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Abstract

Some families of Toeplitz-Hessenberg determinants and permanents, the en-
tries of which are the Mersenne numbers, are under consideration in this paper.
In the course of these studies new identities for the Mersenne numbers have been
discovered.

1 Introduction

A Mersenne number, denoted by Mn, is a number of the form Mn = 2
n − 1, where n

is a nonnegative number. The Mersenne sequence (Mn)n≥0 can be defined recursively
as follows [3]:

M0 = 0, M1 = 1, Mn = 3Mn−1 − 2Mn−2 for n ≥ 2. (1)

The first few terms of the Mersenne sequence (sequence A000225 from [17]) are

0, 1, 3, 7, 15, 31, 63, 127, 255, 511, 1023, 2047, 4095, . . . .

The Mersenne numbers are studied in a lot of courses devoted to the elementary number
theory [1, 6, 8, 11, 16, 18].
A simple calculation shows that ifMn is a prime number, then n is a prime number,

though not all Mn are prime. When Mn is a prime number it is called a Mersenne
prime. The search for Mersenne primes is an active issue in the number theory, com-
binatorics, computer science, coding theory (see, for example, [4, 5, 14, 19], among
others). Mersenne primes lead to prime repunits, meaning repeated units, i.e., num-
bers consisting exclusively of 1’s in any given base system (note that the Mersenne
primes are repunits in the binary number system). Mersenne primes are also notewor-
thy due to their connection with perfect numbers, i.e., the numbers that are equal to
the sum of their proper divisors.
In the mathematical problem Tower of Hanoi, solving a puzzle with an n-disc tower

requires taking Mn steps, assuming no mistakes have been made [9].
As examples of recent works involving the Mersenne numbers and its generaliza-

tions, see, for example, [2, 3, 7, 12, 15, 20]. For instance, Catarino et al. [3] estab-
lished some new identities for the common factors of Mersenne numbers and Jacobsthal
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and Jacobsthal-Lucas numbers, and presented some results with matrices involving
Mersenne numbers such as the generating matrix, tridiagonal matrices and circulant
matrices. Koshy and Gao [12] investigated some divisibility properties of the Cata-
lan numbers with Mersenne numbers Mn as their subscripts. Bravo and Gómes [2]
found all k-Fibonacci numbers which are Mersenne numbers, i.e., k-Fibonacci numbers
that are equal to 1 but less than a power of 2. For more information on classical and
alternative approaches to the Mersenne numbers see [10].

2 Toeplitz-Hessenberg Matrices and Related Formu-
lae

A Toeplitz-Hessenberg matrix is an n× n matrix of the form

An(a0, a1, . . . , an) =


a1 a0 0 · · · 0 0
a2 a1 a0 · · · 0 0

· · · · · · · · · . . . · · · · · ·
an−1 an−2 an−3 · · · a1 a0
an an−1 an−2 · · · a2 a1

 , (2)

where a0 6= 0 and ak 6= 0 for at least one k > 0.
This class of matrices is encountered in various applications (see [13] and the refer-

ences given there).
We expand the determinant det(An) and permanent per(An) according to the first

row repeatedly. Then we obtain the following recurrent formulae for determinants and
permanents of the Toeplitz-Hessenberg matrix (2):

det(An) =

n∑
k=1

(−a0)k−1ak det(An−k), (3)

per(An) =
n∑
k=1

ak−10 akper(An−k), (4)

where, by definition, det(A0) = 1 and per(A0) = 1.
The following results are known as Trudi’s formulae [13].

THEOREM 1. Let n be a positive integer and An be the matrix defined in (1).
Then

det(An) =
∑

t1+2t2+···+ntn=n
(−a0)n−(t1+t2+···+tn)pn(t) at11 a

t2
2 · · · atnn , (5)

per(An) =
∑

t1+2t2+···+ntn=n
a
n−(t1+t2+···+tn)
0 pn(t) a

t1
1 a

t2
2 · · · atnn , (6)

where the summation is over nonnegative integers satisfying t1 + 2t2 + · · · + ntn = n,
and

pn(t) =
(t1 + t2 + · · ·+ tn)!

t1!t2! · · · tn!
is the multinomial coeffi cient.
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3 Determinants and Permanents of the Toeplitz-Hessenberg
Matrices Whose Entries Are Mersenne Numbers

Denote
det(a1, a2, . . . , an) = det (An(1, a1, a2, . . . , an)) ,

per(a1, a2, . . . , an) = per (An(1, a1, a2, . . . , an)) .

PROPOSITION 1. Let Mn be the Mersenne number. For all n ≥ 1, the following
formulae hold:

det(M1,M2, . . . ,Mn) =
i

2

(
(1 + i)n − (1− i)n

)
, (7)

per(M1,M2, . . . ,Mn) =

√
2

4

(
(2 +

√
2)n − (2−

√
2)n
)
, (8)

where i =
√
−1.

PROOF. We prove only formula (8), because the proof of (7) is similar. For sim-
plicity of notation, we write Pn instead per(M1,M2, . . . ,Mn). Thus, we must prove

Pn = per


M1 1 · · · 0 0
M2 M1 · · · 0 0

· · · · · · . . . · · · · · ·
Mn−1 Mn−2 · · · M1 1
Mn Mn−1 · · · M2 M1

 =
√
2

4

(
(2 +

√
2)n − (2−

√
2)n
)
.

We use induction on n. For n = 1 formula (8) holds. Suppose that assertion holds
for all k ≤ n− 1 and proof its validity for n. From (4), using (1), we have

Pn =

n∑
k=1

MkPn−k =M1Pn−1 +

n∑
k=2

(3Mk−1 − 2Mk−2)Pn−k

= Pn−1 + 3

n∑
k=2

Mk−1Pn−k − 2
n∑
k=3

Mk−2Pn−k

= Pn−1 + 3

n−1∑
k=1

MkPn−k−1 − 2
n−2∑
k=1

MkPn−k−2

= Pn−1 + 3Pn−1 − 2Pn−2 = 4Pn−1 − 2Pn−2

= 4 ·
√
2

4

(
(2 +

√
2)n−1 − (2−

√
2)n−1

)
− 2 ·

√
2

4

(
(2 +

√
2)n−2 − (2−

√
2)n−2

)
=

√
2

4

(
(2 +

√
2)n − (2−

√
2)n
)
.

Therefore, (8) holds for all positive integers.
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We also derive several other formulae for determinants and permanents of Toeplitz-
Hessenberg matrix whose entries are the sequential Mersenne numbers and Mersenne
numbers with even or odd subscripts.

PROPOSITION 2. Let Mn be the Mersenne number. For all n ≥ 1, the following
formulae hold:

det(M2,M4, . . . ,M2n) =

√
3

4

(
(
√
3 + 1)2n − (

√
3− 1)2n

)
, (9)

per(M2,M4, . . . ,M2n) =


0 if n = 3k,

−6 · 8n−1 if n = 3k − 1,
3 · 8n + 5 · δn1

8
if n = 3k − 2,

(10)

det(M3,M5, . . . ,M2n+1) = 9 · 2n−1 − 2 · δn1, (11)

det(M2,M3, . . . ,Mn+1) =

{
4− n if n = 1 and n = 2,

0 if n ≥ 3,
(12)

where δn1 is the Kronecker symbol.

PROOF. We prove only (11). About the other identities in this proposition, we
have decided to omit its proof here because they can be easily proved. To simplify the
notation, we write Dn instead det(M3,M5, . . . ,M2n+1). Thus, we must prove

Dn = det


M3 1 · · · 0 0
M5 M3 · · · 0 0

· · · · · · . . . · · · · · ·
M2n−1 M2n−3 · · · M3 1
M2n+1 M2n−1 · · · M5 M3

 =
9

2
· 2n − 2 · δn1.

We use induction on n. For n = 1 the identity is trivial. Assuming (11) to hold for
k ≤ n− 1, we proved it for n. Using (3) and (1), we get

Dn =

n∑
k=1

(−1)k−1M2k+1Dn−k

=
9

2
· 2n

(
2

n−2∑
k=1

(−1)k−12k −
n−2∑
k=1

(−1)k−12−k
)
+
3

2
(−1)n22n − 6(−1)n

=
9

2
· 2n

(
4 · 1− (−2)

n−2

1 + 2
− 1
2
·
1−

(
− 12
)n−2

1 + 1
2

)
+
3

2
(−1)n22n − 6(−1)n

=
9

2
· 2n

(
1− 1

3
(−1)n2n + 4

3
(−1)n2−n

)
+
3

2
(−1)n22n − 6(−1)n

=
9

2
· 2n − 3

2
(−1)n22n + 6(−1)n + 3

2
(−1)n22n − 6(−1)n = 9 · 2n−1.

Therefore, (11) holds for all positive integers.
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4 Main Formulae

Using (5) for determinants in (7), (9), (11), (12), and using (6) for permanents in (8),
(10), we obtain the following Mersenne identities.

PROPOSITION 3. Let Mn be the Mersenne number. For all n ≥ 1, the following
formulae hold:∑

t1+2t2+···+ntn=n
(−1)n−T pn(t)M t1

1 M
t2
2 · · ·M tn

n =
i

2

(
(1 + i)n − (1− i)n

)
,

∑
t1+2t2+···+ntn=n

pn(t)M
t1
1 M

t2
2 · · ·M tn

n =

√
2

4

(
(2 +

√
2)n − (2−

√
2)n
)
,

∑
t1+2t2+···+ntn=n

(−1)n−T pn(t)M t1
2 M

t2
4 · · ·M

tn
2n =

√
3

4

(
(
√
3 + 1)2n − (

√
3− 1)2n

)
,

∑
t1+2t2+···+ntn=n

pn(t)M
t1
2 M

t2
4 · · ·M

tn
2n =


0 if n = 3k,

−6 · 8n−1 if n = 3k − 1,
3 · 8n + 5 · δn1

8
if n = 3k − 2,∑

t1+2t2+···+ntn=n
(−1)n−T pn(t)M t1

3 M
t2
5 · · ·M

tn
2n+1 = 9 · 2n−1 − 2 · δn1,

∑
t1+2t2+···+ntn=n

pn(t)M
t1
2 M

t2
3 · · ·M

tn
n+1 =

{
4− n if n = 1 and n = 2,

0 if n ≥ 3,

where the summation is over nonnegative integers satisfying

t1 + 2t2 + · · ·+ ntn = n, T = t1 + t2 + · · ·+ tn, pn(t) =
(t1 + t2 + · · ·+ tn)!

t1!t2! · · · tn!
,

and δn1 is the Kronecker symbol.

Acknowledgment. The author would like to thank the anonymous referees for
valuable comments and suggestions that improved the original version of the article.

References

[1] D. M. Burton, Elementary Number Theory, McGraw-Hill, New York, 2010.

[2] J. J. Bravo and C. A. Gómez, Mersenne k-Fibonacci numbers, Glas. Mat.,
51(2016), 307—319.

[3] P. Catarino, H. Campos and P. Vasco, On the Mersenne sequence, Ann. Math.
Inform., 46(2016), 37—53.



T. Goy 105

[4] W. Du, B. Shen and Y. Zhang, Research on the distribution of Mersenne primes
based on Zhou’s conjecture, Stud. Math. Sci., 8(2014), 13—20.

[5] G. Everest, S. Stevens, D. Tamsett and T. Ward, Primes generated by recurrence
sequences, Am. Math. Mon., 114(2007), 417—431.

[6] B. Fine and G. Rosenberger, Number Theory: an Introduction via the Distribution
of Primes, Birkhäuser, Boston, 2007.

[7] K. Ford, F. Luca and I. E. Shparlinski, On the largest prime factor of the Mersenne
numbers, B. Aust. Math. Soc., 79(2009), 455—463.

[8] G. H. Hardy and E. M. Wright, An Introduction to the Theory of Numbers, Oxford
University Press, Oxford, 2008.

[9] A. M. Hinz, S. Klavz̆ar, U. Milutinovíc and C. Petr, The Tower of Hanoi-Myths
and Maths, Birkhäuser, Basel, 2013.

[10] J. H. Jaroma and K. N. Reddy, Classical and alternative approaches to the
Mersenne and Fermat numbers, Am. Math. Mon., 114(2007), 677—687.

[11] T. Koshy, Elementary Number Theory with Applications, Academic Press,
Burlington, 2007.

[12] T. Koshy and Z. Gao, Catalan numbers with Mersenne subscripts, Math. Scientist,
38(2013), 86—91.

[13] M. Merca, A note on the determinant of a Toeplitz-Hessenberg matrix, Spec.
Matrices, 1(2013), 10—16.

[14] A. Mitra, A new class of pseudo-random sequences from Mersenne numbers, Int.
J. Inform. Coding Theory, 1(2009), 119—127.

[15] L. Murata and C. Pomerance, On the largest prime factor of a Mersenne number,
Number theory, CRM Proc. Lecture Notes, 36, Amer. Math. Soc., (2004), 209—218.

[16] M. Schroeder, Number Theory in Science and Communication: With Applications
in Cryptography, Physics, Digital Information, Computing, and Self-Similarity,
Springer-Verlag, Berlin, 2009.

[17] N. J. A. Sloane, The On-Line Encyclopedia of Integer Sequences, Published elec-
tronically at http://oeis.org.

[18] W. Stein, Elementary Number Theory: Primes, Congruences, and Secrets: A
Computational Approach, Springer, New York, 2009.

[19] N. N. D. Quan, Carlitz module analogues of Mersenne primes, Wieferich primes,
and certain prime elements in cyclotomic function fields, J. Number Theory,
145(2014), 181—193.

[20] R. Zatorsky and T. Goy, Parapermanents of triangular matrices and some general
theorems on number sequences, J. Integer Seq., 19(2016), Article 16.2.2, 23 pp.


