2022 Session A

A1l. Determine all ordered pairs of real numbers (a, b) such that the line y = ax +b intersects
the curve y = In(1 + 2?) in exactly one point.

Answer: Those (a,b) for which
e |a| > 1, or
e a=0=0,o0r
e 0<la|<landb<In2(1—-+v1—-a2)/a®|++v1—a2—1,o0r
e 0<la] <1andb>1In[2(1+V1-a?)/a?] —V1—-a?—1.

Solution: Notice that upon reflection about the y-axis, the curve y = In(1+x?) is unchanged,
and the line y = az + b becomes the line y = —ax + b. Thus, (a,b) is a solution if and only
if (—a, b) is a solution, so we need only verify the claim for a > 0.

Define h(x) = In(1 + z?) — ax — b, with derivative h/(z) = 2z/(1 + 2?) — a; we must
determine the pairs (a,b) for which h(z) = 0 for exactly one x.

By L’Hopital’s rule, limy—+o0[In(1 + x2) — b]/z = 0, so it follows that lim, 400 h(x)/z =
—a. Thus, if @ > 0, then lim,_, o h(z) = oo and lim, oo h(z) = —00. Also, 22 — 2z + 1 =
(x —1)? > 0 implies that h/(z) < 1 — a, with equality only when z = 1.

If a > 1, then 1/(x) < 0, with equality only if a = 1 and x = 1. It follows that h is strictly
decreasing, and from this, the limits we proved, and the continuity of h, we conclude that h
takes on every value (including 0) exactly once. Thus, (a,b) is a solution for all a > 1 and
all b.

If 0 < a <1, then A'(z) = 0 for two values of z, which from the quadratic formula
are x4+ = (1 £+v1 —a?)/a. Notice that h'(z) < 0 for x < x_ and & > x4, and h/(x) > 0
for z_ < x < xy. Thus, h takes on every value between h(x_) and h(z;) three times,
takes on the values h(x_) and h(x4) twice each, and takes on all other values once. Since
h(x_) < h(x4), the solutions are those (a,b) for which h(z_) > 0 or h(z4) < 0; equivalently,
b<In(l+22)—az_ or b > In(l+22) — axy, which upon substitution yield the formulas
claimed above.

If a =0, then A'(z) < 0 for z < 0 and A/(z) > 0 for x > 0; also, lim,_, 1 h(x) = co. It
follows that h(z) takes on every value greater than h(0) twice, takes on the value h(0) once,
and does not take on values less than h(0). Since h(0) = —b, we conclude that (0,0) is the
only solution with a = 0.



A2. Let n be an integer with n > 2. Over all real polynomials p(x) of degree n, what is the
largest possible number of negative coefficients of p(z)2?

Answer: 2n — 2.

Solution: Let R be a large real number and define

" —x

px)=Ra™ —a" ' —a2"? —...— 2> — 24+ R=R("+1) - T

Then ( )2
2 p2/..2n n - n " —w " —x
p(z)" = R*(x*" + 22" +1) — 2R(2" + 1) 1 + TSR

Thus we see that the coefficients of z2", 2" and z° will be quadratic polynomials in R with
positive leading coefficient, and hence will be positive for all sufficiently large R. Since

n __ 2n
(xn+1)xx 1.7}: l‘$ 1%' —mn:§C2n_1—|—l‘2n_2+$n+l+$n_1+"‘+l’,

we see that the coefficients of all powers of x other than 0, n, and 2n take the form —2R + ¢,
where ¢ depends on the power but not on R. Thus for large enough R (in fact 2R > n — 2
suffices), these coefficients will all be negative. Thus, p(z) has 2n — 2 negative coefficients for
large R.

Let p(z) = an2™ +an_12" 1 +- - - +ap, where without loss of generality we assume a,, > 0,
and suppose p(ac)2 has 2n — 1 negative coefficients. Since

p(@)? = a2e? + 2apa, 127 4 - 4 2a0a17 + af,

the coefficients of 2" and z° must both be nonnegative. Thus all other coefficients must be
negative. In particular ap and a; must have opposite signs (and be nonzero). Thus, since
n > 2, there is a largest integer k with k& < n such that a, > 0. Then the coefficient of z"+*
is

n—1
2aay, + Z AmOn+k—m-
m=k+1
The first term is positive since a; and a,, are both positive, and all the terms in the sum are
nonnegative since maximality of £ implies a,, and a,4,—n, are both nonpositive. Thus, the
coefficient of 2"1* is also positive, a contradiction.
Thus, the maximum is 2n — 2.



A3. Let p be a prime number greater than 5. Let f(p) denote the number of infinite sequences
ai,az,as,... such that a, € {1,2,...,p — 1} and apant2 = 1 + ap4+1 (mod p) for all n > 1.
Prove that f(p) is congruent to 0 or 2 (mod 5).

Solution 1: For n > 1, we must have a,+1 Z —1 (mod p), since a,, and a,,42 are not divisible
by p. Therefore, we can cancel factors of a,, and (for n > 2) a,, + 1 to derive the following
(mod p) congruences:

_l+as
as = s
ai
_14a3 1+4a1+az
a)s = =
a2 aiaz
l4ar 1+a
as = = s
as a2
_lda _
ag = = aj,
Q4
1+ ag
ar = = Q9.
as

Since a, and an4+1 determine a,42, by induction the sequence is periodic modulo p with
period 5, and hence periodic with period 5; in other words, a,+5 = a, for all n > 1.

Next, we assert that since 5 is prime, the period-5 infinite sequences (a1, as,as,...),
(az,as,aq,...), (as,aq,as,...), (a4,as,a1,...), and (a5, ai,as,...) are all distinct unless a1 =
as = ag = a4 = as. For example, if the third and fifth sequences are identical, then a3 = a5 =
az = a4 = a1. Therefore, each non-constant period-5 cycle that meets the conditions of the
problem corresponds to 5 infinite sequences that meet the conditions, so the total number of
allowed sequences that are non-constant is a multiple of 5.

It remains only to show that the number of allowed constant sequences — those with
a, = c for some ¢ € {1,2,...,p— 1} and all n > 1 — is congruent to 0 or 2 modulo 5. The
number of such sequences is the number of such ¢ for which ¢ = 14 ¢ (mod p). Multiplying
by 4 and then adding 1 — 4c to each side yields (2¢ —1)2 =5 (mod p). Since p > 5 is prime,
we can divide by 4 modulo p, so every solution of the latter congruence is a solution of the
former congruence. And by the same properties of p, there are either 0 or 2 square roots of
5 modulo p, and if there are 2, each yields a corresponding value of ¢. (Each of these values
of ¢ is nonzero because (—1)2 5 (mod p).)

Solution 2: We say that an ordered pair of integers (a, b) has property Pifa,b € {1,2,...,p—
2} and a + b # p — 1. We claim that if (a1, a2) has property P, then it is part of a unique
infinite sequence a1, as,as, ... that satisfies the conditions of the problem. The justification
uses the following lemma.

Lemma. The conditions in the problem statement on ayn, ani1, and anyo tmply that
ant2 = —1 (mod p) < ap +ant1 =—1 (mod p) and
ap =—-1 (mod p) <= ant1+ apt2 =—1 (mod p).

Proof. The first equivalence follows from a,(an4+2+1) = 1+ an41 +a, (mod p), and the fact
that we can divide by a,, modulo p since a,, is not a multiple of p. The second equivalence is
proved similarly. O



If (an,an+1) has property P, then a, + a,t1 # —1 (mod p). Since a,, and 1 + a,41 are
not multiples of p, there is a unique a,42 € {1,...,p — 1} such that anan+2 = 1 + apy1
(mod p), and a,12 # p— 1 by the first part of the lemma. Further, by the second part of the
lemma, ap4+1+ any2 # p— 1. Thus, (ap+1,ant2) has property P, and is uniquely determined
by (an,an+1) and the conditions in the problem statement. Our claim follows by induction
on n.

Next, suppose that the sequence aq, as, as, ... that satisfies the conditions of the problem.
For n > 1, since a, and a,t2 are not multiples of the prime number p, neither is a,a,42,
S0 apt+1 Z —1 (mod p). In particular, ag, a3, and a4 are not congruent to —1 modulo p.
Then by the first part of the lemma, a1 + a2 and as + a3 are not congruent to —1 modulo p.
Then by the second part of the lemma, a; # —1 (mod p). In particular, (a1, az) must have
property P.

Therefore, f(p) is the number of ordered pairs (aj,a2) that have property P. There are
p — 2 possible values of a1, and for each such value, there are p — 3 values of as consistent
with property P. Then f(p) = (p—2)(p—3) = p®> —5p+6, and f(p) = p*>+1 (mod 5). Since
p # 5 and p is prime, p is congruent to 1, 2, 3, or 4 modulo 5. In all cases, p?> = £1 (mod 5),
and the conclusion of the problem follows.



A4. Suppose that X7, Xo, ... are real numbers between 0 and 1 that are chosen independently
and uniformly at random. Let S = Zle X;/2', where k is the least positive integer such
that X3 < Xg41, or k = oo if there is no such integer. Find the expected value of S.

Answer: 2,/e — 3.

Solution 1: The approach is a “first-step analysis” that expresses the expected value for
the sum starting with X; in terms of the expected value for the sum starting with X,. Let
F(x) denote the expected value of the quantity that is S if X; < z, and 0 if X; > z. The
problem statement asks for F'(1). Since 0 < S < 1, it follows that |F(y) — F(x)| < |y — «|,
and in particular F' is continuous.
Conditioning on X = u,
x IE2 1 x
F(z)=(1-x) -O—i—/ (u/2+ F(u)/2) du = 4+2/ F(u) du.

0 0

Since F' is continuous, the right side is differentiable, and then so is F. This implies the

differential equation
F'(z) - F(z)/2 =x/2, F(0)=0.

The simplest particular solution for the nonhomogeneous component is F,(z) = —z — 2
(which is found by substituting axz 4+ b and solving). The general homogeneous solution to
F' — F/2=01is Fj,(z) = ce®/?, so in all the solution has the form

F(z) = —x — 2+ ce™/?.
Plugging in the initial condition gives ¢ = 2, so finally, F/(1) = —3 + 24/e.

Solution 2: This approach calculates the expected value by summing an explicit series
conditioned on the position of the first increase in the sequence (note that such a position
exists with probability 1). We will also need the order statistics for uniform random variables:
the expected value of the j-th largest among X1,..., X, is ":;:j .

Now suppose that the first increase occurs at position k, so X7 > X9 > --- > X and
Xj < Xgg1. Denote this event by I. The probability of this occurring is P(I) = % . kL-H due
to symmetry and independence; the first factor imposes the monotonic order on Xy, ..., Xk,
and the second factor comes from the fact that X; 1 can lie in any of the k+ 1 possible order
positions (relative to X, ..., Xx) except for the smallest (i.e. the (k + 1)-st largest).

We next calculate the expected value of each X; for 1 < j <k, conditional on the event

Ii.. The claim is that

Jjk+1)

EX;|Iy]=1—-"——7-=.

X5 1] k(k +2)
This is shown by conditioning on the k possible order positions for Xiyi. In particular, if
it is in one of the j largest positions, then the expected value of X; is shifted down to the

(j + 1)-st largest position, namely %, but if it is in a smaller position, the expected
value of X is k;ﬁ? . Overall,
i k+1—5 k—j k+2—7
BIX; | I =7 - T4 2,

k. k+2 k k+2



which simplifies to the claimed expression.
We can now evaluate the expected value of the sum in the case of I. Using the geometric
series, and its relative

z (ka* 1 — (k +1)2* +1)

k .
j'rj = ’
2 EEE

we find that

Eoq koq j(k+1)
E[S|I,] = ZjE[Xj\Ik]:Zl2j<1_k(k+2)>

Jj=1 Jj=
oLkl 3RS
2k k(k+2) :

1 2(k+1)

TR T ko)

Finally, summing over k gives

= P(I;)E[S | Ii]

k>1
1

R S U S ()]
Kk+1 k28 k(k+2)

B 1 k+i— (k+1)
B k+1)! 2k k42

_ 1((k+1)(kz+2)3(k+2 1 )

(k +2)! 2k (k4 1)!

:(61)3(62)+2<e5>+2<\/61> =2e—3.

Solution 3: Let ¢; = 27T if Xy > > X, and let ¢; = 0 otherwise. Then S = Z;’il ¢ X;.
The probability that ¢; > 0is 1/;!, and the expected value of X; conditioned on ¢; > 0 is the
(unconditioned) expected value of the minimum of X7, ..., X, which is 1/(j + 1) [because
the cumulative distribution function of the minimum is 1 — (1 — z)/]. By Tonelli’s theorem
(which applies because ¢; X; is nonnegative), the expected value of the sum is the sum of the
expected values:

[e.e] [e.e]

ZECJ = _22 1/2 (e'/? —1-1/2) = 2\/e — 3.

J:1



A5. Alice and Bob play a game on a board consisting of one row of 2022 consecutive squares.
They take turns placing tiles that cover two adjacent squares, with Alice going first. By rule,
a tile must not cover a square that is already covered by another tile. The game ends when no
tile can be placed according to this rule. Alice’s goal is to maximize the number of uncovered
squares when the game ends; Bob’s goal is to minimize it. What is the greatest number of
uncovered squares that Alice can ensure at the end of the game, no matter how Bob plays?

Answer: 290.

Solution: After k tiles have been placed, 2k squares will be covered by tiles. The uncovered
squares will form at most k4 1 blocks of one or more consecutive squares, whose total length
will therefore be 2022 — 2k squares.

Claim 1. Alice can always ensure that there are at least 290 uncovered squares at the end.

Proof. Alice can use the following strategy when there is at least one uncovered block of
length L > 3 squares: Alice picks such a block, and covers the second and third squares of
that block, breaking it into a block of length 1 and (if L > 3) a block of length L — 3.

Suppose Alice is able to place m tiles according to this strategy, but not m + 1. Then
after 2m —1 (if Bob is unable to place an mth tile) or 2m tiles have been placed, all remaining
uncovered blocks have length 1 or 2. At this point, Alice has created at least m blocks of
length 1, and there are at most 2m+ 1 uncovered blocks. Thus, the total number of uncovered
squares is at most 2(2m + 1) — m = 3m + 2. Since at most 4m squares are covered at this
point, 7m + 2 > 2022, and hence m > 2020/7 > 288. Thus, the game reaches a point with at
least 289 uncovered blocks of length 1, none of which can be covered subsequently. Since the
number of uncovered squares is always even, at the end of the game there are at least 290
uncovered squares.

Claim 2. Bob can always ensure that there are at most 290 uncovered squares at the end.

Proof. Bob can use the following strategy when there is at least one uncovered block of length
L > 4 squares: Bob picks such a block, and covers the third and fourth squares of that block,
breaking it into a block of length 2 and (if L > 4) a block of length L — 4

Let D be the difference between the number of uncovered blocks with length other than 2
and the number of uncovered blocks with length 2. At the start of the game, D = 1. Placing
a tile can increase the number of uncovered blocks by 1, or it can cover a block of length
2, but not both. Thus, neither player can increase D by more than 1 by placing a tile. If
Bob is able to place a tile according to the strategy above, then D decreases by at least 1.
Therefore, D < 2 for as long as Bob is able to follow the strategy.

Suppose Bob is able to place m tiles according to this strategy, but not m + 1. Then
after 2m (if Alice is unable to place an (m + 1)st tile) or 2m + 1 tiles have been placed, all
remaining uncovered blocks have length at most 3. At this point, let ni, ne, and ng be the
number of uncovered blocks with lengths 1, 2, and 3, respectively. Then the total number of
uncovered blocks is n1 +ng +n3 < 2m+ 2, and since either 4m or 4m + 2 squares are covered
by tiles, n1 + 2no + 3ns + 4m < 2022. Double the first inequality in the previous sentence,
add it to the second inequality, and eliminate m to get 3ni + 4ns + bng < 2026. Also, at
this point n; + ng — ng = D < 2. Multiply this inequality by 4 and add it to the previous
inequality to get 7ni + 9ng < 2034. Since uncovered blocks of length 2 or 3 will have a tile
placed in them before the game ends, the number of uncovered squares at the end will be
ni +ns < (7711 + 9713)/7 < 2034/7 < 291.



AG6. Let n be a positive integer. Determine, in terms of n, the largest integer m with the
following property: There exist real numbers x1,...,T9, with —1 < z] < z9 < -+ < x9, < 1
such that the sum of the lengths of the n intervals

2k—1 , 2k—1 2k—1 _ 2k—1 2%—1 _ 2k—1
[y g e ] [,
is equal to 1 for all integers k with 1 < k < m.

Answer: m = n.

Solution: Note that the given condition can be rewritten as

2n
SOy =1
j=1
We will show that z; = —cos(jm/(2n + 1)) works for k£ up to m = n. To see this, let

w = 2™/ (2n+1)  Then w is a primitive (2n + 1)-st root of unity, so for all integers a that are
not multiples of 2n + 1,

2n

> -

§=0

It follows that for k =1,...,n,

i wl 4w 2k1_0
2 - Y

=0

since the binomial expansion of the (2k — 1)-st power is a linear combination of w® for odd
integers j from —2k+1 to 2k — 1, none of which are multiples of 2n+1. Since (w/ +w™7)/2 =
cos (2jm/(2n + 1)), we compute

2n 2
—1_ 2k—1
ZCOS 72n+ 1
7=0
n . 2n .
2 2
:—Zcos%l( JT >_ Z cos2k1< Jm )
= 2n+1 2n +1

j=n+1
n . 2n .
_ 2jm 1 (2n+1-2j)m
__Z 2k1<] > Z 2k1< J)
= cos — | + COos -_
= 2n+1 j—n+1 2n+1
n
_ 2T 2§ —1))m
_ _ 2k—1 2k—1
S () S (e
2
_ zn:(_l)é—lcos%—l tm
— 2n+1
2
£, 2k—1
= ( 1):r£ )
/=1



fork=1,...,n.
We will give two proofs that n is the maximum possible value of m.

Proof 1. Define zg = —1 and z2p,41 = 1. Let f(x) be the {—1, 1}-valued function that
equals 1 on the intervals [z, 1], [x2, Z3], . .., [T2n, T2n+1] and —1 on the intervals (x1, z2), (3, 24), . . .,
(ron—1,T2pn). Write f(x) = fe(x)+ fo(x), where f. and f, are the even and odd parts: f.(z) =
(f(x)+ f(—z))/2 and fo(x) = (f(x)— f(—=x))/2. Both of these are therefore {—1, 0, 1}-valued
functions. Note that f.(z) = 1 for x € [0, min(z1, —x2,)] and = € [max(—x1, T2p), Tan+1]-

The hypothesis implies that

/1 ' f(x)de =0
~1

for even ¢ up to 2m — 2. Since the contribution of f, cancels by symmetry, we see that

/1 2 fo(x)dz =0
-1

for even ¢ up to 2m — 2, and by symmetry this also holds for all odd ¢. Thus, it holds for
£=0,1,...,2m — 1. By a sign change of f., we will mean a transition as we increase x from
an interval where f. = +1 to one where f, = F1, possibly with an interval where f. = 0
between them. For any sign change, say it occurs at the upper endpoint of the first interval.
We claim that the integral condition above implies that the function f(x) has at least 2m
sign changes. (Since fe(+1) =1, it has an even number of sign changes. If it has fewer then
2m sign changes, let P(x) be the monic polynomial with simple roots exactly where the sign
changes occur. Then P(x)f.(z) > 0 for all z, and it is strictly positive near z = %1, but
we compute f_ll P(x)fe(x)dx = 0, a contradiction.) But since f, is —1,0, 1-valued, each sign
change requires at least 2 “jumps” of size 1 in f., and f. can jump by 1 only at the points
+x, for kK = 1,...,2n. Thus, the number of jumps of size 1 is at least 4m and at most 4n,
and hence m < n.

Proof 2. Look at the polynomial p(x) = (z + 1) H?il[az — (=1)7z4]. The condition in the
problem statement is that the sum of the (2k — 1)-st powers of the roots of this polynomial is
zero for k = 1,2,...,m. By induction on Newton’s identities, it follows that the (2k — 1)-st

elementary symmetric function of the 2n + 1 roots is zero for k = 1,2,...,min(m,n + 1). If
m > n, this would imply that p(z) = zq(2?) for some polynomial ¢. Then since —1 is a root
of p, so would be 1, which would violate the hypothesis that z1, ..., zs, are strictly between
—1 and 1.



2022 Session B

B1. Suppose that P(z) = ayz + asz? + - - - + a,2™ is a polynomial with integer coefficients,
with a; odd. Suppose that e”’®) = by + bz + b2 + - - for all z. Prove that by, is nonzero
for all £ > 0.

Solution: Call a power series Y .~ %a:k even-ish if ¢g = 1 and all other ¢ are even integers,

and odd-ish if ¢y = 1 and all other ¢j are odd integers. (If the series converges for x near 0,
these definitions say that the associated function f(x) has f(0) =1 and for k > 0 all f*)(0)
even, respectively odd, integers.) Note that we have

Therefore a product of even-ish series is again even-ish (for any k£ > 1 and any r at least one
of ¢, and di_, is even) and a product of an even-ish series and an odd-ish series is odd-ish
(the only term contributing to the coefficient of z* that is not even is (’5) cody, which is odd).

Since
@z _ 71
=
k=0

is odd-ish, and for j > 1

-5 o,

O/JZE
k=

is even-ish (since for k > 1, (jk)!/k! is an even integer). Thus, by the remarks above,
2

n . . . . . .
el @) — emz . gazz® .. e?*" is odd-ish, and in particular its coefficients cannot be zero.

10



B2. Let x represent the cross product in R3. For what positive integers n does there exist
a set S C R3 with exactly n elements such that

S={vxw:v,weS}?

Answer: n=1orn=7"1.

Solution: Since we only care about positive n, we can assume S is nonempty. For any v € S,
we must have v x v =0 € S. If S = {0}, then we have a solution with n = 1. Otherwise, let
v1 be a nonzero vector in S. Since v; must be in {v X w: v,w € S}, there must be vectors
vo,v3 € S with v; = v X v3. For n > 3, define v,41 = v1 X v, € S. Since v; L v, for all
n > 3, by induction on these n, we have |v,| = |v1|" 3|vs|. Since S is finite, this implies
|v1| = 1. Thus, all nonzero vectors in S have unit length.

Now choose a particular nonzero v; € S, and as before, choose v, v3 € S with v = v X v3.
Then since |va| = |vs| = |v2 X v3| = 1, we know that ve and v3 are orthogonal to each other
as well as to vy. Thus, {v,v9,v3} forms an orthonormal basis of R, and S contains all the
cross products of two of them in either order, which means {0, £v;, vy, £v3} C S. Finally,
if w is a nonzero vector in S, it has length 1, and its cross product with each v; is either 0 or
of length 1. It follows that w = 4wv; for some ¢. Hence the only possibilities are n = 1 and
n="r.

11



B3. Assign to each positive real number a color, either red or blue. Define a recoloring
process as follows. First, let D be the set of all distances d > 0 such that there are two points
of the same color at distance d apart. Second, recolor the positive reals so that the numbers
in D are red and the numbers not in D are blue. If we iterate this recoloring process, will we
always end up with all the numbers red after a finite number of steps?

Answer: Yes.

Solution 1: We first prove the following lemma.

Lemma. After a recoloring d and 2d cannot both be blue.

Proof. If d is blue after the recoloring, then in the original coloring any two points at distance
d are opposite colors. But then for any x the sequence x,x + d,x 4+ 2d, ... must alternate
between red and blue. Hence there are pairs of points 2d apart of the same color and after
the recoloring 2d will be red.

Now suppose that d is blue after two recolorings. Then after one recoloring the sequence
d,2d,3d,4d had to alternate between red and blue. Since 2d and 4d cannot both be blue
after one recoloring, they must both be red after one recoloring. Thus after one recoloring d
and 3d must both be blue and 2d, 4d must both be red.

Hence in the original coloring d, 2d, 3d, 4d also alternate between red and blue. Thus the
point 5d/2 must have been the same color as one of (2d, 3d) and as one of (d,4d). Thus both
d/2 and 3d/2 must be red after the first recoloring, and hence d must be red after the second
recoloring. This is a contradiction. Thus all the numbers are red after two recolorings.

Solution 2:
We claim that all numbers are colored red after two recolorings.

Lemma. After a recoloring, if d > 0 is blue, then d/2 and 3d/2 are both red.

Proof. By hypothesis, in the previous coloring, d and 2d must have had different colors. Also,
2d and 3d must have had different colors, and likewise for 3d and 4d. Then d and 4d must
have had different colors, so 5d/2 must have had the same color as either d or 4d, and since
it is 3d/2 away from each, 3d/2 must be red after the recoloring. Similarly, 5d/2 must have
had the same color as either 2d or 3d, and since it is d/2 away from each, d/2 must be red
after the recoloring.

One consequence of the lemma is that d cannot be blue in two consecutive recolorings,
since d/2 and 3d/2 are distance d apart. Thus, if d is blue after two recolorings, is must have
been red after one recoloring. Then by the reasoning in the proof of the lemma, 2d must
have been blue after one recoloring, so 3d must have been red, so 4d must have been blue.
But by the lemma, since 4d was blue after one recoloring, 2d = 4d/2 must have been red, a
contradiction. Therefore, no d can be blue after two recolorings.

12



B4. Find all integers n with n > 4 for which there exists a sequence of distinct real numbers
T1,...,Ty, such that each of the sets

{xlv 2, 333}, {:C27 T3, $4}a ey {.anfQ, Tn—1, xn}v {"L’n,]_, Tnyy CCl}, and {xnv Z1, xQ}

forms a 3-term arithmetic progression when arranged in increasing order.

Answer: n =9,12,15,18, .. .; more precisely, all multiples of 3 that are strictly greater than
6.

Solution: Since {z;,2;41,%j42} forms an arithmetic progression after reordering, we must
have z;11 + xj42 = 2xj, or x; + 42 = 2xj41, Or Tj + xj41 = 2x42. Thus, xj,2 must be
equal to one of 2z; — xj41, 2z41 —xj, or (xj+x;11)/2. Hence xj42 — ;41 must be equal to
one of =2(zj41 — xj), j41 — x4, or —(xj11 — x;j)/2. Thus, by an easy induction, there will
be a sequence of integers k; such that z;41 — x; = (—2)¥ (22 —z;) for 1 <j <n—1.

The statements in the previous paragraph are also true for the triples {x,,_1,zy, 21} and
{2, 21,22}, and in particular, z1 — x, = (—2)*»(xy — x1) for some integer k,. Notice also
that |kj;1 —kj] < 1for 1 < j < n—1, that |k — k,| < 1, and that k; = 0. Cyclically
rotating the sequence, and rescaling (possibly by a negative number), we may assume that
9 — x1 = 1 and that all the k; are nonnegative. Then

n

0= (z2—x1)+ (xg—x2)+ -+ (2g —2p—1) + (x1 —2p) = Z(—Q)kj = Z 1=n (mod 3).
j=1 j=1

Hence n must be a multiple of 3.
For m > 2 and n = 3m + 3, an example of such a sequence is

(1,3,5,....4m — 3,4m — 1,4m — 2,4m,4m — 4,...,8,4,0,2).

Notice that this sequence consists, aside from 4m — 2 and 2, of an increasing subsequence
of odd numbers and a decreasing subsequence of multiples of 4. Thus, the elements of the
sequence are distinct unless 4m — 2 = 2, which happens only for m = 1. In fact, there is no
example for n = 6. (If, as above, we arrange that zo —z1 = 1 and all the differences x ;11 —z;
and 1 — z, are in {1,—2,4,...}, then by parity we must have an even number equal to 1.
We cannot have three consecutive differences be 1,1, —2 or 1, —2, 1, since either would give
two equal terms three apart. Since a 1 can only be adjacent to another 1 or a —2, it follows
that we cannot have differences of 1 that are adjacent or two apart. Then we must have
exactly two differences of 1, three apart, and the only remaining possible difference sequence
is 1,—2,-2,1,—2, —2, which does not sum to 0.) Therefore, the answer is that n can be any
multiple of 3 that is strictly greater than 6.

13



B5. For 0 < p <1/2, let X;, X2,... be independent random variables such that

1 with probability p,
X; =< —1 with probability p,
0  with probability 1 — 2p,

for all ¢ > 1. Given a positive integer n and integers b, ay, ..., an, let P(b,a1,...,a,) denote
the probability that a1 X7 + -+ 4+ a,X,, = b. For which values of p is it the case that
P(0,a1,...,a,) > P(b,ay,...,ay) for all positive integers n and all integers b, a1, ...,a,?

Answer: 0 <p<1/4.

Solution: For each 0 < p < 1/4, there is a ¢ between 0 and 1/2 (inclusive) for which
q(1 —¢q) = p. For 1 < k < n, let Y} and Z; be independent random variables such that
Y = 1/2 with probability ¢ and Y, = —1/2 with probability 1 — ¢, and Z; has the same
distribution as Y;. Then X} can be expressed as Y, — Zi. Let Y = a1Y1 +-- -+ a,Y,, and let
Z =a1Z1+ - anZy; then a1 X1+ - -+apn X, =Y —Z,and Y and Z have the same distribution.
This distribution has probabilities p_, p—m+1, - - - , Pm Where m = (Jai|+- - - +]an|)/2; notice
that the indices are half-integers if m is a half-integer. Define p; = 0 for every index j with
|7| > m. Then for every integer b, the Cauchy-Schwarz inequality implies that

m

m
P(,a1,...,a,) = Z Pj+bPj < Z p? = P(0,a1,...,a,).

j=—m j=—m

To show that the inequality need not be true for p > 1/4, let a, = 2! for k > 1.
Then a1 X7 + -+ - + ap, X, = 0 only when X; = --- = X, = 0, which occurs with probability
P(0,a1,as9,...,a,) = (1 —2p)". For a particular choice of Xj,...,X,, that are not all zero,
let m be the largest index for which X,, # 0. Then if a1 X1 + - - - + a, X, = 1, we must have
Xm =1and X = —1 for 1 <k < m. The probability of this event (including the fact that
Xna1 == X, =0) is p™(1 — 2p)"~™. Thus, P(1,a1,as9,...,a,) = p(1 —2p)" 1 +p?(1 —
2p)" 2 4 4"

If p > 1/4, we claim that P(1,aq,as,...,a,) > P(0,a1,as,...,a,) for some n. Indeed this
is true forn = 1if p > 1/3 and for n = 2 if p = 1/3, so henceforth we assume 1/4 < p < 1/3.
Then

n—1
P(l’ahaQ? R an) = p(l - 2p)n71 Z[p/(l - 2p)]k
k=0
_ n11—[p/(1—=2p)"
=P )

= (- 2)" 2 (= /(= 20)").

Since p > 1/4, we have p/(1—3p) > 1, and since p < 1/3, we have p/(1—2p) < 1. Thus, for n
sufficiently large, 1 — [p/(1 —2p)]™ > (1 —3p)/p, and hence P(1,a1,az,...,a,) > (1 —2p)" =
P(0,a1,az,...,ay) as claimed.
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B6. Find all continuous functions f: RT™ — R™ such that

faf) + fyf(@) =1+ f(z+y)

for all z,y > 0.
Answer: f(z) =1/(1 + czr) where ¢ is a nonnegative real number.

Solution 1: Suppose we have f(a) = f(a’) = 1, then plugging (z,y) = (a,a’) into the
functional equation, we find f(a + ') = 1. In particular, if there is any a with f(a) =1, we
find that f(na) =1 for all a € N.

Suppose there is some closed interval [a,a’] with f(z) = 1 for all @ < z < &/. Using
the remark above we see that f(x) = 1 for all na < x < na’ and any positive integer n.
Choosing n large enough that n(a’ — a) > a, we find that successive intervals [na,na’] and
[(n+ 1)a, (n+ 1)d’] overlap. Hence there is some b > 0 such that f(z) =1 for all > b. For
any x choose y large enough that yf(z) > b and x + y > b. Then the functional equation
gives f(z) = 1. Thus f is identically equal to 1.

(6]

Now suppose that there is some ¢ > 0 with f(¢) > 1. Define u = Fo =1 5O that

uf(c) = u+ c. Then the functional equation for (z,y) = (u,c) gives f (cf (ﬁ)) =1.In

C

particular, setting a = cf (W) we have f(a) = 1 and hence f(na) = 1 for all n. Since
we can choose na > ¢, there is a least d > ¢ such that f(d) = 1. On the interval [c,d)

the expression % goes from u (at x = ¢) to infinity (as * — d~). Thus we can choose
Tm € [c,d) with W = ma for all m with ma > u. Hence at x = z,,, o f (%) takes

on the value z,,. But this says that zf (ﬁ) is a non-constant continuous function on

[c,d), hence it takes on every value in some open interval I. Since f > 1 on [c,d), using the
argument at the beginning of this paragraph with ¢ replaced by x shows that f(a) = 1 for all
a € I. Hence by the previous paragraph, we have f identically 1, and a contradiction. Thus
f(z) <1 for all .

Suppose f(a) =1 for some a. Then for any = € (0,na) (with n > 3) we have f(zf(na —
z)) + f((na — z)f(x)) = 1+ f(na) = 2 and hence f(xf(na —z)) = 1 for all z. However,
taking x = a,2a we find that zf(na — x) takes on the values a and 2a and hence again this
gives an interval on which f equals 1. Hence if f(a) = 1 for any a, then f is identically equal
to 1.

Thus we may suppose f(z) < 1 for all z € (0,00). Note that this implies f(z + y) <
f(yf(z)) for all z,y > 0. For any z¢ € (0,00) define a sequence by zn41 = 22 f (%) for
n > 1. Then z,41 < 7, so this sequence decreases to 0, and the functional equation gives

J(xng1) = %(“T”), so f(xy,) converges to 1.

Now we will show that f is strictly decreasing. Suppose ¢ < d. The expression (d—z)f(x)
tends to d if we take x = x,, and n — oo and tends to 0 as x — d. Thus there is some x € (0, d)
with (d — z)f(z) = c¢. Taking y = d — = in the functional equation, we get  + y = d and
yf(z) = ¢, and hence f(c) > f(d). Thus f is strictly decreasing. Note that this argument
shows that for any ¢ < d, we can choose x,y such that x +y = d and yf(z) = ¢, and hence
we will get f(zf(y)) + f(c) =1+ f(d).

Now fix any xp and look at the sequence defined by z,41 = 5+ f (‘%”) Then we have

f(zps1) = %(z”) and hence f(z,) =1—27"(1 — f(z0)). Since f is decreasing it follows
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that lim,_,o+ f(z) = 1, and hence we can (and will) extend f continuously to [0, 00). Further
since f < 1 is decreasing, we have

S > wn > ) = S (1-27M1 - (),

and hence
n—1 00
27"z > 2 > 2 g [ | (1 — okl - f(xo))) > 27" [ (1 — ok~ f(a:o))> .
k=0 k=0

Since the product converges, we get a positive constant C' with 27"zqg > x,, > C27"xy. Since
the graph of y = f(z) lies in the union of the rectangles [z, 1,2, X [f(2n), f(Tn41)], we have

that for any = € [xy41, zy]
1—f(=) <1 flan) o271 = fl2o)) _ 2(1 — f(@0))

x Tpi1 27" 1C0x Cxg

Hence the (negated) slopes of secant lines to y = f(x) through (0,1) are bounded and we

can write . ,

=g < o0.
rz—0Tt xr r—0+ X

Suppose the derivative at 0 does not exist, so that a < . Choose an xg small enough
that f(xzg) > 2/3 and %ﬁxo) = 8 — € for some small €, and consider the sequence above.

Then we have x,11 > % f(zo) > %* and since the slopes 1_f(z")

3
m > B —e. Now for any sequence ¢, tending to 0 with L(c") <y = BJ“—“, we can

choose dy, to be the next larger term in the sequence (xk) and have dn/3 < cp < dp. By the
above we can choose z/,,y,, (which will tend to 0 since z},,y), < d,, < 3¢y,) with a2}, + vy}, = d,
and y!, f(z]) = ¢, and hence, we get

are increasing, we have

1= f@f(yn) _ (L= fdn)) = (1= flen)) o (B=€)dn —en
nf () @n—ﬁﬁﬂf@ﬁ @nfﬁﬁﬁfwm
B—e —€
_B-e (f(x;>_7>cn L B-e VAT

P (da = ) 00 = T (3- ) Fw)

As n tends to infinity, this lower bound tends to 8 — € + 8 ——. But for sufficiently small €
this exceeds 3, contradicting the definition of 8. Thus f'(0) = —3 exists.
Now for any ¢ < d with d — ¢ small, we again choose z,y with z + y = d and yf(x) = c.
Hence x =d —y < d—yf(z) =d— cis small. Then
flo—fld) _1-ffy) 1-f=fy)  f)

d—c d—c  zf(y) 1+y%(x)‘

Taking the limit as ¢, d both converge to some fixed ¢, we see that y also converges to ¢t and
x converges to 0. We conclude that f is differentiable at ¢ and

Bf(t)
1+ 8t

HOES
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Thus f is continuously differentiable and satisfies the differential equation above with f(0) =
1. Thus f(x) = ﬁ for some 5 > 0 and these are indeed solutions.

Solution 2: The only solutions are f(x) = 1/(1+cz) for all z € Rt, where c is a nonnegative
real number. Checking that these functions are solutions is straightforward. To prove that
these are the only solutions, we start with some notation and a technical lemma. Let D_
and D, denote the derivatives of a function from the left and right, respectively.

Lemma 1. If g : RT™ — R is a continuous function for which D_g(z) = lim,,_,,[g(z) —
g(w)]/(z — w) exists and equals O for all z € RY, then g is a constant function.

Proof. If g is not constant, choose a,b € R such that g(a) # ¢(b), and without loss of
generality assume that a < b and g(a) < g(b). Let s = [g(b) — g(a)]/(b — a). The continuous
function g(z)—sz has a maximum value on [a, b], and since g(a)—sa = g(b)—sb, this maximum
value is attained at at least one point in [a,b] other than a; thus, there exists z € (a, b] such
that g(w) — sw < g(z) — sz for all w € [a,b]. Then [g(z) — g(w)]/(z —w) > s > 0 for all
w € [a, z), contradicting the hypothesis. O

The next lemma moves the goalposts closer. This and all lemmas below assume the
hypotheses of the problem in addition to the hypotheses stated in the lemma.

Lemma 2. If both of the following limits exist, lim,_,o+ f(x) =1, and lim,_,o+[1— f(z)]/z =
¢ >0, then f(z) =1/(1+ cz) for all x € RT.

Proof. Choose x,z € RT with z < 2, and let y = 2 — x and w = yf(x). Then

sw_ o rm(ma)f@) = @)l @) _

z—0t X z—0t x z—0t x

In particular, z — w is positive and a one-to-one function of x for x > 0 sufficiently small, so
taking a limit as z — 0+ is equivalent to taking a limit as w — 27
Next, from the identity in the problem statement, f(z2) — f(w) = f(x +y) — f(yf(z)) =
flzf(y)) —1= f(zf(z—=x)) — 1. Then, using the fact that f(z — ) is a continuous function
of (sufficiently small) z,
/() = flw) fafG—o)~1 afz—2) __ f()

D_ = lim ————= =1 =—
/) - z—w et zf(z — ) zZ—w 1+ ¢z’

Let g(z) = log f(x)+log(1+cx) for all z € RT. The chain rule applies to derivatives from the
left when the outer function is two-sided differentiable, so D_g(z) exists for all z € RT, and
D_g(z) =—c/(14cz)+c¢/(1+cz) = 0. By Lemma 1, g is constant, and since lim,_,o4 g(z) =
0, we have g(z) = 0 for all z € R*. If follow that f(x) = exp[g(x) —log(1+cz)] = 1/(1 + cx)
as claimed. O

The remainder of the proof establishes the two limits in the hypothesis of Lemma 2.
Lemma 3. Given the hypotheses of the problem, limsup,_,o+ f(x) > 1.

Proof. If limsup,_,g+ f(z) < 1, then for some z¢ > 0 and some r < 1, we have f(z) < r for
0 <z <z Let xpt1 = znf(x,/2)/2 for n > 0. Then, by induction, z¢g > z; > --- and
f(xy) <rforall n > 0. But with z = y = x,,/2, the identity in the problem statement yields
2f(xp41) =1+ f(xy), which implies that f(z,) — 1 as n — oo, a contradiction. O
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Lemma 4. For all a,b € R" with a < b, there exists z(a,b) € R such that f(z(a,b)) =
1+ £(b) - f(a).

Proof. By Lemma 3, limsup,_,o+(b — z)f(x) > b, and (b — z)f(z) is a continuous function
of f with value 0 at x = b. Since 0 < a < b, it follows from the intermediate value theorem
that (b — z)f(x) = a for some x € (0,b). Let y = b — x and apply the identity in the
problem statement to get f(xf(b—z)) + f(a) =1+ f(b). Thus, the lemma is proved with
z(a,b) =z f(b— x). O

Lemma 5. If f(z) =1 for some z € RT, then f(x) =1 for all z € (0, 2).

Proof. 1f f(x) # 1 for some = € (0,z2), then let zyp = z and 21 = =z, and define z,4; for
n > 1 in terms of zg, 21, ..., 2, as follows. Let M,, = maxo<, f(z;) and m,, = minp<, f(2x).
Choose integers i and j with 0 < 4,5 < n such that f(z) = m, and f(z;) = M,, and
let a,, = min(z;,2;) and b, = max(z;,2;). Then |f(b,) — f(an)| = M, — m,. Notice that
f(20) # f(z1) implies that f(z;) < f(z;), which implies that z; # z;, which implies that
ap < by. Let zp41 = z(an, by).

We will prove by induction that M, — m, > n|f(z) — 1|. Notice that My —mo = 0 and
that M1 —m1 = |f(z1) — f(20)] = |f(z) — f(2)] = |f(x) — 1|. Next, since z; = = < z = zp, we
have a; = x and b; = z, so by Lemma 4, f(22) = f(2(a1,b1)) =1+ f(2) — f(x) =2 — f(x).
Thus, |f(z2) — 1| = |f(x) — 1]; also, f(z2) and f(z1) = f(z) lie on opposite sides of 1. Then
My —1=1—mgy =|f(z) — 1|, from which it follows immediately that M, — 1 > |f(z) — 1]
and 1 —my, > |f(x) — 1| for n > 2. Also, My —mg = 2|f(z) — 1].

Assume now for some n > 2 that M,, —m,, > n|f(z)—1|. Recall that f(b,) is either M,, or
My, If f(bn) = My, then by Lemma 4, f(ZnJrl) - f(bn) = f(z(an, bn)) - f(bn) =1- f(an) =
1 —my. Then myy1 = my, and My = f(zn41) = My +1—my > My, + |f(z) — 1], so
Myy1 — mpg1 > My —my + |f(z) — 1] > (n+ 1)|f(x) — 1|, as desired. If f(b,) = my, a
similar argument completes the induction.

We have now proved that M,, — m, becomes arbitrarily large as n increases, and since
my, > 0, in fact M,, becomes arbitrarily large. In particular, M, > 2 for some n; then
since M,, is a value of f and f(z) = 1, by the intermediate value theorem there exists
w € RT such that f(w) = 2. Then letting z = y = w in the identity in the problem
statement, we have 2f(2w) = 1+ f(2w), so f(2w) = 1. Then applying Lemma 4, we have
that f(z(w,2w)) =14+ 1—2 = 0. But this contradicts the hypotheses of the problem.  [J

Next, suppose that f(z) > 1 for some z € RT. Let y = z/(f(xz) — 1), so that x +y =
yf(x). Then by the identity in the problem statement, f(xf(y)) = 1, so Lemma 5 applies.
Furthermore, if Lemma 5 applies, then the hypotheses of Lemma 2 apply with ¢ = 0. Since
it suffices to verify the hypotheses of Lemma 2, we can assume for the rest of the proof that
f(z) <1 forall x € RT.

Lemma 6. In the case that f(z) < 1 for all x € R, we have lim,_,o+ f(z) = 1, and f is
strictly decreasing on RY.

Proof. The first statement follows immediately from the hypothesis and Lemma 3. Next, if
f(a) = f(b) for some a < b, then by Lemma 4, f(z(a,b)) = 1, contradicting the hypothesis.
Thus, f is strictly monotonic, and because of the limit at 0, it cannot be increasing, so it is
decreasing. ]
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Lemma 6 verifies the first limit in the hypotheses for Lemma 2. Let f(0) = 1, so that f
is continuous for x > 0. It remains to show that D, f(0) exists; then it must be nonpositive
since f is decreasing, making ¢ in Lemma 2 nonnegative.

Lemma 6 and f(0) = 1 imply that h(u) = f~1(1—u) is well defined and strictly increasing
for u > 0 sufficiently small, with A(0) = 0. It suffices to show that D;h(0) exists and is
positive, whereupon D, f(0) = —1/D4h(0).

Lemma 7. For v > u > 0 with v in the domain of h,
(1 —v)h(v) < h(u) + h(v —u) < h(v).

Proof. The inequalities follow directly from h(0) = 0 in the cases u = 0 and u = v, so assume
henceforth that 0 < u < v. Let b = h(v). As in the proof of Lemma 4, consider (b — z) f(x)
as a function of z € [0,b]. By Lemma 6, this is a strictly decreasing continuous function with
values b at x = 0 and 0 at = b. Then f((b—z)f(x)) is strictly increasing and continuous in
x, with values f(b) = 1—v at x = 0 and f(0) = 1 at = b. Thus, there is a (unique) x € (0, b)
such that f((b—z)f(z)) = 1 —u. Then h(u) = (b — z)f(z). Applying the identity in the
problem statement with y = b—x, we have f(zf(b—z)) = 14+ f(b)— f((b—z) f(z)) = 1 —v+u,
so h(v—u) = zf(b—x). Then h(u)+h(v—u) = (b—z)f(z)+zf(b—z) <b—z+x =b= h(v),
as desired, and since f(z) and f(b — x) exceed f(b) = 1 — v, we have h(u) + h(v — u) >
(b—x+2x)(1—v)=(1—wv)h(v), finishing the proof. O

We claim that for all w > 0 in the domain of h and all u € (0, w],
(1 = 13w)h(w)/w = h(w)/w — 13h(w) < h(u)/u < h(w)/w + 13h(w) = (1 + 13w)h(w)/w.

This implies that ¢ = liminf, g+ h(u)/u > (1 — 13w)h(w)/w and L = limsup,,_,o+ h(u)/u <
(14 13w)h(w)/w. For w < 1/13, the lower bound on ¢ is positive, and L/¢ < (14 13w)/(1 —
13w). Letting w — 0, we conclude that 0 < £ = L = lim,,_,o+ h(u)/u = D1h(0), as desired.
It remains only to prove our claim.

For k > 0, applying Lemma 7 with v = w/2¥ and v = w/2"! = v/2, we have
(1 — w/2")h(w/2%) < 2h(w/251) < h(w/2F). By induction, [h(w)/2¥] H?;é(l —w/2) <
h(w/2%) < h(w)/2* for k > 0. Using concavity of the logarithm,

k-1 k-1 k—1
H(l—w/2j):exp Zlog(l—w/Qj) > exp Zlog(l—w)/2j
7=0 =0 7=0

> exp (2log(1 —w)) > exp (log(l — 2w)) =1 — 2w.

Thus,
(1 — 2w)h(w)/2% < h(w/2%) < h(w)/2F.

If our claim is false, we can choose ug € (0, w] such that |h(ug)/uo — h(w)/w| > 13h(w).
We will construct a sequence {u;} and prove by induction that for j > 0,

() = ujh(w)/w] > (14322 )h(w)up.

For j = 0, this inequality is equivalent to the assumption for ug. Notice that the right side
is bounded below by h(w)ug for all j, while the left side approaches 0 as u; — 0. We will
obtain a contradiction by showing as part of the induction that u; becomes arbitrarily small.
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To proceed inductively, assume for some n > 0 that real numbers ug > w1 > -+ > u, >0
and integers 0 < kg < k1 < ... < k, have been chosen so that for j = 0,1,...,n, the
inequality displayed above holds and w/2% > uj > w/ 2Fi+1 We can choose such a k; for
each u; € (0,w], and choosing k¢ finishes the base case; the monotonicity of the sequences
will be established as part of the induction. Let up41 = w/ 2kn — 4,,. Then 0 < Upt+1 <
w/2kn — w2kt = )2kt <, Applying Lemma 7 with v = u,, and v = w/2* yields
(1 —w/2%)h(w/2F) < h(up) + h(uns1) < h(w/2%). Then using the inequalities displayed
above,

[Pt 41) = wnsrh(w) /w] = h(uni1) = (w/2" = up)h(w) /w]

= [h(unt1) + B(un) = h(w) /25 — [h(un) = uph(w) /w]]

> |h(un) = unh(w)/w] = [h(uni1) + h(u,) = h(w) /2]

> (143-227")h(w)uo — [h(unt1) + hluz) — h(w/2)]

— [h(w/2) — h(w)/2"|

> (14 3- 22" h(w)ug — wh(w/25) /28 — 2wh(w) /2kn

> (14 3-227")h(w)up — 3wh(w) /2.
Notice that k, > ko 4+ n and w/2% < 2ug, so that w/2 < 217"ug. Thus, |h(uns1) —
Unrh(w)/w| > (1 +3-227" — 3. 21" h(w)ug = (1 + 3 - 22~ D) h(w)ug, as desired. Next,
we observe that u,4+; = 0 would contradict the inequality we just proved, so up41 > 0,
whence k1 is well-defined. Finally, we have already shown that u,+1 < w/ 2knt+1 Up, SO
kni1 > kn + 1, and monotonicity of both sequences continues. With the induction complete,

observe that u; < w/ 2ki < 2177y, which approaches 0 as j — oo, which contradicts the
inequality the induction just established. Thus, our claim is true, and our solution is complete.

Solution 3: For positive numbers z and z, let y = z/f(x). Then

f(xf(}@>>+f(z)=1+f<x+@>. (*)

Since f is continuous, the right side approaches 1 + f(x) as z — 0T, and in particular is
bounded for (positive) z in a neighborhood of 0. Then since f is positive-valued, both terms
on the left side are bounded, and in particular f(z) is bounded, for z near 0.

Let g(z) = 2f(2/2)/2 for z > 0; boundedness of f near 0 implies that g(z) — 0T as
z — 0. Then since g is continuous, f(g(z)) and f(z) have the same liminf L_ and the
same limsup Ly as z — 0T, both of which are finite according to the preceding paragraph.
Letting x = y = z/2 in the original functional equation and dividing by 2 yields

1+ f(2)
floz) = —2.
Taking the liminf and limsup of this equation as z — 07, it follows that L_ = L, =1, so

f(z) = 1as z — 0". Define f(0) = 1, so that f is now continuous at 0.
Claim. Further, f is differentiable from the right at 0.

Proof. Choose z( sufficiently small that |f(z) — 1| < 1/3 for z € (0, zo]. For such z, we have
2/3 < f(2/2) <4/3, and hence
z/3 < g(z) <2z/3.
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Let z, = g(zn—1) for n > 1; then zg > 21 > 29 > -+ -, and 2z, — 0" as n — oo. By continuity,
g(z) takes on every value between z,41 and z, as z goes from z, to z,—1. Let w, be a number
in [zn+1, 2n); by induction on n, there is an associated sequence (not necessarily unique) of
numbers wy, € (241, 2k] With w1 = g(wg) for 0 < k < n. Since |f(g(2)) — 1| = |f(z) —1]/2,
it follows also by induction that |f(w,) — 1| < 27"/3 for all w,, € [zp+1,2,]. Here and for
the rest of the proof, we regard z, as fixed for all n > 0, but we regard w,, as an arbitrary
number in [z,,41, 2], with a corresponding sequence of predecessors wy, as described above.
Next, let h(z) = (f(z) —1)/z for z > 0. Then

flg(z) =1 _ (f(x)=1)/2 _ h(z)

h(g(2)) = 9) (/22 f(z/2)

So forn >m >0,

h(wy,) = h(wy,) H (wi/2).
k=

Since wy,/2 € [zj41, 2] for some j > k, we have |f(wy/2) — 1| < 27%/3, so
00 n—1 00
[Ta-27%3) < I fwe/2) < T 1 +27%/3).
k=m k=m k=m

Then since the infinite sum of 2% /3 converges, the infinite products above converge, and
both products approach 1 as m — oo. Thus, we can write |h(wp,)/h(wy,) — 1| < 0y, where
dm — 0 as m — oo. Choose m such that d,, < 1. Since h is continuous, h(wy,) is bounded
for wy, € [2Zm+1, 2m]. It follows that h(w,) can be bounded independently of both n and wy,.
Thus, h(z) is bounded for z € (0, 2], since every such z is equal to a w,, that satisfies the
inequalities above. Also,

[h(wim) = h(wn)| < dpm|h(wy)].

Let a and a + b be respectively the liminf and the limsup of h(z) as 2 — 0", both of
which are finite according to the preceding paragraph. To complete the proof of the Claim,
we must show that b = 0; if not, then b > 0. In that case, there exist arbitrarily small values
of z > 0 such that h(z) > a + 19b/20. For such a z that is less than z;, choose m > 0 such
that z € [zm+2, 2m+1). Choose w € (0, z,] such that a — b/20 < h(w) < a + b/20, choose
n > m such that w € [z,41, 2,), and write w = w,,, where wy has the properties described
above for 0 < k < n. In particular, wy, > zn4+1 > 2, and

h(wp) < h(w) + 8 h(w)| < a+b/20 + 6 (lal + |b/20]).

Returning to the identity (*) at the beginning of this solution, we subtract 2 from both
sides and rewrite, for example, f(z) — 1 = zh(z) to get

7 (i) (4 () 0= (4 ) (o )

Notice that x + z/f(x) goes from z to co as x goes from 0 to oo; since w,, > z, by continuity
we can choose « > 0 so that x + z/f(x) = wp,. Then & < wy, < 2y, so |f(x) — 1] < 27™/3.

Thus, -
_ =gl =2
f(z) 1—-2-m/3

< 227™ /2.
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In particular, z/f(x) < z + 227" /2 < 32/2. Since z < zmy1 = 9(zm) < 22p,/3, we have
z/f(x) < zm, so | f(z/f(z)) — 1] <27™/3. Next, we calculate

h (m f <f(zx)>) _ (=4 z/f(x)i@(é; Z{)(x)) — 2h(2)

_ (@424 227"/2)(a+b/20 + 6m(lal + [b/20])) — 2(a + 19b/20)
- x(1—2"m/3) '

As m — oo, the right side approaches

(x 4+ 2)(a+b/20) — z(a + 19b/20)

= a+b/20 — 2(91;/10).

Since z > zm+2 = 9(Zm+1) = 2m+1/3 = 9(2m)/3 > 2 /9 > /9, we have a + b/20 —
(z/x)(96/10) < a + b/20 — b/10 = a — b/20. Also, as z becomes arbitrarily small, so
does zf(z/f(x)), because < 9z, and m becomes arbitrarily large. We have shown that
h(zf(z/f(x))) can be bounded above by a quantity that approaches a —b/20 < a as m — oc.
This contradicts the definition of a if b > 0, so we conclude that b = 0 and that a is the limit
of h(z) as z — 0. O

We can now write f'(0) = a, where f’(0) represents the derivative from the right. Then
x4+ 2/ f(z) is right-differentiable at z = 0, with derivative 1 — zf/(0)/f(0)?> = 1 —az. Assume
that 1 — az > 0; then z + z/f(x) is continuous and strictly increasing for x > 0 sufficiently
small, with value z at * = 0. We next show that f is (two-sided) differentiable at z for all
z > 0 with 1 —az > 0. First, we subtract f(z) + 1 from each side of (*) and divide by
x + z/f(x) — z to get, for x > 0 sufficiently small,

fle+2/f() = f(z) _ flef(z/f(2) =1 _ f(af(z/f(x)) =1 xf(z/[(z))
z+2z/f(z) -2 r+z/f(x) -z ef(z/f(x)  x+z/f(z) -
flafz/f() =1 fl@)f(z/f(x))
ef(z/f(x))  fl2)+z(1-f(z))/z
The right side has limit af(2)/(1 —az) as z — 0T, so the left side has the same limit, which
is then the derivative of f from the right at z.

Next, we substitute x = z — y into the functional equation from the problem statement
to get

(=9 fW) + flyfz—y) =1+ f(2).

Now (z — y)f(y) is right-differentiable at y = 0, with derivative zf’(0) — f(0) = az — 1.
Thus, (z — y)f(y) is strictly decreasing for y > 0 sufficiently small, with value z at y = 0.
We rearrange terms in the identity above and divide by z — (z — y) f(y) to get, for y > 0
sufficiently small,

fE-HGE-9fy) _ fuf-—y)-1 _ ffz-y)-1 yflz—y)
z—(z=y)f(y) z—(z y)f() yfz—y)  z—(=z—y)fy)
flyf(z—vy)) - fz—y)
yf(z—y) 21— fW)/y+ fy)

The right side has limit af(2)/(1 — az) as y — 07, so the left side has the same limit, which
is then the derivative of f from the left at z.
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We conclude that
af(z)

:l—az

f'(2)

for all z > 0 such that 1 — az > 0. This linear differential equation, together with the initial
condition f(0) = 1, has a unique solution on its domain of definition; this solution can be
verified to be f(z) = 1/(1—az). Then if a > 0, it is impossible for f to be continuous at 1/a.
Thus, we must have a < 0, in which case 1 —az > 0 for all z > 0. Therefore, every solution
must have the form f(z) =1/(1 — az) for all z > 0, for some constant a < 0. One can check
that this function is in fact a solution of the functional equation in the problem statement,
for each a < 0.
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