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A type B analog of the Ish arrangement

Tan N. Tran & Shuhei Tsujie

ABSTRACT The Shi arrangement due to Shi (1986) and the Ish arrangement due to Armstrong
(2013) are deformations of the type A Coxeter arrangement that share many common proper-
ties. Motivated by a question of Armstrong and Rhoades since 2012 to seek for Ish arrangements
of other types, in this paper we introduce an Ish arrangement of type B. We study this Ish
arrangement through various aspects similar to as known in type A with a main emphasis on
freeness and supersolvability. Our method is based on the concept of i-digraphic arrangements
recently introduced due to Abe and the authors with a type B extension.

1. INTRODUCTION

Let V = R’ be a finite-dimensional real vector space. Let {x1,...,z,} be a basis
for the dual space V*. Our discussion starts with the Shi arrangement Shi(A;_1)
due to Shi [22, Chapter 7], and the Ish arrangement Ish(A,_1) due to Armstrong
[4] defined as

Shi(Ag—1) == Cox(Ar—1)U{a; —2; =1]1<i<j<
<

) Ish(Ay—1) = Cox(Ap—1)U{x1 —x; =171

<
Li1<j<

where Cox(A¢—1) = {x;—2; =0|1<i<j</{} is the Coxeter arrangement
of type Ay;_1. The Ish arrangement is defined in the inspiration of the so-called
combinatorial symmetry [5]

This correspondence is simply a set bijection yet led to many common properties
of the Shi and Ish arrangements from different aspects, among others, the perspec-
tive of freeness and supersolvability. See §2.1 and §2.2 for the definitions of free and
supersolvable arrangements.

We call any property that the Shi and Ish arrangements share in common a
“Shi/Ish duality". The following Shi/Ish dualities hold:

THEOREM 1.1 ([11, 6, 4, 5]). The arrangements Shi(A¢—1) and Ish(A,—1) have the
same characteristic polynomial t(t — £)*~1.
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THEOREM 1.2 ([7, 2, 27]). The cones over Shi(Ay_1) and Ish(A,—1) are both free.
Moreover, the cone over Ish(Ay_1) is supersolvable.

THEOREM 1.3 ([5, 17]). The arrangements Shi(As_1) and Ish(A,—1) have the same
number of regions (connected components of the arrangement’s complement) with c
ceilings and d degrees of freedom for any nonnegative integers c, d.

It was questioned by Armstrong and Rhoades [5, §5.3(6)] to define and study Ish
arrangements for root systems of other types. The main purpose of this paper is to
introduce, for the first time, an Ish arrangement for type B root system which has
properties similar to the ones in Theorems 1.1, 1.2 and 1.3. Here is our main definition.

DEFINITION 1.4. The Shi arrangement Shi(By) and the Ish arrangement Ish(By)
of type By are defined by

Shi(By) :=Cox(Be) U{z; =1|1<i<l}U{a;—z;=1|1<i<j</l}
U{z,+z;=1]1<i<j< U},

Ish(By) ={z;tz;=0]|1<i<j<{}
14

U{az,=a|l<i<li—¥l<a<l—i+1}
—COX(Bz)U{xl—].‘1<Z<£}U{xl_€+2—]|]. <j<t}
U{a;=—(l+1—-j)|1<i<j< L},

where Cox(By) ={2; £2; =0]1<i<j<{l}U{z;=0[1<i< L} is the Cox-
eter arrangement of type By. (The case when £ =2 is depzcted in Figure 1.)

/

N\

AN

Let us describe a relation between the Coxeter, Shi and Ish arrangements of types
A and B. For an arrangement A, let A°° denote its essentialization (see §2.1).
Apply the transformation x1 — 1, x; = 1 — Tp4o—; (2 <1 < L+ 1) we know that

Cox(Ap)™ ~{a;—2; =0]1<i<j<L}U{a;=0]|1<i<Ll},
Shi(Ap)**®* ~{x; —z; =0,1]1< Z<]\£}U{$¢=0,1|1\Z<€},
Ish(A)* ~{xi—2; =0|1<i<j<l}U{a; =0+2—-j|1<i<j<l+2},

FIGURE 1. Shi(B3) and Ish(Bz)

where “~" means affine equivalence (see §2.2). The combinatorial symmetry (2)

between Shi(A,)®® and Ish(A¢)®® can now be written as
5 {z; =1} +—{x; =1} (1<i<d),
(3) {lii—szl}(—}{l'i:g—FQ—j} (I1<i<j<d).
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Shi(By) Ish(By)

\ /

COX(B[)

Shi(Ag)ess Tsh(A)es

\ /

Cox(A)ess

FiGURE 2. The Coxeter, Shi and Ish arrangements of types A and
B ordered by inclusion.

By this way, Cox(By) and Ish(A,)®* can be regarded as subarrangements of Ish(By)
in the same way as Cox(By) and Shi(A,)®® for Shi(By). Figure 2 shows the Hasse
diagram of these arrangements ordered by inclusion.

In this paper, we extend Theorems 1.1 and 1.2 to Shi(By) and Ish(B;). More
precisely, we show that their associated cones share the characteristic polynomial and
freeness, and the cone over Ish(By) is supersolvable (Corollary 1.9). An extension of
Theorem 1.3 to the regions of Shi(B,) and Ish(B,) will be given in the upcoming
paper [20] of Numata, Yazawa and the second author.

More generally, we introduce three families of arrangements related to Shi(By)
and Ish(By) in analogy to the case of type A, and investigate their freeness and
supersolvability:

e type B Shi descendants which generalize both Shi and Ish arrangements
(§1.1),

e type B N-Ish arrangements which generalize Ish arrangement (§1.2),

e type B deleted Shi and Ish arrangements which provide “partial" inter-
polation between Coxeter, Shi and Ish arrangements (§1.3).

Finally, in §1.4 we give a result on period collapse in the characteristic quasi-
polynomials of the arrangements in the first and last columns of the type B Shi
descendant matrix.

The original motivation of Armstrong [4] for defining the Ish arrangement Ish(A,_1)
was to give a new combinatorial interpretation of the ¢, t--Catalan numbers of Garsia
and Haiman from diagonal coinvariant theory. In this paper we focus on common
properties that the Shi and Ish arrangements share (Shi/Ish dualities); a question
whether the type B Shi and Ish arrangements have a similar algebraic interpretation
is left for future research.

1.1. TYyPE B SHI DESCENDANTS. We begin by recalling the definition of arrange-
ments interpolating between Shi(A,_1) and Ish(Ay_1) due to Duarte and Guedes de
Oliveira [9]. Let 2 < k < £. Define

Hy = Cox(Ap_1)U{my —a;=1i|1

<i<j<tli<k}

0y,

These arrangements interpolate between Shi(A,—1) = H? and Ish(A4,—1) = Hj as k
varies. A notable property of these arrangements is that they share the same charac-
teristic polynomial ¢(t — £)*~1 [9, Theorem 2.2].

The relationship of the arrangements H} is studied more closely in terms of -
digraphic arrangements (Definition 3.1) in recent work by Abe and the authors
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[3]. Tt is shown that the sequence
Shi(Ag_1) = Hi — H} — -+ — Hi = Tsh(Ar_1)

can be derived by certain operations on digraphs, the so-called coking elimination
[3, Definition 2.15 and Theorem 3.13]. Compared to the combinatorial symmetry (2),
this gives another way to understand the Ish arrangement Ish(Ay_1) as the final
arrangement in the digraphic sequence above starting from Shi(A4y_1).

Furthermore, it was proved that the coking elimination operations mentioned pre-
viously preserve characteristic polynomial and freeness [3, Theorems 3.1 and 4.1]. In
particular, the supersolvability (hence freeness) of the cone cIsh(A;—1) implies the
freeness of all other cones in the sequence.

If an element e appears d > 0 times in a multiset M, we write e? € M.

THEOREM 1.5 ([9, Theorem 2.2], 3, Theorem 1.6]). The cones cHE over the arrange-
ments 7—[? (2 < k < 0) all are free with the same multiset of exponents

exp(cHf) = {0,1,05°1).

Notation. For subsequent discussion, we need to fix some notation. For integers
a < band ¢ > 1, denote [a,b] :={n € Z | a < n < b} and [¢] = [1,£]. For a subset
N C Z, denote —N = {—n | n € N}. For notational convenience, when writing the
defining equation of a hyperplane, e.g. by z; = N and x; = Nz we mean the affine
coordinate hyperplanes x; = n and its homogenizations x; = nz for all n € N.

More recently, Miicksch, Rohrle and the first author [19] defined the Shi descen-
dants as generalization of the arrangements H} in the study of flag-accurate ar-
rangements (Definition 2.6), a subclass of free arrangements involving freeness and
exponents of restrictions.

Let m > 0,1 <k </{ 0< p </ be integers. The Shi descendant A’g’k(m)
(see [19, Definition 7.15] when d = 0) is the arrangement consisting of the following
hyperplanes:

i<j<d),
Ti—x; =1 (1 <j<Ll+1-k),
z;=[1-m-min{¢—i+1,k},0] (1<i<p),

x;=[-m—min{l —i+1,k},0] (p<i<¥).

.’L‘i—S(}jZO (1

<
<1

We may regard Ag’k(m) as the entry a, r in an (£+1) x £ matrix (ap )o<p<e,1<k<e-
We call this matrix the Shi descendant matrix. We use the same name for the
matrix consisting of the cones over the Shi descendants.

The motivation to define the Shi descendants is that each row of the matrix can
also be constructed by coking elimination starting from a Shi-like arrangement [19,
Proposition 7.16]. These Shi arrangements (or .A?’l(m) for 0 < p < £ in the first
column of our matrix) were considered earlier by Athanasiadis [7, Theorem 3.1] with
a nice property that they contain sufficient deletions and restrictions in order to apply
the addition-deletion theorem 2.4 to guarantee their (inductive) freeness.

The essentialization of the arrangement Hﬁ'll for each 1 < k < / is affinely equiv-

alent to Aﬁ’k(l) = Ag’k(O) [3, Proposition 2.11]. Thus ’H?Ll can be found in the ¢-th
row of the Shi descendant matrix when m = 1, or in the O-th row when m = 0.
In this way the Shi descendants can be viewed as “vertical" generalization of the

arrangements 5.
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A type B analog of the Ish arrangement

THEOREM 1.6 ([19, Theorem 7.22]). Let m > 0, 1 < k < £ and 0 < p < £. The cone
CA’Z’k(m) in the Shi descendant matrix is flag-accurate with exponents
exp(e Ay (m)) = {1, ((+m)?, (€ +m+ 1)}

We remark that the freeness of the Shi descendants can be shown by using the
method in [3] which relies on the supersolvability of the Ish-like arrangements in the
last column (see [19, Remark 7.19]). In particular, the arrangements in the same row
have the same multiset of exponents hence characteristic polynomial. The Shi/Ish
duality for flag-accuracy in Theorem 1.6 is proved by a different “reverse” approach
by first employing the flag-accuracy of the Shi-like arrangements in the first column,
then extending to all other arrangements in the matrix.

All concepts discussed above are defined based on a root system of type A. We
now introduce a type B analog of the Shi descendants.

DEFINITION 1.7. Let m > 1,1 < k < € and 0 < p < L. The type B Shi descendant
Bf’k(m) is the arrangement in RY consisting of the following hyperplanes
x;=[2-m—-min{l— i+ 1,k}, min{{ —i+ 1,k} +m—1] (1 <i<p),
x;=[1-m-min{l— i+ 1,k}, min{{ —i+ 1Lk} +m—1] (p<i<{¥).
We will define further concepts for type B. For simplicity, sometimes we omit the
term “type B" if no confusion arises. For example, we will call the arrangements in
Definition 1.7 the Shi descendants BY* (m).
We may view each A7 *(m) as a subarrangement of BY *(m +1). In a similar way

we define the type B Shi descendant matrix as the matrix consisting of the Shi
descendants BY* (m):

B (m) * 24 B¢ (m)

i, p varies : .
Byt(m) -~ Byf(m)

Similar to the type A case, we will describe the relation between the arrangements
in the same row when we introduce the type B -digraphic arrangement and
coking elimination in §3.1 (see Theorem 3.11). This will also justify the definition
of BY*(m) as a counterpart of AY"(m).

The arrangements 57 !(m) in the first and B) “(m) in the last column play a role of
Shi-like and Ish-like arrangements, respectively. These arrangements are of our main
interest, and we give their descriptions explicitly below. For 0 < p < 4,

(4) B (m) : { =[1-m,m] (1<i<p),
Zi =[-m,m] (p<i<¥).
xiixj =0 (1<Z<]<f),
(5) B (m) : { =[l—m+i—tm+0—i (1<i<p),
T; =[-m+i—fm+L—i] (p<i<H{).

In particular, take m = 1, we obtain Shi(By) = Bﬁ’l(l) at bottom-left corner, and
Ish(By) = Bﬁ’e(l) at bottom-right corner. See Figure 3 for the Shi descendant matrix
for £ = 3.

Our first main result in the present paper is an analog of Theorem 1.6.
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THEOREM 1.8. Let m > 1,1 < k < £ and 0 < p < L. The cone ch’k(m) in the Shi
descendant matriz is flag-accurate with exponents

exp(eBYF(m)) = {1, (2m + 20 — 2)P, (2m + 20 — 1)7P}.

Moreover, if £ > 2 then ch’k(m) is not supersolvable except the arrangements in the
last column of the matrix.

COROLLARY 1.9. The cones over Shi(By) and Ish(By) are free with the same multiset
of exponents {1,(20)*}. In particular, Shi(By) and Ish(By) have the same character-
istic polynomial (t — 2¢)¢. Moreover, the cone over Ish(By) is supersolvable.

The proof of Theorem 1.8 is similar in spirit to Theorem 1.6. The argument for
the Ish arrangements in the last column is easiest which follows directly from the
modular coatom technique 2.12. For the remaining arrangements, we first need to
show the flag-accuracy of the Shi arrangements in the first column, then use the
modular coatom technique to transfer this property to the other arrangements along
each row in the matrix.

It was observed in [5, §1] that the Ish arrangement Ish(A,_1) is sort of a “toy
model" for the Shi arrangement Shi(A,_1) in the sense that for any property P that
they share, the proof that Ish(A,_;) satisfies P is easier than the proof that Shi(Ay_1)
satisfies P. As the preceding paragraph suggests, this observation continues to be the
case for type B regarding the flag-accuracy in Theorem 1.8.

1.2. TYPE B N-IsH ARRANGEMENTS. Let N = (Na,..., Ny) be a tuple of finite sets
N; C Z (not necessarily of the form [a;, b;]). Abe, Suyama, and the second author [2]
defined the N-Ish arrangement A(N) as a generalization of the Ish arrangement
Ish(Ay—1) (or more generally, of the Ish arrangements .A?’E(m) for 0 < p < £ in the
last column of the type A Shi descendant matrix). The N-Ish arrangement A(N)
consists of the following hyperplanes:
LL’l—LL'l':Ni (2<Z<f)
It is shown that freeness and supersolvability of the cone over A(NN) are synonyms.

THEOREM 1.10 ([2, Theorems 1.3 and 1.4]). The following are equivalent:

(1) N is a nest. Namely, there exists a permutation w of {2,...,¢} such that
Ny C© Nyi—1y for every 3 < i < L.
(4) (i—1)
(2) The cone cA(N) is supersolvable.
(3) The cone cA(N) is free.

In this case, the exponents of cA(N) are given by

exp(eA(N)) = {0, 1} U {|Nuoy| +i — 2},
where w is any permutation of {2,...,£} such that Ny C Ny(i—1) for every 3 <i <
L.

We now introduce the notion of type B N-Ish arrangement as a generalization
of the Ish arrangements B?’Z(m) for 0 < p < £ in the last column of the type B Shi
descendant matrix (see (5)) by extending the weights of the coordinate hyperplanes.

DEFINITION 1.11. Let N = (Ny,..., Ny) be an £-tuple of finite sets N; C Z. The type
B N-Ish arrangement B(N) is the arrangement in R® consisting of the following
hyperplanes:
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Some example of the type B N-Ish arrangements already appeared in the litera-
ture, e.g. it was used by Ziegler [30, Proposition 10] to show that the exponents of
free multiarrangements (see §2.3) are in general not combinatorial. To study the
freeness and supersolvability of B(N), we consider some special conditions on tuples.

DEFINITION 1.12. Let N = (Ny,..., Ny) be an {-tuple of finite sets N; C Z. The tuple
N is said to be
(1) centered if 0 € N; for each 1 <1i < ¥,
(2) uneven if for any 1 <1i < j < £ either |N;| # |N;| or [N;| = |N;| is an odd
integer, otherwise it is called even (i.e. there exist 1 < i < j < £ such that

|N;| = |Nj| is an even number),
(3) nonnegative if N; C Zso consists of only nonnegative integers for each
1<i<y,

(4) a signed mest if there evists a permutation w of [{] such that N, C
N1y (equivalently, Ny U (—=Ny)) € Nui—1)) for every 2 <i < L. Thus
N is a signed nest if and only if the 2-tuple (N;, N;) is a signed nest for all
1<i<j<U.

Our second main result is an analog of Theorem 1.10.

THEOREM 1.13. Let N = (Ny,...,Ng) be an (-tuple of finite sets N; C Z satisfying
two conditions: (a) N is centered and (b) N is uneven. The following are equivalent:

(1) N is a signed nest.
(2) The cone cB(N) is supersolvable.
(3) The cone cB(N) is free.

In this case, the exponents of ¢B(N) are given by
exp(eB(N)) = {1} U{[Nu(i)| + 20 — D}y,
where w is any permutation of [£] such that £ N,y C Ny(i—1) for every 2 <i < /.

In particular, the arrangements c37 ’é(m) for 0 < p < £ in the last column of the Shi
descendant matrix given in (5) are supersolvable since they are N-Ish arrangements
whose associated tuples are signed nests.

We remark that without centeredness or unevenness the tuple N being a signed
nest is not enough to guarantee the freeness or supersolvability or equivalence be-
tween these properties of ¢B(N) (see Example 4.2). Thus unlike type A, freeness and
supersolvability of cB(IN) are not synonyms. A full characterization of freeness or
supersolvability for a type B N-Ish arrangement remains open to us.

If a tuple N is centered and nonnegative, we give a characterization for freeness
and supersolvability of ¢B(NN) without the need of unevenness (see Theorem 4.7).
This characterization will play an important role in the proof of Theorem 1.16 in the
next subsection.

In the type A case, an explicit basis for the module of logarithmic derivations
(Definition 2.1) of a free (= supersolvable) N-Ish arrangement is known [2, Theorem
1.4]. The situation is more complicated in type B. We give an explicit basis for ¢B(N)
when N; = [-m;, m;] with my > mg > -+ = my > 0 (Theorem 4.3). This ¢B(N) also
satisfies all conditions in Theorem 1.13, and has the top-right descendant cl’j’g’e(m)
and Cox(By) as its specializations. It would be interesting to find a basis for other
free (or just supersolvable) type B N-Ish arrangements.

1.3. TYPE B DELETED SHI AND ISH ARRANGEMENTS. For a loopless digraph G =
([4], Eg) on [¢] with edge set E¢ C {(i,7) | 1 < i < j < ¢}, Athanasiadis [6, 7]
defined the deleted Shi arrangement Shi(G) that interpolates between Cox(Ay_1)
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and Shi(Ay_1), and characterized completely its freeness and supersolvability. Using
the following digraphic version of the combinatorial symmetry (2)

{vi—z; =1} = {1 —z; =i} ((5,)) € Eo),
Armstrong and Rhoades [5] defined the deleted Ish arrangement Ish(G) that in-
terpolates between Cox(As—1) and Ish(As_1):
Shi(G) = Cox(Ap—1)U{x; —z; =1]| (3,5) € Eg },
(©) Ish(G) == Cox(A¢—1)U{z1 —z; =1| (4,5) € Eg }.

The following analog of Theorems 1.1, 1.2 and 1.3 for the deleted Shi and Ish
arrangements holds.

THEOREM 1.14 ([5, Main Theorem], [17, Theorem 6], [2, Corollary 5.3]). The following
Shi/Ish dualities hold:

(1) The arrangements Shi(G) and Ish(G) have the same characteristic polyno-
mial.

(2) ¢Shi(G) is free < cIsh(G) is free < cIsh(G) is supersolvable.

(3) The arrangements Shi(G) and Ish(G) have the same number of regions with
c ceilings and d degrees of freedom for any nonnegative integers c,d.

Recall Shi(By) and Ish(By) from Definition 1.4. One may wonder whether an analog
of Theorem 1.14 holds for type B. Unfortunately, it is not always the case. The
subarrangement Shi(Bs) \ {z1 = 1} of Shi(Bs) has characteristic polynomial ¢3 —
17t2 4 98t — 191. However, there is no subarrangement of Ish(Bs) containing Cox(B3)
such that the characteristic polynomial coincides with this polynomial.

In order to have a valid analogy, we need to consider “partial" deleted versions of
Shi(By) and Ish(By). A natural idea is to consider an analogous digraphic version of
(3). In that case it is necessary to consider digraphs with loops.

In the remainder of this subsection, assume G = ([¢], Eq, Lg) is a digraph on [{]
with loop set Lg C [¢] and edge set Eq C {(i,7) |1 <i<j < ().

DEFINITION 1.15. Define arrangements S(G) and Z(G) in R® by
S(G) =Cox(By) U{z;=1|i€Lg}U{a;—x;=1]|(i,j) € Eg},
I(G) = Cox(By) U{ax; =1|i€Lg }U{x;=0+2—3| (i,j) € Eg }.
The arrangements above are “partial" deleted versions of Shi(By) and Ish(By) in

the sense that S(G) (resp. Z(Q)) interpolates between Cox(B) and Shi™ (By) (resp.
Ish™(By)) defined as below

Cox(B¢) € S(G) CShi™ (By) = Shi(By) \{z;+z;=1]|1<i<j<{},
Cox(B¢) CZ(GQ) CIsh™ (By) =Ish(B) ~{z; =—({+1—j) |1<i<j<L}.
Our third main result is an analog of Theorem 1.14(2).

THEOREM 1.16. The following Shi/Ish duality between the cones over S(G) and Z(G)
holds:

c¢S(G) is free < ¢S(G) is supersolvable < c¢Z(G) is free < ¢Z(G) is supersolvable.
Furthermore, any of the above conditions occurs if and only if G has one of the
following forms:

(a) |Eg| = 1 and all the edges in G have the same initial vertex with possible loop
at this vertex, and there are no loops at any other vertices,

(b) |Eg| > 2 and all the edges in G have the same terminal vertex, and there are
no loops at any vertices (including the terminal verter),
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(¢) G has no edges but loops at some vertices.
In this case, the exponents of ¢S(G) and ¢Z(G) are both given by

exp(e8(G)) = exp(eZ(G)) = {|Ea| + Ll + 1} U{2i — 1},

In particular, the deleted arrangements S(G) and Z(G) have the same characteristic
polynomial when their associated cones are free. Our calculation so far suggests the
following analog of Theorem 1.14(1).

CONJECTURE 1.17. §(G) and Z(G) have the same characteristic polynomial for any
digraph G.

Notice that Shi(By) and Ish(By) are the first and last arrangements in the last row
of the Shi descendant matrix. It would also be interesting to define similar “partial"
deleted versions of the first and last arrangements in the other rows, and study the
Shi/Ish dualities similar to Theorem 1.14.

1.4. CHARACTERISTIC QUASI-POLYNOMIALS AND PERIOD COLLAPSE. Given an in-
tegral arrangement, Kamiya, Takemura and Terao [14, 16] introduced the notion of
characteristic quasi-polynomial, which enumerates the cardinality of the comple-
ment of the arrangement modulo a positive integer (Theorem 2.16). The most popular
candidate for periods of these quasi-polynomials is the lem period (Definition 2.15).

The lcm period is known to be the minimum period when the arrangement
is central [12, Theorem 1.2]. The minimum period in the noncentral case remains
unknown. We say that period collapse occurs in the characteristic quasi-polynomial
of a noncentral arrangement when the minimum period is strictly less than the lem
period.

The first example of period collapse arises from the extended Shi arrangement
of a root system of an arbitrary type but type A [29, Theorem 5.1]. Note that in
type A, the lem period is equal to 1 (see e.g. [15, Corollary 3.2]) hence no period
collapse occurs. In particular, the characteristic polynomial and quasi-polynomial of
Shi(A¢_1) or Ish(Ay_1) coincide.

Higashitani, Yoshinaga and the first author showed that period collapse occurs in
any dimension > 1, occurs for any lecm period > 2, and the minimum period when
it is not the lem period can be any proper divisor of the lem period [12, Theorem
1.2]. Despite the fact that any sort of period collapse is possible, what makes period
collapse happen is still an interesting question.

Our fourth (and final) main result is a new example of period collapse.

THEOREM 1.18. The characteristic quasi-polynomial of each arrangement Bf’l(m) for
0 < p < L in the first column of the Shi descendant matriz given in (4) is actually a
polynomaial. Hence period collapse occurs in these quasi-polynomials.

One may wonder if a Shi/Ish duality regarding period collapse holds for Shi(By)
and Ish(By). Unfortunately, it is not the case. It can be readily verified that both lem
and minimum periods for Ish(By) are equal to 2 (see also §5 for further details).

2. PRELIMINARIES

2.1. FREE ARRANGEMENTS. We begin by recalling basic concepts and preliminary
results on free arrangements. Our standard reference is [21]. Let K be a field and
let V = K’ A hyperplane in V is an affine subspace of codimension 1 of V. An
arrangement is a finite collection of hyperplanes in V. An arrangement is called
central if every hyperplane in it passes through the origin.
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Let A be an arrangement. Define the intersection poset L(A) of A by

L(A)::{ N H+o

HeB

BCA}7

where the partial order is given by reverse inclusion X < Y < Y C X for XY €
L(A). We agree that V is a unique minimal element in L(.A) as the intersection over
the empty set. Thus L(A) is a semi-lattice which can be equipped with the rank
function r(X) := codim(X) for X € L(A). We also define the rank r(A) of A as the
rank of a maximal element of L(A). The intersection poset L(A) is often referred to
as the combinatorics of A.

The characteristic polynomial x 4(t) € Z[t] of A is defined by

xalt):= > p)tmX,
XeEL(A)

where p denotes the Mobius function p: L(A) — Z defined recursively by

p(V)y=1 and pX):=-— Z w(Y).
YEL(A)
XCYCV

Let {x1,...,2¢} be a basis for the dual space V* and let S := K[z1,...,z]. The
defining polynomial Q(A) of A is given by

QA) =[] an €5,
HeA
where ag = a1x1 + - + agze + d (a;,d € K) satisfies H = ker agy.
The cone cA over A is the central arrangement in K*! with the defining polyno-
mial
Q(cA) ==z H hag € Kloy, ...,z 2],
HeA
where "ap == aj21 + -+ + agxy + dz is the homogenization of ay, and z = 0 is the
hyperplane at infinity, denoted H ..

A K-linear map 6 : S — S which satisfies 6(fg) = 0(f)g + f0(g) is called a
derivation. Let Der(S) be the set of all derivations of S. It is a free S-module with
a basis {0/0z1,...,0/0z,} consisting of the usual partial derivatives. We say that a
nonzero derivation 6 = Zle f:0/0x; is homogeneous of degree p if each nonzero
coefficient f; is a homogeneous polynomial of degree p [21, Definition 4.2]. In this case
we write deg 6 = p.

The concept of free arrangements was defined by Terao for central arrangements
[25]. In the remainder of this section, unless otherwise stated, assume A is a central
arrangement in V = K*.

DEFINITION 2.1 (Free arrangement [21, Definitions 4.5 and 4.15]). The module D(A)
of logarithmic derivations is defined by

D(A) = {6 € Dex(8) | B(Q(A)) € QA)S).
We say that A is free if the module D(A) is a free S-module.

If A is a free arrangement, we may choose a homogeneous basis {61,...,0¢} for
D(A). Then the degrees of the 6;’s are called the exponents of A [21, Definition
4.25]. They are uniquely determined by A. In that case we write

exp(A) == {degby,...,deg b}

for the multiset of exponents of A. If exp(A) = {d1,...,d¢} with dy < --- < d¢, we
write exp(.A) = {dl, ceey d@}g.
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Though the freeness was defined in an algebraic sense, it is related to the combi-
natorics of arrangements due to a remarkable result of Terao.

THEOREM 2.2 (Factorization theorem [26, Main Theorem]|, [21, Theorem 4.137]). If
A is free with exp(A) = {d1,...,d¢}, then

14

xalt) = [t~ do).

i=1
For each X € L(A), define the localization of A on X by
Ax ={K e A| X CK} CA,
and the restriction AX of A to X by
AY ={KNX|Kec A~ Ax}.
Fix H € A, denote A" :== A~ {H} and A” := AH. We call (A, A", A”) the triple
with respect to the hyperplane H € A.

THEOREM 2.3 (Deletion-restriction formula [21, Theorem 2.56)). If (A, A", A”) is a
triple of arrangements, then

xa(t) = xa(t) = xar(t).

THEOREM 2.4 (Addition-deletion theorem [25], [21, Theorems 4.46 and 4.51]). Let A
be a nonempty arrangement and let H € A. Then two of the following imply the third:
(1) A is free with exp(A) = {d1,...,dp—1,de¢}.
(2) A’ is free with exp(A’) = {ds,...,dp—1,ds — 1}.
(3) A" is free with exp(A”) = {d1,...,de—1}.
Moreover, all the three hold true if A and A’ are both free.

We recall an improvement of the addition part of the theorem above ((2) 4 (3) =
(1)) due to Abe.

THEOREM 2.5 (Division theorem [1, Theorem 1.1]). Assume that there is a hyperplane
H € A such that x 4 (t) divides x 4(t) and that A" is free. Then A is free.

Let @, denote the /-dimensional empty arrangement, that is, the arrangement
in V' consisting of no hyperplanes. An arrangement A4 in V is called essential if
r(A) = £. Any arrangement A of rank r in V' can be written as the product (see e.g.
[21, Definition 2.13]) A®** x &,_,., where A®* is the essentialization (see e.g. [24,
§1.1]) of A which is an essential arrangement of rank r. Moreover, A is free if and
only if A®S is free [21, Proposition 4.28]. In this case, exp(A) = exp(A°®*) U {0 "}.

A special subclass of free arrangements is recently studied by Miicksch, Rohrle and
the first author.

DEFINITION 2.6 (Flag-accurate arrangement [19, Definition 1.1]). A free arrangement
A of rank r with exp(A) = {0°",d,...,d, }< is called flag-accurate if there exists
a flag of subspaces in L(A)

X1CXoC---CXy 1 CX, =V
such that dim(X;) = € —r +i and AXi is free with exp(AX) = {0°7",dy, ..., d;}<
for each 1 <i<r.

The flag-accurate arrangements form a subclass of both accurate and division-
ally free arrangements, concepts due to Miicksch and Rohrle [18], and Abe [1], re-
spectively. In particular, flag-accuracy is a combinatorial property [19, Remark 1.3].
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2.2. SUPERSOLVABLE ARRANGEMENTS. Now we recall the definition of supersolv-
able arrangements following e.g. [10, §2].

DEFINITION 2.7. Given a subarrangement B C A of a central arrangement A, we say
B is a modular coatom of A if

(1) r(A) =rB)+1, and

(2) for any distinct H,H' € AN B, there exists H" € B such that HNH' C H".

PROPOSITION 2.8 ([8, Theorem 4.3]). A subarrangement B C A is a modular coatom
if and only if B = Ax for some coatom X € L(A) such that X +Y € L(A) for all
Y € L(A).

DEFINITION 2.9 (Supersolvable arrangement). A central arrangement A of rank r is
called supersolvable if there exists a chain of arrangements, called an M-chain,

G=AC A C---CA =A
in which A; is a modular coatom of A;11 for each 0 <i<r—1.
Next we describe a relationship between supersolvable and free arrangements.

THEOREM 2.10 ([13, Theorem 4.2]). If A is supersolvable, then A is free. Further-
more, if A has an M-chain @ = Ag € Ay C --- C A, = A, then exp(A) =
{Oeir(‘A), di,... »dr(A)} where d; == |.AZ N AZ'71|,

The theorem below says supersolvability and freeness are closed under taking lo-
calization.

THEOREM 2.11 ([23, Proposition 3.2] and [21, Theorem 4.37]). If A is supersolvable
(resp. free), then the localization Ax is supersolvable (resp. free) for any X € L(A).

The following well-known property of modular coatoms (see e.g. [19, Proposition
3.3]) will be used often in the proofs of our results to come.

PROPOSITION 2.12 (Modular coatom technique). Let A be a central arrangement and
let B C A be a modular coatom of A. The following statements hold.

(1) A is supersolvable (resp. free) if and only if B is supersolvable (resp. free). In
this case, exp(A®®) = exp(B*®) U {]A \ B|}.

(2) If B is flag-accurate whose exponents do not exceed | A\ B|, then A is flag-
accurate.

Two (central) hyperplane arrangements A and A’ in V are said to be (linearly)
affinely equivalent if there is an invertible (linear) affine endomorphism ¢ : V. — V
such that A" = ¢(A) = {p(H) | H € A}. In particular, the intersection posets of two
affinely equivalent arrangements are isomorphic. One can prove that supersolvability,
flag-accuracy and freeness all are preserved under linear equivalence. In the rest of
the paper, we will often identify affinely equivalent arrangements. Note that for two
affinely equivalent noncentral arrangements A and A’, the cones cA and cA’ are
linearly equivalent.

2.3. MULTIARRANGEMENTS. A multiarrangement is a pair (A, m) where A is a
central arrangement in V = K’ and m is a map m : A — Z3o, called multiplicity.
Let (A, m) be a multiarrangement. The defining polynomial Q(.A,m) of (A, m) is
given by

Q(A,m) = H aZ(H) €S =K[zy,..., 2z

HeA
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When m(H) =1 for every H € A, (A, m) is simply a hyperplane arrangement. The
module D(A, m) of logarithmic derivations of (A, m) is defined by

D(A,m) = {0 € Der(S) | 6(an) € az(H)S for all H € A}.

We say that (A, m) is free with the multiset exp(A, m) = {dy,...,ds} of expo-
nents if D(A,m) is a free S-module with a homogeneous basis {01, ..., 60;} such that
deg6; = d; for each i. It is known that (A, m) is always free for ¢ < 2 [30, Corollary
7].

For 01,...,0, € D(A,m), we define the (¢ x £)-matrix M(6y,...,0,) as the matrix
with (7, j)-th entry 6,(x;).

THEOREM 2.13 ([21, Theorem 4.19], [30, Theorem 8)). Let 61, ...,0, € D(A, m). Then
{01,...,00} forms a basis for D(A, m) if and only if

det M(6y,...,0,) € K* - Q(A,m).

Let H € A. The Ziegler restriction (A7, m*) of A onto H is a multiarrangement
defined by

m"(X) = |Ax| -1 for X € A",
We will need the following characterization for freeness of a simple arrangement in
dimension 3.

THEOREM 2.14 ([28, Corollary 3.3]). A central arrangement A in K3 is free if and
only if

Xa(t) = (t = 1)(t — d2)(t — ds),
where exp(AH ,m") = {dy, d3} with H € A.

2.4. CHARACTERISTIC QUASI-POLYNOMIALS. A function ¢ : Z — C is called a quasi-
polynomial if there exist a positive integer p € Z~o and polynomials f*(t) € QJt]
(1 < k < p) such that for any g € Z~¢ with ¢ = k mod p,

vlq) = *(a).

The number p is called a period, and the polynomial f*(t) is called the k-
constituent of the quasi-polynomial ¢. The smallest such p is called the minimum
period of p. The minimum period is necessarily a divisor of any period.

Let ¢,n € Zs( be positive integers. Denote by Matyx,(Z) the set of all £ x n
matrices with integer entries. Let C' = (cy, ..., ¢,) € Matyx,(Z) with nonzero column

and let b = (by,...,b,) € Z™. Set A == (%’

the following hyperplane arrangement, called integral arrangement in R*

A= A(A) = {H,:1<j<n},

) € Mat(¢41)xn(Z). The matrix A defines

where
Hj=H., = {z € R" | 2¢; = b;}.

Let ¢ € Zso and Z, == Z/qZ. For a € Z, let @ = a + qZ € Z, denote the g¢-
reduction of a. For a matrix or vector A’ with integral entries, denote by A’ the
entry-wise g-reduction of A’.

The g-reduction A, of A is defined by

Ag=Ag(A) ={Hjq |1<j<n},
where
Hy, = {z € 2| 25 = ).
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Denote Z; = Z, ~ {0}. The complement M(A,) of A, is defined by
M(Ag) = Zg~ U Hyg={2 € Zg | 2C ~b e (Z;)"}.
j=1

For @ # J C [n], let C; € Matyx47(Z) denote the submatrix of C consisting of
the columns indexed by J. Set r(J) := rankCy. Let 0 < ej1 | es2 | --- | esr) be
the elementary divisors of C.

DEFINITION 2.15. Define the lem period of C by

pc = lem{e;, () | @ # J C [n]}.

For simplicity, suppose each column of matrix A is primitive and no repetition is
allowed so that one can recover A from the arrangement A.

THEOREM 2.16 ([14, Theorem 2.4], [16, Theorem 3.1]). There exists a monic quasi-
quasi

polynomial x4 (q) of degree £ with a period pc such that for sufficiently large q,
IM(Ag) = X% ()
This quasi-polynomial is called the characteristic quasi-polynomial of A.
The name “characteristic quasi-polynomial" is inspired by the following fact.

THEOREM 2.17 (e.g. [16, Remark 3.3]). The 1-constituent f(t) of X?L‘uaSi(q) coincides
with the characteristic polynomial x 4(t) of A:

Fat) = xalt).

3. TYPE B SHI DESCENDANTS

We first fix some notation throughout this section. By G = (Vg, Eg) we mean
a digraph with vertex set Vo = [¢] and edge set Eg C {(4,5) | 1 < ¢ < j < {}.
A directed edge (i,j) € E¢ is considered to be directed from i to j. A vertex-
weighted digraph is a pair (G, ) where G is a digraph on [¢] and ©: [¢(] — 2% is a
map, called a weight on G. A weight ¢ is called an interval weight if each (i) is
an integral interval, i.e. (i) = [a;, b;] C Z where a; < b; are integers for every ¢ € [{].

DEFINITION 3.1 ([3, Definition 2.1]). Let (G,v) be a vertez-weighted digraph. The
(type A) 1-digraphic arrangement A(G,) in R’ is defined by

A(G, ) == Cox(Ap) U{z; —x; =1 (i,j) € Eg}U{z; =) | 1 < i< L}
We will be interested in following digraphs.

DEFINITION 3.2. The transitive tournament Tj; and edgeless digraph F[g] on [{]
are defined by

Er,
Es

q -

{(i,7) [1<i<j<dt},

[

For simplicity we often use the notation Ty and K, for Tig and F[q, respectively.
For 1 < k < ¢, define the digraph T} on [{] by

Epp ={(,5) | 1<i<j<t—k+1}
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3.1. TYPE B ¢-DIGRAPHIC ARRANGEMENTS. In this subsection we introduce an ana-
log of t-digraphic arrangements for a type B root system. Let (G,) be a vertex-
weighted digraph on [¢].

DEFINITION 3.3. The type B o-digraphic arrangement B(G, ) is the arrangement
in RY consisting of the following hyperplanes:
itz =0 (1<i<j<y¥),
vitaj=1 ((i,)) € Eg,i <J),
zitz;=-1 ((j,i) € Eq,i<}),
r= () (1<i<).

In comparison with the type A case (Definition 3.1), in type B we associate to each
directed edge two hyperplanes instead of one. We have A(G, ) C B(G, ).

EXAMPLE 3.4. The type B Shi descendants (Definition 1.7) are type B w-digraphic
arrangements:

By (m) = B(TE, ™),
where Tf is the digraph defined in Definition 3.2 and the map wz’k: [(] — 27 is given
by

" 7k(2) _JR2-=m—min{f —i+ 1k}, min{l —i4+1,k} +m —1] (1<i<p),

CT I =m = min{l — i+ 1, kY, min{l —i + 1L,k} +m—1] (p<i<¥).
EXAMPLE 3.5. The type B N-Ish arrangement from Definition 1.11 is a type B -
digraphic arrangement: B(N) = B(G, ) where G = K is the edgeless digraph on [¢]

and 9 (i) = N; for each i.

<
<

In the type B case, we need the following variant of simplicial vertex in a vertex-
weighted digraph from [3, Definition 3.10].

DEFINITION 3.6. Let v be a vertex in G and let B(v) C B(G, ) be the subarrangement
of B(G,v) consisting of the following hyperplanes:

wita; =0 (i,j€[]~{v}),

zitr; =1 ((i,4) € Eq,i <j,i,j € (]~ {v}),

xi:l:l'j:_]- ((j,i)gEG,i<j,i,j€[6]\{’0}),

zi =) (i€ [~ A{v}).

The vertex v is called B-simplicial in (G,¢) if cB(v) is a modular coatom of
cB(G, ).

Let G \ v denote the subgraph obtained from G by removing v and the edges
incident from or on v. Thus

CB(’U) =cB (G N U,¢‘[¢]\{v}) .

PROPOSITION 3.7. Let v be an isolated vertex in (G,1)), i.e. there are no edges of G
incident from or onv. If 0 € (i) for all i € [£] and £(v) C (i) for all i € ]\ {v},
then v is B-simplicial in (G, ).

Proof. We need to check Conditions 2.7(1) and (2). Condition (1) is clear. We show
Condition (2) for some cases, the remaining ones are treated similarly. If H = {x; +
2y =0} and H' = {z; —z, = 0} for i # v, then we can choose H” = {z; = 0} € cB(v)
(since 0 € (i) and HNH' C H". It H = {z;+ 2, =0} and H' = {x, = a} fori # v
and a € 9(v), then we can choose H” = {z; = —a} € cB(v) (since —1p(v) C (i)
and HNH' C H". 0
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The modular coatom technique 2.12 can be translated into digraphical terms as
follows.

PROPOSITION 3.8. Let v be a B-simplicial vertez in (G,1). The following statements
hold.
(i) cB(G,v) is supersolvable (resp. free) if and only if cB(v) is supersolvable
(resp. free). In this case,
exp(cB(G, 1)) = exp(eB(0)) U {[(v)] + 2 +2¢ — 2},

where e denotes the number of edges incident from or on v.
(ii) If eB(v) is flag-accurate whose exponents do not exceed |1(v)| + 2e + 20 — 2,
then cB(G, ) is flag-accurate.

DEFINITION 3.9. A vertezx v in a digraph G is called a king (resp. coking) if (v,u) €
E¢ (resp. (u,v) € Eg) for every u € Vg ~\ {v}.

King and coking elimination operations for type A were defined in [3, Definition
2.14]. Now we introduce an analog for type B.

DEFINITION 3.10. Let (G,) be a vertez-weighted digraph with nonempty interval
weight, i.e. Y(i) = [a;, b;] # & for every i € [{]. Let v be a vertex in G.
(1) Suppose that v is a coking in G. The type B coking elimination (BCE) on
G w.r.t. v is a construction of a new vertez-weighted digraph (G’ ") where
G' = ([4], Eg) is a digraph and ¢’ is a weight given by
R ai—l,biqtl 1€l ~{v R
V(i) = [ ] (‘ (€]~ {v})
[ay, by] (i =v).
(2) Dually, suppose thatv is a king in G. The type B king elimination (BKE)
on G w.r.t. v produces a new vertex-weighted digraph (G",¢") given by
[a; —1,b; +1] (i € [{] ~ {v}),
[ay, by] (i =wv).

Eg = Eg~{(,v)|ie[f]~{v}},

Egr=FEg~{(v,9) |ie[f]~{v}}, (i) = {

Let G°°™ denote the converse of G, namely, G°°" is the digraph obtained by
reversing the direction on each edge of G. Similar to the type A case, we have
B(G,¢) = B(G*™,—) via x; — —x;. Hence taking BCE w.r.t. a coking v in
(G, 1) is equivalent to taking BKE w.r.t. the king v in (G®™, —). Also, the BCE
(resp. BKE) w.r.t. v induces a set bijection between the associated arrangements
B(G, ) — B(G',0") (resp. B(G, ) — B(G",").

The following analog of [19, Proposition 7.16] is the main result of this subsection.
THEOREM 3.11. Let 0 < p < £. The sequence
By (m) — By (m) — - — By (m)
consisting of the Shi descendants in the p-th row of the Shi descendant matriz and

bijections between them can be constructed by BCE and the operation of adding isolated

vertices on the underlying vertex-weighted digraphs.
Moreover, for fived 1 < k < £ each vertex n € [£ — k + 2,{] is isolated and B-

simplicial in (T} [n], f’k“n]), the induced subgraph of (Tf,i/)f’k) (Example 3.4) by
[n] ={1,2,...,n}.

Proof. The proof is similar in spirit to the proofs of [19, Propositions 7.12 and 7.16].
Fix 1 < k </ —1. In view of Example 3.4, we shall show that there exists a bijection
Bf’k(m) — Bf’kﬂ(m) that can be constructed by taking BCE and adding isolated
vertices on the underlying digraphs.
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Observe that each vertex i € [¢ — k + 2, /] is isolated, and its weight is the same in
both (TF,¢}*) and (T}, ¢ ).

Set v := ¢ —k+ 1. Then v is a coking of the induced subgraph T} [v]. Now we show
that after applying the BCE to (T} [v], T/)g’khu]) w.r.t. v we obtain (Tf"'1 [v], we’kﬂ l1v])-
Clearly, (TF[v]) = T, [v]. We need to show

(WF* ) = 0P .

There are two cases: 1 < v < p and p < v < £. Since the proofs are similar, we
consider only the latter (which is a bit harder). Suppose p < v < £. Then by Definition
3.10(1),

( f’khv])’(v) =[1-m—min{f —v+ 1k}, min{l —v+1,k} + m — 1]
[1—m—Fk k+m—1] =4 (v).

Moreover, for every 1 < ¢ < p,

(W) ) (@) = [1 —m —min{l — i+ 1, k}, min{¢ — i + 1, k} + m]
=1l-m—-k, k+m]= §’k+1|[v](i).
Similarly, for every p < i < v, (wé’k“v])’(i) = wz’kﬂ\[v] (1) =[-m—k, k+m].

By adding the isolated vertices v + 1,...,¢ with their weights to (T} [U],’L/)Z’k“v])
and (T, [v], p’k+1|[v]) we obtain the desired bijection

By " (m) — By (m).

Now we show that for fixed 1 < k < /¢, each isolated vertex n € [v + 1,£] is B-
. . . . k k
simplicial in (7°[n], ¥}
p<v<fland 1 <v<p.

If the former occurs, then

[n]) by using Proposition 3.7. Again we consider two cases:

2-m—-kk+m-1] (1<1
YR =S l—m—kk+m—1] (p<i
[Fm—L+il—i+m] (v<

=

IN NN
SIS

i
If the latter occurs, then

2—m—Fkk+m-—1] (1<i<
WP = [l—=m—t+il—i+m] (v<i<
[-m—L+i,0—i+m] (p<i<

In either case, one can check that izbf’k(j) - we’k(i) for any v < i < j < ¢, and
:tz/}f’k(n) - wf’k(i) for any 1 < i < v. Now Proposition 3.7 completes the proof. [

Figure 3 below depicts the Shi descendant matrix for £ = 3 and the relation in each
row from Theorem 3.11.

3.2. PrOOF OF THEOREM 1.8. First we study the flag-accuracy of the arrangements
By !(m) in the first column of the Shi descendant matrix given in (4). Similar to
the observation in the introduction for type A, these Shi-like arrangements contain
sufficient deletions and restrictions that can guarantee not only their freeness but also
their flag-accuracy.
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1 1
[—m,m] [—m—1,m+1] [—m—2,m+2]

T

BN

3

I ]
T

B

3

2 3 2 3
[=m—1,m+1] Q. m lem—1,m+11® @ m]
0,1 0,2 0,3
By (m) By “(m) By (m)
(1= mym] (=] [—m—1,m+2]
2 A 3 2 ./ 3 2 3
[—m,m] [—m,m] [=m—1,m+1] ® . m em-1,m+1]® @ m
1,1 1,2 1,3
By (m) By “(m) B3 (m)
1 1 1
[1—rm,m] [—mmt1] [—m—T,m+2]
] (=] (= man41] 0 ... emami1]® @
2,1 2,2 2,3
By (m) B3*(m) By (m)
[lfsz,m,] [77n,17n+1] [7m7%,7n+2]
2 3 2 3 2 3
[1—m,m] [1—m,m] [—m.m+1] @1 _m —m.m+1]® @_m m
3,1 3,2 3,3
By (m) By “(m) By (m)

FiGURE 3. The Shi descendant matrix of type B for £ = 3. In par-
ticular, Shi(Bs) = B3 (1) and Ish(Bs) = B3*(1).

THEOREM 3.12. Leta > 1, m > 1, ¢ > 1 and 0 < p < (. Let B)(m,a) be the
arrangement consisting of the hyperplanes

zita;=[1-a,a (1<i<yj<d),
x;=[1-m,m] (1<i<p),
x;=[-m,m] (p<i<d).

The cone over B)(m,a) is flag-accurate with exponents
exp(eBl(m,a)) = {1, (2m + 2al — 2a)?, (2m + 2al — 2a + 1) 7P},

As a consequence, the Shi descendant BY' (m) = BY(m,1) in the first column of
the Shi descendant matriz given in (4) has flag-accurate cone with exponents

exp(eBYt(m)) = {1, (2m + 20 — 2)P, (2m + 2¢ — 1)"P}.
Proof. Define the lexicographic order on the set of pairs
((el—p)[0<t—p<tL>1).

We first prove by induction on (¢, ¢—p) that A := cB8} (m, a) is free with the desired
exponents. When ¢ = 1, it is obvious. Suppose ¢ > 2.

Case 1. Suppose £ —p > 1. Let H € A denote the hyperplane 2,+1 = —mz. Then
A= A~ {H} = cBYt' (m, a) is free with exponents

exp(A") = {1, (2m + 2af — 2a)P*L, (2m + 2af — 2a + 1) P71}
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by the induction hypothesis since (¢, — p) > (¢,¢ — p — 1). Moreover, A" = A"
consists of the following hyperplanes

)

0
[
[~

(m+a) m+alz (1<i<p),
(m+a),m+alz (p+1<i<).

Thus A" = cBﬁ_l(m + a,a) is free with exponents
exp(A”) = {1, (2m + 2al — 2a)?, (2m + 2al — 2a + 1)7P~11
by the induction hypothesis since (¢,¢ — p) > ({ — 1,£ — p — 1). Therefore, by the
addition part of Theorem 2.4, A = cB}(m, a) is free with the desired exponents.
Case 2. Suppose £ = p. The arrangement in question is D’ := c¢BY(m, a) given by
z =0,
itz =[1-a,az (1<i<j<Yy),
x;=[1—mymlz (1<i<d).
We need to prove that D’ is free with exponents
exp(D') = {1, (2m + 2al — 2a)*}.
Note that D = c¢Bf '(m,a) = D' U {K}, where K € D denotes the hyperplane
xg = —mz. By Case 1, D is free with exponents
exp(D) = {1, (2m + 2al — 2a)*"*,2m + 2al — 2a + 1}.

Again by Case 1, DX = cBﬁj(m + a,a). Thus by the induction hypothesis, DX is
free with exponents

exp(DX) = {1, (2m + 2af — 2a)*~1}.

Apply the deletion part ((1) + (3) = (2)) of Theorem 2.4, we know that D’ is free
with the desired exponents.

Now we prove that A = cB}(m, a) is flag-accurate by induction on £. When ¢ =1,
it is obvious. Suppose ¢ > 2. It suffices to find an H € A so that the restriction A7
itself is flag-accurate and its exponents are exactly the exponents of A except the
largest one.

If {—p > 1, by Case 1 above we may take H to be the hyperplane x,,1 = —mz.
Then the induction hypothesis applies. However, when ¢ = p, Case 2 above does
not directly give us a candidate for the desired restriction since we have applied the
deletion theorem. In this case, we choose H to be the hyperplane z, = mz. A direct
computation shows A7 = cBﬁj(m + a,a). Now the induction hypothesis applies
thanks to the calculation in Case 2 above. 0

Before giving the proof of Theorem 1.8, we give a simple result on nonsupersolv-
ability of the Shi descendants.

PropoOSITION 3.13. cBg’l(m) s mot supersolvable for any 0 < p <2, m > 1.
Proof. Denote A = cBg’l(m). Then A is given by
z =0,
x1 + a9 =[0,1]z,
;i =[1—-m,m]z (1<i<p),
x;=[-m,m]z (p<i<2).
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Suppose to the contrary that A is supersolvable. Note that by Theorem 3.12,
exp(A) = {1,(2m + 2)?,(2m + 3)>7P}. By Theorem 2.10, there exists an M-chain
A C Ay C A3 = A, where As is a modular coatom such that |As] > 2m + 3.
However, one can check directly from the definition of A that [Ax| < 2m + 2 for any
coatom X € L(A). This contradicts Proposition 2.8. O

Now we are ready to present our proof.

Proof of Theorem 1.8. By Theorem 3.12, it suffices to prove that for any fixed
0 <p< /¥, the cone A = cB?’k(m) for 2 < k < /£ in the p-th row of the Shi descendant
matrix is flag-accurate with exponents

exp(A) = {1, (2m + 20 — 2)?, (2m + 20 — 1) P},

Set v := ¢ — k + 1. There are two cases: p < v and p > v. Since the proofs are
similar, we give a proof only for the former. First note that by the proof of Theorem
3.11 the arrangement B :== cB(T}[v], T/)g’khu]) is given by

z =0,

z;£x;=100,1z (1<i<j<v),
x,=2-m—-km+k—1z (1<i<p),
ri=[1-m—-km+k—-1z (p<i<o).

Therefore,
B=cBl(m+k—1),

which is flag-accurate with exponents {1, (2m+2¢—2)P, (2m+2¢—1)""P}, by Theorem
3.12.

Thanks to Theorem 3.11, each isolated vertex n € [v + 1,¢] is B-simplicial in
(TF[n], f’khn]) with 1/)f’k(n) = [-m — £+ n,f — n + m]. By applying Proposition
3.8(i) repeatedly to the k — 1 B-simplicial vertices ¢,¢ — 1,... v + 1 in this order, we
get

A is free (resp. supersolvable) <= B is free (resp. supersolvable).

Thus A is free with the desired exponents since 12" (n)| 4+ 2n — 2 = 2m 4 2 — 1.
In particular, if k& = ¢ then v = 1. Therefore, 7(B) = 2 and B is always supersolv-
able. Hence the arrangements cBB} ’é(m) for 0 < p < £ in the last column of the Shi
descendant matrix are supersolvable.

Note that B is flag-accurate, none of its exponents exceeds 2m + 2¢ — 1. Upon
applying Proposition 3.8(ii) repeatedly to the k — 1 B-simplicial vertices v +1,...,¢
in this order, we know that for each n € [v + 1, ] the arrangement cB(T}[n], z/J[’k (n])
is flag-accurate, none of its exponents exceeds 2m + 2¢ — 1. In particular, A is flag-
accurate.

Let ¢ > 2. The nonsupersolvability of ch’k(m) for 0 < p </, 1<k </ follows
from Theorem 2.11 and Proposition 3.13. The crucial point here is that (1, 2) is always
an edge in T[k for k < ¢. 0

As noted in the introduction, the freeness of the type A Shi descendants A} *(m)
can be proved by the fact that the coking elimination under certain conditions of
weights preserves freeness (and characteristic polynomial) [3, Theorems 3.1 and 4.1]. It
would be interesting to find an analog of this result for the type B coking elimination.
The computation for type B is more complicated even in dimension 3 as we will see
in the next section.
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4. TYPE B N-ISH AND DELETED ARRANGEMENTS

4.1. PrROOF OF THEOREM 1.13. First we study the freeness and supersolvability of
rank 3 localizations of type B N-Ish arrangements.

PROPOSITION 4.1. Let N = (N1, N3) be an uneven, centered 2-tuple of finite sets
N; C Z (Definition 1.12). The following are equivalent:

(1) N is a signed nest, i.e. N1 C No or £Noy C Nj.

(2) The cone eB(N) is supersolvable.

(3) The cone cB(N) is free.
In this case, the exponents of cB(N) are given by {1,|Na|,|N1|+2} if £N1 C Ny and
{1, [N1],[N2| + 2} if £N> € Ny.

Proof. By definition, cB(N) consists of the following hyperplanes:

z =0,
I + To = 0,

T :le,

i) :NQZ.

The implication (1) = (2) follows from Proposition 3.7 (see also Example 3.5).
The implication (2) = (3) is clear from Theorem 2.10. It remains to show (3) = (1).

Let Hq, Hy, H, denote the hyperplanes 1 —xz2 = 0,21 +xz2 = 0, z = 0, respectively.
Set ny = |Ni|,ng = |Na|. First consider n; > na. Denote A := ¢B(N). The Ziegler
restriction (Af>~ mf=) has defining polynomial

Q = Q(Af= mHe) = g™ a2 () — 29) (21 + 2).

Using Theorem 2.13 we shall show that (A= m!=) is free with exponents {n,na+
2} and a basis

—no— +7—(n2) (9
0, = 2™ g2 T(nz)xnz
! 81’1 ! 2 6:52 ’

no 8
b2 = x4 (3?% - 553)87952’

where 7(ng) = 0 if ny is odd and 7(ny) = 1 otherwise. Note that ny > na +7(ng) >0
by the unevenness of N.
Indeed, first it is not hard to check 6,60y € D(Af>~ m!=). For example,

01(x1 £a9) = x?l_nz_T(nz)(x?ﬁT(nZ) + x22+T(n2)) € (1 £ 22)R[z1, 22].

Moreover,

91(1‘1) 92(1’1) l‘?l 0
det = det n1—n2—7(n2) not+7(n n = .
e (91(302) 02 (2) € g ( 2)x22+ (n2) 272 (22 — 22) Q
Now suppose that A = c¢B(N) is free. By Theorem 2.14, exp(A) = {1,n1,na + 2}.
By the deletion-restriction formula 2.3,

XA() = XA {H,Ho} (1) = X(aqm 112 (B) = Xam (1)

It is easily seen that A~ {Hj, H2} is supersolvable with exponents {1, n1,n2}. Thus,
the equation for the characteristic polynomials above becomes

2711 = |N1 UN2| —+ |N1 U (7N2)|

This occurs if and only if Ny C N;p. Similarly, if nq; < no then £N; C Ny, which
completes the proof. O
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Proof of Theorem 1.13. A similar argument as in the proof of Proposition 4.1
yields the implications (1) = (2) = (3). It suffices to show (3) = (1). Suppose that
A = cB(N) is free. Fix 1 < i < j < ¢, and let X € L(A) be the subspace defined
by z = ; = x; = 0. Thus the localization Ax is free by Theorem 2.11. Moreover,
Ay is identical to the cone over the N-Ish arrangement in Proposition 4.1. Hence the
2-tuple (N;, N;) must be a signed nest. Therefore N = (Ny,..., N¢) is a signed nest
which completes the proof. (]

ExXAMPLE 4.2. We give examples showing that Theorem 1.13 is no longer valid if the
centeredness or unevenness is excluded.

(i) The uneven, noncentered tuple N = (N, No, N3) where N; = [—i,i] ~ {0}
for 1 <4 < 3 is a signed nest. However, the cone cB(N) is not free since its
characteristic polynomial (t—6)(t? — 12t +39) does not factor completely over
the integers.

(ii) On the other hand, neither of the even, centered tuples N = ([0, 1], [0, 1]) and
N'"=([-1,2],[-1,2]) is a signed nest. However, cB(N) is supersolvable, and
cB(N') is free but not supersolvable (see also Corollary 4.6).

We complete this subsection by giving an explicit basis for ¢B8(/N) in a particular
case.

THEOREM 4.3. Let N = (Ny, ..., Ny) with N; = [—-m;,m;] where my = mg > -+ >
mye = 0. Define the homogeneous derivations 0y, 01, ...,0y as follows:

¢
0 0
0o = ;x”a?z + Z@,

¢ k—1 P
O = Z ( H (rs — az) H(x? —x§)> 9z, (1<k<).

s=k \a€Ny t=1

Then 60,01, ...,0y form a basis for D(eB(N)).

Proof. Similar to the proof of [2, Theorem 1.4]. The proof is a routine check by using
Theorem 2.13 once we know an explicit formula of a candidate for basis. a

4.2. PROOF OF THEOREM 1.16. In order to characterize the freeness and supersolv-
ability of the cone over the deleted Ish arrangement Z(G) from Definition 1.15, we
need to characterize these properties of the cone over an N-Ish arrangement of a
nonnegative, centered tuple (see Remark 4.8).

First we study even, centered 2-tuples. Compared with Proposition 4.1, the freeness
and supersolvability in this case are not always equivalent.

PROPOSITION 4.4. Let N = (N1, N3) be an even, centered 2-tuple of finite sets N; C 7
with |[N1| = |Na| = n > 2. The following are equivalent:

(1) INLU(=Ny)| =n+1, and either Ny = Ny or Ny = —Ns.
(2) The cone ¢B(N) is free.

In this case, the exponents of ¢B(N) are given by {1,n+1,n+1}. In addition, c¢B(N)
is supersolvable if and only if either Ny = Ny = {0,a}, or Ny = —Ny = {0,a} for
some nonzero integer a € 7.

Proof. We will use the same notation as in Proposition 4.1. Denote A = c¢B(N). The
Ziegler restriction (A m#=) has defining polynomial

Q = Q(A= mt=) = gl (x) — z9)(x1 + 22).
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We may use Theorem 2.13 to check that (AH>= mf=) is free with exponents {n +
1,n+ 1} and a basis

0
01 = xfwro— + T2 —
12924 2 0xy’

7] 0
0, = n+l_Y n+17.
2 ! 81'1 + 2 31'2

By the deletion-restriction formula 2.3,

XA() = XA {H,Ho} (F) = X(aqm 1tz (B) — Xam (1)
It is easily seen that A ~ {Hj, H2} is supersolvable with exponents {1,n,n}. By

Theorem 2.14, A is free if and only if the equation for the characteristic polynomials
above (under the centeredness of N) becomes

(*) 27’1—}-1:‘]\]1 UN2|+|N1U(—N2)‘

Thus n < |N1UN2‘ < n+ 1. If |N1 UN2| = n then N1 = Ng. If |N1 UN2| =n+1
then [Ny U (—=N3)| = n hence Ny = —Nj. Clearly, if condition (1) occurs, then (x)
holds true trivially.

Now suppose that A is supersolvable. Hence .4 must be free with exp(A) = {1,n+
1,n 4 1}. By Theorem 2.10, there exists an M-chain A; C Ay C A3 = A, where A
is a modular coatom such that |A4s| = n+ 2 > 4. However, for any coatom X € L(A)
we have |Ax| < 4 or |[Ax| =n+ 1. Thus n = 2 and we obtain the proposed form of
N.

The converse can be done by proving that Cox(Bz) C ¢B(N) is a modular coatom
of ¢B(N). Now apply Proposition 2.12. O

The following two corollaries are straightforward from Proposition 4.4.

COROLLARY 4.5. Let N = (N1, Na) be a nonnegative, even, centered 2-tuple of finite
sets N; C Zso with |[N1| = |N2| = n > 2. The following are equivalent:

(1) Ny = Ny ={0,a} for some positive integer a € Zxg.

(2) The cone e¢B(N) is supersolvable.

(3) The cone cB(N) is free.
COROLLARY 4.6. Let N = (Ny, N3) be an even, centered 2-tuple of finite sets N; =
[ai, b;] € Z with |[N1| = |No| =n > 2. The following are equivalent:

(1) Fither (i) Ny = Ny = [1—m, m] or [-m, m—1], or (i) Ny = —Ny = [1—m, m]

or [=m,m — 1] where n = 2m.

(2) The cone cB(N) is free.

In addition, ¢B(N) is supersolvable if and only if ¢B(N) is free and n = 2.

Now we characterize the freeness and supersolvability of the cone over N-Ish ar-
rangements under centeredness and nonnegativity of the tuple.

THEOREM 4.7. Let N = (Ny, ..., Ny) be a nonnegative, centered £-tuple of finite sets
N; CZ>y. Define D = D(N) :={i € [{] | |N;] > 1} C [{] and |N| := max{|N;| | i €
D}. The following are equivalent:

(1) The cone ¢B(N) is supersolvable.
(2) The cone cB(N) is free.
(3) One of the following conditions holds: (i) |D| < 1, or (ii) |D| > 2 and N; =
{0,a} for some a € Z~q and for everyi € D.
In this case, the exponents of ¢B(N) are given by

exp(eB(N)) = {|D] + [N| — 1} U{2i — 1}L_,.
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Proof. Denote A = cB(N). First we show (3) = (1). If (3¢) occurs, then N is a signed
nest that satisfies all conditions in Theorem 1.13 hence (1) follows immediately. If (3éi)
occurs, then Cox(By) C A is a modular coatom of A. Since Cox(By) is supersolvable
(e.g. by Theorem 1.13), A is also supersolvable by Proposition 2.12.

It remains to show (2) = (3). If N is uneven, then by Theorem 1.13 N is a signed
nest. Thus there do not exist two distinct elements N;, N; of N such that |[N;| > 1
and |N;| > 1, otherwise, (N;, N;) cannot be a signed nest. Hence there exists at most
one Ny with [Ng| > 1, ie. |D| < 1.

If N is even, then there exist two distinct elements Nj, N, of N having even
cardinality with |[N| = |N,| > 2. Note that the localization Ay where X € L(A)
is the subspace defined by z = z; = z, = 0 is free and identical to c¢B(Ny, N,). By
Corollary 4.5, there exists a € Z~¢ such that Ny, = N, = {0, a}. For any i € [{|~{k,p}
again by Corollary 4.5, if (N;, Ni) is even, then N; = {0,a}. If (N;, N;) is uneven,
then Proposition 4.1 implies N; = {0}. This completes the proof. O

In what follows, let G = ([¢], Eq, Lg) be a digraph on [¢] with loop set Lg C [{]
and edge set Eq C {(4,7) | 1 <i<j <}

REMARK 4.8. Define an ¢-tuple Ng = (Ny, ..., Ny) by
N, ={0}u{l|ieLg}tu{l+2—j|(ij) € Eg} C[04.

Then the arrangement Z(G) in Definition 1.15 is identical to the N-Ish arrangement
B(N¢) with the nonnegative, centered tuple Ng.

Now we characterize the freeness and supersolvability of ¢Z(G).

THEOREM 4.9. The following are equivalent:
(1) The cone ¢Z(G) is supersolvable.
(2) The cone ¢Z(G) is free.
(3) G has one of the forms described in Theorem 1.16.
(4) None of the directed graphs in Figure 4 can occur as an induced subgraph of

G.
In this case, the exponents of ¢Z(G) are given by

exp(eZ(G)) = {|Ec| + |La| + 1} U {2i — 1}1_;.

Proof. The equivalence (3) < (4) is not hard to verify, which depends only on the
underlying digraph G.
To prove (1) < (2) < (3), by Remark 4.8, it suffices to translate conditions (3¢)
and (37i) in Theorem 4.7 into digraphical terms. Condition (37) is equivalent to one
of the following
(a’) there exists k € [¢] such that Eq = {(k,7)} for at least one i € [k + 1,¢],
L ={k} ({0,1} € Ny and N; = {0} for ¢ # k),

(a") there exists k € [{] such that Eq = {(k,i)} for at least one ¢ € [k + 1,/],
Lg =@ (|Nik| =22 with 1 ¢ Ny, and N; = {0} for i # k),

() Eq =9, Lg = {k} for some k € [{] (N ={0,1} and N; = {0} for i # k),

(") Eq = Lg =@ (N; = {0} for all 7).

Condition (3i7) is equivalent to one of the following
(b) there exists k € [¢] such that Eq = {(i,k)} for at least two i’s in [k — 1],
Le = @ (N has at least two distinct elements equal {0,a} with a € Z~; and
the other elements equal {0}),
(") Eq =@, |Lg| > 2 (N has at least two distinct elements equal {0,1} and the
other elements equal {0}).

Summarizing the conditions above yields the desired forms of G. 0
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FIGURE 4. Obstructions to freeness and supersolvability. Possible
loops and edges are shown as dashed lines.

Now we characterize the freeness and supersolvability of ¢S(G) (Definition 1.15).
THEOREM 4.10. Theorem 4.9 remains true if S(G) is put in place of Z(G).

Proof. Tt is sufficient to show (3) = (1) and (2) = (4). Denote A = ¢S(G). For
(3) = (1) we show that Cox(Bg) C A is a modular coatom of S(G). We give a proof
for one case, the remaining cases are treated similarly. For example, if Condition
1.16(b) occurs, we may assume Fg = {(1,£),...,(p,£)} for some p < ¢ — 1. Then
AN Cox(By) = {z =0} U{x; — 2z = z | 1 < i< p}. Definition 2.7 can be checked
easily. Now apply Proposition 2.12.

We checked by a SageMath computation that the characteristic polynomial of any
arrangement (of rank at most 4) defined by a digraph in Figure 4 has a noninteger root.
Thus the cones over the arrangements defined by these digraphs are not free by the
factorization theorem 2.2. Using Theorem 2.11 we may conclude that (2) = (4). O

Proof of Theorem 1.16. 1t follows from Theorems 4.9 and 4.10. O

5. PROOF OF THEOREM 1.18

First we need a variant of Theorem 3.12.

THEOREM 5.1. Leta>1, m>0,¢>1and 0 < p < L. Let B\f(m, a) be the arrange-
ment consisting of the hyperplanes

zitar;=[1—-a,a] (1<i<yj<d),
w; = [=m,m+1] (1 <i<p),
x;=[-m,m] (p<i<{).

Then the cone over gg(m, a) is free with exponents
exp(eBL(m,a)) = {1, (2m + 2 + 2af — 2a), (2m + 1 + 2af — 2a)*~7}.

Proof. Similar to the proof Theorem 3.12: We order the tuples {(¢,p) |0 < p < 4, ¢ >
1} lexicographically and prove by induction on (¢, p). O

The following lemma is crucial.

LEMMA 5.2. If ¢ > 2m + 2 is an integer, then

quasi __ . quasi
Xt gy (9) = Xgrn( (¢+1).

(m m,1)
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Proof. We prove the assertion by constructing a one-to-one correspondence between
the complements of the g-reductions.
) Eij:Ej;éU,T (1<Z<]<1€),
Xty (@) = #(2€ Ly | Zi#T (c€[l—m,m], 1<i<p),
¢ ziZ¢ (c€[-m,m], p<i<{)
zi+z#£qq+1 (1<i<j<d),
m+1<z<g-m (1<i<p),
m+1<z<g—m—-1 (p<i<{)
’Ui—Uj#O,l (1<Z<]<€),
_ ol vitvi#F-—q—(g+1) (I1<i<j<d),
=#{nu) €20 L < mm—1 (L—p+1<i<O),
—qg+m+1<y,<—-m-1 (1<i<l—p)
ti—t; 0,1 (1<i<j<{),
titti#Fq+1,q+2 (1<i<j<{),
m+1<t;<g—m ({L—p+1<i<i),
m+2<t;<g-m (1<i<(l—p)
Ezifj#ﬁ,i (1<’L<j<€),
#¢ (ce[-m,m], L—p+1<i<¥),
 #C (ce[-mm+1],1<i<l—p)

i
__ . quasi
= Xé\ﬁ’p(m,l)(q + 1)

_# (Zl,...,ZZ)GZZ

We have used the following changes of variables: v; = —zp41—4, t; = v; + ¢+ 1. O

Proof of Theorem 1.18. Note that the lem periods of both X‘;‘ffi )(q) and
) m

(¢) equal the lem period of Cox(By) since the lem period depends only

quasi
B (m,a)
on the matrix C. Thus they are equal to 2 (see e.g. [15, Corollary 3.2]). So these
quasi-polynomials have at most two different constituents.
By Lemma 5.2, Theorems 2.17 and 5.1, if ¢ is a sufficiently large even integer, then
Xy (@) = (4 = (2m + 20 = 2))7(g = (2m + 20 = 1),
quasi
Byt (m)
(¢) is a polynomial. O

Thus by Theorem 3.12, the constituents of x (¢) are identical. Hence

quasi
BY* (m)

The following corollary is straightforward.

COROLLARY 5.3. The characteristic quasi-polynomial of g‘g(m, 1) for each 0 < p <4
is a polynomial and given by

quasi o _ B v B - —
X5 (o)) = XBp m,1y (B) = (¢ = (2m 4 20))7(E = (2m + 20— 1)),

Hence period collapse also occurs in this case.

For the Ish arrangements in the last column of the Shi descendant matrix when
¢ = 2, we have verified that for 0 < p < 2

quasi ( ) _ XBE2(1m) (q) if ¢ is odd,
B3 (m) XBE2 (m) (q) +1 if ¢ is even.

Thus the type B Shi and Ish arrangements do not share the same period collapse
property in general.
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