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ABSTRACT. We investigate the cohomology rings of regular semisimple Hessen-
berg varieties whose Hessenberg functions are of the form h = (h(1),n...,n) in
Lie type A,_1. The main result of this paper gives an explicit presentation of
the cohomology rings in terms of generators and their relations. Our presentation
naturally specializes to Borel’s presentation of the cohomology ring of the flag
variety and it is compatible with the representation of the symmetric group &,,
on the cohomology constructed by J. Tymoczko. As a corollary, we also give an
explicit presentation of the &,,-invariant subring of the cohomology ring.

1. INTRODUCTION

Hessenberg varieties form an interesting class of algebraic subsets of the full flag
variety, and they have been studied in the contexts of geometry (see for example [11,
8, 36, 24, 27, 1]), combinatorics (see e.g. [31, 37, 7, 21, 12, 22|), and representation
theory (see e.g. [32, 35, 28, 16, 25, 5]). Let A : C* — C™ be a linear operator
and h : {1,2,...,n} — {1,2,...,n} a Hessenberg function, i.e. a non-decreasing
function satisfying h(i) > i (1 < i < n). The Hessenberg variety (in Lie type
A,_1) associated to A and h is defined as

Hess(A, h) :== {V, € Flag(C") | AV; C Vj; for all 1 <i < n}

where V, = (V3 C Vo C --- C V,, = C") is a sequence of linear subspaces of C" with
dimc V; =i (1 <i < n). A celebrated example is the Springer fiber, i.e. taking A to
be a nilpotent operator and the Hessenberg function A to be the identity function,
and it is well-known that the Springer fiber plays a fundamental role in geometric
representation theory of the symmetric group &,, ([32]). Geometry and topology of
Hess(A, h) reflects properties of the linear operator A, and it appears in several areas
of mathematics (e.g. representation theory, graph theory, and theory of hyperplane
arrangements) depending on choices of appropriate operators.

When we take a regular semisimple operator S (i.e. a diagonalizable matrix with
distinct eigenvalues), the associated Hessenberg variety Hess(.S, h) is called a regular
semisimple Hessenberg variety, and it is a smooth complex submanifold of the
flag variety for all h ([11]). Among them, when we take the Hessenberg function
h to be the one satisfying h(i) = n (1 < i < n), it is the ambient flag variety
itself, and when we take h(i) =i+ 1 (1 < i < n), it is the toric variery associated
with the fan consisting of the collection of Weyl chambers of the root system of
Lie type A,—1 ([11]). Since the latter is essentially the minimum case, it means
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that the regular semisimple Hessenberg varieties Hess(S, h) provide us a (discrete)
family of complex submanifolds of the flag variety, connecting the flag variety itself
and the toric variety described above. The cohomology rings of the two extremal
cases (i.e. the flag variety and the toric variety) are well understood and presented
explicitly, but for the intermediate cases the ring structure of the cohomology has
not been studied well. In particular, explicit presentations of the cohomology rings
of intermediate cases are not known. So it is interesting both from geometric and
algebraic point of view to determine the cohomology rings of regular semisimple
Hessenberg varieties. The cohomology rings of some other kinds of Hessenberg
varieties have been studied in [35, 13, 20, 2, 4, 6] for example, and in these cases the
generators of the cohomology rings come from the cohomology of the flag variety.
However, in the case of regular semisimple Hessenberg varieties, the restriction map
from the cohomology of the flag variety is not surjective in general, and there is
a difficulty of finding those cohomology classes which do not come from the flag
variety. On the other hand, regular semisimple Hessenberg varieties have natural
torus actions as in the case of the flag variety, and their equivariant cohomology
rings admit a presentation called GKM presentation developped in [17] so that
we can study the ordinary cohomology rings from the torus equivariant cohomology
rings ([37]).

Another aspect of regular semisimple Hessenberg varieties is the representation of
the symmetric group &,, on their cohomology H*(Hess(S, h); C) constructed by J.
Tymoczko ([37]). Shareshian and Wahcs observed its dependence on the Hessenberg
function h, and they announced a beautiful conjecture which states that the &,-
representation on H*(Hess(S, h);C) is described by the chromatic quasisymmetric
function of a graph associated to the Hessenberg function A ([29, 30]). This conjec-
ture has been proved by an algebro-geometric method given by Brosnan-Chow ([9]),
and soon later Guay-Paquet gave a combinatorial proof ([18]). Since Shareshian
and Wachs had already described the Schur basis expansion of the chromatic qua-
sisymmetric function in [30], this means that the irreducible decomposition of the
&,,-representation on the cohomology is determined for arbitrary h. However, the
Shareshian-Wachs conjecture was announced as a major step toward to the Stanley-
Stembridge conjecture in graph theory which states that the chromatic quasisym-
metric function of the incomparability graph of a (3 + 1)-free poset is e-positive
([34, Conjecture 5.5, [33, Conjecture 5.1]). In fact, to solve the Stanley-Stembridge
conjecture, Shareshian and Wahcs also conjectured that the &,-representation on
the cohomology H*(Hess(S, h); C) is a permutation representation ([29, Conjecture
5.4], [30, Conjecture 10.4]). It is known that the Stanley-Stembridge conjecture is
true if so is the latter conjecture given by Shareshian-Wahcs (See [30] for details).

The &,,-representation on the cohomology H*(Hess(S, h); C) of the regular semisim-
ple Hessenberg variety also plays a role of a connection of Hess(.S, k) to other regular
Hessenberg varieties (i.e. the ones defined for regular matrices). As an evidence,
the &, -invariant subring of H*(Hess(S, h);C) in fact gives us the cohomology ring
of the regular nilpotent Hessenberg variety with the same function h ([3]). Also, if
A is a partition of n, then there is an associated Young subgroup &, C &,,, and the
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dimension of the &y-invariant subgroup of H'(Hess(S, h);C) coincides with the di-
mension of the degree i component of the cohomology of regular Hessenberg variety
of type A with the same function h, for all integers i ([9]).

In this paper, we determine the ring structure of the cohomology H*(Hess(S, h); Z)
of regular semisimple Hessenberg varieties in Z coefficients whose Hessenberg func-
tions are of the form h = (h(1),n,...,n), ie. 1 < h(l) < nand h(j) =n (2 <
Jj < n). In particular, we give a finite list of ring generators which is compati-
ble with Tymoczko’s &,-action, and we determine their relations (Theorem 4.3).
There are three advantages of our presentation; (1) it extends Borel’s presentation
of the cohomology ring of the flag variety, (2) it manifestly exhibits that the &,,-
representation in our case is a permutation representation, (3) the &,,-invariant sub-
ring H*(Hess(S, h))®" is presented as well, and in Q coefficients it is naturally identi-
fied with the presentation of the cohomology ring of the corresponding regular nilpo-
tent Hessenberg variety given in [3]. We note that, in our case h = (h(1),n,...,n),
it is known that the &,,-representation on H*(Hess(S, h); C) is a permutation repre-
sentation (See Section 4.2 for details), but our result shows that it is visible at the
level of its ring structure.

This paper is organized as follows. In Section 2, we briefly recall basic properties
of regular semisimple Hessenberg varieties and Tymoczko’s &,-action on their co-
homology rings. After that, we concentrate on the case h = (h(1),n,...,n), and we
describe an arithmetic formula for their Poincaré polynomials in Section 3. Finally,
we describe the ring structure of cohomology of the regular semisimple Hessenberg
varieties in Section 4, and we see that the G,-action is naturally described in our
presentation.

Acknowledgements. The first author is partially supported by a JSPS Grant-
in-Aid for Young Scientists (B): 15K17544 and a JSPS Research Fellowship for
Young Scientists Postdoctoral Fellow: 16J04761. The second author was partially
supported by JSPS Grantin-Aid for JSPS Fellows 15J09343. The third author is
partially supported by JSPS Grant-in-Aid for Scientific Research (C) 16K05152.

2. BACKGROUND AND NOTATIONS

In this section, we recall some background, and establish some notations for the
rest of the paper. We work with cohomology with coefficients in Z throughout this
paper unless otherwise specified.

2.1. Regular semisimple Hessenberg varieties. Let n be a positive integer,
and we use the notation [n] := {1,2,...,n} throughout this paper. A Hessenberg
function is a nondecreasing function h : [n] — [n] satisfying h(i) > i for all i €
[n]. We frequently write a Hessenberg function by listing its values in a sequence,
ie. h = (h(1),h(2),...,h(n)). We may identify a Hessenberg function h with a
configuration of the shaded boxes on a square grid of size n x n which consists of
boxes in the i-th row and the j-th column satisfying i < h(j) for i,j € [n], as we
illustrate in the following example.
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Example 2.1. Let n = 5. The Hessenberg function h = (3,3,4,5,5) corresponds to
the configuration of the shaded boxes drawn in Figure 1.

FIGURE 1. The configuration corresponding to h = (3,3,4,5,5).

The flag variety Flag(C™) consists of nested sequences of linear subspaces of C”
Ve=WWcV,C---CV,=C")

where V; is of dimension i. For a linear operator A : C* — C" and a Hessenberg
function h : [n] — [n], a Hessenberg variety is defined as follows:

Hess(A, h) = {Vs € Flag(C") | AV; C Vy) for all i € [n]}.

In this paper, we focus on Hess(S, h) where S is a regular semisimple operator (i.e. a
diagonalizable matrix with distinct eigenvalues). The Hess(S, h) is called a regular
semisimple Hessenberg variety. In what follows, we assume that S is diagonal
with respect to the standard basis of C". Since its topology does not depend on
the eigenvalues of S (see specifically Theorem 2.2 and Proposition 2.3 below), we
denote Hess(.S, h) simply by X (h). We note that when h(i) = n (1 < i < n) we have
X(h) = Flag(C") and when h(i) =i+ 1 (1 < ¢ < n) it is known that X (h) is the
toric variety associated with the fan consisting of the collection of Weyl chambers
of the root system of type A, 1 ([11]). The following theorem gives some basic
properties of X (h).

Theorem 2.2. ([11, Theorem 6 and Theorem 8| ) Let X (h) be a reqular semisimple
Hessenberg variety. Then the following hold.

n

(1) X(h) is smooth equidimensional of dimension equal to Z(h(z) —1).

i=1

(2) The integral cohomology group of X is torsion-free, and the odd-degree coho-
mology groups vanish.

(3) Let P(X(h),q) denote the Poincaré polynomial of X (h) with deg(q) = 2.

Then we have
PX(R),0) = 3 ¢

wEGn
where &, is the n-th symmetric group and dp(w) is the cardinality of the
following set:

Du(w) == {(.i) |1 < j < < n, w(j) > wli), i < h(j)}.
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2.2. Torus equivariant cohomology of X (h). Let T be the following n-dimensional
torus in the general linear group GL(n, C):

g1

T:= 92 ) g€C foralli=1,2,...,n

In

Since the flag variety Flag(C™) has a natural action of GL(n, C), the torus T" acts on
Flag(C™) by its restriction. This T-action preserves a regular semisimple Hessenberg
variety X (h) since the elements of 7' commute with the diagonal operator S, and
X (h) contains all the T-fixed points Flag(C™)T of the flag variety Flag(C") ([11,
Proposition 3]). So we see that

X(h)' = Flag(C"" =2 &,

where &,, is the n-th symmetric group. Here, the identification Flag(C")T = &,
is given by sending w € &,, to the flag V, specified by V; := spanc{ewn), - - €w@ }
where {ey,...,e,} is the standard basis of C".

The T-equivariant cohomology H7(X (h)) is defined to be the ordinary cohomol-
ogy H*(ET xr X(h)) where ET — BT is a universal principal bundle of 7. In
particular, we have ring homomorphisms

H*(BT) — Hj(X(h)) - H*(X(h))

since ET xr X(h) — BT is a fiber bundle with fiber X (h). Let t; be the first
Chern class of the line bundle over BT corresponding to the projection 7" — C*;
diag(gi,...,9n) — ¢i- Then we may identify H*(BT) with the polynomial ring
Zlty, ..., t,] with deg(t;) = 2 for all i = 1,...,n. Since X(h) has no odd-degree
cohomology as we saw in Theorem 2.2 (2), we have the following properties ([26]):
e Zlty,...,t,] = H*(BT) — H;(X(h)) is injective,
o Hi(X(h)) — H*(X(h)) is surjective,
o H*(X(h)) = Hy(X(h))/(t1,...,t,) where (t1,...,t,) is theideal of H}.(X (h))
generated by t1,...,1,,
e the restriction map Hy (X (h)) = Hi(X (h)") = @, s, Z[t1, . . - , ] is injec-
tive.
The second item above is particularly important for us; it means that we can
study the ordinary cohomology ring H*(X(h)) from the equivariant cohomology
ring H3(X(h)), and the last item enables us to identify H}.(X(h)) with a subring
of @,cs, Zlt1,- - -, tn] Which is described in the following proposition.

Proposition 2.3. ([37, Proposition 4.7] ) The image of the restriction map above
Hi(X(h)) = @,es, Zlt1, - - -, ta] is given by

a(w) — a(w') is divisible by ty,u) — tw)
(2.1) a € @ Llty, ... to]| if there exist 1 < j < i <n satisfying
weS, w' =w(j i) and i < h(j)

where a(w) is the w-component of o and (j i) is the transposition of j and i.
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Remark 2.4. Proposition 4.7 in [37] is given in C-coefficients, but it is valid for
Z-coefficients as well because of the following two reasons; (1) X(h) has a cellular
decomposition whose cells consist of the intersections of X (h) and the Schubert cells,
namely a Bialynicki-Birula’s cell decomposition (see [11] for details), (2) the weights
of the tangential representation of T at each fized point are primitive vectors in
H?(BT), and they are pairwise relatively prime in H*(BT) (cf. [19, Theorem 3.1]).
In fact, the condition (1) means that the Poincaré duals of the closures of the cells
form an H*(BT)-basis of Hy(X(h)), and the condition (2) ensures that the image
of the restriction map H}(X(h)) < @, ce, Zlt1,- .-, ta] lies on the subring (2.1)
and that the images of the Poincaré duals form an Zlty, ..., t,|-basis of (2.1).

The set in (2.1) can be described by the so-called GKM graph whose vertex set
V and edge set & are given as follows:

V=6,
E={(w,w) e, x&,|w =w(ji)and j <i < h(j) for some j,i}.

Additionally, we equip each edge (w,w’) such that w' = w(j i) and j < i < h(j)
with the data of the polynomial & (%, — tw(;)) (up to sign) arising in (2.1). We call
this labeled graph the GKM graph of X (%), and we denote it by I'(h). In this
language, the condition in (2.1) says that the collection of polynomials (a(w))yes,
satisfies the following: if w and w’ are connected in I'(h) by an edge labeled by
tw(i) — tw(), then the difference of the polynomials assigned for w and w’ must be
divisible by the label. In this paper, we call the condition described in (2.1) the
GKM condition for I'(h).

Example 2.5. Let n = 3. For h = (2,3,3) and b/ = (3,3,3), the corresponding
GKM graphs of X (h) are depicted in Figure 2 where we use the one-line notation
for each vertex.

321 321
o Q labels
231/ I 231 | 312
| | | ! | - tl - t2
| | | | | _— _ t? _ tS

213 132 213 | 132
***** =t — 13
123

123
'(h) L(n')
FIGURE 2. The GKM graphs I'(h) and I'(%)

For example, the collection of polynomials in Figure 3 is an element of Hy(X(h))
but not of H3(X(K')).

As we pointed out in the Introduction, the restriction map H*(Flag(C")) —
H*(X(h)) is not surjective in general. In fact, whenever X (h) is not Flag(C™), the
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0
Q.
0 / \Q 0
| |
| |
t— tgé\/é 0

to —t3
FIGURE 3. An element of H}.(X (h)).

map is not surjective since the total dimensions of H*(Flag(C")) and H*(X (h)) are
always the same (Theorem 2.2 (3)) while the degrees of the highest components are
different (Theorem 2.2 (1)). However, since we have the graphical presentation of the
equivariant cohomology ring H7 (X (h)) given in Proposition 2.3, the surjecitivity of
the homomorphism H}(X(h)) — H*(X(h)) implies that we can use this graphical
presentation of H7 (X (h)) to seek those classes as we will do in Section 4.

2.3. G -action on H}(X(h)). We now describe the &,-action on H; (X (h)) con-
structed by Tymoczko [37]. For v € &, and a = (a(w)) € D,cs, Zlt1,- - - tn], We
define the element v - a by the formula

(2.2) (v-a)(w) :=v-alvw) forallwe &,

where v - f(t1,...,t,) = f(toq),--. tow)) for f(ti,...,t,) € Zlt1,...,t,] in the
right-hand side. This &,-action preserves the subset (2.1), and hence it defines an
S,-action on the equivariant cohomology H7 (X (h)) by Proposition 2.3. Since we
have v-t; =t for t; = (t;)wes, , the G,-action on Hj(X (h)) induces an &,-action
on the ordinary cohomology H*(X (h)) = Hi(X(h))/(t1,. .. tn).

This &,,-action on H*(X (h)) has a surprising connection with graph theory as fol-
lows. Shareshian and Wachs formulated a beautiful conjecture relating the chromatic
quasisymmetric function of the incomparability graph of a natural unit interval or-
der and Tymoczko’s &,-representation above on the cohomology! of the associated
regular semisimple Hessenberg variety (|29, Conjecture 1.2]). Also, they determined
the coefficients in the Schur basis expansion of the chromatic quasisymmetric func-
tion in terms of combinatorics ([30, Theroem 6.3]). Recently, the Shareshian-Wachs
conjecture was solved by Brosnan and Chow from a geometric viewpoint ([9]), and
a combinatorial proof was also given by Guay-Paquet soon later ([18]). This means
that the irreducible decomposition of Tymoczko’s &, -representation on the coho-
mology H*(X(h);C) is determined for any Hessenberg function h. Interestingly,
Shareshian and Wachs conjecture more; they have a further conjecture that the
S,-representation on H*(X (h); C) is a permutation representation (see Conjecture
2.6 below), and it is known that if this is true then so is the Stanley-Stembridge
conjecture in graph theory which states that the chromatic quasisymmetric func-
tion of the incomparability graph of a (3 + 1)-free poset is e-positive. That is, the
Stanley-Stembridge conjecture is reduced to the following conjecture.

IThey worked with cohomology with coefficients in C.
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Conjecture 2.6. ([29, Conjecture 5.4], [30, Conjecture 10.4]) The &, -representation
on H*(X (h);C) constructed by Tymoczko is a permutation representation, i.e. a

direct sum of induced representations of the trivial representation from &y to &,
where Gy = Gy, X -+ X By, for A= (A1,..., \p).

3. POINCARE POLYNOMIAL OF X (h) FOR h = (h(1),n,...,n)

We described the Poincaré polynomial of a regular semisimple Hessenberg variety
X (h) in Theorem 2.2 (3) as

P(X(h).q) = Y ¢

wEGn

where we have deg(q) = 2. In this section, we give an arithmetic formula for the
Poincaré polynomial P(X(h),q) which works for the case h = (h(1),n,...,n), ie.
I1<h(l)<nand h(j)=n (2<j <n).

Recall that we may identify a Hessenberg function with a configuration of the
shaded boxes (see Example 2.1). We first observe how the Poincaré polynomial
P(X(h),q) changes when we add a shaded box to (the configuration of) h so that
the resulting configuration corresponds to a Hessenberg function A’. We note that
the geometric interpretation of this situation is the inclusion X (h) C X (k') of codi-
mension 1 by Theorem 2.2 (1).

More precisely, let h be a Hessenberg function satisfying the condition h(r) <
h(r + 1) for some 1 < r < n. Then, the function defined by

R = (h(1),...;h(r —1),h(r)+ 1,h(r+1),...,h(n))
is also a Hessenberg function. In the language of configurations of shaded boxes,

this Hessenberg function A’ is obtained from h by placing a new box on the position
located at (h(r) + 1)-th row and the r-th column.

r-th column

:H — (h(r) + 1)-th row

h n
FI1GURE 4. The pictures of h and A'.
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To compare the Poincaré polynomials P(X (h),q) and P(X(h'),q), let us consider
the following polynomials:

(3.1) P (g) = Z {w € &, | du(w) =i, w(r) < w(h (r)}d,
(3.2) Ph (q) = Z {w € &, | du(w) =i, w(r) > wk ()}

As we will see below, these polynomials play an important role for understanding
the difference of P(X(h),q) and P(X(h'),q). From Theorem 2.2 (3), it is easy to
see that

(33)  P(X(h),q) = P{"(q) + P2 (q), P(X(W),q) = P"(q) + ¢P"" (q)
which imply
(3.4) P(X(h),q) — P(X(R),q) = (1 —q)P"" (q).

On the other hand, from the Poincaré duality for X (h) and X (h’) (Theorem 2.2 (1)),
we have the following symmetry

P(X(h),q) =q"P(X(h),q""), P(X(K),q) =q"""P(X(h'),q")

where m = dim¢ X (h). Multiplying (3.4) for ¢ being replaced with ¢=! by ¢™**
obtain

(3.5) gP(X(h),q) = P(X(),q) = ¢" (g — P2 (¢ 7).

Now, from (3.4) and (3.5), the Poincaré polynomial P(X(h),q) can be written as
P(X(h),q) = P""(q) + ¢" P""(¢7").

Comparing this with (3.3), we obtain

(36)  Pr"(q)=q"PM"(q7"), equivalently PM" (q) = ¢" P (¢7).

This means that the Poincare polynomial P(X(h),q) is determined from Pf’hl(q).

The next lemma tells us how this polynomial Pﬁ’h/(q) behaves when we further add
a new box to the r-th column.

Lemma 3.1. Let h be a Hessenberg function satisfying the condition h(r) + 1 <
h(r + 1) for some 1 <r <n so that

B = (h(1),...,h(r—1),h(r)+ 1,h(r+1),...,h(n)),
" = (h(1),...,h(r —1),h(r) +2,h(r+1),...,h(n))
are Hessenberg functions. If h(h'(r)) = h(h"(r)), then Pf’h/(q) = Pf’h”(q).
Proof. For simplicity, we put
A={we &, |wr)<wh(r)}, B:={we&,|wlr)<wh"(r)}.
Then, from the definition (3.1), our claim is equivalent to the equality

Hw e A | dy(w) =i} = [{w € B | dy(w) =1i}| for each i.
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Note first that the transposition 7 := (h/(r) h”(r)) interchanging h'(r) and h”(r)
makes sense since we have h/(r) < h”(r) by our assumption. So the multiplication
map of &,, by the transposition 7 from the right gives a bijection from A to B
preserving the intersection A N B. Thus, it is enough to prove the following two
claims:

Case 1 : if w € AN B, then dy(w) = dp/(w),

Case 2 : if we A\ AN B, then w' :=wr € B\ AN B satisfies dj,(w) = dp (w').

Proof of Case 1. If w € AN B, then w(r) < w(h'(r)), so we have dy(w) = dp (w).

Proof of Case 2. Let w € A\ AN B and w' = wr € B\ AN B. Noting that
R"(r)(= h(r)+2) < h(r+1) from the assumption, we can write w and w’ in one-line
notation as follows:

w=w(l)--w(r)- - wh(r)) wb'(r)) wh’(r)) - wh(r+1))---wn),

w' =w(l)---w(r)---w(h(r)) wh”(r)) wb'(r) - wh(r+1))---wn).
The claim we need to show is | Dy, (w)| = | Dy (w’)| where Dy, (w) is defined in Theorem
2.2 (2). To prove this, we compare these sets Dp(w) and Dy (w’). Note that h
and b’ differ only at r-th values and that w’ is obtained from w by interchanging
w(h/(r)) and w(h”(r)) in one-line notation as we saw above. So, with the assumption
h(h'(r)) = h(h"(r)), it follows that (i,j) € Dp(w) is equivalent to (7(i),7(j)) €
Dy/(w') unless (4, 7) is one of the following:

(3.7) (r, W(r)), (r, h"(r)), (B'(r), B"(r)).

So we focus on these pairs in what follows. Since w € A\ ANB and w' € B\ AN B,
we have

~—

w(h"(r)) <w(r) <w(h'(r)).

This means that the third pair (A'(r), h”(r)) in (3.7) is an element of Dy (w) since
we have h”(r) < h(h”(r)) = h(h'(r)) by the assumption, but it is not an element
of Dy/(w') since w’ is obtained from w by replacing w(h'(r)) and w(h”(r)) in the
one-line notation of w. Namely, we have

(P'(r), h"(r)) € Dn(w) \ D (w’).

The first pair (r,h/(r)) in (3.7) is not an element of Dj(w) since A'(r) € h(r), but
it is an element of Dy, (w') since w'(r) = w(r) £ w(h"(r)) = w'(h'(r)). So we have

(r,h'(r)) € Dy (w') \ Dp(w).

Lastly, the second pair (r,h”(r)) in (3.7) is not an element of neither Dj(w) nor
Dy (w') since we have h”(r) £ h(r) and w'(r) = w(r) # w(h'(r)) = w'(h"(r)), i.e.

(r,h"(r)) ¢ Dp(w) U Dy (w').
Therefore, we conclude that |Dy(w)| = |Dy/(w')|, as desired. O

Now we can express an arithmetic formula for the Poincaré polynomial P(X (h), q)
(cf. Theorem 2.2 (3)) whose Hessenberg function is of the form h = (h(1),n,...,n).
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Lemma 3.2. If h = (h(1),n,...,n), then the Poincaré polynomial of X (h) is given
by

B 1 _qh(l) n—l 1 —

(38)  P(X(h),q) = 1T

J 1—
T i (n—1)gr01 =1
1—¢q ey

1—g¢q

Proof. Since it is well-known that

n

P(Flag(C),q) =[]

j=1

1—¢
l—g¢q

which gives the claim (3.8) for the case h(1) = n, we can assume that h(1) < n. We
first prove that

n—1 n—2 :

/ 1— ¢

(3.9) P (g)= (Y k" O] 1_qq
k=1 j=1

for h = (h(1),n,...,n) and b’ = (h(1) +1,n,...,n). From Lemma 3.1, it is enough
to prove (3.9) for h(1) = n — 1 (i.e. A'(1) = n). We fix integers a and b with
1 <a<b<n. Forwe &, satisfying w(1) = a and w(n) = b, we have
dp(w) = [{(4,9) |2<j <i<n—1 w(j) > w(i)}
+H{(1,0) |1 <i<n, a>w()}
+ {0 n) 11 <j <n, w(j) > b}
=0 [2<j<i<n—1 w()>w@} +(a=1)+(n—0b).

So it follows that

Z qdh(w) :q(a—1)+(n—b) Z qf(v)

webn vES, 2

w(l)=a,w(n)=b
_ q(afl)Jr(nfb)‘P(leag((cnf2)7 q>

n—2

1—¢
— (a—1)4+(n-0)
q 11— .

j=1

where £(v) is the number of inversions of v € &,,_5. Thus, from (3.1) we obtain

n—2

’ 1 — J
PG = 3 g I
1<a<b<n 7j=1
n—2 1— qJ
— a—b\ n—1
=( 2« H l—gq
1<a<b<n Jj=1
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which is exactly (3.9) as we claimed. Hence, from (3.6) we obtain

n—1 n—2

/ _ _ 1 — q'7
WK (N R(1)—1 AW =
P (q) = "7 (D (n—k)q )Hl_q-
k=1 Jj=1
Now, the claim (3.8) follows from (3.3). O

4. COHOMOLOGY RINGS OF X (h) FOR h = (h(1),n,...,n)

In this section, we give an explicit presentation of the cohomology rings H*(X (h))
of regular semisimple Hessenberg varieties X (h) for h = (h(1),n,...,n) in terms of
ring generators and their relations. Through this presentation, we will determine
the &,,-representation on H*(X (h); C) in Section 4.2. We will also give an explicit
presentation of the &,-invariant subring H*(X (h))®" with Z-coefficients in Section
4.3, and compare with the fact that H*(X (h); Q)®" is isomorphic to the cohomology
ring of regular nilpotent Hessenberg variety with the same Hessenberg function in
Q-coefficients.

4.1. The ring structure of H*(X(h)). As explained in Section 2, the restriction
map H*(Flag(C")) — H*(X(h)) is not surjective in general, and it is not obvious
how to find ring generators of H*(X(h)). For this purpose, we first study the 7-
equivariant cohomology ring H7(X (h)) through its graphical presentation given in
Proposition 2.3, and we study certain classes which do not come from Hz.(Flag(C™))
in general.

For any Hessenberg function h, we first define classes x; and ¥, in the equivariant
cohomology H:(X (h)) for 1 < k < n as follows. For w € &,,, let?

(4.1) xk(w) =1 w(k)»

w2) ) = {HM ) ull)

where we take the convention HZSQ) (tt — tw@) = 1 when h(1) = 1. Then x;, =
(xp(w))wes, and yx = (yr(w))wes, satisty the condition in (2.1) (see [3, Lemma 10.2])
so that we have z, € HA(X(h)) and y;, € HQ(h(l) 1)(X(h)). Note that the class g
is supported on the set of permutations w € 6 with w(1) = k, while x is non-zero
on any w-component. Note that the z;, is the image of the T-equivariant first Chern

class of the k-th tautological line bundle over Flag(C"™) under the restriction map
Hi(Flag(C")) — H7(X(h)). It is well-known that

(4.3) H}(Flag(C") 2 Z[X1, ..., Xu, t1, ..., ta]/(€i(X) —ei(t) | 1 < i< n)
by sending Xy to zy and ¢y to t for all k = 1,...,n. Here, ¢;(X) (resp. e;(t)) is the

i-th elementary symmetric polynomial in the variables X7, ..., X, (resp. t1,...,t,).
In particular, we have
(4.4) H*(Flag(C")) 2 Z[ Xy, ..., X,]/(e:(X) | 1 <i<n).

2The class yj, defined here is the y; 5 € H;(h(j)_j)(X(h)) for j =1 introduced by [3].
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We list some of the basic relations between the classes x; and y;/ in the following
lemma.

Lemma 4.1. The following hold:

(1) ysyw =0 (1 <k #K <n),

(2) miyr =teye (1 <k <n),

(3) yr H?:h(l)_H(tk —x) = H?:Q(tk —xzy) (1<k<n),

(4) Sy uk = [T (01 — x)
where we take the convention [[,_ . (=x¢) =1 in (3) and [Ty (z1 — ) = 1 in (4).
Proof. Tt is easy to check that the w-components of both sides are the same for all

w € &,. Since the restriction map Hj(X(h)) = Hj(X(h)") = @ e, Z[t1, - - -, tn]
is injective, we are done. U

Multiplying both sides of (4) in Lemma 4.1 by y, we also have

(4.5) i =y | [(te — z0)

by (1) and (2) in Lemma 4.1.

Proposition 4.2. If h = (h(1),n,...,n), then the classes zy, yx,tx (1 < k < n)
generate Hy(X (h)) as a Z-algebra.

Proof. We prove this proposition by induction on n along the idea in [14]. We
decompose the symmetric group &,, into the following subsets for ¢ = 1,...,n:

& ={we 6, |w(i)=n}

Namely, we have &,, = [J;; &, which is a disjoint union. Let I'(h) be the GKM
graph of X (h) described in Section 2. We denote by I'(h) the full subgraph of T'(h)
whose vertex set is &!. We think of h as a configuration of the boxes as explained in
Section 2.1, and let h' be a Hessenberg function obtained by removing all the boxes
in the i-th row and all the boxes in the i-th column (See Figure 5). Then I"(h)

is naturally identified with T'(h%) so that we can apply the inductive assumption to
“(h).

i-th column

[TT]

~> >
remove

h h
FIGURE 5. The configuration corresponding to h’.

i-th row —
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Let f be an arbitrary element of H;.(X(h)). We show that f can be written as a
polynomial in the variables g, yx, tx (1 < k < n) as follows.

Step 1. We prove that f can be written as a polynomial F} in the variables x, y, tx

(1 <k <n)on &.. In particular, f — F} is equal to 0 on &), so we may assume

that f =0 on &.

Step 2. Assume that f = 0 on UZ: &P for some g > 2. We prove that there is

a polynomial F|, in the variables xy, yi, tx (1 < k < n) such that f — F, is zero on
;1):1 &P

Proof of Step 1. Since I''(h) = ['(h') is the GKM graph of Flag(C"!), f can be
written as some polynomial in variables x,(cl),t,(gl) (1<k<n-1)on & by (4.3).
Here, :c,(;) and tél) on &) are defined as follows: we identify &! with &,,_; by the

correspondence
&) 3w w2w3) - wn) € G,_; (in one-line notation),
and x,(;) = (:p,(fl)(w))wegé and t,(;) = (t,(:)(w))weg% are defined by

This means that we have

:I;,(:) = Tpi1, t,(:) =1, on 6711.

Hence, f can be written as some polynomial in the variables zy,t; (1 < k < n) on
Sl as desired.

Proof of Step 2. We divide the proof of Step 2 into the following two cases.
Case 1 :2<¢q<h(l).
Case2 : h(l)+1<q<n.
Case 1. Let w € &2 and (p ¢) be the transposition for 1 < p < ¢ — 1. Then
w(p q) is an element of &2 and we have ¢ < h(p) because of the assumption for
Case 1. So the vertices w and w(p ¢) are connected by an edge of I'(h) labeled by
the polynomial t,,,) — tw(q) = twp) — tn up to sign. By the assumption f = 0 on
UZ; &P, f(w) is divisible by t,() — ¢, for any w € &%, and hence there exists a
polynomial g(w) in the variables ti, ..., t, for each w € & such that

q—1
(4.6) f(w) = g(w) [[(tu) —ta)  (w € &)

p=1

g(w) =Y gr(w)ty,

r>0
where each g.(w) is a polynomial in the variables tq, ..., ¢, ;.
Claim. Each g, = (g-(w)),eeq satisfies the GKM condition for I'(h).

Proof of Claim. Let v € &% be a vertex connected to the vertex w by an edge in
I'?(h). Then we can write v = w(j ) for some ¢ and j with i # ¢, j # ¢ since both

Let us write
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w and v are in &2. Since w(j) = v(i), w(i) = v(j), and w(s) = v(s) for s # 1, j, we
have

q—1 q—1
(4.7) [t —ta) = (mod tui) = tu())-
p=1 p=1

On the other hand, since f satisfies the GKM condition for I'(h) (in particular, f
satisfies the GKM condition for I'’(h)), we have

fw) = f(v)  (mod tya) — tug)),

while we have

(@) [[(tuty — 1) ) = 90) [(but) — )

from (4.6). These together with (4.7) imply that

g(w) =g(v)  (mod tue) — tu().
This means that g,.(w) = g,(v) (mod t,@) — tw()) for each 7, so we proved Claim.
From Claim above and the inductive assumption, each g, = (g,(w)),eez can be

expressed as a polynomial G, (29, y@ @) in the variables x,(f), y(Q) t(Q) (1<k<

~1). Here, 29 = (219 (1)) weos 3 = (5 (0)ucoy, and 19 = (1)) oy arc
defined by

xy (W) = tww) for k < g,

x,(f)(w) =ty for k>gq,
h(1) :
— tw) if w(l) ==k
4.8 (9) : Hz 2Z7éq( €9 J
(45) W) = { o

19 (w) == t,
for w € &Y. Since this means that we have

o = (k<q), o0 =2 (k>0q), ) =tx  on &,

we denote G,.(z9, y@ @) by G, (z,y?,t) which is a polynomial in the variables

z;,t; (1< j<n)and 4 (1 <k <n—1). From (4.5) and (1) in Lemma 4.1, it

follows that the polynomial G,(z,y?,t) is a linear combination in the variables y,(cq)

(1<k<n-—1)over Zlzy,...,xy,t1,...,t,]. In addition, for w € &%, we have
bt = tu(g) = tw(t) — ta = (21 — ) (w) if w(l) =k,
(W) = ye(w) =0 if w(l) £k
which mean by (4.8) that

y(xy —t,) =yp on &L,
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Hence, from (4.6), we can write

q—1 n—1 q—1
(4.9) f=uo(x,t) [[(tn = 2p) + > wnlw, hye [ [ (tn — 2,) on &4

p=1 k=1 p=2
for some polynomials wug, uy, ..., u,_1 in the variables xy, ¢ (1 < k < n). It is clear
that the first summand of the right-hand side in (4.9) is equal to 0 on UZ: Sr.

The second summand is equal to 0 on UZ: &P as well, because y, = 0 on &} for
1 <k <n—1by (4.2) and HZ;;(tn—xp) =0on U]q);é GSP. Therefore, the polynomial
f minus the right-hand side of (4.9) is equal to 0 on |J;_, &F.

Case 2. Let w € &%. Since ¢ > h(1) + 1 in this case, the vertices w and w(1 ¢) are
not connected by an edge of I'(h). However, for 2 < p < ¢ — 1, the vertices w and
w(p q) are connected by an edge of I'(h) since h(p) = n. Hence, similarly to Case 1,
we can write

-1

(4.10) fw) =gw) | |(tn — tu) (v € &7)

p

Q

[
N

for some polynomial g(w) in the variables ti,...,t, for each w € &%. By an argu-

ment similar to the proof of Case 1, g := (g(w)),eee is a linear combination in the

variables y\? (1 < k <n—1) over Zlz,...,Tn t1,. .., t,] where yi? = (y@ (W))west

is defined by

y @ (1) = [T — tue) i w(1) =k,
F 0 if w(l) #k

for w € &%. Note that since ¢ > h(1) + 1, we do not remove the factor t; — t,,) for
¢ = ¢ in the definition of y,gq) (cf. (4.8)). Thus, in this case we have

y () = ye(w) on &,
So, from (4.10), we can write

q—1 q

(4.11) f=u(z,y,t)| |(t, —x,) on U Gl4

p

[|
N

p=2

for some polynomial  in the variables z;,t; (1 <j<n)andy, (1 <k <n-—1). In
fact, this equality holds on &% from the argument above, and both sides of (4.11)
are zero on U;;; G&P. Note that the left-hand side in (4.11) is equal to 0 on &), but
the right-hand side is not necessarily equal to 0. So, f minus the right-hand side
may not be equal to 0 on Uzzl &P . However, since we have

h(1)
yo(w) = | [ty — tw@) forw € &),
2

—~

~
||
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by the definition (4.2), it follows that

h(1)
Yn = H(tn —14) on &!.
=2

This together with the assumption ¢ > h(1) + 1 implies that

-1 q—1

(4.12) (tn—2p)=wn ] (ta—x) on&).

p p=h(1)+1

Q

[|
N

Furthermore, we have that

q—1

(4.13) Yn H (th—2,) =0 on&,\&,

p=h(1)+1

since y, = 0 on &,, \ &), by (4.2). Now, it follows from (4.11) that

q—1 q—1 q
(4.14) =y t)([Ttn =) —vn II (=) on (J&.
p=2 p=h(1)+1 p=1

In fact, (4.12) implies that the right-hand side of (4.14) is equal to 0 on &), and
(4.13) implies that the second summand in the right-hand side is equal to 0 on
1q0=2 GP as well. Therefore, f minus the right-hand side in (4.14) is equal to 0 on
I ©F, as desired.
Now we have proved the claims of Step 1 and Step 2, and hence by induction

on ¢, it follows that f can be written as a polynomial in the variables x, yi, tx
(1 <k<n). O

We now state the main theorem of this paper where we use the convention for the
product symbol as in Lemma 4.1.

Theorem 4.3. If h = (h(1),n,...,n), then the cohomology ring of the regular
semisimple Hessenberg variety X (h) is given by
H*(X(h) =2 Z[Xy,...,Xp,Y1,...,Y,)/1
where deg(Xy) = 2, deg(Yy) = 2(h(1) — 1) and I is the homogeneous ideal generated
by the following five types of elements:
(2) X1V, (1 <k <n)
(3) (ITemnysr (= Xe))Ye = [Tima(—=Xe) (1 <k <n)
n h
(4) Yoo Y~ TT5 (6 — Xo)
(5) the i-th elementary symmetric polynomial e;(X1,...,X,) (1 <i<n)

Proof. Let %y (resp. @) be the image of zj (resp. yx) under the homomorphism
Hi(X(h)) — H*(X(h)). We define a ring homomorphism

Z[Xl, L XY ,Yn] — H*(X(h)), Xy = T, Y — Uk -
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This homomorphism is surjective from Proposition 4.2 and the surjectivity of the
homomorphism H}(X (h)) — H*(X(h)). From Lemma 4.1 and (4.4), the five types
of elements above are all sent to 0 under this homomorphism, and hence it induces
a surjective ring homomorphism

(4.15) w: M*(h) :=Z[Xy,..., X, Y1,..., Y]/ — H*(X(h)).

Recall that the Poincaré polynomial of X (h) is given by (3.8) in Lemma 3.2. Let
agq be the coefficient of ¢¢ in (3.8) for each d > 0. Then, since H*(X (h)) is a free Z-
module, it is enough to show that M??(h) is generated by aq elements as a Z-module
for each d.

Since the relation (4.5) was derived algebraically from the four types of relations
in Lemma 4.1, the same computation works as well to see that

(1)
V2 =Y [[(=X0) in M*(h).
(=2

This together with (1) and (4) in [ implies that any element of M*(h) can be written
as

n—1
(4.16) uo(X) + ) ug(X)Y
k=1
where u(X) and ug(X) are polynomials in the variables Xi,..., X,,.

Case 1. We first determine the form of ug(X) in (4.16). Note first that uy(X)
can be written as a linear combination of the form

(4.17) XXy X (0<i; <n—j)
over Z. In fact, for each 1 < 57 < n, we have
(4.18) XpH = - > XPXg-- X7 in M*(h)
i1 gt tij=n—j+1
ij<n—j

since it is known that the same relations hold in Z[ X7, ..., X,]/(e;(X) |1 <i < n)
(cf. [15, p163 Proof of Proposition 3]) and we have e;(X,...,X,) in I for all 7. So
we can use this to see that ug(X) can be written as above. On the other hand, from
(2) and (4) in I we have

h(1)
(4.19) X [ = X0) =0 in M*(h).

=2
This implies that H?Sl) Xy can be expressed by a Z-linear combination of monomials
which are less than H?ﬁl) X, with respect to the reverse lexicographic order on the set
' X ig less than or equal to a monomial
Xt X0 X if and only if (in,in-1, -5 01) < (JnyJnot,---,J1) Where < is the
lexicographic order. From this and (4.18) again, we see that uy(X) can be written as

of monomials, i.e. a monomial Xj*--- X

a linear combination of the form (4.17) which does not contain the factor H?Sl) Xo.
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The Hilbert series of a graded Z-submodule of the polynomial ring Z[X;, ..., X,]
generated by the monomials of the form (4.17) which contains the factor H?Sl) X
is equal to

n—h(1)

(T T 40
1 —

j=1 q j=n—h(1)+1 1—q =g 5 1-q

n n—1 :
A i

where deg(q) = 2. Therefore, the Hilbert series of a graded Z-submodule of the
polynomial ring Z[ X7, ..., X,,] generated by the monomials of the form (4.17) which

does not contain the factor H?Sl) Xy is equal to

el ' l=q¢ 3 1-4q l—¢q¢ 3 1-4¢

which coincides with the first summand of the arithmetic formula (3.8) for the
Poincaré polynomial of X (h).

Case 2. We next determine the form of S°7—! ux(X)Y in (4.16). From (2) in
I, we may assume that each u;(X) is a polynomial in the variables X, ..., X,.
Moreover, from (5) and (3) in I, we see that there are no summand of the form
€i(Xo,..., Xn) (1 <i<n—1)and [[;_,) 4 Xe in ug(X) for any k. This situation
is the same as in Case 1 where the number of variables has decreased to n — 1 and
subscripts are reversed. Recalling that deg(Y}) = 2(h(1) — 1), the Hilbert series of a
graded Z-submodule of the polynomial ring Z[ X1, ..., X,,Y],...,Y,] generated by
the monomials of the form XﬁlXﬁz_l . ~X§"’1Yk (0<l;<(n—1)—j, 1 <k<n-1)
which does not contain the factor H?:hu) 41 X¢ 1s equal to

II

Jj=1

l—gq
-1 h(1)—1
(n—1)q - -
which coincides with the second summand in (3.8).
Combining the conclusions of Case 1 and Case 2, we see that M?¢(h) is generated
by a4 elements as a Z-module for each d, as desired. Therefore, the homomorphism
(4.15) is an isomorphism. 0

Remark 4.4. Taking h(1) = n in Theorem 4.3, X (h) is the ambient flag variety
Flag(Cm™) itself. Then (3) in I means that we have the following elements in I:

n

Vi - [[(-X0) (1<k<n).

(=2

Thus, our presentation of the cohomology ring H*(X (h)) in Theorem 4.3 reduces to
the presentation (4.4).

Remark 4.5. Recall that &y, (resp. x) are the image of xy, (resp. yx) under the ho-
momorphism H3 (X (h)) — H*(X(h)). From the proof of Theorem 4.3, the following
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two types of the monomials

h(1)
(4.20) @ .. 2 which does not contain the factor H Ty
=1
(4.21) gl . F7 'y, which does not contain the factor H Ty
(=h(1)+1
running over all
0<i;<n-—j in (4.20)

0<l;<n—1—j and 1<k<n-—1 in (4.21)
form a Z-basis of H*(X(h)) when h = (h(1),n,...,n).

4.2. The &,-action on H*(X(h)). Let M; and M, be submodules generated by
the monomials of the form (4.20) and (4.21), respectively. Let us denote by P(M;, q)
the Hilbert series of M; for ¢+ = 1,2. Then we have

| h 2ty
P(MDQ): 1— H 1 — )
¢ ;11-4

(4.22)

al—q
P(M,,q) = (n —1)¢"M!

(Mo, = (n = "2 ]
from the proof of Theorem 4.3. On the other hand, since we have v -z, = x; and
Yk = Yok for v € &, by (4.1), (4.2), and (2.2), it follows that
(4.23) V- Tp =T, U-Pp = Yoy for any v € G,

as well. Namely, &, is invariant and y; are covariant under the &,-action. In
particular, the &,-action on H*(X (h)) preserves the submodules M; and M.

From now on, we work with H*(X(h);C) in C-coefficients, and we describe M
and M, as &, -representations®. For a graded C-vector space V = D", Vai such
that each V5; is an &,,-representation, we put

R(V,q) =) Vaq' € R(&,)]q]
i=0
where R(&,,) is the representation ring of &,,. By abuse of notation, we denote

R(X(h),q) := Z H*(X(h);C)¢' € R(&,)[q], m = dime X (R).

3Strictly speaking, we mean M; ® C and M, ® C.
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By an argument similar to that used to deduce (4.22), we have

| _ g2y
R M, — S(nfl,l) h(1)—1
(M2, q) q i 1=y

from (4.23). Here, for a partition A of n, S* is the irreducible representation of &,
corresponding to A. Therefore, we have

1 —¢"® nly ¢ 1 — g 2 ¢
R(X(h — S(n) S(nfl,l) h(1)—1 .
Jj=1 J=1
Equivalently, since S™ = Indgz 1 and SC~1D = Indg:_lxe51 1 - Indgz 1 in the

representation ring R(&,,) where each 1 denotes the trivial representation, we obtain
the following corollary.

Corollary 4.6. If h = (h(1),n,...,n), then we have
1— qh(l)fl 1 — qn n—2 1 — qj

R(X(h).q) =(Indg 1)
1l—q 1—g¢q e 1—g¢q

1— g
+ (IndS )12 14

n—1X61

In particular, Conjecture 2.6 is true for h = (h(1),n,...,n).

We remark that Corollary 4.6 itself is already known from [30, Proposition 8.1]
since the Shareshian-Wachs conjecture ([29, Conjecture 1.2]) has been solved ([9],
[18]). In fact, a similar formula is known for h = (h(1),h(2),n,...,n). However,

our result shows that it is naturally seen from our description of the ring structure
of H*(X(h)).

4.3. The invariant subring H*(X(h))®". From our presentation of the cohomol-
ogy ring H*(X(h)) and the description of the &,-action on H*(X(h)) given in
Section 4.2, we now give a ring presentation of the invariant subring H*(X (h))%".

Corollary 4.7. If h = (h(1),n,...,n), then the &,-invariant subring H*(X (h))®»
s given by

h(1)
H(X(0)S 22Xy, Xl (e(Xn, o X0, X [[(X1 - X0 [ 1< i <)
=2
where e;( X1, ..., X,) is the i-th elementary symmetric polynomial.

Proof. Observe that any element o € H*(X (h))®»(C H*(X(h))) can be expressed
as

~ 11 302 ~in AP AL A1/~ -~
E Qiy . in Ty Ly o T + E Oty s Ty Ty =+ & (G- + Un)
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for some integers a;, and by, ¢, , from (4.20), (4.21), and (4.23). Since we have

h(1)
U+ +yn:H(i’1—f£),
=2
from Lemma 4.1 (4), o can be written by a polynomial in the variables &1, ..., &,.

This means that the ring homomorphism
X, Xl = HAX) Xy i
is surjective. From (4.4) we have
ei(Z1,...,%p) =0 in H*(Flag(C"))
fori=1,...,n. Also, from (4.19), we have
h(1)
B [[(@ = &) =0 in H*(X(h)°".
=2
Hence, we obtain the surjective ring homomorphism
h(1)
VX, Xl (ed( X, X)), X H(X1 — X)) |1<i<n)—» H(X(h)®"
=2
by sending X}, to Zy for any k = 1,...,n. Let us denote by N*(h) the ring appearing
in the domain of this map .

We know that the invariant subring H*(X (h))®" is torsion free, since so is H*(X (h)).
Also, from (4.22), the Hilbert series of H*(X (h))®" is

. 1—¢"W 7 1—¢

j=1

On the other hand, an argument similar to that used in the proof of Theorem 4.3
shows that N*(h) is a free Z-module whose Hilbert series coincides with this since
we can construct a similar basis without Y;. Thus, the map ¢ above is a surjective
homomorphism between the free Z-modules of the same rank, and hence it must be
an isomorphism. 0

Remark 4.8. In Q-coefficients, the invariant subring H*(X (h); Q)®" is isomorphic
to the cohomology ring of the corresponding reqular nilpotent Hessenberg variety ([3,
Theorem B|), and the latter is presented as the quotient ring of a polynomial ring
Q[X1, ..., X,] by an ideal generated by the following polynomials ([3, Theorem A]) :

J h(j)
Fuirg = Z (Xk H (X — XZ)) (1<j<n).
k=1 (=j+1

We can see that our presentation of H*(X (h); Q)" is compatible with these results

as follows. Note first that fh(l),l =X ?SQ) (X1 — Xy) is a generator of the ideal in
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the right-hand side of our presentation in Corollary 4.7. From [3, Remark 3.4], we
have the following equality of ideals of the polynomial ring Q[ X1, ..., X,] :

(fn,h fn,?a sy fN,n) = (61(X17 s 7Xn)7 CR en(Xh s 7XTZ))
We also know from [3, Lemma 4.1] that

fn,l S (fh(l),l, fn,2; cee 7fn,n)

since n > h(1). Thus, it follows that the ideal appearing in Corollary 4.7 can be
written as

(Gl(Xl, e ,Xn), RPN en(Xl, e ,Xn>, fh(l),l) = (.]Eh(l),l; fn’27 NP fmn)
in Q[X1,...,X,] where the right-hand side is the ideal appearing in [3, Theorem A].

REFERENCES

[1] H. Abe, L. DeDieu, F. Galetto, and M. Harada, Geometry of Hessenberg varieties with appli-
cations to Newton-Okounkov bodies, arXiv:1612.08831.

[2] H. Abe and P. Crooks, Hessenberg varieties for the minimal nilpotent orbit, arXiv:1510.02436.
To appear in Pure and Applied Mathematics Quarterly.

[3] H. Abe, M. Harada, T. Horiguchi, and M. Masuda, The cohomology rings of reqular nilpotent
Hessenberg varieties in Lie type A, arXiv:1512.09072.

[4] H. Abe, M. Harada, T. Horiguchi, and M. Masuda, The equivariant cohomology rings of reqular
nilpotent Hessenberg varieties in Lie type A: Research Announcement, Morfismos 18 (2014),
No. 2, pp. 51-65.

[5] H. Abe and T. Horiguchi, The torus equivariant cohomology rings of Springer varieties, Topol-
ogy Appl. 208 (2016), 143-159.

[6] T. Abe, T. Horiguchi, M. Masuda, S. Murai, and T. Sato, Hessenberg varieties and hyperplane
arrangements, arXiv:1611.00269.

[7] D. Anderson and J. Tymoczko, Schubert polynomials and classes of Hessenberg varieties, J.
Algebra 323 (2010), no. 10, 2605-2623.

[8] M. Brion and J. Carrell, The equivariant cohomology ring of reqular varieties, Michigan Math.
J. 52 (2004), no. 1, 189-203.

[9] P. Brosnan and T. Chow, Unit interval orders and the dot action on the cohomology of regular
semisimple Hessenberg varieties, arXiv:1511.00773.

[10] C. De Concini and C. Procesi, Symmetric functions, conjugacy classes and the flag variety,
Invent. Math. 64 (1981), no. 2, 203-219.

[11] F. De Mari, C. Procesi, and M. A. Shayman, Hessenberg varieties, Trans. Amer. Math. Soc.
332 (1992), no. 2, 529-534.

[12] E. Drellich, Monk’s rule and Giambelli’s formula for Peterson wvarieties of all Lie types, J.
Algebraic Combin. 41 (2015), no. 2, 539-575.

[13] Y. Fukukawa, M. Harada, and M. Masuda, The equivariant cohomology rings of Peterson
varieties, J. Math. Soc. Japan 67 (2015), no. 3, 1147-1159.

[14] Y. Fukukawa, H. Ishida, and M. Masuda, The cohomology ring of the GKM graph of a flag
manifold of classical type, Kyoto J. Math. 54 (2014), 653-677.

[15] W. Fulton, Young Tableauz, London Mathematical Society Student Texts, 35. Cambridge
University Press, Cambridge.

[16] A. M. Garsia and C. Procesi, On certain graded S,-modules and the q-Kostka polynomials,
Adv. Math. 94 (1992), no. 1, 82-138.

[17] M. Goresky, R. Kottwitz, and R. MacPherson, Equivariant cohomology, Koszul duality, and
the localization theorem, Invent. Math. 131 (1998), no. 1, 25-83.



24 HIRAKU ABE, TATSUYA HORIGUCHI, AND MIKIYA MASUDA

[18] M. Guay-Paquet, A second proof of the Shareshian—Wachs conjecture, by way of a new Hopf
algebra, arXiv:1601.05498.

[19] M. Harada, A. Henriques, and T. Holm. Computation of generalized equivariant cohomologies
of Kac-Moody flag varieties, Advances in Math. 197 (2005), 198-221.

[20] M. Harada, T. Horiguchi, and M. Masuda, The equivariant cohomology rings of Peterson
varieties in all Lie types, Canad. Math. Bull. 58 (2015), no. 1, 80-90.

[21] M. Harada and J. Tymoczko, A positive Monk formula in the S*-equivariant cohomology of
type A Peterson varieties, Proc. Lond. Math. Soc. (3) 103 (2011), no. 1, 40-72.

[22] T. Horiguchi, The S*-equivariant cohomology rings of (n — k, k) Springer varieties, Osaka J.
Math, 52 (2015), no. 4, 1051-1063.

[23] E. Insko and J. Tymoczko, Affine pavings of reqular nilpotent Hessenberg varieties and inter-
section theory of the Peterson variety, arXiv:1309.0484.

[24] E. Insko and A. Yong, Patch ideals and Peterson varieties, Transform. Groups 17 (2012), no.
4, 1011-1036.

[25] A. Mbirika and J. Tymoczko, Generalizing Tanisaki’s ideal via ideals of truncated symmetric
functions, J. Algebraic Combin. 37 (2013), no. 1, 167-199.

[26] M. Mimura and H. Toda, Topology of Lie Groups. I, II. Translated from the 1978 Japanese
edition by the authors. Translations of Mathematical Monographs, 91. American Mathematical
Society, Providence, RI, 1991.

[27) M. Precup, Affine pavings of Hessenberg varieties for semisimple groups, Sel. Math. New
Series 19 (2013), 903-922.

[28] C. Procesi, The toric variety associated to Weyl chambers, Mots, 153-161, Lang. Raison. Calc.,
Hermés, Paris, 1990.

[29] J. Shareshian and M. L. Wachs, Chromatic quasisymmetric functions and Hessenberg varieties,
Configuration spaces, 433-460, CRM Series, 14, Ed. Norm., Pisa, 2012.

[30] J. Shareshian and M. L. Wachs, Chromatic quasisymmetric functions, Adv. Math. 295 (2016),
497-551.

[31] E. Sommers and J. Tymoczko, Ezxponents for B-stable ideals, Trans. Amer. Math. Soc. 358
(2006), no. 8, 3493-3509.

[32] T. A. Springer, Trigonometric sums, Green functions of finite groups and representations of
Weyl groups, Invent. Math. 36 (1976), 173-207.

[33] R. P. Stanley, A symmetric function generalization of the chromatic polynomial of a graph,
Adv. Math. 111 (1995), no. 1, 166-194.

[34] R. P. Stanley and J. R. Stembridge, On immanants of Jacobi- Trudi matrices and permutations
with restricted position, J. Combin. Theory Ser. A 62 (1993), no. 2, 261-279.

[35] T. Tanisaki, Defining ideals of the closures of the conjugacy classes and representations of the
Weyl groups, Tohoku Math. J. (2) 34 (1982), no. 4, 575-585.

[36] J. Tymoczko, Linear conditions imposed on flag varieties, Amer. J. Math. 128 (2006), no. 6,
1587-1604.

[37] J. Tymoczko, Permutation actions on equivariant cohomology of flag varieties, Toric topology,
365-384, Contemp. Math., 460, Amer. Math. Soc., Providence, RI, 2008.

OsAKA CiTY UNIVERSITY ADVANCED MATHEMATICAL INSTITUTE, 3-3-138 SUGIMOTO, SUMIYOSHI-
KU, OSAKA 558-8585, JAPAN
E-mail address: hirakuabe@globe.ocn.ne. jp

DEPARTMENT OF PURE AND APPLIED MATHEMATICS, GRADUATE SCHOOL OF INFORMATION
SCIENCE AND TECHNOLOGY, OSAKA UNIVERSITY, SUITA, OSAKA, 565-0871, JAPAN
E-mail address: tatsuya.horiguchi0103@gmail.com

DEPARTMENT OF MATHEMATICS, OSAKA CITY UNIVERSITY, 3-3-138 SUGIMOTO, SUMIYOSHI-
KU, OSAKA 558-8585, JAPAN
E-mail address: masuda@sci.osaka-cu.ac. jp



