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ABSTRACT

This paper studies a partial order on the general linear group GL(V') called the absolute order,
derived from viewing GL(V) as a group generated by reflections, that is, elements whose fixed
space has codimension one. The absolute order on GL(V) is shown to have two equivalent
descriptions: one via additivity of length for factorizations into reflections and the other via
additivity of fixed space codimensions. Other general properties of the order are derived,
including self-duality of its intervals.

Working over a finite field Fy, it is shown via a complex character computation that the poset
interval from the identity to a Singer cycle (or any regular elliptic element) in GL,(F,) has a
strikingly simple formula for the number of chains passing through a prescribed set of ranks.

1. Introduction

This paper studies, as a reflection group, the full general linear group GL(V) = GL,, (F), where
V is an n-dimensional vector space over a field F. An element g in GL(V) is called a reflection if
its fixed subspace V9 := {v € V: gv =v} = ker(g — 1) has codimension 1. A reflection group
is a subgroup of GL(V) generated by reflections’. It is not hard to show that GL(V) itself is
generated by its subset T of reflections, and hence is a reflection group.

Finite, real reflection groups W inside GL,,(R) = GL(V) are well studied classically via their
Coxeter presentations (W, S). Here S is a choice of n generating simple reflections, which are
the orthogonal reflections across hyperplanes that bound a fixed choice of Weyl chamber for
W. Recent works of Brady and Watt [7] and Bessis [5] have focused attention on an alternate
presentation, generating real reflection groups W by their subset T' of all reflections. Their
work makes use of the coincidence, first proven by Carter [9], between two natural functions
W —{0,1,2,...} defined as follows for w € W:

e the reflection length* given by f7(w) := min{/ : w = t,t5---t, with t; € T}, and
e the fixed space codimension given by codim(V"™) := n — dim(V'"™).

While both of these functions can be defined for all reflection groups, it has been observed (see,
for example, Foster-Greenwood [12]) that for non-real reflection groups, and even for most finite
complex reflection groups, these two functions differ. This leads to two partial orders,

e the T-prefix order: g < h if {1(g) + 7(g~*h) = 7 (h) and
e the fixed space codimension order: g < h if codim(V9) + codim(V-‘flh) = codim(V'").

We discuss some general properties of these orders in Section 2. One of our first results,
Proposition 2.16, is the observation that when considering as a reflection group the full general
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TOur definitions here deviate slightly from the literature, where one often insists that a reflection have finite
order. In particular, by our definition, the determinant of a reflection g need not be a root of unity in F*, and
GL(V) = GL, (F) is still generated by reflections even when F is infinite.

FWarning: this is not the usual Coxeter group length £g5(w) coming from the Coxeter system (W, S).
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linear group GL(V) for a finite-dimensional vector space V over a field, one again has the
coincidence ¢7(g) = codim(V9), and hence the two partial orders above give the same order
on GL(V'), which we call the absolute order.

We proceed to prove two basic enumerative results about this absolute order on GL(V)
when the field F = F, is finite. First, Section 3 uses Mobius inversion to count the elements in
GL,,(F,) of a fixed poset rank, that is, those with ¢7(g) = codim(V7) fixed.

Second, in Section 4, we examine the interval [e, ¢] in the absolute order on GL,, (F,) from
the identity element e to a Singer cycle c. Singer cycles are the images of cyclic generators
for the multiplicative group F., after it has been embedded into GL,(F;) = GLr, (Fyn). In
recent years, a close analogy between the Singer cycles in GL,(F,) and Coxeter elements in
real reflection groups has been established; see [32, §8-§9], [31, §7], [23]. The interval from
the identity to a Coxeter element in the absolute order on a real reflection group W is a
very important and well-behaved poset, called the poset of noncrossing partitions for W. Our
main result, Theorem 4.2, gives a strikingly simple formula for the flag f-vector of [e,c] in
GL, (F,): fixing an ordered composition & = (c,...,am) of n =", «;, the number of chains
e=go< g1 < <gm-1 < gm = cin absolute order having ¢r(g;) — ¢r(gi—1) = a; is

m
(" =)™, where e(a) = Z(ai —1)(n— ).

i=1

The analogous flag f-vector formulas in real reflection groups are not as simple.

The proof of Theorem 4.2 is involved, using a character-theoretic enumeration technique
due to Frobenius, along with information about the complex characters of GL,,(F,) that goes
back to Green [18] and Steinberg [37]. The proof has the virtue of applying not only to
Singer cycles in GL,,(F,) but also to elements which are regular elliptic; see Section 4 for the
definition. Section 5 reformulates the flag f-vector in terms of certain subspace arrangements.
We hope that this may lead to a more direct approach to Theorem 4.2. Section 6 collects
further questions and remarks.

2. Length and prefix order

The next few subsections collect some easy general properties of the length function with
respect to a choice of generators for a group and the resulting partial order defined in terms of
prefixes of reduced expressions. We borrow heavily from work of Armstrong [1, §2.4], Bessis
[5, §0.4], Brady and Watt [8], and Foster-Greenwood [12], while attempting to clarify the
hypotheses responsible for various properties.

2.1. Generated groups

DEFINITION 2.1. A generated group is a pair (G,T) where G is a group and T' C G a subset
that generates G as a monoid: every g in G has at least one T-word for g, meaning a sequence
(t1,ta,...,t¢) with g = t1ty - - - to. The length function £ = {7 : G — N is defined by

£(g) :=min{l : g = t1ta---t; with t; € T'}.

That is, £(g) is the minimum length of a T-word for g. Words for g achieving this minimum
length are called T-reduced. Equivalently, £(g) is the length of the shortest directed path from
the identity e to g in the Cayley graph of (G,T).

It should be clear from this definition that ¢ is subadditive, meaning that
t(gh) < t(g) +£(h). (2.1)

Understanding the case where equality occurs in (2.1) motivates the next definition.
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DEFINITION 2.2 (Prefix order). Given a generated group (G,T), define a binary relation
g < h on G by any of the following three equivalent conditions.

(i) Any T-reduced word (t1,...,1s)) for g extends to a T-reduced word (t1, ... ,typ)) for h.
(ii) There is a shortest directed path e to h in the Cayley graph for (G,T') going via g.

(iii) €(g) + £(g—*h) = £(h).
Condition (i) makes the following proposition a straightforward exercise, left to the reader.

ProrosITION 2.3. For (G,T) a generated group, the binary relation < is a partial order
on G, with the identity e as minimum element. It is graded by the function ¢(—), in the sense
that for any g < h, one has £(h) = £(g) + 1 if and only if there is no ¢’ with g < g’ < h.

EXAMPLE 2.4. Taking G = GLy(F3) and T the set of all reflections in G, the Hasse diagram
for < on G is as follows:

Coincidentally, this is isomorphic to the absolute order on the symmetric group &3, since the
irreducible reflection representation for &3 over Fy is isomorphic to GL2(F2).

2.2. Conjugacy-closed generators

When (G, T) is a generated group in which 7' is closed under conjugation by elements of G, one
has £(ghg™') = £(h) for all g, h in G. This implies, for example, that £(gh) = (g~ - gh-g) =
L(hg).

The next proposition asserts an interesting consequence for the order < on G, namely that
it is locally self-dual: each interval is isomorphic to its own opposite as a poset.

ProrosSITION 2.5. Let (G,T) be a generated group, with T closed under G-conjugacy.
Then for any x < z, the bijection G — G defined by y + xy~ 'z restricts to a poset anti-
automorphism [z, z] — [z, z].

Proof. We first check the bijection restricts to [z,z]. By definition, y € [z, 2] if and
only if

Uy) = £(z) + Lz y),

(2.2)
U(z) = Ly) + Uy~ 2),
whereas zy~'z € [z, 2] if and only if
Uzy™'z) = L) + Ly '2), 03

Uz) = lzy " z) + Lz 'y '2) = Llay'2) + Lyz ),

where the last equality in (2.3) uses the conjugacy hypothesis.
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To see that (2.2) implies (2.3), note that, assuming (2.2), one has
U(z) < Llya™) + Lzy~'2)
<z Hy) + L) + Ly 2)
= (Lly) — €(x)) + £(z) + (£(z) — L(y)) = €(2),

using the conjugacy hypothesis to say £(yz~') = £(z~'y). The fact that one has equality at
each inequality above implies (2.3). Conversely, assuming (2.3), one has

0(z) = (z) + Ly~ "2) + L(yz ")
> L(x) + (U(z) — £(y)) + (L(y) — L(z)) = £(2)

with equality at the inequality implying (2.2).
It remains to show the restricted bijection [z, z] — [z, 2] reverses order. Assume y; < ys in
[, 2]. The preceding calculations show that £(zy; '2) = £(x) — £(y;) + £(2). Thus

Uayr ' 2) = Uz) = Uy1) + £(2)
= (U(z) — Uy2) + £(2)) + (€(y2) — £(y1))
= U(wyy '2) + Ly; y2)
= U(zyy *2) + Lz yar ray 2),
using the conjugacy hypothesis in this last equality. Hence zyy 1z g Y, 12, as desired. O

The following is another important feature of G-conjugacy-closed generators T'. Given g, h
in G, let ¢" :== h™'gh and "g := hgh™', and note that

g-h=h-g"=%n-g4. (2.4)

DEFINITION 2.6 (Hurwitz operators). Given a generated group (G, T') with T' closed under
G-conjugacy and any T-word

t .= (t17 e 7ti—1;ti7ti+17ti+2a e 7t7n)
for g =11 t,, for 1 <i < m — 1 define the Hurwitz operator o; and its inverse 0;1 by
t;
O‘i(t) = (tl, P 7ti71ati+17ti +1,ti+2, e ,tm),

o, ' (t)

(t1y ooy tiot, it tistica, oo tm).

Equation (2.4) shows that ¢;(t) and o, '(t) are both T-words for g.

REMARK 2.7. Although it is not needed in the following, note that {o1,...,0,—1} satisfy
the braid relations ¢;0;410; = 0;110,0,41 and 0,0; = 0;0; for |i — j| > 2, deﬁmng an action
of the braid group B,, on m strands on the set of all length-m factorlzatlons of g.

Note that the operator o; (respectively, o, 1) can be used to swap any letter in a word for g
one position to the left (respectively, right) unchanged at the expense of conjugating the letter
with which it swapped; this creates a new word for g of the same length. Armstrong calls this
the shifting property [1, Lemma 2.5.1]. It has the following immediate consequence.
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PROPOSITION 2.8 (Subword property). Let (G,T) be a generated group with T closed
under G-conjugacy. Then g < h if and only there exists a T-reduced word
t = (ti,t2,. .., ton))

for h containing as a subword (not necessarily a prefix, nor contiguous) a word

t= (til,tiy...,ti[{(g)) withl1 <1 <+ < ig(g) < Z(h)

that is T-reduced for g.

Proof. The ‘only if’ direction is direct from condition (i) in Definition 2.2 of g < h. For
the ‘if’ direction, given the T-reduced word t for h containing the T-reduced subword t for g,
one obtains another T-reduced word for h having t as a prefix by repeatedly using Hurwitz
operators to first move the letter ¢;, leftward (unchanged) to the first position, then moving
t;, leftward (unchanged) to the second position, etc. O

2.3. Fixed space codimension and reflection groups

Suppose that the group G is given via a faithful representation, that is, G is a subgroup
of GL,,(F) = GL(V), where V =F" for some field F. This gives rise to another subadditive
function G — N, namely the fixed space codimension

g — codim(V9) = n — dim (V7).

PROPOSITION 2.9. One has the subadditivity

codim(V9") < codim(V7) + codim (V") (2.5)

with equality occurring if and only if both of the following hold:
VI4 V"=V and (2.6)
VIinvh =vah (2.7)

Proof. One has
dim(V9) 4+ dim(V") = dim(V? + V") + dim(V9 N V") < n + dim(VI N V")
and hence
codim(V79) 4 codim(V") = n — dim(V9 N V") = codim(V9 N V"),
with equality if and only if (2.6) holds. Also, V9N V" C V9" and so
codim(V9 N V") > codim(V9"),
with equality if and only if (2.7) holds. Hence
codim(V¥) 4 codim(V") > codim(V9 N V") > codim(V9"),

with equality if and only if both conditions hold. O
It is natural to compare codim(V9) with the length function £(g) = ¢7(g) from before.

DEFINITION 2.10 (Absolute length, absolute order). When a subgroup G of GL(V') has a
subset T generating G as a monoid, so that (G,T) is a generated group, say that £(g) = ¢ (g
is an absolute length function if

codim(VY) = ¢(g) forall g in G. (2.8)
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In this situation, call the prefix order < for (G,T) of Definition 2.2 the absolute order on G.

ProposITION 2.11. Let (G,T) be a generated group with G a subgroup of GL(V).

(i) If¢(g) is an absolute length function, then G must be a reflection group and T' must be
the set of all reflections in G.
(ii) Conversely, if G is a reflection group and T its set of all reflections, one at least has

codim(V9) < (g) forall g in G.

Proof. Assertion (i) follows as codim(V¥9) = 1 if and only if g is a reflection, and ¢r(g) = 1
if and only if g lies in T'. For (ii), write g = t1t2 - - - ty(4) and use the subadditivity (2.5). d

EXAMPLE 2.12. Carter showed [9, Lemma 2] that one has equality in (2.8) for any finite
real reflection group G C GL, (R).

ExXaAMPLE 2.13. On the other hand, motivated by considerations from the theory of
deformation of skew group rings, Foster-Greenwood [12] analyzed the situation for finite
complex reflection groups G C GL,,(C) that cannot be realized as real reflection groups and
showed that in this case it is relatively rare to have equality in (2.8).

For example, the complex reflection group G = G(4,2,2) is the set of monomial matrices in
C?*2 whose two nonzero entries lie in {4-1, i} and have product +1. It has reflections

T — 0 1 0 1 0 -1 0 —i 1 0 -1 0
1|1t of’|—-¢ 0|’|-1 0 |’|¢ O]’|0O —1|"] 0 1
and different distributions for the functions codim(V9) and £(g):
S oweodmVD =146t + 917 and 79 =146t + 72 + 27,
geG geG
The two scalar matrices +[; ] have reflection length 3; neither is a product of two reflections.
REMARK 2.14. Note that whenever G is a reflection group with an absolute length function,
s0 £(g) = codim(V9), the absolute order relation < acquires yet another characterization via

Proposition 2.9 (in addition to those in Definition 2.2 and Proposition 2.8). Specifically, g < h
if and only if one has both equalities

VI4+VI "=V and (2.9)

VInve h=vh (2.10)

EXAMPLE 2.15. Brady and Watt [8] considered the order < defined via Remark 2.14 on
real orthogonal groups and complex unitary groups acting on finite-dimensional spaces. They

showed [8, Corollary 5] that such groups have an absolute length function when considered as
reflection groups generated by their subset of reflections.

We come to our first main result, showing that the full general linear group G = GL(V)
always has an absolute length function.

PROPOSITION 2.16. Let G = GL,(F) = GL(V) with V =TF" for some field F and consider
the generated group (G, T), where T is the set of all reflections in G. Then every g in G has

¢(g) = codim (V).
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Proof. By Proposition 2.11, it suffices to show that £(g) < codim(V?). This follows by
induction on codim(V9) if one can show that for any ¢g in G other than the identity, there
exists some t in T having V9" D V9. We construct such a ¢ explicitly. Choose an ordered basis
e1,...,en for V=W @& W' so that W’ := VY is spanned by {€,,11,€m+t2,...,e,}. In this basis

for V', we have
A 0
g B B 171,—’"1,

where A in GL,,(F) expresses the composite W Ky 4 v ™ W oin the basis €1ly.enyCme

We claim that by making a change of basis on W, one may assume that e, A~te,, # 0. To see
this claim, fix any matrix @ in GL,,(F) (such as Q = A™1) having e, Qe,, = 0. Since Qe,, #
0, there must exist some j in {1,2,...,m — 1} for which ejTQem # 0. Thus one may define
an invertible change of basis P by P(e;) =e; for ¢ # j and P(e;) = e; + e,,. Consequently,
P_l(em) =e,, and PTe,, = €; + em, so one can calculate that PQP~! satisfies

T — T T T T T T
enLPQP 1em = (P em) Qem = (ej + em) Qem = ej Qem + eerm = ej Qe'rn 7é 0.

Once one has e A~ te,, # 0, define the desired reflection ¢ to fix the hyperplane spanned
by {e1,...,en} \ {em} and send e, to A~ e,, ® (—BA te,,) in W& W’ = V. One can check
that det(t) = e, A~ te,, # 0, so that ¢ does define a reflection in GL(V'). Furthermore, both g
and t fix W/ = V9 pointwise, so gt also fixes W' pointwise. However, the following shows that
gt additionally fixes e,,, and hence V9" D W' = V9, as desired:

A~ te,, A 0 A~ te,, A-A e,
gt(em) _g[—BA_lem:| = [B ]-n—m:| : |:—BA_1€m] = |:B . A—lem _BA—lem = €m.

O

2.4. Surjection onto subspace lattices

Consider the lattice L(V) of all F-subspaces of V' = F" ordered by reverse inclusion’. For any
subgroup G of GL(V'), one has a map

¢ L(V)

s v (2.11)

If G is a reflection group with an absolute length, then Remark 2.14 shows that this map 7 is
order preserving for the absolute order. Orlik and Solomon [27, Lemma 4.4] showed that if G is
a finite complex reflection group in GL,,(C) = GL(V), then 7 is a surjection onto the subposet
of L(V) consisting of all subspaces that are intersections of reflection hyperplanes. Hence for
finite real reflection groups, which have an absolute length, 7 is an order-preserving surjection
onto this subposet. The next observation shows that the same holds for the full general linear
groups. The proof is an easy exercise, left to the reader.

PROPOSITION 2.17. For G = GL(V) itself, the map (2.11) is an order-preserving surjection.

REMARK 2.18. Brady and Watt [8, Theorem 1] showed that the map (2.11) is also surjective,
and in fact becomes a bijective order-isomorphism, when one restricts to a lower interval
[e, ¢] between the identity e and an element ¢ having V¢ = {0} in real orthogonal or complex
unitary groups. However, this bijectivity fails for general linear groups, when typically there
are many elements below ¢ having the same fixed space. For example, it is a special case of

fThis matches, for example, the convention common in the theory of geometric lattices.
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Theorem 4.2 below that there are ¢" (g™ — 1) reflections in [e, c] C GL,,(F,), while there are
only (¢ —1)/(¢ — 1) hyperplanes in L(V).

REMARK 2.19. For finite real reflection groups, orthogonal/unitary groups, and general
linear groups, the absolute orders < are not lattices because they have many incomparable
maximal elements.

However, when one restricts to lower intervals [e, ¢], absolute orders are sometimes lattices.
For example, in the case of orthogonal/unitary groups, Brady and Watt’s order-isomorphism
[e,c] =2 L(V) shows that every lower interval is a lattice. For irreducible finite real reflection
groups in the case that ¢ is chosen to be a Coxeter element, the fact that [e, ] is a lattice was
shown originally via a case-by-case check by Bessis [5, Fact 2.3.1] and later with a uniform
proof by Reading [28, Corollary 8.6].

For the general linear groups GL(V') = GL,,(F) with n > 3, the intervals [e, c] are not lattices
in general. For example, consider the embedding of FJ; into GL3(F3) = GLg,(F3s) generated
by the Singer cycle

o
|
o = O
= o O
O~ N

The interval [e, ¢] in GL3(F3) below ¢ contains the two reflections
1 2 2 1 2 2
0 1 0 and 0 2 11,
0 1 2 0 20

both of which are covered by three elements

O O =
— =N
(I )
— =
O O N
O =N
DN DN =
N DN N
O =N

of absolute length 2.

2.5. Length functions when T = T~!

We close this section on £(—) for a generated group (G, T) with two general facts that hold when
T = T~!, that is, when T is closed under taking inverses. They are reminiscent of properties
of Coxeter group length functions.

PROPOSITION 2.20. For (G,T) a generated group with T =T~!, any t in T and g in G
have

t(g) =1 < tg), Lgt) < Lg) + 1.
Proof. Subadditivity immediately gives ¢(gt), £(tg) < £(g) + 1. Meanwhile
Ug) = Ugt - t71) < Llgt) + 1,
0(g) =Lt " - tg) < L(tg) + 1. O

Note that £(tg) = £(g) = £(gt) is possible, for example, whenever (G,T) is a reflection group
whose set of all reflections T' contains reflections ¢ of order 3 or more, so that £(t - t) = £(t) = 1.
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PROPOSITION 2.21 (Exchange property). Let (G,T) be a generated group with T = T~1
and T closed under G-conjugation. If {(tg) < {(g) for some t € T and g in G, then there is a
T-reduced word g =t ---t;, such that tg ="t ---; 1 -t;y1---t.

Proof. 1If £(tg) < ¢(g) for some ¢ € T then Proposition 2.20 implies ¢(tg) = £(g) — 1. Hence
t~1 < g and the subword property (Proposition 2.8) implies that ¢! is a subword of (¢4, ..., )
for some T-reduced expression g = t; --- ;. If t; =t~ !, then

tg=tty - tiqt Mgty ="ttt O

3. Counting ranks in the absolute order on GL,,(F,)

When the field F = F, is finite, so that GL,, := GL,,(F,) is finite, it is easy to give an explicit
formula and generating function counting elements at rank k£ in the absolute order on GL,,,
that is, those having fixed space codimension k. Such a formula, equivalent to (3.4) below, was
derived’ in work of Fulman [14, Theorem 6(1)] in a probabilistic context.

In the formula and elsewhere, we will use some standard g-analogues:

(z:q), = (1 —2)(1 - 2q)(1 —x¢?)--- (1 —zq" "),

], =1+q+¢+ - +q" ",

]!, = [1],[2], - [n], = (4;9),,

(1—q)"
n [n]!y (¢:9) L
= = n = k-dimensional F,-subspaces of V' =F"}.
{k} . K=K (69069, # ! P o}

We mention for future use the fact that

[GL.(F))| = (¢" = D)@ ~)(a" = ")+ (" = ") = (-1)"¢D @:q). (3.1)
as well as the ¢g-binomial theorem [35, (1.87)]:

(@50 = Y (-Dfe?) HES (32

k=0

PROPOSITION 3.1. The number of g in GL,, := GL,,(F,) having rank k in absolute order is
K | n k k .
(k)= (0 1] S| o aa; (3.3
g q

B e
|GLn—k| =0 |GLJ| ’

(3.4)

with generating function

n—k yn 1 (37;(]_1)71 n
1+ | D0 re(n, k)2 * T 17@,2 y". (3.5)

n>1 \0<k<n n>0 (& O)n

TFulman credits its first proof to unpublished work of Rudvalis and Shinoda [33].
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Proof. The equivalence of formulas (3.3) and (3.4) is a straightforward exercise using (3.1).
Thus we will derive (3.3), and then check that it agrees with (3.5).

By Proposition 2.16, we need to count elements in GL,, whose fixed subspace has codimension
k. For a subspace W of V' =T, let

gW):=H{geG:VI=W}

fW)=H{geG:VI2W} = > g(U),
UDW
so that if codim(W) = k one has
k) = || aom). (35
FW) = " |GLy| = ¢* 0 - (=1)%q () (g5 ).

Mébius inversion [35, Example 3.10.2] in the lattice of subspaces of Fy; gives for codim(W) = k,

k: .
oWy = 3 W) =3 m (C1)3g( %) (L1 g+ B) (g ),

UDW prr N

from which (3.3) follows via (3.6).
To check (3.5), use (3.2) to see that the coefficient of y™ on its right is

3 @50 D _ mz_ - D ETRE m o

=0 (6 @)m m =

Therefore, the coefficient of y"x"~* on the right side of (3.5) equals
kg () Y L[
0t Y i k]

Reindexing j := n — m in the summation, and using the fact that

[a—i—b} o {a+b}
a 71—q a ’
q q

one then finds that the coefficient of y"2"~*/|GL,| on the right side of (3.5) equals

kg (=) (k—j) {n_j

G, |- (-1 (3 30 L n_kL—u)kq@ H imqqﬂ”“(q;q)j,

=0 qCInj q =0

which agrees with the formula (3.3) for r,(n, k). O

REMARK 3.2. The formula (3.3) for r,(n,k) is reminiscent of the inclusion—exclusion

formula
;) iﬂ(l)ﬂ' (5)e-a

counting permutations with n — k fixed points. On the other hand, it seems more natural to
think of r4(n, k) as a g-analogue of ¢(n,n — k), the signless Stirling number of the first kind,
counting the permutations in the symmetric group &,, having n — k cycles: when G,, acts as a
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real reflection group permuting coordinates in V' = R", a permutation o with n — k cycles has
codim(V?) = k. In this sense, Equation (3.5) gives a g-analogue of the formula

I I R =Z<—1>‘“(_kx>yk,

n>10<k<n k=0

particularly when one observes that

4. Counting chains below a Singer cycle in GL,,(F,)

In the theory of finite irreducible real reflection groups, the interval [e, ¢] in absolute order
below a Coxeter element c is sometimes called the poset NC(W) of W-noncrossing partitions.
It is extremely well behaved from several enumerative points of view, including pleasant
formulas for its cardinality, its Mobius function, and its zeta polynomial. In the classical types
A, B/C, D one additionally has formulas for the following more refined counts; see Edelman [11,
Theorem 3.2] for type A, Reiner [29, Proposition 7] for types B/C, and Athanasiadis—Reiner
[4, Theorem 1.2(ii)] for type D.

DEFINITION 4.1. Fix a reflection group G having an absolute order and an element ¢ of G
with £(¢) = n. The flag f-vector (f,) of the interval [e, c] has entries f, := f.le, ¢] indexed by
compositions o = (a1,...,0,) of n =3, a; with a; > 0. The entry fue, c] is the number of
chains

e=cp<c1 << - <Cp-1<Ccp=°=°c

in which ¢; has rank o7 + a3 + - - - + «; for each 7.
Since ¢;_1 < ¢; if and only if g; := c;_llci has ¢(g;) = ¢(c;) — £(c;—1), one can rephrase the
definition as

falesdl =H{(g1s-- -, 9m) €EG™ :c=g1 - gm, and €(g;) = o for each i}|.

As mentioned in the Introduction, when viewing GL,, (F,) as a finite reflection group, the
role analogous to that of a Coxeter element is played by a Singer cycle ¢, which is the image
of a multiplicative generator for Fy. after it is embedded into GL,(Fy) = GLr,_ (Fyn); see [32,
§9], [31, Theorem 19], [23]. Our goal in this section is to prove an unexpectedly simple formula
for the flag f-vector f,[e,c] when ¢ is a Singer cycle; see Theorem 4.2 below. The special case
where oo = (1,1,...,1) appeared in Lewis, Reiner, and Stanton [23], where it was shown that
there are exactly (¢" —1)"~! maximal chains in [e,c] (equivalently, minimal factorizations of
a Singer cycle into reflections).

In fact, the theorem also confirms a special case’ of [23, Conjecture 6.3]: it applies not only
to a Singer cycle ¢, but to any element ¢ in GL,,(F,) which is regular elliptic, meaning that c
stabilizes no proper subspaces in Fy. (Equivalently, regular elliptic elements are those that act
on V' = I} with characteristic polynomial which is irreducible in IF, [z]; see [23, Proposition 4.4]
for other equivalent definitions.)

To state the theorem, define the quantity

m
e(a) = (i = 1)(n—a).

=1

fTheorem 4.2 confirms the special case [23, Conjecture 6.3 at £ = n]. In forthcoming work [22], the second
author and Morales use the same techniques to confirm [23, Conjecture 6.3] in full generality.
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THEOREM 4.2. For any regular elliptic element ¢ in GL,(F,) and any composition a =
(a1,...,a,) of n, one has

fa[ac} _ qe(u) . (qn _ 1>m—1. (4.1)
In particular, the number of elements of [e,c] of rank k for 1 <k <n—11s
Fiem—wle.c) = g* == (" —1). (4.2)

We remark that Theorem 4.2 appears very reminiscent of a special case of Goulden and
Jackson’s cactus formula, counting the genus zero factorizations o = o1 - - - 0, of an n-cycle o;
these are the factorizations that are additive Y. | ¢(c;) = {(c) for the absolute length function
given by {(7) = >_;(A; — 1) if 7 has cycle sizes (A1, A2, ...). (This is the same length function
discussed in Remark 3.2.) To state it, we need the following notation: given a partition A =
1ma2m23mi ... having m, parts of size i and m := ), m; parts total, we define

N0 = ()

If A = (A1, 1"~*1) corresponds to a permutation with only one nontrivial cycle then N(\) = 1.

THEOREM 4.3 (Cactus formula [17, Theorem 3.2]). For an n-cycle o in the symmetric group
S,,, the number of factorizations o = o1 - - - 0, that

e are additive, that is, ), {(c;) =n — 1(=£(0)), and

e have o; with cycle sizes ()\gi), )\gi), L) =20

is given by
"I NAD).
i=1

In particular, in the special case where each o; has only one nontrivial cycle, the number of
factorizations is given by

n™h (4.3)

We currently lack a combinatorial proof of Theorem 4.2; see Question 4.13. Instead, prompted
by the similarity between (4.1) and (4.3), we prove the former by following a g-analogue of a
proof of the latter due to Zagier; see [20, § A.2.4]. We sketch here the steps in Zagier’s proof
and give the g-analogous steps in the subsections below.

The first step is the same for both proofs, namely a representation-theoretic approach to
counting factorizations that goes back to Frobenius; see, for example, [20, § A.1.3] for a proof.

DEFINITION 4.4. Given a finite group G, let Irr(G) be the set of its irreducible ordinary
(finite-dimensional, complex) representations U. For each U in Irr(G), define its character
xv(—), degree xy(e), and normalized character Xy (—) by

xu(g) :="Tr(g: U = U),
xu(e) = dime U,
. xv(9)

~xule)
Both functions xy(—), Xv(—) on G extend C-linearly to functions on the group algebra C[G].

xu(g) :
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In the following, we will frequently conflate a representation U with its character xy without
comment.

PROPOSITION 4.5 (Frobenius [13]). Let G be a finite group, and let Ay,..., A, C G be
unions of conjugacy classes in G. Let z; := EgzeAi g; in C[G]. Then for each g in G,

m

1 ~
|{(gla"'7gm) EAl XKoo XAm 59:91"'9771,}| :@ Z X(e)X(gil)HX(%) (44)
xEIrr(G) =

Zagier’s proof of Theorem 4.3 applies Proposition 4.5 by following these four steps.

Step 1. One observes that, when applying (4.4) to count factorizations of an n-cycle in
G = G,,, the summation is much sparser than it looks initially. Irreducible &,,-characters XA
are indexed by partitions A of n, but the only x* which do not vanish on an n-cycle ¢ are the
hook shapes, that is, those of the form A\ = (n —d,19) for d = 0,1,...,n — 1. These satisfy

n—d 1% n—d.14 n—1
o) = (1) and e = (M),

Hence Proposition 4.5 shows that the number of additive factorizations ¢ = oy - - - 0, in which
each o; has cycle type () is

n—1 m

nlz ( )P(d), where P(d) ::H%"*dvld)(zi) (4.5)

and each z; is the sum in C[&,,] of all permutations of cycle type A\(%).

Step 2. One shows that each normalized character value i(”_d’ﬂ)(zi) appearing as a factor
in (4.5) is the spec1ahzat10n at = d of a polynomial Py (z) in Q[z]. This polynomial has

degree } . ( "/ — 1) and a predictable, explicit leading coefficient. Thus the product P(d) is
also the spe(nahzatlon of a polynomial P(z) in Q[z], having degree n — 1 and a predictable,
explicit leading coefficient.

Step 3. Note that the Nth iterate AN := Ao --- o A of the forward difference operator
A(f)(@) = flz+1) — f(z) (4.6)

satisfies

(AN f)(x EN: ( ) (z +d). (4.7)

d=0

Hence the sum (4.5) is the (n — 1)st forward difference of P(z) evaluated at z = 0, that is,
(A"=1P)(0).

Step 4. For each integer m > 0, one has
A™) = (z+1)™ — 2™ =ma™ '+ O0(x™?),

and so the operator A lowers degree by 1 and scales by m the leading coefficient of a degree-
m polynomial. Hence the polynomial P(x) from Step 2 has A"~'P = (A"~1P)(0) equal to a
constant, namely (n — 1)! times the leading coefficient of P(x). Thus our answer (4.5), which is
equal to (A=Y P)(0)/n! by Step 3, is (n — 1)!/n! = 1/n times the leading coefficient of P(z)
computed in Step 2.
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In the next four subsections, we describe what we view as g-analogues of Steps 1-4, in order
to prove Theorem 4.2. As a preliminary step, take GL, := GL,(F,), acting on V' =F}, and
define for k£ =0,1,...,n, the element z; in C[GL,] to be the sum of all elements g for which
codim(V9) = k. Then Definition 4.1 and Proposition 4.5 show that

1 T~
fale:d = g > xle)x(e )i[[lx(zai) (4.8)

"I ETrr(GL,)

4.1. A g-analogue of Step 1

Just as in Step 1 above, one observes that for a regular elliptic element ¢ in GL,,, the summation
(4.8) is much sparser than it looks initially, as many GL,,-irreducibles have y(c™!) = 0.

To explain this, we begin with a brief outline of some of the theory of complex characters
of GL,,(F,). The theory was first developed by Green [18], building on Steinberg’s work [37]
constructing the unipotent characters y»*. It has been reworked several times, for example,
by Macdonald [24, Chapters III and IV] and Zelevinsky [38, § 11].

DEFINITION 4.6. A key notion is the parabolic or Harish-Chandra induction 1 * x2 of two

characters x1, x2 for GL,,, GL,, to give a character of GL,, where n = ny + no. To define it,
introduce the parabolic subgroup

A, B .
Pyin, = {[ 01 AQ] in GLn} (4.9)

so that A; lies in GL,,, for ¢ = 1,2, and B is arbitrary in Fj**"2. Then

1
Ca*x2)(9) = 75— > xi(A)xa(4s), (4.10)
LR heG:
hgh™'€Py | n,

where the element hgh;1 of Py, n, has diagonal blocks labeled A;, A, as above. Said differently,
X1* X2 = (x1 ® x2) i "%, Torn ,» Where

ny no ni,n

Pnl,nz CO— . . . . . y
o (—) GL,. XGL,, 18 inflation of representations of GL,, x GL,, into those of P,, ,,, by

precomposing with the surjection P - GL,,, x GL,,, and
o (—) g}jl”_'ng is induction of representations.

The binary operation (x1, x2) — X1 * X2 turns out [38, Chapter I1I] to define an associative,
commutative (!), graded C-algebra structure on €p,, -, Class(GL;, ), where Class(GL;,) denotes
the C-vector space of class functions on GL,,, with Class(GLg) := C.

DEFINITION 4.7. Anirreducible U in Irr(GL,, ) is called cuspidal, with weight wt(U) = n, if U
is not a constituent of any proper induction xp * x2 for characters x; of GL,,, with n = ny + no
and nqy,no > 1.

Denote by Cusp,, the set of weight-n cuspidal characters, and Cusp := U,,>oCusp,,.

DEFINITION 4.8. An irreducible GL,,-character is called primary to the cuspidal U if x does
occur as an irreducible constituent of some product U** = U * U * - - - * U, where wt(U) = s.

It turns out that one can parameterize the irreducible GL,,-characters primary to the cuspidal
U as {x"*: |\ =2}, parallel to the parameterization of the irreducible &,-characters as
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{x* :|\| =n}. In fact, two primary irreducibles xY*, x""* for GL,,,GL,, primary to the
same cuspidal U have product controlled by the usual Littlewood—Richardson coefficients:

U 0 U)\ "
o+ Zcul,x where (x* ® x) :::;‘C\I Zcﬂ X0

Furthermore, the set of all irreducibles Irr(GL,,) can be indexed as {x*} in which ) runs through
the functions A : U —— A(U) from Cusp to all integer partitions, subject to the restriction
> wt(U) - IMU)| = n. In this parameterization,
XA — XUI#A(Ul) k ok X

if {U1,...,U,} are the cuspidals having A(U;) # @.
We next recall from [23] the sparsity statement analogous to that of Step 1, showing that
most irreducible GL,-characters x vanish on a regular elliptic element. We also include the

character values and a degree formula for certain irreducibles that arise in our computation.

U, AU )

PROPOSITION 4.9 [23, Proposition 4.7]. Let ¢ in GL,, be regular elliptic, for example, a
Singer cycle.

(i) The irreducible character x» has vanishing value x*(c) =0 unless x is a primary
irreducible xU* for some cuspidal U with wt(U) = s dividing n, and \ = (% —d, 1%) is a
hook-shaped partition of % .

(ii) If U =1 = 1qy, is the trivial cuspidal with s = wt(U) = 1, then

) () = (—1) and M) () = ¢(7) {”;1} .

4.2. A g-analogue of Step 2

Of course, to use (4.8) we also need some character values on the elements z;. These

are provided by the following remarkable result, which was suggested by computations in
GAP [15].

PROPOSITION 4.10. One has these normalized character values on z for certain YU,

(i) For any primary irreducible GL,,-character xV"* with the cuspidal U # 1 nontrivial,
N k
2 = 04 1]
q
(i) For U =1 and A\ = (n — d,1%) a hook, we have

) () = Pala™)
where Py (x) is the following polynomial in = of degree k:

= (—=D)kg) [ [T 1_‘1 - ] AP (@I )
Pr(z) := (~1)*q L Z (g" )

(4.11)

REMARK 4.11. Taking d =0 in Proposition 4.10(ii), the character Y% is the trivial
character 1gy, . Hence Y™ (2;) = ry(n, k) is the kth rank size for the absolute order on
GL,,, as computed in Proposition 3.1. It is not hard to check that the formula for r(n, k)
given there is consistent with the d = 0 case of Proposition 4.10(ii), that is, with Pj(1).
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The proof of Proposition 4.10, by necessity, involves some technical GL,, (F,)-character
computations. Some readers may wish to skip ahead to the g-analogue of Step 3 (Section 4.3).

Proof of Proposition 4.10. We begin the proof of both assertions (i) and (ii) with a Mobius
function calculation as in the proof of Proposition 3.1.

Fix a character . Since x is a class function, one has for any fixed subspace X in V of
codimension k that

~ ~ n ~

W= X w0 = |p] Fo0 whee 0= ¥ w0
geGL,: q geGL,,:
codim(V9)=k VI=X

Rather than F'(X), it is more convenient to compute
G(X):= > X@= >  F).
geCL,,: Y:XCYCV
VIDX
Then by Mdébius inversion [35, Example 3.10.2] on the lattice of subspaces of [y, we have
F(X) _ Z (_1)dimY_diqu(dimY;dimX)G(Y).
Y:XCYCV

It follows that

X =[] (1)) ["?]qcm, (112)

4=0 J

where Y := Y] is any particular subspace of codimension j. Thus it only remains to compute
G(X), where X is a particular codimension-k subspace; for concreteness, we take X to be the
span of the first n — k standard basis vectors in V.
If k=0 then X =V and G(X) = X(e) = 1. Thus, in what follows we assume k > 1.
Abbreviate a tower of groups

GL, D P D H

sy {2

in which P is the parabolic (block upper triangular) subgroup stabilizing X (not necessarily
pointwise), and H is the subgroup of P that fixes X pointwise. Also recall that inside P
one finds the block-diagonal product group GL,,_; x GLg. Still fixing a GL,-character x, we
compute

G(X)=) X(h)= “ <X G 1H>H - >|<I(i|) <X’ la TgLn>GLn

= x(e)

via Frobenius Reciprocity for induction (—) TgL" and restriction (—) igL”. The map sending
A, B
p= |: 01 A2:| — Al

induces a bijection P/H — GL,,_j showing that the left-translation action of p on cosets P/H
is isomorphic to the left-regular action of A; on GL,,_;. Hence

1y TfI: (CGL,—k ® 1c1,) ﬂgL”,kaLk’
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where CGL,,_j is the regular representation of GL,, _, and recall that (—) ﬂgL%k «arL, denotes
inflation of a GL,,_; x GLg-representation to a P-representation by precomposing with the
surjection P — GL,,_; x GLj. Hence, via transitivity of induction, one can rewrite

1y 15 = (1 1) 18" = (CGL,—, ® 1aL,) MaL,  xcr, To"= CGL,_j * 1ar, .
To apply (4.12), we need to compute for codim(X) = k > 1 the values

_ 1A
- X(e) <X7

_|H]| h A, Loy, (k)
—X<e)§x (e) <><, X2 & e >GL”

with x2 running through Irr(GL, ;). We compute this now for y as in assertions (i), (ii).

G(X) CGL,—k * gL, )L

n

(4.13)

Assertion (i) Here y = xU"* with U # 1qr,. In this case, (xU'* x** XlGLl’(k)>GL always
vanishes, since x2 % x'¢1:(%) cannot have the primary irreducible xV* as a constituent: its
irreducible constituents x£ must each have p assigning the cuspidal 1y, a partition of weight
at least k, and hence are not irreducibles primary to U. Consequently, (4.12) gives the desired
answer

F (o) [ZL“V‘J(;) m 1= (—1)kg() m

(i) Here x = xer (=41 We claim that k > 0 and Pieri’s rule [24, (5.16)] for expanding
the induction product of x* and x*) imply that almost every x2 in Irr(GL,,_j) has the inner

1L, (n—d,1%)
b

product (x x2# xter:(M) - vanishing, unless both

e k<n—d,and
o 2 = xtetiA for either A= (n—k —d,1%) or (n —k —d +1,1971),

in which case the inner product is 1. Hence, starting with (4.13), we compute
|H|

i ad
G(X) = XIGLla(n_d’ld)(e) ZXA(6> <X1GL17(7L d,1 )7 XA* X1GL1 (k)>
A

GL,,

|H| n—k—d.1% . ek d—1
= ot (a1 (o) (XlG“’( E=d.1%) () 4 ytorn (nhdtl )(6))

el )

(~1)(q; @) (&) {n ; k} / [”d IL

Plugging this result into (4.12), after separating out the j = 0 summand, gives

(=1 (a59); {ndj]q

",

R0 () = (<R [ZL 1 +mini§_§_d)(_l)jqj(n_k)_d mq
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n min(k,n—d) .
= (—1)kq(2) [n] el D A (A ) il
k q [n — k]l =1 k=gl
= 'Pk,(qfd)_ O

4.3. A g-analogue of Step 3

We are now well equipped to analyze the summation in (4.8) by breaking it into two pieces:

1
|GL,, |

=

falevd = o 3 O ) [[Ra) = A+ B) (114)

‘ n| XEIrr(GL,,): i
x(e™h)#0

1

where A is the sum over primary irreducibles xV* with U # 1 = 1¢1, and B is the sum over
primary irreducibles of the form x!**. By Proposition 4.10(i), one has

N a; (% n —
A=TJ1q) [ai] > XPexUMeh.
i= T4 VA el (GL,):
U#1

However, Proposition 4.9(i) lets one rewrite this last summation as

n—1
_ _ ned.1% ned. 1%, —
Do XM = YD x(@x(e) = Yo xR e (e ).
XU elrr(GL,): x€Irr(GLy, ): d=0

U#1 x(c™1H)#0

The first sum on the right side is the character of the regular representation for GL,, evaluated
at ¢, and hence is equal to 0. By Proposition 4.9(ii) and the g-binomial theorem (3.2), the
second sum on the right side is

n—1

3 (-1)%g("F) [n 4 1L = (¢ )n1-

d=0
Thus one concludes that

A= (g s ﬁ(—nmq@ [ " ] (4.15)

Q;

Next we analyze the sum B in (4.14). For a composition «, define P, (z) = [[, Pa, (). By
Propositions 4.9 and 4.10 and the definition of B, we may rewrite

B= i(_mdq("?) {” 4 1] Palg ). (4.16)

d=0

We identify B in terms of the (n — 1)st iterate of a ¢-difference operator A,. This operator is
the g-analogue of (4.6) defined by

A1) = D=1 fan = o),

One can check via the g-Pascal recurrence

] =[] e 5],
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and induction that for N > 0, the Nth iterate Af]\’ = A, 0---0A, has the following expression:

¥] St

N
AY D@ = Oa- 1 Y@ [ ] 1 (1.17)
d=0

(This is g-analogous to (4.7).) Taking N = n — 1 in (4.17) and applying the operator to P, (x)/x
gives

N <7Da(l’)>:| _ ("¢, _1\1-n 1 (9 [n_1:| [ 1 ,P(x(qn_l_d$):|

|: q T ogion q (q 1) dgo( 1) q d . pn—1 (qnflfdx) wegl—n
n—1

=g (DO g oy ST -1yt [n 4 1} Palg ).

d=0 q

Combining with (4.16) gives

B=(qg—-1)"1g ) [Ag—l (P“(x)ﬂ . (4.18)
€T z=ql—n

4.4. A g-analogue of Step 4

We process the expression (4.18) for B further. It is easily verified by induction on N > 0 that
for any m,

m _ 1 m—1 __ 1)--- m—N+1 __ 1 m—N+1.
AN (&) = (¢" = 1)(q ) N(q ) m-n _ 4 713)1\7 =N
(¢-1) (1-4q)
In particular, for integer m one has
0 ifN>m>0,
AN (™) = { [m]l, if N=m >0, (4.19)
q 1 N (N;rl)[N]' . —N-1 if -1
(-1)"¢q -z ifm=-1.
PROPOSITION 4.12.  For any composition « = (aq,...,am;,) of n, the function Ps(x) =

Hi Pai (l‘)

e is a polynomial in x of degree n,
e has leading coefficient equal to ¢=( (=1 . (¢" —1)™, and
e has constant coefficient equal to —A/(q;q)n—1-

Proof. Note from the deﬁnjtion (4.11) of Py(x) that it is a polynomial in x of degree k, with
constant coefficient (—1)*q 2) [r]q- Hence P,(x) is polynomial in x of degree >, a; =n
with constant coefficient

e [ 2] -

where the last equality uses (4.15). One sees that in (4.11), the 2* coefficient in Py () is entirely
accounted for by the j = k summand and is equal to

(—1)kq(§)+k(n*k)+z;z,ifk+1j . (qn _ 1) _ qk(7z—k)+n(k—1) . (qn _ 1)
Therefore, the product Py (z) = []; Pa, (x) has leading coefficient
qu ai(n—ay)+n(a;—1) (qn _ 1)m _ qe(a)+n(n71) . (qn _ 1)m' O
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As P, (z) has degree n in z, the quotient P, (x)/z is a Laurent polynomial with top degree
n — 1 and bottom degree —1. Therefore, combining Proposition 4.12 with (4.19) gives

An—1 <Pa(1')) _ (71)“71(]7(3)[71 _ 1]'{1 L —A T [n . 1]!qq5(a)+n(n71) . (qn _ 1)m

! x (45 0)n—1
n -A
—[n—10 -1 nfqu(z)i + qs(a)Jrn(nfl) . qn ~1 m> )
=1l <( ) " (¢ Q)n—1 ( )
Plugging this into (4.18) and using (¢ — 1)" [n — 1], = (=1)""(g; ¢)n—1 gives

n n _A

B = (—1)nilq_(2)(q; q)n—l <(—1)”1q_(2) — + qs(oz)+n(n71) . (q" _ 1)m>
"5 @)1

= A+ (=1)" Mg @)n 1T E) (g — 1)
Using (3.1), one can finally compute from (4.14) that
1 —1) (g . s(a)+(§)
— (A+B)=( ) (Qaq) 19 _
[GLn| (~1)"(¢; 0)ng(®)

This concludes the proof of Theorem 4.2.
The preceding proof is computational and unenlightening. This prompts the following
questions.

fale.d e e e (A

QUESTION 4.13. Biane [6] has given a short, inductive proof of (4.3) not relying on any
auxiliary objects (trees, maps, etc.). Is there an analogous proof of Theorem 4.27

QUESTION 4.14. Is there a reasonable g-analogue of the cactus formula (Theorem 4.3) in
full generality, not just in the special case (4.3)?

We currently have no conjectural candidate for such a g-analogue.

5. Reformulating the flag f-vector

The goal of this section is to prove Proposition 5.2, a linear algebraic reformulation of f,[e, c|
when V¢ =0. We hope that this reformulation may be more amenable to combinatorial
counting methods. In particular, we show below that it helps recover somewhat more directly
the rank sizes for [e, ¢| given in (4.2).

DEFINITION 5.1. Fix a field F, and let V' be an n-dimensional F-vector space.
Given a sequence ge := (90,91, -5 9m—1,9m) with g; in GL(V), define a sequence of
subspaces ¢(ge) 1= (Vi,..., V) via

V; = V9i-1n nglgm'
Fix ¢ in GL(V). Given an ordered vector space decomposition Ve = (V;); of V, so that

V=VieWsd - -aV,eVi 18 Vid -V,

=:Vg; =:Vs;

define a sequence ¥(V4) := (90,91, - - - Gm—1,gm) of F-linear maps g; : V' — V by
gi(x+y)=clz)+y forz,yin Vg, V5, respectively.
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PROPOSITION 5.2. Let V =TF" for a field F, and let ¢ lie in G := GL(V') with V¢ = 0. Then
the maps ¢, 1 restrict to inverse bijections between these two sets:

(a) multichains ge := (e =¢0 < g1 < +** < gm-1 < gm = ¢) in absolute order on G and
(b) decompositions Ve = (V;)I", satisfying V = ¢(Vg;) & Vs, for every i =0,1,...,m.

Moreover, they satisfy dimV; = €(g;) — €(gi—1).
In particular, when F =T, is finite, for any composition o = (1, ...,q,) of n, the flag
number f,[e, ¢] counts decompositions Vs as in (b) having dimV; = «; fori=1,2,...,m.

Proof. Given g, as in (a), we wish to show that ¢(ge) = (V4,...,V,) is as in (b). First note
that Proposition 2.5 and e < g;—1 < g; < ¢ imply gi_lc < gi:llc. Thus, from Remark 2.14 we
have

V = Ve @ Ve
N U (5.1)
V = V%1 @ ng—llc.

As a first goal, we show V = @", V; via induction on m, with the base case m = 1 being
trivial. In the inductive step, remove g1 from g, to give g, = (e < g2 < -+ < gm—1 < ¢). Then
©(gy) = (Uz, V3, V4, ..., V,,) satisties V = U, @ (B." 5 V;) by induction. Moreover, note that

Up=VNV% = (VI cqVI)NV%= =Vh cq(VINV%: )=V, Vs,
where the second-to-last equality uses V91 ¢ C V9 '© from (5.1). Hence V = @, V.
We also claim V¢; = V9 ' and Vs = V9. To see this, note that for each j < i one has
V= (V91 A V9% €) V9 C e
by (5.1), and hence V¢; C ngl‘i; a similar argument shows that V5; C V9. But then
V=V ®Voy =V C@ Vo
forces the claimed equalities, as well as dim(V;) = €(g;) — £(g;—1). Lastly, applying g; to the
decomposition in (5.1), one obtains the final desired property for (b):
V=gV =g(V5 CQVI) =gV @ gV =cV9 VI =cVe; & Vo

Conversely, given V, as in (b), we must show that ¢(Vs) = ge is as in (a). The assumption
that V = cVg; @ V5, shows that g;V =V, and hence each g; is invertible.

We claim V¢ = 0 shows V9 = V5;: expressing v = x 4+ y uniquely with z,y in V¢;, V5, one
has v in V9 if and only if ¢(z) + y = = + y if and only if ¢(x) = z if and only if = 0. Similarly,
V919 = Ve, @ Ve, . Hence

0(gi—1) + (g, 19:) = dim Ve, 1 + dim V; = dim(V;) = £(gs).

Thus g;—1 < g; and so g, satisfies (a).
Finally, one can check ¢ and 1 are inverses to each other. O

Alternate proof of Equation (4.2), via Proposition 5.2. Choose ¢ in GL(V') regular elliptic.
By Proposition 2.5, it is enough to show that for 1 < k < n/2, there are
f(k’,n—k)[eac] _ qa((k,n—k)) . (qn _ 1) _ q2k(n—l~c)—n . (qn . 1)

elements ¢ in [e, ¢] of rank k. By Proposition 5.2, these elements are in bijection with direct
sum decompositions

V=F'=UasW=UaW



22 JIA HUANG, JOEL BREWSTER LEWIS AND VICTOR REINER

where dimU = k. Count such decompositions by first choosing U, and then choosing W
complementary to both U and cU. The number of choices of W depends only on k£ = dim U
and d :=dim(U N cU), and thus it helps to have the following very special case of a general
formula due to Chen and Tseng [10, p. 28]: for a regular elliptic element ¢ in GL,,(F,), there

are
_ g [n—k—=11 [k]  G—a)th—a—1)
g(nvkud)~_m k—d—1 d q
q q

subspaces U of Iy for which dimU = k and dim(U N cU) = d, assuming 0 < d < k < n.

Given two k-dimensional subspaces Uy, Us of V with dim(U; NUsy) = d (such as U; = U and
Uy = cU above), it is a straightforward exercise to check that when 0 < d < k < n/2 there
are

Pk, d) = "= (8 1)k (g ) g (5.2)
subspaces W with V =U; @ W = Uy & W. Thus

k—1
falesd =" g(n,k,d) f(n, k,d)
d

=0

= 1 nq n—k—1 k (k—d)(k—d—1) lf(n ky—(*~ d“)(_l)k d( Ve
k—d—1| [d| 1 %49
d=O q
k—1
— (qn (n—k)—1 |: ] n—k—1 _ 1)(qn7k71 _ Q) L. (qnfkfl _ qk7d72).
d=0 q

Finally, we apply the special case

q“Zﬂﬂ(&Mﬁ@m@bq“dU

d=0 q

of the ¢-Chu—Vandermonde identity [16, I11.6] with (a,b) = (k — 1,n — k — 1) to conclude. O

REMARK 5.3. Both the Chen—Tseng result and the needed case of the g-Chu—Vandermonde
identity have elementary proofs: in the former case by a complicated recursive argument, and
in the latter case by counting matrices in IE‘;XI’ by their row spaces (see, for example, [21]).

6. Final remarks and questions

It was shown by Athanasiadis, Brady, and Watt [2] that the noncrossing partition posets [e, c|
for Coxeter elements ¢ in real reflection groups are EL-shellable; this was extended to well-
generated complex reflection groups by Miihle [26]. In particular, the open intervals (e, c) are
homotopy Cohen—Macaulay. They also have predictable Euler characteristics, that is, Mobius
functions p(e, ).

Analogously, Theorem 4.2 allows one to compute for regular elliptic elements ¢ in GL,, (F,)
that the interval [e, ] in the absolute order on GL,,(F,) has

ple )= Y (=D"faled= > ()" (¢" -1
a:(al,...,am) a:(ala-<-¢a'r77,)

We do not suggest any simplifications for this last expression.
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QUESTION 6.1. Is the open interval (e,c) in the absolute order on GL,(F,) homotopy
Cohen—Macaulay? Is it furthermore shellable?

Homotopy Cohen—Macaulayness would imply two weaker conditions:

(1) (=1)* @4 (2, y) > 0 for all z <y in [e, ¢}, and 3
(ii) for ¢ < n — 2, one has vanishing reduced homology H;((e,c),Z) = 0.

Condition (i) is easily seen to hold for n = 2 or n = 3 and any ¢; in addition, we have checked
by direct computation that it holds for n =4 if ¢ = 2 or 3.

Condition (ii) is trivial for n = 2. For n = 3, it amounts to connectivity of the bipartite graph
which is the Hasse diagram for (e, ¢), and one can give a direct proof (using Proposition 5.2) that
this graph is connected. For n = 4 and g = 2, we have checked in Sage [36] that H;((e, ¢),Z) = 0
for i = 0,1 and Hy((e,c),Z) = ZIMeo)l = 71034,

Similarly, it was shown by Athanasiadis and Kallipoliti [3] that, after removing the bottom
element e, the absolute order on all of &,, gives a constructible simplicial complex, and hence
also this poset is homotopy Cohen—Macaulay. In type B,, it is open whether removing the
bottom element from the absolute order gives a homotopy Cohen—Macaulay complex; however,
Kallipoliti [19] showed that when one restricts to the order ideal which is the union of all
intervals below Coxeter elements, one obtains a homotopy Cohen—Macaulay complex.

QUESTION 6.2. After removing the bottom element from the absolute order on all of GL(V'),
say for V' = F, does one obtain a homotopy Cohen-Macaulay simplicial complex? What about
the order ideal which is the union of all intervals below Singer cycles?

For example, for GL3(F3), every maximal element in the absolute order is already a Singer
cycle, so that the two simplicial complexes in Question 6.2 are the same. Both have reduced
simplicial homology vanishing in dimensions 0, 1, and isomorphic to Z®® in dimension 2.

In terms of Sperner theory, the poset [e,c] is rank-symmetric and rank-unimodal by (4.2)
and is self-dual by Proposition 2.5. This raises a question, suggested by Kyle Petersen.

QUESTION 6.3. For every Singer cycle ¢ in GL,,(F,), does the absolute order interval [e, c|
have a symmetric chain decomposition?

The local self-duality proven in Proposition 2.5 also implies that, for any ¢ in GL,,(F,), the
Ehrenborg quasi-symmetric function encoding the flag f-vector of the ranked poset [e, ¢] will
actually be a symmetric function; see [34, Theorem 1.4]. When ¢ is regular elliptic, Theorem 4.2
lets one compute this symmetric function explicitly, but we did not find the results suggestive.

Lastly, we ask how the poset [e, ] in GL,,(F,) depends upon the choice of Singer cycle c.

QUESTION 6.4. Do all Singer cycles ¢ in GL,,(F,) have isomorphic posets [e, c|?

Certainly [e,c] and [e, '] are poset-isomorphic whenever ¢, ¢’ are conjugate, and whenever
¢ = ¢~ !. However, not all Singer cycles can be related by conjugacy and taking inverses. A
similar issue arises for Coxeter elements c¢ in finite reflection groups W. For real reflection
groups, all Coxeter elements are W-conjugate. For well-generated complex reflection groups,
they are all related by what Marin and Michel [25] call reflection automorphisms, and these
give rise to the desired poset isomorphisms [e, ] 2 [e, ¢/]; see Reiner, Ripoll, and Stump [30].

REMARK 6.5. In spite of Theorem 4.2, within some GL,, (F,) there exist regular elliptic
elements ¢’ and Singer cycles ¢ for which [e, /] % [e,c]. For example, the Singer cycles in
GL4(F3) are the elements ¢ with characteristic polynomial t* +¢ + 1 or t* +¢* + 1, whereas
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the elements ¢’ having characteristic polynomial 1+ ¢+ t? +t3 +t* are regular elliptic but

not Singer cycles; such ¢ have multiplicative order 5 # 15 =2% —1 = |IF‘2X4 . One can check

that [e, c] 2 [e, /], for example by computing the determinants of the {0, 1}-incidence matrices
between ranks 1 and 3 for the two intervals.
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