THE UNIVERSITY OF TORONTO
UNDERGRADUATE MATHEMATICS COMPETITION

In Memory of Robert Barrington Leigh
March 12, 2017
Time: 3% hours

No aids or calculators permitted.

The grading is designed to encourage only the stronger students to attempt more than five problems.
Each solution is graded out of 10. If the sum of the scores for the solutions to the five best problems does
not exceed 30, this sum will be the final grade. If the sum of these scores does exceed 30, then all solutions
will be graded for credit.

1. Determine the value of the infinite product
O 2
]-_-[ <1 1+ n3> ’
n=2

2. Let S be a set of n points in the plane, no two pairs the same distance apart. Each point is joined by a
straight line segment to the point that is nearest to it; no other segments are drawn. Prove:

(a) No two segments have a point in common except possibly a point in S;
(b) No point can be joined to more than five other points;

(c) The set of segments contains no cycle. In other words, there is no set {45, As, ..., Ax} of points in
S, with k > 3, such that Ay, is joined to A; and A; is joined to A;41 for 1 <i <k — 1.

3. (a) Given six irrational real numbers, prove that there are always two subsets of three (not necessarily
disjoint) such that the sum of any two numbers in each of the subsets is irrational.

(b) Give an example of a set of six irrational numbers for which there are exactly two subsets of three
numbers with all pair sums irrational.

4. 54 and 96 are two nonsquare positive integers whose product is a square; the squares 64 and 81 lie
between them. Prove or disprove: if m and n are two distinct nonsquare positive integers such that mn
is a square, then there exists a square integer between them.

5. Let f(x) be a real continuous periodic function defined on the real numbers such that, for each positive

integer n,
WL @l el
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Prove that there exists a real number r such that f(r) = f(r+1) = 0.

6. Let n > 2 and let M be a n x n matrix with n distinct eigenvalues (exactly) one of which is 0. Suppose
that u is a nonzero row n—vector and v is a nonzero column n—v ector for which uM and Mwv are zero
n—vectors. Prove that uv # O (i.e., u is not orthogonal to v).

7. Let p(z) be a polynomial of degree n, all of whose roots have absolute value 1. Prove that [p’(1)| >
5lp(L)]-

8. Suppose that the real function y = f(x) defined on [0, o) satisfies the differential equation

1
$2+y2

/
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with the intial condition f(0) > 0. Prove that lim,_ ., f(z) exists and that this limit exceeds 1.

9. Let f(x) be a real-valued continuous function defined on the closed interval [0, 1] for which

1:A1f(x)dx:/ole(x)dx

/0 (F(2))2da > 4.

Prove that

10. Prove that

/3”/8 cos 2xdx T
0< < .
x/s  1+tanz 8v/2

Solutions.

1. Determine the value of the infinite product

Solution 1.

712[ k—1 K> +k+1
B E+1 k2—k+1

- B2 +k+1
[H (k=124 (k-1 +1

Letting n tend to infinity, we find that the desired product is 2/3.

Solution 2. [Di Yang]

& 2 \ G+ DEE-D+ (k-1
g<11+k3>1:[( TRk =D+ (k1)
Sl k(R
:1] 1+ [(k = 1)k] 1
n n—1
=[Ja+kE+D1/ JTQ+ k(k+1]7Y)
k=2 k=1

2
(L4 [n(n+D]7H/(+ [1/2)) = S(1+ [n(n + D).
Letting n tend to infinity, we find that the desired product is 2/3.
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2. Let S be a set of n points in the plane, no two pairs the same distance apart. Each point is joined by a
straight line segment to the point that is nearest to it; no other segments are drawn. Prove:

(a) No two segments have a point in common except possibly a point in S;
(b) No point can be joined to more than five other points;

(c) The set of segments contains no cycle. In other words, there is no set {41, As, ..., Ax} of points in
S, with & > 3, such that Ay, is joined to A; and A; is joined to A;11 for 1 <¢ <k — 1.

Solution. (a) We first observe that no segment [X,Y] joining two points in S cannot contain a third
point Z of S in its interior. (Otherwise, Z would be closer to X than Y, and closer to Y tan X.) Suppose
that A is closest to B, and that C is closest to D, and that AB and CD intersect internally at P. Then
AB < CB and CD < AD. However

AB+CD = (AP+ PB)+ (CP+ PD)=(AP+ PD)+ (CP+ PB)>AD+CB

by the triangle inequality, yielding a contradiction.

(b) Suppose that PA and PB are connected. Suppose, if possible, that AP is the longest side of the
triangle ABP. Then AP > AB and AP > BP so that P cannot be the closest point to A, nor A the closest
point to P, so that we would not connect PA, yielding a contradiction. Therefore AB is the longest side of

the triangle, so that ZAPB exceeds 60°. It follows that we cannot have more than five points connected to
P.

(c) Solution 1. Suppose that there is a cycle of segments forming a polygon A; As ... Ay and that Az A;
is the longest segment. Then A A; must exceed both A;As and Ap_1 Ag, so that A; cannot be the closest
point to A and vice versa. This contradicts that A A; is a segment.

(c) Solution 2. Suppose that there is a cycle involving the points A;, As, ..., Ax. Wolog, we may suppose
that A; is the nearest point to Aj. Since Ai_1 is not the nearest point to Ay, Ay must be the nearest point
to Ax_1. In a similar way, argue that Ag_; is the nearest point to Ax_o and so on along the cycle until we
find that A, is the nearest point to A;. Thus the lengths of the segments [A;, Agl, [Ag, Ak—1], - .., [A3, As],
[As, A1] and [A;, Ax] constitute a strictly decreasing sequence, yielding a contradiction.

3. (a) Given six irrational real numbers, prove that there are always two subsets of three (not necessarily
disjoint) such that the sum of any two numbers in each of the subsets is irrational.

(b) Give an example of a set of six irrational numbers for which there are exactly two subsets of three
numbers with all pair sums irrational.

Solution. (a) There cannot be three numbers for which the sum of each pair is rational. (For, if a, b,
¢ be three such numbers, then 2a = (a + b) + (a + ¢) — (b + ¢) would be rational, yielding a contradiction.)
Suppose there are four numbers such that a + b, a + ¢ and a + d are irrational. Since at least one of b + ¢,
b+ d and ¢ + d is irrational, the the pair with the irrational sum can be taken with a to get the required
triple.

Otherwise, there are at most two numbers for an irrational sum with a, so that there are three numbers
u, v, w for which a + u, a + v, a + w are all rational. But then, each of u + v, © + w and v + w must be
irrational.

We now need to find a second triple. Suppose that a, b, ¢ are three numbers for which each pair sum is
irrational. Let the other three numbers be d, e, f. If each pair sum of these three is irrational, then we have
our two triples. Otherwise, suppose wolog, then d + e is rational. Then at least one of each of the following
pairs must be irrational: {a +d,a + e}, {b+d,b+ e}, {c+d,c+ e}. So, one of the following triples must
contain at least two irrationals: {a+d,b+d,c+d}, {a+e,b+e,c+e}. If, say, a+d and b+ d are irrational,
then {a,b,d} has all its pairwise sums irrational. The result follows.
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(b) An example is the set

{1+V2,2+V2,3+V2,1-2,2—-2,3—-2}.

4. 54 and 96 are two nonsquare positive integers whose product is a square; the squares 64 and 81 lie
between them. Prove or disprove: if m and n are two distinct nonsquare positive integers such that mn
is a square, then there exists a square integer between them.

Solution 1. The assertion is true. We establish the following lemma: Let k be any nonsquare positive
integer. Then for each positive integer 7, there exists an integer v > r + 1 for which kr? < v? < k(r + 1)2.

The proof is by induction. For the base case r = 1, there is an integer u for which vk < u < 2v/k since
1 < Vk = 2vk — Vk. Therefore u > 2 and k < u? < 4k.

Suppose that r > 1 and that kr? < v? < k(r +1)2 withv > 7+ 1. Then v +1 > r + 2,

1 1 1 2
Gk R _ e
v r+1 r+1
and
v+ 1 2 r+2 2
(v+1)2—( ) v? < < ) v < k(r+2)%
v r+1

If k(r +1)% < (v +1)2, then the induction step is complete. Otherwise, we repeat the process with v + 1 in
place of v, and do so until eventually we get to some s > 0 for which

(v+s) 2 <k(r+1)2<@w+s+1)?<k(r+2)>

Now, let m and n be as in the problem, with m < n. We can write m = ca® and n = db® where ¢ and
d are respectively the largest squarefree divisors of m and n. The numbers are each distinct from 1 and a
product of distinct primes. Since cd is square, they have exactly the same prime divisors, so that ¢ = d. It
follows that a < b.

We apply the lemma with k = ¢ and r = a to obtain a square v for which

m=ca® <v? <cla+1)*<cb® =n.

Solution 2. Let m = x and n = x + r be the two integers, with > 0. There exists y such that
y? = x(x +r). Since the quadratic equation 22 4+ 7z — y? = 0 has integer roots, its discriminant is a square,
so that 72 + 4y? = 22 for some integer z. Since (r,2y, ) is a pythagorean triple, there exist positive integers
k,m,n such that m > n and (r,2y,2) = (k(m? — n?),2k(mn), k(m? + n?)). Thus, the quadratic equation
becomes
0 =22 + k(m? — n?)z — E*m?*n? = (x + km?)(z — kn?).

Therefore z = kn? and = + r = km?.

Observe that k # 1, so that £ > 2. Also
Vi+r—ve=m-n)Vk>1,

so that there must be an integer ¢ between \/z and /z + r. But then z < ¢ < x +r.

5. Let f(x) be a real continuous periodic function defined on the real numbers such that, for each positive

integer n,
O ATCIT RV Y
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Prove that there exists a real number 7 such that f(r) = f(r+1) = 0.

Solution. Suppose that the function has period p > 0. Then it is bounded by some number M > 0 on
the closed interval [0, p] and therefore bounded on R by M. Let g(z) = |f ()| + | f(x + 1)|. If the statement
of the problem is false, then g(z) never vanishes, and therefore assumes a positive minimum m on [0, p] and
therefore on R. Therefore,

~ok) Nl

Therefore the sum of the left becomes arbitrarily large as n grows.

On the other hand,

k=1 k=1 k=1
~f(E) | ~= I E+D] = fe+ 1)
S D D R Bl v
k=1 k=1 =
" /1 1
§2+M;<k M)<2+M

Ths contradicts the previous assertion and so the conclusion of the problem must hold.

6. Let n > 2 and let M be a n x n matrix with n distinct eigenvalues (exactly) one of which is 0. Suppose
that u is a nonzero row n—vector and v is a nonzero column n—v ector for which uM and Mwv are zero
n—vectors. Prove that uv # O (i.e., u is not orthogonal to v).

Solution 1. Let the eigenvalues be A\ = 0, g, ..., A,. We can pick a basis {v1 = v,vs,...,v,} for F”
(where F is the underlying scalar field) of eigenvectors for which Mwv; = A\;v;. Then, when ¢ > 2,

Aiuv; = u(Av;) = w(Mv;) = (uM)v; = O.

Since u is nonzero, it cannot be orthogonal to every basis element, and so uv = wv; cannot vanish.

Solution 2. Since the eigenvalues are distinct, there exists an invertible n xn matrix A such that A=A A
is a diagonal matrix. Since the diagonal matrix is symmetric, the row eigenvectors and the transposes of the
column eigenvectors for each eigenvalue. Let p = uA and ¢ = A~ 'v; the former is a row n—vector and the
latter a column n—vector. We have that

p(AT*MA) =uMA =0 and (A'MA)Yg=A""Mv =0,

so that p is a row and ¢ a column eigenvalue corresponding to the eigenvalue 0 of the diagonal matrix. Since
the eigenspace is one-dimensional, the transpose of ¢ is a nontrivial multiple of p, so that pg # O.

Therefore

uv = (pA~")(Aq) = pq # O.

7. Let p(z) be a polynomial of degree n, all of whose roots have absolute value 1. Prove that |p/(1)| >
5lp(1)].

Solution 1. If p(1) = 0, the result is trivial. Henceforth, suppose that p(1) # 0. We have that




where the sum, with n terms, is over the roots w of p(z), each term repeated according to the multiplicity
of the roots.

We note that, when |w| = 1, then ww = 1, so that

1+w
1—w

2 14w
S I et
1—w * 1—w’
the real part of 1/(1 —w) = 1/2.
It follows that the real part of
) _ 1
p(1) 1—w

is equal to n/2. Since the absolute value of a complex number is not less than the absolute value of its real
part, the result follows.

Solution 2. [Michael Chow; Gal Gross] We may suppose that p is monic. Let p(z) = [[,_;(z — ax) and
q(z) =I1i_,(z — ax) = p(Z), where |ax| = 1 for each k. Let

and

3
[t

Then

Z" 2 —ap —ap
= — 7:7?“
P 1—ar —a +aiag

The result follows, as in Solution 1.

Comment. If p(z) = (z + 1)™, then equality occurs.

8. Suppose that the real function y = f(x) defined on [0, c0) satisfies the differential equation

B 1
7x2+y2

/

and that f(0) =« > 0. Prove that lim, .., f(z) exists and that this limit exceeds 1.

Solution. Since its derivative is positive, the function f(z) increases on [0, 00), and so it suffices to show
that it is bounded.

Suppose first that « > 1. Then

so that

flx) +/z dt < +/m dt + arct <ut X
r)=1Uu —_— u —_ = U arctanx u —.
o 24 f2(t) T 0 241 2
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On the other hand, if 0 <u < 1 and f(z) <1 on a closed interval [0, a], then

f(a) :u—i—/(IL Zu—i—/ai = u + arctan a.
o 4 f2() o 41
It follows that arctana < f(a) —u < 1 so that a < w/4. Therefore f(r/4) > 1 and there is a number
c € (0,7/4) such that f(c) =1
Therefore

1 < < e
f’(x)g{ , for 0 <z <¢;

2+1, for c < x.

Thus
fl@) <ut—+ L < u — +arct
z)<u+ — —— <u+ — +arctanz

- u? . 241 u?
cutr E 4T 1 LT
ut+ — + = — 4+ —.
uz 2 qu? 2

Since f(w/4) > 1, f(x) in increasing and bounded, it follows that lim, . f(z) exists and exceeds 1.

9. Let f(z) be a real-valued continuous function defined on the closed interval [0, 1] for which

1/01f(x)dm/01xf(x)dx

| G@prar=a

Prove that

Solution 1. Using the method of undetermined coefficients, we can find a linear polynomial g(z) =
2(3xz — 1) for which fo z)dx = fo zg(x)dr = 1. Then

/Ol(g(w))de =2 (3 /01 zg(z)de — /01 g(a:)dx) =2x2=4.

1 1
= Xr — T X X 2x
—/O(f())d 12/0 flado +4 [ e d+/0<g<>>d

Also

1 1
_ / (F(2))"dz — 12+ 4+ 4 = / (f(x))2dx 4
0 0
from which the desired result follows.

Comment. The result can be generalized. If 1 = fol ’“f (x)dx for k = 0,1,2, then we find that the
condition is satisfied by g(z) = 3(1022 — 8z + 1) where fo ))2dx = 9. Looking at fo —g(x))%dz, we

can follow a similar argument to show that fo (z))%dx > 9.

If we impose the condition for 0 < k < 3 and take g(z) = 4(3523 — 4522 + 152 — 1), we find that
fo )2dx > 16.

Solution 2. [Michael Chow] Let a, b be arbitrary real numbers. Then

1 1
0< / (f(z) + az 4 b)%dx < / [(f(2))? + 2azf(z) + 2b(f(z)) + ax? + 2abx + b*]dz,
0 0
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whence

1 2 1 1 1 1
/ (f(z))?dx > — [2(1/ xf(m)dx—i—%/ f(x)da?+a2/ a?ngc+2ab/ xdw+b2/ dx}
0 0 0 0 0 0
1
— —§(6a +6b+ a® + 3ab + 3b*) = g(a, b).

Since 0g/0x = dg/0y = 0 if and only if (a,b) = (—6,2), g has a critical value at this point. Thus

| G@de = g(-6.2) = ~5(-12) =1
0

as desired.

Solution 3. [Shuyang Shen| Recall the Cauchy-Schwarz inequality:

/a () / o)z > < / bu(x)v(:c)dx>2

Applying this to [a,b] = [0,1] and (u(z),v(z)) = (f(x) + kz, 1), where k is any real, yields that

2

/ (F() + ko) > (f () + k) )

Therefore
1 1 1 E\?
/ (f(x))*dx + Qk/ f(@)de + k* > (1 + 2) :
0 0

so that
1 k2 k2
/(f(x))zd:v21+k;+——2k:——
0 4 3
_ 1 2 (k—6)2
= G212k =k =14 o

Letting £ = 6 yields the desired result.

10. Prove that

0</3“/8 cos 2xdx < T
a8 Lttanz 82

Solution 1.

dzx

/3”/8 cos 2zdx /3”/8 cos?x —sin?z
T s

s l+tanz /s (cosx +sinz)/cosx

37/8 3n/8
= / (cosx — sinx) cos xdx = / (cos? x — sin x cos x)dx
s

/8 /8
1 378 1 in 2 94737/8
:f/ (1+0052x—sin2x)dx:{m+m+cosx
2 /s 2 2 s
1 37/8 1
=3 [2x+ V2sin(2z + E)L/g = glr—2va)

(8\”@) - (;[W‘MD = A= VR 4> 4 >0



The result follows.

Solution 2.

/3”/8 cos 2x / cos 2x /3?;r cos 2x
dr + —dzx
/8 1+tanx /8 1+ tanxz x/a 1 +tanx
cos 2z /8
—— > (—d
/,,/8 1+ tanz x+/7,/4 1—|—tan%—y)( v)
2 /4 2
/ cos 2« er/ cos 2y dy
7,/8 1+ tanz x/8 1+coty

/ 4 cos 2z( 1—tanx)dx>0.
1+tanz

cos(m — 2y)
(

Since cos 2z decreases on [7/8,3m/8],

37/8 9 3m/8 d
/ _COS2T < cos(r/4) / _dz
x/8 1+ tanz x/8 1+tanz

Using the substitution y = 5 — x, we find that

/3“/8dz_/3“/8tanxdx 1/3”/8(1“&“)6196 ul
/8 1+tanz 2 .

<8 l+tanz - /8 1+ tanx 8’

and the result follows.
Comment. An alternative approach to obtaining the integral of sin x cos z from 7/8 to 37 /8 is as follows:

37/8 1 sr/8
/ sin x cos xdx = [ sin? x} = = (sin2 3—71- — sin? ﬂ)
/8 2 /8 2 8 8



