The Ramanujan Journal (2023) 60:391-426
https://doi.org/10.1007/s11139-022-00581-5

n

Check for
updates

Ferrers graphs, D-permutations, and surjective staircases

Alexander Lazar’

Received: 2 December 2021/ Accepted: 21 March 2022 / Published online: 7 June 2022
© The Author(s) 2022

Abstract

We introduce a new family of hyperplane arrangements inspired by the homogenized
Linial arrangement (which was recently introduced by Hetyei), and show that the
intersection lattices of these arrangements are isomorphic to the bond lattices of Fer-
rers graphs. Using recent work of Lazar and Wachs we are able to give combinatorial
interpretations of the characteristic polynomials of these arrangements in terms of per-
mutation enumeration. For certain infinite families of these hyperplane arrangements,
we are able to give generating function formulas for their characteristic polynomials.
To do so, we develop a generalization of Dumont’s surjective staircases, and introduce
a polynomial which enumerates these generalized surjective staircases according to
several statistics. We prove a recurrence for these polynomials and show that in certain
special cases this recurrence can be solved explicitly to yield a generating function.
We also prove refined versions of several of these results using the theory of complex
hyperplane arrangements.
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1 Introduction

The aim of this paper is to generalize recent results of Lazar and Wachs [12, 14] on the
combinatorics of the homogenized Linial arrangement in several different directions.

The homogenized Linial arrangement, which was introduced by Hetyei in [10], is
the real hyperplane arrangement Hp,—1 in
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(X1, + ooy Xnt 1o V1o -0 Y0) | X0y yi € R} = R

given by
Hon—1=1{xi—x; =y |1 <i<j=<n+1}L

Hetyei showed that the number of regions of Hjy,—1 is equal to the median Genocchi
number h;. The median Genocchi numbers and their partner sequence the Genocchi
numbers g, are classical sequences that appear in several areas of combinatorics (see
[8, 10, 14, 16, 18, 22], among others) and number theory (e.g., [1]).

Intersecting Hp,—1 with the subspace y; = y» = --- = y, = 0 yields the braid
arrangement

{xi—x;=0]1<i<j=<n+1}

in R"*!, while intersecting it with yy = y» = --- = y, = 1 yields the Linial
arrangement

xi—xj=1|1<i<j=<n+1}

in R"*!. We can therefore think of H,,_ as being defined by a particular choice of
homogenization of the defining equations for the hyperplanes in the braid or Linial
arrangements.

In [14], Lazar and Wachs studied this arrangement further. They showed that the
intersection lattice of H»,_1 is isomorphic to the bond lattice of a bipartite graph ',
and used that interpretation to give a combinatorial interpretation of the coefficients
of the characteristic polynomial xz(3,, ,)(t) of H2,—1 in terms of a new class of
permutations they called D-permutations.

Lazar and Wachs showed that the D-permutations on [2n] are in bijection with
certain elements of the class of surjective staircases (due to Dumont [8]). Using
a generating function result of Randrianarivony [16] and Zeng [22] for surjective
staircases, Lazar and Wachs proved [14, Theorem 5.5] a generating function formula

for xz(H,,_ ) (@):

p o = D1t — 1), x"
;Xﬁ(?‘fzn—l)(t)x = ; o (1 =kt —k)x)’ v

where (a), denotes the falling factorial a(a — 1) --- (@ — (n — 1)).

The various perspectives used in [14]—hyperplane arrangements, I'», and D-
permutations, and surjective staircases—suggest several possible avenues to gener-
alize the results of that paper. In this paper, we consider three of them.

In the course of [14], the authors found it useful to consider a larger class of graphs
I'y where V C [2n] for any n. One possible direction for generalizing the results of
[14] would therefore be to study the combinatorics of I'y for arbitrary V. The study
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Ferrers graphs, D-permutations, and surjective staircases 393

of these I'y was initiated in [14], where the authors showed that the coefficients of
the characteristic polynomial of the bond lattice of I'y can be interpreted in terms of
the D-permutations on V. The authors also noted that ', belongs to a class of graphs
known as Ferrers graphs, and remarked that the same was true for all T'y.

Another possible direction for generalizing [ 14] is suggested by the theory of hyper-
plane arrangements. Beyond the braid and Linial arrangements, there are a number of
other deformations of the braid arrangement (studied in detail in [15]), such as the Shi
arrangement

xi —x;=0,1]1<i < j<n},
semiorder arrangement

{xi —x; =%£1|1<i<j=<n}
and Catalan arrangement

{xi —x; =-1,0,1]1 <i < j <n}.
Therefore, one might wish to study the combinatorics of homogenizations of these
deformations. Let v = (vq, ..., v,) be a weak composition of m. That is, v is an
ordered n-tuple of nonnegative integers whose sum is m. For all such v, we define the
homogenized v-arrangement H, to be
@ . _
xi—xj=y |1<si<j<n+1,1<€=<v}
For instance, taking v = (2, 2, ..., 2) gives us the arrangement
i —x =y P li<j=n+)

M _ M a _

Intersecting this arrangement with the subspace where y;”" =y, =--- =y, =0
and yi2) = yéz) =...= y,(,z) = 1 yields the Shi arrangement.

The third possible direction is to generalize the notion of surjective staircases.
Surjective staircases are surjective functions F : [2n] — {2, 4, ..., 2n} that satisfy

F(x) > x. A key tool used in [14] to prove Eq. (1) is the generalized Dumont—Foata
polynomial Aj,, which enumerates the surjective staircases with domain [27] with
respect to six statistics. Randrianarivony [16] and Zeng [22] proved a recurrence and
a generating function formula for the Aj,, and it is this formula which eventually
yields Eq. (1). One natural generalization would be to consider surjective functions
F : V — {even elements of V} which satisfy F(x) > x for any finite V C Z-o.
Given the role that the generalized Dumont—Foata polynomials play in [14], we also
wish to define analogous polynomials for domains other than [2n].

The pleasant surprise of these three generalizations is that they remain very closely
related. In this paper, we show that for any v the intersection lattice of H,, is isomorphic
to the bond lattice of some I'y. Hence, the coefficients of the characteristic polynomial
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394 A. Lazar

of H, have an interpretation in terms of the D-permutations on V. We then develop
the theory of surjective staircases with domain V: we define a generalization Ay of
the generalized Dumont-Foata polynomials Ay, and prove a recurrence for the Ay
generalizing the Randrianarivony—Zeng recurrence for A»j,.

For certain infinite families of homogenized v-arrangements, we are able to solve
our new recurrence explicitly to obtain generating function formulas for their corre-
sponding Ay.

For one such family that we denote H,, x, this new machinery lets us prove an
analog of Eq. (1):

(t = D1 (¢ = D) "
Hu" = ’ ’
;xum,w()” ; [T/, (1 =i —i)u) "

where (a), =a(a—1)---(a — (n — 1)).
These techniques also let us derive a generating function for the chromatic polyno-
mial of the complete bipartite graph K, x:

— )k _ _ _ k—17,,n
ZCh(Kn,k)(t)u”=Z(t)n [ =+ n—-1)@—n—-1)"u s

n=1 n=1 [T=od —iw
The rest of this paper is structured as follows.

e In Section 2 we state some preliminary definitions and results.

e In Section 3 we give a detailed proof of the equivalence between Ferrers graphs
and the graphs I'y (remarked without proof in [ 14, Remark 3.1]). This equivalence
is interesting in its own right, but the language of Ferrers graphs is also convenient
for many of our later results.

e In Section 4 we formally introduce the hyperplane arrangements ). We that show
each such arrangement is isomorphic to the graphic arrangement of a Ferrers graph,
and moreover that the arrangement of any Ferrers graph can be obtained in this
way.

e In Section 5 we give generating function formulas for the characteristic polyno-
mials of two infinite families of Ferrers graphs, and also give refined versions of
these generating functions arising from complex hyperplane arrangements (a la
[12]).

e In Section 6 we develop the theory of surjective staircases with arbitrary domains,
as well as the generalization Ay of the generalized Dumont—Foata polynomial
A»o,. We state and prove a recurrence for Ay that extends the Randrianarivony—
Zeng recurrence for Ayy,.

e In Section 7 we prove the generating function formulas from Section 5.

e In Section 8 we outline an extension of the results of Sections 6 and 7 to complex
hyperplane arrangements, and prove the refined generating function formulas of
Section 5.

e In Section 9 we give some final remarks and questions for further study.
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Ferrers graphs, D-permutations, and surjective staircases 395

Many of the results of this paper were first announced in the extended abstract [13]
and appeared in detail in the author’s Ph.D. dissertation [11, Chapter 5].

2 Preliminaries
2.1 Hyperplane arrangements and geometric lattices

A real hyperplane arrangement is a finite collection H of hyperplanes in RY. The
complement R4 \'H consists of finitely many connected components, which are called
the regions of 'H. The combinatorial data of 7 can be collected into the intersection
poset L(H), which consists of the intersections of hyperplanes in H (viewed as affine
subspaces of R?) ordered according to reverse containment. We define the rank rk (H)
of H to be the length of L(H).

If all of the hyperplanes in H have a nonempty common intersection, we say H is
central. The intersection poset of a central arrangement is a geometric lattice, and if
'H is non-central its intersection poset is a geometric semilattice (in the sense of [20]).

One important invariant of a hyperplane arrangement is the characteristic polyno-
mial xr ) (t) of its intersection poset. If P is any ranked poset with bottom element

0, its characteristic polynomial is defined by

xp(®) =Y up(0, X)X,
XeP

where w p is the Mobius function of P.
A well-known formula of Zaslavsky [21] relates the number of regions r (H) of H
to the characteristic polynomial of L(H):

r(H) = (=)™ y 230 (—1). 4)
2.2 Graphs and bond lattices

Associated to any finite graph G with vertex set V and edge set E is the graphic
hyperplane arrangement H g, which is given by

He = {xi —x; =0]{i, j} € E}.

The intersection lattice of H¢ is called the bond lattice of G and is denoted I1g.
An equivalent description of I1g can be given as a subposet of the lattice ITy of set
partitions of V. A set partition ¥ = Bj|B3| - - - | Bx of V belongs to Il if and only if
the induced subgraph G|, is connected for all i.

The bond lattice of G also determines the chromatic polynomial ch(G)(#) in the
sense that

ch(G)(t) =1 xng ().
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396 A. Lazar

2.3 The homogenized linial arrangement and D-permutations

In [14], Lazar and Wachs considered a family of bipartite graphs I'y for V a finite
subset of Z-.¢. Given sucha V, I'y is the graph on vertex set V with anedge {2i — 1, 2}
whenever 2i — 1 < 2j. If V = [2n], we omit the brackets and write I'»;,.

A permutation o € Gy is a D-permutation if o (i) > i whenever i is odd and
o (i) <i whenever i is even. We write Dy for the set of D-permutations of V.

Example 1 The elements of Dy are given below.

(OIC]C)) 1,23 1,234 1,42 (3)
(1,4,2)(3) (1,3,4(2) 3. H1)Q) (1,3,4,2)

In [14], the authors compute the coefficients of XTr, in terms of D-permutations:

Theorem 1 [14, Theorem 3.5] Let V be a finite subset of Z~. For all & € Ilr,,

(=D, 0,7) = l{o € Dy |eye(o) = m},

where cyc(o) is the set partition whose blocks are comprised of the elements of the
cycles of 0. Consequently,

2n
X, () =Y sp(V, k)i, )
k=1

where (—Dksp(V, k) is equal to the number of D-permutations on A with exactly k
cycles.

2.4 Ferrers graphs

In [9], Ehrenborg and van Willigenburg introduced a family of graphs called Ferrers
graphs. Since their introduction, they have been studied in a variety of contexts such
as combinatorial commutative algebra [3], chip-firing [17], matroid theory [4], and
in terms of graph invariants like their Boolean complexes [2]. A Ferrers graph is a
bipartite graph on vertex partition R = {rq, ..., r,}and C = {cy, ..., ¢, } such that if
{ri, cj}isanedge, then {r¢, c;}isanedgeforalli < £ <nand1 < k < j,and {ry, c1}
and {r,, c,,} are edges.! To any Ferrers graph G, we can associate an integer partition
A= (Ay,..., A1), where A; is the degree of r; in G. Note that we are distinguishing
between R and C in this definition.

If we draw the Ferrers diagram for A, label the rows r| through 7, from bottom to
top, and label the columns c; through ¢, from left to right, then the Ferrers diagram

1 Ehrenborg and van Willigenburg’s definition is slightly different from ours—they reverse the indexes of
the r’s.
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Ferrers graphs, D-permutations, and surjective staircases 397

for A will have a square in the row labeled r; and column labeled c; if and only if
{ri, cj}is an edge of G.

Example 2 The graph I'q on vertex set R = {2,4,6} and C = {1, 3,5} is shown
below:

Itis not hard to see that I'¢ is a Ferrers graph with associated partition A = (3, 2, 1),
whose Ferrers diagram is seen below:

The following proposition is an immediate consequence of the Ferrers diagram
description of the edges of a Ferrers graph.

Proposition 1 If G and H are Ferrers graphs, then G = H if and only if G and H
have the same associated partition, or have conjugate associated partitions.

3 Ferrersgraphsand 'y

Let V be a finite subset of Z- . Let O (V) be the set of odd elements of V and let E (V)
be the set of even elements of V. Suppose that O(V) = {2i; — 1 < --- < 2i,, — 1}
and E(V) = {2j1 < --- < 2j,}. We define the partition type of V, denoted A(V), as
follows. For each k € [m], let Ay := #{a |2i, — 1 < 2j¢}. Then A,;;, > --- > Ay, s0
A= (Ap, ..., A1) is an integer partition.

Example 3 Suppose that V = {1, 3,7,9} 1 {2,4, 6, 10}. Then A(V) = (4,2,2,1).
The Ferrers diagram of (4, 2, 2, 1) is shown below, with the rows labeled by the even
elements of V and the columns labeled by the odd elements of V':

1379
10 \\

The following theorem explains our choice of labeling in the previous example.

Theorem 2 Let V be a finite subset of Z~q such that max V is even and min V is odd.
Then Ty is a Ferrers graph with R = E(V) and C = O(V). Moreover the partition
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398 A. Lazar

associated to Ty is A(V). Conversely, given a Ferrers graph G, there is a finite subset
V of Z~o such that Ty = G.

Proof Recall that I'y has an edge between 2i — 1 and 2 if and only if 2 — 1 < 2j.
We see that {2i1 — 1, 2j1} isanedge of I'y (since min V = 2i; — 1), and {2i,, — 1, 2 j,}
is an edge (since 2j, = max V). Moreover, if {2i, — 1,2/} is an edge of I'y then
{2ix — 1,2j,}isanedge of 'y forall 1 <k <agandallb < ¢ < n, since 2iy — 1 <
2i; — 1 < 2jp < 2j,. Hence, I'y is a Ferrers graph with R = E(V) and C = O(V),
and moreover the associated partition of I'y is A(V) by the definition of A(V).

Conversely, suppose that G is a Ferrers graph on vertex set R = {ry, ..., r,} and
C ={ci1, ..., cm}. Associated to G is the integer partition A given by A; = degr;. We
construct a set V, from the Ferrers diagram of A as follows. Let Vy = {0}.

(1) Start at the southwest corner of the Ferrers diagram for X, and walk the path along
the lower border of the Ferrers diagram.

(2) Ifthe ith step is to the east, label the edge we have just traversed with the smallest
odd integer 2k — 1 larger than max V;_; and let V; := V;_1 U {2k — 1}.

(3) Iftheith stepis to the north, label the edge we have just traversed with the smallest
even integer 2k larger than max V;_j and let V; := V;_; U {2k}.

(4) Stop when the northeast corner of the Ferrers diagram is reached, after m + n
steps. We define V; := V4, \ {0}.

Note that min V), is odd and max V), is even, since our walk must start with a step
to the east and end with a step north. Thus, I'y, is a Ferrers graph by our previous
argument. By Proposition 1, to show that 'y, = G, it suffices to show that A(V;) = A.
Indeed, A; is the number of squares in the ith row from the bottom of the Ferrers
diagram for 1. By construction, the number of squares in the ith row from the bottom
of the Ferrers diagram is equal to the number of odd elements of V) that are smaller
than the ith smallest even element 2j; of V. But by definition, this quantity is equal
to A(Vy);. Hence, A(V)) = A. |

Our construction of V, is very similar to the ab-word construction in [9], which
Ehrenborg and van Willigenburg use to give a formula for the chromatic polynomial
of G A

The following corollary is an immediate consequence of Proposition 1 and Theorem
2.

Corollary 1 Let V and W be finite sets of positive integers such that min V, min W
are odd and max V, max W are even. Then I'y = 'y if and only if A(V) = A(W).

Remark 1 Let G be a Ferrers graph. By [14, Theorem 4.10] we see that

che(t) = Y (=),

GEDV

where c(o) is the number of cycles of ¢, and V is the set constructed from G in our
proof of Theorem 2.
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Ferrers graphs, D-permutations, and surjective staircases 399

4 Homogenized v-arrangements

Letv = (v, vy,...,v,) be a weak composition of m. We define the homogenized
v-arrangement in

H @ 1
(X1, X2, « -, Xna 1, y{ ), y{ ), yfvl), yé ), yém, e, y,(,l), ey yr(l"")) = Rl
to be

Ho=f{xi—x; =y |1 <i<j<n+1,1<e<u}

Notice that when v = (1, 1, ..., 1), H, = Ho,—1. Our goal for this section is to
study these homogenized v-arrangements by relating them to Ferrers graphs.
Let A(v) be the partition (v + --- 4+ v, ..., V1 + vz, v1). We construct a Ferrers

graph G, from v by labeling the columns of the Ferrers diagram for A(v) from left to
right by

1O @ o0 30 3@ 300 en - DD en-1DP, L, @n - DO
and labeling the rows of the Ferrers diagram from bottom to top by
2,4,6,...,2n.
Then G, is the Ferrers graph on vertex set C Ll R, where
c=(W . 103D 30 op - 1D 2n = 1))
and
R={2,...,2n},

whose edges are {(2i — 1)(5),2j} forall2i — 1 <2jand 1 <€ <v;.

Example 4 Let v = (3, 3, 3). The Ferrers diagram for A(v) = (9, 6, 3), together with
the labels described above, is shown below.

11 1(2)13)3(1) 3(2) 3(3) 5(1) 5(2) 5(3)

[ 1]

Theorem 3 For all weak compositions v = (vy, ..., v,) of m, there is an invertible
Z-linear transformation from R" "1 1o itself that takes H,, to the graphic hyperplane
arrangement Ag,. Consequently, L(H,) = Ig,.
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400 A. Lazar

Proof Let (e1, ..., emins+1) be the standard basis for R” !, For notational conve-
nience, we define vectors u; and ul(j ) by setting

1 2 v 1 v 1
(u() ()7" ( 1) u2714§)7-~-9’/i§2)1u4 ugn) 1° - u§2)19u2nsum+n+l)
= (€1, ., emtn+1)s
and also define v; and v,.(] ) by setting
(e9) (v) (D) (»2) (1 (Vn)
(v1,v2,...,vn+1,vn+2,...,vn+2,vn+3,...,vn+3,.. s Vppls oo 2nJrl)
=(e1,..., emint1)-

Foralll <i < j <mandall 1 <Z¢ <v;, we define the hyperplane
KO = (w e R™ | )| —uz)-w =0},
and the arrangement
= (K j|l<i<j<n 1<t<w)
We observe that L = Ag, . Indeed, C is the graphic hyperplane arrangement of
the graph on m + n + 1 vertices obtained from G, by adjoining an isolated vertex

m+n+1.
Now, forall 1 <i <j <mand1 < ¢ <v;, we write

4
Hlli/ = {w c Rm+ﬂ+1 |(Ui — ‘Uj_;,_] — vlg*il‘“rl) cw = 0}
Clearly,
H, = {H, |1<l<]<n 1<¢<u).

Now, consider the linear transformation ¢ from R+ 1o itself, given by

V4 (9]
® Puy_)=vi—v, 74,

o p(uzj) =vji1,

o ¢(Upminy1) = V1.
To show that this Z-linear transformation is invertible, we define the linear transfor-
mation ¢ from R+ 10 itself on the standard basis as follows:

L4 %(UI) = Um+n+1,

o ¢(v;) = upi_pfor2 <i <n+l

o d(0))) = Up,4nt1 — “ © for € € [v],

° qs(v,(ﬁiﬂ) = Upj_ 2—142[_1 forl <i <mnand? e [v;].
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Ferrers graphs, D-permutations, and surjective staircases 401

We see that

o $(PW)) =G (mint1) =1,
o ¢(p(vi)) = P(ugi—2) =vifor2 <i <n+1,
o PPW)) = Pltmintt —ul?) = vi — (v — v ),) =), for € e [vy],

(4 4 £ 4 .
o ¢(¢(Ur(z-i)-z+l)) = ¢(uzi—2 _uéi)_l) =v; — (v _Ur(z—i)-i+1) = Ur(z—i)-i+1 for2 <i <mn,

£ e [vi]

Hence, ¢ is invertible, so let A be the matrix of ¢ with respect to the standard basis
and let ¢ be the linear operator on R”*"*! whose matrix in the standard basis is
(A=hHT.

We claim that i takes each hyperplane K f jto the corresponding hyperplane Hig’ j

Indeed, suppose w € Kfj S0 (u%ll —uzj) - w = 0. Then

Gl | —uzj) - Y(w) = Wi — v\ — v - Y (w),
and

¢>(u§?_1 —uzj) Y (w) = A(ug)—l —uzj) - (A™HTw)
= (AT Ay —u2)) - w
= (”56)—1 —uzj) - w
=0,

so (v; — vfﬂiH —vjy1)-¥(w) = 0. Hence, ¥ (w) € Hl.(’?, which proves the claim. O

5 New generating function formulas
In this section we present generating function formulas for two infinite families of

Ferrers graphs. The proofs of these formulas rely on techniques that we develop in
Sect. 6, so we defer the proofs to Sects. 7 and 8.

5.1 k-Staircases

For any n, k > 1, we define the k-staircase with n steps to be the partition k,((”) =
(nk, (n — Dk, ..., k). The case n = 4 and k = 3 is shown below.

[ 1]
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402 A. Lazar

Theorem 4 Fix k > 1. For any sequence of subsets Vk, Vzk, «o. Of Lsg With X(V,{‘) =
)»,,({"), we have the following generating function formula for xm (0):
\%

n

(t — Dyt (¢ — D)k u”
r t n . . £
2, O =3 e

where (x), =x(x —1)---(x — (n — 1)).

This generating function formula (and equivalently the formula in Corollary 3)
reduces to [14, Eq. (1.9)] when k = 1; notice that when k = 1, 'y« = I'2,,. Applying
Theorem 2 and the fact that ¢ xj; (¢) is the chromatic polynomial of G, we can restate
Theorem 4 as follows:

Corollary 2 Foreachn, k > 1, let G, x be a Ferrers graph whose associated partition

is k,(cn). Then we have the following generating function formula for the chromatic
polynomial chg, , (1):

(D (0 = 1) u"
h Ot =
,;C Gy (DU ;1—[ V(=i = Dku)

As a consequence of Theorem 3, we can view the generating function formula of
Theorem 4 as a generating function formula for the characteristic polynomials of the
homogenized (k, k, .. ., k)-arrangements, as seen in Eq. (2):

Corollary 3 Let Hy k := Hk

.....

— D1 (6 = D)k un
t .
;XE(HM)( u” ; Hl 1 1 —i(t —i)u )

If we define an appropriate complex hyperplane arrangement H' 'y» then by com-
bining the techniques from this paper and [11, Chapter 4] (see also the forthcoming
paper [12]), we can compute an m-analog of the generating function from Theorem 4:

Theorem 5 Let 'H,', be the hyperplane arrangement in
1 k 14
{(x1, ... x,,,yl( ),...,yl( ),...,y,gl),...,y,(lk))|xi,y](. ) € C} = C+n
given by

M =i —oPxj =y 1<i<j<n0<p<m-1,1<C<k

Ul =yP 1 <i<n1<e<k,
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Ferrers graphs, D-permutations, and surjective staircases 403

2mi
where w = e m . Then

_ (= Du—1,m ((t — Da m)k u"!
m o (Hu" ! = ’ . , 6)
;Xﬁ(%n,/) u ,; 1_[:,=_01 (1 — (im+ 1) — (im + 1))ku)

where (xX)p.m = x(x —m)--- (x — (n — 1)m).

Note that this equation specializes to [11, Eq. (1.11)], [12] when k = 1.

5.2 Complete bipartite graphs

Let TF :={1,3,5,...,2k — 1JU {2k, ..., 2(k + n — 1)}. We note that (T}¥) = u{"

where u,(cn) is the rectangular shape (k, k, ..., k). The partition ,u§4) is shown below.
——

n

It is clear that the Ferrers graph I'r« is the complete bipartite graph K, x. The
chromatic polynomial of K,  has been well-studied (Swenson gives a closed form
expression for it in [19], and Ehrenborg and van Willigenburg give a different proof
in [9]). Using our techniques, we give a generating function formula for its chromatic
polynomial.

Theorem 6 Forall k > 1, we have

_ )k _ _ _ —11 n
ZCh(Kn,k)(l)un _ Z (Hn [(f n 4+ m-0Dt—m-—1)) ]u .

n—1 .
n>1 n>1 1_[,-=o (I —iu)

We can also give an m-analog of the generating function for the characteristic
polynomial of the complete bipartite graph.

Theorem 7 Let j:fk be the hyperplane arrangement in
(& x YDy [,y e C) = €
given by

Tl =l —ofx; =y 1<j<n0<p<m—1,1<0<k

Ulx) =y 11 <€ <k,

2mi

where w = e m .

@ Springer



404 A. Lazar

Then x g (1) = (1 — DX and
ZXJ;}k u"!

n>2
_y (= Dot [ =1 =m = )" + (m(n =2) + D — 1 —m(n = 2))Fu!
= T2 11— (mi + Dl '

6 General techniques

In this section we will state and prove several technical results generalizing the theory
of surjective staircases, which were introduced by Dumont in [8] (this theory was used
in [14] to study the homogenized Linial arrangement). These results will be used in
Sects. 7 and 8 to prove the results of Sect. 5.

6.1 Generalized surjective staircases

Let S be a finite subset of the positive integers with largest element 2n. We define the
staircase diagram of S to be the Ferrers diagram whose rows are labeled from bottom
to top with the even elements of S in increasing order and whose columns are labeled
from left to right with all of the elements of S in increasing order, with a cell in the
row labeled 2i and column labeled j if and only if j < 2i. Note that the staircase
diagram of S is not the same as the Ferrers diagram of the partition A(S) defined in
Sect. 3—we can recover A(S) from the staircase diagram of S by deleting the columns
labeled with the even elements of S.

Let S’ be the subset of S obtained by removing 2n and all odd elements between
2m and 2n from S, where 2m is the second-largest even element of S (if S contains
only one even element, S’ = (J). We can view S’ as the set whose staircase diagram is
obtained by deleting the top row of the staircase diagram of S. Similarly, let S” be the
set whose staircase diagram is obtained from the staircase diagram of S’ by deleting
the top row of its staircase diagram.

Example 5 Suppose that S = {1, 2,4, 5,7, 8}. The staircase diagram for S is seen
below.

In this case, S’ = {1, 2, 4}. The staircase diagram for S’ is seen below.

1 2 4
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Finally, S” = {1, 2}. The staircase diagram for S” is seen below.

1 2

2[ ] ]

We say a function F : § — S is excedentif F(x) > x forall x € S. A generalized
sujective staircase is a surjective excedent map F from S to the set of even elements
of S. Let Xs be the set of all excedent functions F : S — S and Es be the set of all
generalized surjective staircases with domain S.

For all F € &g, we define

and

As(x,y,2.%,5.2) = > w(F),
Fe&s

where the statistics are defined as follows:

e 2i—1 € §'isasurfixed point of F if F(2i — 1) is the least even element of S larger
than 2i — 1. A surfixed point 2i — 1 is isolated if there isno j with F'(j) = F(2i—1)
and doubled otherwise. We write si(F') and sd(F’) for the numbers of isolated and
doubled surfixed points, respectively.

e 2i € S is a fixed point of F if F(2i) = 2i. A fixed point 2i is isolated if there is
no j with F(j) = 2i and is doubled otherwise. We write fd(F') and fi(F) for the
numbers of isolated and doubled fixed points, respectively.

e 2i — 1 € § is an odd maximum of F if F(2i — 1) = 2n and 2i € S’ is an even
maximum of F if F(2i) = 2n. We write mo(F) and me(F') for the numbers of
odd and even maxima of F, respectively.

Note that elements of S \ S’ do not count as maxima or (sur)fixed points.
Generalized surjective staircases can be visualized using fillings of staircase dia-
grams of S.

Example 6 The following surjective staircase has weight zxy:

124578
x| x[X]

X

21X

When S = [2n], these polynomials specialize to the generalized Dumont—Foata
polynomials As,. The generalized Dumont—Foata polynomials were introduced by
Dumont in [6], and Randrianarivony [16] and Zeng [22] independently proved a gen-
erating function formula for them.
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Remark 2 Tt is clear to see that A g depends only on A(S). That is, if S and T are two
finite sets of integers with A(S) = A(T), then the polynomials Ag and Ar are also
equal.

Theorem 8 Let S be a finite set of positive integers whose largest element is even.
Suppose that S’ \ S” contains £ odd elements. Then,

(1) If1S'1=0, As = 1.
(2) If18'1 = 1,

As(x, 9,2, %, 5,2 =0+ Dx + D Asg(x + 1,5, 2,5 + 1,3, 2)
+x7 (G — y) + €E(z — D) — xF]Ag(x, ¥, 2, %, 3, 2).

When £ = 1, this is the same as the recurrence for A,, in terms of Ay, _» from [16,
Theorem 3] and [22, Theorem 4]. Indeed, our proof generalizes the techniques used
in Zeng’s proof of [22, Theorem 4]. Our proof requires the following lemma.

Lemma 1 Given a surjective staircase F € Eg construct a surjective staircase Fy €
Es by choosing a proper subset X of F~1(2m), where 2m = max §', and defining Fx
by

I:"(a)— 2n, acXU((S\S),
= F(a), otherwise.

This map (F, X) +— Fyisa well-defined bijection from the set of pairs (F, X) where
Fe&gand X C F~'(2m) to ;.

Proof Diagramatically, Fy is obtained from F by adding a new top row to the staircase
diagram for F, moving a proper subset of the filled squares in the top row of F' to this
new top row, and filling all of the squares corresponding to the elements of S \ §’. O

Example7 Let S = {1,2,4,5,7,8}. Then ' = {1, 2, 4}. Suppose that F € Eg is the
surjective staircase pictured below, and X = {2}.

1 2 4
{fui
2[x] ]

Then Fy € Es is the surjective staircase from Example 6.

Proof of Theorem 8 1f |S’| = 0, then |Ag| = 1 and the weight of that surjective stair-
case must be 1.

Now, suppose |S’| > 1. We proceed by using Lemma 1 to compute A g in terms of
Ag.

Given a pair (X, F), we wish to compute w(Fy) in terms of w(F) and X. Let
MO(F) and ME(F) be the sets of odd and even maxima of F, respectively (so

@ Springer



Ferrers graphs, D-permutations, and surjective staircases 407

IMO(F)| = mo(F) and [ME(F)| = me(F)). Furthermore, let O(X) and E(X) be
the numbers of odd and even elements of X, respectively.

Case 1. Suppose that 2m ¢ X.

If X = F~1(2m) \ {2m}, then

w(ﬁX) = me(F)+eyfd(F)ZSi(F))‘Cme(F)yﬁ(F)Jrlst(F)

= x‘Sw(F).

Thus, the set of all such F 'y contribute x* yAg to Ag.
Now, suppose that X contains exactly k of the ¢ odd elements of S’ \ §” for 0 <
k < £, but that X C F~'@2m) \ {2m}. Then O(X) > k, since the new maxima of

Fx consist of some subset of the odd maxima of F along with the k odd elements of
|T \ U|. Hence we have

w(Fy) = xO(X)yfd(F)+lzsi(F)iE(X) S(F) z5d(F)+(€—k)

y
— xkyzt-k (xO(X)fkyfd(F)Zsi(F))—cE(X))—}ﬁ(F)st(F)> .

Any such X can be obtained by choosing subsets A and B of the odd and even

maxima of F, respectively, and then choosing k elements of §"\ S” in (ﬁ) ways. Thus,
when k < £ we see

Y Y wio

Fe€y XCF~'@m)\{2m}

IXN(S'\S")|=k
=, ) xFyztt (xO(X)*kyfd(F)zSi(F)ch(X)?ﬁ(F)ZSd(F)>
Fe€y XCF~'@m)\{2m}
[XN(S\S")|=k
i _ 12 _f— %
—y Z yfd(F)ZSI(F)yﬁ(F)ZSd(F)<k>kaZ k Z x|A|x\B|
FESS/

Ax BCMO(F)xME(F)

k g (F) - _ _
— y<e)xk25 k Z yfd(F)ZS1(F)yﬁ(F)ZSd(F) (x + 1)m0(F) (x + 1)me(F)
Feé‘s/

kY k-e—k - - -
=y, )¢ Agx+1,y,z,x+1,¥,2).

Meanwhile, when k = £, X must consist of the £ odd elements of S’ \ S” along
with a proper subset of the maxima of F (we considered the case when X contained
all of F~1(2m) \ {2m} already). This yields
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> > wFx)

Fe€y xCF~'am)\(2m}
[XN(S'\S")|=k

_ Z Z x%y (xO(X)—Kyfd(F)Zsi(F))EE(X)yﬁ(F)st(F)>

Fe€y xCF~1am)\{2m)
[XN(S'\S")|=¢

y Z YA ZSiCF) SRF) Z5d(F) ¢ Z K|Al5IBI
FeEy AxBCMO(F)xME(F)
= yxt Z YHAE) ZSi(F) S(F) Z5d(F) ((x 4 1Mo (5 4 ymeF) _ xmo(F)ime(F))

Fe&y

=y Ay +1,y, 8+ 1,5,2) — Ag(x, y,2, %, 5,2)).

Summing over all k between 0 and £ (including the case when X = F~'(2m) \
{2m}), we obtain a total contribution of

e
Z - X v z v - - -
y (Z <k>xkzl k) AS/(x + 1, y, 3, X + 1’)771) _x[(y _ y)AS/(x,y,Z,_x,y,z)
k=0

=y +DAg(x+1,y, 2.5+ 1,5, +x'G — y)Ag(x,y. 2.5, 7, 2)

to As.

Case 2. Suppose that 2m € X.

Again, suppose that X contains exactly k of the ¢ odd elements of T \ U for
0<k=¢t

When k = £, X consists of §’\ S” (which consists of £ odd elements and one even
element) along with some proper subset of the maxima of F. In this case,

w(Fy) = xO(X)yfd(F)zSi(F))fE(X)yﬁ(F)zSd(F)

— (x|A|yfd(F)Zsi(F))E|B\)—}ﬁ(F)st(F)> ,

where A and B are subsets of MO(F') and ME(F), respectively, such that A x B #
MO(F) x ME(F).
Hence,

o) wEn

Fe€g xcF~12m)

(S\8MeX
_ Z 5 Z x\A|yfd(F)Zsi(F)i\B|yﬁ(F)st(F)
FeEg  AxBCMO(F)xME(F)
— XE)E Z yfd(F)zSi(F)ﬁﬁ(F)ZSd(F) Z X‘A‘)ElBI
Fey Ax BCMO(F) xME(F)
— XEX Z yfd(F)zSi(F)ﬁﬁ(F)ZSd(F)
FE(C/‘S/
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% ((x + 1)) (5 4 l)me(F) _ xmo(F))Eme(F)>

=x'F(Ag(x+1,y,2, 5 +1,5,2) — Ag(x, y,2,%, ¥, 2).

When k = £ — 1, there are two possibilities. If X = F~!(2m) \ {2i — 1} for some
2i —1 €8\ S, then

w(ﬁx) _ xmo(F)-F(l—l)yfd(F)Zsi(F)+1)zme(F)+1)_)ﬁ(p)zsd(F)

= x"zxw(F).

This can happen in £ ways, so such F x give a contribution of xt 175 A s to Ag.

On the other hand, if there is at least one maximum of F that is not in X, then X
consists of 2m, (£ — 1) odd elements of §”\ §”, and some proper subset of the maxima
of F'. In this case,

w(Fy) = x|A|+(€—l)yfd(F)Zsi(F)X|B|+1}—)si(F)zsd(F)+l

— x5z (x|A|yfd(F)Zsi(F)X|B\ysi(F)st(F)) ’

where A and B are subsets of the odd and even maxima of F, respectively, such that
A x B # MO(F) x ME(F). Note that for any such pair of A and B, there are exactly
£ such sets X.

Thus,

YooY wFx)

Fefy XCF~'(2m)

2meX
XN(S'\S")=¢
:exﬁfliz Z yfd(F)ZSi(F)ySi(F)ZSd(F) Z xlAl)ElBl
Fe&y AxBCMO(F)xME(F)
:exﬁfliz Z yfd(F)ZSi(F)ysi(F)ZSd(F)
Feé‘s/

% ((x + 1)t (5 4 l)me(F) . xmo(F))Eme(F))

=" (Ag(xc+1,y, 2,5+ 1,9,2) — Ag(x,y,2, X, 7. 2)) -

When 0 < k < £—2 X consists of: 2m, k odd elements of S’ \ §”, and some subset
(not necessarily proper) of the maxima of F. Hence,

w(Fy) = AT SFACF) SiCF) Bl 0F) Zsd(F)+(e—k)

— xkgztk (xlAlyfd(F)Zsi(F))—C\Blyﬁ(F)st(F)) ’

where A and B are subsets of the odd and even maxima of F, respectively. As before,
given any pair A and B, there are () such sets X.
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Therefore,

YooY wEy

Fe&g xgp*l(zm)
2meX
XN(S'\S")=k+1

O\ kozt—k fA(F) _si(F) =fi(F)=sd(F) |A| =|B|
_ (k) REK Y RS S S M
Fely Ax BCMO(F)xME(F)

Y2 . .
— (k)xkxze—k Z yfd(F)ZSI(F)yﬁ(F)zSd(F)(x + l)mO(F)()E + l)me(F)
FEES/

V4
= (k)xkiz”z\y(x +1,y,2.5+1,7.2).

Summing over all 0 < k < £, this gives a total contribution of

l
_ J4 e _ o
x(Z (k>xkzZ k) Ag(x+1,y,2,5+1,%,72)

k=0

+xxlz = xt —ex" " DAg(x, y, 2, %, 9, 2)
=i+ DAy +1,y, 2,8+ 1,7,2)

+x7 X (z = 2) —xD)Ag(x, v, 2, %, 7.2)

to Ag.
Finally, we combine the contributions from Cases 1 and 2 to obtain:

As(X, 9,2, 5,9, =0+ Dx +DAg(x+1,y, 2,8+ 1,3, 2)
+x7 (G —y) + €3 (z — 2) — xX]Ag(x, y, 2, X, 3. 2).

6.2 D-permutations and generalized surjective staircases
The following lemma was proved in [14, Lemma 5.2]:
Lemma 2 There is a bijection
¢ : Doy — {f € Erpyn i f has no even maxima}

such that for all 0 € D, and j € [2n], the following properties hold:

(1) j is an even cycle maximum of o if and only if it is a fixed point of ¢ (o),
(2) j is an even fixed point of o if and only if it is an isolated fixed point of ¢ (o),
(3) j is an odd fixed point of o if and only if it is an odd maximum of ¢ (o).
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Our next goal is to generalize Lemma 2. Let V be a finite set of positive integers
whose maximum is even, and let Ry be a finite set of k£ + 1 positive integers consisting
of:

e k odd numbers larger than max V, and
e one even number that is larger than the odd numbers.

We will show that the D-permutations on V are in bijection with certain of the
surjective staircases with domain V' U Ry.

Lemma 3 Foranyk, let V and Ry be as above. There is a bijection
¢:Dy — {fe Evur, | f has no even maximay,

such that foralloc € Dy andall j € V

(1) jis an even cycle maximum of o if and only if j is a fixed point of ¢ (o),
(2) j is an even fixed point of o if and only if j is an isolated fixed point of ¢ (o),
(3) j is an odd fixed point of o if and only if j is an odd maximum of ¢ (o).

Proof Let o € Dy. We wish to apply Lemma 2. Let 2m = max V, 2n = max Ry and
let o’ be the permutation in G,,_, defined by

o) {a(i), ieV,

i, otherwise.

Notice that the map ¢ : {o € Gy} — {0 € Gy,_2|0(i) =i Vi ¢ V} given by
o +— o’ is a bijection.

We apply the map ¢ from Lemma 2 to ¢’ to obtain a surjective staircase ' € &,
with no even maxima. Our next goal is to show that the restriction of f/ to V U Ry is
a surjective staircase.

First, recall that for all i € [2n — 2]\ V, 0'(i) = i. Hence, ifi € [2n — 2]\ V
is even, i is an isolated fixed point of f’, and if i € [2n — 2]\ V is odd, i is an odd
maximum of f’. This tells us immediately that for all i € V, f'(i) € [2n]\ ([2n —
21\ V) = V U {2n — 1, 2n}. Since the image of f’ contains no odd numbers, we see
that f/(i) € V U {2n} for all i € V. In other words,

f/(V) C {even elements of V} U {2n}.

Conversely, we claim that {even elements of V} C f/(V). Indeed, every element
of [2n — 2]\ V is either a fixed point or a maximum of f/, soifi € [2n — 2]\ V,
f'(i) ¢ V.Bydefinition, f’(2n—1) = f'(2n) = 2n. Hence, {even elements of V} ¢
f([2n]\ V), so the only way for f’ to be surjective is to have

{even elements of V} C f/(V).

We also see that f'(R;) = {2n}. Indeed, we know that f'(2n — 1) = f'(2n) = 2n
(whether or not 2n — 1 € Ry). Any other element i of Ry is an odd element of
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[2n — 2]\ V, and by construction, all such i are odd maxima of f’. Hence,
£ (V U Ry) = {even elements of V} U {2n}.

Thus, we can define a surjective staircase f € Eyyg, by restricting the domain
of f'to V U Rg. Indeed, we have just shown that the image of such an f would be
{even elements of V } U {2n}, and such an f would be excedent because f’ was. We
also know that f would have no even maxima because f’ had no even maxima.

Finally, note that the image of ¢ o i consists of surjective staircases [’ € &,
with no even maxima, such that f/(2i — 1) = 2n for all 2i — 1 ¢ V, and such
that 2/ is an isolated fixed point of f’ for all 2i ¢ V. We observe that restricting
the domain of f’ to V U Ry yields a bijection between the image of ¢ o ¥ and
{f € Evur, | f has no even maxima}. Indeed, given any f € Eyug, that has no even
maxima, we define a g € &, with no even maxima by

fla), aeV,
gl@=12n, ae[2n]\Visodd,
a, a € [2n]\ V is even.

Such a g is in the image of ¢ o ¢ because 2i — 1 is an odd maximum of g for all
2i — 1 € [2n — 2]\ V and 2i is an isolated fixed point of g for all 2i € [2n — 2]\ V.
Moreover, by construction we see that g|yug, = f.

Hence, we deﬁne¢~5 : Dy — Eyur, by qS(o) = ¢(o’)|VURk. Since the three desired

properties held for ¢, they hold for é automatically. The map b is the composition of
three maps o — o’ — f’ — f, each of which is a bijection, so ¢ is a bijection. O

Next, we prove a technical result generalizing [14, Lemma 5.4].

Lemma4 Foranyk,

Z 1°C) = Ayur, (t,1,1,0,1, 1),

o€Dy
where c(0) is the number of cycles of o.
Proof We apply the bijection ¢ from Lemma 3:
Z prCop Z (A($(0)+d(§(0)+mo($(0))

JEDV UEDV

= Z A HAC)+mo(f)

fe€vur,
me(f)=0

= Ayugr(t,2,1,0,¢, 1).
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7 Generating function proofs

We now use the technical results established in Sect. 6 to prove Theorems 4 and 6.

7.1 k-Step staircases

Let

Sﬁ:{1,3,5,...,2nk—1}|_|{2k,4k,...,2nk},

and note that )L(S,’i ) is the k-staircase partition )L,((").
We are ready to prove a generalization of Randrianarivony and Zeng’s generating
function formula for the generalized Dumont—Foata polynomials.

Theorem9 Forallk > 1,

Y Ag(x,y, 2 Xy, D!

n>1

ZZ n—1

n>1 i=0

O + D" (0 + 20D !
(1= @+ @+ DG -9+ +i) (@ —2) =+ DE+i)]u)

where x™ = x(x + 1) - (x + (n = 1)).

Proof Throughout this proof we will abbreviate Ag(x, y, z, X, ¥, Z) as Ag, and simi-
larly write As(x+1, y,z,x+1,y,2)as As(x+1, x+1). By assumption, S{‘ contains
exactly one even element, so A sk= 1. We can thus write

ZASflunil =1+ ZAsﬁunil

n>1 n>2

=14+ ) 0+DE+DAg @+ 1L F+ Du"!

n>2

k=1p s _ N n—1
+ZX (V=) + k(2 —2) —xX]Ag u

n>2
=14y (¢ +H@+ D ulg@+ 1,5+ Du"!
n>1
+ 3k (5 - y) + kR~ 2) — xF A g
n>1

with the second equality being the recurrence proved in Theorem 8.
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We can rearrange this equation to obtain

(1= = ) + kR = D) = xE) D Aggu™!

n>1
=1+ (+DE+D )Y Agle+ 1,5+ Du",
n>1
so we have
1
= n Il —x*'x(y—y)+kx(z—2) —xx]u

(y 4+ X)(x 4+ 2)¥u
1 —xk1x(y —y) +ki(z —2) — xx]u
x ZAsg(x +1,%+ D"

n>1

By recursively expanding the right-hand side of this equation, we obtain the desired
generating function formula. O

We can now prove Theorem 4.

Proof of Theorem 4. By Corollary 1, we know that I" sk = Ty for any VK satisfying

A(VE) = A so without loss of generality we can take V¥ = SK. By Lemma 4, we
know that

Z (o) _ Age (t,1,1,0,¢,1).
n+1

GGDSL‘

Hence, we have

Y 3 = Y g 0

n>1oeD 4 n>1
Sﬂ

=1+ ZAS};;(t, £,1,0, ¢, Du" !

n>1

Nl (E s '
el (1+i(t +i)*u)
((n=1) ((t + 1)(n—1))k y1
= TS (T+i + i)
1™ (¢ + 1)y
[T (1 +i( +i)ku)’

n>1
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with the third equality following from Theorem 9.
Next, we have

_ 1 (=0 (=t + H®)
_n\clo)—=1n - __
;ggk( ! ! ! ; [T (1+i(—t 4 i)ku)
>10cDy =
(=)™ =1 — 1),y (0 — D)k u”
n>1 [Tz (1 +iG = 0ku)

N

By Theorem 1, we know that an @t = (—1)”’""”_12 . (=)@~
[oAS k

because I'gr has nk 4 n vertices. Hence,
n

anfk(t)” = _Z Z (—t)c(a)_l(_l)nk+nun

n>1 nzlae’DS’/f
Z_Z Z (_I)C(U)*l((_l)k‘l’lu)n
nzlaeDS’%
(=)™ =1 — 1)y (= D)k (= 1)kFmyn
[T (1 +iG — Dk (=Dk1u)

Z(t—l)n (= D)k un
- (1 —i(t —i)ku)

n>1

n>1

with the third equality following from Eq. (7). O

7.2 The complete bipartite graph K, .

Fixk > 1,andlet T = {1,3,5,...,2k — 1}u{2k, ..., 2(k+n— 1)} as in Sect. 5.2.
By applying Theorem 8, we see that

AT]k = 17
Apg = (0 + D+ + 5 (G — y) — kT @ —2) — x7l, ®)
and
Ap =G +DA5 G+ 1L+ D+G—y—DAp ©)

for all n > 3, where AT}f(x +1,x+1):= ATy{c(x +1,y,z,x+1,9,2).
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Theorem 10 We have

O+ DA+ (n—2), %+ (n —2)u"!
Apu" =1+ 2 ,
LA 2 =20 = G—y— G+

nx=1 n>2

where a™ is the rising factorial a(a + 1) - - - (a + (n — 1)).

Proof We can write

Z AT’fu”_l =1+ ATzku + ZATnkun—l

n>1 n>3
=1+ Agpu+ G+HY Ap (L D!
nZ} n—
+G -y =D Y A u"!
n>3
=14 Apu+(y +)E)MZAT’£{(X +1, %5+ Du"!
n>2
+G—y—Duy Apu,
n>2

with the second equality following from Eq. (9).
Subtracting 1 from both sides, we have

Y ApuTh = Aqgu + (y + Du D O Ap 4 1L E+ D!
n>2 n>2
+(y—y—Xu ZATJ(M"_I.

n>2

By rearranging, we see

A=GF-y—Duw )y Apu"'= Aqgu + (y + Du D AgCe+1,E+ D'

n>2 n>2

or equivalently that

A cu k>
_ T (y+xX)u _ _1
Apul = 2 4 ~ - Ap(x+1, 5+ Du" L
2 A 1—(G—y—Hu 1—<y—y—x>u,§ &

n>2
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By recursively expanding the right-hand side of the above equation, we see that

@+2W4Mg@+M—DJ+M—DWWI

D Apu =)

e et M- G —y— @G+
(]

Now, by applying Lemma 4, we can prove Theorem 6.

Proof (Proof of Theorem 6.) By Lemma 4, we know that
D0 = A (t.1,1,0,1,1),
i+1
oeDT_k
$O
D030 Ot =N At 1,1,0, 1, Du!
n>1oeD, n>2
Ty
n—1

A%%@#u+m—mj+m—m»

(,1,1,0,¢,1)

-

= 17251+ iu)

by Theorem 10.
Now, by Eq. (8),

Agpe(x +i, % +1)
=(+E+Dx 4+ Dk
+ @+ N +DG -y —kE+DE—2)— (x+D)E+D)],

SO

(Aqu+nx+n)

=@+D)E+i+ D+ @+ (=@ +i))
(t,1,1,0,¢,1)

=@+ +i+ D =i+

Thus, after reindexing we have

Y o =3 D+ = D)+ — (= D+ (= DYu”

nZIGGDT,],‘ n>1 1—[1{12—11(1+iu)
(n) ko, k1T
PP Sl (Gl Gl (R ) b U
n>2 H,':() (14+iu)
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Next, we have

Z Z (_t)c((r)—l

nzl(rEDTnk
! (=) [(n = )F = (n — D((n — 1) — 1"
——~ | = = nF
" (( H—=0"u +’§ H::O] T
(_1)n+k_1(t — Dy [ — n)k +m-DE—-m-— 1))k—1 u”
:(l_t)k”+z il 1 ) ]
nz2 [T +iu)

: . : _ (_1\ntk—1 _p\clo)—1
Finally, since FT"k has n + k vertices, XHFT,I,‘ 1) =(1 ZJGDT](( t)

by Theorem 1. Hence,

> xnr, O

n>1

=Z(—1)n+k—1 Z (_Z)c(a)—lun

n>1 neDTk
— (_1)/{71 Z Z (_I)C(U')fl(_u)n
n>1o0eDry,
=t — Dfu

(=)™ =1 6 = Dy [ = )k + (0 = D — (n— D] (=1

+ (=D

e /2 (1 — i
_ ok _ _ _ k—1 n
=4 Y O D [t 0 = D = = D
n=2 [T (1 —iw
_ 3 = D=t 0= b= = D)
et [T/ (1 —iu)

Finally, we multiply by ¢ to obtain the desired generating function for the chromatic
polynomial. O

8 Dowling analogs

8.1 Homogenized vdowling arrangements

As in [11, Chapter 4] (see also [12]), we can consider a complex analog of the
homogenized v-arrangements. Many of the results of the previous sections can be

extended to the complex case after some technical results are established.
Let v = (v, ..., v,) be a weak composition of m, and fix a positive integer gq.

2mi
Let w be the primitive gth root of unity e ¢ . We define the homogenized v-Dowling
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arrangement to be the hyperplane arrangement in

1 1
{((x1, ..., Xn, yf ) ..,yf”‘), yé )....,yém, ...,ylgl), ...,ylgv"))} =t
given by

Hg:{xi—wkszyi(e)|1§i<j§n,0§k§q—1,1§£§v,~}

Ul =y 11 <i<n <<y

The term “Dowling” comes from the fact that the intersection lattice of Hj is a
subposet of the Dowling lattice Q,(Z,), introduced by Dowling in [5].
Let KC! be the hyperplane arrangement in C"*” given by:

W~y =0[1<i<j<n0<k<g—11<t<v}

U{xéfllzolliifn,lgégw}.

Lemma5 There is an invertible linear transformation from C"™™ to itself that takes the
hyperplanes of H to the hyperplanes of ICL. In particular, we have L(HE) = L(KD).

Proof This follows from essentially the same argument as in the proof of Theorem 3.
See also [11, Lemma 4.2.3], [12]. O

The results of [11, Section 4.2] (and of [12]) allow us to interpret the coefficients of
the x LKD) (t) (and hence of x LHY) (#)) in terms of certain decorated D-permutations.

A g-labeled D-cycle on V C [2r] is a D-cycle o on V, some of whose entries are
labeled with elements of {0, ..., g — 1} subject to the following conditions.

e The maximum entry of ¢ is labeled 0.

e If2r € V and o is written in the form (w - 2r) then the right-to-left minima of the
word w are the only unlabeled entries of o.

e If 2r ¢ V then each entry of o is labeled.

A g-labeled D-permutation on V. C [2r] is a D-permutation o on V, some of
whose entries are labeled with elements of {0, ..., g — 1}, such that each cycle of
o is a g-labeled D-cycle. We write DL‘I,, . for the set of g-labeled D-permutations on
V C [2r].

The combinatorics of g-labeled D-permutations is equivalent to the combinatorics
of a certain class of edge-decorated forests.

A tree T on vertex set V C Z-. is increasing-decreasing (or ID for short) if, when
T is rooted at its largest vertex, each internal vertex v of T satisfies:

e if v is odd then v is smaller than all of its descendants and all of the children of v
are even,

e if v is even then v is larger than all of its descendants and all of the children of v
are odd.
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An ID forest is a forest, each of whose connected components is an ID tree. ID
forests were introduced in [14], where the authors showed that the ID forests on V
are exactly the non-broken circuit sets (with respect to a particular edge order) of the
graph I'y [14, Theorem 3.5].

A g-labeled ID tree is a tree T on vertex set V C [2r] such that each edge of T
not incident to 2r is labeled with an element of {0, ...,q — 1} (so if 2r ¢ V, each
edge of T is labeled). A g-labeled ID forest is a forest, each of whose components is
a g-labeled ID tree. We write .7-"1 . for the set of g-labeled ID forests on V' C [2r]. As
in the unlabeled case, the g- labeled ID forests are exactly the non-broken circuit sets
of the matroid arising from a complex hyperplane arrangement studied by Lazar and
Wachs [11, 12, Proposition 4.2.8].

In [11, 12, Theorem 4.2.10], Lazar and Wachs construct a bijection between the
g-labeled D-permutations on V with k cycles and the g-labeled ID forests on V with
k components.

Let V be any finite subset of Z-.¢ with odd minimum and even maximum such that
A(V) = A(v), and let 2r = max V. Then V has m odd elements and n even elements.
We let 25 be the second-largest even element of V and suppose that there are £ odd
elements of V between 2s and 2r. Finally, we let V' := V2.

By [11, 12, Proposition4.2.8] and [11, 12, Theorem 4.2.10], we have the following
interpretation of the coefficients of x LK) (1).

Proposition 2 The coefficient of (—1)*t*~! in X ey (1) is equal to the number of q-
labeled D-permutations on V with exactly k cycles, and hence is equal to the number
of g-labeled ID forests on 'V with exactly k components.

We can thus use Lemma 3 to show the following:

Theorem 11 For any weak composition v of m of length n and any finite V.C Z+
with odd minimum and even maximum such that .(v) = A(V), we have

I—t 11—
XL(Hq)(t) — (_1)m+n—1(1 _ t)lqm-i-n—l—lAV (_ - 1 0 _ 1)
' q q q

where { is the number of odd elements of V between the largest and second-largest
even elements of V.

Proof We have

ety O = Xegen @ = (=1 3™ (el
rert,

where c(F) is the number of components of F. We let F’ be the forest obtained from F
by deleting the vertex 2r. Let G is a g-labeled ID forest on V \ {2r} such that F’ = G,
and let T be a component of G. If T is not an isolated even vertex then either T is a
component of F, or T is attached to 2r in F. If T is an isolated even vertex then T
must also be a component of F. Hence
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Z (_t)c(G)fl — (_t)#{even isolated nodes of G}(l _ t)#{other components of G} )
rer,
F'=G

Moreover, we know that G must have at least ¢ isolated odd nodes for the £ odd
elements of V between 2s and 2r (since each such vertex can only share an edge with
2r). Hence we have

Z (—Z‘)C(F)_lz Z Z (_t)c(G)—l

FeF}, GeFl FeF},
/
F'=G

V\{2r},r
Z (— t)#{even isolated nodes of G}

GeFl

VA\{2r},n
x (1 — t)#{other components of G}

=(1- t)Z Z (_t)#{even isolated nodes of G}
Gef“i,
r

% (1 _ t)#{other components of G}_

By applying the bijection between ]-'3, and DV, , this last sum becomes

a- [)Z Z (_[)#{even fixed points of o'} (1 - t)#{other cycles of o'} )

q
O’EDV,J

Ifo e D?, » we let |o| be the underlying (unlabeled) D-permutation in Dy . We
thus have

Xegen @ = (D" A =0

x Z Z (_t)#{even fixed points of o'} - t)#{other cycles of o'} )
O'GDV/ ‘[ED;I/,

It|=0

Since 2r ¢ V', given any o € Dy we can construct a T € Dq, with |[7] = o
by labeling the largest entry of each cycle of o with 0 and freely labehng all of the
entries of o with the elements of {0, ..., g — 1}. This means that there are exactly
gq!V'I-#eyelesof o} papy ¢ GD , with 7] = 0.

Letting cyc(o) be the number of cycles of o, this means that we have

Xeaen @) = (D" —nt
< Z qlV’l—cyc(a) (_t)#{even fixed pts of o'} a- [)#{other cycles of o'}
O'EDV/

— (_l)m—i-n—l(l _ t)fq\V/|

@ Springer



422 A. Lazar

2

GEDV/

1—t 1—1¢ —t
= ()" A — gt Ay, (— —.1,0,—, 1) ,
q

)#{even fixed points of o'} < 1—¢ )#{other cycles of o'}

as desired, with the last equality following from Lemma 3. O

8.2 Generating function proofs

Since Hf ¢ = M forv = (k,k,..., k), we are now able to prove Theorem 5.
’ N—

n

Proof of Theorem 5 By Theorem 11, we have

1—¢t 1—1¢ —t
X (1) = (=D)L pkgrktn k=T o (— —\ 1,0, —, 1) ,
n,k n m m m

where
S,]f ={1,3,...,2nk — 1} u {2k, 4k, ..., 2nk}.
We have
D xeaemyOw = (=1 A — pf R A
n=1 n>1

11—t 11—t —t 1
X\ —— L0, —.1)u
m m m

1—t 1—1¢ —t
=@ -D") Ag (7 — 1,0, —, 1) ((=m D™=

m m
n>1

By Theorem 9, this last sum is equal to

(L) ((u I 1)<n—1)>’< (=) =1yk+1 =1
t —DF - " .
LT O (o T 21 2 (2] i)

Now,

n—1
=Hl‘—1—(}—1)m
j=1
Z(t 1)nflm
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Similarly,
1—1t (n=1)
(r—lx—mw‘<———+1)
m
n—1 n—1
=¢-D[Je—1=jm=]]t—1—jm)=@—=Dun.
j=1 j=0
Thus, the generating function formula above simplifies to
> xeny Ou"™!
n>1
k p_
_ (t_l)n lm((t_l)nm) -l
-t 1= (1 —(im+ 1D — (im+ 1)ku )
as desired. O
Since \7,:”,( = H forv = (k,0,...,0), a similar argument allows us to prove
: ——
n—1
Theorem 7.
Proof of Theorem 7 By Theorem 11, we have
o (r — Dk, n=1
KINEDZ  cmy o A gy (At 12t 1,0, 52, 1), n= 2
SO
1—t 1—1¢ —t
n—1 _ .~k v _ n—1
> xgn (u —(m)E:Aq<7rc7rJﬁ,mJ>(mw :
n>2 n>2
and by Theorem 6 the last sum is equal to
(1—)(n 2) c(x +n—2, x+n—2) (—m)r—1yn1
kZ mn T 771’}';’107[’1)
(=m) —
n>2 Hi:O [1 - (7 - )( m)“]

Now, we know that

Api(x +i, % +1)
2
=+ i+i)x 4740

+ O+ + DG —y) —kGE+DE—2) = +DE+D],
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SO

(—m)k+1AT2k(x +n—-2,x+n-2) (ﬁ,ﬁJ,o,i,l)

—(t—1—mmn—2)
x [(r 1 =—mm =)+ mmn=2)+ Dt — 1 —mn —2))k—1].

Since (—m)"2 (=)™ = (¢ — 1) _g and (t — 1 = m(n = 2)(t = Dy =

(t — 1)n—1.m, the generating function formula simplifies to

Y oxagn !

n>2
_ Z (t =Dyt [G =T =m@n = 1)+ mn—2)+ Dt — 1 =m@n —2)) " ]u"!
= T2 11 — i + Lyul ’
as desired. O

9 Final remarks and further questions

In [14, Corollary 3.9], it was shown that —x £ (1,,_,)(0) is equal to the (unsigned)
Genocchi number g,, and Hetyei’s count of the number of regions of Hj,,_; in [10]
tells us that — x £(7¢,,_,)(—1) is equal to the median Genocchi number £,,. It therefore
seems reasonable to define a family of generalizations g, x and &, i by

gk = (D)™ y a0 5(0), (10)
B = (=)™ p a0, (= 1). (11)

Using Corollary 3, we can derive generating function formulas for these sequences
as functions of k.

k,n
" = _1)yk+n—1 0 (n — D!n)*u 12
2ot = VT 00 O = Ly (O
_ ((n 4 DYku"
Y hu = 3 (= 1] H=Y .3

These generating functions reduce to generating functions due to Barsky and
Dumont [1] for the Genocchi and median Genocchi numbers, respectively, whenk = 1.

Specializing the proof of Theorem 11 tom = l and V = S,’; (c.f. [14, Theorem
4.14]), we see that
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XLHoi) t)=(1-— t)k Z (_t)#{even fixed points of(r}(l _ t)#{other cycles ofcr}.

JEDS,Ii_]
(14)
By evaluating Eq. (14) at t = —1, we obtain a decomposition of 4, ; into powers
of 2 forall n > 2:
k(n—1) )
hng =Y hi_y 27, (15)
j=1

where h,’l & is the number of D-permutations on Sff with exactly j cycles that are not
even fixed points.

In [14, Corollary 4.16], the authors obtain a decomposition of the Genocchi num-
bers into powers of 2 that is expected to be the same as a decomposition due to
Sundaram [18, Theorem 3.15]. However, the proof of this decomposition relies on a
factorization of xz(#,, ,)(t) [14, Theorem 4.15] whose proof does not immediately
generalize to H,, .

Question 1 What is the largest power of (# — 1) that divides x () (1)?

Question 2 Is there a decomposition of g, x analogous to Sundaram’s decomposition
of g,?

There is a wealth of literature studying the Genocchi numbers and median Genocchi
numbers. It would be interesting to see which results about those sequences can be
generalized to this broader setting. For example, the Genocchi and median Genocchi
numbers can be obtained from one another via a triangular array known as a Seidel
triangle (see, e.g., [7]).

Question 3 Is there an analogous relationship between g, x and i ?
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