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ABSTRACT. Let n be a positive integer. The main result of this manuscript is a construction of a filtration on
the cohomology ring of a regular nilpotent Hessenberg variety in GL(n,C)/B such that its associated graded
ring has graded pieces (i.e., homogeneous components) isomorphic to rings which are related to the cohomology
rings of Hessenberg varieties in GL(n — 1, C)/B, showing the inductive nature of these rings. In previous work,
the first two authors, together with Abe and Masuda, gave an explicit presentation of these cohomology rings
in terms of generators and relations. We introduce a new set of polynomials which are closely related to the
relations in the above presentation and obtain a sequence of equivalence relations they satisfy; this allows us to
derive our filtration. In addition, we obtain the following three corollaries. First, we give an inductive formula for
the Poincaré polynomial of these varieties. Second, we give an explicit monomial basis for the cohomology rings
of regular nilpotent Hessenberg varieties with respect to the presentation mentioned above. Third, we derive
a basis of the set of linear relations satisfied by the images of the Schubert classes in the cohomology rings of
regular nilpotent Hessenberg varieties. Finally, our methods and results suggest many directions for future work;
in particular, we propose a definition of “Hessenberg Schubert polynomials” in the context of regular nilpotent
Hessenberg varieties, which generalize the classical Schubert polynomials. We also outline several open questions
pertaining to them.
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1. INTRODUCTION

Hessenberg varieties' are subvarieties of the full flag variety Flag(C") of nested sequences of linear
subspaces in C". These varieties lie in a fruitful intersection of algebraic geometry, combinatorics, and
representation theory, and they have been studied extensively since the late 1980s, when they were first
introduced by De Mari and Shayman and studied by De Mari, Procesi, and Shayman [4-6].

We now describe the main result of this paper; the precise statement is given in Theorem 3.6. Let n
be a positive integer. A function h : {1,2,...,n} — {1,2,...,n} is said to be a Hessenberg function if
h(i) > iforl < i <nandh(i+1) > h(i) for1 < i < n— 1. For A an n x n matrix with complex en-
tries and h a Hessenberg function, the Hessenberg variety determined by A and h, denoted Hess(A4, h), is
a subvariety of the full flag variety Flag(C™). (Details are in Section 2.) When the matrix is chosen to be a
regular nilpotent matrix N, i.e. a matrix whose Jordan form consists of exactly one Jordan block with cor-
responding eigenvalue equal to 0, then the corresponding variety is called a regular nilpotent Hessenberg

Date: September 30, 2020.
1Hessenberg varieties may be defined in more generality in other Lie types. In this manuscript, we focus on the Lie type A case,

i.e. G = GL(n,C) (except in the introduction, where we mention some results for other Lie types).
1
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variety. The cohomology rings ? of these varieties are the main objects of study in this manuscript. Now
leth: {1,2,...,n} — {1,2,...,n} be a Hessenberg function and let N be a regular nilpotent matrix. Our
Theorem 3.6 shows that there exists a positive integer p < n, a sequence of rings .AQ for 1 < s < psuch that
Al = H*(Hess(N, h)), and a filtration of H*(Hess(N, h)) as a vector space; here, by a filtration we mean that
there is a sequence of maps

0= Ay Ah | o AL < Al = H*(Hess(N, h))

where each arrow is an inclusion of vector spaces. Furthermore, for each s with 1 < s < p, we can define
a “smaller” Hessenberg function R 2 {1,2,...,n — 1} = {1,2,...,n — 1} defined on {1,2,...,n — 1}
instead of {1,2,...,n} which, intuitively, deletes the s-th row and the s-th column of the diagram of h. (A
precise definition is given in (3.2).) In addition to the existence of the filtration above, our main result also
shows that the successive quotients A" /A" | are isomorphic to an analogously defined ring associated to
the smaller Hessenberg function h(*). More precisely, we prove that

AlJAL = A

s

for an appropriately chosen integer 5. Our result therefore opens the door for an inductive analysis of
these rings, which include the cohomology rings of regular nilpotent Hessenberg varieties.

Some remarks are in order. Building on work of [9,12], the first two authors and H. Abe and Masuda gave
a ring presentation of the cohomology rings of regular nilpotent Hessenberg varieties in the paper [1], as a
polynomial ring Q[z1, ..., z,] modulo an ideal I;, with an explicit list of n generators which we notate as
Jr1),1s- -5 fn(n),n- This explicit presentation, stated precisely in Theorem 2.4, is what allows us to make the
arguments in the present paper. In another direction, the second and third authors and T. Abe, Masuda, and
Sato showed in [2] that the cohomology rings of regular nilpotent Hessenberg varieties can be described
in the language of hyperplane arrangements. From this point of view, the problem of giving an explicit
ring presentation of H*(Hess(N, h)) was recently solved in all Lie types [2,7]. The main new insight in the
current paper, which allows us to make the relevant arguments, is the introduction of a set of polynomials
Gh(1),1>9h(2),2 - - - » Gh(n),n Which are closely related to the above generators fj,(;) ; of the ideal I;,. The key
technical points which form the core of our proof are that these new polynomials satisfy the same recursive
formulas as the ideal generators (Lemma 2.3), and moreover, that the ideal generators inductively satisfy
a very simple algebraic equation involving the g; ;) ; (Lemma 4.1). We also heavily use the fact, proven
in [1], that the sequence { fx(1).1, fa(2),2,* -+ » fn(n).n } 1S @ regular sequence.

This paper also gives several immediate applications of our main Theorem 3.6. The first is an induc-
tive formula for the Poincaré polynomials of regular nilpotent Hessenberg varieties, stated in Corollary 6.1.
The Betti numbers of these varieties had been computed by previous work of the last two authors [18,21]
and a closed formula for the Poincaré polynomial, was given in [2,19]. Therefore, our formula is cer-
tainly not the first formula for the Poincaré polynomial of Hess(N, &), but it reveals new inductive prop-
erties of this Poincaré polynomial. As a second application, we give a set of monomials in the polyno-
mial ring Q[z1, . . ., z,] such that their images under the quotient map Q[z1,...,2,] = Q[z1,...,2,]/In =
H*(Hess(N, h)) form a Q-vector space basis of H*(Hess(N, h)); the result is stated precisely in Theorem 7.1.
These monomials are natural from the point of view of Schubert calculus, and in fact were the primary
motivation for this manuscript. Note that the result of [8] gives a basis for the same ring whose elements
are monomials in the positive roots, whereas the basis given in Theorem 7.1 is formed by monomials in the
original variables ;. Finally, as a third application of our techniques as well as the fact that the cohomology
of the full flag variety surjects onto H*(Hess(N, h)), we give an algorithm for deriving a basis for the set of
linear relations satisfied by the images of the Schubert classes in H*(Hess(N, h)).

Our methods and results suggest many possible avenues of future work. Firstly, as mentioned above,
our monomial basis has natural interpretations in terms of Schubert calculus, and we use this basis to pro-
pose a definition of “Hessenberg Schubert polynomials”, in the context of regular nilpotent Hessenberg
varieties, in Section 9. Secondly, it is known by work of the first two authors and Abe and Masuda that
the cohomology ring H*(Hess(N, h)) is isomorphic to the S, -invariant subring of the “dot action” represen-
tation (defined by the fifth author in [22]) on the cohomology ring H*(Hess(S, h))" of the corresponding
regular semisimple Hessenberg variety (here S is diagonalizable, with distinct eigenvalues) [1, Theorem B].

2In this manuscript, unless stated otherwise, we work with singular cohomology with coefficients in Q.
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Thus it is natural to ask whether a filtration which is analogous to ours, and which is compatible with the
dot action, also exists for H*(Hess(S, h)). Thirdly, on a related note, it would be interesting to see a geo-
metric interpretation of our filtration and the isomorphisms of the graded pieces A" /A" | with analogous
rings for smaller Hessenberg functions. Fourthly, the polynomials g;, ;) ; which we introduce are defined
by using the same recursive formula as the f;,(;) ;, but with a different set of initial values. This suggests
that it may be profitable to study the entire family of polynomials defined by these recursive formulas, with
differing initial values.
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2. PRELIMINARIES
Let n be a positive integer. Throughout, we will use the notation [n] := {1,2,...,n}.

Definition 2.1. A Hessenberg function is a function h : [n] — [n] satisfying the following two conditions
(1) h(i) >iforalll <i<n,and
(2) h(i+1) > h(i) forall1 <i<n.

We frequently write a Hessenberg function by listing its values in sequence, i.e. h = (h(1), h(2),...,h(n)).

We now define the objects which are the geometric motivation for this manuscript. Let  : [n] — [n] be
a Hessenberg function and let A be an n x n matrix in gl(n,C). Then the Hessenberg variety Hess(A, h)
associated to h and A is defined to be

2.1) Hess(A, h) := {Vs € Flag(C") | AV; C Vj,( foralli =1,...,n} C Flag(C").

In particular, by definition Hess(A, h) is a subvariety of Flag(C"), and if h = (n,n,...,n), then it is imme-
diate from (2.1) that Hess(A, h) = Flag(C™) for any choice of A. Thus the full flag variety Flag(C") is itself
a special case of a Hessenberg variety.

Let N denote a regular nilpotent matrix in gl(n, C), i.e., a matrix whose Jordan form consists of exactly
one Jordan block with corresponding eigenvalue equal to 0. Then, for any choice of Hessenberg function 4,
we call Hess(N, &) the regular nilpotent Hessenberg variety (associated to h).

We now define the polynomials which are the main focus of this manuscript. For 1 < j < ¢ < n we
define a polynomial

%

(22) fi,j(xla“-a ZZ H (.I‘k —.13() Tk

k=1 \¢=j+1

Here we take the convention that if j + 1 > 4 (i.e. we are in the situation ¢ = j) then the product appearing
in the RHS is 1. Thus for any ¢ with 1 < i < n we have

(23) fii(@y, .. an) =21+ 22+ +
We also define the polynomials

J
(24) gi,j(xh ey X)) = Z H (z) — xp)
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for1 < j <4 < n. Inthe case when j + 1 > ¢ (i.e. when i = j) we take the same convention as for the f; ;
and we see that for any ¢ with 1 < ¢ < n we have

(2.5) Gii(x1, ..., 2p) = Z 1=1.
As can be seen from the definitions, the polynomials f; ; and g; ; are intimately related, and we will use this
to our advantage in what follows.

Remark 2.2. It is immediate from the definitions that for 1 < j < i < n, the polynomial f; ; is homogeneous of
degree i — j + 1, and g; ; is homogeneous of degree i — j.

It is useful to visualize both f; ; and g; ; as corresponding to the (i, j)-th matrix entry in an n x n matrix
as follows:

fir 0 e e 0

for1 foe O .- 0
(2.6) fa1 fs2 f33

fr;,l fn,2 e fn,n

and similarly for the g; ;. Visualized in this manner, the equations (2.3) and (2.5) give simple explicit for-
mulas for the entries along the main diagonal, i.e. the (7, 7)-th entries. The polynomials f; ; were originally
defined in [1] by the recursive formula (2.7) below. Motivated by this, we have the following lemma.

Lemma 2.3. For (i,j) with 1 < j < i < n we have

(2.7) fij = ficrj1+ (zj — i) ficay
where we take the convention f; o := 0 for any i. We also have
(2.8) 9ij = Gi—1,j-1 + (Tj — Ti)gi-1,;

where again we take the convention that g; o = 0 for any i.

Proof. For the recursive formula (2.7) for the f’s, see [1, Lemma 6.5]. We show the recursive formula (2.8)
for the g’s. First consider the case when j = 1. Then g;_1 j—1 = gi—1,0 = 0, so (2.8) becomes

gi1 = (331 - xi)gifl,b

Since i > j by assumption, we know ¢ > 2. By definition of the ¢; ; we have

% i—1
gia = [ (@1 —2e) = (@1 — @) <H(x1 - we)) = (21— %)gi-11

(=2 (=2

as desired, where the product is taken to be equal to 1 if the top index is less than the bottom index.
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Now we consider the case j > 2. We start with the RHS of (2.8) and compute:

Gi—1j—1+ (j — ) gi—1,;

-1 [i—1 J i—1
= H(xk —xg) | + (2 — ;) Z H (xk — x0) by definition
k=1 \¢=j k=1 \¢=j+1
j—1 i—1 J—1 i—1 1—1
= [Gx —20) | + (25 —2) IT @ =) | | + @ =) [ T] (&5 — )
k=1 \¢=j k=1 \t=j+1 b=j+1
7j—1 1—1 J—1 i—1 i
= [k =20 | + (z; — ) IT @e—=zo | )+ | TI -0
k=1 \¢=j k=1 \t=j+1 f=j+1
7j—1 1—1 7
= IT @ =20 | (@ —2) + (@ =) | + | ] @5 —20)
k=1 (=j+1 t=j+1
Jj—1 i i
= I @e—zo | + | ] (@ —=0)
k=1 \4=j+1 e=j+1
J 7
=2 | II (==
k=1 \4=j+1
=9ij
so the RHS equals the LHS and we are done. O
Let R := Q[z1, ..., z,] denote the polynomial ring in variables z1, ..., x,, and define the ideal I, associ-
ated with a Hessenberg function h by
(29) I = (fa), 10 fr@)2s o frmym) -

Then the quotient ring R/}, has the following geometric meaning as shown in [1].

Theorem 2.4. [1, Theorem A] Let n be a positive integer. Let N denote a reqular nilpotent matrix in gl(n,C),
h : [n] — [n] a Hessenberg function, and let Hess(N, h) C Flag(C™) be the associated reqular nilpotent Hessenberg
variety. Then the restriction map

H*(Flag(C™)) — H*(Hess(N, h))
is surjective, and there is an isomorphism of graded Q-algebras
(2.10) H*(Hess(N, h)) = Q[x1, . ..,x,]/In = R/1;,

where I, is the ideal of R = Q[x1, . .., xy,] defined in (2.9). Here, the isomorphism doubles the grading on the right
hand side, namely deg(x;) =2 forall 1 <i <mn.

Remark 2.5. The cohomology ring H*(Flag(C™); Z) has the well-known Borel presentation
(2.11) H*(Flag(C");Z) 2 Zxy, ..., xn]/{€1, ... €n)

where e; denotes the i-th elementary symmetric polynomial for each i. The x; appearing in (2.11) represents the
negative of the first Chern class of the i-th tautological line bundle over Flag(C™). The x, in (2.10) denotes the image
of the x; in (2.11) under the restriction map H* (Flag(C"™)) — H*(Hess(N, h)).

Next, we define a family of rings which include the cohomology rings appearing in Theorem 2.4 as special
cases. Let h : [n] — [n] denote a Hessenberg function and let 1 < s < n + 1. We define

(212) ‘Ag = :R/<gh(1),1a <o 9h(s—1),s—1> fh(s),sa BERE) fh(n),n>'
Thus the ring A" is obtained by replacing the first s — 1 relations Jn),15 -5 fn(s—1),s—1 defining the ideal

Iy, with the polynomials gy,(1),1,---,9gn(s—1),s—1 respectively. In particular, it is clear that AV = R/T), =
H*(Hess(N, h)), so these rings generalize the cohomology rings appearing in the above theorem. Note that

AZH is the zero ring because gj,(r),n = gn,n = 1 is a constant.
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Our arguments will depend heavily on techniques from commutative algebra, stemming from the fact
that the sequences appearing in the definition of A" above are regular sequences. We first recall the defini-
tion of a regular sequence from commutative algebra.

Definition 2.6. For aring S, a sequence f1,..., f, € S is called a regular sequence if:
(i) f;is non-zero, and not a zero-divisor, in S/(f1,..., fi—1) fori=1,...,r, and

(i) S/(f1,---, fr) #0.

If S is a graded Q-algebra and fi, ..., f, are positive-degree, homogeneous elements, then it is well-known
(cf. for example [20, Chapter 1, Section 5.6]) that {f1,..., f»} is a regular sequence if and only if the set
{f1,--., fr} is algebraically independent over Q and S is a free Q[f1, ..., fr]-module. The following is then
immediate.

Lemma 2.7. Let R = Q[x1,...,xy] be a polynomial ring and let g1, ..., g, € R be a reqular sequence of positive-
degree homogeneous polynomials in R. If {g1,...,gn} C R is a reqular sequence, then for any permutation o € Sy,
the reordering {g,(1), - - -, 9o (n)} 1S also a regular sequence.

Proof. As remarked before the statement of the lemma, it is known that if g1, ..., g, are positive-degree
and homogeneous, then the property of being a regular sequence can be characterized by algebraic inde-
pendence over Q and the freeness of R as a Q[g1, - . ., gn]-module. Both conditions depend only on the set
{91, --.,9n} and are independent of their ordering. Hence the statement of the lemma follows. O

The following lemma will be fundamental to our arguments below.

Lemma 2.8. Let R = Q[z1, ..., x,] be a polynomial ring and let {g1, ..., gn} C R be a reqular sequence of positive-
degree homogeneous polynomials in R. Assume that g, = g,, - g, for some positive-degree homogeneous polynomials
gr,, 9n € R. Then, the linear map induced by multiplication by g,., i.e., the map

(2.13) XGn  R/G1s s gn1,90) = R/G1s - Gnri gn)s (1= [ - 90)]
is well-defined and injective. In fact, the above map fits into an exact sequence of R-modules
(214) 0— R/<g17 s ;gn—17g;> - R/<g17 s 5971—17gn> - R/<g17 s 79n—179n79x> — 0.

Proof. To check well-definedness, it suffices to check that the generators {g1, g2, . .., g, } of the ideal on the
LHS of (2.13) go to the ideal generated by {g1, g2, ..., g»}, and this is clear. For the injectivity, it is useful to
notice that we can describe the map (2.13) also as

Xg o (R/gL s gn-1)) [gn) = (R/91s - 9n-1)) [{gn),  [f1 > [ - g,

where by slight abuse of notation we also denote by f an element of S := R/(¢g1, ..., gn—1). By assumption,
{91,...,9n} is a regular sequence, so the image of g, € R in S is not a zero divisor in S. It follows that
gr,, gn are also not zero divisors in S. Thus to prove the claim it is enough to show the following: for S a
commutative ring and b not a zero divisor in S, the map

xb:S/{(a) = S/{ab)

is injective, for any a € S. To see this, suppose f € S and fb € (ab). We wish to show f € (a). But if
fb € (ab) then there exists g € S with fb = gab, so (f — ga)b = 0in S. Since b is not a zero divisor in S, we
have f —ga=0in S, so f € (a) as desired. To see the exactness of the sequence (2.14), the only substantive
point remaining is exactness in the middle. Note that the image of the map xg,, is the (image under the
natural quotient map of the) space

{gn-f | feR}
and the kernel of the projection map R/(g1, ..., gn—1,9n) = R/{g1,- -+ Gn—1, gn, g.1) is also the (image under
the natural quotient map of the) space

{gn-f 1 feR}
so they are equal. O

Finally, we will need the following two facts. The first says that if an element in a regular sequence can
be factored, then we can “take off” one of the factors and still have a regular sequence. This is immediate
from the definition of regular sequences so we omit the proof.



FILTRATIONS AND REGULAR NILPOTENT HESSENBERG VARIETIES 7

Lemma 2.9. Let R = Q[z1,...,xy,] be a polynomial ring and {gl, ..y gn} C R a regular sequence. Assume that
Gn = b, - g for some positive- degree homogeneous polynomials g, g € R. Then {g1, ..., gn—1, 9, } is also a reqular
sequence.

The second statement is the following well-known characterization of regular sequences phrased in
terms of Hilbert series [20, p.35]. For any positively graded algebra A = ®;>0.A) with finite-dimensional
graded components, we let F'(A, t) denote its Hilbert series, defined as

t) =Y dimg(Ax)t

k>0

Proposition 2.10. Let R = Q[x1,...,z,] and let {g1,...,gn} € R be a set of positive-degree homogeneous polyno-
mials. Then {g1, ..., gn} is a reqular sequence if and only if

F@or,. sl /(g1 gy t) = [[(1+t+ 12 4+ o peslon) 1)
k=1

where deg(gy,) is the degree of gy, in Q[z1, . .., xy,).

3. STATEMENT OF THE MAIN THEOREM

We now give a precise statement of our main theorem. To do so, we need a bit more notation. Let
h : [n] = [n] be a Hessenberg function. The diagram of A is the n x n array in which a “star” is drawn in
the box (4, j) if i < h(j).

Example 3.1. Let h = (2,4,4,5,6,6). The diagram of h is given below.

*

b o R e o B
b o R e o B

b R e B B

b R R o B B

b R R o B B

In addition, for s such that 1 < s < n, we let r; denote the minimal number m such that h(m) > s
Namely,

(3.1) rs :=min{m | h(m) > s}.

Example 3.2. Continuing Example 3.1, it is not hard to check that for h = (2,4,4,5,6,6), we have 1y = 1,19 =
1,73 =2,74 = 2,75 = 4and rg = 5.

The following is straightforward.
Lemma 3.3. For any Hessenberg function h : [n] — [n|and any s, 1 < s < n, we have ry < s.

Proof. By definition of Hessenberg functions, we must have h(s) > s, so s is contained in the set appearing
in (3.1). 0

Let h(®) be the Hessenberg function obtained from h by removing s-th row and s-th column from the
diagram of h and interpreting the result as the diagram of a Hessenberg function from [n — 1] to [n — 1]. We
give an example to illustrate.

Example 3.4. Continuing the above example, let h = (2,4,4,5,6,6) and let s = 2. If we delete the 2nd row and 2nd
column from the diagram of h, pictorially indicated by the shaded boxes in the figure, then what remains represents
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the Hessenberg function h® = (1,3,4,5,5).

*f kx| x|
* x| x| *
x|k [k k| x|
x| x| x| *
x| x| k| k| x )
h: h? AR RS
x| x| k| k| x
* | x| *
* | x| *
* | *
* | *
We can also describe ~(*) : [n — 1] — [n — 1] explicitly as follows:
h(m) ifl1<m<ry—1,
(3.2) R (m) = { h(m) — 1 ifrg<m<s—1,

h(m+1)—1 ifs<m<n-1

as the reader may check.
Finally, we define the number p(h) to be the first position at which the diagram of % hits the main diago-
nal. More precisely, we define

(3.3) p(h) := min{m € [n] | h(m) = m}.

Note that any Hessenberg function h satisfies h(n) = n, so the set {m € [n] : h(m) = m} is non-empty and
the integer p(h) is well-defined. As we already noted in (2.5), the polynomial g, ,, is a constant polynomial
for any m € [n]. Thus, if h(m) = m, then A" for any s > m is the zero ring (since the ideal by which we
quotient includes gy, ,, a constant). We need to avoid these degenerate cases in the arguments below.

Remark 3.5. We say that a Hessenberg function is connected if h(i) > i for all 1 < i < n. In this case, p(h) =
n. The reason for this terminology is that, in this case, the corresponding reqular semisimple Hessenberg variety
is connected in the classical topological sense. In many situations, it is natural to restrict attention to connected
Hessenberg functions. However, we cannot place this assumption on our Hessenberg functions because we also need
to deal with disconnected (i.e., not connected) Hessenberg functions in our inductive argument.

We can now state the main theorem.

Theorem 3.6. Let n be a positive integer and h : [n] — [n] a Hessenberg function. For each s, 1 < s < p(h), there
is a well-defined, injective linear map

(3:4) Al X ph
induced by “multiplication by xs”, giving rise to a filtration

XZp(h)—1 XZp(h)—2

(35) 0 ‘A’;(h)% ‘Ag(h)—lc L. X2 Ag( XT1 .Ail _ fR/Ih

of the ring R/}, = H*(Hess(N, h)). Moreover, for each s with 1 < s < p(h) we have
()
AL AL =AY

where by slight abuse of notation we denote by A", the image of A", in A" under the map xx,. In particular, if
s = p(h), then we have the isomorphism
h ~ gh®)
Ay = Aryy -

The second statement in the theorem above says that the graded pieces of the associated graded ring
corresponding to the filtration (3.5) are isomorphic to analogous rings that are associated to a Hessenberg
function for the integer n—1. In this sense, the graded pieces correspond to “smaller” Hessenberg functions,
allowing us to make inductive arguments. This will be important for both the proof of the above theorem
as well as for the corollaries thereof.
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4. PROOF OF MAIN THEOREM, PART 1: A FILTRATION OF R/},

In this section, we prove the first statement of Theorem 3.6, namely, that there exists a filtration of the
ring R/I}, as in (3.5). We present the argument as a sequence of lemmas, from which the filtration (3.5)
follows straightforwardly.

Lemmad4.1. Let 1 < j <i<n. Then
fig=wj-gi; modg;
nR= Q[.’El, ce ,xn]. Equivalently, fi,j — T Gij € <gi7j71>'
Proof. We take cases. First suppose j = 1. Then by our conventions g; j—1 = gi,1—1 = gi,0 = 0. Therefore, in

this case we must prove that f; 1 = ¢; 1 - 21 (i.e. that the LHS and RHS are actually equal, not just equivalent
modulo some equivalence relation). By definition

fi,l = (H(Uﬁl - xz)) 1 and 9i1 = H(xl - 3313)

=2 =2
where the products are viewed to be equal to 1 in the case that i = 1 < 2. It follows immediately that for
any 1 <i¢ <nwehave f;1 = ¢;1 - x1 as desired.
Next we consider the case j > 2. In this case we have by definition

i—1 i
Gij—1 = Z H(J?k —xy)
k=1/¢=j
(41) j—1 i Jj—1 i
:Z H (Tx — x0) l‘k—z H (xr — xe) | 2,
k=1 \¢=j+1 k=1 \4=j+1

where the second equality is obtained by splitting off the factor (z — z;) in the product formula, and
products are interpreted to be equal to 1 if the top index is smaller than the bottom index. We then have

j i
fig = Z H (T —20) | T
k=1 \t=j+1
Jj—1 i i
= IT =) | o+ | T (@ —20) | 2
k=1 \t=j+1 (=j+1
j—1 i i
= H (xgp — o) | zj + H (xj — ) | *; modulo g, ;—1 by (4.1)
k=1 \t=j+1 (=j+1
J i
=2 | II @e—=0) o
=1 \¢=j+1

8 =

i - gi,; Dby definition of g; ;

as desired. .
The following lemma is based on the proof of [1, Lemma 4.1].

Lemma 4.2. Let h : [n]| — [n] be a Hessenberg function. For 1 < j <mnand h(j — 1) < i < n we have

fi,jfl € <fh(1)71, RN fh(j—l),j—1>,

Gij—1 € (Gn(1),1s -+ In(j—1),j—1)-

Proof. We induct on j and i. Note that j is assumed to satisfy 1 < j so the base case is j = 2. In this case we
wish to show that

fir € {fa),1)
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for h(1) <i < n. Ifi = h(1), then f; 1 = f,(1),1 so the claim is immediate. Otherwise, the claim follows by
a simple induction on i since we know from Lemma 2.3 that f; 1 = (z1 — 2;) fi—1,1. Thus fi1 € (fi—11) C
(fi—2,1) € -+ € (faq),1) as desired. The argument for g; 1 € (gn(1),1) is similar.

Now suppose that j > 3 and assume by induction that the claim is true for j — 1, i.e., for any ¢ with
h(j —2) <i < nweknow fi; 2 € (fa),1,---» faj—2),j—2). We then wish to show the claim for j and
any ¢ with h(j — 1) < i < n. We induct on i. The base case is i = h(j — 1), which is clear. Now assume
h(j — 1) < i < nand assume the claim is known for ¢ — 1. By Lemma 2.3 we have

(4.2) fijo1 = fic1j—2+ (xjo1 —x) fic1j-1-

By the inductive hypothesis on the i, we know that f; 1 ;1 € (fy1),1,---, fa—1),j—1)- Next observe that
since i > h(j — 1) weknow ¢ — 1 > h(j — 1) > h(j — 2). Hence by the inductive hypothesis on j we know
that

fictj—2 € (fa)1s- -5 frg—2)5—2) € (Fr)is - frG=1),—1)-
Hence we conclude from (4.2) that
fij—1 € (fa)s- -5 fr—1),—-1)
as desired. By Lemma 2.3 the recursive formula for the ¢’s are the same as for the f’s, so the proof for the
i j—1 is similar. |
Using the above two lemmas, we get the following.
Lemma4.3. Let 1 < j < n. The ideal

(Gn(1).15- - s Gn(i—1)—15 Sui)gs FuGia1)gets - s Fr(nym)
is equal to the ideal
(Gn(1),1s - In(G=1)i=1>T5 = Gh(G).js JnG+1) 415+ Jr(n) ) -
Proof. In the case j = 1 it suffices to observe that the definitions of f; ; and g; ; immediately imply that
fr(1),1 = %1 - gn(1),1- This in turn implies that the two ideals are equal. For j > 1 we have
<9h(1),17 s Gh(i—1),5—1s fh(j),j7 fh(j+1),j+17 ) fh(n),n>
=(Gn(1),15 -+ Gh(i—1)j—1> In(i) -1+ Jn(i)gs Fr(i+1)g+1s - -+ s frm)m) by Lemma 4.2
since h(j) > h(j — 1)

=(In(1),15 - s InG=1)j—15 Ih(G) =15 Tj * Ih(i)es SnG+1),j+15 - - -2 fr(n),n) by Lemma 4.1

=(Gh(1),15 -+ > Ih(G—1)j=15 Tj * Gn(j),js Ju(G+1),j+1s - - fu(n)m) Dy Lemma 4.2
as desired. 0

We now recall the following fact.

Lemma4.4. ([1, Lemma 6.8]) The polynomials { fr,1y,1, fr(2),2: - - - s fa(n),n } form a regular sequence in Q[x1, . . ., xy].

In our arguments below, we consider ideals generated by sequences of polynomials which replace some
of the fy;),; appearing in the sequence above with g;,(;y ;’s, or x; - g;),;- The following lemma states that
these still form regular sequences.

Lemma 4.5. Let h : [n] — [n] be a Hessenberg function. Then

() The set {gn(1),159n(2).2> -+ Ih(i—1).j—15Tj * Gh(5).js Jh(i+1)j+1s - - > fh(n),n} 18 @ regular sequence for any
integer 1 < j < p(h).
(ii) The set {gn(1),1 9n(2),25 - - - » In(i—1)i—1> Ih(5).5s Sh(G+1),5415 - - s fu(n),n } 18 a regular sequence. for any in-

teger 0 < j < p(h). (When j = 0 we interpret the sequence to be { fn(1),1,- -+ fa(n)n}-)

Proof. By Proposition2.10, if {F1, ..., F,,} and {G1, ..., G, } are two sequences of polynomials with deg(F;) =
deg(G;) for all i and

(F1,...,F,) =(G1,...,Gp)
and if in addition {F3,..., F,} is a regular sequence, then G, ..., G, is also a regular sequence. Thus by
Lemma 4.3 if (ii) holds for j = k then (i) holds for j = k + 1. Also, from Lemma 2.9 we know that if (i)
holds for j = k then (ii) also holds for j = k. Since the statement (ii) for ; = 0 is Lemma 4.4, an induction
argument starting at j = 0 for statement (ii) implies the claims. O
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Using the above lemmas, we can now prove the first part of Theorem 3.6, namely, that there is an exact
sequence connecting the rings A" for different values of s. We state this formally as a Proposition below.

Proposition 4.6. Let s be an integer, 1 < s < p(h). Following the notation established above, there is a well-defined
injective linear map

AL T AL
which fits into an exact sequence
(4.3) 0— Al X2 Al 5 Al () — 0.
Thus there exists a filtration
(4.4) 0y AR, IO gh o TIROOE L XT ARe KT AR = R T,

of the ring R /I, = H*(Hess(N, h)).
Proof. Recall that by definition

‘A}lerl = fR/(.gh(l),b <5 9n(s),ss fh(s+1),s+17 BN fh(n),n>
and
A}sl = :R/<gh(l),1u -y 9h(s—1),s—1> fh(s),su BREE) fh(n),n>
We know from Lemma 4.3 that
AL = R/Gn(1),15 > Gh(s—1),5—1> s * Th(s),sr Fr(s+1)s410 7 5 [a(n)in)-

Moreover, from Lemma 4.5 we know that {gh(l),lagh(2),2a -+ 5 9h(s—1),5—1:Ts " Gh(s),s> fh(s+1),s+17 S fh(n),n}
is a regular sequence. Now by Lemma 2.8 we conclude that the map

A S RIGh(1) 15 -+ Gh(s—1),5—15 T * Gh(s),ss Sh(st1),5 015 - - -5 Ta(n)m)

which is defined by multiplication by z, is well-defined and injective. Thus the first statement of the propo-
sition is proved. The exactness of (4.3) is given by the exactness of (2.14). The filtration (4.4) follows imme-
diately by considering the injections in sequence. O

5. PROOF OF MAIN THEOREM, PART 2: THE QUOTIENT RING

Proposition 4.6 of the previous section proves the first part of Theorem 3.6. In this section, we prove the
second half. Specifically, we give a description of the quotient ring A" /(z) as an analogous ring that is
associated to a “smaller” Hessenberg function from [n — 1] to [n — 1]. Before continuing we note that from
the exact sequence (4.3) we know that there exists an isomorphism

Al AL = AL/ ()

where by slight abuse of notation we denote by A", the image of A", in A" under the map xz,. We will
therefore use A" /A" | and A" /(z,) interchangeably in the discussion that follows. We have the following.

Proposition 5.1. Let h be a Hessenberg function and 1 < s < p(h). Then the following ring isomorphism holds
(5.1) AlJAL = AL
where rs is defined in (3.1). Here, the ring on the RHS is

Q[yla s ,yn—l]/<gh(-<)(1))1(y), cee 7gh(5)(r571),r571(y)v fh(s)(rs),rs (y)7 EERE fh(")(nfl),nfl(y»
and the isomorphism of (5.1) is realized by sending x,, to Y, for 1 <m < s—1and x,, t0 Ym—1 for s+1 <m < n.
In particular, if s = p(h), then we have

h ~ R (P(R))
‘Ap(h) - ‘ATp(h)

Before proving Proposition 5.1, we prove the following lemma, which is a simple consequence of Lem-
mas 4.1 and 4.2.
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Lemma 5.2. Let h : [n| — [n] be a Hessenberg function. Then for 1 < m < n we have

Tr@mym € (Gr),15- -+ Ih(m).m)-

In particular, we have

(a5 fr@)2s -5 Fuimym) C {9n1),15 9n(2),2 - - - » Gh(m),m)
forl <m <n.

Proof. From Lemma 4.1 we conclude that

fh(m),m € <gh(m),m7gh(m),m—1>'
Furthermore, since h(m) > h(m — 1) by the definition of Hessenberg functions, from Lemma 4.2 we can
conclude that
Gh(m),m—1 € (Gn(1),15- -+ Ih(m—1),m—1)-
Putting the above together we obtain that

Jn(my,m € (Gh(1),15 -+ Gh(m—1),m—15 h(m),m)

as was to be shown. The second statement follows immediately. O
We can now prove Proposition 5.1.

Proof of Proposition 5.1. By the exact sequence (4.3), we know that
‘AZ/A;L+1 = AL/ (xs)-
Note that in the special case s = p(h), the ring Ag( n)+1 is the zero ring, so the above statement is equivalent

to Al = Al /(2p(n)), and the claim of the proposition is that A}, = Aﬁ}::}i?)). Except for this difference
in the statement of the claim, the argument we give below works for both the special case s = p(h) and for

the other cases when s < p(h).
h(s)

», - Asstated in the statement of the theorem,

To prove (5.1), we define an explicit map ¢ : A"/ {z5) — A
we think of Aﬁis) as being realized as a quotient of the ring Q[y1, y2, . . ., yn—1] by the ideal

(52) <gh(5>(1),1<y)7 s 7gh<5)(rs—1),rs—1(y)’ fh(b')(rs).,rs (y)a R fh(f‘>(n—1),n—1(y)>'

We define ¢(z,,) = ym if 1 < m < s — 1 and we define p(z,,) = ym—1 if s +1 < m < n. (Here by slight
abuse of notation we denote by z; and y; their corresponding images in the appropriate quotient rings.)
We define ¢(z5) = 0. We need to prove that ¢ is a well-defined ring map, and that it is an isomorphism. We
first check well-definedness. To do this, it suffices to check that ¢ takes the defining relations of A" /(z) to
the ideal (5.2). In this context we may view the defining relations of A" /(z,) to be the polynomials

Ih(1),15 Ih(2),2 """ s Gh(s—1),5—15 Jh(s),s5 " s Jh(n),n
considered as polynomials in x4, . .., z,, where we additionally set x5 = 0.
We take cases. In each case, we must consider what happens to the m-th generator from the list above.

Case (i): Suppose that 1 < m < r, — 1. Recall that rs = min{m € [n] | h(m) > s} and from Lemma 3.3 we
haver;, < s. Hencel < m < r; —1 < s — 1. Moreover, by definition of r,, if m < ry — 1 then h(m) < s. By
the definition of ¢ we conclude that ¢(x) = yx for all 1 < k < h(m). Moreover, by the definition of L) we
have h(*)(m) = h(m) in this case. Thus we have

h(m)

e(gnemym@) =0 | Y| TI (@ —=0)

k=1 \{=m+1

() (m)

— Z H Yk —ye) | = Gneo (m),m (Y)-

k=1 l=m-+1

Thus ¢ takes g (m),m(z) to an element in (5.2) as desired.
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Case (ii): Suppose that r; < m < s — 1. Then h(m) > s. As in the above case we may compute

m h(m)

e(gnmm@) = | Y| ] (@x—=0)

k=1 l=m-+1

[/ 51 h(m)
( I Gelax) - <P($e))> o) | ] (elax) — o)

l=m-+1 l=s+1

3
3
S

>
Il
—

since p(xs) =0

M-

s—1 h(m)
< H (yx — ye)) Yk H (Yk — Ye—1) by definition of ¢
¢

k=1 L l=m-+1 =s+1
> I @e—vo) | s
k=1 f=m-+1

= faim)—1,m(Y)
= fu (my,m(y) by definition of (%)

since rs < m < s — 1. Since m > rs; by assumption, we know that fh(s)(m),m(y) is an element of (5.2), as
desired.

Case (iii): Suppose that m = s. Then we have

s h(s)

eI > | T @ — o) | 2

k=1 \{=s+1
s—1 [ h(s)

14 Z_: H (xk — x¢) | 21 since p(zs) =0

k=1 \{=s+1
s—1 [ h(s)

I (olar) = elze) | olan)

k=1 \{=s+1
s—1 h(s)

IT (ux —we-1) | ur by definition of ¢
k=1 \{l=s+1

s—1 h(S)*l

= 1T e —we) | we

k=1 l=s

= fh(s)fl,sfl(y)'

o(fh(s),s(x))

Now note that 2(*)(s — 1) = h(s — 1) — 1 by definition of h(*) so h(s) —1 > h(s — 1) — 1 = h(H(s — 1).
Therefore by Lemma 4.2 we may conclude ©(fy(s),s(%)) = fr(s)—1,s—1(y) € <fh(s)(1),1a cee h(s)(s_l),s_ﬁ.
Applying Lemma 5.2 we can see that

(Fr@ )15 s o (re—1)re—1) S (IR 1)1 > In (ry—1),r0—1)

where all polynomials are in the y coordinates. Therefore
(Fh@ @15 s o (ro=1)me—1) S (IR (1)1 3 IhE (ry—1) e =15 TR () e 5 TR (=1);n—1)

where the RHS is the defining ideal of Afjs) , 80 ©( fn(s),s) also lies in this ideal, as desired.
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Case (iv): Suppose that s + 1 < m < n. (Note that in the special case when s = p(h), this case is vacuous.)
Then

h(m)

Cp(fh(m),m(x)) =@ Z H (xk - xf) Tk

k=1 \{=m+1
s—1 h(m) m h(m)

= I @e—ao) o) +o| Do | II @r—w0) |
k=1 \/{=m-+1 k=s+1 \{=m+1

since p(xs) =0

h(m) h(m)

H (Y — Ye—1) | yn + Z H (Yb—1—ye-1) | Yk—1

I
™M
LETIL

—

l=m-+1 k=s+1 \l=m-+1
by definition of ¢
m—1 h(m)
= IT = ve—1) | s
k=1 l=m-+1
m—1 [h(m)—1
= T e —weo) | s
k=1 l=m

= h(nl)—l,m—l(y)
= frn© (m-1),m—1(y) by definition of h®) sinces <m—1<n—1.

Hence o( f1,(m),m (7)) is also contained in (5.2).

This completes the proof that ¢ is well-defined. In fact, in cases (i), (ii) and (iv) above we have proven
something stronger. Namely, we have shown that

In() (m),m\Y iflSmSTs—l,
Qo(gh(Tn),m(x)) = R (m), ( ) .

S mym(y) ifrs <m<s—1,
(fn(m)m () = fh(s)(mfl),m,l(y) ifs+1<m<n.

To see that ¢ is an isomorphism, note first that (5.3) sets up an exact correspondence between generators
of (5.2) and generators of the ideal for A”. In particular, by taking preimages, it follows straightforwardly

(5.3)

that any element lying in the kernel of ¢ (viewed as a map from Q[z1,. .., z,] to A’}:s)) already lies in the

ideal of relations for A". This shows that ¢ : A?/(x,) — Affjs) is injective. On the other hand, ¢ is clearly
surjective, since its generators v, . . ., y,—1 all lie in the image of ¢ by construction. This shows that ¢ is an
isomorphism, as desired. O

This completes the proof of Theorem 3.6.

6. AN INDUCTIVE FORMULA FOR POINCARE POLYNOMIALS

In the previous two sections, we proved the main result of this manuscript, namely Theorem 3.6. In the
remainder of this paper, we derive several consequences of this result. For what follows, it may be useful
to visualize our main result as a commutative diagram as follows:

XTp(h)—1 XTp(h)—2 XT3 XTy
Al ..

6.1) 0—— ALy b1 — S Al A =R/,

| | L

R(P(R)) R (P(R)—1) Ah@) Ah(l)

Tp(h) Tp(h)—1 2 T1
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where the horizontal arrows are inclusions and the vertical arrows are surjections.

From (6.1) it is easily seen that we can express the Hilbert series of R/I;, = H*(Hess(N, h); Q) inductively
in terms of the Hilbert series of the Aﬁ:s> for varying s. Specifically, from Proposition 2.10 and Lemma 4.5
we know that the polynomial

s—1 n
Fi(t) = (H (T+t+t2 4+ t’“m)—m—1)> (H (L+t+t2 4+ t’“m)—m)>

m=1 m=s

is the Hilbert series (A", t) of the ring A”. In particular, when s = 1, we have
FI'(t) = F(A" t) = Poin(Hess(N, h), V1)
where the RHS denotes the Poincaré polynomial of the variety Hess(N, k) in the variable ¢. (The square root

V/tis due to the fact that Hess(N, h) has no odd-degree cohomology.) From the diagram (6.1) and noting that
the multiplication maps shifts the degrees, we immediately obtain the following corollary of Theorem 3.6.

Corollary 6.1. Let h : [n] — [n] be a Hessenberg function. Then

6.2) Poin(Hess(N, h), Vt) = tP(MW 1 ngiﬁ)">’ (t) 4 (P =2 h Y @

Tp(h)—1

)+ +E" ().

Proof. The Poincaré polynomial of Hess(N, k) is the same as the Poincaré polynomial of its associated graded
ring corresponding to the filtration (6.1), but each piece of the associated graded ring is isomorphic to
a ring of the form A’T"]ik), whose Poincaré polynomial is FT}’,’:M (t). The shift in degrees, reflected by the
multiplication by t*~1, is due to the shift in degrees that occurs in (6.1), since each multiplication by z;
increases the degree by 1. O

Remark 6.2. Sommers and the fifth author also gave a formula for the same Poincaré polynomial
(6.3) Poin(Hess(N, h), vVt) = J[ (1 +t+ - 4"

m=1
in [19]. We note that the RHS is a special case of our polynomials F" defined above, and that the factorization (6.3) of
the Poincaré polynomial makes it appear as a sort of nested tower of fibrations. However, our filtration, and especially
the formula in (6.2), demonstrates the actual inductive structure of this Poincaré polynomial. Indeed, it is possible to
derive (6.3) from our Corollary 6.1. (Specifically, it is possible to see by some elementary algebraic manipulations that
the RHS of (6.3) is equal to the RHS of (6.2). We sketch this briefly in Example 6.3 below.)

Example 6.3. Let h = (2,3,4,4). Then the diagram of the Hessenberg function is

* | X

h=(23,4,4):

b R o I o B
b R o I B o

and it is not hard to see that hV) = (2,3,3),h? = (1,3,3),h® = (2,2,3) and h® = (2,3,3). It is also
straightforward to compute that vy = 1,79 = 1,73 = 2 and r4 = 3. We then obtain that
R 2 h(2 h3) h4)
Fo =0+ F, ()=0+1), Fy @O)=1, F () =1

Therefore Corollary 6.1 yields the formula
Poin(Hess(N, (2,3,4,4));Vt) =t3 - 14+t -1+t (1 +1t) + (1 +t)?

=t*(1+t)+t-(1+t)+ (1+1)* by collecting the first two terms

=(1+t)# +t+(1+1)

=1+t)({t(1+1t)+(1+1¢)) by collecting the first two terms in the second factor

=1+)A+t)(1+12)
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which is precisely the Sommers-Tymoczko formula (6.3). (By similar manipulations, (6.3) follows from Corollary 6.1
for a general Hessenberg function h.)

7. A MONOMIAL BASIS FOR H*(Hess(N, h))

From the point of view of commutative algebra, it is a natural question to ask whether there exists
a monomial basis for any ring which is presented explicitly as a quotient ring R/I of a polynomial ring
R = Qlz1,...,z,] modulo an ideal I. More precisely, the question is whether there exists a set of monomi-
als {z® = 27" x5? - - - 2" }oes for some subset 8 C Z2, such that the images of these monomials in R/ form
an additive basis. Classical examples of such include the “standard monomial bases” of Grobner theory.
Another example arises in the study of Springer fibers, which are Hessenberg varieties corresponding to
the special case h = (1,2,...n). These varieties carry an action of the symmetric group on their cohomol-
ogy groups, and the top-dimensional cohomology group is an irreducible representation; moreover, each
irreducible representation of the symmetric group can be obtained in this way. A monomial basis for the
cohomology of type A Springer fibers was defined by De Concini and Procesi in [3]. Garsia and Procesi
then proved that this basis satisfies a number of remarkable properties, and used it to study the graded
character for the Springer representation [11].

In this section, we use our main theorem to construct a natural monomial basis for H*(Hess(N, h)) =
R/I,. In fact, we prove a stronger statement: we construct a monomial basis for any ring of the form A" as
introduced in Section 2.

We note that (up to a change in conventions) this monomial basis was conjectured by Mbririka in [16].
In fact, Mbrika’s conjecture was motivated by Garsia and Procesi’s work on the cohomology of Springer
fibers which was mentioned above, and we may view the basis below as an extension of their monomial
basis to the setting of regular nilpotent Hessenberg varieties. In the special case that h = (n,n,...,n), the
monomials we obtain are the usual monomial basis for the cohomology of the flag variety appearing in the
literature (e.g. [10, Proposition 3 in Section 10.2]). We now have the following.

Theorem 7.1. Let n be a positive integer and let h : [n] — [n] be a Hessenberg function. Let s be an integer,
1 < s < p(h). Then the (image under the projection map R — A" of the) following set of monomials
i1 ds—1 s i ngmgh(m)—m—l 1f1§m§5—1
1 Ts—17s Tn 0<im<h(m)—m ifs<m<n

is an additive basis for AL
To make the induction argument work, we need the following lemma.
Lemma 7.2. Let h : [n] — [n] be a Hessenberg function. Let s be an integer with 1 < s < p(h). Then r, < p(h()).

Proof. Since by definition p(h(*)) = min{m | h{*)(m) = m}, in order to show the claim of the lemma,
it suffices to show that for 1 < m < r, we have h(®)(m) > m. Note that 7, < s by Lemma 3.3, but by
assumption s < p(h),sors < p(h). Hence if m < r; we know m < p(h), which in turn implies h(m) > m (by
definition of p(h)). From the definition of 2(*) in (3.2) we have that for 1 < m < r, we have h(*)(m) = h(m).
Thus we can conclude h(*)(m) = h(m) > m for m < r,, as desired. O

We can now prove the theorem.

Proof of Theorem 7.1. We prove Theorem 7.1 by induction on n and decreasing induction on s.

First consider the base case n = 1. In this case, the only possible Hessenberg function is the identity
h(1) = 1 and A% = Q[z]/(f11 = z) = Q. A basis is given by z"())~! = 20 = 1 € Q. This proves the base
case.

We proceed to the inductive step. Suppose now that n > 1 and that the claim holds for n — 1, any
Hessenberg function ' : [n—1] — [n—1], and any s’ with 1 < s’ < p(h’). We now use a decreasing induction
argument on the index s. Consider the base case s = p(h). In this case we know that Ag(h) =~ AR from

Tp(h)
L (o(1))
Proposition 5.1. Moreover, Affp "

we may therefore apply the inductive hypothesis, and the following set of monomials

i e | 0 SRPUD (M) —m —1 i1 <m <y — 1
(7.1) {yl Yn—11 ¢ <y, < h(”(h))(m) —m ifrypy <m<n-—1

is a ring associated to a Hessenberg function on [n — 1]. By Lemma 7.2
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R((R)

Tp(h)

is an additive basis of A . Recall that the Hessenberg function h(P(")) is defined as

h(m) if 1 <m <rppy —1
(7.2) RPM) (m) i= { h(m) — 1 if rppy < m < p(h) —1
h(m+1) =1 ifp(h) <m<n-1.
From this it follows that, under the isomorphism which sends z,, to y,, for 1 < m < p(h) — 1 and z,, to

Ym—1 for p(h) +1 < m < n (and z,(,) goes to 0), the monomials in (7.1) may be identified with the following
set of monomials:

RN TS L B (O R
{”31 Lon)—1Tp(h)+1 """ Tn

0<im<h(m)—m—1 ifl<m<ph)-1
0<im<h(m)—m ifph)+1<m<n )

Since h(p(h)) = p(h) by definition of p(h), this is in turn equal to the set

i1 p(h)—1 tp(h) , Ip(h)+1 in
x ...x :L' "E ...:L'
{ 1 p(h)—1"p(h) “p(h)+1 n

0<ipm<him)—m-—1 ifl<m<ph)—1
0 <im <h(m)—m ifp(h) <m<n

since the condition 0 < i) < h(p(h)) —p(h) = 0 implies that ;) never appears in these monomials. This
is exactly the set given in the statement of the theorem, so we have proven the base case s = p(h).

Now we assume that s < p(h) and that the claim holds for s + 1. By the inductive assumption, a basis of
Ah| is given by the monomials

(7.3) {x’f . xi{”’

0<im<h(m)—m-1 ifl1<m<s
0<im<h(m)—m ifs+1<m<n

On the other hand, we have A" /(z,) = Aﬁjs) from Proposition 5.1. Since Aﬁjs) is a ring associated to a
Hessenberg function on [n — 1] and because r, < p(h(s)) by Lemma 7.2, by the inductive assumption on n

~

we can take as a basis of A" /(z,) = Aﬁs(s) the monomials

i

Under the isomorphism ¢ between A" /(z) and Aiis) constructed and used in the proof of Proposition 5.1,
the above monomials in the y variables corresponds to the following set of monomials in the x variables

0<ipm <h®(m)—m—-1 if1<m<r,—1
0<ipm<hE(m)—m ifry<m<n-—1 ‘

i1 Ts—1, fs+1 i
(74) {‘Tl s xs-{-l o xnn

0<im<h(m)—-m-1 f1<m<s—1
0<im<h(m)—m ifs+1<m<n

and from the isomorphism ¢ it follows that (7.4) is an additive basis of A" /(z). Moreover, since the mono-
mials above do not contain z,, it follows that the set (7.4), when viewed as elements in .AZ, are linearly
independent. From the exact sequence in (4.3) it now follows that a basis of A" can be obtained by combin-
ing the sets (7.4) and (7.3), except that the set (7.3) must be multiplied by x5;. We conclude that

((7.3) x ) U (7.4)

is an additive basis of A". Tt is straightforward to see that this set coincides with the set given in the
statement of the theorem, since the set (7.4) gives precisely those monomials which do not contain an z;,
and the monomials obtained by multiplication by x, of the elements of (7.3) give precisely those monomials
in which z, appears with an exponent between 1 and /(s) — s. This completes the proof. O

We state the special case when s = 1, for which A} = R/I;, = H*(Hess(N, h)), as a separate corollary.

Corollary 7.3. Let n be a positive integer and let h : [n] — [n] be a Hessenberg function. Then the (image under the
projection map R — H*(Hess(N, h)) = R/1}, of the) following set of monomials

(7.5) {z .zt | 0 <y, < h(m) —mfor 1 <m < n}

is an additive basis for H*(Hess(N, h)).
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Remark 7.4. The monomial bases (7.5) arising in Corollary 7.3 do not, in general, come from Grobner theory, as
can be seen by the following example. Let n = 3 and h = (2,3,3). In this case, the set of monomials (7.5) is
{1, 21,29, x122}. Suppose for a contradiction that there exists a monomial order < with respect to which the standard
monomials corresponding to init (Iy) is this set. In order for this to occur it must be the case that init (f) for any
[ € I, must be divisible by x%,x3, or x3. (Here init(I) denotes the initial ideal of I with respect to the monomial
order < as in standard Grobner theory.) By definition of the generators of Ij, we know that both

(x1 — T2)T1 = 27 — 120
and
(1 — x3)21 + (T2 — X3)T2 + (1 + X2) (21 + 22 + T3) — 2(T1 — T2)21 = 4122 + 2x§

are elements of I,. The initial term of the left element must be 23 and the initial term of the right element must be 3,
which implies that under this monomial order we must have

x% > r1z9 and x% > T129.

By properties of monomial orders, this in turn implies that x1 > xo and xo > x1, which is a contradiction. Therefore,
there cannot exist any such monomial order <.

Example 7.5. Let h = (2,4,4,4). Then the corollary shows that the following set
{1, 21, 22, T3, 1129, T1T3, T3, ToT3, T1 T3, T1T2T3, T3T3, T1T5T3 }

is an additive basis of H* (Hess(N, (2,4,4,4)) =2 R/I}.

8. LINEAR RELATIONS ON SCHUBERT CLASSES IN H*(Hess(N, h))

We now give an algorithm for computing a basis of the set of linear relations on Schubert classes in the
cohomology ring H*(Hess(N, h)). Recall from Theorem 2.4 that there is a surjective ring homomorphism

H*(Flag(C™)) — H*(Hess(N, h))

induced from the inclusion map Hess(N, k) — Flag(C™). For the cohomology of the flag variety, there
is a famous additive basis consisting of the Schubert classes {0y, }wes,, parametrized by the permuta-
tions w in the symmetric group S,. Let 7, € H*(Hess(N,h)) denote the image of the Schubert class
ow € H*(Flag(C")) under the projection H*(Flag(C"™)) — H*(Hess(N, h)). Given that the projection is
surjective, it is natural to ask whether there exists some natural subset of the Schubert classes which form
an additive basis for H*(Hess(N, h)). The first and fifth authors were thinking about this problem some
time ago and asked the following question.

Question 8.1. Let n be a positive integer and let h : [n] — [n] be a Hessenberg function. Does the following set of
images of Schubert classes

{Tw | w(im) < h(m) for 1 <m < n}
form an additive basis for H*(Hess(N, h))?

The results of [13] give an answer to this question for the special case of the Peterson variety, which is
the case when h = (2,3,4,--- ,n,n),i.e. h(i) =i+ 1 for 1 <i < n — 1[13, Theorem 4.12]. However, as far
as we are aware, the question is still open in the general case.

Motivated by this question, we can also ask a related question: what are the linear relations satisfied by
the classes {T }wes, ? In the remainder of this section, we address this question using techniques similar
to those in the proof of Theorem 7.1.

We need some terminology. Let h, ' be two Hessenberg functions on [n]. We write b’ C hif h'(:) < h(7)
for all 1 < ¢ < n. In pictures, this is the situation when the “star” boxes in the diagram corresponding to h’
are also “star” boxes in the diagram corresponding to h.

Example 8.2. Let b’ = (2,3,3,5,5) and h = (3,4,4,5,5). Then it is easy to check h’ C h. We illustrate this in the
diagram below where the “stars” correspond to the diagram of h' and the shaded boxes indicate the diagram for h. We
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can then see that “each star is contained in a shaded box”.

* | %
*x | %
*

b e N S e
bl e I S e

Informally, we think of h' as being “contained” in h.

It is easy to see that if A’ C h, then for any matrix A, we have Hess(A,h’) C Hess(A4, h). In the case of
the regular nilpotent Hessenberg variety, the fact that H*(Flag(C™)) surjects onto both H*(Hess(N, #')) and
H*(Hess(N, h)) implies that the restriction map

(8.1) H*(Hess(N, h)) — H*(Hess(N, "))

is surjective.

We can now give an outline of our argument below. Starting with the largest Hessenberg variety for hy =
(n,n,...,n) which corresponds to the flag variety itself, and for whose cohomology we already know that
there are no linear relations among the Schubert classes, we remove boxes from the Hessenberg diagram of
ho one at a time, analyzing at each step the kernel of the corresponding restriction map (8.1). Indeed, we
will obtain a basis for the kernel of (8.1) at each step. Putting them together, we can then obtain a basis for
the kernel of the map

H*(Flag(C™)) — H*(Hess(N, h))
for any Hessenberg function h, and thus obtain a basis of the linear relations satisfied by the images of the
Schubert classes.

More precisely, we have the following. As discussed above, in our arguments below we will remove
a single box from a diagram of a Hessenberg function in order to obtain a smaller Hessenberg function.
In order for the resulting diagram to be the diagram of a valid Hessenberg function, we must place some
additional hypotheses. Specifically, let h : [n] — [n] be a Hessenberg function. We will say that the box
(i,7) is a corner of the diagram corresponding to h if h(j) = ¢ and if h(j — 1) < h(j) (the latter condition is
vacuous if j = 1). Note that if box (4, j) is a corner of h, then r; = j; we use this fact several times in the
proof of Proposition 8.8 below.

Example 8.3. Let h = (3,4,4,5,5). The diagram of h is

* | k| x| %

* | k| x| x| %
* | k| k| x| %
* | k| k| K

* | %

and the corners of h are the (3,1)-th, (4,2)-th and (5, 4)-th boxes.

Given h : [n] — [n] a Hessenberg function and a box (¢, j) which is a corner of h with ¢ > j, it is clear that
if we remove the box (i, j) from the diagram of /, we obtain a diagram of a Hessenberg function, which we
denote by h'. We use this terminology in the theorem below.

Theorem 8.4. Let n be a positive integer, n > 2. Let h : [n] — [n] be a Hessenberg function and suppose that the
box (i, j) for i > j is a corner of h. Let h' : [n] — [n] be the Hessenberg function obtained from h by removing the
box (i, 7). Then the kernel of (8.1) has as a basis the following set:

(82) {m?--wj—f‘:f im0 < < h(m) —mif 1 Smgn,ms«éy’}.

The strategy of our proof will be similar to the one used for Theorem 7.1. We first define analogous ring

maps @, : A" — A" in such a way that the special case s = 1 is exactly the restriction map (8.1). Specifically,
we define

(8.3) o5t Al = AV
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as the ring homomorphisim induced from the identity homomorphism R — R. Here it is useful to recall
that

‘Ag = :R/<gh(1),1a “ 3 Gh(s—1),5—1> fh(s),sa to 7fh(n),n>
and /
AL =R/ (g (1),1 7 2 G (s—1)5— 15 [ (s),s0 7 s Fur(n)om)-
Before proceeding, we need to show that the , thus defined are well-defined; this is part of the next
Lemma 8.5 below.

Lemma 8.5. The map o in (8.3) is well-defined and surjective.

Proof. First suppose that 1 < j < s — 1. In this case the two ideals in question differ only in the generators
9n(j),; = 9ij and gur(j),; = gi—1,;. We know from Lemma 4.2 that g; ; € (gn/(1),1," " » I/ (i—1),j—1> I (j),j =
gi—1,5) so theideal (gn1),1," " 1 9ij> " s In(s—1),5—15 Jn(s),s> "+ Jn(n),n) is contained in the ideal

(G )15 1 Gim1s s G (s—1),5—15 Snr(s),s0 5 Frr(n)m)-

This implies that the identity homomorphism R — R induces a ring homomorphism ¢, : A" — A" as
desired, and since the ideal for h is contained in the ideal for #/, it is surjective.

Now suppose that j > s. In this case, the two ideals differ only in the generators f; ; and f;_; ;. We
know from Lemma 4.2 that

fig € @ fg—1)-1 frr )y = fim1,g)
and we know from Lemma 5.2 that

Sne@yas o fwG=1)-1 TGy = fic1,5) SOy 5 Ghis—1),s—15 Jnr(s)so - - 0 J1(G).5)
so by similar arguments as in the previous case we conclude there is a surjective ring homormophism ¢, as
claimed. 0

The map ¢, also naturally induces a surjective map on the quotient rings
Byt AL (as) = AL /().

Now recall that both rings A" and AP fit into exact sequences of the form (4.3). We can put these together
with the surjective ring homomorphisms ¢, and @, to obtain a larger commutative diagram as follows.

Lemma 8.6. Fix s, 1 < s < n. Then there exists the following commutative diagram

(8.4) 0 0 0

0 —— ker(psy1) X ker(¢s) — ker(g,) —— 0

0 LR AP/ (zg) —— 0
Pst1 Ps P
0 L p———; AN J(z) ——0
0 0 0

where @ is induced from 5 on the corresponding quotient rings. In particular, the sequence

(8.5) 0 —— ker(ps+1) BakLEN ker(ps) — ker(@,) —— 0
is exact.

Proof. The diagram (8.4) is clearly commutative since all maps are induced from the identity map R — R
or the multiplication map by x5, and exactness follows from the Snake Lemma. O
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In the proof of Proposition 4.6 we use that (up to a certain equivalence) f; ; may be expressed as a
product z;g¢; ; and apply Lemma 2.8 to obtain an exact sequence by “peeling off” the factor z; from the
product z;g; ;. However, there is nothing preventing us from “peeling off” the factor g; ; instead, and the
next lemma records what happens when we do so.

Lemma 8.7. Fix ¢ such that 1 < ¢ < p(h). There exists a natural ring surjection , : A} — A%}, | which fits in an
exact sequence

XGh(e),e W,

(8.6) 0 —— Al /(x) Al Ap, ——0.

Moreover, the set of monomials

xil~-'.’£i£71' '$i£+1"'xi" OSimSh(m)—m—l fl<m</-1
1 =1 " Ih(©),0 " Vg n 0<i, <h(m)—m fl+1<m<n

is an additive basis for the kernel of W,.

Proof. If £ = p(h), then gy )0 = gn(p(n)).p(r) = P(h) is a constant. The claim follows from Proposition 4.6.
In what follows, we assume that 1 < ¢ < p(h). First observe that the sum ideal

(Gh),10 5 Gn(e—1) =1 Jno) e 5 Fuyn) + (9nee),e)
is equal to the ideal

<9h(1),1, © Gh(e-1),0—159h(0) L5 fh(l+1),£+17 T 7fh(n),n>
by Lemma 5.2. Also, we know that the ideals

(In(),10 5 Gh(e=1),0=15 Jn(o),0 Tn(e+ 1), 0415+ 5 Ta(n),n)
and
(Gh(1),15 " > Gh(e—1),0—1>Te * Gh(e),0> Fre+1),e4+1> 5 frm),n)

are equal by Lemma 4.3. We also know by previous arguments that the sequence of generators in the above
ideal is a regular sequence Lemma 4.5. Applying Lemma 2.8 using g, = ¢ - gn(¢),¢ and g;, = g(e),¢ and
g, = x; yields the desired exact sequence (8.6). In particular, the map ¥, is the map which quotients by
gn(e),e-
Now recall from Proposition 5.1 that
®
AL /(o) 2= A7,
and from Theorem 7.1 we know that the set of monomials
“ Grp—1 ir, i1 0<im<h®m)—m-1 ifl<m<r —1
yl ...y’r‘g—ly'f'l ”.yn—l | 0 S Zm S h(f)(m) —m if'f’[ S m S TL*l

is an additive basis of Af}:[). Using the same isomorphism ¢ : A% /{z;) — A,’?;e) as in the proof of Propo-
sition 5.1 together with the definition of h(*) in (3.2), it is straightforward to see that the above monomials
correspond under ¢ to the monomials

i dee1 s in 0<im<h(m)—m-1 ifl<m<{l-1
T To—1Teq1 " Tn 0<im<h(m)—m ifl+1<m<n

By the exactness of the sequence (8.6), the image of these basis elements under the map which multiplies

by gn(e),¢ is the kernel of ¥y, so the result follows. O

We now state and prove a proposition which is a generalization of Theorem 8.4. In particular, we can
obtain Theorem 8.4 by applying the proposition below to the case s = 1.

Proposition 8.8. Let n be a positive integer, n > 2. Let h : [n] — [n] be a Hessenberg function and suppose that the
box (i,7) for i > j is a corner of h. Let h' : [n] — [n] be the Hessenberg function obtained from h by removing the
box (i,7). Let 1 < s < p(h). If j + 1 < s then the set of monomials

0<in<hm)—-m-1 ifl<m<s—1m#j }

8.7 :L'il . :L'i;j_l Qi1 e xilj'*'l . xis*lxis . ‘(Ei" . .
(8.7) 1 -1 " 9i-1,5 " L4 s—1Ts n | 0<4, <h(m)—m ifs<m<n
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is an additive basis of ker(pg) C Al If s < j, then the set of monomials

o1 i i i 0<ip <h(m)—-m-1 ifl<m<s—1
L, plsml s i1 P L, 213 —= 'm = = =
(88) {xl LTs_1Ts Ti g fz—l,] Tiv1 T | 0<i,< h(m) —m ifs<m< n,m#]

is an additive basis of ker(p,) C A"

Proof. We prove the claim by induction on n. At each inductive step (with respect to n) we also use a
decreasing induction on s.

The base case is n = 2. Here the only possible choice of Hessenberg function h to which the statement
of the proposition can be applied is h = (2, 2), where the choice of box to be removed is the (2, 1)-th box.
Thus the Hessenberg function //, obtained by removing the (2, 1) box from h, is ' = (1,2). Here p(h) = 2,
so there are two cases to consider s = 1 and s = 2. The corner being removed is (2,1),s0¢ = 2 and j = 1.
Suppose s = 1. Then we have

Al = Q[ o] /{(21 — x2)a1, 21 + 22) = Q1] /(2F)
and
Al = Q[z1, o] /{1, 21 + T2) = Q.

In this case we have s = 1 < j = 1 so the statement of the proposition claims that {f;; - 25> | 0 < iy <
h(2) —2 =0} = {f1.1} = {1} is a basis of the kernel of ¢;. This can easily be checked since ¢ is the map
which sends z; to 0 and 1 to 1.

Now suppose s = 2. Then

Al = Qlz1, 22)/(g2.1, fa2) = Qlz1, 22] /(1 — 2,71 + 72) 2 Q
and
Ag/ = Q[z1, 2] /(g1,1, f2,2) = {0}.

Here the map ¢, is the map sending 1 to 0. Since j +1 = 2 < s = 2 we need to check that {g; ; - 2% | 0 <
iz < h(2) —2 = 0} = {1} is a basis of the kernel. This follows immediately from the computation of ¢.
This completes the base case of n = 2.

Now assume that the assertion of the proposition holds for n — 1, with any allowable choices of h, box
(,7) and s. We now prove that the assertion holds for n, using a descending induction on s.

Let h : [n] — [n], the box (i, j) and the Hessenberg function A’ be as in the statement of the proposition.
We will make the induction argument separately for the two cases p(h) > j and p(h) < j. (Note that
p(h) = j cannot occur since we assume h(j) =i > j so h(j) # j.)

Case (a): p(h) > j.
In this case, notice that ¢ < p(h) because j < p(h) and Hessenberg functions are non-decreasing by
assumption, so i = h(j) < h(p(h)) = p(h). Thus we have that
1<j<i<p(h).

The parameter s is required to satisfy 1 < s < p(h), so the base case of the decreasing induction is when
s = p(h). The argument that follows has many cases and is rather long, so we first give a sketch of how the
argument proceeds. By the short exact sequence from Lemma 8.6

(8.9) 0 — ker(@sq1) —= ker(ps) — ker(@,) — 0

the union of a basis of ker(¢,1) multiplied by xs and a basis of ker(%,) is a basis of ker(y;). Our arguments
below use this fact together with the induction hypotheses on both n and s applied to ker(%,) and ker(ps41)
respectively. We also repeatedly use the identification

(8.10) Al () = AP

Ts

Finally, we use the notation 7 to denote the RHS of (3.1) for the Hessenberg function A'. It is immediate
from the construction of 1’ that 7, = 7 unless s = 4; we use this repeatedly as well. Details of the arguments
differ slightly depending on the case under consideration.

Case (a-1) (base case of descending induction on s): s = p(h).
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From Lemma 8.6 we know there is an exact sequence (8.9). On the other hand, since Ag( n1 = 0t

~ ~ RO
follows that ker(gp(n)11) = 0, so we have ker(op(n)) = ker(Zym)). Next recall that Al /(zpm)) = AT

~ Ah’(P(h))
T T

Case (a-1-(i)): i = s = p(h). In this case we can see that j = r; = ;) (since (4, j) must be a corner) and
it follows that A'(P(") = p(P(h) and Tony = Tp(h) T 1 =7 + 1. Thus the map Pp(,) can be viewed as a map

by Proposition 5.1 and similarly AI’;(/ ny/ {Tp(n)) . Now we take cases again.

(v(h)) (p(h))
Pp(h) ‘A;'l - A?J:l

and it is also the same as the homomorphism ¥; considered in Lemma 8.7 since j < p(h(?")) by Lemma 7.2.
In particular, from Lemma 8.7 we conclude that ker(@, 7)) = ker(¥;) has a basis

; iy iz inot | 0<ipm <RPEI(m) —m —1 ifl<m<j—1
(8.11) {yf --~yj’,11 'gh(p(h))(j),j(y) 'yjfll -1 | <y HPI) (M) —m ifj+1<m<n—1
The isomorphism Ag( h) / (xp(h)> = Aﬁ:;}(b:’)) of (8.10) identifies y,, with z,, for 1 < m < p(h) — 1 and y,,, with
Tm+1 for p(h) < m < n — 1. Since j < p(h), we have h(P(h))(j) = ¢ — 1. This means that gh<p(h>)(j)’j(y) =
gi—1,;(y) is identified with g;_1 j(x). Moreover, from the definition of h(P() in (7.2), it follows that the
monomials in (8.11) are identified with the monomials

) ) ) ) , _ 0<im<h(m)—m-1 ifl<m<plh) -1
@y e ay T gimag(e) el T a g and m # j
0<im<h(m)—m ifplh)+1<m<n

Recall that s = p(h) in this case, and h(p(h)) = p(h) by definition, so the condition 0 < i, < h(s) — s implies
is = 0 and hence =, does not appear in the monomials in the set (8.7) and it can be seen that the monomials
in the equation above are exactly those in (8.7), as desired. This completes the case (a-1-(i)).

Case (a-1-(ii)): i < p(h).

In this case, note first that j < r,) since h(j) = i < p(h). Moreover, because h and A’ differ by a box with
i < p(h) and j < p(h), it follows that |, = ry(,) and that (h")®(M) is the Hessenberg function obtained
by removing the box (i, j) from hP("). Thus, from the inductive hypothesis on n it follows that the kernel of
the map

h
Boy 1 ALYy g0 gy
p(h) T

p(h) Te(h)

has as an additive basis the following set of monomials:

_ . 0 <ip <APPD(m) —m —1 if 1 <m <rpppy — 1
(- Tj41 “rp(ny—1, "Tp(h) tn—1

yil s yj711 “9i—1,5 (y) “Yivr T Yregy—1 Yreany 7 Yn—1 and m # j
0<4,, < h(p(h))(m) —m ifrpgy <m<n—1

Using the same isomorphism Ag( n) [(Tpeny) = Aq’}:i?)) of (8.10) as in the case (a-1-(i)) it can be seen that the
above monomials are identified with
4 4 4 ‘ . ‘ 0<im<h(m)—m-—1 ifl<m<ph)-—1
B g ) el and m #
0< iy <h(m)—m ifp(lh)+1<m<n

which is the set of monomials appearing in (8.7), by an argument similar to the case (a-1-(i)). This completes
case (a-1), the base case of the descending induction on s.

Going forward we assume by induction that the result is known for higher values of s.
Case (a-2): i < s < p(h).

Consider the exact sequence of (8.9). From the assumptions it follows that j < r; < s, r, = r, and that
(k")) is the Hessenberg function obtained by removing the box (i, j) from h(*). Hence from the inductive
hypothesis on n we know that the kernel of

(s)

@‘Aﬁjs) —)Ai{:/) :‘A’E‘}SL/)(L")
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has, as an additive basis, the set of monomials

0<im<h®(m)—m—-1ifl<m<ry—1

Q5 1541 Irg_yq g Tn—1

yil "Yi1 o Gi— 1](1/) Yix1 Yrea Yrs " Ypa and m # j
0<im<hE(m)—m ifr,<m<n—1

The isomorphism A" /(z) = AQ:S) of (8.10) identifies y,, with z,, for 1 < m < s — 1 and y,, with x,,,, for
s <m < n — 1. By similar considerations as in the previous cases, it follows that the above monomials are
identified with the monomials
(8.12)

0<im <h(m)—m-1 ifl<m<s—1

iy ij-1 ) Codil | Gs—1 syl o - .
R AT € I e SR NS U NS SRR and m # j

0<im<h(m)—m ifs+1<m<n
Furthermore, by the inductive hypothesis on s we know that ker(¢,41) has the following set of monomials

‘ ‘ ‘ _ ' _ 0<im<h(m)—-m-1 ifl<m<s
oyt gy (@) w g a e any and m # j
0<im<h(m)—m ifs+1<m<n
as an additive basis. The map ker(ps+1) — ker(ps) multiplies these monomials by the variable z, so the
image of this set in ker(¢;) is

0<im<h(m)—-m-1 ifl<m<s-—1
LT 2 e O ARNNC FUN EN T U and m # j
(813) 371 x] 1 gl—la](x) xj+1 xs xs-l—l xn 1§15§h(s)_8 1fm:s
0<im<h(m)—m ifs+1<m<n

By the exactness of the sequence (8.9) we know that the union of (8.13) and (8.12) is an additive basis of
ker(ps), and this set coincides with (8.7) as desired.

Case (a-3): s = i.

In this case we have h(*) = (1/)(*) and r, = j and 7, = j + 1. From the same exact sequence as in (8.9)
we wish to use the inductive hypotheses to obtain monomial bases for ker(%,) and ker(¢s41). In this case
an additive basis of the kernel of the map %, can be obtained using Lemma 8.7 as in the case (a-1-(i)) and a

basis for the kernel of ¢, can be described by induction on s as in case (a-2) above. A similar argument
using (8.9) yields the result in this case.

Case (a-4): j < s < 1.
In this case, it can be seen from the fact that h(j) = i > s and the fact that (¢, j) is a corner, that r; < j.
Moreover, (h')(®) is the Hessenberg function obtained from 1(*) by removing the (i — 1, j)-th box (note that

since s < i, the s-th row, which gets removed in h(#), lies above the i-th row). From these considerations we
see that the map

s Ts

has a kernel which can be described by the induction hypothesis on n. Specifically, ker(®,) has a basis
consisting of the monomials

(8.14)
‘ . , 0<ip <hO(m)—m—-1 ifl<m<r,—1
it yrzé—fy;:b o ‘3:11 fien-1,5(y) - Z/jff coey 0 <y <A (m) —m ifry <m<n—1
and m # j
where the inequality r; < j implies that we use f(;_1)_1,; = fi—2,; instead of g; » ; in the expressions above.

Here we note that fi_2 ;(y) = Zk:l (Hf:j-ﬁ-l(yk - yg)> Yy, is identified with

s—1 J i—1

Z H(xk—xe xk+Z<ka—xe+1)>xk=Z (xr —xe) | zx
l=s

k=1 \¢=j+1 k=1 \f=j+1,0+#s
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under the same isomorphism as in the cases above. On the other hand, we have

J i—1 j i—1
gi—1,j(z) = Z H (x — ) | = Z H (xx — ) | - 21 (modulo xy)
k=1 \t=j+1 k=1 \t=j+1,0#s

and since Af};S) =~ A" /(x4) quotients by =5 we conclude that under this isomorphism, the monomials (8.14)
are identified with

0<im<h(m)—m ifs+1<m<n

i1 i1 ) ) 141 Gs—1 fs+1 i
{'rl Ty Gi-1,j (z) - Tify T 1 Tsyr Ty

0<im<h(m)—-m-1ifl<m<s-—1 }

The kernel of 41 can be obtained using the descending induction hypothesis on s, and from here the
remainder of the argument is as in the cases above.

Case (a-5): s = j.

In this case, since s = j, the j-th row and column are removed from h to create h(*), which means that
(since h and 1/ only differ in the j-th column) A(*) = (h/)(*). Also, since i > j it follows that r, = 7. Thus in
this case we have ker(p;) = 0 and we have ker(¢;11) = ker(p;) via the isomorphism which multiplies by
z;j. By our descending induction hypothesis on s, we can take as a basis of ker(¢;1) the monomials

T (2)- i1 i 0<im<h(m)—-m-1 ifl<m<j-1
Ty Ti1 " 9i-15T) " Tjpq Ty 0<im<h(m)—m ifj+1<m<n :

We thus obtain a basis of ker(y;) by multiplying by z;. However, we also note that f;_1 ; = z; - g;—1,; mod-
ulog; ;1 by Lemma4.1,and h(j—1) < i—1since (i, j) isacorner. Thus g; 1 ;-1 € (gn(1),15- -+ In(j—1),j—1)
by Lemma 4.2 and we conclude f;_1 j = x; - gi_1,; in A”. Thus we may replace z; - g;_1 ; in the expressions
for the monomials and we obtain that the following monomials

; i i 0<im<h(m)—-m-1 ifl<m<j-1
Ul f . LY S R 7 S tm > < <
{.%‘1 xj71 fz—l,J(x) xj+1 Ty Oﬁim < h(m) -m ifj+1 <m<n

are a basis for ker(y,), as desired.
Case (a-6): 1 < s < j.

By assumption, j < i = h(j) so in this case we have s < j < i. This implies that (h’)(*) is the Hessenberg

function obtained from h(%) by removing the (i — 1, j — 1)-st box, and it also implies that ry = 7. Moreover,

7\ (s)
A

—
ri=rg

since ry; < sand s < j, we have r; < j. Thus the kernel of g, : Af:s) —
inductive hypothesis on n and we obtain that the set of monomials

can be described using the

0<im<h®Om)—m-1ifl<m<r,—1 }

; Irgo1 ir, i i i
{yil U Y Fimag a0 0| 02 O m) —m ifr, <mo<n -1

is a basis of ker(@,). Under the identification of y,,, with x,, for 1 < m < s — 1 and y,, with z,,4; for
s <m < n — 1in the isomorphism (8.10) we can compute that
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is identified with

s—1 [i—2 =1 [i-2
H Tk — Top1) | TR + Z H($k+1 — Zpg1) | Th
k=1 \t=j k=s \tl=j
s—1 [ i-1 =1 [ i-1
= H (T —x0) | o + Z H (Tht1 — T2) | Thgr
k=1 \f=j+1 k=s \f=j+1
s—1 [ i-1 j i—1
= H (v, —x¢) | o1 + Z H (xk — xp) | xk
k=1 \f=j+1 k=s+1 \f=j+1
J i—1
= Z H (xx — x¢) | 1 modulo x4
k=1 \f=j+1
= fi-1,;(®).

Since the ring A" /(z) quotients by z, this implies that as a basis of ker(7,) we may take the monomials

L I R S 437 s () 7'J+1“.:Ezn Ogimgh(m)_m—l fl<m<s-—1
1 s—1%stl i=1j\T) " Tjtq " 0<im <h(m)—m ifs+1<m<nm#j

The kernel of ¢, has a basis which may be described by the descending hypothesis on s, and the rest of
the argument proceeds in a similar manner to the above cases. This completes the arguments for Case (a).
The argument for Case (b) for p(h) < j also uses a descending induction on s. The argument is similar
to that for the case (a-6), so we omit details (note that for the base case s = p(h), the argument is in fact
simpler than case (a-6) because the kernel of ¢, is 0). |

The main theorem of this section follows immediately as a corollary.

Proof of Theorem 8.4. Tt suffices to apply Proposition 8.8 to the special case s = 1, since the rings A? and A?
are isomorphic to H*(Hess(N, h)) and H*(Hess(N, h’)) respectively. O

In order to complete the argument that derives the linear relations on the Schubert classes in H*(Hess(N, h)),
we need a previous result of the second author. For w € S,, a permutation, we let §,, denote the correspond-
ing Schubert polynomial. The following result says that the polynomials f;_; ; in this manuscript can be
written as an alternating sum of Schubert polynomials.

Theorem 8.9. ([14, Theorem 1.1]) Let i, j be positive integers with 1 < j < i < n. Then

i—j
fic1, = Z(*l)kilﬁwgm
k=1
where w), (29) is the permutation in S,, defined by
(w) = (Si—kSi—k—1""55)(Sickt1Si—k+2 " Si—1)

and s, denotes the transposition of rand r + 1 for any r with 1 < r < n — 1 and we take the convention that
(Si—kt+1Si—k+2 - - - Si—1) = e, where e denotes the identity element, whenever k = 1.

(@

Remark 8.10. The permutation w, ) appearing in Theorem 8.9 can also be described in one-line notation as follows:

wi =12 li—k+1jj+1-i—ki—k+1l-ii—kitl---n

where the caret sign ™ over an integer p means that the p is to be omitted. In other words, the permutation w,(C 1) sends

the set [n] \ {j,j + 1,...,4} to itself identically, the j-th value w,il’])( ) isi — k + 1, the i-th value w(Z’J)( yisi—k,
and the remaining entries in the one-line notation are arranged in increasing order from the (j + 1)-st position to the
(i — 1)-st position.

Recalling that the Schubert polynomial &,, is identified with the Schubert class ¢, under the isomor-
phism (2.11), the following is now straightforward.
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Corollary 8.11. Let box (i, j) be a corner of h, and consider the map (8.1). The set of linear equations given by

17—

[

k—1 i1 Tj—1 ————— %41 in
(=D a2yt -z O T Ty = 0,

1

>
Il

asi:= (i1,...,%j—1,%j41,---,%n) € Zggl varies over all i such that 0 < i, < h(m) —m forallm with1 < m <
n, m # j, form a basis for the kernel of (8.1).

Proof. This follows immediately from Theorem 8.9 and Theorem 8.4. O
The next formula is equivalent to Monk’s formula which is well-known on Schubert calculus.

Theorem 8.12 (Monk'’s formula [17], see also [10, p.180-181]). Let {0y fwes, be the Schubert classes in the
cohomology of the flag variety. Then we have

Ty Oy = Zaw’ - Zaw”
w’ w’’
where the first sum is over those w' obtained from w by interchanging the values of w in positions r and q for those
r < qwith w(r) < w(q), and w(i) is not in the interval (w(r),w(q)) for any i in the interval (r, q), and the second
sum is over those w' obtained from w by interchanging the values of w in positions r and p for those p < r with
w(p) < w(r), and w(i) is not in the interval (w(p), w(r)) for any i in the interval (p,r).

The above arguments imply that a basis for the set of linear relations on Schubert classes on a given
Hess(N, i) can be obtained by a step-by-step procedure as follows. First, choose a sequence of Hessenberg
functions hg, h1, ..., hy such that hg = (n,n,...,n) corresponds to the full flag variety, hy = h is the given
Hessenberg function, and A1 is obtained from hj; by removing a corner box as in the discussion above.
Second, at each step, use Corollary 8.11 and Theorem 8.12 to obtain a basis of the linear relations satisfied
by the Schubert classes 7, in H*(Hess(N, hx1)) (but not satisfied in H*(Hess(N, h))). Taking the union of
all such relations obtained at each step, we obtain a basis for the set of linear relations satisfied by Schubert
classes in H*(Hess(N, h = hy)).

We give a small worked example.

Example 8.13. Let n = 4 and h = (2,4,4,4). In this case, we can obtain h from the Hessenberg function hy =
(4,4, 4,4) for the full flag variety in two steps: first we remove the box (4, 1) to obtain hy = (3,4,4,4), and second,
we remove the box (3,1) to obtain ho = h = (2,4, 4,4). We consider both steps in sequence. At the first step, we
have i = 4 and j = 1 and from Theorem 8.9 we conclude that

f31 = 64123 — G3142 + Ga3a1

and from Corollary 8.11 we know we obtain 6 linearly independent relations satisfied by Schubert classes in the
cohomology H*(Hess(N, hq)) by multiplying the above expression in Schubert classes by the six monomials

2 2
{1, 29, 23, 23, o3, V323 }.

Using Theorem 8.12, we obtain all linear relations among the Schubert classes in H* (Hess(N, h1)) as follows:

04123 = 03142 — 02341, 04213 = 03412 + 203241 — 02431, 04132 = 03241, 04312 = 03421, 04231 = 0, 04321 = 0.
At the second step, we have i = 3 and j = 1 so by Theorem 8.9 we have

f2,1 = 63124 — Ga314
and now again by Corollary 8.11 we obtain another 6 linearly independent relations by multiplying the above ex-
pression by the same six monomials {1, %2, x3, 23, vows, 233}, Using Theorem 8.12 again, we obtain 6 linearly
independent relations. Finally, the union of these sets of equations give us 12 linearly independent relations which are
satisfied by the (images of the) Schubert classes in H*(Hess(N, h)) as follows:

1

03124 = 02314, 04123 = 502413, 03214 = 502413, 03142 = ;02413 + 02341, 04213 =0, 3211 = 502431,
1
4132 = 502431, 03412 = 0, 04312 =0, 03421 =0, 04231 =0, T4321 = 0.

In particular, we can answer Question 8.1 in the affirmative for hy = (3,4,4,4) and h = he = (2,4, 4, 4).
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Remark 8.14. As in Example 8.13, we can answer Question 8.1 in the affirmative for all Hessenberg functions in
the case n = 4.

9. FURTHER DIRECTIONS: A PROPOSAL FOR A DEFINITION OF HESSENBERG SCHUBERT POLYNOMIALS

In this last section, we propose a new research program: the study of Hessenberg Schubert polynomials,
in the setting of regular nilpotent Hessenberg varieties and their cohomology rings. Specifically, we propose
a definition of a “Hessenberg Schubert polynomial”, which generalizes the classical Schubert polynomials
in the special case of Flag(C"). In this section we specify coefficients in cohomology.

To explain our definition, we need to recall some facts about the classical case (for a reference, see [10]).
First, as mentioned in Remark 2.5 the cohomology ring H*(Flag(C™); Z) has the well-known Borel presen-
tation

9.1) T Lz, xn] = Lz, .. xn]/ €1, ... en) = H*(Flag(C"); Z)

where, for each i, the e; denotes the i-th elementary symmetric polynomial. Second, in the cohomology
of the flag variety, there exists a natural additive basis of Schubert classes {0 }wes, Where each o, is the
Poincaré dual to the (opposite) Schubert variety B_wB =: Q2. Third, classical Schubert calculus concerns
the computation of the structure constants of the Schubert classes in H*(Flag(C™);Z), i.e. the cl, in the
equation

9.2) Ow Oy = Z CropOu-
u€Sy

The structure constants ¢!/, record intersection numbers for Schubert varieties, as studied in classical Schu-
bert calculus. Fourth, there exist certain polynomials &,, € Z[z1,...,z,] for w € S, called the Schubert
polynomials, with many good properties, two of which are that they map to the Schubert classes under
the projection 7 in (9.1), i.e. 7(&,,) = o, for all w € S,,, and in addition, the Schubert polynomials satisfy
a stability property with respect to n. Concretely, under the natural inclusion ¢ : S, < 5,41, the Schu-
bert polynomial &,, coincides with the Schubert polynomial &;,,), which allows us to define the Schubert
polynomial &,, for a permutation w € So := J,,<; Sn. It is known that these Schubert polynomials
{6, | w € Sy} form a basis for Z[z1, 29, . ..] (with infinitely many variables) and the structure constants
for the &,,’s match those for the ¢,,’s, i.e.,

Gy Gy = Y b6, inZlwy, g, -]
UES

where the constants ¢}, for w,v,u € S, are those that appear in (9.2) (but the multiplication now takes
place in Z[z1, x2,- - -]). These Schubert polynomials can be defined using the well-known divided differ-
ence operators. For these reasons, among others, Schubert polynomials (and their analogues for equivariant
cohomology, K-theory, etc.) are an integral ingredient in the study of Schubert calculus. It thus seems natu-
ral to ask whether there exist analogues of Schubert polynomials in the more general setting of Hessenberg
varieties. Our proposed definition of such polynomials, made precise in Definition 9.1 below, is motivated
by the following fact. Let w € S,,. Then for all I = (41, ...,i,) € Z%, satisfying 0 < i, < n — m for all
1 <'m < n there exist integers a} € Z such that a

9.3) Sy = Z R R

I=(i1,...,in)
0<i,;<n—m,Vm

Note that the constants a¥ are in fact determined by the following equality in H*(Flag(C"); Z)

— w il ig 7
Ow = E alxlxz---xn"
I=(i1,..yin)
0<i;n<n—m,Vm

where the RHS is interpreted in the quotient ring H*(Flag(C");Z) = Z[x1, . .., 2y]/{e1,. .., en), since both
the Schubert classes {7, }wes, and the monomials {z% ---zi» | 0 < i,, < n — m} form additive bases
of H*(Flag(C™);Z). Put another way, the constants a}’ are the coefficients in the change-of-basis matrix
relating the monomial basis {z}" ---z% | 0 < 4,, < n —m} to the Schubert basis {7, }wes,. It is well-
known that these coefficients o)’ are non-negative integers [15, (4.17)].
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The essential idea of our Definition 9.1 is to define Hessenberg Schubert polynomials using the constants
in an analogous change-of-basis matrix for two additive bases of H*(Hess(N, h); Q), i.e., to view the equality
in (9.3) as a definition of the Schubert polynomials, with appropriate choices of bases on both the LHS and
RHS. Henceforth we work with Q coefficients for the cohomology rings since our results in the previous
sections hold over Q. One of the additive bases we will use is the set of monomials {z'z% --- 2% | 0 <
im < h(m) —m}, shown to be a basis of H*(Hess(N, h); Q) in Corollary 7.3 of Section 7. For the appropriate
analogue of the basis of Schubert classes in the Hessenberg setting, we need some results of the fifth author
[21], as we now explain.

Let €2, denote the (opposite) Schubert cell corresponding to w € S,,. In what follows, we take a regular
nilpotent matrix N as the following form

i)
= O

10
which is the conjugate of the regular nilpotent matrix in Jordan canonical form by the longest element
wo € Sp. The fifth author proves in [21] that the intersections

{Hess(N,h) N 22, | w € S, such that Hess(N,h) N QS # 0}

form an affine paving of Hess(N, 7). This implies in particular that the homology classes corresponding to
their closures

O := [Hess(N,h) N Q2] € H,(Hess(N, h); Z)

form an additive basis of the homology H.(Hess(N, h);Z). We now use the fact that, although Hess(N, h)
is in general singular, its cohomology ring H*(Hess(N, h); Q) with rational coefficients is nevertheless a
Poincaré duality algebra [1, Proposition 10.6], so it still has non-degeneracy properties similar to the coho-
mology rings of compact smooth oriented manifolds. The fact that H*(Hess(N, h); Q) is a Poincaré duality
algebra follows from an algebraic argument, but we can also take a geometrically natural generator /3, of
the top degree cohomology H'*?(Hess(N, h); Q) as follows [8, Section 3]:

n—1 h(j)

1
9.4) b= 15T H 1T @i —=)

j=1i=j+1

where S}, is the Young subgroup of S,, associated with i defined as follows. Let ¢ be the number of integers
iwith 1 < ¢ < n satisfying h(i) =i and let {k; | 1 <1i < ¢} be precisely these integers, i.e., h(k;) = k; for all
1 <i< ¢, and assume k; < kg < --- < k¢ = n. Then, S}, is defined to be the product of smaller symmetric
groups Sy, X Sky—ky X -+ Sk,—k,_,- Then, by the non-degeneracy assumption of Poincaré duality algebras,
we may define the Poincaré dual class in H*(Hess(N, 2); Q) of ©!, and thereby obtain

ol .= PD(O") € H*(Hess(N, h); Q)
where PD denotes the Poincaré dual with respect to the choice of generator made in (9.4). Specifically, PD
is the isomorphism Ha,—ox(Hess(N, h); Q) = H?*(Hess(N, h); Q) via the non-degeneracy of the pairing
(9.5) H?* (Hess(N, h); Q) x H?*2*(Hess(N, h); Q) — H?*%(Hess(N, h); Q) é Q
for 0 < k < d:=Y7_,(h(j) — j), where the isomorphism [ : H?*(Hess(N, 2); Q) =, Q sends the generator
Br in (9.4) to 1. From the above discussion it then follows that the set
{o" | w e S, such that Hess(N, h) N QS, # 0}

is an additive basis of H*(Hess(N,h); Q). We take these to be the appropriate analogues of the Schubert
classes in the classical case. In Section 7 we derived a different basis for H*(Hess(N, h); Q), consisting of
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monomials. It follows from basic linear algebra that there exist constants a}’ € Q for w such that Hess(N, 2)N
Q0 # 0and for I = (iy,...,i,) with 0 <4, < h(m) — m for all m such that

9.6) oh = E ayaitas -aim
I=(i1,.yin)
0<%, <h(m)—m,Vm

where the equality is interpreted in H*(Hess(N, h); Q). We can now state our definition.

Definition 9.1. Let & : [n] — [n] be a Hessenberg function. Let w € S, such that Hess(N, h) N QS # 0. We
define the Hessenberg Schubert polynomial G, as

9.7) 6h .= Z a¥riigl ... gin
I=(i1,.../in)
0<ipm <h(m)—m,Vm
where the RHS is considered as an element in Q[z1,...,z,] and the constants a¥ € Q are defined by the
equalities (9.6).

It is not hard to see that Definition 9.1 generalizes the usual Schubert polynomials, i.e., & = &,, for all
w € S, if h = (n,n,...,n). This is because when h = (n,n,...,n), the 8, in (9.4) is the Poincaré dual of a
point in the flag variety (cf. [8, Equation (3.5)]). Therefore, the isomorphism | in (9.5) coincides with usual
evaluation map sending the Poincaré dual of a point to 1 € Z, and in this case ¢/ are equal to the usual
Schubert classes o,.

In light of the above discussion, we believe that these Hessenberg Schubert polynomials are a natural
generalization of the classical Schubert polynomials and should enjoy similar properties as in the classical
case. For instance, we may ask:

o What properties do the coefficients a} satisfy and can they be interpreted geometrically?
e Do the & satisfy “stability” conditions as in the classical case?

Here, the “stability” in the second question is intended in the following sense. Let H,, be the set of Hes-
senberg functions h : [n] — [n]. Then, we can consider the natural inclusion j : H, — H,4; so that
j(h) : [n+ 1] — [n + 1] is the Hessenberg function defined by (j(h))(:) = h(i) for 1 < ¢ < n and
(j(h))(n 4+ 1) = n + 1. We also consider the natural inclusion ¢ : S,, < S,+1. Then, we may ask: does
the Hessenberg Schubert polynomial &7, coincide with the Hessenberg Schubert polynomial & ((1]37

We intend to explore these and related questions in future work.
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