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ON THE EQUAL SUM AND PRODUCT PROBLEM

M. ZAKARCZEMNY

ABSTRACT. The paper presents the results which are connected with the following
problem formulated by Andrzej Schinzel. Does the number N (n) of integer solutions
of the equation z1 + 22 + -+ xp = x122 - Ty satisfying 1 <z <20 <--- <2y
tend to infinity with n? We give a general lower bound on N(n). We obtain an
Q-estimate for % 21<n<z N(n). We provide necessary conditions for n to be in the
exceptional set {n : N(n) = 1, n > 2}. Using elementary methods, we show that if
N(n) = 2, then n — 1,2n — 1 € {p,p?,p>,pq}, where p,q are prime numbers. We
prove that the set {n : N(n) < k, n > 2}, and the exceptional set have zero natural
density. We give new bounds on sum of coordinates of not-typical solutions. We
prove that the system of equations of the equal-sum-product problem has a finite
number of solutions.

1. INTRODUCTION

Let N={1,2,3,...} denote the set of all natural numbers (i.e., positive integers).
The study of natural numbers is full of problems which are simple to understand
and seem to be unsolvable. An interesting example of this type of problem is
the Equal-Sum-Product Problem, (see [3]). Some early works can be found in
[2, 5, 7]. The sum of a sequence of integers (3,2, 1) is equal to the product of its
elements. Namely, we have 342+ 1 = 3-2-1. Moreover, the following equations
are also true: 2+2=2-2,4424+1+1=4-2-1-1,3+34+14+1+1=3-3-1-1-1,
2424+24+141=2-2-2-1-1,542+1+1+1=5-2-1-1-1. The problem considered
here consists in finding the sequences of natural numbers (z1, zo,...,z,), n > 2,
satisfying the equation

(1) zi4+zo+- -+, =21 22 Ty, where x1 > 29> -+ > xp_1 >z, > 1.

We use S(n), n > 2, to denote the set of all such sequences. Moreover, we denote

N(n) = |S(n)|, in other words, N(n) is the number of solutions of Equation (1).

Equation (1) always has at least one typical solution of the form (n,2,1,1,...,1).
——

n—2 times
Hence, N(n) > 1 for all natural numbers n > 2. Kurlandchik and Nowicki showed
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that for any given n > 2, the number of solutions N(n) is finite (see [4, Theo-
rem 3]). For n > 2, we denote S*(n) by
S*(n) =5(n)~{(n,2,1,1,...,1)}, that is, |S*(n)| = N(n) — 1.

———

n—2 times
We analyse some basic cases (for n = 2 and n = 3) first. If n = 2, then in order
to solve the equation x1 4+ x5 = x122 in natural numbers 1 > x5, we rewrite it in
the form (z1 — 1)(z2 — 1) = 1. Hence, (z1,22) = (2,2) and N(2) = 1. If n = 3,
then in order to solve the equation z1 + x9 + x3 = x1zox3 in natural numbers
T1 > T9 > T3, we rewrite it in the form

(1’1352 — 1)($3 — 1) -+ (1'1 — 1)(.%2 — 1) = 2.

Hence, (x1,x2,23) = (3,2,1) and N(3) = 1. The following table lists values of
N(n) for 2 < n < 51 (see also the sequence A033178 in [8]).

Table 1.

[n Nm)[n N@®)[n N@m[n Nm][n Nmn)|[n Nh)[n Nmn)[n Nmn[n Nn)[n Nh]
2 1 7 2 12 2 17 4 22 2 27 3 32 3 37 6 42 2 47 5
3 1 8 2 13 4 18 2 23 4 28 3 33 5 38 3 43 5 48 2
4 1 9 2 14 2 19 4 24 1 29 5 34 2 39 3 44 2 49 5
5 3 |10 2 [15 2 [20 2 |25 5 |30 2 [35 3 |40 4 |45 4 |50 4
6 1 11 3 16 2 21 4 26 4 31 4 36 2 41 7 46 4 51 4
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Figure 1. Figure presents the plot of the function NV : N>, — N with the logarithmic regression
line given by the equation f(z) = 3.05log(z) — 10.65.

Schinzel showed that N(n) =1 for n € {6,24} (see [3]). Misiurewicz showed that
n € {2,3,4,6,24,114,174,444} are the only n < 1000 such that N(n) =1 (see [3]).
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It is known that if 2 < n < 101 and N(n) = 1, then n€ {2,3,4,6,24, 114, 174, 444},
(see A033179 in [8]).
Ifte{0,1,..., L%J }, where s is a nonnegative integer, then

257t 41 2+ ) +1 41+ F1=(2"+1)- (28 +1)-1-1---1

@+ D@D+ L= (27 1) (2 ) :
25 —1 times 25 —1 times

and s — ¢ > t, hence N(2° 4+ 1) > | £| + 1. Therefore, limsup N (n) = occ.

n— oo
Despite their apparent simplicity, there are many difficult and unanswered ques-

tions connected with the equal-sum-and-product problem which have been identi-
fied in the references already cited. In particular, it is conjectured that:

1. the set of exceptional values of the equal-sum-and-product problem, defined
as By = {n: N(n) = 1,n > 2}, is finite, see [2],

By = {2,3,4,6,24,114, 174, 444}, see [2],

3. the number N(n) — oo as n — oo, see [9] and [10, Problem 2].

N

2. MAIN RESULTS

The main result of the paper runs as follows.
Theorem 2.1. Ifn € N, n > 2, then

@ N > V(n —21) + 1J . {d(Zn—;) + 1J L

where d(j) is the number of divisors of j. Moreover,

N(n) > {d(n —21)+1J N V(zn—zl)HJ .
3) N {dz(Sn;l) +1J N {dg(él’ﬂ,; 1)+1J N {d3(4n;5) n 1J

—0(2In+1)-6@3In+1) —6(3In+2)
—0(5n+2,n>8)—d(7|n+3,n>11) —é(11|n + 4, n > 29),

where d;(m) is the number of such divisors of m that are congruent to i modulo
i+ 1. The function  is Dirac delta function.

Remark. If 2 < n < 26, then we have equality in (3).

Corollary 2.2. Ifne N, n > 2, then
1 1
(4) N(n) > id(n -1)+ 5d(2n -1)—1.

Proof. From the inequality %
N(n) > V(n 1)+1J V(zn 1)+ J
2.1.

corollary follows from Theorem

% where x is an integer, we get
> % n—1)+ %d(Zn — 1) — 1. Thus the
U

>
1
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3. THE SUM OF THE NUMBERS OF SOLUTIONS

The function N takes only positive values, hence the average order is the easiest
non-trivial method to determine its behavior. As far as I know, there is no Q-results

for £ 3> N(n) in the literature. The following figure presents the values of the
1<n<lz

% Zl<n§z N(n) for z < 10000.
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Figure 2. The plot of the function % > 1<n<e N(n), where x € (2,10000).

As an easy consequence of the Corollary 2.2, we note the following theorem.

Theorem 3.1. For everye > 0,

(5) lim % Z N(n) = oc.

z—=o0 rlog " x

Proof. By Corollary 2.2, we have N(n) > Z(d(n—1)+d(2n—1))—1 > 1d(n—1)
since d(2n — 1) > 2. Hence

LIS SR S

2 x—00 1-
zlog " x l<m<ue_1

=
| =
-
i\
=
&
%

1
= — lim — d(n)
22— (z —1)log' ™% (x — 1) 19;71
:1 lim - Z d(n) = oo

1—¢
z 1<n<z

since Y. d(n) = zlog(z) + x(2y — 1) + O(\/x), where v = 0,577 is Euler’s
1<n<lz
constant, see [6, Theorem 7.3]. O
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Corollary 3.2. For every e > 0, the sum Y. N(n) dominates zlog' =z
1<n<zx
asymptotically. We have S N(n) = w(zlog'™ z).
l1<n<zx
Proof. This is an immediate consequence of the preceding theorem. For all
k > 0 and sufficiently large z, i.e., x > C 1, where C; ;, depends only on ¢ and k,
we have
Z N(n) > kxlog' * . O

l<n<z
By a modification of the proof of Theorem 3.1, we also show next theorem

Theorem 3.3. The following equality holds true
1
(6) - Z N(n) = Q(logz).

X
l1<n<z

Proof. There is

Z d(n) — (zlogz + x(2y —1))| < vz

1<n<lz

Fe>0Tz0>2Va> 20

since Y. d(n)=zlog(x)+ x(2y — 1) + O(\/7), see [6, Theorem 7.3].
1<n<z
It follows that

Z d(n) > zlog(z) + z(2y — 1) — ez
1<n<lz
for x > xo. Hence,
Z din) > (x—1)log(z —1)+ (z—1)(2y—-1) —cvVa — 1
1<n<z—-1
for z > xo + 1. By Corollary 2.2, for n > 2, we have N(n) > 1d(n—1). Therefore,

LY Nmz g Y dm)

1<n<lz 1<n<z—1
< lez—1log(z—1)
-2 =z log x

i

r—1
1 —(2y—-1) —
g+ 2x (2y ) e 2x

for x > xg + 1. Thus, for sufficiently large =, we have
1 1
- N(n)> =1
LS N> bioga
1<n<zx

and consequently, 2 37, <n<a N(n) = Q(log z), where the constant in the €2 symbol
is effective. O
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4. THE SET F;, OF EXCEPTIONAL VALUES

In this section, we deal with problems involving integers n > 2 such that N(n) = 1.
It is conjectured that if N(n) = 1, then n € FEy = {2,3,4,6,24,114, 174,444},
see [2].

Lemma 4.1. Letn > y1 > ya > -+ > yYm > 2 be natural numbers such that
m>2orm=1, and y; > 3. Let

didy =y1y2 - ymn+ (Y1 + Y2+ + Yym —m = 2)y192 - - Yym + 1,
where dy,ds are natural numbers and dy = —1 (mod y1y2 -+ - Ym ). Then N(n) > 1.

Proof. It dy = —1 (mod y1y2 - - - ym), then also do = —1 (mod y1y2 - - - Ym)-
Therefore, —A+L — and —%2+L  ape natural numbers. We order the elements

D Y1y2 e Ym Y1y2-Ym
of the sequence
di +1 do+1
( ’ y Y1, Y2, -5 Ym, 1717...,1)
Yiyz - Ym Y1Y2 - Ym AR

n—m—2 times

from the greatest to the least and get the sequence (ay,as,...,a,), where
a; > ag > -+- > a, are natural numbers. We use the following equality

diy +1 n dy+1
Y1yz - Ym Y1Y2 - Ym
_ di +1 do +1

Yiyz - Ym  Y1Y2- - Ym

+yty+tyn+1l+14+-+1
—_—

n—m—2 times

.yl.y2'..nyL. 1.1.-.1 s
n—m—2 times
and so the equation above can be rewritten as
ar+az+---+ap =ai-az---ap.
It is easy to see that from n > y; > 3 or n > y; > yo > 2, it follows that
(al,ag,...,an) 7& (n,2,1,1,...,1).
——

n—2 times
Since (a1,as9,...,a,) and (n,2,1,1,...,1) are different solutions of (1), we get
——

n—2 times

N(n) > 1. O

Theorem 4.2. Letn > y; > ya > -+ > yp, > 2 be natural numbers such that
m>2orm=1, andy, > 3. If N(n) =1, then

Yiy2  Ymn+ (Y1 F Y2+t Y —m = 2)y1y2 - Ym + 1
has no divisors congruent to —1 modulo y1ys - - Ym -
Proof. If there exist natural numbers d;, ds such that

didz = y1y2 - Yymn+ (Y1 + Y2+ Y —m = 2)Yy1y2 - Ym + 1
and d; = —1 (mod y1y2 - - - Ym ), then by Lemma 4.1, we get N(n) > 1.
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We obtain a contradiction with assumption that N(n) = 1.
Hence, y19y2 - ymn + (Y1 + Y2 + -+ + Ym — M — 2)y1y2 + - - Ym + 1 has no divisors
congruent to —1 modulo y1y2 -+ Y- O

Using Theorem 4.2, we get a following structural theorem, which shows that
exceptional values are rare.

Theorem 4.3. If N(n) = 1 and n > 8, then all of the following conditions
hold:

1) n—1 is a Sophie Germain prime number,

2) all divisors of 3n+ 1 are congruent to 1 modulo 3,

3) all divisors of 4n + 1 are congruent to 1 modulo 4,

4) all divisors of 4n + 5 are congruent to 1 modulo 4,

5) all divisors of 6n+ 7 are congruent to 1 modulo 6,

6) 8n+ 9 has no divisors congruent to 7 modulo 8,

7) 8n + 17 has no divisors congruent to 7 modulo 8,

8) 8n + 41 has no divisors congruent to 7 modulo 8,

9) 10n + 31 has no divisors congruent to 9 modulo 10,
10) 12n 4+ 25 has no divisors congruent to 11 modulo 12,
11) 12n 4+ 37 has no divisors congruent to 11 modulo 12,
12) 12n 449 has no divisors congruent to 11 modulo 12,

)

27n + 109 has no divisors congruent to 26 modulo 27,
14) 30n + 151 has no divisors congruent to 29 modulo 30.

Proof. For completeness of the proof, we prove here that n — 1 is a Sophie
Germain prime number, for the other proofs see also [7]. We prove this by contra-
diction. Being composite, n — 1 has a divisor d such that 1 < d < +/n — 1. Hence
2<d+1< 21 +1<nanddn—1. Thus,

(n,2,1,1,...,1) # (22 +1,d+1,1,1,...,1).
—— SN——
n—2 times n—2 times
We therefore conclude that (2% + 1,d +1,1,1,...,1) € S*(n), (ie., it is not
——
n—2 times
a typical solution). Therefore, N(n) > 2, a contradiction. The given condition
N(n) =1 is therefore satisfied only by the numbers n such that n — 1 is a prime
number.
Similarly, if we assume that 2n —1 is a composite integer, then 2n — 1 has a divisor
d such that 1 < d < v/2n — 1. Then d and 221 are both odd integers. Hence

d

1(d+1) and (2L + 1) are integers such that 2 < 2(d+1) < 1(22-1 +1) < n.

Finally, we verify that
(322 +1),3(d+1),2,1,1,...,1) € S*(n).
——

n—3 times

Hence, N(n) > 2, which is a contradiction. Therefore, 2n — 1 is a prime number.

1) We have shown that n — 1 and 2(n — 1) + 1 are prime numbers, thus n — 1 is
a Sophie Germain prime number.
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2) In order to prove the second condition, we put m = 1, y; = 3 in Theorem 4.2.
The assumptions of that theorem are satisfied. Hence, 3n + 1 has no divisors
congruent to —1 modulo 3. Thus, all divisors of 3n + 1 are congruent to 1
modulo 3.

By Theorem 4.2, with:

3) m =2,y =2,y2 = 2, we conclude that 4n + 1 has no divisors congruent to
—1 modulo 4. Thus, all divisors of 4n + 1 are congruent to 1 modulo 4.

4) m = 1,y = 4, we conclude that 4n 4+ 5 has no divisors congruent to —1
modulo 4. Thus, all divisors of 4n 4 5 are congruent to 1 modulo 4.

5) m =2, y; = 3,y2 = 2, we conclude that 6n + 7 has no divisors congruent to
—1 modulo 6. Thus, all divisors of 6n + 7 are congruent to 1 modulo 6.

6) m = 3,51 = 2,y2 = 2,y3 = 2, we conclude that 8n + 9 has no divisors
congruent to —1 modulo 8.

7)) m =2,y =4,y2 = 2, we conclude that 8n + 17 has no divisors congruent to
—1 modulo 8.

8) m =1,y = 8, we conclude that 8n + 41 has no divisors congruent to —1
modulo 8.

9) m =2,y =5,y = 2, we conclude that 10n + 31 has no divisors congruent
to —1 modulo 10.

10) m = 3, y1 = 3,y2 = 2,y3 = 2, we conclude that 12n + 25 has no divisors
congruent to —1 modulo 12.

11) m = 2, y1 = 4,y2 = 3, we conclude that 12n + 37 has no divisors congruent
to —1 modulo 12.

12) m = 2, y; = 6,y2 = 2, we conclude that 12n + 49 has no divisors congruent
to —1 modulo 12.

13) m = 3, y1 = 3,y2 = 3,y3 = 3, we conclude that 27n + 109 has no divisors
congruent to —1 modulo 27.

14) m = 3, y1 = 5,y2 = 3,y3 = 2, we conclude that 30n + 151 has no divisors
congruent to —1 modulo 30.

The proof is completed. (]

Remark. If 8 < n < 10883, then the conditions of Theorem 4.3 are also
sufficient for N(n) = 1.

Kurlandchik and Nowicki [4] proved the following: if n > 100 and N(n) = 1,
then the number n is congruent to 0,24, 30,84, 90,114,150, or 174 modulo 210.
This will be improved as follows.

Theorem 4.4. If N(n) =1, n > 8, then n is congruent to 0,24,84,90, 114,150
or 174 modulo 210.

Proof. If n > 8 is of the form either 2k+1 or 3k+1 or 5k+1 or 7Tk+1, then n—1
is not a prime number. This contradicts 1) in Theorem 4.3. If n > 8 is of the form
either 3k+2 or 5k+3 or Tk+4, then 2n—1 is not a prime number. This contradicts
2) in Theorem 4.3. If n is of the form 30k + 12, then 8n + 9 = 15(16k + 7). This
contradicts 6) in Theorem 4.3. If n is of the form 7k + 5, then 8n+9 = 7(8k + 7).
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This contradicts 6) in Theorem 4.3. Thus the number n has one of the forms
210k, 210k+24, 210k+30, 210k 484, 210k+90, 210k +114, 210k 4150, or 210k+174.
If n is of the form 210k 4 30, then 12n + 25 = 35(72k + 11). This contradicts 10)
in Theorem 4.3. The proof of the theorem is thus complete. O

5. THE SETS Fs, F'35 OF EXCEPTIONAL VALUES

We define the following sets of exceptional values of the equal-sum-and-product
problem as

Ey={n:N(n)=2,n>2}, Es={n:N(n)=3,n>2}.
Using a computer program (see also A033178 in [8]), we have shown that
|E5 N [2,10000]| = 49. Namely, if 2 < n < 10* and N(n) = 2, then
n e {7,8,9,10,12,14, 15,16, 18,20, 22, 30, 34, 36, 42, 44,
48,54, 60, 66, 80, 84, 90, 112, 126, 142, 192, 210, 234,
252,258, 330, 350, 354, 440, 594, 654, 714, 720, 780,
966, 1102, 2400, 2820, 4350, 4354, 5274, 6174, 6324 } .

We conjecture that the set Fo N [2,10000] is in fact Fs.
It can be shown also that |E5 N [2,10000]| = 74.

Theorem 5.1. If N(n) = 2, then one of the following two conditions is true:

1. n—1 is a prime and 2n — 1 € {p,p*,p*, pq},
2. 2n — 1 is a prime and n — 1 € {p,p%,p%, pq},

where p,q denote prime numbers.

Proof. By Corollary 2.2, we have two possibilities: n—1 is a prime and d(2n—1) <
4, or 2n — 1 is a prime and d(n — 1) < 4. O

Theorem 5.2. If N(n) = 3, one of the following three conditions is true:
1. n—1 is a prime and d(2n — 1) <6,
2. dn—1), d2n—1) <4,
3. 2n — 1 is a prime and d(n — 1) < 6.

Proof. This is an immediate consequence of Corollary 2.2. (]

Let E<;p = {n : N(n) < k,n > 2}, k > 1. In particular, E<; = Ej,
By = By U By,

[E<k N1 2]

Theorem 5.3. The set E<y has natural density 0, i.e., the ratio
= x

tends to 0 as x — 0o.

Proof. Let Q(m) counts the total number of prime factors of m (without fear of
confusion with notation in (6)). An easy computation shows that Q(m) < d(m)—1
for every natural number m. Let m;(z) = {m : Q(m) =i, 1 < m < a}, ie,
the number of 1 < m < z with ¢ prime factors (not necessarily distinct). By
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Corollary 2.2, we have N(n) > 1d(n — 1). Thus, if n € E<y, then d(n — 1) < 2k
and consequently Q(n — 1) < 2k — 1. Therefore,
2k—1

BanLall < 3 mle—1),
=0
where > 2. Using the sieve of Eratosthenes, one can show that (see [1, p. 75])
1 (Aloglogx + B)'

) <
mi(@) < i log ©
for some constants A, B > 0. There follows that
2k—1 i
0< |[E<k N [1,2]| < B 1 Z .l(Aloglog(x— 1)+ B) .
x z il log (z — 1)

For a fixed k, the right-hand side tends to 0 as  — co. Thus,
li ‘Egkﬂ[lvx”
m —-

T—00 T

=0.
This completes the proof. O

The above theorem implies, that the set E; of exceptional values of the equal-
-sum-and-product problem has zero natural density. It also implies, that the set
Ey ={n: N(n) =k, n > 2} has zero natural density for any fixed k& > 1. This
observation might suggest that the set By = {n : N(n) = k, n > 2} is finite
for any fixed k£ > 1 and the number N(n) — oo as an n — oo, see [9] and [10,
Problem 2].

6. BOUNDS ON NOT-TYPICAL SOLUTIONS OF EQUATION (1).

Kurlandchik and Nowicki showed that if (z1,22,...,2,) € S(n), n > 3, and
Ty > Ty > 0 > Xy, then 29 212, < n—1 (see [4, Theorem 4]). We now
give an upper bound for the sum of the coordinates of a not-typical solution of
equation (1).
Theorem 6.1. Let (n,2,1,1,...,1) # (z1,22,...,2,) € S(n) and n > 2.
—_——

n—2 times
Let k be the number of non-unit elements in (x1,...,x,). If k =2, then
n>5 and T1+x2+ -+ Tpo1+2, < -(n+1).
If k> 3, then

n>2"—k and w1 +ao+-+Tno1+a, <2n+2k— 2k

N W

Proof. We denote z1 =y1 + 1,20 =y2+ 1,..., 2, = yx + 1, where
Y1 > Y2 > -+ 2 yp > 1. We also have 411 = zpyo = -+ = z, = 1. We rewrite
equation (1) in the form

i +yet+-ctyetn=(+ D@2 +1) - (ye +1).
Hence, n > 2¥ — k and k > 2.
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If £k = 2, then y1yo = n — 1, y1 > yo. Note that (y1,y2) # (n — 1,1) since
(n,2,1,...,1) # (x1,22,...,%,). Thus "T’l > yo > 2. Hence, by convexity of the
function f(z) = 2= 4+ 2, 2 > 0, we have

n—1 n—1
y1+y2§7y +y2 <
2

1
Therefore,
3
1+ T+, < i(n—l—l).

The equality holds only if y; = ”T_l7y2 = 2, that is, only when (z1,...,2,) =

(2H,3,1,...,1) and n > 5 is odd.

Let k > 3, then

ntyityet-ctypr— (@ + D@2+ (g1 + 1)

(+D2+1) (-1 +1) -1

Denote (y1 +1)(y2 + 1)+ (ye—1 + 1) = Ly—1, y1 + Y2 + -+ + yp—1 = Sp—1.

We have I,_; > Qk_l, Sp1 >k —1,1,_1 — Sp_1 > k-1 _ (k — 1), since

Y1 > Y2 > -+ > yp—1 > 1. Note that

n A4 Sk—1 — Ix—1
Yk

Yk =

(7) 21 1< —1= <n— (2" —(k-1)).
Therefore

n+ Sg_1 — Ip—
Y ya oyt Yk = Spog +

I —1
n+Sk—1—Ipe1 (Tp—1 — Sp—1 — (281 = (k= 1)) Iy

<

< Sk-1 -1 J

— (2t (k-1
_ kal o (21971 o (k o 1)) + n ( ( ))
Ii1—1
— (21 (k-1
— k=2 (g — 1)+ & ( (k—1)
Ii1—1

n—(2F "1 —(k—1))

By convexity of the function f(z) =z + and inequality (7), we get

n— (21— (k—1))
T — 1

n— (21— (k—1))
2k—1 1

(Ip—1—1)+

SmaX{Zk_l—l—F ,n—|—k—2k_1}.

But 251 —1 + % <n+k— 21 since 2¥ — k < n. Hence,

Yi+ys+ oy +yk <+ 2k — 28,

thus
x1+x2+-~-+mn,1+xn§2n—|—2kz—2k. O

The following corollary holds.
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Corollary 6.2. Let n > 5 and (n,2,1,1,...,1) # (x1,22,...,2,) € S(n).
———

n—2 times

Then
1 +x2+ -+ T+, < 20— 2.

Remark. The inequality 1 + 22+ -+ + z, < 2n when (21, x9,...,2,) € S(n)
was among the problems of the Polish Mathematical Olympiad 1990.

Kurlandchik and Nowicki showed that & < 1 + |logy(n)]. The equality holds,
for example, when n = 2° — s, s > 2, and

(1,22, ., 2n) =(2,2,...,2,1,1,...,1) (see [4, Theorem 7]).
—_—— ——

s times n—s times

7. THE SYSTEM OF EQUATIONS OF THE EQUAL-SUM-PRODUCT PROBLEM

We also consider the generalization of equal-sum-and-product problem (1) to the
cyclic system of equations (we give examples at the end of this paper).

Theorem 7.1. Let > denote the lexicographic order in N™. For any natural
numbers n > 2, k > 1. the system of diophantine equations

T11+Ti2+ -+ Ty =T21T22...Tan
(8) To1+To2+ -+ Ton =231 T32...23n
Tp1+ T2+ +Tppn =21,1"%1,2-..-T1,n,
forallie{1,2,...k}, i1 > 22> > Tin,
(11,12, T10) = (T21, 022,y T2n) = o = (Th1, T2y ooy Thom)s
has only finite number N(n, k) of solutions in positive integers x; ;.
Remark. Note that N(n,k) > N(n,1) = N(n).

In our proof of Theorem 7.1, we use the following lemma.

Lemma 7.2. Let n be a natural number. If x1,x9,...,z, are real numbers,
then the following equality holds
n—1 s n n
9) Z((Hmi—l)(:ﬂsﬂ—l)):Hazi—in—&-n—l.
1 =1 i=1 i=1

Proof. We use induction on n. If n = 1, then the left-hand side sum in (9) is
empty and the right-hand side of (9) is equal 0, hence equation (9) holds.
If n = 2, then equation (9) has the form

(33‘1 — 1)(332 — 1) =T1T2 — (33‘1 + 332) + 1,

hence it is true.
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We now assume that n > 3 and statement (9) holds for n — 1, i.e.,

n—2 n n—1

s=

Thus,
n—1 s
(I )
s=1 i=1
n—1 n—2 s
:( xz—1>(mn—l)+z((Hmz—l>(xs+1—1))
i=1 s=1  4=1
n—1 n—1 n—1
:( xz—l)(xn D+ o= ai+n—2
=1 =1 =1
:Hxi—in—i—n—l
i=1 i=1
which was to be shown. O

Now, we prove Theorem 7.1.

Proof. If we add the equations sidewise in (8), we get

k n k n
§ E Lij = § qu
i=1 j=1 i=1 j=1
This gives

n

Xk:(Hztj_i%‘,g“Fn—l) = k(n—1).

i=1  j=1
Moreover, by (9),

n—1 s

(10) (( H Tij— 1) (Ti,s+1 — 1)) =k(n—1).

i=1 s=1 j=

For given n and k, the number of solutions of equation (10) in positive integers
is bounded above. Therefore, system of equations (8) has only finite number of
solutions in positive integers z; ;. U

8. EXAMPLES

In this section, for the convenience of the reader, we present some systems of
equations of the equal-sum-product problem, including their solutions. System
(11) was among the problems of the XLIX Polish Mathematical Olympiad. The
following statements hold:
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1) If 211 > x1,2, ®2,1 > X22 and 11 > 2,1 are natural numbers such that
. 2 2 5 1
T21- P22 o (Tl Tiao) o : '
1,1 21,2, To1 T22 2 2 3 2

2) If 11 > @12, T2 > X2, 3,1 > T32, and 11 > T > T3 are natural
numbers such that

T11+ 21,2
Ta 1+ X22

T1,1 +T12 = Ta1 - T22 T1,1 T2 2 2
To1 + T22 = X3,1 23,2 then Ta1 T22 = 2 2
3,1+ T32 = T1,1°T1,2, T31 3.2 2 2

) Ifz11>212> 213, Ta1 > Tao > Xa3, and x11 > T2, are natural numbers
such that

(11) { T11+ 212+ 21,3 =221 T22 T23

T21+ X222+ X23 =21,1"T1,2 " T1,3,
then

Z1,1 1,2 1,3 c 811 711 611 321
Z2,1 T22 2.3 521 "\331 ’ 222 "\321 ’

) If 211 >x12>013, To1 >Ta2>Ta3, Ta1>T32 >33 and 11 >Te 1 > T31
are natural numbers such that

T1,1 +T12+ 213 =2T21T22 T23 T1,1 T1,2 T1,3 321
To1 +Xo2+Xog =31 T3 233 then | xo1 oo 203 | =[ 321
3,1 +T32+ X33 =211 21,2213, 3,1 3,2 T3,3 321

5) If w11 > 212 > 13 > T14, T2,1 > T2 > To3 > Tog, and 11 > w2 are
natural numbers such that

T11+ 212 +T13+ 214 =221 T22 T23 T24g
Toq1+X22+2To3+Toga =211 21,2 21,3 1,4,
then

1,1 T1,2 1,3 T1,4 c 11111 9111 4211
21 T2,2 2.3 T2.4 7211 "\4311 '\4211 ’
6) If 211 > 210 > 213 > 14 > X5, T2 > Ta2 > Tz > Tag > Tas, and
21,1 > 2,1 are natural numbers such that

T11+ZT12+ 213+ 214+ T15 =2T21T22 T23 %24 T25s
To1 +T22+To3+ 224+ 225 =211°T12°T1,3° 1,4 T1,5,

then
Tl Tz 13 T14 Ty ) o 41111 111111
21 X222 T23 T24 25 92111 ’ 53111 ’

52111 33111 22211
52111)°\33111)’\22211 ’
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9. PROOF OF THEOREM 2.1

We have the following pairwise disjoint families of pairwise different solutions of
equation (1) in the set N™ :

1) Ai(n)={(22+1,d+1,1,1,...,1): dn—1,d<v/n—1,d € N}.

———
n—2 times
Note that A;(n) C S(n) since 271 +1 > d + 1 > 2. The cardinality of A;(n) is
equal to
Hd:dn—-1,1<d<Vn—1} = [WJ .
2) Ao(n) ={(3(n—1+3(d+1)),5(d+1),2,1,1,...,1):
———
n—3 times
d2n—-1,3<d<+2n-1,d e N}.

If d|2n — 1, then d is an odd number such that dn — 1+ (d + 1). From the
assumption 3 < d < v/2n — 1, we also have é(n -1+ %(d—l— 1)) > %(d—i— 1) > 2.
Therefore, As(n) C S*(n), and A;(n) N Az(n) = 0. The cardinality of As(n) is
equal to

{d: d2n—1,3<d<2n—1}| = {%J ~1.
3) As(n) ={(3(n+3(d+1)),3(d+1),3,1,1,...,1):
———

n—3 times

dl3n+1,d=2 (mod 3),8<d<+3n+1,deN}.

If d|3n+1, d =2 (mod 3), then 3|d+1 and d|n+ % (d+1). From the assumption
8 < d < v3n+1, we also have %(n + £(d + 1)) > %(d + 1) > 3. Therefore,
Asz(n) C S*(n), and the sets Ai(n), As(n), and Az(n) must be pairwise disjoint.
The cardinality of As(n) is equal to

Hd: d|3n+1,d=2 (mod 3),8 <d<+3n+ 1}
- {%J — 523 +1,2<vV3n+1) = 85|30 +1,5< v3n+ 1)
- [%J — 62 +1)—6(5n+2,n>8).

4) Aga(n) ={(3(n+3(d+1)),5(d+1),2,2,1,1,...,1):
—_———
n—4 times
ddn+1,d=3 (mod 4), 7< d < 4n+1, d € N}.
If dl4n+1, d = 3 (mod 4), then 4|d+1 and d|n+ §(d+1). From the assumption
7 < d < VAn+1, we also have 3(n + 1(d + 1)) > %(d + 1) > 2. Therefore,
Az o(n) C 8*(n), and the sets A;(n), Aa(n), As(n), and As2(n) must be pairwise
disjoint. The cardinality of Ay 2(n) is equal to

Hd: dldn+1,d=3 (mod4),7<d<+v4n+ 1}|
= | LU | (34 41,3 < VR 1) = | SUEDEL]  5(3)n + 1)
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since n > 2.
5) Ag(n) = {(g(n+ 1+ 3(d+1)),3(d+1),4,1,1,...,1):
N——

n—3 times

dldn+5,d =3 (mod 4), 15 < d < \4n + 5, d € N}.

If d|4n + 5,d = 3 (mod 4), then 4|/d + 1 and d|n + 1 + 1(d + 1). From the
assumption 15 < d < v/4n +5, we also have S(n+1+ (d+1)) > 1(d+1) > 4.
Therefore, A4(n) C S*(n) ,and the sets A1(n), Az(n), As(n), Az 2(n), and A4 must
be pairwise disjoint. The cardinality of A4(n) is equal to

{d: dl4n+5,d =3 (mod 4), 15 < d < V4n +5}|
= [%J —5(3|4n +5, 3 < VaAn + b)
—6(7|4n +5, 7 < VAn +5) — §(11]4n + 5, 11 < V/4n + 5)
= [%J —6(B3In+2) —6(TIn+3,n>11) — §(11|n + 4, n > 29).

From 1), 2), we obtain N(n) > {%J + WJ — 1. Hence, the first

inequality in Theorem 2.1 holds for N(n). From 1), 2), 3), 4), 5), we obtain (3).
Hence, the second inequality in Theorem 2.1 holds for N(n).
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