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A class of applications of AM-GM Inequality:

From a 2004 Putnam competition problem to Lalescu’s sequence

Wladimir G. Boskoff and Bogdan D. Suceava

Discussing a series of inequalities, B. Bollobds reminds us in [3] that Harald Bohr wrote:
“All analysts spend half their time hunting through the literature for inequalities which they
want to use but cannot prove.” Fortunately, other inequalities can be reduced to techniques
whose strategy of proof is familiar to us. This expository note has been inspired by the
problem B2 from the 2004 edition of the W.L. Putnam competition. We will show that a
natural context where this problem can be discussed is the area of applications of arithmetic
mean-geometric mean (AM-GM) inequality. We conclude our note with a presentation of a
classic problem, the Lalescu’s sequence.

Using only elementary arguments, we can show that the sequence z,, = (1 + %)n is
increasing and convergent to a limit between 2 and 3 that we denote by e. The fact that
x, is increasing is mentioned in [5], p. 37, application 35. In [7], this fact is proved as an
application of the AM-GM inequality.

To remind ourselves here of the proof that {z, },en is increasing, we start with the AM-
GM inequality. For ay,as,...,a, > 0, we have:

ay+ag+...+a,

n
with equality if and only if a; = as = ... = a,,. This inequality has many simple proofs. For
example, a proof based on the concavity of the logarithmic function is presented in various
sources, and the original reference is Jensen’s paper [6]. A proof based on induction, given
by Cauchy in 1821, is presented in many sources, as for example in [3], pp. 1-2. We use the
AM-GM inequality to show that {z,}nen is increasing. We apply this inequality to n + 1

> (alag...an)l/",

positive real numbers, a; =1, a2 = ... = apy1 =1+ % We get:
1+n(l+3 1\ 71
M > (1 + ) ,
n+1 n

which yields immediately:

1 n+1 1 n
n frd ]_ > ]_ — == n-
wn= (o) > () =

Thus, we proved that {z, },cy is increasing.
It is well known that this fact can be proved also by using the Bernoulli inequality (see,
for example, [8], vol. 1, p. 63):

1+t)">1+nt, te(—1,00)—{0},

by computing the ratio

Tpy1  (n+2 nH' n—+1 el n _n+l1 n2 +2n nH_
r, \n+1 ' n n+1)] n (n+1)2 -

(1t . ntl_( ndl )+l
B (n+1)2 n (n+1)2 n
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Application 1 (Problem B2, the Sixty-Fifth W.L. Putnam Mathematical Competition,
December 4, 2004.) Let m and n be positive integers. Show that

(m+n)! m!  nl
(m +n)mtn = mm  pn’
Solution: Let m be fixed. We prove the statement by induction for n > 1. For n = 1, the

inequality we need to prove is
(m+1)! m!
(m + 1)m+1 mm .
Simplifying, we get:
m 4+ 1)mt! m-+1 m+1
% :(Tn_i_D.i...i7
m m m

(m+1) <

which is obviously true.
Suppose now the statement is true for n, and let’s prove it for n + 1. We need to prove
the following statement:
(m+n+1)! m! (n+1)!
) S g e
We start with the right hand side term. We use the induction hypothesis:
m! - 4+ ml (n41)-nl " (m+n)! (n+1)-n"
mm (n+ 1)t mm (4 1) g T (m4n)mtn (n 4 1)t
Now it suffices to prove:
(m+n)!  (n+1)-n" (m+n+1)!
(m+n)m+n (n4 1)+ 7 (m 4 n 4 1)mtnt”
This last inequality is true if and only if the following inequality is true:

nn . (m +n+ 1)m+n > (n + 1)n . (m + n)m-{-n

m-+n+1 men n+1\"
Tmtn = | — > = Tn-
m-+n n

This is true, as we proved above, since the sequence {x,} is increasing.

Note Alternative solutions to the problems from the 2004 edition of the W.L. Putnam Com-
petition have been published in Mathematics Magazine 78 (2005), 76-80, and in American
Mathematical Monthly 112 (2005), 713-725. However, the solution we presented above for
Problem B2 is different from these published solutions.

which reduces to

Remark This inequality can be iterated to obtain the following extension. Let my, ..., mg
be positive integers, for k > 2. Then
(mq + ... +my)! mq! my,!
(my 4 .. + my)mttme = e

A problem where the AM-GM inequality is applied on the terms of the sequence x,, =
(1 + %)n has been assigned previously in the Putnam competition, as we see in the following
example.

Application 2 (The Thirty-Sixth W.L. Putnam Mathematical Competition, Dec. 6, 1975)
Prove that if s, =1+ % + % 4+ ...+ %, then
(a) n(n+ 1)Y/™ < n+ s,, for n > 1, and
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(®) (n— =YD < — s, forn > 2.
Solution: We present here the solution from [1], p.94. Applying the AM-GM inequality, we

have:
nts, (1+1)+0+3)+..+(1+2) -

n n

1 1Y 3 4
1+DH)(14+=)--- (14— =(2.2.2...
> |asnaspar ) = (253
and this proves part (a). For the proof of part (b), we see that:

n—sni(l—%)—i—...—i—(l—%) -
n—1 n—1

> [(1—;).....(1—711)}"11—(i.;..m;l))”ll—nn%.

A classical exercise from mathematical folklore is the following application, where we will
use the fact that z, = (1+ 1)" < e. (See, for example, [8], p.44.)

3=

(”“)) — (n+ 1%,

n

Application 3 Prove that

o224+
lim =0.
n—oo (n!)?

Solution: We have the obvious inequality

1'+22+ ... 40" n-n"
TTwE T
for all integers n > 1. If we prove that lim,,_. ., 8, = 0, we are done. Too see this, we show
first that the sequence {f,} is decreasing:

Brt1  (n+1)"T2 (n)? 1 <1+ 1)”

n

= ﬁna

627

1
< —-e.
n

B, ((n+ )12 antl
The ratio £ is less than 1 for all n > 3, which proves that 3, is a decreasing sequence. To
find the limit, let us remark first that this sequence satisfies the recurrence relation

1 1\"
ﬂnJrl == — (]- + ) 5717
n n

thus lim,, ., 8, = 0. Since 0 < «a,, < (3, for all n > 1, we have lim,,_, o, o, = 0.

The fact that x, = (1 + %)n is increasing and converges to e suggests also the study of
the auxiliary function f : (0,00) — R, f(z) = (14 1)*. Of course, the differential approach
can be useful in some applications, as it is, for example, the following problem.

Application 4 Find all positive integers such that
n+2

(n+3)"=>_ k"
k=3

The solution is presented in [2], pp. 56-57; this problem has been proposed in a national
contest in France, in 1999. The answer is that n = 2 and n = 3 are the only solutions
to the equation. The solution uses, besides the derivative of the function log f, the Taylor
expansion about a = 0 of the function log(1 + x).

In conclusion, we can say that the problem B2 from the 2004 edition of the Putnam
Competition is related to a class of problems where the properties of the function f(z) =
(1 + %)m are studied. The general context to discuss these properties, as for example [5] and
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[7] suggest it, is the class of applications of AM-GM inequality. This class of applications
are related to the study of Lalescu’s sequence, as we’ll see in the next part of our note.

We continue our presentation with the following exploration. We have seen that z, =
(1 + %)n is increasing. We try to produce an inequality similar to the one in Application 1,
starting from the fact that m < n implies

(e3) > (5)

(1) (mt 1)
n' mm
Cross-multiplying and dividing both sides by n!m!, we get:
m™ (n+1)" _ n" (m+4+1)™
m! n! n! m!

We rewrite this inequality as

which can be rewritten as
mm (n+ 1)n+1 nn (m_|_ 1)m+1

m (n+1)! T onl (m+1)

This is the inequality we were looking for. Now we can summarize these computations.

Application 5 Let 0, = ”n—T Then the following statements are true:

(a) If m < n, then 0y, - 041 > O - Oy

(b) Oman < Om - On;

(c) limy—oo ﬁ =0.

We have proved (a) in the remarks preceding the statement of Application 5. Application
1is (b), and we have used (c) as an argument in the proof of Application 3.
Application 6 Denote z, = ("—!)1/” = 9;1/". Then

nn

lim z, = —.
n— oo e

Solution: Since lim,,_, aeﬁ exists and it is not 0, we have
n

| n
Bz 2o = lim (6.)7/7" = Jim, 0+ = Jm m =
lim o = 1
e (14 1) " e
Finally, we will discuss here the famous Lalescu’s sequence, known since the beginning of

the 20th century.

Application 7 Prove that

1
lim L, = lim (((n F)N/nt (n!)l/n) .
n—oo n— oo e
We present here two proofs of this application. To establish notation, we will denote the
above limit by L.
Solution 1: (Due to Marcel Tena, see [8], vol. 2, pp. 93.) First, remark that
[(n 4 1))/t (R Sl A S | n

nh—{go (n!)l/” - nh—{gc n+1 n (n!)l/” -5

where for the last equality we have used Application 6.
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Now we compute

in two different ways.

First, let
, ey
" (nl)nt+1
and compute
n
lim bn = lim (n—i— 1) =e.
n—00 b -1 n—o0 n
Secondly, using the notation L,, = ((n + 1)!)1/**1 — (n1)1/" we have:
Ni/n+1\"™
anl/n ﬁ'[m
i ) ((n+ 1)!)1/n+1 _ (n!)l/n ((n+1),)(1/73+17(m)1/n (n!)
e-lim L

Thus, in the second way of computing the limit we get e n. Comparing the two different
ways of getting the same limit, we obtain that e = e L= Thus, lim, o L, = l.
Solution 2: As far as we know, this solution appears here for the first time. Observe that

L,, may be written in the form

nNi/n
Ln = (n) (An - 1)”7
n

(np)1t/m

where A, = ()77

. Then, we can rewrite

(nl)l/n elogAn -1
L, = -nlog A,.
n log A, 1208

On the other hand

n+1 n

1
1 Anfi 1 k—— 1 kf 1 1) — ——— log k,
o=y St Sk bt - il S
which means ( )
1 n-+ 1"
log A,, = 1 .
©8 n(n+1) &

Therefore,

1
(n!)l/” elogAn _ 1 (n+1)™\ =+ 1
Ly = : Nlog (22 1 Nl

m oed, |t mryr) tlestetym

In this last relation, using Application 6, limlog A, = 0, and lim nw = 1, we get that
limL, ==

Thanks

The authors express their thanks to Alfonso Agnew and Oliver Dragicevié¢ for their useful
suggestions on the material presented in this note.
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