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We suggest an approach for the enumeration of minimal permutations having d descents which uses skew Young
tableaux. We succeed in finding a general expression for the number of such permutations in terms of (several) sums
of determinants. We then generalize the class of skew Young tableaux under consideration; this allows in particular
to recover a formula for Eulerian numbers which is a direct consequence of a result of MacMahon.
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1 Introduction

This article deals with minimal permutations with d descents (also called d-minimal permutations
here). This family of permutations has been introduced in [BoRo] in the study of the whole genome
duplication-random loss model of genome rearrangement. In this context, genomes are represented by
permutations, and minimal permutations with d = 2P descents are the basis of excluded patterns that
describes the class of permutations that can be obtained from the identity with cost at most p.

In order to describe properties of this class of permutations, its basis has been studied, and the first
natural question to address is to count how many excluded patterns it contains. In [BP] some partial
results on the enumeration of minimal permutations with d descents have been obtained: namely, minimal
permutations with d descents and of size n have been enumerated by closed formulas, forn = d+1,d+2
and 2d (d + 1 and 2d being lower and upper bounds for the size of a minimal permutation with d descents
— see [BP]). In [MY]], further results on the enumeration of minimal permutations with d descents have
been obtained using multivariate generating functions, allowing in particular to derive a closed formula
enumerating those of size 2d — 1 as well as some asymptotic results.

In this work we offer an alternative approach for the enumeration of minimal permutations with d
descents, making extensive use of a bijection between these permutations and a family of skew Young
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tableaux. This gives a general formula for the number pg ¢ of minimal permutations with d descents
and of size d + k, as a sum of determinants of matrices (Theorem {4.2)). Its specialization for £ = 1,2 and
d allows to recover the expressions of pyy1 4, Pa+2,4 and paq,q given in [BP]. When specializing it for
k = 3, we also obtain a closed formula for p,43 4 (Theorem @ Moreover, an analysis of the general
form of the formula for pg 1 4 allows us to find an explicit expression also in the case k = 4. Finally, the
family of skew Young tableaux under consideration has a natural generalization which is investigated in
Section[3]

In closing this introduction, we remark that the interest in d-minimal permutations is very lively
nowadays, as witnessed by the contemporary research paper [CGM]], in which the authors consider the
problem of enumerating d-minimal permutations in connection with skew Young tableaux. We wish to
point out that our work partially overlaps with [CGM]|, where the authors independently prove one of the
main theorem of our work.

2 Preliminary definitions and results

For any integer n, S,, denotes the set of permutations of [n] = {1,2,...,n}. A permutation o € S,
will be represented either by the word o (1) ...o(n) or by the n x n grid, where a cell contains a dot if
and only if it is at coordinates (i, (4)) for some i € [n].

The pattern containment order on permutations [P] is defined as follows. A permutation 7 € S is
contained in (or is a pattern of) o € S,, when there exist integers 1 < i; < ... < i < n such that 7 and
o(i1) ...o(ix) are order-isomorphic sequences, i.e. they are such that 7(¢) < w(m) < (i) < o(im)
for all £,m € [k].

A descent in a permutation o € S,, is an integer ¢ € [n — 1] such that (¢) > o(i + 1). Similarly, an
ascent is an integer ¢ € [n — 1] such that o(i) < (i + 1).

A minimal permutation with d descents, or d-minimal permutation, of length n is a permutation of
Sy, that is minimal in the sense of the pattern-containment relation for the property of having d descents.
In other words, it is a permutation with d descents such that, when removing any of its entries and suitably
renaming the remaining elements, the resulting permutation of S,,_; has d — 1 descents. For instance (see
Figure E]) the permutation ¢ = 1412931351510621 11874 is minimal with 11 descents, as it has
exactly 11 descents and every permutation it contains as a pattern has at most 10 descents.

In [BP], minimal permutations with d descents have been characterized as follows:

Theorem 2.1 A permutation o is minimal with d descents if and only if it has exactly d descents and its
ascents i satisfy the “diamond property”, i.e. are suchthat2 < i <n—2and o(i—1)o(i)o(i+1)o(i+2)
forms an occurrence of either the pattern 2143 or the pattern 3142.

As explained in [BP], this characterization allows to represent d-minimal permutations by means of
certain labelled posets. These posets, labelled with the integers from 1 to n, are made of chains somehow
linked by diamond-shaped structures (corresponding to the ascents of the permutation). Figure |1| shows
an example of this one-to-one correspondence. Notice that each of these labelled posets represents a
unique d-minimal permutation, whereas the underlying unlabelled poset can be seen as representing a set
of d-minimal permutations (those that are in correspondence with a legal labelling of the poset).

Posets and labelled posets in these families are in one-to-one correspondence with skew Ferrers dia-
grams and skew Young tableaux having special properties. These combinatorial objects have been widely
studied in the literature, in particular from an enumerative point of view (see, for instance, the recent
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Fig. 1: The 11-minimal permutation o = 1412931351510621 11 874, and the corresponding poset.

paper [BaRol). In the following sections, we explicitly describe the correspondence between unlabelled
(resp. labelled) posets and skew Ferrers diagrams (resp. skew Young tableaux), as well as some enumer-
ative results on these objects, and how they can be used for our purposes.

3 Connection with skew Young tableaux

In order to explain how the poset representation of d-minimal permutations described in the previ-
ous section can be conveniently interpreted by using skew Young tableaux, we first need to recall some
definitions.

A partition of an integer n is a sequence of positive integers A\ = (A1, ..., A\g) such that \; > X\;11
forl <i<k—1land Zle A; = n. The integer n is called the size of the partition, and we write n = |A|.
The number of parts & will be denoted by k = ¢(\) (this is also called the length of ).

A partition A = (A, ..., A\g) can be represented by its Ferrers diagram, which is obtained by draw-
ing k rows of contiguous unit cells, from top to bottom, such that row ¢ contains \; cells, and with the first
cells of these k& rows vertically aligned. An example is shown in Figure [2| We will also denote by A the
Ferrers diagram associated with the partition \. The size |\| obviously corresponds to the number of cells
of the Ferrers diagram, and the number of rows is given by £(\).

For our purposes, a Young tableau is a filling of a Ferrers diagram A using distinct positive integers
from 1 to n = ||, with the property that the values are (strictly) decreasing along each row and each col-
umn of the Ferrers shape. This constitutes a slight deviation from the classical definition, which requires
the word “increasing” instead of the word “decreasing”. However, it is clear that all the properties and
results on (classical) Young tableaux can be translated into our setting by simply replacing the total order
“<” by the total order “>" on N. In Figure a Young tableau of shape A = (8,6, 3,3,2, 1) is shown. As
for Ferrers diagrams, the size of a Young tableau is given by the number of its cells.
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Fig. 2: The Ferrers diagram associated with the partition A = (8,6, 3, 3,2, 1), and a Young tableau on this shape.

The main definition we need in our work is that of a skew Young tableau. The definition can be given
exactly as for a Young tableau, with the only difference that the underlying shape consists of a Ferrers
diagram A with a Ferrers diagram p removed (starting from the top-left corner). Such a skew shape
is usually denoted \/u. We refer the reader to [St] for the formal definition and some important facts
concerning the enumeration of skew Young tableaux. In Figure [3]a skew Young tableau of skew shape
(8,6,3,3,2,1)/(3,2,2,1) is depicted. As before, the size of a skew Young tableau denotes its number of
cells.

| ] 14/11[6 4] 2]
15[12] 9 [ 5
13
813
10] 7

Fig. 3: The skew shape (8,6, 3,3,2,1)/(3,2,2, 1), and a skew Young tableau on this shape.

As announced at the beginning of the present section, we can translate the poset representation of a
d-minimal permutation into a suitable skew Young tableau.

Proposition 3.1 The set of d-minimal permutations of length d + k is in bijection with the set of skew
Young tableaux whose skew shapes A/ satisfy |\/ | = d + k and have k rows such that two consecutive
rows have precisely two columns in common.

Proof: A d-minimal permutation of length d+ k consists of k£ descending runs and, denoting with a, b, ¢, d
four consecutive elements such that a,b and c, d belong to different descending runs, then necessarily
a>b,c>d a<candb < d (see Theorem . Then, starting from a d-minimal permutation 7 of
length d 4 k, one can construct a skew Young tableau as follows: starting from the bottom, the ¢-th row of
the tableau consists of the elements of the i-th descending run of 7; moreover two consecutive rows are
required to have exactly two columns in common. The resulting tableau is a skew Young due to the above
recalled diamond property of d-minimal permutations. O
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In Figure [ the skew Young tableau determined by the permutation whose poset representation is
given in Figure[I]is shown.

| ] 11)8]7]4]
15/10[ 6 [2[1
13 5
L] [14[12] 9

Fig. 4: The skew shape corresponding to the underlying unlabelled poset of Figure[l] and the skew Young tableau
corresponding to the permutation o of Figure/[T}

Example. For k = 2 and d = 4, the set of 4-minimal permutations of length 6 is in bijection with the set
consisting of all skew Young tableaux of one of the following skew shapes:

o (4,2)/0,ie. Hﬂjj

(4,3)/(1), ie. EEEP
o (4,4)/(2), ie. [IL—_EE
There are 9, 14 and 9 skew Young tableaux of these shapes, respectively, giving a total of 32 4-

minimal permutations of length 6.

Remarks. Let 7 be a d-minimal permutation and suppose it has k descending runs. Obviously this means
that 7 has k — 1 ascents and that || = d 4 k. Moreover, suppose that A/ is the skew shape associated
with 7. Recall that £(\) and ¢() denote the number of rows of A and p respectively. Finally, let £; be the
length of the i-th descending run of 7. Some straightforward consequences of the above bijection are the
following:

1. The skew shape associated with 7 is connected.
2. L(N\) =k.

k—it+1 )
3. Set A = ()\17>\2,...)\k).Then Y :ijl (j —2(]{?—2).

4. ¢(u) < () and, more precisely, £(u) = (£(\) — 1) — #(starting descending runs of length 2 in 7).

5. Set pp = (p1, pi2, - - - pix). Then pu; = iy — 2.
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4 Some enumerative results

The main goal of the present section is to enumerate d-minimal permutations of length n, with
d+1 < n < 2d. A general result in this direction can be obtained by considering the above described
bijection with skew Young tableaux. In particular, a classical result due to Aitken is our starting point.

Theorem 4.1 ([Al]) Let \/ 11 be a skew shape, with |\/j| = N and £(\) = n. Then, the number f'* of
skew Young tableaux of shape \/ i is

1
A/”:N!det( — ) . (D
! N —pj =i+ i

Formula can be deduced from the well known Jacobi-Trudi identity, as shown, for instance,
in [St2]. Moreover, in such a formula the entry (¢, j) of the considered matrix is intended to be 0 if the
expression \; — p; — i + j is negative.

The main result of this section is essentially a corollary of Theorem in the case in which the
skew shape \/u has the properties of Proposition

Theorem 4.2 Denote by pq. 1,4 the number of d-minimal permutations of length d + k (so that 1 < k <
d). Then

Ddthd = > (d+k)! - det(A(ay,. .., az)),

ay,ag,..., ap>2
al+tag+--+ap=d+k

where A(aq, ..., ay) is the following matrix:
1 1 1 o . . [ S
ay! (a1+6i2—1)! (a1+a21&-a3—2)! (a1+--~+111k—k+1)!
) .
Xaz=2 1 as!
O Xa3:2 1
0 0 Xa4:2
. . 0
1
(ag—2+ar_1+ar—2)!
1
(ak—l"!iak_l)!
0 0 Xap,—2 1 L

Here x p denotes the characteristic function of the property P (i.e., xp = 1 when P is true and xp = 0
otherwise). In other words, A(a1,...,ax) is the k X k matrix whose entries a; ; obey the following



On the enumeration of d-minimal permutations 39

equalities:
1 . .
Qi = Gt Fa i ) when ¢ < j,
aii—1 = 1,
Aii—2 = Xa;_1=2
a;; = 0, wheni > j + 2.

Proof: Theorem[.1]ensures that

1
= '
m

where the sum is over all skew shapes A/ of size d + k having k rows and such that two consecutive
rows have exactly two columns in common.

For such a skew shape \/pu, let us define the sequence a = (a1,as,...,ax) by a; = A\; — 4,
1 < i < k. The sequence «a is such that ay,a9,...,ar > 2and a1 + as + --- + ax, = d + k. From
the remark at the end of the previous section, we additionally have that py; = 0 (point 4.) and that
i = Aiy1 —2foralll < ¢ < k—1(point 5.). It is now a trivial matter to check that the sequence

a = (a1, as,...,a;) completely and uniquely determines A/x. Hence, the sum in the above formula can
be taken over sequences a = (ay, as, ..., ag)suchthatay,as,...,ax > 2and a; +ag+---+ar = d+k.
In what follows, we give expressions for the entries a; ; = m in terms of (a1, as, . .., ax).
If ¢ < j, then, by Theorem a;; = (e = Due to the remarks stated at the end of the

previous section, we have:
ai+ai+1+...+aj = ()\17#1)+(A1+17M1+1)+(/\j 7[14]') :>\17‘LL]+2(]71)

This yields for the denominator of the above fraction the following expression (leaving aside the
factorial):
N—pj—i+j=a;+a41+...+a;+i—7j,
as desired.
If j =< — 1, then we have immediately:
1 1
Q; ;1 = = =
LT N — =1 2= 1)
Concerning the case j = ¢—2, since p;—1 = A\; —2and p;—o > p;—1, we observe that A, — ;o < 2,
and that the equality holds precisely when p; 1 = p;_o, i.e. when a; = A\;_1 — p;—1 = 2. Thus we get:

1.

1
)\i—/uLi,Q—Z‘-i-i—Q

Qi 5—2 = ( )! = Xa;_1=2-

Finally, if 7 > j + 2, then the denominator of a; ; is easily seen to be negative, hence a; ; = 0. O

From a theoretical point of view, Theorem [4.2] completely solves the problem of the enumeration of
d-minimal permutations with respect to their length, giving a formula for pg 1 4. Unfortunately, it is clear
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that such a formula is very difficult to use in concrete cases, due to its intrinsic complexity. However, using
our result we are able to recover some known cases (namely k = 1,2, d), as well as to get a formula for
the case k = 3 (that is, d-minimal permutations of length d + 3), which was first discovered in [MY]] with
different methods in terms of generating functions. Moreover, essentially by inspection of the formula
found in Theorem .2] we also describe the general form of a formula for p 1,4 and specialize it to a
closed form when k = 4.

We start by collecting in a single theorem the known cases k& = 1,2, d, showing how they can be
derived from Theorem [£.2]

Theorem 4.3 ([BP)]) The following equalities hold:

Pd+1,da = 17
Pat2a = 29— (d+1)(d+2) -2,
p2aa = Ca,
where we denote by Cy = %ﬂ (Qj) the d-th Catalan number.

Proof: When k& = 1, the formula of Theorem[4.2] becomes completely trivial:
) || =
Pd+1,d = : (d+1)! =

In the case k = 2, we have a single sum where a 2 x 2 determinant appears:

b ()

as! a=2

Pd+2,d = Z (d+2)!-

ay,ap>2
aj+ag=d+2

292 _2(d+3) = (d—1)(d+2) =292 —2 — (d + 1)(d + 2).

If k = d, the formula of Theorem gives a determinantal expression of pag 4:

11 1 1 1 1

21 31 1 B G (@)
SR

Ty oy .

L1 g g @

poga=(2d)-] 0 1 1 5 3 @2
00 1 1 2 s

0 0 0 0 0 1

From Theorem4.1] it can be seen that this determinant counts Young tableaux of rectangular shape having
d rows and 2 columns, which are counted by Catalan numbers (see [St2])). O

Notice that there are several ways to recover the equality paqq = Cq4. Indeed, the fact that pag 4
counts Young tableaux of rectangular shape having d rows and 2 columns is also clear from Proposi-
tion [3;1'], and another combinatorial proof of paq 4 = Cg is given in [BP]. Also, as pointed out to the
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authors by Krattenthaler, the equality between the determinant in the proof of Theorem [4.3] and the d-th
Catalan number can be obtained by letting ¢ tend to 1, A tend to oo and L; = 2 — ¢ in formula (3.12)
of [KI.

We next proceed with the evaluation of py3 4.

Theorem 4.4 The following equality holds:

; 1 5
Parza =33 — (& +4d+7) - 2972 ¢ 5d4 + 5d?’ +5d% + 6d + 1.

Proof: Applying Theorem[4.2)in the case k = 3, we obtain:

1 1 1
al (a+b—1)! (d+1)!
Parsa= », (d+3)-| 1 5 (b+c}1)! |
atb i Xb=2 1 El

Expanding the determinant and grouping the terms where x;—2 appears, we then obtain:

Parsa= Y ((d+3)!+(d+2)(d+3)_ (d+3)!  (d+3)! )

=, aldble! alb+c—1! ca+b-1)!
a+b+c= d+3
d+3)! d+2)(d+3
+ Z ( (1 [ ) 0 ( )2( )>’
e (a4 1)(c+1)!
a+c=d+1

and we compute a closed form for each of the six sums appearing above.
It is readily checked that

(d+2)(d+3)(d—1)(d—-2)

> (d+2)(d+3) = ;
a,b,c>2
a+b+c=d+3
(d+2)(d+3) (d+2)(d+3)(d—2)
and Z 5 = 5 .
a,c>2
ate=d+1
d+3)! d+3)! .
For the terms > ﬁ = > %, we may write:
a,b,c>2 a,b,c>2
a+b+c=d+3 a+b+c=d+3
d—1d+1l—a d—1
(d+3)! (d+3)! (d+3)!
A ) L = d—a)———" 120"
abzm al(b+ec~ Z ZJ al(d+2—a)! ;2( Va2 —a)
a+b+c=d+3
d+3dZ (d+2)! —(d+2)(d+3)§ (d+1)!
—al(d+2—a) —la-Did+1—(a-1)
=d(d+3) <2d+2 —2-2(d+2)— (d+2)2(d+1)>

A+ 2)(d+3) (2‘”1 o (d+1)— d(d; ”)

= (d+3) (zd“(d—z) —d(d+1) +6).
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The two remaining sums are handled using the fact that binomial (resp. trinomial) coefficients count set
partitions of a set into 2 (resp. 3) disjoint subsets. Namely, denoting the disjoint union by &, we have:

(d+ 3)! _ (d+3)!
Z (a+1)!(c+1)!_ Z ale!

a,c>2 a,c>3
a+c=d+1 atc=d+3
= Z X|11>3 * X|J|>3
IwJ=[d+3]
= Y (=x<s) (1= xp<s)
TwJ=[d+3]
= Z 1 - 2 Z X<z + Z X|11<3 * X|J|<3
TwJ=[d+3] TwJ=[d+3] T9J=[d+3]
2
:2d+3—2<1+(d+3)+%) assoonasd>1

and

Z (Ci;br!j!)! = Z (1= xi11<2) - (L = xj71<2) - (1 = x1x)<2)

a,b,c>2 TwJWwK=[d+3]

a+bte=d+3
Z I - 3 Z X|1|<2

TwJWK=[d+3] TWJWK =[d+3]
+ 3 Z XiIl<2 " X|J|<2 — Z X|I1<2 * X[J]<2 * X|K|<2
TWJWK =[d+3] TWJWK =[d+3]
=3 _ 3 Do+ @d+3)- Y1
JWK =[d+3] JYK=[d+2]
+ 3(1+2(d+3)+ (d+3)(d+2)) since d > 0

_g3dt3 _g (2d+3 T (d+ 3)2d+2) +3(1+ (d+3)(d+4)).

The closed formula for pg43 4 is then simply obtained by summing up the contributions of these 6
terms. |

Table shows the first few terms of the sequence (pg+3,q)d-

d|3| 4 ) 6 7 8 9
Dd+3,d | O | 84 | 686 | 3936 | 18387 | 75372 | 283052

Tab. 1: The first few terms of the sequence (pa+3,4)d
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We close the section with the evaluation of pg44 4.

We start by observing that the formula in Theorem suggests that pg4x 4 i a linear combination
of suitable powers of 4, for : = 1, ... k, with polynomial coefficients. Specifically, we have an expression
of the form

Parka =k + PO (@) - (k- 1) 4 PP (d) - (k- 2)7F o PP (@) 10 ()
where the B(k) (d)’s are polynomials of suitable degrees. In particular, when k = 4, we get
Pdrad = 4d+4 + P1(4) (d) . 3d+4 + P2(4) (d) . 2d+4 + P?S4) (d) . 1d+4.

In this case we can be more precise: we expand the generic determinant in Theorem {.2] and find
an upper bound on the contribution of each term to the degrees of the PZ-(4) (d)’s, namely deg P1(4) (d) <

2, deg P2(4) (d) < 4,deg P?f4) (d) < 6. Thus, using our formula (and suitable software, such as Maple) to
compute the first values of pg44,4, we can write a linear system whose indeterminates are the coefficients

of the Pi(4) (d)’s. Solving such a system (again using Maple), we finally obtain the following:
Theorem 4.5 Foralld > 1,

1 7
Paraa = 49T — (d* + 5d +10)34H3 + <2d4 + §d3 +10d? + 16d + 4) 2d+2

4
3

1 1 1 19
— | 2d+ &P+ d + o — o — —d+ 4.
( G +d°+ + 3 3 3 +
Our analysis of the case £ = 4 should clearly show that an analogous derivation of the term pg4s 4,
and of all the subsequent ones, could be carried on, at least in principle. The problem of suitably organiz-

ing the many expressions arising actually prevents from doing it in practice.

5 A generalization

The main motivation of the present paper is the study of d-minimal permutations and, in particular,
their enumeration. Our approach is based on a bijection between the set of d-minimal permutations and a
special class of skew Young tableaux, namely those in which every pair of consecutive rows has precisely
two columns in common. Denote by SkY T5(n, k) this set of tableaux, n being the number of cells and k
the number of rows. We can generalize this setting in a very natural way, by defining the set SkY T}, (n, k)
of skew Young tableaux having n cells and k rows such that any two consecutive rows have precisely
h > 1 columns in common. In this final section we wish to relate these tableaux with some families of
permutations, as well as to describe some enumerative results for low values of h.

Our first result is a generalization of Theorem 3.1
Theorem 5.1 The set SkY Ty (d + k, k) is in bijection with the set of permutations w of length d + k
having exactly d descents and satisfying the following property (call it DE Sy (7)):
for every i < h — 1, by deleting i elements of

DES}(m) § and renaming the remaining ones in the usual way,

the resulting permutation T has precisely d — i descents.
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Proof: Denote by S((i'jr)k(d) the set of permutations 7 of length d 4+ k having precisely d descents and

satisfying DESy, (7). Define a map f : ng_)k(d) — SkYT,(d + k, k) by suitably generalizing the one
given in Proposition [3.1} starting from the bottom, the i-th row of the tableau consists of the elements of
the ¢-th descending run of 7, and two consecutive rows are required to have exactly i columns in common.
We claim that this map is well-defined. Indeed suppose, by way of contradiction, that in f(7) there is a
column in which a is above b and a < b. Without loss of generality, we can assume that ¢ is in the cell
immediately above b. Then, removing the h — 1 entries of 7 preceding a, following b and belonging to the
columns common to the rows of a and b, we obtain a permutation 7 having d — h + 2 descents, as shown
in Figure Hence, 7 does not satisfy DES), (). The fact that f is injective and surjective is trivial, and

follows directly from its definition. O
h — 1 points
[ J
N \
\\ \
AN \
A \
\
h cells \
b & \
- .
a \ See S
\ -
e a
b R
A\
A\
A\ \
\
\
\
([

Fig. 5: Proof of Theorem[5.1] The gray area corresponds to the & — 1 points removed in the proof.

It is clear that, when h = 2, we get precisely Theorem [3.1] since the resulting class of permutations
is that of d-minimal permutations.

We also have a characterization of the above classes of permutations in terms of patterns, which
follows quite easily from the above theorem, and so will be stated without proof.

Theorem 5.2 A permutation o belongs to S’C(li)k(d), for some k, if and only if it has exactly d descents
and its ascents occur in the middle of a consecutive pattern of the form m = m1mo, where ™ and 7o are
words of the same length h, both decreasing and ™, < Ty componentwise.

Having introduced this generalized setting, it is natural to ask what happens when h < 2.

If h = 1, what we obtain is the class of permutations having exactly d descents. It is well known
that the number of permutations of length » having d descents is given by the Eulerian number A, 4 (se-
quence A008292 in [S1]). Using our approach, we find the following determinant expression for Eulerian
numbers:

Adgira = > (d+k)! - det(B(ay, .. .,ax)),
aj,ag,...,ap>1
aj+tagt-tap=d+k
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where B(aq,...,a) is the following matrix:
1 1 1 . 1 1
ar! (al'fiaz)! (a1+a12+a3)! (a1+»--;rak,1)! (a1+-~1»+ak)l
1 as! (azﬁaz)! o (a2+"'irak—1)! (0«2+“1'+ak)1
0 1 a! 0 TlastFar—)! (aztotar)!
) . .
. 1 1
0 0 o ’ ak—1! (ax—1+ag)!
0 0 0 e 1 %
k-t
In other words, B(ay, ..., a) is the k x k matrix whose entries b; ; obey the following equalities:
b 1 heni < j
; = — when ¢ ,
2,7 (ai+"'+aj)!7 =)
biji—1 = 1,
bi; = 0, when ¢ > j + 2.

The above formula for Eulerian numbers comes as no surprise. Indeed, it can be seen as a conse-
quence of Example 2.2.4 in [St1]], where it is shown that each of the above summands counts permutations
of length d + k having specified descent set. This result is attributed to MacMahon by Stanley.

We point out that the determinant of the matrix B(ayq, ..., ax) has a very neat recursive expression,
from which a closed formula can be deduced.

Proposition 5.1 Ser D(ay,...,a;) = det(B(ay,...,ax)). Then

1
D(ay,as,...,a5) = I D(as,as,...,ax) — D(ay + as,as,...,ax).
1:
Proof: Just expand D(aq, . .., ay) with respect to its first column. a

Corollary 5.1 The following formula holds:

. 1
Nk R
D(ay,...,a) = E (-1 E ol ol (3)
i=1 a=(ag,...,a;)
«E€PL(ay, - ,ay)
where PL(aq, - - - , ay) denotes the set of linear partitions of the totally ordered set {a1, ..., ay} and |o]

is the sum of the elements of the block «;.

Proof: We start by observing that, when k£ = 1, the outer sum of the r.h.s of reduces to a single
summand (for ¢ = 1), as well as the inner sum, which has the unique summand a%, Moreover, when
1

k =2, therh.s. of H consists of two summands, which are (—1) - —-—. (fori = 1) and - - L. (for
(a1+a2)! ai1!  as!
i = 2), and this coincides with the expression of D(ay, as).
We can now conclude our proof using an inductive argument. The set PL(aq, - - , aj) can be parti-

tioned into two subsets, namely the linear partitions in which a; occurs as a singleton (call this subset X)
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and the linear partitions in which a; occurs in a block of cardinality at least 2 (call this subset Y'). Using
this partition of PL(ay, - - - , ax) we can split the sum in the r.h.s of (3)) into two sums, the first taking into
account the contribution of X and the second taking into account the contribution of Y. We thus obtain
the following equalities:

1 1 1

a=(ay,...,a;) B=(B1,--+» Bj)
a€PL(ay, - ,ap) BEPL(ag, - ,a)

Z !
Y=(V1,--» i) ‘71| ‘7t|
~EPL({ay,an},a3, - ,ap)

whence, using the induction hypothesis and the above proposition:

k
) 1
Sevee oy b
l. NPT
P o laa |t oo |ay|!
a€PL(ay, - ,ay)
1
= F ~D(a27...7ak) _D(al —i—ag,ag,...,ak) :D(ala“-aak)’
1-
as desired. .

Remark. An alternative approach to the case 1 = 1 could be done via the notion of Hessenberg
matrix. An (upper) Hessenberg matrix is a square matrix having zero entries below the first subdiagonal.
Hessenberg matrices prove their usefulness especially in numerical analysis and computer programming,
being a sort of normal form to which any square matrix can be reduced in a finite number of steps. There
are also some papers in the literature concerning the evaluation of the determinant of certain Hessenberg
matrices having special form (see for instance [BS]] and [LCT]). In [T], the determinant of Hessenberg
matrices having all the elements of the first subdiagonal equal to 1 is considered (this is precisely the kind
of matrices we meet in the determinant formula for Eulerian numbers).

Theoremdoes not have any meaning when h = 0. The corresponding set SkY Ty(n, k) consists
of all skew Young tableaux having n cells and k rows such that any two consecutive rows only have the
corners of two cells in common. In this case, it is immediate to see that SkY Ty (n, k) is in bijection
with all surjective functions from an n-set to a k-set: just interpret the elements of a tableau as balls and
the rows of a tableau as boxes. Thus we get immediately that |SkY Ty (n, k)| = k! - S(n, k), where the
S(n, k)’s are the Stirling numbers of the second kind. We can also use Theorem [4.1|to get an analog of
Theorem 4.2} indeed, we can derive the following formula:

|SEY To(d + k, k)| = > (d+ k)! - det(Clas, ..., ar)),

ay,ag,...,ap>1
ay+agt--Fap=d+k
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where C'(a1, ..., ay) is the following triangular matrix:

1 1 1 .. 1 1

ay! (a1+ti2+1)! (a1+a21+a3+2)l (a1+---+a;{_1+k72)! (a1+"'+¢11k+k771)!

0 az! (a2+%3+1)! o (a2+'“+a’i’l+k_3)! (a2+~-+zlzk+k—2)!

0 0 ag! 0 T(astFar_1+k—4)!  (asFFap+k—3)!
1 1

0 0 0 ap_1! (ak—lJrlakJrl)I

0 0 0 a 0

akl

aytag+---+ap=d+k
is known to be the number of surjective functions from an (d + k)-set to a k-set, as already shown a few

lines above.

From here it is then immediate to obtain |SkYTy(d + k., k)| = > e1.00,.a>1 (aldf’flk) which

6 Further work

Even if our approach to the enumeration of d-minimal permutations allows us to completely solve the
problem from a purely theoretical point of view, it is doubtless that its application to concrete cases leads
to some technical difficulties. This is of course due to the intrinsic complexity of the sums of determinants
appearing in Theorem[4.2] However, it seems plausible that at least a few more cases than those we deal
with in the present paper can be managed by means of our technique. A major difficulty is to find (an
upper bound on) the degrees of the polynomials of formula (2). In the case k£ = 4 we proved our bounds
with a case by case analysis, but we have not been able to find similar bounds for general k.

Another interesting problem that remains untouched concerns the study of the structure of the poset
determined by a minimal permutation with d descents, defined in [BP] and recalled here in Section 2] For
instance, one can observe that a d-minimal permutation corresponds to a linear extension of the associated
poset. Moreover, an interesting (and classical) line of research could be the investigation of the properties
of the distributive lattice of the sup-irreducibles of these posets.
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