices
of the three different colours respectively. We now count the number of pairs (A, F) where
A is an isosceles triangle and FE is a side of A whose endpoints are of different colours.

On the one hand, since we have assumed a3 = 0, each triangle in the pair must contain
exactly two colours, and hence each triangle contributes twice. Thus the number of pairs is
2@2.

On the other hand, if we pick any two vertices A, B of distinct colours, then there are
three isosceles triangles having these as vertices, two when AB is not the base and one when
AB is the base since n is odd. Note that the three triangles are all distinct as (n,3) = 1. In
this way, we count the number of pairs to be 3(bc + ¢d + db). However, note that 2as is even
while 3(bc+ cd 4 db) is odd, as each of b, ¢, d is. This yields a contradiction and hence az > 1.

Comment. A slightly stronger version of this problem is to replace the condition (n,6) =1
by n being odd (where equilateral triangles are regarded as isosceles triangles). In that case,
the only difference in the proof is that by fixing any two vertices A, B, one can find exactly
one or three isosceles triangles having these as vertices. But since only parity is concerned in
the solution, the proof goes the same way.

The condition that there is an odd number of vertices of each colour is necessary, as can be
seen from the following example. Consider n = 25 and we label the vertices Ag, Ay, ..., Aoy.
Suppose colour 1 is used for Ay, colour 2 is used for As, A, A1s, Ao, while colour 3 is used
for the remaining vertices. Then any isosceles triangle having colours 1 and 2 must contain
Ap and one of Ay, Ayg, Ais, Agg. Clearly, the third vertex must have index which is a multiple
of 5 so it is not of colour 3.
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C4. Find all positive integers n for which we can fill in the entries of an n x n table with
the following properties:

e cach entry can be one of I, M and O,

e in each row and each column, the letters I, M and O occur the same number of times;
and

e in any diagonal whose number of entries is a multiple of three, the letters I, M and O
occur the same number of times.

Answer. n can be any multiple of 9.

Solution. We first show that such a table exists when n is a multiple of 9. Consider the
following 9 x 9 table.

S~0E~0=X~
OQZE~Q0=Z~Q0 =~
OQZ~Q0=Z~Q0 =~
~Q0E~0Q0FE~0x
~Q0E~0Q0FE~0x
~Q0E2~0FE~0x
=E~Q0=Z2~Q0=Z~0
=E~Q0EZ2~0=Z~0
=E~Q0EZ2~0=Z~0

@)

It is a direct checking that the table (1) satisfies the requirements. For n = 9k where k is
a positive integer, we form an n x n table using k x k copies of (1). For each row and each
column of the table of size n, since there are three I’s, three M’s and three O’s for any nine
consecutive entries, the numbers of I, M and O are equal. In addition, every diagonal of the
large table whose number of entries is divisible by 3 intersects each copy of (1) at a diagonal
with number of entries divisible by 3 (possibly zero). Therefore, every such diagonal also
contains the same number of I, M and O.

Next, consider any n x n table for which the requirements can be met. As the number of
entries of each row should be a multiple of 3, we let n = 3k where k is a positive integer. We
divide the whole table into k& x k copies of 3 x 3 blocks. We call the entry at the centre of
such a 3 x 3 square a vital entry. We also call any row, column or diagonal that contains at
least one vital entry a vital line. We compute the number of pairs (I, ¢) where [ is a vital line
and c is an entry belonging to [ that contains the letter M. We let this number be V.

On the one hand, since each vital line contains the same number of I, M and O, it is
obvious that each vital row and each vital column contain k& occurrences of M. For vital
diagonals in either direction, we count there are exactly

142+ +(k-1)+k+ (k-1 +--+2+1=F

occurrences of M. Therefore, we have N = 4k2.
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On the other hand, there are 3k? occurrences of M in the whole table. Note that each
entry belongs to exactly 1 or 4 vital lines. Therefore, N must be congruent to 3k? mod 3.

From the double counting, we get 4k* = 3k* (mod 3), which forces k to be a multiple of
3. Therefore, n has to be a multiple of 9 and the proof is complete.
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C5. Let n > 3 be a positive integer. Find the maximum number of diagonals of a regular
n-gon one can select, so that any two of them do not intersect in the interior or they are
perpendicular to each other.

Answer. n — 2 if n is even and n — 3 if n is odd.
Solution 1. We consider two cases according to the parity of n.

e Case 1. n is odd.

We first claim that no pair of diagonals is perpendicular. Suppose A, B, C, D are vertices
where AB and C'D are perpendicular, and let E be the vertex lying on the perpendicular
bisector of AB. Let E’ be the opposite point of E on the circumcircle of the regular polygon.
Since EC' = E'D and C, D, E are vertices of the regular polygon, E’ should also belong to
the polygon. This contradicts the fact that a regular polygon with an odd number of vertices
does not contain opposite points on the circumcircle.

E
C/—‘

D\E p

Therefore in the odd case we can only select diagonals which do not intersect. In the
maximal case these diagonals should divide the regular n-gon into n — 2 triangles, so we can
select at most n — 3 diagonals. This can be done, for example, by selecting all diagonals
emanated from a particular vertex.

e Case 2. n is even.

If there is no intersection, then the proof in the odd case works. Suppose there are two
perpendicular diagonals selected. We consider the set S of all selected diagonals parallel to
one of them which intersect with some selected diagonals. Suppose S contains k diagonals
and the number of distinct endpoints of the k diagonals is [.

Firstly, consider the longest diagonal in one of the two directions in S. No other diagonal
in S can start from either endpoint of that diagonal, since otherwise it has to meet another
longer diagonal in .S. The same holds true for the other direction. Ignoring these two longest
diagonals and their four endpoints, the remaining k£ — 2 diagonals share [ — 4 endpoints where
each endpoint can belong to at most two diagonals. This gives 2(I —4) > 2(k — 2), so that
kE<l—2.
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da

Consider a group of consecutive vertices of the regular n-gon so that each of the two
outermost vertices is an endpoint of a diagonal in S, while the interior points are not. There
are [ such groups. We label these groups Py, P, ..., P, in this order. We claim that each
selected diagonal outside S must connect vertices of the same group P;. Consider any diagonal
d joining vertices from distinct groups F; and P;. Let d; and dy be two diagonals in S each
having one of the outermost points of P; as endpoint. Then d must meet either dy, ds or a
diagonal in .S which is perpendicular to both d; and ds. In any case d should belong to S by
definition, which is a contradiction.

Within the same group F;, there are no perpendicular diagonals since the vertices belong
to the same side of a diameter of the circumcircle. Hence there can be at most | P;| — 2 selected
diagonals within P;, including the one joining the two outermost points of P; when |P;| > 2.
Therefore, the maximum number of diagonals selected is

! !
S (P =2 +k=S|P|-2+k=(n+0)—2+k=n—I+k<n—2
i=1 i=1

This upper bound can be attained as follows. We take any vertex A and let A’ be the
vertex for which AA’ is a diameter of the circumcircle. If we select all diagonals emanated
from A together with the diagonal d' joining the two neighbouring vertices of A’, then the
only pair of diagonals that meet each other is AA” and d’, which are perpendicular to each
other. In total we can take n — 2 diagonals.

A/

A

Solution 2. The constructions and the odd case are the same as Solution 1. Instead of
dealing separately with the case where n is even, we shall prove by induction more generally
that we can select at most n — 2 diagonals for any cyclic n-gon with circumcircle T'.
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The base case n = 3 is trivial since there is no diagonal at all. Suppose the upper bound
holds for any cyclic polygon with fewer than n sides. For a cyclic n-gon, if there is a selected
diagonal which does not intersect any other selected diagonal, then this diagonal divides the
n-gon into an m-gon and an [-gon (with m +1{ = n+ 2) so that each selected diagonal belongs
to one of them. Without loss of generality, we may assume the m-gon lies on the same side
of a diameter of I'. Then no two selected diagonals of the m-gon can intersect, and hence we
can select at most m — 3 diagonals. Also, we can apply the inductive hypothesis to the [-gon.
This shows the maximum number of selected diagonals is (m —3) + (I —2)+1=n — 2.

It remains to consider the case when all selected diagonals meet at least one other selected
diagonal. Consider a pair of selected perpendicular diagonals d;, ds. They divide the circum-
ference of I' into four arcs, each of which lies on the same side of a diameter of I'. If there
are two selected diagonals intersecting each other and neither is parallel to d; or ds, then
their endpoints must belong to the same arc determined by dy, ds, and hence they cannot be
perpendicular. This violates the condition, and hence all selected diagonals must have the
same direction as one of dy, ds.

da

Take the longest selected diagonal in one of the two directions. We argue as in Solution
1 that its endpoints do not belong to any other selected diagonal. The same holds true for
the longest diagonal in the other direction. Apart from these four endpoints, each of the
remaining n — 4 vertices can belong to at most two selected diagonals. Thus we can select at
most 5(2(n —4) +4) = n — 2 diagonals. Then the proof follows by induction.
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C6. There are n > 3 islands in a city. Initially, the ferry company offers some routes between
some pairs of islands so that it is impossible to divide the islands into two groups such that
no two islands in different groups are connected by a ferry route.

After each year, the ferry company will close a ferry route between some two islands X
and Y. At the same time, in order to maintain its service, the company will open new routes
according to the following rule: for any island which is connected by a ferry route to exactly
one of X and Y, a new route between this island and the other of X and Y is added.

Suppose at any moment, if we partition all islands into two nonempty groups in any way,
then it is known that the ferry company will close a certain route connecting two islands from
the two groups after some years. Prove that after some years there will be an island which is
connected to all other islands by ferry routes.

Solution. Initially, we pick any pair of islands A and B which are connected by a ferry route
and put A in set A and B in set B. From the condition, without loss of generality there must
be another island which is connected to A. We put such an island C in set B. We say that
two sets of islands form a network if each island in one set is connected to each island in the
other set.

Next, we shall included all islands to A U B one by one. Suppose we have two sets A and
B which form a network where 3 < [AU B| < n. This relation no longer holds only when a
ferry route between islands A € A and B € B is closed. In that case, we define A’ = {A, B},
and B’ = (AU B) — {A, B}. Note that B’ is nonempty. Consider any island C' € A — {A}.
From the relation of A and B, we know that C' is connected to B. If C' was not connected to
A before the route between A and B closes, then there will be a route added between C' and
A afterwards. Hence, C' must now be connected to both A and B. The same holds true for
any island in B — {B}. Therefore, A" and B’ form a network, and A" UB" = AU B. Hence
these islands can always be partitioned into sets A and B which form a network.

As |A U B| < n, there are some islands which are not included in A U B. From the
condition, after some years there must be a ferry route between an island A in AU B and an
island D outside A U B which closes. Without loss of generality assume A € A. Then each
island in B must then be connected to D, no matter it was or not before. Hence, we can
put D in set A so that the new sets A and B still form a network and the size of AU B is
increased by 1. The same process can be done to increase the size of A U B. Eventually, all
islands are included in this way so we may now assume AU B| = n.

Suppose a ferry route between A € A and B € B is closed after some years. We put A
and B in set A’ and all remaining islands in set B’. Then A’ and B’ form a network. This
relation no longer holds only when a route between A, without loss of generality, and C' € B’
is closed. Since this must eventually occur, at that time island B will be connected to all
other islands and the result follows.
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C7. Let n > 2 be an integer. In the plane, there are n segments given in such a way that
any two segments have an intersection point in the interior, and no three segments intersect
at a single point. Jeff places a snail at one of the endpoints of each of the segments and claps
his hands n — 1 times. Each time when he claps his hands, all the snails move along their own
segments and stay at the next intersection points until the next clap. Since there are n — 1
intersection points on each segment, all snails will reach the furthest intersection points from
their starting points after n — 1 claps.

(a) Prove that if n is odd then Jeff can always place the snails so that no two of them ever
occupy the same intersection point.

(b) Prove that if n is even then there must be a moment when some two snails occupy the
same intersection point no matter how Jeff places the snails.

Solution. We consider a big disk which contains all the segments. We extend each segment
to a line [; so that each of them cuts the disk at two distinct points A;, B;.

(a) For odd n, we travel along the circumference of the disk and mark each of the points A;
or B; ‘in” and ‘out’ alternately. Since every pair of lines intersect in the disk, there are
exactly n — 1 points between A; and B; for any fixed 1 < i < n. As n is odd, this means
one of A; and B; is marked ‘in” and the other is marked ‘out’. Then Jeff can put a snail
on the endpoint of each segment which is closer to the ‘in’ side of the corresponding line.
We claim that the snails on [; and [; do not meet for any pairs 7, j, hence proving part

Without loss of generality, we may assume the snails start at A; and A; respectively.
Let [; intersect {; at P. Note that there is an odd number of points between arc A;A;.
Each of these points belongs to a line lp. Such a line [ must intersect exactly one of
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the segments A; P and A; P, making an odd number of intersections. For the other lines,
they may intersect both segments A; P and A;P, or meet none of them. Therefore, the
total number of intersection points on segments A; P and A;P (not counting P) is odd.
However, if the snails arrive at P at the same time, then there should be the same number
of intersections on A; P and A; P, which gives an even number of intersections. This is a
contradiction so the snails do not meet each other.

For even n, we consider any way that Jeff places the snails and mark each of the points
A; or B; ‘in’ and ‘out’ according to the directions travelled by the snails. In this case
there must be two neighbouring points A; and A; both of which are marked ‘in’. Let
P be the intersection of the segments A;B; and A;B;. Then any other segment meeting
one of the segments A;P and A; P must also meet the other one, and so the number of
intersections on A; P and A;P are the same. This shows the snails starting from A; and
A; will meet at P.

Comment. The conclusions do not hold for pseudosegments, as can be seen from the follow-
ing examples.
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C8. Let n be a positive integer. Determine the smallest positive integer k with the following
property: it is possible to mark k cells on a 2n x 2n board so that there exists a unique
partition of the board into 1 x 2 and 2 x 1 dominoes, none of which contains two marked
cells.

Answer. 2n.

Solution. We first construct an example of marking 2n cells satisfying the requirement.
Label the rows and columns 1, 2, ..., 2n and label the cell in the ¢-th row and the j-th column
(i,5).

For i = 1,2,...,n, we mark the cells (i,i) and (i,7 + 1). We claim that the required
partition exists and is unique. The two diagonals of the board divide the board into four
regions. Note that the domino covering cell (1,1) must be vertical. This in turn shows that
each domino covering (2,2),(3,3),...,(n,n) is vertical. By induction, the dominoes in the
left region are all vertical. By rotational symmetry, the dominoes in the bottom region are
horizontal, and so on. This shows that the partition exists and is unique.

It remains to show that this value of k is the smallest possible. Assume that only k < 2n
cells are marked, and there exists a partition P satisfying the requirement. It suffices to show
there exists another desirable partition distinct from P. Let d be the main diagonal of the
board.

Construct the following graph with edges of two colours. Its vertices are the cells of the
board. Connect two vertices with a red edge if they belong to the same domino of P. Connect
two vertices with a blue edge if their reflections in d are connected by a red edge. It is possible
that two vertices are connected by edges of both colours. Clearly, each vertex has both red
and blue degrees equal to 1. Thus the graph splits into cycles where the colours of edges in
each cycle alternate (a cycle may have length 2).

Consider any cell ¢ lying on the diagonal d. Its two edges are symmetrical with respect
to d. Thus they connect ¢ to different cells. This shows ¢ belongs to a cycle C(c) of length at
least 4. Consider a part of this cycle ¢, cq, ..., ¢, where ¢g = ¢ and m is the least positive
integer such that ¢, lies on d. Clearly, ¢, is distinct from ¢. From the construction, the path
symmetrical to this with respect to d also lies in the graph, and so these paths together form
C(c). Hence, C(c) contains exactly two cells from d. Then all 2n cells in d belong to n cycles
C1,Cy, ..., C,, each has length at least 4.

By the Pigeonhole Principle, there exists a cycle C; containing at most one of the &£ marked
cells. We modify P as follows. We remove all dominoes containing the vertices of C;, which
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correspond to the red edges of C;. Then we put the dominoes corresponding to the blue edges
of C;. Since C; has at least 4 vertices, the resultant partition P’ is different from P. Clearly,
no domino in P’ contains two marked cells as C; contains at most one marked cell. This
shows the partition is not unique and hence k cannot be less than 2n.
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Geometry

G1. In a convex pentagon ABCDE, let F be a point on AC such that ZFBC = 90°.
Suppose triangles ABF, ACD and ADFE are similar isosceles triangles with

/FAB = /FBA = /DAC = /DCA = /EAD = /EDA. (1)

Let M be the midpoint of C'F'. Point X is chosen such that AM X F is a parallelogram. Show
that BD, EM and F'X are concurrent.

Solution 1. Denote the common angle in (1) by . As AABF ~ AACD, we have 48 = 4£
so that AABC ~ AAFD. From FA = ED, we get

LAFD = ZABC = 90° + 6 = 180° — ;AAED.

Hence, F lies on the circle with centre E and radius FA. In particular, EF = FA = ED.
As /EFA=/FAF =20 = /BFC, points B, F, E are collinear.

As ZEDA = ZMAD, we have ED//AM and hence E, D, X are collinear. As M is the
midpoint of CF and ZCBF = 90°, we get M F = M B. In the isosceles triangles EF A and
MFB, we have /ZEFA = /ZMFB and AF = BF. Therefore, they are congruent to each
other. Then we have BM = AE = XM and BE = BF + FE = AF+ FM = AM = EX.
This shows AEMB =2 AEMX. As F and D lie on EB and EX respectively and EF = ED,
we know that lines BD and X F' are symmetric with respect to EM. It follows that the three
lines are concurrent.

>
Q
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Solution 2. From LCAD = ZEDA, we have AC//ED. Together with AC//EX, we know
that F, D, X are collinear. Denote the common angle in (1) by 6. From AABF ~ AACD,
we get 45 = 45 so that AABC ~ AAFD. This yields ZAFD = ZABC = 90° + ¢ and
hence ZF DC = 90°, implying that BC'DF' is cyclic. Let I'y be its circumcircle.

Next, from AABF ~ AADFE, we have ﬁ—g = ﬁ—g so that AABD ~ AAFFE. Therefore,

LAFE = ZABD =0+ ZFBD =60+ ZFCD = 20 = 180° — ZBFA.

This implies B, F, /' are collinear. Note that F' is the incentre of triangle DAB. Point E
lies on the internal angle bisector of ZDBA and lies on the perpendicular bisector of AD. It
follows that E lies on the circumcircle I's of triangle ABD, and FA = FF = ED.

Also, since C'F is a diameter of I'; and M is the midpoint of CF', M is the centre of I'; and
hence ZAMD = 20 = ZABD. This shows M liesonI'y. Next, ZMDX = ZMAE = ZDXM
since AM X F is a parallelogram. Hence M D = M X and X lies on I';y.

X
A -"B T~ 7
~ -

We now have two ways to complete the solution.

e Method 1. From EF = FA= XM and FX//FM, EFMX is an isosceles trapezoid and
is cyclic. Denote its circumcircle by I's. Since BD, EM, FX are the three radical axes of
'y, Ty, I's, they must be concurrent.

e Method 2. As ZDMF =20 = ZBF M, we have DM //EB. Also,
{BFD+ /XBF = /BFC+ ZCFD +90° — ZCBX =26 + (90° — 0) +90° — 6 = 180°

implies DF//XB. These show the corresponding sides of triangles DM F and BEX are
parallel. By Desargues’ Theorem, the two triangles are perspective and hence DB, M E, FF.X
meet at a point.
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Comment. In Solution 2, both the Radical Axis Theorem and Desargues’” Theorem could
imply DB, M E, FFX are parallel. However, this is impossible as can be seen from the config-
uration. For example, it is obvious that DB and M E meet each other.

Solution 3. Let the common angle in (1) be . From AABF ~ AACD, we have 42 = 45
so that AABC ~ ANAFD. Then ZADF = ZACB = 90° — 20 = 90° — ZBAD and hence
DF 1 AB. As FA = F'B, this implies ADAB is isosceles with DA = DB. Then F' is the
incentre of ADAB.

Next, from ZAED = 180° — 20 = 180° — ZDBA, points A, B, D, E are concyclic. Since

we also have FA = E D, this shows FE, F, B are collinear and FA = FF = ED.

Note that C' lies on the internal angle bisector of ZBAD and lies on the external angle
bisector of ZDBA. It follows that it is the A-excentre of triangle DAB. As M is the midpoint
of CF, M lies on the circumcircle of triangle DAB and it is the centre of the circle passing
through D, F, B,C. By symmetry, DEF M is a thombus. Then the midpoints of AX, EM
and DF coincide, and it follows that DAF X is a parallelogram.

Let P be the intersection of BD and EM, and @ be the intersection of AD and BE. From
/BAC = ZDCA, we know that DC, AB, EM are parallel. Thus we have % = %. This is
further equal to 4Z since CM = DM = DE = AE and MA = BE. From AAEQ ~ ABEA,

BE
we find that
DP AE AQ QF

PB  BE BA FB
by the Angle Bisector Theorem. This implies QD//F P and hence F, P, X are collinear, as
desired.
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G2. Let ABC be a triangle with circumcircle I' and incentre I. Let M be the midpoint of
side BC'. Denote by D the foot of perpendicular from I to side BC'. The line through I per-
pendicular to AI meets sides AB and AC at F and FE respectively. Suppose the circumcircle
of triangle AE'F intersects I' at a point X other than A. Prove that lines XD and AM meet
on I'.

Solution 1. Let AM meet I" again at Y and XY meet BC at D'. It suffices to show D' = D.
We shall apply the following fact.

e Claim. For any cyclic quadrilateral PQ RS whose diagonals meet at T', we have

QT PQ-QR
TS PS-SR’

Proof. We use [W;W,Ws] to denote the area of W W,W3. Then

QT [PQR] 3PQ-QRsinZPQR PQ-QR
TS [PSR] iPS-SRsin/PSR  PS-SR’

]

BDIAppi};ir;% the Claim to ABY C and X BY C' respectively, we have 1 = % = ‘zg:g§ and

D'C — XC.Cy:

These combine to give

BD' XB BY XB AC
CD XC CY XC AB’

(1)

Next, we use directed angles to find that A XBF = L XBA = A XCA = {XCFE and
AXFB = AXFA =4AXFA = ALXFEC. This shows triangles XBF and XCF are directly
similar. In particular, we have

XB BF
XC = OF @

In the following, we give two ways to continue the proof.

e Method 1. Here is a geometrical method. As /FIB = ZAIB — 90° = %LACB =/ZICB
and Z/FBI = ZIBC, the triangles FFBI and I BC are similar. Analogously, triangles EIC
and I BC' are also similar. Hence, we get

FB _ BI EC _IC

7B -Bc ™ 6= B (3)
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Next, construct a line parallel to BC' and tangent to the incircle. Suppose it meets sides
AB and AC at B; and Cy respectively. Let the incircle touch AB and AC at B, and Cy
respectively. By homothety, the line B;[ is parallel to the external angle bisector of ZABC),
and hence ZBIB = 90°. Since ZBByI = 90°, we get BB, - BB; = BI? and similarly
CC,y - CC, = CI?. Hence,

BI> BB, BB, BB, BD AB BD
CI* ~ CC,-CC, CC, CD AC CD’

(4)

Combining (1), (2), (3) and (4), we conclude

BD' XB AC BF AC BI* AC BD
CD XC AB CE AB C(CI? AB (CD

so that D' = D. The result then follows.

e Method 2. We continue the proof of Solution 1 using trigonometry. Let g = %AABC
and v = 1ZACB. Observe that ZFIB = ZAIB — 90° = v. Hence, 28 = snElB _ sy

i ’ FI sin ZIBF sin8°
Similarly, % = ziﬁf As FI = EI, we get

(5)

BF BF E]_(sin7>2
CE FI CE \sinB)
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Together with (1) and (2), we find that

BD" AC <sin7)2 _ sin2f <sin7>2 _tany ID/CD  BD
CD'  AB \sinp sin3)  tanp ID/BD CD’

This shows D’ = D and the result follows.

~ sin2y

Solution 2. Let wy be the A-mixtilinear incircle of triangle ABC. From the properties of
mixtilinear incircles, wy touches sides AB and AC at F and E respectively. Suppose wx
is tangent to I' at T. Let AM meet [' again at Y, and let D;,T; be the reflections of D
and T with respect to the perpendicular bisector of BC' respectively. It is well-known that
/BAT = /D AC so that A, Dy,T) are collinear.

We then show that X, M,T; are collinear. Let R be the radical centre of wy, " and the
circumcircle of triangle AEF. Then R lies on AX, EF and the tangent at T to ['. Let AT
meet w4 again at S and meet FF at P. Obviously, SFTFE is a harmonic quadrilateral.
Projecting from T, the pencil (R, P; F, E) is harmonic. We further project the pencil onto
I from A, so that X BT'C is a harmonic quadrilateral. As T'Ty//BC, the projection from T}
onto BC' maps T to a point at infinity, and hence maps X to the midpoint of BC', which is
M. This shows X, M, T are collinear.

We have two ways to finish the proof.

e Method 1. Note that both AY and XT) are chords of I' passing through the midpoint M
of the chord BC. By the Butterfly Theorem, XY and AT; cut BC at a pair of symmetric
points with respect to M, and hence X, D,Y are collinear. The proof is thus complete.



50 IMO 2016 Hong Kong

e Method 2. Here, we finish the proof without using the Butterfly Theorem. As DTT) D,
is an isosceles trapezoid, we have

AYTD = LYTT, + LT'TD = LY AT, + LAD\D = LY M D
so that D,T,Y, M are concyclic. As X, M, T} are collinear, we have
LAY D = AMTD = £AD{T'M = LAT1 X = LAY X.

This shows X, D,Y are collinear.
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G3. Let B=(—1,0) and C = (1,0) be fixed points on the coordinate plane. A nonempty,
bounded subset S of the plane is said to be nice if

(i) there is a point 7" in S such that for every point @) in S, the segment T'Q lies entirely
in S; and

(ii) for any triangle P, P, Pj, there exists a unique point A in S and a permutation o of the
indices {1,2, 3} for which triangles ABC and P,(1)F,() Py (3) are similar.

Prove that there exist two distinct nice subsets S and S’ of the set {(x,y) : > 0,y > 0}
such that if A € S and A" € S” are the unique choices of points in (ii), then the product
BA - BA’ is a constant independent of the triangle P P, Ps.

Solution. If in the similarity of AABC and AP, (1) Py2)Py(3), BC corresponds to the longest
side of AP, P,P3, then we have BC' > AB > AC. The condition BC' > AB is equivalent to
(x +1)2 4+ y* < 4, while AB > AC is trivially satisfied for any point in the first quadrant.
Then we first define

S ={(x,y) : (m+1)2+y2<4,x20,y20}.

Note that S is the intersection of a disk and the first quadrant, so it is bounded and convex,
and we can choose any 7' € S to meet condition (i). For any point A in S, the relation
BC > AB > AC always holds. Therefore, the point A in (ii) is uniquely determined, while
its existence is guaranteed by the above construction.

Y

Next, if in the similarity of AA'BC and AP, F,@)F,s), BC corresponds to the second
longest side of APy P, P3, then we have A'B > BC' > A’C. The two inequalities are equivalent
to (x+1)2+y* > 4 and (x — 1)? + 3> < 4 respectively. Then we define

S':{(x,y):(x+1)2+y224,(z—1)2+y2<4,x20,y20}.
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The boundedness condition is satisfied while (ii) can be argued as in the previous case. For
(i), note that S” contains points inside the disk (x — 1)*> + y* < 4 and outside the disk
(x + 1) + y? > 4. This shows we can take 7" = (1,2) in (i), which is the topmost point of
the circle (z — 1) + y* = 4.

It remains to check that the product BA - BA’ is a constant. Suppose we are given a
triangle P1P2P3 with P1P2 2 P2P3 2 P3P1. By the similarity, we have

PP P, P.
223 and BA = BC .12

BA = BC - .
P1P2 PZPS

Thus BA - BA' = BC? = 4, which is certainly independent of the triangle P, P, Ps.

Comment. The original version of this problem includes the condition that the interiors of
S and S’ are disjoint. We remove this condition since it is hard to define the interior of a
point set rigorously.
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G4. Let ABC be a triangle with AB = AC # BC and let I be its incentre. The line BI
meets AC at D, and the line through D perpendicular to AC' meets Al at E. Prove that the
reflection of I in AC' lies on the circumcircle of triangle BDFE.

Solution 1.

Let I' be the circle with centre E passing through B and C. Since ED 1 AC, the point
F symmetric to C' with respect to D lies on I'. From £/DCI = ZICB = ZCBI, the line
DC' is a tangent to the circumcircle of triangle I BC. Let J be the symmetric point of I with
respect to D. Using directed lengths, from

DC-DF = -DC?*=-DI-DB = DJ DB,

the point J also lies on I'. Let I’ be the reflection of I in AC. Since IJ and C'F bisect each
other, CJFI is a parallelogram. From /FI'C' = /CIF = /FJC, we find that I’ lies on I.
This gives EI' = EB.

Note that AC' is the internal angle bisector of Z/BDI’. This shows DFE is the external
angle bisector of ZBDI'" as DE 1 AC. Together with EI' = EB, it is well-known that E
lies on the circumcircle of triangle BDI'.

Solution 2. Let I’ be the reflection of I in AC and let S be the intersection of I'C and Al.
Using directed angles, we let § = LACI = LICB = £CBI. We have

LI'SE = LI'CA+ £CAI = 0 + (g + 29) — 30+ g

and

LI'DE = £I'DC + g — LCDI + g — ADCB+ £CBD + g — 30+ g

This shows I’, D, E, S are concyclic.
Next, we find £I'SB = 2L1I'SE = 66 and £I'DB = 2£CDI = 66. Therefore, I', D, B, S
are concyclic so that I’, D, E/, B, S lie on the same circle. The result then follows.



54 IMO 2016 Hong Kong

Comment. The point S constructed in Solution 2 may lie on the same side as A of BC.
Also, since S lies on the circumcircle of the non-degenerate triangle BDE, we implicitly know
that S is not an ideal point. Indeed, one can verify that I'C' and Al are parallel if and only
if triangle ABC' is equilateral.

Solution 3. Let I’ be the reflection of I in AC, and let D" be the second intersection of Al
and the circumcircle of triangle ABD. Since AD' bisects ZBAD, point D’ is the midpoint of
the arc BD and DD' = BD' = CD'. Obviously, A, E, D’ lie on Al in this order.

I

We find that ZED'D = ZAD'D = /ZABD = /ZIBC = ZICB. Next, since D' is the
circumcentre of triangle BC'D, we have ZEDD' = 90° — /D'DC = /CBD = ZIBC. The
two relations show that triangles ED'D and ICB are similar. Therefore, we have

BC BC DD" BD'
cr ClI DE DE

Also, we get
/BCI' = /BCA+ LACI' = /ZBCA+ ZICA = /BCA+ Z/DBC = /BDA = /BD'E.

These show triangles BC'I" and BD'E are similar, and hence triangles BC' D’ and BI'E are
similar. As BC'D' is isosceles, we obtain BE = I'E.

As DFE is the external angle bisector of Z/BDI" and FI' = EB, we know that F lies on
the circumcircle of triangle BDI’.
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Solution 4. Let Al and BI meet the circumcircle of triangle ABC' again at A" and B’
respectively, and let E’ be the reflection of £ in AC. From

/B'AE' = /B'AD — /E'AD = AAQBC - ZBZAO =90° — LBAC — 2ABC

=90°—- /B'DA = /B DF,

points B’, A, D, E’ are concyclic. Then

/ZBAC

/DB'E' = /DAFE' = =/BAA" = /DB'A

and hence B’ E’', A" are collinear. It is well-known that A’B’ is the perpendicular bisector of
C1, so that CE' = IE'. Let I’ be the reflection of I in AC. This implies BE = CE = I'E.
As DFE is the external angle bisector of ZBDI' and EI' = EB, we know that E lies on the
circumcircle of triangle BDI'.

Solution 5. Let F be the intersection of C'I and AB. Clearly, F' and D are symmetric with
respect to AI. Let O be the circumcentre of triangle BIF', and let I’ be the reflection of I in
AC.
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From /BFO = 90° — ZFIB = /BAC = ZBAI, we get EI//FO. Also, from the
relation ZOIB = 90° — ZBFI =90° — ZCDI = ZI'I D, we know that O, I, I’ are collinear.

Note that £D//OI since both are perpendicular to AC. Then /FEI = Z/DFEI = ZOIE.
Together with E1//FO, the quadrilateral EFOI is an isosceles trapezoid. Therefore, we find
that ZDIE = /ZFIE = ZOEI so OE//ID. Then DEOI is a parallelogram. Hence, we have
DI' = DI = EO, which shows DEQOI' is an isosceles trapezoid. In addition, ED = Ol = OB
and OF//BD imply EOBD is another isosceles trapezoid. In particular, both DEOI" and
EOBD are cyclic. This shows B, D, E, I’ are concyclic.

Solution 6. Let I’ be the reflection of I in AC. Denote by T" and M the projections from [
to sides AB and BC respectively. Since BI is the perpendicular bisector of T'M, we have

DT = DM. (1)

Since ZADE = ZATI =90° and ZDAFE = /T AI, we have NADE ~ AATI. This shows

A — AL — AT Together with ZDAT = 2/DAE = ZEAI, this yields ADAT ~ AEAI'.

In particular, we have

DT AT AT 2)
EI' Al Al
Obviously, the right-angled triangles AM B and AT'I are similar. Then we get

o 3
AB Al

Next, from AAMB ~ AATI ~ AADE, we have 4M — 4D o4 that AADM ~ ANAEB.

AB AE
It follows that
DM  AM

- 4
EB AB (4)
Combining (1), (2), (3) and (4), we get EB = EI'. As DF is the external angle bisector
of ZBDI' we know that E lies on the circumcircle of triangle BDI’.

7
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Comment. A stronger version of this problem is to ask the contestants to prove the reflection
of I in AC lies on the circumcircle of triangle BDFE if and only if AB = AC. Some of the
above solutions can be modified to prove the converse statement to the original problem. For
example, we borrow some ideas from Solution 2 to establish the converse as follows.

Let I’ be the reflection of I in AC' and suppose B, E, D, I’ lie on a circle I'. Let Al meet
I' again at S. As DF is the external angle bisector of ZBDI’', we have EB = EI'. Using
directed angles, we get

LCI'S = LCI'D + ADI'S = £DIC + ADES = ADIC + {DEA = £DIC + £DCB = 0.

This means I',C, S are collinear. From this we get A BSE = {ESI' = £ESC and hence
AS bisects both ZBAC and ZBSC'. Clearly, S and A are distinct points. It follows that
ABAS = ACAS and thus AB = AC.

As in some of the above solutions, an obvious way to prove the stronger version is to
establish the following equivalence: BE = EI’ if and only if AB = AC. In addition to the
ideas used in those solutions, one can use trigonometry to express the lengths of BE and EI’
in terms of the side lengths of triangle ABC' and to establish the equivalence.
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G5. Let D be the foot of perpendicular from A to the Euler line (the line passing through the
circumcentre and the orthocentre) of an acute scalene triangle ABC. A circle w with centre
S passes through A and D, and it intersects sides AB and AC' at X and Y respectively. Let
P be the foot of altitude from A to BC', and let M be the midpoint of BC. Prove that the
circumcentre of triangle X SY is equidistant from P and M.

Solution 1. Denote the orthocentre and circumcentre of triangle ABC' by H and O respec-
tively. Let ) be the midpoint of AH and N be the nine-point centre of triangle ABC'. It is
known that @ lies on the nine-point circle of triangle ABC, N is the midpoint of QM and
that QM is parallel to AO.

Let the perpendicular from S to XY meet line QM at S’. Let E be the foot of altitude
from B to side AC'. Since ) and S lie on the perpendicular bisector of AD, using directed
angles, we have

LSDQ = LQAS = LXAS — £XAQ = (g _ 4AYX) _ ABAP = {CBA — LAY X
— (LCBA — LACB) — {BCA — LAY X = L{PEM — ({BCA + LAY X)
— £{PQM — /(BC,XY) = g — /(8'Q,BC) — Z(BC,XY) = £55'Q.

This shows D, S, S, Q are concyclic.

Let the perpendicular from N to BC intersect line SS’ at O;. (Note that the two lines
coincide when S'is the midpoint of AO, in which case the result is true since the circumcentre
of triangle X.SY must lie on this line.) It suffices to show that O; is the circumcentre of
triangle X.SY since N lies on the perpendicular bisector of PM. From

4DS'0; = £DQS = £SQA = £(SQ,QA) = Z(OD,0,N) = LDNO;
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since SQ//OD and QA//O1N, we know that D,0q,S’, N are concyclic. Therefore, we get
£SDS" = £5QS" = £(5Q,QS5") = L(ND,NS") = LDNS’,
so that SD is a tangent to the circle through D, 07, S’, N. Then we have
SS'- S0, = SD* = SX*. (1)

Next, we show that S and S’ are symmetric with respect to XY. By the Sine Law, we
have
SS’ B SQ B SQ B SQ B SA
sin ZSQS"  sinZSS'Q  sinZSDQ  sin ZSAQ  sin ZSQA’

It follows that

sin Z5QS’ sin ZHOA AH
sn2504 ~ P4 Gnzoma 04 ag T oA eos A,

SS'=SA-
which is twice the distance from S to XY. Note that S and C' lie on the same side of the
perpendicular bisector of PM if and only if Z/SAC < ZOAC if and only if /Y XA > ZCBA.
This shows S and O; lie on different sides of XY. As S’ lies on ray SO, it follows that S
and S’ cannot lie on the same side of XY. Therefore, S and S’ are symmetric with respect
to XY.

Let d be the diameter of the circumcircle of triangle X SY. As S5’ is twice the distance
from S to XY and SX = SY, we have S5 = 2STX2. It follows from (1) that d = 250;. As
SO is the perpendicular bisector of XY, point O; is the circumcentre of triangle X SY'.

Solution 2. Denote the orthocentre and circumcentre of triangle ABC by H and O respec-
tively. Let O; be the circumcentre of triangle X .SY. Consider two other possible positions of
S. We name them S’ and S” and define the analogous points X', Y’ O}, X", YO/ accordingly.
Note that S, 5", S” lie on the perpendicular bisector of AD.

As XX’ and YY" meet at A and the circumcircles of triangles AXY and AX'Y’ meet at
D, there is a spiral similarity with centre D mapping XY to X'Y’. We find that

ASXY = g AV AX = g CAY'AX = £S5’ XY

and similarly £SY X = £S"Y’X’. This shows triangles SXY and S’ X'Y" are directly similar.
Then the spiral similarity with centre D takes points S, X, Y, O to S’, X', Y’ O}. Similarly,
there is a spiral similarity with centre D mapping S, X,Y, O to S”, X", Y” Of. From these,
we see that there is a spiral similarity taking the corresponding points S,S’, S” to points
0O, 01, 0]. In particular, Oy, O}, Of are collinear.
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It now suffices to show that O; lies on the perpendicular bisector of PM for two special
cases.

Firstly, we take S to be the midpoint of AH. Then X and Y are the feet of altitudes from
C and B respectively. It is well-known that the circumcircle of triangle X SY is the nine-point
circle of triangle ABC. Then Oy is the nine-point centre and O;P = O; M. Indeed, P and
M also lies on the nine-point circle.

Secondly, we take S’ to be the midpoint of AO. Then X’ and Y’ are the midpoints of
AB and AC respectively. Then X'Y’//BC. Clearly, S’ lies on the perpendicular bisector
of PM. This shows the perpendicular bisectors of X'Y" and PM coincide. Hence, we must
have O} P = O} M.

X/
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G6. Let ABCD be a convex quadrilateral with ZABC = ZADC < 90°. The internal
angle bisectors of ZABC and ZADC meet AC at E and F respectively, and meet each
other at point P. Let M be the midpoint of AC and let w be the circumcircle of triangle
BPD. Segments BM and DM intersect w again at X and Y respectively. Denote by @) the
intersection point of lines X E and Y F. Prove that PQ 1 AC.

Solution 1.

Let wy be the circumcircle of triangle ABC. We first prove that Y lies on w;. Let Y’ be
the point on ray M D such that MY’ - MD = MA?% Then triangles M AY’ and MDA are
oppositely similar. Since MC? = MA? = MY’ - M D, triangles MCY' and M DC are also
oppositely similar. Therefore, using directed angles, we have

LAY'C = LAY'M + AMY'C = AMAD + ADCM = LCDA = L{ABC

so that Y’ lies on wj.

Let Z be the intersection point of lines BC' and AD. Since K PDZ = {PBC = £PBZ,
point Z lies on w. In addition, from £Y'BZ = LY'BC = AY'AC = £Y'AM = £Y'DZ we
also know that Y” lies on w. Note that ZADC' is acute implies M A # M D so MY’ # MD.
Therefore, Y’ is the second intersection of DM and w. Then Y’ =Y and hence Y lies on w;.

Next, by the Angle Bisector Theorem and the similar triangles, we have

FA AD AD CM YA YM YA
FC CD AM CD YM YC YC
Hence, F'Y is the internal angle bisector of ZAY C.

Let B’ be the second intersection of the internal angle bisector of ZC'BA and w;. Then

B’ is the midpoint of arc AC' not containing B. Therefore, Y B’ is the external angle bisector
of ZAYC, so that B'Y 1L FY.
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Denote by [ the line through P parallel to AC. Suppose [ meets line B'Y at S. From

LPSY = Z(AC,B'Y) = LACY + £CYB' = LACY + LCAB' = LACY + £B'CA
= AB'CY = £{B'BY = {PBY,

the point S lies on w. Similarly, the line through X perpendicular to X E also passes through
the second intersection of | and w, which is the point S. From QY 1L YS and QX 1 XS5,
point @) lies on w and QS is a diameter of w. Therefore, PQ) 1. PS so that PQ) L AC.

Solution 2. Denote by w; and wy the circumcircles of triangles ABC' and ADC respectively.
Since ZABC = ZADC, we know that w; and ws are symmetric with respect to the midpoint
M of AC.

Firstly, we show that X lies on ws. Let X; be the second intersection of ray M B and
wy and X’ be its symmetric point with respect to M. Then X’ lies on w; and X’AX,C is a
parallelogram. Hence, we have

ADX\B = DX, A+ £AX\B = {DCA + LAX,X' = {DCA + £CX'X,
= ADCA+ L£CAB = Z/(CD, AB).

C

Also, we have
£DPB = APDC+ Z(CD,AB) 4+ LABP = Z(CD, AB).

These yield £ DX1B = ADPB and hence X; lies on w. It follows that X; = X and X lies
on wy. Similarly, Y lies on wy.
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Next, we prove that @) lies on w. Suppose the perpendicular bisector of AC' meet w; at B’
and M; and meet wy at D’ and My, so that B, M; and D’ lie on the same side of AC. Note
that B’ lies on the angle bisector of ZABC' and similarly D’ lies on DP.

If we denote the area of W W,W3 by [W, W, W3], then

BA-X'A  3BA-X'Asin/BAX' [BAX'] MA

_ — - = 1.
BC-X'C ~ 1BC-X'Csin/BCX' ~ [BCX'] MC

As BE is the angle bisector of ZABC', we have

FA BA X'C XA

EC  BC XA  XC
Therefore, X E is the angle bisector of ZAXC', so that M, lies on the line joining X, F, Q).
Analogously, My, F,Q,Y are collinear. Thus,

AXQY = AMyQM, = LQMyM; + LMyMQ = £ X MyD' + £B' MY
= A{XDD' + {B'BY = {XDP + {PBY = {XBP + {PBY = {XBY,

which implies @) lies on w.
Finally, as M; and M, are symmetric with respect to M, the quadrilateral X'MyX M is
a parallelogram. Consequently,

AXQP = AXBP = AX'BB' = £X'M,B' = £ XM, M,.
This shows QP//MyM;. As MM, L AC, we get QP 1L AC.
Solution 3. We first state two results which will be needed in our proof.

e Claim 1. In AX'Y'Z" with X'Y’ # X'Z’, let N’ be the midpoint of Y'Z" and W' be the
foot of internal angle bisector from X’. Then tan? AW'X'Z" = tan AN'X'W'tan £ Z'W'X’.

Proof.
X/

Y/ N/ W/ Z/

Without loss of generality, assume XY’ > X'Z’. Then W' lies between N’ and Z’.
The signs of both sides agree so it suffices to establish the relation for ordinary angles. Let
W' X'Z'=a, ZN'X'W' = and LZ'W' X' = ~. We have

sin(y—-a)  N'X' NX'  sin(y+a)

sin(a—p)  NY'  NZ'  sin(a+p)
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This implies

tany —tana  sinycosa —cosysina  sinacos 8 —cosasin  tana — tan 3

tany +tana  sinycosa + cosysina  sinacosf +cosasinf  tana 4 tan 3’

Expanding and simplifying, we get the desired result tan? o = tan 5 tan 7. O]

e Claim 2. Let A’B’C'D’ be a quadrilateral inscribed in circle I'. Let diagonals A'C’" and
B'D' meet at E’, and F’ be the intersection of lines A’B’ and C'D’. Let M’ be the midpoint
of E'F’. Then the power of M’ with respect to I is equal to (M'E")%.

Proof.

Let O’ be the centre of I and let I'” be the circle with centre M’ passing through E’. Let
F be the inversion image of F’ with respect to I'. It is well-known that E’ lies on the polar
of F”" with respect to I'. This shows E'F; 1 O'F’ and hence Fj lies on I'. It follows that the
inversion image of I'" with respect to I' is I itself. This shows I is orthogonal to I', and thus
the power of M’ with respect to I is the square of radius of I, which is (M'E")%. ]

We return to the main problem. Let Z be the intersection of lines AD and BC, and W
be the intersection of lines AB and C'D. Since L PDZ = { PBC = {PBZ, point Z lies on
w. Similarly, W lies on w. Applying Claim 2 to the cyclic quadrilateral ZBDW , we know
that the power of M with respect to w is M A?. Hence, M X - M B = M A2.

Suppose the line through B perpendicular to BE meets line AC at T. Then BE and
BT are the angle bisectors of ZCBA. This shows (7', F; A,C) is harmonic. Thus, we have
ME -MT = MA? = MX - MB. It follows that E,T, B, X are concyclic.
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7 B C

The result is trivial for the special case AD = CD since P, (@ lie on the perpendicular
bisector of AC' in that case. Similarly, the case AB = C'B is trivial. It remains to consider
the general cases where we can apply Claim 1 in the latter part of the proof.

Let the projections from P and @) to AC be P’ and Q' respectively. Then PQ 1 AC if

and only if P’ = @' if and only if ?;: = % in terms of directed lengths. Note that

EP _ tan LAEFP _ tan LAFD
FP'  tan{FEP tan{AEB’

Next, we have £& = #24888 where {FEQ = {TEX = {TBX =} + 4EBM and by

symmetry L EFQ =2 + LFDM. Combining all these, it suffices to show

g
tan £LAFD _ tan AMBE
tan LAEB  tan AMDF’

We now apply Claim 1 twice to get

tan L AFDtan AMDF = tan? AFDC = tan’? {EBA = tan { M BE tan £ AEB.

The result then follows.
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G7. Let I be the incentre of a non-equilateral triangle ABC, I4 be the A-excentre, I’; be
the reflection of 14 in BC, and [4 be the reflection of line AI’y in Al. Define points Ip, I}
and line [ analogously. Let P be the intersection point of /4 and [p.

(a) Prove that P lies on line OI where O is the circumcentre of triangle ABC.

(b) Let one of the tangents from P to the incircle of triangle ABC meet the circumcircle at
points X and Y. Show that ZXTY = 120°.

Solution 1.

(a) Let A’ be the reflection of A in BC and let M be the second intersection of line Al
and the circumcircle I' of triangle ABC'. As triangles ABA" and AOC' are isosceles with
/ZABA = 2/ABC = ZAOC, they are similar to each other. Also, triangles ABI, and

AIC are similar. Therefore we have

AAT AAY AB AC Al Al
Al,  AB Aly, A0 AC A0’
Together with LA’AI, = /1 AO, we find that triangles AA'[4, and AIO are similar.

I

Denote by P’ the intersection of line AP and line OI. Using directed angles, we have

AMAP = LT\ AT, = AIWAA — LI AA = LAA'L, — Z(AM,OM)
= LAIO — LAMO = LMOP'.

This shows M, O, A, P’ are concyclic.
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Denote by R and r the circumradius and inradius of triangle ABC'. Then
, TA-IM 10*>—-R?
- I0 IO

is independent of A. Hence, BP also meets line O at the same point P’ so that P’ = P,
and P lies on OI.

1P

(b) By Poncelet’s Porism, the other tangents to the incircle of triangle ABC from X and Y
meet at a point Z on I'. Let T" be the touching point of the incircle to XY, and let D be
the midpoint of XY. We have

oP oI OI? R? — 2Rr
OD_IT.]P_T<1+IP)_T<1+OI-]P)_T<1+RQ—]O2>

( R2—2Rr> R 0OX
=r{l+ ———| =—=—

2Rr 2 2
This shows ZXZY = 60° and hence ZX1Y = 120°.
Solution 2.

(a) Note that triangles AIpC and 14BC are similar since their corresponding interior angles
are equal. Therefore, the four triangles AI;C, AIgC, I4BC and I'yBC are all similar.
From AAIZC ~ AT BC, we get AAIC ~ Al BC. From LABP = LI, BC = £LAIC
and L BAP = I} AC, the triangles ABP and AI,C are directly similar.

Iy

Consider the inversion with centre A and radius v AB - AC' followed by the reflection
in AI. Then B and C are mapped to each other, and I and I, are mapped to each other.
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From the similar triangles obtained, we have AP - AI'y = AB - AC so that P is mapped
to I’y under the transformation. In addition, line AO is mapped to the altitude from A,
and hence O is mapped to the reflection of A in BC, which we call point A’. Note that
AA'ILI') is an isosceles trapezoid, which shows it is inscribed in a circle. The preimage
of this circle is a straight line, meaning that O, I, P are collinear.

Denote by R and r the circumradius and inradius of triangle ABC. Note that by the
above transformation, we have AAPO ~ AAA'T)y and AAA' Ty ~ AAIO. Therefore, we

fin that AO A0 AL AO
— Aly - = A A0 =2 A0.
A ATAT, T A, 10
This shows PO - IO = R?, and it follows that P and I are mapped to each other under
the inversion with respect to the circumcircle I' of triangle ABC. Then PX - PY, which

is the power of P with respect to I', equals PI - PO. This yields X, I, 0, Y are concyclic.

Let T be the touching point of the incircle to XY, and let D be the midpoint of XY'.
Then

PO = AT, -

PO PO R’ R? R
OD=IT-pr=""po-10 " R-10° " 2R 2

PI
This shows ZDOX = 60° and hence ZXIY = /ZXOY = 120°.

Comment. A simplification of this problem is to ask part (a) only. Note that the question in
part (b) implicitly requires P to lie on OI, or otherwise the angle is not uniquely determined
as we can find another tangent from P to the incircle.
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G8. Let Ay, B, and C; be points on sides BC,CA and AB of an acute triangle ABC
respectively, such that AA;, BB, and C'C are the internal angle bisectors of triangle ABC.
Let I be the incentre of triangle ABC, and H be the orthocentre of triangle A;B;C;. Show
that

AH +BH +CH > AI + BI + C1.

Solution. Without loss of generality, assume « = ZBAC < f = LZCBA < v = LACB.
Denote by a, b, ¢ the lengths of BC, C' A, AB respectively. We first show that triangle A; B;C}
is acute.

Choose points D and F on side BC' such that B;D//AB and B E is the internal angle
bisector of /BB;C. As /B DB = 180° — (3 is obtuse, we have BB; > B;D. Thus,

BE B BB, - DB, B BA B BA,

EC  B,C ~ BC AC A C’
Therefore, BE > BA; and %ZBBlC = /BBE > /BB;A;. Similarly, %ABBlA > /BB,C}.
It follows that

1
4A1B101 = ABBlAl + ZBBlCI < Q(LBBlC + éBBlA) = 90°

is acute. By symmetry, triangle A; B, is acute.
Let BBy meet A;Cy at F. From a < 7, we get a < ¢, which implies
ca ac
— <
b+c "~ a+b
and hence Z/BC1 A, < ZBA,C;. As BF is the internal angle bisector of ZA; BCY, this shows
/B FCy = ZBFA; <90°. Hence, H lies on the same side of BBy as C;. This shows H lies

inside triangle BB, (. Similarly, from o < § and § < 7, we know that H lies inside triangles
CClBl and AAlCl.

BA, = = BC,
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As a < B < 7, we have a < 60° < 7. Then ZBIC < 120° < LAIB. Firstly, suppose
LAIC > 120°.

Rotate points B, I, H through 60° about A to B’,I’, H' so that B’ and C lie on different
sides of AB. Since triangle AI'I is equilateral, we have

Al+BI+CI=1I'I+BI'+IC=BT+TII+1IC. (1)

Similarly,
AH+BH+CH=HH+BH +HC=BH +HH+ HC. (2)

As ZAIl' = ZAI'l =60°, ZAI'B' = ZAIB > 120° and LAIC > 120°, the quadrilateral
B'I'IC is convex and lies on the same side of B'C' as A.

Next, since H lies inside triangle ACC,, H lies outside B'I'IC. Also, H lying inside
triangle ABI implies H' lies inside triangle AB’I’. This shows H’ lies outside B’'I'IC and
hence the convex quadrilateral B'I'IC' is contained inside the quadrilateral B'H'HC. It
follows that the perimeter of B'I'IC cannot exceed the perimeter of B'H'HC'. From (1) and
(2), we conclude that

AH +BH +CH > AI + BI + C1.

For the case ZAIC < 120°, we can rotate B, I, H through 60° about C' to B’,I', H' so
that B’ and A lie on different sides of BC'. The proof is analogous to the previous case and
we still get the desired inequality.
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Number Theory

N1. For any positive integer k, denote the sum of digits of k in its decimal representation by
S(k). Find all polynomials P(z) with integer coefficients such that for any positive integer
n > 2016, the integer P(n) is positive and

S(P(n)) = P(5(n)). (1)
Answer.
e P(x) = c where 1 < ¢ <9 is an integer; or
o P(x)=u.
Solution 1. We consider three cases according to the degree of P.

e Case 1. P(z) is a constant polynomial.
Let P(z) = ¢ where ¢ is an integer constant. Then (1) becomes S(c¢) = ¢. This holds if
and only if 1 < ¢ <9.

e Case 2. deg P = 1.
We have the following observation. For any positive integers m,n, we have

S(m+n) < S(m)+ S(n), (2)

and equality holds if and only if there is no carry in the addition m + n.

Let P(x) = ax + b for some integers a,b where a # 0. As P(n) is positive for large n, we
must have a > 1. The condition (1) becomes S(an+b) = aS(n)+0b for all n > 2016. Setting
n = 2025 and n = 2020 respectively, we get

S(2025a + b) — S(2020a + b) = (aS(2025) + b) — (aS(2020) + b) = ba.
On the other hand, (2) implies
S(2025a + b) = S((2020a + b) + 5a) < S(2020a + b) + S(5a).

These give 5a < S(5a). As a > 1, this holds only when ¢ = 1, in which case (1) reduces to
S(n+0b) =S(n)+ b for all n > 2016. Then we find that

Sn+14+b) —Sn+b)=(Sn+1)+b) —(Sn)+b) =Sn+1)—S(n). (3)

If b > 0, we choose n such that n+ 14 b = 10* for some sufficiently large k. Note that all
the digits of n + b are 9’s, so that the left-hand side of (3) equals 1 — 9k. As n is a positive
integer less than 10* — 1, we have S(n) < 9k. Therefore, the right-hand side of (3) is at least
1 — (9% — 1) = 2 — 9k, which is a contradiction.

The case b < 0 can be handled similarly by considering n 4+ 1 to be a large power of 10.
Therefore, we conclude that P(x) = z, in which case (1) is trivially satisfied.
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e Case 3. deg P > 2.

Suppose the leading term of P is agn® where ag # 0. Clearly, we have ag > 0. Consider
n =10 —1in (1). We get S(P(n)) = P(9k). Note that P(n) grows asymptotically as fast
as n?, so S(P(n)) grows asymptotically as no faster than a constant multiple of k. On the
other hand, P(9k) grows asymptotically as fast as k?. This shows the two sides of the last
equation cannot be equal for sufficiently large k since d > 2.

Therefore, we conclude that P(z) = ¢ where 1 < ¢ < 9 is an integer, or P(x) = z.

Solution 2. Let P(x) = aqz? + ag_12% ' + -+ + ag. Clearly aq > 0. There exists an integer
m > 1 such that |a;| < 10™ for all 0 < ¢ < d. Consider n = 9 x 10* for a sufficiently large
integer k in (1). If there exists an index 0 < i < d—1 such that a; < 0, then all digits of P(n)
in positions from 10%+™+! to 100+VE~1 are all 9’s. Hence, we have S(P(n)) = 9(k —m — 1).
On the other hand, P(S(n)) = P(9) is a fixed constant. Therefore, (1) cannot hold for large
k. This shows a; > 0forall 0 <i<d—1.

Hence, P(n) is an integer formed by the nonnegative integers ay x 9 ag_1 x 9971 .. ag
by inserting some zeros in between. This yields

S(P(n)) = S(ag x 9%) 4+ S(ag_1 x 997 + - 4+ S(ap).
Combining with (1), we have
S(ag x 9% + S(ag—y x 97N + -+ S(ag) = P(9) = ag x 9% + ag_y x 9971 4+ -+ + ay.

As S(m) < m for any positive integer m, with equality when 1 < m < 9, this forces each
a; X 9" to be a positive integer between 1 and 9. In particular, this shows a; = 0 for i > 2
and hence d < 1. Also, we have a; < 1 and a9 < 9. If a; = 1 and 1 < a9 < 9, we take
n = 10* + (10 — ag) for sufficiently large k in (1). This yields a contradiction since

S(P(n)) = S(10* +10) = 2 # 11 = P(11 — ay) = P(S(n)).

The zero polynomial is also rejected since P(n) is positive for large n. The remaining candi-
dates are P(z) = z or P(z) = ap where 1 < ag < 9, all of which satisfy (1), and hence are
the only solutions.
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N2. Let 7(n) be the number of positive divisors of n. Let 71(n) be the number of positive
divisors of n which have remainders 1 when divided by 3. Find all possible integral values of

: 7(10n)
the fraction R

Answer. All composite numbers together with 2.

Solution. In this solution, we always use p; to denote primes congruent to 1 mod 3, and use
g; to denote primes congruent to 2 mod 3. When we express a positive integer m using its
prime factorization, we also include the special case m = 1 by allowing the exponents to be
zeros. We first compute 71(m) for a positive integer m.

e Claim. Let m = 3p{'p32 - - p2q? g% - - - ¢/ be the prime factorization of m. Then

t

;H(bj+1)

Jj=1

S

T (m) = H (a; +1)

=1

(1)

Proof. To choose a divisor of m congruent to 1 mod 3, it cannot have the prime divisor 3,
while there is no restriction on choosing prime factors congruent to 1 mod 3. Also, we have
to choose an even number of prime factors (counted with multiplicity) congruent to 2 mod 3.

If H§:1 (b; + 1) is even, then we may assume without loss of generality b; + 1 is even. We
can choose the prime factors gs,qs, ..., q freely in H] 5 (bj +1) ways. Then the parity of
the number of ¢; is uniquely determined, and hence there are §(b1 + 1) ways to choose the
exponent of ¢;. Hence (1) is verified in this case.

If TT5=, (bj + 1) is odd, we use induction on ¢ to count the number of choices. When
t = 1, there are [252] choices for which the exponent is even and |2+ | choices for which
the exponent is odd. For the inductive step, we find that there are

Eak -

choices with an even number of prime factors and hence |3 [T:_, (b; 4+ 1)] choices with an odd
number of prime factors. Hence (1) is also true in this case. O

1t
(b; +1)
L

f[b+1

Etﬂl(b +1)]| -

7j=1

Let n = 3°295°p{'p52 - - - p2 ¢t gh? - - - ¢, Using the well-known formula for computing the
divisor function, we get

s t

7(10n) = (z + )(y + 2)(z + 2) [] (a: + 1) [T (b, + 1). (2)
=1 7j=1

By the Claim, we have

71(10n):H(ai—|-1) ;(y+2 z+2) f[ ) (3)

=1
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If ¢ = (y +2)(z +2) [Tj=; (b; + 1) is even, then (2) and (3) imply

7(10n)
=2(x+1).
71(10n) ( )
In this case ;((11%2)) can be any even positive integer as x runs through all nonnegative integers.

If ¢ is odd, which means y, z are odd and each b, is even, then (2) and (3) imply

7(10n)  2(x+1)c
n(10n) e+ 1

(4)

For this to be an integer, we need ¢+ 1 divides 2(z + 1) since ¢ and c+ 1 are relatively prime.
Let 2(z + 1) = k(c+1). Then (4) reduces to

;((11%’;)) — ke = k(y+ 2= +2) T (5, + 1) 5)

Jj=1

Noting that y, z are odd, the integers y + 2 and z 4 2 are at least 3. This shows the integer
in this case must be composite. On the other hand, for any odd composite number ab with
a,b > 3, we may simply take n = 3% - 2072 . 5-2 g0 that ;((11%2)) = ab from (5).

We conclude that the fraction can be any even integer or any odd composite number.

Equivalently, it can be 2 or any composite number.
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N3. Define P(n) = n*> + n + 1. For any positive integers a and b, the set
{P(a), P(a+1), P(a+2),..., P(a+b)}

is said to be fragrant if none of its elements is relatively prime to the product of the other
elements. Determine the smallest size of a fragrant set.

Answer. 6.

Solution. We have the following observations.

(i) (P(n),P(n+1)) =1 for any n.

We have (P(n),P(n+1)) = (n*+n+1,n>+3n+3) = (n?+n+1,2n+2). Noting
that n? +n+1isodd and (n*+n+1,n+1) = (1,n+ 1) = 1, the claim follows.

(ii) (P(n),P(n+2)) =1for n# 2 (mod 7) and (P(n), P(n+2)) =7 for n =2 (mod 7).

From (2n+7)P(n)—(2n—1)P(n+2) = 14 and the fact that P(n) is odd, (P(n), P(n+2))
must be a divisor of 7. The claim follows by checking n =0,1,...,6 (mod 7) directly.

(ili) (P(n),P(n+3))=1forn# 1 (mod 3) and 3|(P(n), P(n+ 3)) for n =1 (mod 3).

From (n+5)P(n)—(n—1)P(n+3) = 18 and the fact that P(n) is odd, (P(n), P(n+3))
must be a divisor of 9. The claim follows by checking n = 0,1,2 (mod 3) directly.

Suppose there exists a fragrant set with at most 5 elements. We may assume it contains
exactly 5 elements P(a), P(a+1),..., P(a+4) since the following argument also works with
fewer elements. Consider P(a + 2). From (i), it is relatively prime to P(a+ 1) and P(a + 3).
Without loss of generality, assume (P(a), P(a + 2)) > 1. From (ii), we have a = 2 (mod 7).
The same observation implies (P(a + 1), P(a + 3)) = 1. In order that the set is fragrant,
(P(a), P(a+3)) and (P(a+ 1), P(a+4)) must both be greater than 1. From (iii), this holds
only when both a and a + 1 are congruent to 1 mod 3, which is a contradiction.

It now suffices to construct a fragrant set of size 6. By the Chinese Remainder Theorem,
we can take a positive integer a such that

a=7 (mod19), a+1=2 (mod7), a+2=1 (mod 3).

For example, we may take a = 197. From (ii), both P(a + 1) and P(a + 3) are divisible
by 7. From (iii), both P(a + 2) and P(a + 5) are divisible by 3. One also checks from
19|P(7) = 57 and 19|P(11) = 133 that P(a) and P(a + 4) are divisible by 19. Therefore, the
set {P(a), P(a+1),...,P(a+5)} is fragrant.

Therefore, the smallest size of a fragrant set is 6.

Comment. “Fragrant Harbour” is the English translation of “Hong Kong”.

A stronger version of this problem is to show that there exists a fragrant set of size k for
any k > 6. We present a proof here.

For each even positive integer m which is not divisible by 3, since m? +3 = 3 (mod 4),
we can find a prime p,, = 3 (mod 4) such that p,,|m? + 3. Clearly, p,, > 3.
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If b =2t > 6, we choose a such that 3|2(a+t)+1 and p,,|2(a+1t) + 1 foreach 1 <m < b
with m = 2,4 (mod 6). For 0 < r < t and 3|r, we have a +t £ 7 = 1 (mod 3) so that
3|P(a+t+r). For 0 <r <tand(r,3) =1, we have

4P(a+t+7)=(-1£2r)? +2(-14+2r)+4=4?+3=0 (mod py,).

Hence, {P(a),P(a+1),...,P(a+b)} is fragrant.

If b =2t+1 > 7 (the case b = 5 has been done in the original problem), we choose a
such that 3|2(a +t) + 1 and p,,|2(a+t) + 1 for 1 < m < b with m = 2,4 (mod 6), and that
a+b=9 (mod 13). Note that a exists by the Chinese Remainder Theorem since p,, # 13
for all m. The even case shows that {P(a), P(a+1),...,P(a+b—1)} is fragrant. Also, one
checks from 13|P(9) = 91 and 13|P(3) = 13 that P(a + b) and P(a + b — 6) are divisible by
13. The proof is thus complete.
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N4. Let n,m, k and [ be positive integers with n # 1 such that n* +mn!+1 divides n*+' —1.
Prove that

e m=1and [ =2k; or

nk—l_1

o [k and m = "—.

Solution 1. It is given that
n* +mn' + 1|n** — 1. (1)
This implies

nF +mn' 4+ 1|(n* = 1) + (0" + mn' + 1) = 2 4 nF £mnl (2)
We have two cases to discuss.

e Case 1. [ > k.
Since (n* +mn! +1,n) =1, (2) yields

n* +mnt + 1nf + mn'F + 1.

In particular, we get n* + mn! +1 < nl+mn'* +1. Asn >2and k > 1, (m — 1)n! is at
least 2(m — 1)n!~*. Tt follows that the inequality cannot hold when m > 2. For m = 1, the
above divisibility becomes

nF 4+ nl 41t +n'7F 4 1.

Note that n'+n'"*4+1 < n'+n'+1 < 2(n*+n'+1). Thus we must have n'+n'~%+1 = nF+n’41
so that [ = 2k, which gives the first result.

e Case 2. [ < k.
This time (2) yields
n* +mnt + 1nF + 0" 4 m.

In particular, we get n* + mn! + 1 < n¥ + n*~' + m, which implies

nk-t—1
nl—1"

m < (3)

On the other hand, from (1) we may let n**' — 1 = (n* + mn! + 1)t for some positive
integer t. Obviously, ¢ is less than n!, which means t < n! — 1 as it is an integer. Then we
have nft — 1 < (n* + mn! + 1)(n' — 1), which is the same as

k—1
n"t—1
> — 4
S (4)
nk—l_1

Equations (3) and (4) combine to give m = "——=. As this is an integer, we have I|k — [.
This means [|k and it corresponds to the second result.
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Solution 2. As in Solution 1, we begin with equation (2).

e Case 1. [ > k.
Then (2) yields
nF +mn' 4+ 1|t + mn'=F + 1.

Since 2(n*+mn!+1) > 2mn'+1 > n'+mn'~*+1, it follows that n*+mn'+1 = n'+mn!=F+1,
that is,

m(n' —n'7F) = n! —n*
If m > 2, then m(nl — nl_"“) >2nt —2nl=F > 2nt —nl > pl —nk gives a contradiction. Hence
m =1 and [ — k = k, which means m =1 and [ = 2k.

o Case 2. [ < k.
Then (2) yields
n* +mnt + 1nf + 0 4m.

Since 2(n* +mnl+1) > 2n*+m > n*+n*"4m, it follows that n* +mn'+1 = n* +n*14m.
This gives m = ”Z;l_l. Note that n' — 1|n*~! — 1 implies I|k — [ and hence {|k. The proof is

thus complete.

-1

Comment. Another version of this problem is as follows: let n, m, k and [ be positive integers
with n # 1 such that k and [ do not divide each other. Show that n* 4+ mn' + 1 does not
divide n**+! — 1.



Shortlisted problems 79

N5. Let a be a positive integer which is not a square number. Denote by A the set of all
g Y
positive integers k such that
2 —a

for some integers x and y with x > /a. Denote by B the set of all positive integers k such
that (1) is satisfied for some integers z and y with 0 < x < y/a. Prove that A = B.

Solution 1. We first prove the following preliminary result.

e Claim. For fixed k, let x,y be integers satisfying (1). Then the numbers 1, y; defined by

%:1<x_y+@—yy—&v’ %:1<x_y_@—yf—&v

r+y Tty
are integers and satisfy (1) (with x,y replaced by x1,y; respectively).

Proof. Since x1 +y; = x — y and

2 — 1y — 2a 2(z% — a)

rHn=—=—a0+—-"=—x+2k(x —y),
! r—+vy Tty ( W

both x; and 7, are integers. Let w =z + y and v = x — y. The relation (1) can be rewritten
as

u® — (4k — 2)uv + (v — 4a) = 0.
By Vieta’s Theorem, the number z = ”2%4‘1 satisfies
v? — (4k — 2)vz + (2* — 4a) = 0.

Since x; and y; are defined so that v = x1 + y; and z = x; — y;, we can reverse the process
and verify (1) for z1,y;. O

We first show that B C A. Take any k € B so that (1) is satisfied for some integers z,y
with 0 < x < y/a. Clearly, y # 0 and we may assume y is positive. Since a is not a square,
we have k& > 1. Hence, we get 0 < z < y < y/a. Define

(z —y)* —4a
r+y

By the Claim, z1,y; are integers satisfying (1). Also, we have

1( @—Z/V—ﬂ:?a”(y—% X Va

T+y T+y T x4y
This implies £ € A and hence B C A.
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Next, we shall show that A C B. Take any k € A so that (1) is satisfied for some integers
x,y with z > y/a. Again, we may assume y is positive. Among all such representations of k,
we choose the one with smallest « + y. Define

) y1=1<x—y_(l’—y)2—4a>_

1 x—1y)? —4a

2 T+y

By the Claim, x1,y; are integers satisfying (1). Since k > 1, we get > y > /a. Therefore,

we have y; > foy > 0 and ;T“y < x+y. It follows that
da — (v —y)?
T1+y Smax\r—y, —— < T+ Y.
r+y

If 1 > y/a, we get a contradiction due to the minimality of = + y. Therefore, we must have
0 < 27 < v/a, which means k € B so that A C B.
The two subset relations combine to give A = B.

Solution 2. The relation (1) is equivalent to
ky? — (k —1)z? = a. (2)

Motivated by Pell’s Equation, we prove the following, which is essentially the same as the
Claim in Solution 1.

e Claim. If (zg,yo) is a solution to (2), then ((2k — 1)z¢ & 2kyo, (2k — 1)yo £ 2(k — 1)) is
also a solution to (2).

Proof. We check directly that

E((2k — 1)y £2(k — 1)xo)? — (k — 1)((2k — 1) & 2kyp)?
= (k(2k —1)* — (k = 1)(2k)*)y5 + (k(2(k —1))* — (k — 1)(2k — 1)*)2
=ky: — (k—1)a3 = a.

]

If (2) is satisfied for some 0 < z < y/a and nonnegative integer y, then clearly (1) implies
y > x. Also, we have k > 1 since a is not a square number. By the Claim, consider another
solution to (2) defined by

ry =2k -1z +2ky, y1=2k—1y+2(k—1)x.

It satisfies 1 > (2k — 1)x + 2k(x + 1) = (4k — 1)z + 2k > z. Then we can replace the old
solution by a new one which has a larger value in x. After a finite number of replacements,
we must get a solution with x > y/a. This shows B C A.

If (2) is satisfied for some x > y/a and nonnegative integer y, by the Claim we consider
another solution to (2) defined by

ry = |(2k — V)a —2ky|, y1 = 2k —1)y — 2(k — 1)x.
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From (2), we get vVky > vk — 1z. This implies ky > \/k(k — 1)z > (k — 1)2 and hence
(2k — 1)z — 2ky < z. On the other hand, the relation (1) implies z > y. Then it is clear that
(2k — 1)z — 2ky > —x. These combine to give z; < x, which means we have found a solution
to (2) with x having a smaller absolute value. After a finite number of steps, we shall obtain
a solution with 0 < 2 < y/a. This shows A C B.

The desired result follows from B C A and A C B.

Solution 3. It suffices to show AU B is a subset of AN B. We take any k € AU B, which

means there exist integers x,y satisfying (1). Since a is not a square, it follows that k # 1.

As in Solution 2, the result follows readily once we have proved the existence of a solution

(x1,y1) to (1) with |z1| > |z|, and, in case of z > y/a, another solution (z2, y) with |zs| < |z|.
Without loss of generality, assume z,y > 0. Let u =2x +y and v =2 —y. Then u > v

and (1) becomes

(u+v)? —4a

k=
4uv

(3)

This is the same as
v? + (2u — 4ku)v + u* — 4a = 0.

Let v; = 4ku—2u—v. Then u+vy = 4ku—u—v > 8u—u—v > u+v. By Vieta’s Theorem,
vy satisfies
v? + (2u — 4ku)v; + u* — da = 0.

2
. . 4
This gives k = 7(%:1) R
uv|
V1 —U

y1 = Y5 are integers. By reversing the process, we can see that (x1,y:) is a solution to (1),
with 2 = 2% > %50 — ¢ > (. This completes the first half of the proof.
Suppose x > y/a. Then u + v > 2y/a and (3) can be rewritten as

. As k is an integer, u + v; must be even. Therefore, 1 = “Eﬂ and

u? + (20 — 4kv)u + v* — da = 0.
Let uy = 4kv — 2v — u. By Vieta’s Theorem, we have uuy = v?> — 4a and
uy + (20 — 4kv)uy + v* — da = 0. (4)

By u > 0, u+v > 2y/a and (3), we have v > 0. If uy > 0, then vuy < uuy = v? — 4a < v°.
This shows us < v <uand 0 < ug +v < u+wv. If ug <0, then (ug +v) + (u+v) = 4kv >0

and uy + v < u+ v imply |us +v| < u+v. In any case, since us + v is even from (4), we can
— u2+v

define x5 = *2 and y, = “4-* so that (1) is satisfied with |z3| < x, as desired. The proof is

thus complete.
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NG6. Denote by N the set of all positive integers. Find all functions f : N — N such that
for all positive integers m and n, the integer f(m) + f(n) — mn is nonzero and divides

mf(m)+nf(n).
Answer. f(n)=n? for any n € N.

Solution. It is given that

f(m)+ f(n) — mn|mf(m) +nf(n). (1)
Taking m =n = 11in (1), we have 2f(1) — 1|2f(1). Then 2f(1) — 1]2f(1) — (2f(1) —1) =1
and hence f(1) = 1.

Let p > 7 be a prime. Taking m = p and n = 1in (1), we have f(p) —p+ 1|pf(p) + 1 and
hence

fo)—p+1pfp)+1—p(f(p) —p+1)=p" —p+ 1.

If f(p)—p+1=p?>—p+1,then f(p)=p*> If f(p)—p+1#p*—p+1,asp?—p+1isan
odd positive integer, we have p*> —p+1 > 3(f(p) — p+ 1), that is,

1
flp) < 5" +2p—2). (2)
Taking m =n = p in (1), we have 2f(p) — p*|2pf(p). This implies

2f(p) — p*120f (p) — p(2f (p) — p°) = p°.
By (2) and f(p) > 1, we get

2
—p* < 2f(p) —p* < §(p2+2p—2) —p*<—p

since p > 7. This contradicts the fact that 2f(p) — p? is a factor of p*>. Thus we have proved
that f(p) = p? for all primes p > 7.

Let n be a fixed positive integer. Choose a sufficiently large prime p. Consider m = p in
(1). We obtain

f(p) + f(n) = pnlpf(p) +nf(n) —n(f(p) + f(n) — pn) = pf(p) — nf(p) + pn*.
As f(p) = p?, this implies p? —pn+ f (n)|p(p* —pn-+n?). As p is sufficiently large and n is fixed,
p cannot divide f(n), and so (p, p? —pn+ f(n)) = 1. Tt follows that p? —pn+ f(n)|p? — pn+n?
and hence
P =pn+ f(n)|(p* = pn+n®) = (p* —pn+ f(n)) = n* = f(n).

Note that n* — f(n) is fixed while p* — pn + f(n) is chosen to be sufficiently large. Therefore,
we must have n? — f(n) = 0 so that f(n) = n? for any positive integer n.

Finally, we check that when f(n) = n? for any positive integer n, then

f(m)+ f(n) —mn =m?+n*—mn
and
mf(m) +nf(n) =m®+n* = (m+n)(m*+n? —mn).
The latter expression is divisible by the former for any positive integers m,n. This shows
f(n) = n? is the only solution.
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N7. Let n be an odd positive integer. In the Cartesian plane, a cyclic polygon P with area
S is chosen. All its vertices have integral coordinates, and the squares of its side lengths are
all divisible by n. Prove that 25 is an integer divisible by n.

Solution. Let P = A;A,... Ay and let A ; = A; for i > 1. By the Shoelace Formula, the
area of any convex polygon with integral coordinates is half an integer. Therefore, 2S5 is an
integer. We shall prove by induction on k > 3 that 25 is divisible by n. Clearly, it suffices to
consider n = p' where p is an odd prime and ¢ > 1.

For the base case k = 3, let the side lengths of P be y/na,v/nb,/nc where a,b,c are
positive integers. By Heron’s Formula,

165* = n*(2ab + 2bc + 2ca — a* — b — ¢?).

This shows 1652 is divisible by n2. Since n is odd, 2S is divisible by n.

Assume k£ > 4. If the square of length of one of the diagonals is divisible by n, then
that diagonal divides P into two smaller polygons, to which the induction hypothesis applies.
Hence we may assume that none of the squares of diagonal lengths is divisible by n. As
usual, we denote by v,(r) the exponent of p in the prime decomposition of . We claim the
following.

e Claim. v,(A1A2) > v,(A1A2, ) for 2<m <k —1.

Proof. The case m = 2 is obvious since v,(A;A3) > p' > v,(A;A%) by the condition and the
above assumption.

Suppose v,(A1A3) > v,(A1A2) > -+ > 1,(A1A%) where 3 < m < k—1. For the induction
step, we apply Ptolemy’s Theorem to the cyclic quadrilateral A; A, 1A, Anp1 to get

AlAm—l—l X Am—lAm + AlAm—l X AmAm+1 - AlAm X Am—lAm—i-l;
which can be rewritten as
A1A72n+1 X AmflAgn = A1A$n4 X AmA2n+1 + AlATQn X Am,1A72n+1
—2A1Apm 1 X A A X AtAp X A1 Ay (1)

From this, 241 A,, 1 X Ay A1 X A1 Ay X App 1 Api1 1s an integer. We consider the component
of p of each term in (1). By the inductive hypothesis, we have v,(A; A%, _;) > v,(A1A2,). Also,
we have v,(A, A2 1) = ' > vp(Apn_1A42,. ). These give

U ALAZ X A2 0) > (AL A, X A1 A2, @)

m—1

Next, we have v,(4A1 A2, | x A, A2 | X A1 A2 X Ay 1 A2 ) = p(A1AZ_ X AR A2 L)+
Up(A1 A2, X A1 A2 1) > 20, (A1 A2 x Ay 1 A2 L) from (2). This implies

Vp(QAlAm,1 X AmAerl X AlAm X AmflAerl) > I/p(AlA?n X AmflA?n+1). (3)
Combining (1), (2) and (3), we conclude that
V(AL AD 11 X A1 AY) = v (ALAT, X Ay AT L),

By v,(Am_1A2) =2 p' > v,(An1 A2 L), we get v, (A1A2 1) < 1,(A1A2). The Claim follows
by induction. O
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From the Claim, we get a chain of inequalities
p' > Vp(AlAg) > VP(AlA?l) > > VP(AlAi> >,
which yields a contradiction. Therefore, we can show by induction that 2.5 is divisible by n.

Comment. The condition that P is cyclic is crucial. As a counterexample, consider the
rhombus with vertices (0,3), (4,0), (0, —3), (—4,0). Each of its squares of side lengths is
divisible by 5, while 25 = 48 is not.

The proposer also gives a proof for the case n is even. One just needs an extra technical
step for the case p = 2.
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N8. Find all polynomials P(z) of odd degree d and with integer coefficients satisfying the
following property: for each posmve integer n, there exist n positive integers x1,xs, ..., 2,
such that l < ((x )) < 2 and x’) is the d-th power of a rational number for every pair of
indices @ and J Wlt]h 1<1,7 <

Answer. P(z) = a(rx + s)? where a,r, s are integers with a #£ 0, 7 > 1 and (r,s) = 1.

Solution. Let P(x) = agz®+ ag_ 12971+ - - +ay. Consider the substitution y = dagr + aq_;.
By defining Q(y) = P(x), we find that @ is a polynomial with rational coefficients without
the term y?~'. Let Q(y) = bay® + ba—oy®? 4 bg_3y® > + - -+ + by and B = maxo<;<a {|bs|}
(where by_1 = 0).

The condition shows that for each n > 1, there exist integers yi,¥s,...,y, such that
% < 8&“)) < 2 and % is the d-th power of a rational number for 1 < 4,7 < n. Since n
J J

can be arbitrarily large, we may assume all z;’s and hence y;’s are integers larger than some
absolute constant in the following.

By Dirichlet’s Theorem, since d is odd, we can find a sufficiently large prime p such that
p = 2 (mod d). In particular, we have (p — 1,d) = 1. For this fixed p, we choose n to be
sufficiently large. Then by the Pigeonhole Principle, there must be d+1 of yq, ys, . . ., ¥, which
are congruent mod p. Without loss of generality, assume y; = y; (mod p) for 1 <i,j < d+1.
We shall establish the following.

e Claim. 8((?;)) zl for2<i<d+1.
Proof. Let Q(zi)) = T% where (I,m) =1 and [,m > 0. This can be rewritten in the expanded
form
d—2 ' '
ba(myf — 1%y7) = = 3 b;(m"y] — 1y)). (1)
=0

Let ¢ be the common denominator of @, so that cQ(k) is an integer for any integer k.
Note that ¢ depends only on P and so we may assume (p,c¢) = 1. Then y; = y; (mod p)

implies cQ(y1) = cQ(y;) (mod p).

e Case 1. p|cQ(y1).
In this case, there is a cancellation of p in the numerator and denominator of 58((53, SO

that m? < p~!eQ(y1)|. Noting |Q(y1)] < 2By¢ as y; is large, we get
m < p a(2eB)iy;. (2)
For large y; and y;, the relation % < g((z:)) < 2 implies
1
5 < y—z <3 (3)

We also have
ld

<—<2 (4)

DN | —
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Now, the left-hand side of (1) is
ba(my: — Iy ) (m™ ™y + m Ry 4 1Y,

Suppose on the contrary that my; — ly; # 0. Then the absolute value of the above expression
is at least |bgm®'y¢~*. On the other hand, the absolute value of the right-hand side of (1)
is at most

d—2 ) )

S B(miy! + %) < (d — 1) B(myi2 + 1%y7?)

j=0
< (d - 1)B(Tm%y2)
< 7(d —1)B(p~7(2¢B)ay,)m 1y
< 21(d — 1)Bp~ 4 (2cB)amy!

by using successively (3), (4), (2) and again (3). This shows
|bg|m Lyt 21(d—1)Bp_%(QCB)% d=1yd=1,

which is a contradiction for large p as by, B, ¢, d depend only on the polynomial P. Therefore,
we have my; — ly; = 0 in this case.

e Case 2. (p,cQ(y1)) = 1.

From cQ(y1) = cQ(y;) (mod p), we have I¢ = m? (mod p). Since (p — 1,d) = 1, we
use Fermat Little Theorem to conclude | = m (mod p). Then plmy; — ly;. Suppose on
the contrary that my; — ly; # 0. Then the left-hand side of (1) has absolute value at least
|bg|pm?~1yd~t. Similar to Case 1, the right-hand side of (1) has absolute value at most

21(d — 1)B(2cB)am® 1yd-1,

which must be smaller than |bg[pm® 'y?~! for large p. Again this yields a contradiction and
hence my; — ly; = 0.

In both cases, we find that Q( )) l—dd = % O

From the Claim, the polynomial Q(y1)y? — y¢Q(y) has roots y = y1, 92, ..., Yas1. Since
its degree is at most d, this must be the zero polynomial. Hence, Q(y) = bgy?. This implies
P(z) = ag(z + % 1)% Let %t = 7 with integers 7, s where r > 1 and (r,s) = 1. Since P has
integer coefficients, we need r%ay. Let ag = r%a. Then P(x) = a(rxz + s)%. It is obvious that
such a polynomial satisfies the conditions.

Comment. In the proof, the use of prime and Dirichlet’s Theorem can be avoided. One can
easily show that each P(z;) can be expressed in the form uv? where u, v; are integers and u
cannot be divisible by the d-th power of a prime (note that v depends only on P). By fixing a
large integer ¢ and by choosing a large n, we can apply the Pigeonhole Principle and assume
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r1=xy =+ =244 (mod q) and v = vy =-+- = vgy1 (mod ¢). Then the remaining proof
is similar to Case 2 of the Solution.
Alternatively, we give another modification of the proof as follows.

We take a sufficiently large n and consider the corresponding positive integers y1, ¥, - - - , Yn.
; Qi) _ 1f
For each 2 < i < n, let Q) = i
Q)|

As in Case 1, if there are d indices 7 such that the integers == &= are bounded below by

a constant depending only on P, we can establish the Claim usinzg those y;’s and complete
the proof. Similarly, as in Case 2, if there are d indices i such that the integers |m;y; — Ly |
are bounded below, then the proof goes the same. So it suffices to consider the case where
&%’1)' < M and |myy; — Liyr] < N for all 2 < i < n' where M, N are fixed constants

and n' is large. Since there are only finitely many choices for m; and m;y; — l;y1, by the
Pigeonhole Principle, we can assume without loss of generality m; = m and m;y; — liy; =t
for 2 <7< d+2. Then

Qly:) _ 1 (my, —t)°

Q(y)  m? mdy{
so that Q(y1)(my —t)? — m¥yQ(y) has roots y = y2, Y3, . - ., Yas2. Its degree is at most d and
hence it is the zero polynomial. Therefore, Q(y) = 24 (my — t)¢. Indeed, Q does not have
the term 9!, which means ¢ should be 0. This gives the corresponding P(z) of the desired
form.

The two modifications of the Solution work equally well when the degree d is even.




